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Thesis abstract 

The competition for fresh water among industry, agriculture, and public utilities is increasing due to 

population growth and climate change. On average, 40% of total water abstraction in Europe is used 

for industry and energy production, 15% for public water supply and 44% for agriculture. Agriculture 

is therefore the major user of freshwater. At the same time, agriculture is the sector most affected by 

water scarcity, especially in Mediterranean countries due to an aggravation of arid climatic 

conditions. In this scenario, the key to ensure water security, sustainability, and resilience is the 

“water reuse”, also commonly known as water recycling or water reclamation. Water reuse reclaims 

water from a variety of sources that include municipal and industrial wastewater, stormwater, 

agriculture runoff and return flows 

Industrial wastewater obtained from hydrothermal liquefaction (HTL-WW) of food wastes for 

biofuels production could represent a source of crop nutrients since it is characterized by a high 

amount of organic and inorganic substances. Therefore, in the present PhD thesis the potential 

valorisation of HTL-WW for agronomic purpose was assessed. In particular, an overview of the main 

biomass conversion strategies with a particular emphasis on hydrothermal liquefaction process was 

discussed in the first chapter. HTL is an innovative eco-friendly technology for bioenergy production 

that utilises water at high temperature and high pressure to break down the bonds of macromolecules 

contained in the biomass. The main products are bio-oil (15%), biochar (15%) and wastewater (70%).  

Considering the great concentration of this wastewater released during each production cycle, it is 

necessary to evaluate various valorisation strategies. Based on its composition, HTL-WW could be 

recycled in different biological processes such as anaerobic digestion or microalgae cultivation. 

However, the HTL-WW obtained from the organic fraction of urban wastes, is characterised by a 

neutral pH, a high content of nutrients and minerals and organic matter as well as it is free of human 

pathogens and hazardous chemicals. Because of these features, the HTL-WW from organic wastes 

could be a good candidate as water irrigation. In fact, The HTL-WW from organic wastes, is rich in 

nitrogen, phosphorus, potassium, organic carbon and minerals. However, the concentration of some 
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chemical elements, such as electrical conductivity, chemical oxygen demand or ammonia were 

beyond the official threshold values (DM183/2003).  

Therefore, in the second chapter, the feasibility of the use of HTL-WW, deriving from the “Waste to 

fuel” technology employed by Eni S.p.A., was assessed in agriculture as irrigation water using 

Nicotiana tabacum L. as a model plant. Its impact on root-associated microbiota was determined and 

described evaluating the diversity and richness of prokaryotic and eukaryotic communities occurring 

following HTL-WW treatment. In detail, tobacco plants were grown in a greenhouse under controlled 

conditions and daily irrigated with diluted HTL-WW. Rhizosphere and plants were weekly sampled 

to evaluate, over time, the effect of wastewater irrigation both on soil microbiota, through culture-

independent methods, as well as on the tobacco plants development, through the measurement of 

different biometric indices. The total genomic DNA was extracted from rhizosphere and bulk soil 

samples and preliminarily analysed by Denaturing Gradient Gel Electrophoresis (PCR-DGGE) to 

determine the prokaryotic and eukaryotic communities’ structure. Amplicon based metagenomic 

sequencing was also employed to describe differences in microbial composition among treated and 

non-treated tobacco rhizosphere. The sequences were analysed with QIIME2 software. Taxonomic 

assignment was obtained by the RDP classifier and the Greengenes or UNITE database for bacterial 

16S rRNA and fungal ITS sequences. 

Based on the obtained results, a second experiment was carried out in open field conditions using 

Ricinus communis L. plants, which is currently a key species for bioenergy production, as described 

in the third chapter. Moreover, to improve crops development, a selected plant growth-promoting 

bacteria (PGPB) consortium was also inoculated to the plants, individually or in combination with 

HTL-WW. Therefore, the experimental design consisted of four different conditions as follows: 1) 

plants irrigated with tap water; 2) plants inoculated with PGPB consortium and irrigated with tap 

water; 3) plants irrigated with HTL-WW; 4) plants inoculated with PGPB consortium and irrigated 

with HTL-WW. Biometric indices and gas exchanges measurements as well as soil chemical analysis 
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were performed. The composition of the rhizosphere-associated microbiota was also assessed by 

high-throughput sequencing. Data analysis of quality filtered reads was performed using R v4.0.1. 

Taxonomy assignment was performed using the RDP naive Bayesian classifier through the dada2 

method with the SILVA database for prokaryotes.  

