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Abstract 

Sustainable production is the creation of goods and services using processes compatible with the 

protection of the environment and the natural resources to be passed on to future generations. In 

this context, and also supported strongly by EU policies, the production of craft beer must combine 

the concept of quality with that of sustainability, favoring a short supply chain and zero waste. This 

new production culture must translate into an increased and equitable distribution of income along 

the supply chain. To achieve these goals, it is necessary to understand which phases of the 

production process can be optimized and which innovations can be adopted in terms of 

sustainability, to obtain economic advantages. It is therefore strategic to seek product quality 

starting from local materials, to strengthen the link between beer and the production area, and to 

increase the sustainability through the valorization of the by-products.  

The disposal of waste from agro-industrial processes represents a problem with economic and 

environmental implications. However, waste can be seen as a resource rather than a problem. EU 

regulations (Directive 2018/851 / EU; Directive 2008/98 / EC) encourage the extraction of valuable 

components from by-products of the food industry, to produce functional foods, adjuvants, and 

pharmaceutical preparations, and/or the transformation of waste into soil improvers and fertilizers 

for agricultural use. In the brewing sector, the management of by-products, which account for 

approximately 90% of the raw materials used, is one of the critical issues. Brewers’ spent grain (BSG) 

is the most abundant by-product, after water, and it is obtained from the mashing, with an average 

yield of about 20 kg per hectoliter of beer. The recovery and valorization of BSG would bring 

considerable savings to the production costs. Currently, many breweries have agreements with local 

farmers to give their BSG free of charge as a low-cost supplement for animal feed.  

Recently, a technological transfer project entitled, “Sustainable Development of Craft Beer in 

Sardinia” has been financed by the Sardinian Regional Government within the framework of the 

POR FESR 2014/2020 - PRIORITY AXIS I "SCIENTIFIC RESEARCH, TECHNOLOGICAL DEVELOPMENT 

AND INNOVATION". This project is being carried out by the researchers of the University of Sassari 

in collaboration with Porto Conte Ricerche, SOTACARBO, and 22 craft breweries and 12 agricultural 

companies, with the general objective of making regional brewing production more competitive on 
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the national and international market by favoring the development of innovative and beneficial 

models of a circular economy. In particular, it is aimed at the identification of microbial processes 

for the valorization of brewery waste, such as wastewaters and BSG.  

In this context, the aim of this Ph.D project was to identify and optimize environmentally friendly 

microbial processes for the valorization of BSG for its reuse as an agricultural soil conditioner and a 

fertilizer. Providing innovative solutions in the enhancement of BSG will serve to increase the 

profitability and environmental sustainability of craft microbreweries. 

The objectives of this research were therefore: 

• to present the current literature on BSG from a microbiological point of view; 

• to compare the physiochemical and microbiological quality and safety of vermicompost 

obtained from both BSG and cow manure using the earthworm E. fetida; 

• to evaluate from a microbiological and chemical perspective a low-input pre-treatment 

process designed to make raw BSG palatable for these earthworms; 

• to evaluate of the possible use of raw BSG as a growth substrate for a microbial-based biofertilizer. 
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Organization of the Ph.D. thesis  

The general introduction provides a comprehensive overview of the initiatives undertaken by 

international organizations, such as the United Nations, to encourage the circular economy and 

sustainable development and to minimize the exploitation of natural resources and reduce wastes. 

Specifically, the beer sector has been considered in greater detail, particularly that of craft 

breweries, whereby encouraging the reuse of waste after the necessary transformation by 

innovative biotechnologies can increase the sustainability of production and generate new income. 

Chapter 1, “The role of microorganisms on biotransformation of brewers’ spent grain”, provides a 

bibliographical examination particularly focused on the role of microorganisms in BSG exploitation 

to (1) produce enzymes and metabolites of industrial interest, (2) supplement human and animal 

diets, and (3) improve soil fertility. Emerging safety issues in the use of BSG as a food and feed 

additive have also been considered. A better understanding of the potential of microorganisms as 

biocatalysts for BSG transformation is essential for its recycling and exploitation. Given the bio- 

technological and health importance of the various microbial groups that have been isolated from 

BSG, it is also essential to assess the metabolic relationships among the microbial communities, and 

to determine their influences on the final transformation of BSG, to exclude, or on the contrary, to 

favor, new microbial-based processes for BSG valorization. This bibliographical examination was 

published in “Applied Microbiology and Biotechnology” and is indexed on the SCOPUS and WOS 

databases (Q1; IF: 3.530) 

Angela Bianco, Marilena Budroni, Severino Zara, Ilaria Mannazzu, Francesco Fancello, Giacomo 

Zara. (2020). The role of microorganisms on biotransformation of brewers’ spent grain. Applied 

Microbiology and Biotechnology, 104(20), pp. 8661-8678. 

Chapter 2, “Comparative analysis of vermicompost quality produced from brewers’ spent grain and 

cow manure by the red earthworm Eisenia fetida”, reports on the suitability of BSG as a substrate 

for the breeding of earthworms to produce a nutrient-rich vermicompost. Vermicomposting is a 

green technology used to transform a lot of organic waste into an excellent fertilizer. The process 

uses the work of earthworms, which interact with microorganisms and other soil organisms to 

fragment, oxidize, and stabilize the organic waste to provide a fertilizer that is permitted for use in 
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organic farming. The results obtained showed that BSG supports healthy growth of E. fetida and 

that vermicompost from BSG is rich in nitrogen and can be safely used as soil improver. Indeed, 

vermicompost from BSG respects biological and microbiological safety law parameters, while 

unprocessed BSG showed ochratoxin A levels that exceeded the legal thresholds. Finally, the 

enzymatic activities revealed a strict link between microbial populations and the quality of the 

vermicompost. The results obtained were published in “Bioresource Technology”, which is indexed 

on the SCOPUS and WOS databases (Q1; IF: 9.642). 

Saba Sara, Zara Giacomo, Bianco Angela, Garau Matteo, Bononi Monica, Deroma Mario, Budroni, 

Marilena (2019). Comparative analysis of vermicompost quality produced from brewers’ spent grain 

and cow manure by the red earthworm Eisenia fetida. Bioresource Technology, 293, 122019. 

In Chapter 3, “Microbial and chemical dynamics of brewers' spent grain during a low-input pre-

vermicomposting treatment”, a low-input pre-processing step was evaluated to better exploit BSG 

microbiota and to make BSG suitable for vermicomposting. This process was designed by avoiding 

expensive thermal treatments or chemical and microbiological additives, and to fully exploit the 

microflora naturally associated with raw BSG. This pre-treatment resulted in accelerated 

decomposition of BSG, with reduced time required to obtain high-quality vermicompost. In 

particular, the vermicompost obtained showed good indicators of maturity and respected the legal 

requirements related to pathogenic microorganisms and mycotoxins, as well as phytotoxicity. 

Finally, the pre-treatment allowed the growth of fungal and bacterial species that are naturally 

associated with BSG that eventually shaped the microbiota of the mature vermicompost, thus 

increasing its biological quality. The results obtained were published in “Science of The Total 

Environment”, which is indexed on the SCOPUS and WOS databases (Q1; IF: 7.963). 

Bianco Angela, Fancello Francesco, Garau Matteo, Deroma Mario, Atzori Alberto Stanislao, Castaldi 

Paola, Zara Giacomo, Budroni Marilena (2022). Microbial and chemical dynamics of brewers' spent 

grain during a low-input pre-vermicomposting treatment. Science of The Total Environment, 802, 

149792. 

In Chapter 4, “Brewers’ spent grain as a no-cost substrate for production of plant-growth-promoting 

microorganisms in beneficial microbial consortia”, the feasibility of the use of BSG as a growth 
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substrate to produce microorganism-based biopreparations in solid-state fermentations was 

investigated.  

In the general conclusion, the results obtained from this PhD project have been summarized. An 

alternative reuse of BSG has been proposed not only as a low-cost growth substrate for 

biofertilizers, but also as a substrate that enriches the composition of the preparation with beneficial 

microorganisms for the soil and for plants.  
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1. General introduction 
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1.1. The trend of the beer sector 

In the EU, the number of breweries exceeded ten thousand units in 2019. Furthermore, for the first 

time in a decade (2009/2019), beer production volumes exceeded 400 million hectoliters/year, with 

consumption per capita close to 70 liters/year (European Beer Trends, Statistics Report, 2020). The 

effect of the economic crisis and the evolution of the competitive framework led to a concentration 

of production, which reduced the number of companies in the sector, but not the brands on the 

market. Europe, including Russia, is characterised by the closest production and consumption 

tradition of beer in the world, and exports volumes of more than 30 million hectoliters.  

The countries of western Europe, which are more traditionally associated with beer, show declining 

trends in consumption. Germany and Belgium are characterised by a production landscape rich in 

regional and zonal specialities, some of which are protected by the Protected Geographical 

Indication and Traditional Speciality Guaranteed labels. In Italy and France, which have a 

predominantly wine-growing vocation, the production and consumption of beer is lower than the 

European average. Of particular note, there is the phenomenon of the spread of the consumption 

of special and craft beers, both national and imported, which highlights the progressive formation 

of an increasingly evolved beer culture, and which may open new prospects for market 

development. On the other hand, Spain has been characterised in the recent past by exponential 

development of the brewing industry and consumption. On the Iberian Peninsula, beer consumption 

has become a daily occurrence and has become more widespread than in any other Mediterranean 

country. 

 

1.2. The Italian beer sectors 

Analysis of the market trends (2009/2019) shows a growth in volumes, production, and per capita 

consumption in Italy (AssoBirra Annual Report, 2020). Beer production has grown more than eight-

fold in the last 10 years, from 13.2 million hectolitres produced (2013) to 16.4 million hectolitres 

(2018), with a growth of almost 750,000 hectolitres of beer from 2017 to 2018, equal to 4.7%. With 

16.41 million hectolitres in 2018, Italy ranks 9th in Europe in terms of production volumes, while it 

is 5th in terms of number of breweries (Figure 1). In 2019, production (+5%), domestic consumption 

(+2.6%). and exports (+13%) increased for the third year running. There were positive repercussions 
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on employment (+3,300 units), which reached 144,000 workers, including direct and indirect 

employees. Finally, positive trends have also affected the microbrewery sector, with over 800 

microbreweries born in Italy mostly in the last 10 years, the production of which grew by 4.3% in 

2018, compared to the previous year. 

 

Fig.1: Italian beer production in the last decade (2009 Base =100; data by volume, Source: AssoBirra 2020 processed 

Istat data (AssoBirra - Italian brewers’ association; Istat - Italian Government Statistical Office). 

 

The increase in value has affected the entire sector, also involving the branch of small producers, a 

sector that in Italy has about 850 facilities, including brew pubs and microbreweries, and which in 

2019 recorded a production of 523,000 hectoliters (3.1% of the national figure), up by 3.8% 

compared to 2018. Beer conveys an image of a beverage that sees its reputation strengthened on 

the one hand, and its nature as a meal drink on the other. Innovation and the ability to satisfy 

consumer tastes remain key elements in achieving new goals. On the other hand, the development 

potential of the Italian beer market is enormous.  

 

1.3. The Italian craft beer sector 

The production of beer is regulated by Law 1354/1962 "Disciplina igienica della produzione e del 

commercio della birra" (Hygiene regulations in the production and trade of beer), within which, 

according to the law of 2016 (28 July 2016, no. 154), for the first time in Italy a legal definition of 
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"craft beer" was given. There are now 862 microbreweries registered, with a production of 523,000 

hectolitres, up 3.1% on 2018 (Assobirra Annual Report, 2019). The organisations surveyed from 

North to South have 3,000 employees and are divided into craft breweries (692) and brew pubs 

(170). Their market share is 3.1%. 

 

1.4. The craft beer sector in Sardinia and regional legislation 

The consumption of beer in Sardinia has peculiarities that are unique in Italy, both in terms of 

quantity (60 liters per capita) due to consumption being much higher than other regional averages, 

and in terms of loyalty, since most consumption was and remains oriented towards a single 

industrial beer, which shrewdly relies heavily on a regionalist image and marketing strategy 

(although since 1986, Ichnusa has been a product of the Heineken group). 

Sardinian beer scenarios have shown that they have something to say in the evolution of Italian craft 

beer. The future of the market will depend on the ability of brewers to innovate their offerings for 

new consumers, with more traditional or special beers. 

In a few years, the craft beer sector in Sardinia has gone from 13 activities in 2012 to almost 47 

today, of which 9 have suspended production, and 5 are brew pubs (Confartigianato Sardegna 

Studies Office, based on Union Camere-Infocamere report 2020). At the same time, there is a strong 

need for measures to protect and enhance the value of existing craft breweries, and therefore for a 

regional regulatory intervention aimed at developing craft beer and considering the status quo to 

enhance all of the companies that already produce craft beer on the island. The creation of regional 

laws on craft beer is a phenomenon that began well before the birth of the national legislation in 

2016. The development of the craft beer sector does not depend only on the number of breweries 

and clubs that open in Italy, but also on the support tools that the institutions are able to deploy to 

the entire supply chain. Fortunately, for some years the various regional bodies have been moving 

in this direction, approving local laws to promote and incentivize the sector. In the initial period 

these were characterized by a certain heterogeneity of the different laws, such as for the regions 

of: Friuli-Venezia Giulia (Regulations on Craft Beer, R.L. n. 23 of 9 June 2017 https://lexview-

int.regione.fvg.it/fontinormative/xml/xmllex.aspx?anno=2017&legge=23 ); Veneto (Promotion and 

enhancement of the products and activities of craft beer producers, R.L. n. 7 of 16 February 2018 

https://lexview-int.regione.fvg.it/fontinormative/xml/xmllex.aspx?anno=2017&legge=23
https://lexview-int.regione.fvg.it/fontinormative/xml/xmllex.aspx?anno=2017&legge=23
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https://bur.regione.veneto.it/BurvServices/pubblica/DettaglioLegge.aspx?id=363923); Marche 

(Promotion and enhancement of craft and agricultural beer, R.L. n. 6 of 19 February 2020 

https://www.consiglio.marche.it/banche_dati_e_documentazione/leggi/dettaglio.php?arc=vig&idl

=2135 ); and Campania (Measures to support quality agriculture and agro-food heritage in the sector 

of agricultural and craft beer production, L.R. n. 15 of 24 June 2020 

http://regione.campania.it/normativa/item.php?7b7fec2087f982d694b26f0cc9f850d6=fc9dde2c3

1a2358bca429be7a48e2fc8&pgCode=G19I231R1888&id_doc_type=1&id_tema=23&refresh=on ). 