At last, in the final chapter, a conclusion of the entire PhD project was reported. 
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Objectives  

 Assess the feasibility of the use of HTL-WW as irrigation water in agriculture using Nicotiana 

tabacum L. and Ricinus communis L. plants. 

 Evaluate the response of the root-associated microbiota and plant to HTL-WW treatment as 

well as changes in soil properties. 

 Investigate the effect of the simultaneous application of a selected plant growth-promoting 

bacterial consortium and hydrothermal liquefaction wastewater to Ricinus communis L. on 

autochthonous soil microbiota and plants. 
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Experimental design 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Study of HTL-WW 

chemical composition 

Comparison of HTL-WW chemical 

composition with Italian regolatory 

Determination of optimal dilution of HTL-WW 

I experiment 

 Use of Nicotiana tabacum L. as a model plant grown in pots in controlled conditions 

Treatment 

Tobacco pots irrigated with HTL-WW 

diluted at 1:10  

  

Control 

Tobacco pots irrigated with tap water 

  

Conditions Via Cornelia dei 
Gracchi, Napoli. 

T: 28 °C 

Photoperiod:16 h light/ 8h 

Relative moisture:  ~60% 

Substrate: peat:suolo 1:3 

Plants: 30 

Replicate: 3 

Sampling times: 0, 7, 14, 21d 

 

Analysis 

Microbiological: Genetic fingerprinting of the microbial 

populations by DGGE; evaluation of microbial diversity 

and taxonomic identification by amplicon-based 

metagenomic sequencing. 

Physiological: biometric indices measurements (SPAD, 

fresh weight) 
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II experiment 

 Use of Ricinus communis L.  as a energy crop grown in open field conditions 

Treatment I 

Castor plant irrigated 

with diluted HTL-WW 

 

Treatment II 

Castor plant irrigated with 

diluted HTL-WW and 

inoculated with PGPB 

consortium 

 

Control I 

Castor plant irrigated 

with tap water 

 

Control II 

Castor plant irrigated 

with tap water and 

inoculated with PGPB 

consortium 

 

Conditions Via Cornelia dei 
Gracchi, Napoli. 

Field: 10 x 10 m² 

Timeline: April- August 

Soil: sandy-clay 

Plants: 180 

Replicate: 5 

Sampling times: 0, 1, 2 months 

PGPB application: 2 

 

 

Analysis 

Microbiological: evaluation of microbial diversity and 

taxonomic identification by amplicon-based metagenomic 

sequencing. 

Physiological: biometric indices measurements (SPAD, 

fresh weight, seeds yield) and gas exchanges 

Chemical: soil pH, chemical conductivity, organic matter, 

nitrogen phosphorus and potassium content 
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1. Introduction 

 

 

In 2021 Italy held the Presidency of the G20, the international forum that brings together the world’s 

major economies to face up the great challenges of today such as climate change, land degradation, 

biodiversity loss and freshwater shortage. The Earth’s freshwater shortage due to consumption and 

pollution of resources drawing serious concerns, also because only a small percentage of water is 

available for human use. Indeed, about 96-97.5% of the Earth’s water is found in the ocean as salt 

water, while the remaining 2.5-4% is freshwater. This latter is additionally subdivided into ice and 

snow (2-3% of globally available water) and surface water as well as groundwater (0.5-1%) 

(Filimonau and Barth, 2016). The most important uses, in terms of total abstraction, have been 

identified as urban (households and industry connected to the public water supply system), industry, 

agriculture and energy (cooling in power plants). On average, 40% of total water abstraction in 

Europe is used for industry and energy production (cooling in power plants), 15% for public water 

supply and 44% for agriculture. Nowadays, agriculture is the major user of freshwater; farming 

affects both the quantity (accounting for 70% of global freshwater withdrawals for irrigation) and 

quality (e.g. through fertiliser/pesticide pollution) of freshwater resources (Safe water, 2022). At the 

same time, agriculture is one of the first sectors to be affected of water scarcity, especially in 

Mediterranean basin countries due to an aggravation of arid climatic conditions (Figure 1) (Sofroniou 

and Bishop, 2014). The Mediterranean Basin is a region particularly prone to the effects of climate 

change and it was characterized as one of the hot-spots areas of the 21st century. Future warming 

rates in the Mediterranean area are expected to be 20% higher than globally in summer even up to 

50% and increasing inter-annual variability in the warm season is projected (Vogel et al., 2021). The 

rise of temperatures is combined with precipitation and snow decreasing, that is crucial to sustaining 

the river flow, accounting for nearly a third of Italy's agricultural production. In fact, the drought in 
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Italy has caused serious problems and an economic loss of 1.4 billion € in the last few years (Villani 

et al., 2022). 