More recently, different region have found a common model with which to model their own 

regulations, such as for the regions of: Lazio (Measures to enhance and promote the products and 

activities of craft beer producers, L.R. n. 20 of 23 December 2020 

https://innovaluppolo.crea.gov.it/?dt_portfolio=legge-regionale-lazio ); Abruzzo (Rules for the 

promotion and enhancement of agricultural and craft beer L.R. n. 5 of March 15, 2021 

http://www2.consiglio.regione.abruzzo.it/leggi_tv/abruzzo_lr/2021/lr21005/Articolato.asp ); and 

Puglia (Rules on the enhancement and promotion of the products and activities of the Apulian craft 

beer producers, L.R. n. 42 of 30 November 2021 https://www.consiglio.puglia.it/-/produzione-di-

birra-artigianale-paolicelli-depositata-proposta-di-legge-per-valorizzare-un-attivit%C3%A0-in-

crescita-e-sostenere-le-filiere-locali- ). The path taken by these regions is the effect of the strong 

growth that has affected and continues to affect Italian craft beer. The common objective of the 

laws is to enhance the local agricultural and craft beers with a brand, a specification that highlights 

raw materials and production area. This "revolution" in the protection and enhancement of 

excellent beers, together with the supply chain, wants to take root in Italian culture at all costs. The 

solution remains the same: work on innovation, quality and sustainability. This requires the 

opportunity to rethink the development model, and to provide a cutting-edge supply chain in terms 

of sustainability. 

 

1.5. Circular economy and ecological footprint of beer production 

Brewers have two competing imperatives. The first is the need to maintain quality all the way to the 

beer drinker, and the other is to cut back on their environmental impact. The brewing industry uses 

malted barley, hops, water, energy, and other inputs to produce an alcoholic beverage through 

https://bur.regione.veneto.it/BurvServices/pubblica/DettaglioLegge.aspx?id=363923
https://www.consiglio.marche.it/banche_dati_e_documentazione/leggi/dettaglio.php?arc=vig&idl=2135
https://www.consiglio.marche.it/banche_dati_e_documentazione/leggi/dettaglio.php?arc=vig&idl=2135
http://regione.campania.it/normativa/item.php?7b7fec2087f982d694b26f0cc9f850d6=fc9dde2c31a2358bca429be7a48e2fc8&pgCode=G19I231R1888&id_doc_type=1&id_tema=23&refresh=on
http://regione.campania.it/normativa/item.php?7b7fec2087f982d694b26f0cc9f850d6=fc9dde2c31a2358bca429be7a48e2fc8&pgCode=G19I231R1888&id_doc_type=1&id_tema=23&refresh=on
https://innovaluppolo.crea.gov.it/?dt_portfolio=legge-regionale-lazio
http://www2.consiglio.regione.abruzzo.it/leggi_tv/abruzzo_lr/2021/lr21005/Articolato.asp
https://www.consiglio.puglia.it/-/produzione-di-birra-artigianale-paolicelli-depositata-proposta-di-legge-per-valorizzare-un-attivit%C3%A0-in-crescita-e-sostenere-le-filiere-locali-
https://www.consiglio.puglia.it/-/produzione-di-birra-artigianale-paolicelli-depositata-proposta-di-legge-per-valorizzare-un-attivit%C3%A0-in-crescita-e-sostenere-le-filiere-locali-
https://www.consiglio.puglia.it/-/produzione-di-birra-artigianale-paolicelli-depositata-proposta-di-legge-per-valorizzare-un-attivit%C3%A0-in-crescita-e-sostenere-le-filiere-locali-
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fermentation (Karlovic et al., 2020). During the production process of the beers, solid waste, 

wastewater, and gaseous emissions are generated (Olajire, 2020). These environmental issues can 

cause eutrophication and contamination of soil and groundwater, and can contribute to the 

greenhouse effects. The carbon footprint of a 6-pack 330 ml beer bottle is 3,188.8 g of CO2 

equivalents (g CO2e). An average adult tree absorbs 59.65 g of CO2 per day. A single tree would take 

53.46 days - or nearly 2 months - to offset the carbon emissions of a single six-bottle pack of beer 

(Cimini and Moresi, 2016). The main source of greenhouse gases is bottle production (35%), retail 

transport (26%), and malt production (17%) (Munoz et al., 2012). Glass production, barley 

production (Cordella et al., 2008), and malt make up the largest proportion of the environmental 

impact of beer production. Packaging is a major source of greenhouse gas emissions, as it represents 

up to 85% of the required energy. Stainless-steel drums have a lower impact than glass as they are 

reusable. A marketing strategy that uses refillable containers and drums could have enormous 

benefits for the environment (Shin and Searcy, 2018).  

Traditional growing methods for barley require repeated tilling of the land and application of 

fertilizers and pesticides, which also have a heavy environmental footprint. Low and no-till methods 

could decrease this impact, and organic malts would further reduce the overall equation, as 

fertilizers have a heavy carbon footprint of their own. As intensive tilling practices disrupt the normal 

storage of organic carbon in the soil, the assumed carbon offset from this natural process is less 

likely to be realized. Brewers desire a plump barley kernel, which makes irrigation a general practice, 

although barley can be grown as a dry land crop. Barley is steeped, germinated, dried, and 

sometimes roasted in the production of malt for brewing. Drying and roasting are the most energy-

intensive parts of this process, using both electrical and heat energy. 

Production of beer at the brewery is the smallest part of the environmental impact calculation. If 

generally accepted practices are adopted—such as heat exchange for cooling the wort and attention 

to energy and water consumption and conservation—brewery operations account for less than 20% 

of the overall environmental impact. Electrical energy production is a significant factor in this 

calculation, so subscription to high-quality renewable energy programs can provide a measurable 

decrease in overall carbon consumption and emissions. Breweries that are environmentally 

committed can have carbon emissions around 5% of the total carbon impact of the beer. 
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Breweries use a lot of water to make beer, especially due to the rigorous and constant cleaning that 

is necessary during almost every part of the brewing process. A ratio of 3.25 to 1 is considered 

excellent throughout the world. Many international breweries have set aggressive targets around 

water usage. 

Understanding the life cycle of beer can help focus attention on areas with the greatest potential 

for reducing the environmental impact. Identifying these can help guide improvement efforts to 

those parts of the beer value chain where they are likely to have the greatest impact, while also 

identifying potential trade-offs or unwanted consequences. 

The beer production chain – which starts with the agricultural crops and ends with the final product 

– has been modernized before the others, driven by the first-class production and quality standards 

of Italian brewing. Ninety percent of the total malting barley cultivated in Italy today is covered by 

sustainable agriculture certificates: for this 90% of the production, we know what the carbon 

footprint, the carbon food print, the ecological footprint, and the water footprint. We know exactly 

what the consumption and emissions are on almost all crops. After the UN 2030 Agenda for 

Sustainable Development, between 2015 and 2018 the EU defined the so-called Circular Economy 

Package, as four directives that profoundly reviewed the EU legal regime of waste (European 

Parliament and Council, 2018 (UE 2018/849, 2018/850, 2018/851, 2018/852 

https://www.europarl.europa.eu/RegData/etudes/BRIE/2018/625108/EPRS_BRI(2018)625108_EN

.pdf )), whereby any waste must be handled in a manner that does not have a negative impact on 

the environment or human health. A new approach to waste management was born that 

corresponds to a new hierarchy: waste prevention, preparation for reuse (people needs, animal 

feed), recycling of materials (extraction of valuable compounds), other types of recovery (anaerobic 

digestion, composting, thermal valorization or spread for land fertilization or improvement), and 

disposal (Cimini and Moresi 2021). The long-term strategy is to involve companies in making 

products with new materials that are entirely reusable and therefore do not generate waste, while 

the short-term and medium-term strategies are to manage the waste produced in a more 

responsible way, through reuse and recycling.  

Through the study of the Life Cycle Assessment (LCA), an analytical and systematic methodology, it 

is possible to evaluate the environmental footprint of a product or service along its entire life cycle 

https://www.europarl.europa.eu/RegData/etudes/BRIE/2018/625108/EPRS_BRI(2018)625108_EN.pdf
https://www.europarl.europa.eu/RegData/etudes/BRIE/2018/625108/EPRS_BRI(2018)625108_EN.pdf
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(Morgan et al., 2021). Measuring the environmental impact generated by the various production 

processes included in it serves to identify those with the greatest impact and to be able to carry out 

subsequent management through their reduction and compensation. Traditionally, the classical 

model of the industrial economy has always been linear, characterized using raw materials extracted 

or obtained to produce consumer goods. This classic model did not focus on what is one of the 

biggest problems facing our planet in the 21st century: waste (Figure 2).  

The increasingly massive presence of waste has led to a revision of the linear model, which is in fact 

unsustainable from an environmental point of view (Androniceanu et al., 2021). The excess of waste 

and its impact on public health have made global intervention on economic change towards a new 

approach in which raw materials are reused countless times. The fundamental principles of circular 

models are the creation of value through the reduction of external inputs and the enhancement of 

by-products, looking beyond the simple service to the final consumer and considering the ecological 

and social impacts. The circular economy therefore aims to ensure that the materials that make up 

the products can be reused as much as possible, ideally an infinite number of times. 

 

Fig.2: Linear economy versus circular economy (Source https://endofwaste.com ). 

 

https://endofwaste.com/
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In this regard, craft breweries are characterized by a high propensity for innovation and change, and 

constitute an interesting sector in which to apply this change of mentality/objectives of the circular 

economy. 

The carbon footprint generated by the beer production process consists of three phases: Upstream 

processes: these are all of the processes upstream of the actual production process, concerning the 

production of the main raw materials used (packaging production, cultivation and processing of 

barley, spelt and hops, other raw materials, etc.); Core processes: these include all of the brewing 

processes, from the entry of raw materials into the plant to the exit of the finished and bottled beer, 

including secondary packaging (energy and water consumption, production waste, refrigerant gas 

emissions from refrigeration systems, transport to the disposal and disposal centers of the waste 

generated, transport of all raw materials); and Downstream processes: these concern the finished 

product that leaves the production plant (distribution to the customer, recycling, incineration, and 

disposal of primary and secondary packaging) (Holland 2021). 

The largest proportion of the carbon footprint is the packaging materials, the transport of raw 

materials from the place of cultivation to that of processing, and finally the disposal of the by-

products, such as brewers’ spent grain (BSG), exhausted yeast, and wastewater. A circular economy 

and sustainability of the process would guarantee added value to the finished products, with a 

greater profit margin for breweries (Holland 2021). With reference to the beer supply chain, the 

concept of a circular economy can be applied to the reuse of abiotic materials, such as material 

packaging, mainly made of glass bottles, and the reuse of biotic materials, i.e., the main by-products 

of the brewing process (Cimini and Moresi 2021). One of the main challenges of the brewing sector 

is the possible reuse and exploitation of the by-products. 

 

1.5.1 Enhancement of beer by-products 

To achieve a zero-waste goal, it is necessary to understand which phases of the beer production 

process can be optimized and which innovations can be adopted in terms of sustainability, to obtain 

economic benefits (Holland, 2021). One of the critical issues identified is the management of 

production waste, which represents approximately 90% of the raw materials used. 
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It follows that one of the main challenges of the beer sector is the enhancement of the by-products, 

including BSG, which represent the most abundant by-product, with an average yield of about 16 kg 

per hectoliter of beer produced (Assobirra Annual Report 2020). BSG average annual worldwide 

production is around 39 million tons, of which 3.4 million are produced in Europe. Only in Italy in 

2020, the BSG produced was 219,965 tons – (20% dry) (Assobirra Annual Report 2020) of which only 

30% is reused, mainly in the livestock sector. This wide availability makes BSG a very economical by-

product, with an average EU market price of €35/ton (Baffington, 2014). The possibility of recovering 

and enhancing BSG directly within the company would lead to significant savings on production 

costs.  

1.5.2. Brewers’ spent grain 

The composition of BSG varies and depends on various factors, such as: variety of barley, malting 

process, and type and quality and formulation (malted or not) of any other cereals added to the 

brewing process (Santos et al., 2003). The grains are made of lignocellulosic polymers, of which the 

major components are the fiber (cellulose and hemicellulose, as 30%-50% dry weight), protein (19%-

30% dry weight), and lignin (12%-28% dry weight) (Mussatto & Teixeira, 2010; Xiros and 

Christakopulous, 2012; Mussatto, 2014). Together with cellulose, both β-D-glucan (a linear 

polysaccharide made up of glucose molecules) and starch can be present, while the most abundant 

monosaccharides are xylose, glucose, and arabinose, and to a lesser extent ramnose and galactose 

(Mandalari et al., 2005; Forssell et al., 2008). Hemicellulose is mainly composed of arabinoxylan, the 

main non-cellulose polysaccharide of cereals (Mandalari et al., 2005). Lignin is a polymer of cinnamic 

alcohol derivatives, which consists of phenolic compounds and gives rigidity and resistance to the 

cell wall. The most abundant proteins in BSG are ordeines, glotulins, globulins, and albumins. Thirty 

percent of the total protein content is made up of different amino acids, of which the most abundant 

are histidine (26%), glutamic acid (16%), lysine (14%), leucine (6%), phenylalanine (4%), and 

isoleucine (3%) (Waters et al., 2012). Lysine has a significant role, as cereal-based foods usually have 

a low content (Blandino et al., 2003). Among the minerals, the most abundant are silicon, 

phosphorus, calcium, and magnesium (Mussatto & Roberto, 2006; Waters et al., 2012; Meneses et 

al., 2013). There are also vitamins in BSG, which include: biotin (0.1 ppm), choline (1800 ppm) folic 
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acid (0.2 ppm) niacin (44 ppm), pantothenic acid (8.5 ppm), riboflavin (1.5 ppm), thiamine (0.7 ppm), 

and pyridoxine (0.7 ppm) (Huige, 2006; Mussatto et al.,2006). 

 

1.5.3. Preservation 

As it comes from the mashing process, BSG has a high moisture content (80%-85% fresh weight), 

and this makes it easily contaminated by microorganisms, with subsequent deterioration over a 

short period of time (about 7-10 days; Stojceska et al., 2008). Several methods of preservation have 

been proposed to prolong the shelf-life of BSG. Direct drying at 60 °C is the most effective method. 

However, due to the high energy cost, many breweries cannot cover the costs related to this 

treatment (Ikurior, 1995). Drying has the advantage of reducing the volume of the product. Many 

industrial breweries have systems for processing BSG and use the drying technique in two phases: 

squeezing the BSG to reduce the water content to <60%, followed by drying to guarantee a humidity 

value <10% (Santos et al., 2003). This process has high management costs because it is energy 

intensive. Bartolome et al. (2002) compared the effects of BSG conservation using three methods: 

freeze-drying, drying, and freezing. The results obtained showed that storage by drying or freeze-

drying reduces the volume of the product and does not alter its composition, while freezing is 

inappropriate as alterations in the content of some sugars can occur. Freeze-drying is an expensive 

method and cannot be used on a large scale. As an alternative method, thin layer steam drying has 

been proposed (Tang et al., 2005). Steam circulation occurs in a closed cycle system; this reduces 

the waste of energy that occurs with hot air drying. Furthermore, the exhaust steam produced by 

the water evaporation contained in the BSG can be used in other operations. Thus, the steam 

current method has several advantages, including reduced environmental impact, improved drying 

efficiency, elimination of the risk of fire or explosion, and recovery of valuable volatile organic 

compounds. Another method is the use of a filter press membrane. In this process, BSG is mixed 

with water and filtered at a pressure of 3 to 5 bar, washed with hot water (65 °C), filtered with a 

nylon membrane, and dried under vacuum to humidity levels between 20% and 30% (El-Shafey et 

al., 2004). Recent developments in the agronomic field highlight the possible use of BSG as a 

fertilizer (Assandri et al., 2021a,2021b; Saba et al., 2019). 
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1.6. Vermicomposting biotechnology  

Recently, the stabilization of organic waste materials using various earthworm species has become 

a viable and environmentally friendly technique to minimize biowastes. Vermicomposting is an 

uncomplicated and low-cost technology, carried out with the available space and or in containers 

or vermireactors, with epigeic earthworms frequently used for the vermiconversion. 

Vermicomposting is an eco-sustainable process that does not require high technological levels. The 

process is based on complex interactions between microorganisms, earthworms, and other soil 

organisms (meso and macrofauna) that fragment, bio-oxidize, and stabilize the organic substance 

(Dominguez, 2004; Lazcano & Dominguez, 2011). In vermicomposting, earthworms have a crucial 

role, as they influence the activity of the microorganisms through the fragmentation and ingestion 

of organic matter (Dominguez et al., 2010). Earthworms (Annelida, Oligochaeta, family Lumbricidae) 

are the main actors within the vermicomposting process. It is essential to focus on these animals to 

better highlight the essential parameters and possible process problems that can arise when the 

environmental, climatic, and organic substrate characteristics are not optimal for the success of the 

process. 

Earthworms are animal organisms with bilateral symmetry that are characterized by a body 

segmented into several septa, each characterized by an external gland (clitellum) that produces 

cocoons that collect the earthworm eggs (cocoon), from a sensory lobe located in front of the mouth 

(prostomium), to an anus in the final posterior part of the earthworm, and with a series of small 

bristles (chaetae), positioned in pairs on each septum of the body. They are insufficient 

hermaphrodites and reproduction normally occurs through cross-reproduction between two 

specimens in which seminal fluid passes from both sides, and therefore there is fertilization of both 

organisms with the production, for each, of cocoons (ootecas). The ootheca contain from one to 20 

fertilized eggs. After an incubation period that varies according to the species and the climatic 

conditions, the young earthworms emerge from the ootheca, with a much lighter color than the 

adults, as well as being much smaller and not yet sexually mature. Sexual maturity in most species 

and under suitable environmental conditions occurs a few weeks after leaving the ootheca, even 

though it has been shown that a longer period may pass. Sexually mature individuals can be easily 

distinguished from young ones by the presence of the clitellum, a band that can take on a pale or 
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dark color, which is located behind the septa that host the genital pores. After fertilization, the 

clitellum secretes cocoon fibrosis and the clitellar glands produce a nourishing albuminal fluid that 

covers the cocoon. Earthworms can continue to grow even after completing their sexual 

development phase, but not to grow in length by generating new septa (Edwards & Bohlen, 1996). 

Through trophic activity, the construction of tunnels and the production of cast, earthworms modify 

the chemical, physical, and biological properties of organic matter and soil (Aira et al., 2008). The 

physical properties most affected are particle aggregation, stability, and porosity; at the chemical 

and biological levels, the properties that can be modified are the nutrient cycle (mainly P and N), 

the decomposition rates of the organic substance, and the chemical forms and bioavailability of 

nutrients in the soil (Ahmad et al., 2021). They are also able to modify the soil pH, the dynamics of 

the organic substance in quantity and quality, the microbial activity, and other soil invertebrates 

(including the production of enzymes and plant growth regulators), and thus the abundance, 

biomass, species composition, and diversity of soil microflora and fauna (Lu et al., 2021; Lavelle et 

al., 1998). 

Only species that fall into epigeic behavior can be considered for vermiculture and 

vermicomposting. The characteristics common to all of the species used for the vermicomposting 

process are: 

1. Natural ability to colonize organic waste. 

2. High rates of consumption, digestion, and assimilation of the organic substance: this characteristic 

is essential to shorten the time of the vermicompost production process and to be able to 

quantitatively increase production. 

3. High ability to adapt to adverse environmental factors. One of the most important factors that 

influence the vital conditions of the earthworm is the temperature, the humidity of the heap of 

organic matter, and the salinity of the organic waste in which they are found. 

4. High reproductive rates, with the production of a high number of cocoons, with reduced hatching 

times, and high rates of sexual growth and maturation. This results in a speeding up of the 

vermicomposting process. 
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Vermicomposting is regarded as an environmentally friendly biotechnology for the biooxidation of 

agricultural, industrial, rural, and urban generated organic solid wastes, which are serving as 

reservoirs of environmental pollution (Yuvaraj et al., 2021). There are many epigean species found 

in temperate climates and present in the European and Mediterranean area, but the most suitable 

for vermicomposting are: Eisenia fetida and E. andrei, Dendrobaena rubida and D. veneta, and 

Lumbricus rubellus. The two most used in vermiculture are E. fetida (Savigny, 1836) and E. andrei 

(Bouchè, 1972). 

 

1.6.1. The earthworm Eisenia fetida 

Among the many species of earthworm, E. fetida is an efficient bio-degrader and vermicompost 

producer (Bansal and Kapoor,2000). It is a species that tolerates wide variations of environmental 

factors (temperatures from 15-30 °C; pH 5.5-8.0; humidity 50%-70%), and is small, and characterized 

by a short life cycle and a high reproductive rate. The vermicomposting process is mainly divided 

into two mesophilic phases: the active phase, where the earthworms process the organic substrate, 

changing the physical state and microbial composition (Dominguez et al., 2010); and the maturation 

phase, where the earthworms leave the layers of the organic substance already digested to migrate 

towards the more superficial layers, made up of organic substance not yet digested and 

microorganisms associated with the substrate, where the earthworms have key roles (Dominguez 

&  Brandón 2012; Aira et al. 2007). The maturation period varies in duration and essentially depends 

on the efficiency of the active phase. This transforms the new microbiologically stable product into 

an evaluable (marketable) organic soil improver with a strong and diversified microbial activity and 

a high concentration of humic substances, which increases the presence of plant growth promoters 

(Atiyeh et al, 2002). 

More specifically, the process is attributable to the phases known as gut-associated processes 

(GAPs) and cast-associated processes (CAPs): 

- The GAPs are the phase that includes all of the changes that the organic substance undergoes 

during its transit through the digestive system; i.e., physical harrowing transformation of nutrients, 

modifications and increases in diversity and microbial activity, changes in microfauna populations, 
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homogenization, processes of digestion, assimilation, and excretion (Gómez-Brandón & Domínguez, 

2014). 

Specific microbial groups respond differently to the environment of the digestive system, and there 

are selective effects on the presence and/or abundance of microorganisms throughout the passage 

of the organic substance through the digestive system of these various earthworm species (E. 

andrei, E. fetida, Eudrillus eugeniae etc ...). Several bacteria are activated during the passage through 

the intestine, while others remain inactive, and others are digested by earthworms (thus decreasing 

the bacterial population density). These modifications can alter the decomposition phase of the 

organic substance, as the microbial biomass is strongly influenced by the casts released by 

earthworms (Gómez-Brandón et al., 2011). Given that the microbial population of the casts has, in 

general, a greater population density and a difference in its specific composition, it is more than 

appropriate to think that the inoculation of these communities into fresh organic substance can 

promote changes like those that occur when earthworms are actively present in the soil 

(Parthasarathi et al., 2007). 

- The CAPs are the phase in which the effects of earthworms are mostly indirect, and include 

aeration of the substrate through the tunnel complexes excavated in the organic matter and the 

microbial activity promoted by the cast community. In this phase, the casts of earthworms are 

subject to aging and the actions of microorganisms and micro invertebrates present in the substrate, 

thus mixing these with the materials that have not been ingested by the earthworms. In this way, 

the vermicompost reaches its optimum in terms of biological properties, thus promoting the growth 

of plants and suppressing their potential pathogens (Dominguez et al., 2010). 

 

1.6.2. Effects of vermicompost on plant growth 

Vermicompost is a fine-sized amending material, like peat, that is microbiologically stable and 

active, has low C/N ratio, high porosity, and high water-retention capacity, and is rich in highly 

mineralized organic substance. Vermicompost significantly stimulates the growth of several plant 

species (Singh et al., 2020), including various vegetable crops, such as tomato (Gutiérrez-Miceli et 

al., 2007), pepper (Arancon et al., 2005), garlic (Argüello et al, 2006), eggplant (Gajalakshmi and 

Abbasi, 2004), strawberry (Arancon et al., 2004), sweet corn (Lazcano et al, 2011), and bean 
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(Karmegam et al., 1999). Furthermore, there have been positive results on some aromatic and 

medicinal plants (Prabha et al., 2007), on cereals, such as sorghum and rice (Fritz et al., 2012), on 

tree crops, such as banana and papaya (Cabanas-Echevarria, et al., 2005), and on ornamental plants, 

such as geranium (Chand et al. 2007), marigold (Atiyeh et al., 2002), petunia (Arancon et al., 2008), 

chrysanthemum (Hidalgo and Harkess 2002a), and poinsettia (Hidalgo and Harkess, 2002b). Positive 

effects have also been shown for forest species, such as Acacia spp., Eucalyptus spp., and Pinus spp. 

(Lazcano et al., 2010a, 2010b). 

Vermicompost has beneficial effects when it is used as a total or partial substitute for mineral 

fertilizers together with the compost used in nurseries and as a soil improver. Furthermore, some 

studies have shown that the aqueous extracts of vermicompost (i.e., compost tea) used as a foliar 

spray can promote the growth of plants, such as tomato (Tejada et al. 2008), sorghum (Gutiérrez-

Miceli et al., 2008), and strawberry (Singh et al. 2010). The positive effects of vermicompost include: 

stimulation and germination of the seeds of various plant species, such as beans, tomatoes, petunias 

and Pinus spp., and of vegetative growth, both as regards the aerial and root parts of plants (Arancon 

& Edwards, 2010). The effects include alterations in the morphology of seeds, and increases in leaf 

area and root capillization (Lazcano et al., 2009). Vermicompost also stimulates flowering, and 

increases flower biomass and fruit yield. In addition to increased productivity and growth of plants, 

vermicompost can also increase the nutritional quality of some crops, such as Chinese cabbage, 

spinach, lettuce, and sweet corn (Lazcano & Dominguez, 2011).  

Some of the indirect effects of vermicompost are related to the indirect changes in the 

microbiological properties of the soil (Pathma & Sakthivel, 2012). Vermicompost has a different 

microbial community than the organic matrix from which it is created, with a lower level of activity 

and biomass, but with increased metabolic diversity. A substrate so active at a microbiological level 

can have important effects on the microbial properties of the soil to influence plant growth. 

However, information regarding the impact of vermicompost on soil microbial properties is severely 

limited. 

However, although various studies have reported the beneficial effects of vermicompost, other 

studies have report that vermicompost can decrease plant growth or even result in plant death. The 

variability in the effects of vermicompost can depend on the cultivation system within which it is 
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incorporated, which strongly depends on the basic organic matrix, on the species of earthworms 

used in the composting, in the production processes, and on the age of the vermicompost (Rodda 

et al., 2006, Roberts et al., 2007; Warman and AngLopez, 2010). Considering this evidence, 

vermicompost constitutes a promising alternative to inorganic fertilizers. However, more research 

is needed to better understand the mechanisms and exact circumstances that exert the positive 

effects of this soil conditioner. 