The foreseen increased number of people to feed (more than 2 billion) implies to produce 60% more 

food, because of which total global water withdrawals for irrigation are projected to increase at 20–

30% by 2050 (Zucchinelli et al., 2021). The key for water security, sustainability, and resilience is 

the “water reuse”, also commonly known as water recycling or water reclamation. Water reuse 

reclaims water from a variety of sources that include municipal and industrial wastewater, 

stormwater, agriculture runoff and return flows (EPA,2021). About 380 billion m3 of water can be 

recovered from the annual volumes of wastewater produced. This type of water recovery is expected 

to reach 470 billion m3 by 2030 and 574 billion m3 by 2050 (Unesdoc.unesco.org., 2022). The use of 

wastewater in agriculture offers a lot of benefits that include: a solution to irrigation water scarcity; 

the availability of large amounts throughout the year; the possibility of reserving better-quality water 

for human consumption; a potential reduction of fertilizers needed due to the nutrients contained in 

some wastewaters; protection of the environment; the reduction of effluent waters in the surrounding 

area; avoid the overexploitation of marine water in coastal areas. The wastewater recycling not only 

offers an alternative source for crop irrigation, but also the opportunity to recover fertilizing elements, 

such as nitrogen (N), phosphorous (P), potassium (K), organic matter, minerals, and micronutrients 

into agricultural soils. Nevertheless, in Europe only 2.4% of wastewater (700 Mm3/year) is used, 

mostly in Spain, and this is clearly not enough (Petousi et al., 2019). Until 2020, the major barriers 

preventing a wider spreading of this practice in EU were the limited awareness of potential benefits 

among stakeholders, and the lack of a supportive and coherent framework for water reuse. According 

to Directive 91/271/EEC - Article 12, “treated wastewater must be reused whenever appropriate and 

disposal routes must minimize any adverse effects on the environment”. However, the document does 

not specify the minimum standards for wastewater reuse (Petousi et al., 2019). Recently, the EU 

commission approved a new regulation on minimum requirements for water reuse in agricultural 
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irrigation (EU 2020/741) that will be applied from 26 June 2023. This will eventually encourage and 

facilitate water reuse across Europe.  

In Italy, the agricultural use of wastewater is currently regulated by Ministerial Decree no.185/2003, 

which regards only the municipal and agro-industrial effluents. However, nowadays, there so many 

innovative technologies for biomass conversion and energy production, which allow the recovery of 

wastewater with better and safer features than the municipal effluents. 

 

 

 

Figure 1. Combined Drought Indicator (CDI) in Europe in the first ten days of August 2022. Provided by the 

Global Drought Observatory (GDO) of the Copernicus Emergency Management Service (CEMS) - 

https://edo.jrc.ec.europa.eu/gdo.  
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2. Biomass conversion strategies and water recovery 

2.1. Introduction 

 

The twenty-first century is affected by one of the worst environmental crises in history, which have 

the potential to alter the natural course of life on this planet. Pollution, climate change, global 

warming, waste disposal and natural resource reduction are frightening challenges that may threaten 

next generations' future if governments, industrialists, and scientist do not face up to them promptly.  

These global problems are predominately related to the energy, since up today serious impacts on 

environment resulting from production, transport, and consumption of energy. According to 

International Energy Agency (IEA, 2017), over 60% of power production derived from fossil-based 

resources, such as oil, coal, and natural gas, which consists of hydrocarbon compounds situated under 

the earth's crust. The extensive exploitation of these elements and all the handling operations, 

negatively impact the quality of soil, air, and water. For instance, the coal mining led to dramatic 

degradation of soil by excavating, blasting, drilling rocks, and further resealing high quantity of toxic 

substances and heavy metals (Kumar and Singh, 2016). More dangerous is the water pollution, called 

acid mine drainage, which occurs when sulphide-rich rocks that contain target ores like gold and 

copper are exposed to water. The sulphides form sulfuric acid, which dissolves surrounding rock, 

releasing harmful metalloids into the groundwater near the mine. This pollution can spread through 

streams and rivers contaminating drinking water sources (Perera, 2017). Moreover, during the 

petroleum extraction process could occur oil spills, thus exposing wildlife and marine life to toxic 

hydrocarbons. This phenomenon not only causes the death of thousands of species but introducing 

these harmful elements into the food chain exposing human population to serious health risks (Horn, 