Various types of crop residues and agro-industrial wastes have been successfully converted into 

vermicompost. Chauhan and Singh (2013) studied the effects of different types of crop residues 

(straw and bran) on the growth and reproduction of E. fetida. Successful conversion of cattle 

manure, orange peel, and filter cake into vermicomposts was reported by Pigatin et al. (2016). Bhat 

et al. (2016) investigated the vermicomposting potential of pressmud, a residue of the sugarcane 

industry, and cattle dung. Recently, Amouei et al. (2017) reported vermicomposting of household 

and paper industry waste. Sharma and Garg (2018) used rice straw and paper waste for 

vermicomposting after mixing with cow dung, using the earthworm E. fetida. Mago et al., (2021) 

reports vermicomposting of banana crop waste biomass by E. fetida,  

In the agronomic sector, Saba et al. (2019) recently proposed BSG as a raw material to produce 

vermicompost, highly efficient soil improvers, and fertilizers. 

 

1.7.  Microorganisms have crucial roles in the maintenance of life on Earth and agroecosystem 

sustainable development 

Increased energy demands, sustained consumption of fossil fuels, and climate change have favored 

the use of renewable energy and sustainable production models. For several years now, initiatives 

have had to be taken to remedy situations that are becoming critical, such as global warming and 

the accumulation of waste. Achieving the 2030 targets implies a series of radical transformations in 

the energy, transport, and agricultural sectors. In this context, microorganisms can contribute 

significantly to mitigate climate change, improve green production technologies, improve crop 

productivity, and provide a means of income (Figure 3 and Table 1). 
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Fig.3: Microbes and the sustainable development goals (Akinsemolu, 2018). 
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Table 1 Summary of the role of microorganisms in achieving sustainable development goals (SDG) 1-17 (Akinsemolu 

2018). 
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Soils are ecosystems with the most diverse composition of microbiota on Earth, because of the 

presence of so many different niches. Nowadays, agricultural production faces many challenges, 

such as climate change, demographic development, and the consequent increase in food demand, 

and there is a growing demand for sustainable production and the need for continuous innovation. 

Soil is the production base of our food, and it represents the biobank of microbial diversity from 

which a plant selectively takes its microbiome to meet its needs. It is a precious natural resource 

that hosts microbial hotspots, with a fundamental role in the maintenance of the global balance of 

nutrients and function of ecosystems. In the soil, there are numerous and different microorganisms 

that perform essential functions in the cycles of the elements (C, N, S, P, others) and that contribute 

substantially to the well-being of the ecosystem, in terms of both soil health and plant development. 

Rhizobacteria, symbionts, and endophytes participate in the life of plants, to promote their growth 

through multiple mechanisms, such as nitrogen fixation, phosphorus solubilization, and production 

of indolacetic acid, siderophores, and antibiotics. The different groups of microorganisms therefore 

represent the key component of the soil–plant system, where an intense network of interactions is 

involved in the rhizosphere, in the internal tissues of the plant, and in the phyllosphere (Figure 4) 

(Barberán et al., 2012; Hassani et al., 2018). 
 

 

Fig. 4. The ‘plant microbiome’ can be described as the sum of the genomic contributions made by the diverse microbial 

communities that inhabit the surface and internal tissues of the plant parts. The rhizosphere, endosphere, and 

phyllosphere constitute the major compartments in which the microbial communities reside in the plant. The soil 
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microbiome is the main source from which the plant selects and builds its microbiome profile. The plant genotype (e.g., 

as shown: dicot bean plant, monocot rice plant), its root exudates (indicated by blue shading for bean and green for 

rice), the soil types and properties, and the environmental factors influence the make-up of the plant microbiome 

(indicated by different colored microbes inhabiting the plant compartments in bean and rice plants). Mycorrhizal 

association in both plants is indicated by thin lines extending from the roots into the surrounding soil (image taken from 

Gopal and Gupta, 2016). 

 

The soil and plant microbiomes have important roles in plant growth and development, and in soil 

health: they provide the plant with a secondary genome that offers key ecological functions and 

favors the host; they can influence plant health and productivity by improving tolerance to stress, 

and thus providing an adaptive advantage; they mediate different functional traits of plants; they 

influence the phenotypic plasticity of plants; and they are essential to ensure the quality and safety 

of primary plant production, including fruit and related processed foods (Compant et al., 2019; 

Timmusk et al., 2017; Panke-Buisse et al., 2015). The use of the functional potential of soil and plant 

microbiomes can lead to a reduction in chemical inputs, to increase the quality and safety of crops 

and food products with the help of 'beneficial' microorganisms that can improve the yield and 

quality of crops. This can also counteract the impoverishment of soils, reclaim contaminated land 

and reduce the use of water, fertilizers and pesticides, as the strategy to be followed for sustainable 

development. 

The use of synthetic microbial consortia of beneficial microorganisms for plants that have different 

functions has become an ecologically favorable alternative to integrate inorganic inputs and favor 

the development of plants. These functions can include nitrogen fixing bacteria, microorganisms 

that solubilize phosphates, plant growth promoting rhizobacteria, and arbuscular mycorrhizae, that 

can act synergistically. 

There are therefore several paths that can lead to a new generation of inoculants and the 

application of microbiomes in agriculture that could give rise to a new green revolution, much more 

sustainable than the previous one (Qiu et al., 2019). We can imagine a future that is based on the 

precise determination of the soil and plant microbiomes, whereby it is possible to outline a rational 

intervention with microbial inoculants in the field, optimize yields, and at the same time, reduce 

expensive and unsustainable inputs of chemicals for agriculture (Schlaeppi & Bulgarelli, 2015). 
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4. Evaluation of brewers’ spent grain as a low-cost substrate for production of beneficial 

microbial-consortia-based biofertilizer  

4.1. Introduction  

Recently, the direct and indirect use of beneficial microbial resources such as agricultural 

biofertilizer has emerged as a sustainable technology for producing environmentally friendly 

alternatives to synthetic fertilizers (Hellequin et al., 2020). Next generation biofertilizers are rapidly 

gaining attention as they are capable of improving crop productivity, microbial diversity and soil 

nutrients and indirectly promoting plant growth and productivity (du Jardin, 2015). They represent 

a promising and environmentally friendly innovation to meet the current needs of sustainable 

agriculture (Rocha et al., 2019). In particular, the use of biofertilizers, as an alternative to synthetic 

agropharmaceuticals, could be a sustainable strategy to improve soil biodiversity (Baldi et al., 2021; 

Megali et al., 2014; Raja, 2013; Diacono & Montemuro, 2010) and the nutritional status of plants 

and their growth (Vessey et al., 2003). A “biofertilizer” contains plant-growth-promoting microbes 

(PGPMs), which are soil microorganisms that can colonize the roots of plants and provide benefits 

to their hosts, through modulation of the production of phytohormones, increased availability of 

soil nutrients and resistance to pathogens (Lopes et al., 2021). Furthermore, PGPMs can mitigate 

biotic and abiotic stresses and increase plant productivity (Etesami et al., 2020). PGPMs include 

several genera of fungi and bacteria, such as Azospirillum, Bacillus, Burkholderia, Enterobacter, 

Flavobacterium, Pseudomonas, Rhizobium, Frankia, Klebsiella, Clostridium, Trichoderma, Beauveria, 

Serratia and Streptomyces (Gouda et al., 2018). 

With increased environmental awareness, different biofertilizer formulations have been generated 

from the microbiota of foods and agricultural by-products and waste (Puglia et al., 2021). The 

production of microbial fertilizers includes a number of operations, including the mass production 

of the target microorganisms in fermentation systems. Usually, in the laboratory, under highly 

artificial conditions, microbial isolates are screened for their growth-promoting abilities, partly using 

model host plants. After selection, the microbial strains are tested in controlled greenhouse 

experiments. However, when applied in field conditions, the growth promoting effects could be 

highly variable and often lack consistency, which limits the applicability of the microbial bioinoculant 
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as a biofertilizer (Sessitsch et al., 2019). The current application of microbial inoculants 

(bioinoculant) in soil faces multiple challenges, where several aspects need to be considered, 

ranging from the design of an appropriate formulation to new concepts based on an understanding 

of the complexity and ecological behaviour of the natural microbiota (Sessitsch et al., 2019). 

Biochemical, molecular and physiological studies of plant-soil interactions have shown the existence 

of stress response mechanisms in plants, induced by microorganisms, which could activate Induced 

Systemic Tolerance (IST) and Induced Systemic Resistance (ISR), respectively in abiotic and biotic 

stress conditions. The mechanisms of action through which PGPMs influence plant metabolic 

responses and pathways can be classified as follows: hormonal modulation; balancing the oxidative 

state of cells; improvement of water use efficiency and physiological responses of photosynthesis; 

improvement of nutrient use efficiency (Ngalimat et al., 2021). Although the use of PGPMs has 

increased exponentially in recent years, their application is still hampered by various factors, 

including the lack of adequate production processes, the poor understanding of the fate of 

inoculants, and the interrelationships between biofertilizers, the soil/plant microbiome and the 

plants themselves (Mitter et al., 2016). Particularly, the inoculated microorganisms must compete 

for nutrients with the well-stabilized and acclimatized native microflora (Baldi et al., 2021). A better 

understanding of the interactions and production processes of PGPMs would further facilitate their 

use. 
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Figure 1: Challenges of microbial inoculation (taken from Sessitsch et al., 2019). 
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Low-cost materials such as agricultural waste have been used as carbon and nitrogen sources for 

microbial cell cultures to reduce production-line costs (Elsallam et al.,2021). Recently, many studies 

have focused on the development and commercialization of microbial bioinoculants based on 

agricultural wastes (Arumugam et al., 2021). Indeed, the agro-industrial waste recycling process is 

now accepted as an important tool for the development of sustainable agriculture (Tengerdy and 

Szakacs 2003). In recent years, there has been a growing trend towards more efficient use of agro-

industrial residues based on processes that use solid-state fermentation (SSF). 

Solid state fermentation is a process in which microorganisms are grown on solid materials without 

the presence of free water (Cannel and Moo-Young 1980). SSF includes many bioprocesses, such as 

bioremediation, biodegradation of hazardous waste, biodetoxification of agro-industrial waste, 

biotransformation of crops and crop residues for nutritional enrichment, and large-scale production 

of secondary metabolites, enzymes, antibiotics, organic acids, biopesticides, biosurfactants, biofuels 

and aromatic compounds. SSF also includes microbial inoculants as biofertilizer production 

(Vandenberghe et al., 2020; Vassilev et al., 2020; Holker and Lenz 2005; Hölker et al. 2004; Mitchell 

et al. 2002; Pandey 2003; Tengerby and Szakacs 2003). Solid waste materials act as vectors for 

microorganisms and spores, and therefore it should not be necessary to develop a sophisticated 

formulation process (Vassilev et al., 2009, 2015). This is an emerging research field, and a huge 

number of mixed microbial combinations under SSF conditions can be developed, which could lead 

to new types of biofertilizers. 

As previously indicated, a fundamental advantage of BSG is that it is constantly available in large 

quantities and at little or no cost. The results obtained previously have shown that the lignocellulosic 

components of BSG are used by useful microorganisms such as Trichoderma, Bacillus, and 

Pseudomonas (Bianco et al., 2021). Although the use of microbial inoculants has increased 

exponentially in recent years, their application is still hampered by adequate, inexpensive, and 

environmentally sustainable processes. 

In this context, the aim of this study was to evaluate the possibility of using raw BSG as a substrate 

for the growth of PGPMs through SSF by analyzing the changes in the chemical, biochemical and 

microbial characteristics of the inoculated BSG in respect to raw BSG. 
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4.2 Material and methods 

4.2.1. Experimental set-up 

A total of 30 kg BSG was sampled from a Sardinian brewery. Aliquots of 1.5 kg freshly BSG were 

placed in plastic containers (measuring 25x25x5 cm) at 22 °C in a thermostatic room, with constant 

humidity at ~70% by periodic turning and addition of sterile distilled water (every 5 days) for 90 

days.  

Two treatments were set up: raw BSG (B) and BSG inoculated (BM) with a suspension of 3 g in 100 

ml sterile water of Bioinoculant M.  BM is a commercially available microbial inoculum, wettable 

powder, for 7.5% it consists of 10.2 x 107 CFU g - 1plant growth promoting microorganisms (PGPMs). 

Each BSG sample was treated in triplicate containers. 

During 90 days, pH and humidity were monitored daily by averaging three measurements taken at 

three different points (at the center, and at the two ends of the containers) at 2 cm from the top of 

the BSG.  

Samples for the chemical, biochemical and microbiological analyses were collected every 7 days 

from both B and BM over the first month, and for the remaining 2 months, every 15 days, thus 

obtaining eight sampling points for each experiment, corresponding to t7 (7 days), t14 (14 days), t21 

(21 days), t28 (28 days), t42 (42 days), t56 (56 days), t70 (70 days), and t90 (90 days). 

4.2.2. Chemical and biochemical characterization of brewers’ spent grain 

Brewers’ spent grain was analyzed within 6 h of production (BSGT0) and at the end of the 

experiment: BSGT90 and BMT90 For raw and inoculated BSG, respectively. the fibrous fractions 

(contents of ash and crude protein [CP]) was determined according to AOAC (2000), neutral 

detergent fiber [NDF], acidic detergent fiber [ADF] and acidic detergent lignin [ADL] were 

determined according to Robertson and Van Soest (1981) and Van Soest et al. (1991). The 

concentration of non-fibrous carbohydrate (NFC) was calculated as [100 - (NDF - NDIP) - CP - EE - 

ash]. The total carbon content (TC) and the total nitrogen content (TN) were determined by burning 

dried samples using an elemental analyzer (CHN 628; Leco, St. Joseph, Michigan, USA), with 
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references for the calibration of the flour d 'oats (Leco, 502-276) and soils (Soil LCMR Leco, 502-697; 

Soil Calibration sample for CSN Leco, 502-814; Soil LRM Leco, 502-062). N-NH4
+ and N-NO3

- were 

determined according to the official method of chemical soil analysis of the standard protocols 

defined by D.M. 13/09/1999, Official Gazette n◦248, 21/10/99. 

The pH and humidity were measured according to the respective methods ISO 10390/1995 and ISO 

11465/1993. Dehydrogenase activity (DHG) was determined by quantifying the triphenilformazan 

formed in samples treated with triphenyltetrazolium chloride and incubated at 37 °C for 24 h as 

described by Alef and Nannipieri (1995). The urease (URE) activity was determined as ammonia 

released in soil samples treated with urea and incubated for 2 h at 37 °C, and the β-glucosidase 

(GLU) activity was quantified as p-nitrophenol released in the soil samples with p-nitrophenyl 

glucoside added and incubated for 1 h at 37 °C (Alef and Nannipieri 1995). To determine the activity 

of phosphomonoesterases (acid and alkaline phosphatases), the activities of acid phosphatase (ACP) 

and alkaline phosphatase (ALP) were measured according to the method described by Alef et al. 

(1998). 

The dissolved organic carbon (DOC) was determined and quantified by UV absorbance (254 nm) of 

filtered (45 μm) sample suspensions, as previously described (Brandstetter et al., 1996). 

4.2.3. Microbiological characterization of brewers’ spent grain 

Viable, culture-dependent counts were determined following the protocol described in Bianco et al. 

(2021). Characterization of the microbial community structure was performed using a next-

generation sequencing approach with the Illumina Miseq technology. The DNA of each sample was 

extracted using GeneMATRIX kits (EURx Molecular Biology Products, Gdańsk, Poland). The 

composition of the microbiota was determined by sequencing at the BaseClear BV laboratory 

(Leiden, The Netherlands) of the V3-V4 region (bacteria) and the 5.8S-ITS1 region (fungi). The 

demultiplexed FASTQ files were analyzed with the QIIME 2 bioinformatics suite (Quantitative 

Insights into Microbial Ecology; version 2021.4) following the methods and protocols previously 

described in Budroni et al. (2020). 
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4.2.4 Statistical analyses 

Alpha-diversity was estimated with the Shannon’s index. Dissimilarity matrix for beta diversity 

analysis was calculated with the Bray-Curtis distance and visualized using non-metric 

multidimensional scaling (NMDS). The significance of the differences in the chemical, biochemical 

and microbial characteristics of the treatments was assessed by using ANOVA followed by Tukey 

HSD post-hoc test (FDR adjusted p.value <0.05). All calculations were performed by using the R 

statistical software (ver 4.0.1). 
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4.3 Results 

4.3.1. Chemical and biochemical dynamics during solid state fermentation of BSG. 

BSG samples were analyzed within 6 h from the production (BSGTO) and after 90 days in the two 

treatments: uninoculated (BSGT90) and inoculated (BMT90) BSG (Figures 2 and 3). 

 

Figure 2: Results of the chemical analysis: BSGT0 (start BSG), BT90 (uninoculated BSG, end of treatment), BMT90 

(inoculated BSG, end of treatment). DM, dry matter at 105 °C; PC, crude protein; NDF, neutral detergent fiber 

(hemicellulose); ADF, acid detergent fiber (cellulose); ADL, acid detergent lignin (lignin); EE, lipids. Different letters 

indicate statistical differences (p < 0.05) as determined by ANOVA followed by Tukey-HSD test. 
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Figure 3: Chemical analysis of the B and BM samples during the 90 days of treatment. a) N_total, total nitrogen; b) N-

NH4+, ammonium nitrogen; c) N-NO3 
-, nitrate nitrogen; d) C_total, total carbon; e) C/N, carbon: nitrogen ratio. *, p< 

0.05. 

In both of the treated samples, the ash and the fiber contents (NDF, ADF, ADL) increased during the 

90 days of treatments.  Conversely, TC and C/N ratio (figure 3d, 3e) were reduced. The lipid content 

(EE) was reduced from 4% in BSGT0 to 0.11% and 0.30% in BT90 and BMT90, respectively.  

Overall, total N increased during the treatment period, with a marked decrease after 21 days, 

followed by a gradual increase and stabilization for up to 90 days. From day 21st, the total nitrogen 

content of BM samples was always higher than that in B samples. After 90 days, TN was 1.27 and 

1.48-fold higher, respectively in the uninoculated B and in the inoculated BM samples, compared to 

raw BSG.   

A similar trend was observed for the inorganic N forms (i.e., NH4 + and NO3-) (figure 3b, 3c) that 

increased over the treatment, reaching the highest values after 56 days. From that point up to the 
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90 days, the inorganic N content was significantly higher in BM samples of than in B samples. 

Total carbon decreased during the treatment period, reaching the lower value after 56 days. After 

90 days, total C was 1.11 and 1.16 times lower in sample B and BM, respectively, compared to time 

0. After 70 days the total C in BM was 1.08 times lower than in B (p-value < 0.005). 

 The C / N ratio in the B and BM samples was 1.45 and 1.77 times lower, respectively, compared to 

that of raw BSG. From day 70 to the end of the treatment period (i.e., 90 days) the C / N ratio in 

sample BM was significantly lower than in sample B. However, in all the samples starting from the 

42nd day, the C / N ratio was always less than 12, which is an indicative value of organic matter 

stability.  

During the two treatments (B and BM), the pH values showed similar trends (Figure 4). Starting from 

pH 5.8 of the freshly produced BSG, in the first week an acidification of the substrate was observed 

(B: pH 4.51; BM: pH 4.67). In the second week, the pH reached 8.76 for B and 8.59 for BM, and then 

stabilized at about neutrality (pH 7.00) from the 42nd to the 90th day of treatment. In general, 

sample BM did not show significant differences with the uninoculated sample B, the only exception 

was observed at 7 days, with a p-value of 0.002. 

 

Figure 4: Variation of pH in the uninoculated (B) and inoculated (BM) BSG samples over the 90 days of treatment. *, 

P< 0.05 
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From the biochemical perspective, DHG activity in the B and BM samples increased after 7 days and 

remained stable up to 56 days, at around 800 μg TPF g-1 d.m. h-1. After that time, the DHG activity 

in the BM samples slightly decreased. In contrast, the DHG activity in the B samples rapidly 

decreased to 78.48 μg TPF g-1 d.m. h-1 after 70 days of incubation, and then increased to 419 μg TPF 

g-1 d.m. h-1 after 90 days of incubation. In particular, the DHG activity of the BM samples was 7.65-

fold and 1.75-fold higher than that of the B samples at 70 and 90 days, respectively (Figure 5a). 

Variations in the GLU activity were observed for both treatments (Figure 5b). GLU activity increased 

up to 7 days in uninoculated BSG, and up to 14 days in inoculated BSG. In both the treatments, GLU 

activity decreased after 21 days and reached a maximum peak at 28 days (614 and 573 μg p-

nitrophenol g-1 d.m. h-1 in B and BM, respectively). At 42 days, the GLU activity rapidly decreased to 

124 and 138 μg p-nitrophenol g-1 d.m. h-1 in B and BM, respectively, stabilizing up to 90 days. 

In general, URE activity was the same for both samples of inoculated (BM) and uninoculated (B) 

samples (Figure 5c). The only exception was after 42 days, where the URE activity was 5.35-fold 

higher for BM than B. However, the URE activity remained stable for 28 days and then increased to 

56 days to their highest values (379 and 381 μg NH4-N g-1 d.m. h-1). URE activity then decreased to 

70 days and remained stable for up to 90 days. For the PHA activities in an acidic environment 

(Figure 5d), during the 90 days of SSF, the PHA activity increased up to 14 days, to reach the highest 

PHA activities (855 and 1071 μg p-nitrophenol g-1 d.m. h-1 in B and BM, respectively), and 

subsequently decreased before a slight increase until it finally stabilized after 70 days. During the 

SSF period, BM showed a PHA activity between 1.25-fold and 9.93-fold higher than for B. On the 

contrary, the PHB activities in the alkaline medium (Figure 5e) during the period of SSF did not show 

any significant differences between B and BM, except for the PHB activities at 28 and 42 days, which 

were 1.60-fold and 1.23-fold higher in uninoculated BSG compared to inoculated BSG. However, for 

both the B and BM samples, PHB activity increased to a maximum up to 14 days, (2414 and 2187 μg 

p-nitrophenol g-1 d.m. h-1 in B and BM, respectively), and thereafter, the PHB activity rapidly declined 

at 21 days, after which it remained stable for up to 90 days. 

DOC generally increased throughout the SSF period (Figure 6). After 90 days, compared with time 0, 

the DOC was 14.48-fold and 14.78-fold higher in B and BM, respectively. After 42 days of incubation, 
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the highest DOC levels were observed for both treatments, followed by a gradual decrease and 

stabilization for up to 90 days. The BM sample showed higher DOC than the B sample, although the 

BM treatment showed greater DOC fluctuations during the SSF period. 

 

Figure 5: Results of the enzymatic activities detected over 90 days of SSF in the uninoculated B and inoculated BM 

samples: (a) Dehydrogenase (DHG); (b) β-glucosidase (GLU); (c) Urease (URE); (d) acid phosphatase (PHA); (e) alkaline 

phosphatase (PHB). Data are means ± SD (n = 3). *, P < 0.05; Fisher’s least significant difference tests. 
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Figure 6: The dissolved organic carbon (DOC) production during the 90 days of SSF in the uninoculated B and 

inoculated BM samples. Data are means ± SD (n = 3). *, P < 0.05; Fisher’s least significant difference tests. 

 

4.3.2. Structure and analysis of the microbial community during solid state fermentation of 

BSG. 

To characterize the dynamics of the microbiota in both the uninoculated (B) and in the inoculated 

(BM) BSG samples during SSF, culture-dependent microbiological analyses were carried out (figure 

7). Overall, the viable counts of the main microbiological groups analyzed did not show any 

significant difference between treatments at each time point. Considering the dynamics during the 

treatment, yeast counts showed a significant decrease after 56 days. Mesophilic bacteria showed a 

maximum concentration at t14, t42 and t70 with a microbial population higher than 1x 109 cfu / g, 

that lowered to 1 x 107 cfu /g at t90. Actinomycetes rapidly increase in the first 21 days of treatment. 

Subsequently, the population remained stable, as not significant differences were observed among 

t28, t56, t70 and t90 samples. The same trend was observed for aerobic spore-forming bacteria, 

that showed an increasing population in the first day of the treatment, then stabilize at the 

concentration of 1 x 106 cfu/g starting from t42. Similarly, the viable counts of Bacillus spp. increased 

in the first days of SSF, than reached at t90 a population size not different form that a t0. 
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A) 

 

B) 

 

Figure 7: Viable counts in uninoculated B (A) and inoculated BM (B) BSG samples. Data are means ± SD (n = 3). 
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To get a better picture of the fate of the inoculated PGPMs during the SSF of the BSG, and to evaluate 

the changes in the natural microbiota of BSG after the inoculum, a high-throughput community 

sequencing analysis was carried out  

 

4.3.2.1 Microbial characterization of the bioinoculant M 

Figures 8 and 9 show the composition of the fungal and bacterial community obtained by next 

generation sequencing of DNA extracted from the bioinoculant M. Saccharomycetaceae, 

Debaryomycetaceae, Pichiaceae, Aspergillaceae, Malasseziaceae, Cladosporiaceae and 

Cordycipitaceae were detected at higher abundance in the samples. Particulary, Saccharomyces was 

the predominant genus. 

Enterococcaceae, Pseudomonadaceae, Leuconostocaceae, Lactobacillaceae, Planococcaceae, 

Streptococcaceae, Acetobacteraceae, Streptomycetaceae, Staphylococcaceae, 

Propionibacteriaceae were the predominant bacterial families.  

 

Figure 8: Composition of the specific fungal family of Bioinoculant M used to inoculate BSG. Data are means ± SD. 
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Figure 9: Composition of the specific bacterial family of Bioinoculant M used to inoculate BSG. Data are means ± SD. 

 

4.3.2.2. Evolution of the fungal communities 

The evolution of the fungal communities in raw BSG (samples B) and in inoculated BSG (BM) during 

90 days SSF was followed by metabarcoding analysis of the ITS sequences. Illumina sequencing 

(MiSeq) generated a dataset that ranged from 7,000 to 15,000 raw sequences per sample. Alpha 

diversity analysis suggested an increased biodiversity during the fermentation in the BM samples. 

The Shannon Index is based on the species richness (the number of species present) and species 

abundance (the number of individuals per species), and thus it measures the biodiversity of the 

samples in terms of richness and abundance of OTUs. During the treatment, the Shannon Index 

reached its highest values after 70 days in BM samples. In the B samples, the biodiversity was higher 

at BT0 and was then reduced, reaching its lowest value after 70 days (Figure 10).  
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Figure 10: Fungal alpha diversity. M, fungal community present in the microorganism-based preparation used to 

inoculate the BSG; B, uninoculated BSG; BM, inoculated BSG. 

 

To compare the biodiversity of the two samples, beta biodiversity analysis at the OTU level was 

carried out (Figure 11). Of note, there were differences between the B and BM samples through the 

fermentation, with high similarities between the fungal communities of the same treatment after 

70 and 90 days. This suggested that the microbial communities reached an equilibrium that was 

different for the untreated and treated samples. 
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Figure 11: Non-metric multidimensional scaling (NMDS; Bray-Curtis distance) analysis and distribution of samples on 

the two axes NMDS1 and NMDS2. M, fungal community present in the microorganism-based preparation used to 

inoculate BSG; B, uninoculated BSG; BM, inoculated BSG.  