2021). Furthermore, the electricity and heat consumption from fossil source, leads to the emission of 

carbon dioxide nitrogen oxides and sulphur dioxide which are responsible for acid rains, damaging 

vegetation and aquatic ecosystems (Gralla et al., 2017). Nevertheless, the transport sector (including 
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road, aviation, and shipping) accounting for almost 96% of oil supply, remains the major source of 

environmental pressures in Europe (EEA, 2019). In fact, the fossil fuel combustion releases high 

concentration of gases that trap heat in the atmosphere, called greenhouse gases (GHGs), which are 

composed by 79% of carbon dioxide (CO2), 11% of methane (CH4), 7% of nitrous oxide (N2O) and 

3% of fluorinated gases. GHGs occur naturally and are part of our atmosphere keeping the planet at 

a habitable temperature of about 15°C (59 °F) on overage. Despite that, the increased concentration 

of these heating-trap gases leads to temperature of Earth’s air and oceans rise, in the range of 1 to 

1.2℃ since 1850 (US EPA, 2022). Besides these catastrophic environmental effects, the fossil energy 

sources are also non-renewable and unevenly distributed around the world, further, the globally 

reserves are rapidly depleting (Martins et al., 2019). 

The constant increasing population together with the increasing energy demand, lead to an 

unreasonable rise price. Hence, to mitigate market instability and environmental threats, in December 

2019 the European Union introduced the European Green Deal, a set of policy initiatives to foster the 

transition towards the climate-neutral economy by reducing GHGs emissions towards 55% by 2030 

and achieving carbon neutrality by 2050 (Sikora, 2021). Part of this package is the Renewable Energy 

Directive (EU 2018/2001), aimed to increase the shares of renewable energy sources in an integrated 

energy system.  

Furthermore, the recent surge in demand due to COVID-19 pandemic and the war in Ukraine, caused 

a 60% and 400% price rises of oil and natural gas, respectively, prompted the European Commission 

to revise the Renewable Energy Directive increasing the use of energy from renewable sources up to 

40% by 2030 (Butler, 2022). Thus, the European Commission is driving the UE State Members for 

constructing a new renewable-based energy system financing an unprecedented level of investment 

to promote the Energy Transition. As mentioned before, the aim of Energy Transition is to increase 

the diffusion of renewable energy into the energy supply mix, gradually replacing the oil, natural gas 

and coal with clean energy resources like biomasses, wind, solar, as well as lithium-ion batteries 

(Europe Bioenergy, 2022).  
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The circular bioeconomy is a promising approach to achieving the change required by the European 

Green Deal and decoupling economic growth from resource use. Indeed, a recent study estimates that 

applying circular bioeconomy principles has the potential to increase the EU total value of all goods 

and services produced (gross domestic product or GDP) by an additional 0.5% by 2030 and creating 

around 700 000 new jobs (Mhatre et al., 2021). The concept of “circular bioeconomy” combined the 

circular economy principles (reusing, repairing, and recycling) with the bioeconomy, which utilizes 

renewable biological resources to produce energy (Tan et al., 2021). Further, the circular bioeconomy 

goes beyond simply switching fossil resources with renewable, biological resources. It requires low-

carbon energy inputs, sustainable supply chains, and promising disruptive conversion technologies 

for the sustainable transformation of renewable bioresources to high-value bio-based products 

(Giampietro, 2019).   

The use of biomass as a feedstock for valuable chemicals and biofuels is crucial for the conversion 

from the fossil-based economy into a bio-based economy. However, the biomass conversion 

technologies are not intrinsically sustainable just because it is based on renewable resources (Pfau et 

al., 2014; Gawel et al., 2019). In fact, a non-sustainable process can cause various environmentally 

conflicts. For example, an increase in biofuel demand will lead to an increase in biomass demand, 

which in turn will lead to competition for arable land use (i.e., land-grabbing for biomass feedstock 

production), freshwater consumption, and even food production (i.e., food vs. fuel), resulting in social 

unrest or social sustainability concerns (Tan et al., 2021). On the environmental sustainability aspect, 

there will also be negative impact due to the increase in land demand for biomass production, 

including more GHGs emission due to indirect land-use changes, such as deforestation for growing 

energy crops (Plevin et al., 2010). The sustainable bioeconomy is not just about substituting fossil 

resources with renewable resources; it will require sustainable biomass feedstock production, biomass 

conversion processes, and products. Therefore, the main goal is to improve bioprocesses utilising 

organic waste materials as primary, sustainable and low-cost feedstock.  
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Waste biorefining is one of the eco-friendly and economically strategies of the bio-circular economy, 

that closes the loop of organic wastes valorisation, water and nutrients recovery, production of various 

marketable products, carbon management and GHGs mitigation. Various kind of waste materials such 

as food waste, side stream from industries (e.g., paper and pulp industry, beer and wine industry, 

starch, and juice industry), agro-industrial by-product, forest and agricultural waste, lignocellulosic 

material as well as wastewater or sludge, have been efficiently valorised into biofuel and bioproducts 

(Rehan et al., 2019; Leong et al., 2021). The techniques for biomass conversion and valorisation are 

eco-friendly and at “zero wastes”, because are the most efficient to regain the residues such as water 

fraction and organic residues which could be further utilized.  