Figure 12 shows the compositions of the fungal communities under the two treatments at the 

different sampling times. The fungal community in the B (uninoculated) samples changed over the 

90 days: after 7 days, the dominant family were Mucoraceae and Pichiaceae; after 14 days, 

Mucoraceae were by far the most represented family. Similarly, after 28 days Aspergillaceae and 

Mucoraceae were the dominant fungal families. After 56 days, OTUs belonging to Ascodesmidaceae 

and Microascaceae appeared, while family Aspergillaceae decreased. At t70 and t90 the dominance 

of the Mucoraceae was restored. In accordance with the beta diversity analysis, the compositions 

of fungal communities at the family level stabilized between 70 and 90 days of spontaneous 

treatment. 

As observed for B samples, the fungal communities in the inoculated BSG samples (BM) at time 0 

were characterized by an abundant presence of Pichiaceae and a minor presence of 
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Saccharomycetaceae and Mucoraceae. However, after only 7 days of fermentation, a significant 

shift in the composition of the fungal communities in the two treatments was observed. Indeed, the 

proportion of Pichiaceae was particularly higher at t7, while at t14 at t28 the community was 

characterized by four dominant families: Aspergillaceae, Mucoraceae, Pichiace and 

Saccharomycetaceae. From t56, Pichiace and Saccharomycetaceae were no longer detected, the 

family Chaetomiaceae increased and there was a consistent presence of Ascodesmidaceae and 

Microascaceae up to t70. At t90 the dominant families were Ascodesmidaceae, Trichosporonaceae 

and Physalacriaceae. 

 

Figure 12: Relative abundance composition of the fungal communities in the uninoculated B and in the inoculated BM 

treatments. M, fungal community at time zero present in the preparation based on microorganisms used to inoculate 

the BSG. 
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Fungal families with significantly different abundance in the B and BM samples, at each time points, 

are reported in table 1. 

Table 1.  Fungal families showing significantly different abundance in treated (BM) and untreated (BM) BSG samples. 

Sampling point  Familiy n° OTU Adjusted P-value 

  
 

M B BM   

T0  f__Saccharomycetaceae *164362 1784 5781 0.003 

 f__Debaryomycetaceae 625 4 1 0.003 

 f__Pichiaceae 4114 9439 *33589 0.004 

 f__Aspergillaceae 1875 174 406 0.014 

 f__Mucoraceae 163 *490 1823 0.017 

 f__Physalacriaceae 2787 324 29 0.019 

T7  f__Saccharomycetaceae 
 

1944 8138 0.019 

 f__Mucoraceae 
 

*29147 2418 0.040 

 f__Pichiaceae 
 

1.720 *49310 0.049 

T14  f__Mucoraceae 
 

29284 1742 0.000 

T28  f__Saccharomycetaceae 
 

25 748 0.025 

 f__Mucoraceae 
 

*33.251 4543 0.015 

 f__Aspergillaceae 
 

29711 2.350 0.047 

T56  f__Aspergillaceae 
 

3.212 750 0.010 

 f__Microascaceae 
 

34 1.797 0.033 

 f__Mucoraceae 
 

*28333 013 0.038 

 f__Chaetomiaceae 
 

387 4.414 0.048 
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T70  f__Hypocreaceae 
 

1 361 0.000 

 f__Chaetomiaceae 
 

55 3994 0.007 

 f__Microascaceae 
 

15 1535 0.013 

 f__Mucoraceae 
 

*41898 805 0.024 

T90  f__Physalacriaceae 
 

22 1479 0.048 

 f__Saccharomycetaceae 
 

6 125 0.048 

 f__Mucoraceae 
 

*42399 3724 0.048 

 f__Trichosporonaceae 
 

13 1469 0.048 

 f__Ascodesmidaceae   5472 *22193 0.048 

 

The higher presence of Saccharomycetaceae in bioinoculant M was reflected in the higher 

abundance of this family in the inoculated BSG (BM) at t0.  The occurrence of Pichiaceae was higher 

in samples B and BM at t0 compared to M. Mucoraceae family was present at all sampling times 

and became the dominant family after 90 days of treatment in sample B compared to sample BM. 

Indeed, Mucoraceae was less represented in the BM samples at the later times and was associated 

mainly with t14 and t28. Conversely, the dominant family of BM samples at t90 was that of the 

Ascodesmideaceae. After the SSF, the fungal families showing significant different abundance at t90 

in the B and BM samples were: Physalacriaceae, Saccharomycetaceae, Mucoraceae, 

Trichosporonaceae, and Ascodesmidaceae.  

4.3.2.3. Evolution of the bacteria communities 

The evolution of the bacterial communities in raw BSG (samples B) and in inoculated BSG (BM) 

during 90 days SSF was followed by metabarcoding analysis of the 16S region. Illumina sequencing 

(MiSeq) generated a dataset that ranged from 75,863 to 84,060 raw sequences per sample. Alpha 

diversity analysis suggested an increased biodiversity in both samples from day 0 to day 90. In 

particular, the Shannon Index was lower at t0 and then increased, reaching its highest value after 
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28 days (Figure 13). A Shannon Index between 2 and 3 indicates that in both the B and BM 

treatments the bacterial communities were very rich in terms of OTU number and distribution. 

  

 

Figure 13: Bacterial alpha diversity. M, bacterial community present in the microorganism-based preparation used to 

inoculate the BSG; B, uninoculated BSG; BM, inoculated BSG. 

 

The beta biodiversity analysis highlights the differences in the bacterial communities of the samples 

relating to the two treatments (B and BM) after the 14th day of SSF. It is interesting to note that the 

bacterial communities of both the B and BM treatments from t56 to t90 were very similar, as they 

were clustered together.  
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Figure 14: Non-metric multidimensional scaling (NMDS; Bray-Curtis distance) analysis and distribution of the samples 

on the two axes NMDS1 and NMDS2. M, bacterial community present in the microorganism-based preparation used to 

inoculate the BSG; B, uninoculated BSG; BM inoculated BSG. 

 

Figure 15 shows the phyla of the bacterial communities present in the B and BM treatments and in 

the inoculum. The bacterial community was stabilized by t56 for both treatments. In accordance 

with the results of the beta diversity, the bacterial communities of the B and BM samples were very 

similar especially in the last few days of the treatments. In the M inoculum the phylum Firmicutes 

was dominant. In samples B and BM at t0, Proteobacteria, Cyanobacteria and Actinobacteria were 

observed. At t7 in both treatments the differences in the bacterial composition at the phylum level 

were not significant, while at t14 Proteobacteria became dominant in samples B and Actinobacteria 

and Bacteroidetes were present at higher abundances in BM samples. At t28 the phylum 

Planctomyces was firstly detected in samples B. From t56 to t90, Firmicutes, Proteobacteria, 
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Actinobacteria, Bacteroidetes, and Planctomyces became the main phyla in both the samples, with 

not significant differences in their abundance in the two treatments.  

Figure 16 shows the families of the bacterial communities present in the B and BM treatments and 

in the inoculum. Leuconostocaceae was not present in the bacterial community of the inoculum, 

but it was a dominant family in both B and BM treatments from t0 to t28. 

 

Figure  15: Phylum compositions of the bacterial communities for the B and BM treatments. M, bacterial community 

at time zero present in the preparation based on microorganisms used to inoculate the BSG. 

At t0, the dominant family in B samples was Leuconostocaceae (figure 16); at t7 the occurrence of 

OTUs belonging to Lactobacillaceae, Paenibacillaceae, Clostridiaceae, Acetobacteraceae and 

Enterobacteriaceae increased.  At t14 the family Xanthomonadaceae prevailed. At t28 

Paenibacillaceae were much more abundant than in previous times, with Sphingobacteriaceae, 

Porphyromonadaceae, Chitinophagaceae and Phyllobacteriaceae. From t56 to t90, the bacterial 
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communities settled down: the presence of Paenibacillaceae and Planococcaceae, belonging to the 

Bacillales order, were dominant. 

In BM samples the dominant families in the first days after the inoculum were Leuconostocaceae, 

Lactobacillaceae and Acetobacteraceae. At14, the dominant families at t7 decrease drastically and 

other families appeared: Enterobacteriaceae, Enterococaceae, Sphingobacteriaceae, 

Microbacteriaceae, Xanthomonadaceae, Nocardiaceae, Planococcaceae, Clostridiaceae and 

Brucellaceae. After 28 days, the dominant families were Enterobacteriaceae, Xanthomonadaceae 

and Leuconostocaceae; from t56 to t90, the bacterial communities abundance (%) was constant  

and the most prevalent families were Sphingobacteriaceae, Hyphomicrobiaceae, Nocardiaceae, 

Planococcaceae, Clostridiaceae, Rhizobiaceae, Brucellaceae and Promicromonosporaceae; from 

t70, families belonging to the Lactobacillales (Enterococcaceae, Leuconostocaceae, Lactobacillaceae 

and Streptococcaceae) were no longer  detected. 

 

Figure  16: Family compositions of the bacterial communities for the B and BM treatments. M, bacterial community 

at time zero present in the bioinoculant used to inoculate the BSG. 
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Bacterial families with significantly different abundance in the B and BM samples, at each time 

points, are reported in table 2. 

Table 2.  Bacterial families showing significantly different abundance in treated (BM) and untreated (B) BSG samples 

Sampling point Family n° OTU FDR adjusted p 

value 

      

  
M B BM 

 

T0 
     

 
 f__Enterobacteriaceae 5 *570 144 0.0057 

 
 f__Pseudomonadaceae 43 9 0 0.0102 

 
 f__Leuconostocaceae 7 *19342 9417 0.0102 

 
 f__Enterococcaceae *33597 43 272 0.0432 

 
 f__Bacillaceae 0 *895 334 0.0490 

 
 f__Lactobacillaceae 61 43 *3604 0.0500 

T7  f__Enterobacteriaceae 

 

2086 138 0.0046 

 
 f__Clostridiaceae 

 

1782 713 0.0072 

 
 f__Xanthomonadaceae 

 

0 823 0.0084 

 
 f__Paenibacillaceae 

 

715 1512 0.0157 

 
 f__Lactobacillaceae 

 

2349 1339 0.0185 

T14  f__Xanthomonadaceae 

 

5753 713 0.0012 

 
 f__Clostridiaceae 

 

267 823 0.0016 

 
 f__Nocardiaceae 

 

155 1512 0.0042 

 
 f__Planococcaceae 

 

338 1339 0.0068 

 
f__Sphingobacteriaceae 

 

197 1998 0.0113 

 
 f__Bacillaceae 

 

3 236 0.0146 

 
 f__Leuconostocaceae 

 

795 1589 0.0178 
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T28  f__Xanthomonadaceae 

 

557 2703 0.0000 

 
 f__Leuconostocaceae 

 

45 2006 0.0000 

 
 f__Phyllobacteriaceae 

 

971 0 0.0042 

 
 f__Enterobacteriaceae 

 

272 6863 0.0052 

 
 f__Clostridiaceae 

 

615 306 0.0058 

 
 f__Lactobacillaceae 

 

26 1144 0.0122 

 
 f__Paenibacillaceae 

 

1447 101 0.0127 

T56  f__Rhizobiaceae 

 

731 179 0.0002 

 
 f__Nocardiaceae 

 

88 3131 0.0056 

 
 f__Planococcaceae 

 

1838 2286 0.0058 

 
 f__Paenibacillaceae 

 

2746 590 0.0074 

 
 f__Phyllobacteriaceae 

 

943 541 0.0112 

T70  f__Paenibacillaceae 

 

3152 587 0.0000 

 
 f__Rhizobiaceae 

 

624 191 0.0000 

 
 f__Phyllobacteriaceae 

 

1017 535 0.0008 

 
 f__Nocardiaceae 

 

74 3139 0.0011 

 
 f__Brucellaceae 

 

261 1355 0.0065 

T90  f__Bacillaceae 

 

126 *468 0.0068 

 
 f__Nocardiaceae 

 

46 *3968 0.0083 

 
 f__Planococcaceae 

 

979 *3217 0.0152 

 
 f__Brucellaceae 

 

102 *1628 0.0191 

 
f__Sphingobacteriaceae 

 

405 *1180 0.0208 

 

The bacteria family statistically significant at t90, at the end of the treatment in the B and BM 

samples were: Bacillaceae, Nocardiaceae, Planococcaceae, Brucellaceae and Sphingobacteriaceae. 
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Bacillus (Bacillaceae), Rhodococcus (Nocardiaceae), Sporosarcina (Planococcaceae), 

Paenochrobactrum (Brucellaceae), and Sphingobacterium (Sphingobacteriaceae) were the more 

represented bacterial genera (data not shown). 
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4.4. Discussion 

The objective of this study was to verify the possibility of increasing the agronomical value of an 

agro-industrial waste product, such as BSG, by adding a bioinoculant. The rationale is that the use 

of BSG as a growth substrate to produce microbial biofertilizers through SSF, could improve the 

stabilization of BSG allowing the production of easy degradable organic compounds, favor the 

bioavailability of nutrients for plants and increasing the biocontrol of pest and pathogens in the long 

term. Particularly, the analysis of the microbial, chemical, and biochemical data obtained during a 

90 days SSF treatment allowed us to identify the effect of the inoculant on the spontaneous 

microflora and on the chemical characteristics of BSG. Considering the key issues that an adequate 

formulation of the bioinoculant requires the long-term to have successful establishment, the 

colonization of target niches in the plant environment, the expression of the growth of relevant 

plants, and the effects of promoting plant health, a poorly studied fundamental aspect is that the 

inoculated microorganisms must compete with a very diverse resident microflora (Roy et al. 2021). 

Also, this study aimed to investigate the dominant microbial communities at the end of the SSF (t90) 

in the two samples B and BM that can exert key functions in the plant-soil interaction, being involved 

in the nitrogen fixation processes, carbon and nitrogen cycles, nutrient uptake and soil shaping.  

Depending on the size, diversity, and community interactions with the resident populations, a 

microbial inoculant introduced into the soil environment can establish itself well or badly (Compant, 

et al. 2010). In addition, the spontaneous microbiota of agro-industrial wastes is not always 

dangerous or ineffective but can led to several advantages once introduced into soil-plant systems, 

including enrichment of the soil with organic matter, metabolites, and minerals (e.g., P).  

 

4.4.1 Chemical and biochemical dynamics of BSG during SSF 

Enzymatic activities data are important as they can provide information on (i) the metabolic state 

of the microbial population; (ii) the chemical-physical conditions of the substrate on (iii) the degree 

of alteration and of the relationships between changes in physico-chemical properties of substrate 

and microbial biodiversity (van Beelen &amp; Doelman, 1997; Trasar-Cepeda et al., 2000).  

In this work the general reduction of total carbon during the treatments period was probably due 

to its consumption for the metabolism of microorganisms, as also suggested by the high activity of 
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dehydrogenase (DHG), which indicates that the indigenous microorganisms were able to synthesize 

this enzyme for the degradation organic matter (Margesin et al., 2006; Castaldi et al. 2008). In fact, 

DHG is an intracellular enzyme that highlights the metabolic activities of live microorganisms, since 

it is involved in the respiratory chains of all microorganisms (Ros et al., 2006). Between 70 and 90 

days there are statistically significant differences in the microbial communities of BSG and BM both 

at the metabolic level and in carbon consumption. 

The DOC value (small molecular carbohydrates and organic acids) increase in both samples B and 

BM during the first 42 days was probably due to a synthesis by microorganism and solubilization of 

simple organic compounds from organic matter greater than their degradation or utilization by 

microorganisms (Charest et al., 2004; Castaldi et al. 2008). 

While the DOC reduction rate from the 42 days up to 90 days in B and BM suggests that the microbial 

community growth was supported by water-soluble organic carbon rather than more recalcitrant 

substrates (Charest et al., 2004; Zhu et al., 2021). In support of these hypotheses the GLU activity 

increases up to the first month of stabilization highlighting that the microorganisms have 

synthesized this extracellular enzyme to degrade the organic materials to obtain simple organic 

compounds necessary for their metabolism. 

The phosphatase activity (PHAcid and PHB alkaline) in B and BM samples showed how the microbial 

communities were able to adapt to the changes in the substrate induced during the SSF process 

(Sharma et al. 2013). In fact, the microorganisms can synthesize different phosphatases (Sharma et 

al. 2013). During the first 7 days, phosphatases active at low pH were produced, supplemented by 

increased synthesis of basic phosphatases in the following days in accordance with changes in the 

pH of the substrate. 

The high availability of nitrogen present at time 0 in both B an BM samples, probably may have 

inhibited the urease synthesis by the microorganisms (García et al., 1992; Castaldi et al. 2008). 

Therefore, at 21 days, when a decrease in nitrogen content was recorded, a prompt response from 

the microbial community was observed with an increase in urease activity (URE). This led to a 

corresponding increase in ammonium nitrogen (NH 4 +) content starting at 28 days, which also 

correspond with the pH decrease probably due also to the oxidation of ammonium (i.e., nitrification; 

Castaldi 2008). Therefore, as also highlighted by the increase in nitrate nitrogen (NO3 -) starting 



Bianco Angela - New low-input microbial processes for the enhancement of brewers’ spent grain -Tesi di Dottorato in 
Scienze Agrarie- Curriculum “Biotecnologie microbiche agroalimentari” - Ciclo XXXIV- Università degli Studi di Sassari 

121  

from 21 days, it is clear that the microbial community during the stabilization process is able to 

manage and use the various forms of nitrogen present in the substrate, modifying their needs 

through processes of hydrolysis and nitrification (Nannipieri et al., 1980). 

      

4.4.2. Microbiota composition after solid state fermentation of BSG. 

From the vital counts data associated with the chemical and biochemical data obtained, and from 

the analysis of the microbiota using next-generation sequencing, significant differences were found 

between the bacterial and fungal microbial communities of two treatments. First of all, it was 

observed that the microbiome of the bioinoculant M used as inoculum were not able to grow on 

BSG and to overcome the competition with the BSG spontaneous microbiota. In fact, the OTUs 

identified in sample B and BM at the beginning of the treatment, were not longer detected in BSG 

samples after 7 days. However, the addition of the exogenous microbial communities did affect the 

dynamics of BSG spontaneous microbiota, particularly at t90. In fact, in the BM sample at t90 some 

significant chemical and biochemical variations were observed in addition to the microbiological 

ones just described. In BMT90 higher levels of total nitrogen were detected, greater consumption of 

total carbon, with the consequent reduction of the C / N ratio compared to BT90. Furthermore, the 

BMT90 sample showed greater dehydrogenase activity and a greater presence of dissolved organic 

carbon. 

In this study, at the end of the Solid-State Fermentation (SSF, t90) in the two samples B and BM the 

results obtained have revealed that the microbial OTUs in the bioinoculant did not dominate over 

the microbiota naturally present in the raw BSG, as they were not detected further in the t7 samples. 

However, an indirect effect of the bioinoculant was related to the changes in the microbial 

communities of the BSG samples. Particularly, the fungal genera significantly different at the end of 

the treatment in the B and BM samples were: Mucor (respectively OTUs 42399, 3724 adjusted P-

value 0.048), Cryptomarasmius (respectively OTUs 22, 1479 adjusted P-value 0.048), Cephaliophora 

(respectively OTUs 22193, 5472 adjusted P-value 0.048), Kluyveromyces (respectively OTUs 6, 125 

adjusted P-value 0.048) and Trichosporon (respectively OTUs 13, 1469 adjusted P-value 0.048). From 

the NGS analysis in the BT90 sample compared to the BMT90 sample, a significant dominance of the 

Mucor genera was found (respectively OTUs 42399, 3724 adjusted P-value 0.048). On the contrary, 
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in the BMT90 sample, was found the dominant genera Cephaliophora (respectively OTUs 22193, 5472 

adjusted P-value 0.048). The genus Mucor, highly dominant in B, untreated, BSG samples at t90, is 

composed of many ubiquitous species, with about 50 recognized taxa, many of which have 

widespread occurrence mainly distributed in the soil and atmosphere (Ruano-rosa and Mercado-

Blanco, 2015; Walther et al., 2013). Mucor grows in a wide range of temperature (from 20 ° C to 40 

° C with optimum at 30 ° C) and pH (from 4 to 12 with optimum at 5.5) and it is known to produce a 

wide range of enzymes to degrade organic matter in different niches and have a relevant importance 

in various industrial applications (Voigt et al., 2016; Voigt and Kirk, 2014), thank to for to the 

production of several enzymes among which cellulases (Morin-Sardin et al., 2017; Alves et al., 2002). 

Fungi that selectively removes lignin results in the acceleration of BSG decomposition and the 

release of inorganic elements.  

Mucor circinelloides plays an important role in degrading agricultural crop residues rich in 

lignocellulosic compounds (Baba et al., 2005). It has been reported that M. circinelloides can 

produce a full set of cellulose-degrading enzymes, indicating that this fungus has the potential to be 

used in biomass conversion (Saha, 2004). M. circinelloides was found to be a good producer of 

cellulases, xylanases and polygalacturonases (Lee et al., 2011, Thakur et al., 2010). Huang (2014) 

identified an active β-glucosidase in M. circinelloides that might be of industrial relevance. The 

present finding of an active β-glucosidase in M. circinelloides demonstrates that enzymes from this 

group of fungi have a potential for cellulose degradation (Morin-Sardin et al., 2017). Mucor sp is 

gradually gaining attention in biological research because of its ability to produce catalase, 

proteases, and secondary metabolites such as phytoalexin which are usually activated in stressed 

environments (Andrade et al., 2002; Simões et al., 2005). Some Mucor sp. produced a variety of lytic 

enzymes such as β-1, 3- glucanase, catalase, and proteases. These enzymes are highly important in 

cell-wall degradation to enable easy penetration and colonization of the pathogen, induce defense 

response and control disease spread, and indirectly promote plant growth and development (Nartey 

et al., 2022). Mucor spp. was shown to be highly tolerant to elevated levels of zinc (Zn), cadmium 

(Cd) and lead (Pb) and to accelerate plant-host growth under either toxic-metal stress or control 

conditions. Fungi Mucor spp. was reported to upregulate the enzymatic antioxidant system 

comprising superoxide dismutase (SOD), catalase (CAT), and thus conferring Cd tolerance in 
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Arabidopsis thaliana plants (Sachdev et al., 2021). A number of species of fungal endophytes have 

been shown to positively affect the growth and fitness of plants, so attempts have been made to 

use these microorganisms in agriculture and phytoremediation. Mucor sp. they have also been 

shown to be able to decompose strigolactone (SL) in planta and downregulate the expression of SL 

biosynthesis genes. 

Mucor has, to date, received little scientific exploration for its biocontrol potential as compared to 

Trichoderma. Ziedan et al. (2013) indicated the biological control potential of M. hiemalis on 

inflorescence brown rot of date palm. Microorganisms that show catalase activity are usually known 

to be highly resistant to environmental stresses by degrading excess H2O2 and maintaining reactive 

oxygen homeostasis during stress activities such as pathogen attack (Geetha et al., 2014). 

Additionally, the extraction and large-scale production of these enzymes could be useful in the 

manufacturing of good biocontrol products such as biofertilizer. 

In conclusion, the Mucor genus is a promising biological control agent primarily through 

hyperparasitism and the production of effective microbial volatiles. The use of Mucor spp may 

provide an alternative means as an ecological approach to control plant diseases, ultimately helping 

to reduce the overall use of pesticides.  

Cephaliophora was the genera most represented in BM sample, at the end of the SSF. Little is known 

about the physiological and biochemical characteristics of the genus Cephaliophora and family 

Ascodesmicaceae (Pezizales, Ascomycota). Originally Thaxter (1903) described two coprophilic 

species for the genus Cephaliophora: C. tropica and C. irregularis haxt. A third accepted species in 

the genus is C. uniformis Narayanan (1962), isolated from jute sacks. Three species rotifer-capturing 

species C. longispora and C. muscicola and C. navicularis have also been recently described 

(Ruszkiewicz-Michalska et al., 2017). 

C. tropica is a non-pathogenic saprotrophic fungus isolated from soil, litter, manure, residual 

decaying plants and other materials (Zlotnikov etal., 2007). Cephaliophora grows a temperature 

between 20 ° C and 40 ° C in a pH range from 5 to 9.  Rodríguez-Berbel et al., (2022) found that in a 

soil treated with an organic fertilizer, the most abundant fungal genera was Cephaliophora. Tosi et 

al., (2021) studying the long-term effect of nitrogen (N) fertilized soils, found that the fungal genera 

positively related to total N input were mainly Ascomycota, one of which was the saprophytic genus 
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Cephaliophora. This is in accordance with our study, as the high N content in BM samples are related 

to the higher abundance of Cephaliophora. Particularly, from t21 to t90 the BM sample showed a 

total content of N higher than B. 

As regards the bacterial community, the significant different families at the end of the SSF treatment 

in samples B and BM were: Bacillaceae (respectively OTUs 126, 468 adjusted P-value 0.0068), 

Nocardiaceae (respectively OTUs 46, 3968 adjusted P-value 0.0083), Planococcaceae (respectively 

OTUs 979, 3217 adjusted P-value 0.0152), Brucellaceae (respectively OTUs 102, 1628 adjusted P-

value 0.0191) and Sphingobacteriaceae (respectively OTUs 405, 1180 adjusted P-value 0.0208). 

The genus most present respectively for each family were: Bacillus, Rhodococcus, Sporosarcina, 

Paenochrobactrum and Sphingobacterium. 

Members of the Bacillaceae family play key roles in soil ecology and plant health and growth 

stimulation. Many members of the Bacillaceae are saprophytes that participate in carbon, nitrogen, 

sulfur and phosphorus cycles in natural habitats, such as soil. Soil- and rhizosphere-inhabiting 

members of the Bacillus genus such as B. subtilis, B. cereus, and B. mycoides are known for their role 

as beneficial rhizobacteria promoting plant growth (act as biofertilizers) or protect plants from 

phytopathogens (function as biopesticides). Many Bacillus isolates can break down cellulose, 

hemicellulose, and pectin which suggests their involvement in the degradation and mineralization 

of plant and humic materials in the soil (Mandic-Mulec et al 2015). Furthermore, some Bacillus sp. 

can modify lignocellulose and, due to a variety of cellulase and xylanase activities, has shown a high 

potential for lignocellulosic decomposition (Mandic-Mulec et al 2015). The Bacillaceae family are 

reported to be the main producers of industrially important enzymes (xylanases) involved in 

lignocellulose degradation (Nagar at al., 2012). The Bacillaceae family was the best producers of 

xylanase. The ability of Bacillus species to produce extracellular xylanase from various organic 

residues as carbon sources, such as soybean extract, wheat bran, oat bran and rice bran was 

evaluated (Rodrigues et al., 2019). Furthermore, chitinase activity, which facilitates the degradation 

of fungal cells insect walls and exoskeletons, it is also common among many members of the 

Bacillaceae soil (Mandic-Mulec et al 2015). Moreover, inoculants prepared from endospore-forming 

Bacillus spp. have proven efficient and environmentally friendly as an alternative to chemical 

pesticides (Wu et al., 2015). Optimum growth temperature for Bacillus spp is 30-37 °C, with a 
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minimum temperature of 18 °C and a maximum of 43 °C; growth has been demonstrated over the 

pH range 4.9-9.3. Bacillus spp was observed at higher abundance in BM samples at t90.  