 

2.2. Biomass conversion technologies  

 

Three different approaches for biomass conversion are commonly used: direct combustion, 

biochemical processes as anaerobic digestion and hydrolysis and fermentation, and thermochemical 

processes as pyrolysis, gasification, and liquefaction (De Brito, 2018).  

Direct combustion consists of burning biomass in presence of oxygen, this reaction takes place at 

high temperature (800-1650°C) to produce heat, electric power, and fuel gas (De Brito, 2018). The 

main secondary products are ashes, which are recycling as fertilizers or building materials (Knapp 

and Insam, 2011). This method is now considered inefficient because of the low heating value of fuel 

as well as production costs derived from feedstock pre-treatment, such as dehydration and cutting 

(Nunes et al., 2016).  

Biochemical processes include anaerobic digestion, which is a complex biochemical reaction carried 

out in four steps by specific groups of microorganisms. This reaction occurs in a temperature range 

between 35 and 55°C, and the main product is a biogas mixture, which is primarily composed of 

methane and carbon dioxide (Ventorino et al., 2018). In addition to biogas, during anaerobic digestion 
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is released a sludge rich in nitrogen and phosphorus, which is used for different purposes. Among 

them, agricultural application as mineral fertilizer (Hospido et al., 2010), ethanol production by 

fermentation (Liu et al., 2012), and as substrate for microalgae cultivation (Mayers et al., 2017). 

Another biochemical process is the hydrolysis and fermentation of lignocellulosic biomass. This 

method is conducted by using microbial enzymes able to break down complex polysaccharides in 

glucose and xylose which, then, are transformed into ethanol and chemicals by other microorganisms, 

especially yeasts (Hossain et al., 2017). The effluents from fermentation are rich in nitrogen and could 

be used to produce biogas under anaerobic digestion (Qiu et al., 2011). Nevertheless, hydrolysis and 

fermentation of lignocellulosic biomass is a very costly method, because of complex organic biomass 

pre-treatment to make carbohydrates more accessible to the enzymatic hydrolysis as well as for the 

high costs of the enzymes required during this process (Liguori et al., 2015). 

Finally, thermochemical process presents several advantages, firstly the ability to produce different 

types of fuels in a short time. Thermochemical techniques include gasification, a process 

characterized by operating temperature between 700-1400°C, which transforms biomass in syngas 

such as carbon monoxide, hydrogen, methane, carbon dioxide, and smaller quantities of hydrocarbons 

(Rezaiyan et al., 2005). Another co-product obtained by this reaction is char, which has very 

interesting properties and it is utilized as active carbon for dye adsorption, catalyst preparation, tar 

cracking, and soil fertilization (Benedetti et al., 2019). 

Another thermochemical process is the pyrolysis, that rapidly heated the biomass in absence of 

oxygen, at different temperatures ranging from 400–800°C, and times residence (1-60 min) is 

possible to obtain different products. Moreover, this process needs pre-treatments of the feedstock 

such as grinding and drying, to ensure rapid reaction and maximum yield of products (Bridgwater, 

2012). At lower process temperatures (~290°C), and longer vapor residence times (~10-60 min) is 

favoured the production of char. While at high temperatures (~750-900°C) and longer residence times 

(~10-30 min) the gas formation increased. Lastly, fast-pyrolysis at moderate temperatures (~500°C) 

and short vapor residence time (~1 s) lead to the production of bio-oil. During these three different 
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operations, it is also produced a pyrolytic liquid (50–60%) composed by water, soluble substances 

such as C2–C6 sugars, volatile fatty acids, ketones, phenols, and furans chemical families (Tomasini 

et al., 2014). Among these chemicals, several compounds are toxic and therefore the aqueous phase 

must be necessarily treated to be utilized as a substrate for biochemical processes. 

At last, hydrothermal liquefaction (HTL) is the most cost-effective and eco-friendly technology for 

the conversion of organic biomasses, in fact this process consumes only 10-15% of the energy and 

recover more than 70% of the carbon contained in the feedstock (Gollakota et al., 2018). 