The Nocardiaceae family is a member of the order Corynebacteriales (Goodfellow and Jones 2012) 

in the phylum Actinobacteria. They are aerobic, immobile, mesophilic, chemo-organotrophic 

bacteria with an oxidative metabolism. Microorganisms classified in the Nocardiaceae family have 

been isolated from different habitats, notably soil, coniferous litter, herbivorous manure, 

freshwater and marine sediments, and wastewater systems (Goodfellow, 2014). Recently there is 

growing interest in Nocardiaceae as a source of commercially significant primary and secondary 

metabolites and as agents of biodegradation and bioremediation (Goodfellow, 2014). One of the 

genera belonging to the Nocardiaceae family is Rhodococcus that received the most attention to the 

discovery of the production of useful enzymes biocatalysts in industrial processes. Rhodococci can 

utilize a wide range of compounds such as carbon source alone and can degrade a wide range of 

organic compounds (aliphatic and aromatic hydrocarbons, halogenated, polychlorinated biphenyls, 

nitroaromatics, heterocyclic, nitriles, sulfuric, steroids, herbicides) (Goodfellow, 2014).  

Rhodococcus have immense potential in bioremediation (van der Geize and Dijkhuizen, 2004). The 

ability of Rhodococcus to grow in polluted habitats makes them serious candidates for 

bioremediation of industrially polluted sites and for the management of agricultural and urban 

waste (Goodfellow, 2014). Genus Rhodococcus is able to maintain significant degradation activities 

at a wider range pH (from 3 to 11) and to growth at temperatures between 1° and 30 ° C, with 

optimum at 20° C. 

Rhodococcus spp is a phosphate solubilizing bacterium (PSB) able to produce plant growth 

promoting substances (PGPs) (Pereira and Castro, 2014). Rhodococcus has been used successfully 

as a biofertilizer to improve growth in P-deficient soils, constituting an interesting alternative to the 

application of chemical P fertilizers. Interestingly, in sample BM, this genus is represented with a 

significantly higher number of OTUs at times t14, t56, t70 and t90 compared to sample B. 

Planococcaceae, a family within the Bacillales order, includes 14 genera to which the genus 

Sporosarcina belongs, consisting of naturally occurring soil-borne bacteria found in this study. Achal 

et al., (2012) investigated the role of microbial calcite precipitated by Sporosarcina spp to clean up 

soil contaminated with arsenic (As III). The genus Sporosarcina, endophytic bacteria, has a high 
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urease activity. In fact, urease is a key enzyme that leads to the precipitation of calcite. Sporosarcina 

ureolytic bacteria couple calcification to their metabolic assimilation processes by scavenging 

protons. The presence of ammonium ions and the additional release of CO2 into the surrounding 

medium increases the pH which accelerates the precipitation rate of the urease-induced calcite 

(Achal et al., 2012). Sporosarcina spp, able to induce precipitation of calcium carbonate in the 

environment it can be an environmentally friendly technology to prevent environmental pollution. 

Janarthine and Eganathan (2012) observed the activity of promoting root hair growth, indoleacetic 

acid production (IAA) and nitrogen fixation induced by the endophyte Sporosarcina spp. Endophytic 

S. aquimarina promotes plant growth and produces plant growth promoting substances probably 

by means like plant growth promoting rhizobacteria (PGPR). The optimal growth temperature was 

32°C and the optimal pH was 7.0. (Janarthine and Eganathan, 2012). 

Given the strong urease activity of Sporosarcina spp, the higher total nitrogen concentration and 

urease activity in BM samples, well correlates with the higher abundance of this genus in BM 

samples at t14, t56, t90. Particularly, urease activity is considered a good indicator of nitrogen (N) 

mineralization, generating accessible N for plant growth (Sinsabaugh and Follstad Shah, 2012, 

Tabatabai, 1994). 

The family Sphingobacteriaceae belongs to the phylum Bacteroidetes having representatives in 

practically all environments including humans, rhizosphere, soils, wastewaters, among others. Some 

genera of this family have demonstrated great potential as plant growth promoters, bioremediators 

in soil and producers of some value-added compounds such as carotenoids and antimicrobials. 

(Figueiredo et al., 2021). Some genera are well-known as plant growth promoters since several 

strains have been described as promising agents for improving crop yields. For instance, 

Sphingobacterium spp. can grow at 16–37 °C (optimum 32 °C), at pH ranges of 6–8 (optimum growth 

occurs at pH 7) and in 0–4 % (w/v) NaCl; and can induce plant’s antioxidant systems and energy 

metabolism allowing them to cope with salinity-induced toxicity (Vaishnav et al., 2020; Fan et al., 

2020). Puentes-Téllez et al., (2020) used two sources of lignocellulose (sugarcane bagasse and straw) 

bagasse enrichments, to obtain lignocellulose-degrading bacteria through an enriched process. The 

one of the abundant taxa with a strong and positive relationship with lignin and cellulose 

degradation were the Sphingobacteriaceae (P <0.05) (Puentes-Téllez et al., 2020). This family has 
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been found to carry enzymatic capacities to degrade lignin (Duan et al., 2014) and hemicellulose 

fractions of wheat straw (Jiménez et al., 2015) but also as acting like “cheaters” during the 

degradation process, helping to remove the cello-oligosaccharides produced by polymer degraders 

(Jiménez et al., 2014). In this study the Sphingobacteriaceae family was present with significantly 

higher number of OTUs at times t14 and t90 in the BM sample compared to B. Genus 

Sphingobacterium could be used to degrade the lignocellulosic substance of agricultural waste. 
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4.5 Conclusion 

In this work it was found that the microorganisms present in the bioinoculant M were not able to 

grow on BSG and to overcome the competition with the BSG spontaneous microbiota. In fact, the 

OTUs identified in the bioinoculant were no longer detected in inoculated BSG (BM) already after 7 

days of SSF. This suggests that it is mandatory to study the natural microbiota of a by-product used 

as a growth substrate, to understand the compatibility with a specific bioinoculant. On the other 

hand, results obtained showed that the addition of the inoculant shaped the spontaneous 

microbiota of BSG, that resulted enriched of microbial genera with multiple potential: from soil 

fertility to protection from harmful agents (insects, micro and mesofauna), and from fungal diseases 

to plant biostimulation. In addition, in the BM sample at t90 some significant chemical and 

biochemical differences were observed in comparison with the uninoculated BSG (B). In BMT90 

higher levels of total nitrogen were detected, greater consumption of total carbon, with the 

consequent reduction of the C / N ratio compared to BT90. Furthermore, the BMT90 sample showed 

greater dehydrogenase activity and a greater presence of dissolved organic carbon. Thus, the 

bioinoculant M influenced the substrate and the microbial community of BSG, and further studies 

are needed to understand the nature of the interactions between the microbial communities of raw 

materials and the bioinoculant. 

Furthermore, agronomic tests will be set up to determine the possible use of BSG enriched with 

microorganisms in agriculture, directly as an organic fertilizer in the soil. 
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5. General conclusions and perspectives 

Brewers’ spent grain is regularly available in large quantities at a low market price. Furthermore, it 

is an interesting raw material due to its wealth of valuable compounds and nutrients. These are all 

key inputs for the development of a multitude of applications that range from biotech production 

of value-added goods, functional foods and animal feeds, to the generation of other goods of 

interest to the pharmaceutical and agricultural sectors. A better understanding of the potential of 

microorganisms as biocatalysts for the transformation of BSG is essential for its recycling and 

exploitation, particularly in view of the reduction of its carbon footprint under the concept of a 

circular economy. 

In this PhD study, detailed and in-depth bibliographic research was initially carried out on the role 

of microorganisms in the biotransformation of BSG. The microbiota of fresh and dried BSG were 

then studied, and a spontaneous microbiological process (low input) was optimized for the pre-

treatment of BSG before vermicomposting. The hygienic-sanitary, phytosanitary quality and 

phytotoxicity of the vermicompost obtained were analyzed. In addition, a study was conducted on 

the potential use of BSG as a growth medium as a no-cost substrate for the production of beneficial 

microbial consortia based on biofertilizers.  

In Saba et al. (2019), oven dried BSG was a valuable feed for earthworms. The vermicompost 

obtained showed enhanced mineralization and stabilization, with a reduction in particular of the 

C/N ratio and an increase in total humic substances. Analysis of the vermicompost showed physical, 

chemical, and microbiological characteristics equivalent to, and for some parameters, more than, 

vermicompost obtained from cattle manure alone. Oven drying at about 45 °C for 48 h was the most 

effective stabilization method in Saba et al. (2019), to prolong the shelf-life of BSG. However, oven 

drying has a very high energy cost, making it inadequate for small breweries. Furthermore, heat 

treatment standardizes the microbial community. How sustainable is it for microbreweries to dry 

their BSG before vermicomposting it? How can BSG be enhanced in a sustainable way? Thus, it was 

decided to use less energy-intensive methods to increase the sustainability of this brewing waste 

and to reduce gas emissions, through a low input microbiological process of BSG microbiota. 

What are the risks and benefits of a biological “spontaneous” pre-treatment of BSG? On the one 

hand, the “natural” occurring microbiota can be advantageous for the vermicomposting 
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biotechnology and for the increase in the vermicompost bio-stimulation towards plant growth. On 

the other hand, it is necessary to avoid BSG contamination by mycotoxigenic fungi that can produce 

mycotoxins. In Bianco et al. (2021), it was shown that low-input pre-vermicomposting treatment is 

a practice that allows waste BSG to be managed with zero impact, to allow breweries to cover the 

costs of disposal. 

The pre-treatment allowed the growth of the naturally associated fungal and bacterial species of 

the BSG that eventually shaped the microbiota of the mature vermicompost. During the pre-

treatment, the BSG microbiota was enriched in bacterial and fungal species of significant 

biotechnological and agronomic potential, including plant-growth-promoting bacteria, antibacterial 

microorganisms, and biostimulating and entomophathogenic fungi. 

The vermicompost obtain from the pre-treated BSG showed good indicators of maturity and 

respected the legal requirements related to pathogenic microorganisms and mycotoxins, as well as 

phytotoxicity. This is a basic requirement for a high quality vermicompost that is to be placed on the 

market. 

The methodology proposed here is interesting from an environmental point of view as: 

- the microbiota of BSG and the vermicompost were characterized. 

-a collection of bacterial, yeast and fungal strains has been created that can be used for the selection 

of biocatalysts starters for stabilization and transformation processes of BSG and other by-products 

of barley and malt processing. 

- a lignocellulosic production waste can be recycled in an eco-sustainable way. No pathogenic 

microorganisms were detected in the stabilized BSG. In particular, the vermicompost obtained 

showed good indicators of maturity and complied with legal requirements. Finally, the identification 

of the main bacterial and fungal species constitutes a useful database for the further exploitation of 

BSG. 

 

For the use of BSG as a low-cost growth substrate, BSG is not only a substrate that supports the 

growth of microorganism-based preparations, but also enriches their composition with beneficial 

microorganisms for the soil and for plants. All microorganisms grown on agro-industrial by-products 

and further introduced into soil–plant systems have several advantages, including enrichment of 
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the soil with organic matter, metabolites, and minerals (P), and they can be incorporated into soil 

maintenance routines. It should be noted that this type of biotechnological approach that is 

potentially aimed at increasing the growth and productivity of beneficial plant microorganisms is an 

emerging field of research. 

An important aspect for beer production of the future is the creation of a circular economy based 

on agriculture and sustainable processing, which allows the production and processing of 

agricultural products in a profitable, competitive, and efficient way, while responding to the 

emerging need for protection of the environment and natural resources. In Sardinia, the craft beer 

sector is booming and is showing exponential growth in economic terms. It can be understood how 

fundamental it is also for Sardinian craft breweries to try to produce and create a beneficial supply 

chain from an economic point of view, which can create added value equally distributed along all 

the sectors of the supply chain. The possibility of recovering and enhancing BSG directly in the 

company would bring significant savings in production costs. Currently, many breweries have 

agreements with agricultural companies to which they give their BSG free of charge as livestock 

feed.  

The search for alternative uses for BSG represents a big step forward in the circular economy 

perspective, not only for breweries, which would benefit from the enhancement of a by-product, 

but also for other companies that would expand their offers with products that respond to the 

concept of sustainability. An example is the creation of Business Networks as a privileged tool for 

the dissemination of system sustainability. Several partners pursue the aim of individually and 

collectively increasing their innovative capacity and their competitiveness in the market. To this end, 

based on a common network program, the partners collaborate in predetermined forms and areas 

relating to the operation of their businesses or to the exchange of information or services of an 

industrial, commercial, technical, or technological nature, or to exercise one or more of these in 

common. These represent multiple activities that fall within the scope of their business. A network 

contract makes it possible to share innovative ideas, know-how and services, rationalize costs, and 

fill the gaps of a small company size. However, it only makes sense in the hypothesis in which a 

beneficial organization is established, in which the interactions between the partners creates 

greater value than what the individuals could produce on their own. 
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In the case of beer production, the criticality is to dispose of by-products such as BSG, and also of 

the exhausted yeast and wastewater. Here the opportunity arises to create income through the 

formulation of new soil improvers or to purify wastewater with the help of microorganisms. In this 

context, the soil improver produced and the purified water can be used in the local cultivation of 

hops, or in the cultivation of barley and wheat, with a view to local production, with a short supply 

chain that is environmentally friendly.  

In perspective, we may see more interesting new BSG-based applications in the future. Given the 

biotechnological and sanitary importance of the various microbial groups that have been isolated 

from BSG, it is essential to study the metabolic relationships between the different microbial 

communities and their influences on the final transformation of the BSG, to exclude, or conversely 

to promote, these new processes. The next step is to evaluate the effectiveness of the 

vermicompost obtained from the BSG for the production of organic vegetables, sod turf, and 

ornamental plants. This will be compared with other soil improvers obtained from BSG, such as 

compost and biochar, and the possibility of replacing peat will be evaluated. 

Providing innovative solutions in the valorization of production waste will serve to increase the 

quality of brewing production, along with the profitability and environmental sustainability of craft 

microbreweries. 

 