 

2.3. Hydrothermal liquefaction process  

 

Hydrothermal technologies take place in a hot and pressurized water environment for sufficient time 

to break down the bonds of macromolecules contained in different biomasses (Elliott et al., 2015). 

These technologies include hydrothermal liquefaction (HTL) to produce bio-oil, hydrothermal 

carbonization for hydro-char and hydrothermal gasification (also called supercritical water 

gasification) for syngas mixture (Figure 2) (Leng and Zhou, 2018). HTL occurs in presence of water 

at a temperature range between 200/370°C, and pressure comprised in a range from 4 to 20 MPa 

(Peterson et al., 2008). High temperature and pressure are necessary to reach the subcritical conditions 

of water, which means below its critical point (374°C, 22 MPa) and above boiling temperature 

(100°C). Therefore, to initiate depolymerization mechanisms of biopolymers and to maintain the 

water in a liquid state is essential to achieve these extreme conditions (Möller et al., 2011). Subcritical 

water changes its role during HTL, in fact it simultaneously acts as a reactant, solvent and even 

catalyst (Savage et al., 2010). In particular, subcritical water shows a lower dielectric constant and 

lower viscosity than conventional water, which means an increase of solubility of the hydrophobic 

organic compounds, such us free fatty acids (Toor et al., 2011). Moreover, the greatest increase of 
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water ionic dissociation with high levels of free H+ and OH- generates the perfect medium for acid 

and base reactions, such as biomass hydrolysis (Hunter et al., 2004). This behaviour directly affects 

the efficiency and quality of the entire reaction. 

The conversion of biomass components occurs through three basic pathways reactions: 

depolymerization, decomposition and recombination (Usami et al., 2020). Depolymerization has the 

greatest impact on composition and yield of products, this is a free radical reaction in which polymer 

chains are degraded to monomers, dimers, and/or oligomers such as peptide fragments (Pielichowski 

and Majka, 2019). The second step is decomposition which involves the loss of water molecules 

(dehydration), loss of carbon dioxide (decarboxylation) and removal of amino acid content 

(deamination) (Gollakota at al., 2018). Dehydration and decarboxylation induce oxygen removal 

from biomass, and releasing carbon dioxide and water (Akhtar et al., 2011). The last part includes 

recombination and repolymerization of reactive fragments to form new carbon species. Hence, 

liquefaction intermediates are stabilized in presence of hydrogen consequently the bio-oil yield 

increases, and the formation of solid residue is inhibited (Liu et al., 2012). 

 

Figure 2. Graphical representation of hydrothermal liquefaction process and the main products. 
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2.4. HTL products 

 

The main product of HTL process is a black and high viscous oil, which is a mixture of chemical 

compounds such as aromatics, aldehydes, ketones, alcohols, carboxylic acids, N-containing 

compounds, and cyclic hydrocarbons (Beims et al., 2020). This bio-oil presents physical and chemical 

properties like hydrogen-carbon (H/C) and oxygen-carbon (O/C) ratio and heating value (HHV) close 

to oil from fossil sources. In particular, the HHV corresponds to the amount of heat released by a 

specific quantity of fuel during combustion, which is very similar to conventional petroleum. Indeed, 

the HHV of bio-oil is around 35.5- 40.4 MJ·kg-1 while the HHV of petrol is 45 MJ/kg-1. Although the 

yield is strongly dependent on feedstock and operating conditions it is usually in a range of 20 and 

50% (Anouti et al., 2015). Therefore, the bio-oil obtained from HTL is one of the many promising 

alternative transportation fuels and bio-based chemicals application because of its renewability and 

sustainability, that can address current global environmental challenges and energy crisis. However, 

during HTL process tons and tons of wastewater was also produced. In fact, finding a recycling 

strategy is crucial for the spread of this new eco-friendly technology. Nowadays the HTL aqueous 

phase (HTL-WW) is not only viewed as a waste but as a new by-product with a great potential because 

of its peculiar chemical composition free of pathogens and harmful substances. 

 

2.5. Hydrothermal liquefaction wastewater (HTL-WW) 

 

Many previous studies about HTL process were focused on bio-oil characterization and only in the 

last few years has been a growing interest in the wastewater (HTL-WW) obtained by this process. 

The chemical characterization of HTL-WW is considered an analytical challenge, due to the greatest 

content of highly water-soluble molecules. Several techniques have been tried to improve the 
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analysis. Usually, the gas chromatography-mass spectrometry (GC–MS) is the most used 

methodology, even though, the prerequisite for the analytes to be volatile or soluble in a certain 

solvent limited the number of potential compounds identified. Another approach is the liquid 

chromatographic analysis including ion chromatography, but the separation capacity and sensitivity 

were not satisfactory for all the relevant molecules. Different analysis methodologies were coupled 

to have a more in-depth qualitative characterization, such as the two-dimensional gas chromatography 

with time-of-flight mass spectrometry (GC×GC-TOF-MS) or solid-phase microextraction combined 

with gas chromatography (SPME×GC). Recently, NMR spectroscopy has developed into an 

alternative approach for the analysis of complex mixtures and molecules, with no physical separation 

of the components required. The chemical characteristics of the aqueous phase from HTL depends 

on the types of feedstocks used, such as lignocellulosic biomasses, microalgae, food-processing and 

zootechnical residues. 

Lignocellulosic biomass represents the most abundant renewable energy source on Earth, including 

crops that can be easily grown in lands do not suitable for food crops, as degraded or contaminated 

soils and soils subjected to accelerated erosion (Ventorino et al., 2016). For this reason, 

lignocellulosic residues have attracted much attention for biofuel production via HTL. Nevertheless, 

the lignocellulosic feedstock is likely to require the addition of water as pre-treatment, which is 

undesirable due to the cost end environmental footprint. The HTL of lignocellulosic biomasses 

generates about 40% of HTL-WW characterized by an acidic pH (Panisko et al., 2015; Chen et al., 

2017a). As shown in Table 1, the predominant compounds detected are the organic acids (with 

glycolic acid and acetic acid having the highest concentrations), followed by alcohols (methanol and 

ethanol), phenols, sulphurs, furans, and furfurals (Biller et al., 2016; Zhu et al., 2015). The COD 

values ranged from 11 to 72 g/L, depending on different temperature and residence time, as well as 

the TOC concentration from 3.92 to 25 g/L (Herdy et al., 2017; Halleraker et al., 2020). 
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Microalgae represent a feedstock in third-generation biofuel production. They are microscopic 

photosynthetic organisms that can be considered as versatile biological cell factories for renewable 

high-value compounds production with higher photosynthetic efficiency and CO2 fixation than 

terrestrial biomass. Microalgae stand out from other carbon neutral plants because of its superior high 

growth rate and their composition, which is rich in lipid content and lack of structural support like 

lignocellulose, therefore grinding pre-treatment is avoidable. Moreover, these aquatic 

microorganisms do not require arable land but rather could be cultivated in water or wastewater. The 

microalgae strains, that have been mostly used in HTL for biofuel production and reported in the 

literature are Chlorella vulgaris sp., Nannochloropsis sp., and Spirulina sp.. The aqueous phase from 

HTL of microalgae sludge achieves the highest yield of about 60% and it is richest in nutrients, 

especially nitrogen, phosphorus, and potassium (Pham et al., 2013). The pH is alkaline, due to the 

high concentration of nitrogen which increased gradually with the increment of reaction temperature 

during HTL process (Berreiro et al., 2015b). As shown in Table 2, the chemical composition is 

characterized mainly by nitrogen organic compounds (NOCs) followed by cyclic oxygenates 

(including phenols and amine derivatives), amides, esters, ketones, and alcohols (Gai et al., 2015; 

Peng et al., 2016). The COD detected was more variable, ranging from 5.3 to 125.5 g/L (Lin et al., 

2016; Maddi et al., 2016). 

Moreover, also food-processing and zootechnical residues as well as the organic fraction of municipal 

solid waste have been considered suitable feedstock for HTL, due to the high-water content, the large 

volume produced daily and their great concentration of lipids, saving also disposal costs and landfill 

environmental problems. The aqueous phase derived from HTL of these organic wastes presented 

subalkaline pH and higher COD value compared to lignocellulosic and algal feedstock, ranged from 

27.64–132.97 g/L (Erdogan et al., 2015; Ekpo et al., 2016). As shown in Table 3, the HTL-WW 

composition is complex, including organic acids (acetic acid, lactic acid, and formic acid) ethanol, 

acetone, phenols, oxygenates, anhydrous sugars, nitrogenous compounds, phosphate, sulphate, and 
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carbon dioxide ammonia salts (Lu et al., 2017; Wu et al., 2017). The TOC determined was 9.29-18 

g/L on overage (Conti et al., 2020; Maddi et al., 2020). 

 

 

 

 

Table 1. Predominant compounds and pH detected in HTL-WW derived from lignocellulosic biomass 

processed at different HTL conditions. 

 

 

Feedstock HTL conditions Predominant compounds pH References 

Corn stover & pine 
forest product residual 

350°C, 20.7 MPa Glycolic acid 
 

4.4-5.4 Panisko et al., 2015 

Rice straw 170-320°C, 0.5-4 h 
 

Acetic acid, sugars 
 
 

3.68-5.56 Chen et al., 2017a 

Cornstalk 210–375 °C Acetic acid, furfural 
 

 

3.30–3.98 Zhu et al., 2017 

Dried distilled grains 
with solubles 

340°C, 20 min Acetic acid, methyl-
pyrazine, 2-pyrrolidinone. 

~ 7 Biller et al., 2016 

Poplar wood chips 220°C, 4 h Phenol, methyl-
cyclopentene-3-on and 1-

cyclohexylethane 
 
 

~ 3.5 Stemann et al., 2013 

Barley straw 280-400°C Acetic acid, lactic acid 
 
 

- Zhu et al., 2015 

Lignin 350°C Methanol, acetic acid, 
acetone, dimethyl ether, 

catechol, phenol, formic 
acid 

 
 

4.43- 6.55 Halleraker and Barth, 2020 

Pine sawdust 180-260°C Furfural, 2-acetyl-5-
methylfuran, 3-octenoic 

acid, guaiacol 
 

 

-    Hardi et al., 2017 

Miscanthus giganteus 350°C, 25 MPa, 
15 min 

Phenol,3,5-dimethylphenol 
2-methoxyphenol, 

- Madsen et al., 2016 
 
 
 

Switchgrass 
 

 Organic acids, sugars 
phenlos, furfural, 
ciclopentenone, 

- Richner et al., 2014 
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Table 2. Predominant compounds and pH detected in HTL-WW derived from microalgae biomass processed 

at different HTL conditions.  

 

 

 

Feedstock HTL conditions Predominant compounds pH References 

Chlorella 
pyrenoidosa 

260–300°C, 
30–90 min 
20.7 MPa 

2-piperidinone, 2-pyrrolidinone, 
and pyridine 

 
 

7.77–8.29 Gai et al., 2015 

Spirulina 300°C, 30 min 
607−635 kPa 

 
 

δ-valerolactam, ε- 
caprolactam 

- Pham et al., 2013 

Nannochloropsis sp. 250-400°C 
10-90 min 

Ammonia 
 
 
 

- Valdez et al., 2012 

Spirulina and 
Nannochloropsis 

salina 

220–350°C, 
20–175 bar 

L-Proline compounds, 
hydrocinnamic acids, glycerol 

 
 

- Toor et al., 2013 

TISTR8511 210-290°C, 
30 min 

Ammonia, potassium 
 
 
 

6.6-7.8 Lin et al., 2016 

Spirulina platensis, 
Nannochloropsis sp. 

Chlorella 
sorokiniana, 

Chlorella 
minutissima, 

Scenedesmus bijuga, 
 
 

225-350°C, 
15 min 

Acetic acid, formic acid, 
ammonia 

4.7-7.6 Costanzo et al., 
2015 

Nannochloropsis 
gaditana, 

Scenedesmus 
almeriensis 

 
 

350°C, 15 min Glycolic acid, formic acid 
acetic acid 

8.5 Barreiro et al., 
2015b 

Nannochloropsis sp 350°C, 20 MPa Methanol, ethanol, glycerol, 
acetic and glicolitic acid 

 
 

7.5 Elliot et al., 2013 

Scenedesmus 
obliquus, Chlorella, 

Tetraselmis 
 
 

350°C, 20.7 MPa NH3, acetone 
acetamide, N-methylacetamide, 

N-methyl succinimide 
 
 

7-9 Maddi et al., 2016 
 
 

Chlorella vulgaris,     
Scenedesmus 

dimorphus, Spirulina 

platensis 
Chlorogloeopsis 

fritschii 

300-350°C Acetate, ammonia, nitrate, 

phenols 
 
 
 
 

 

6.8-9.2 Biller et al., 2012 

Chlorella 
pyrenoidosa 

220-260°C 2-pyrrolidinone, 2-
ethylpiperidine, thiazole, 

pyrazine 

- Peng, et al., 2016 
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Table 3. Predominant compounds and pH detected in HTL-WW derived from organic wastes processed at  

different HTL conditions. 

 

 

 

 

 

Feedstock HTL conditions Predominant 

compounds 

pH References 

Food industry wastes 
 

Biomass grown on 
waste 

 
Municipal wastewater 

treatment plant 
 

 

329-350°C 
20.5 MPa 

Acetic acid, ethanol, 
ammonia, acetone, 2-

butanone 
 

4.7-7.5 
 
 

4.1-7.9 
 
 

6.4-8.0 
 

 
 

Maddi et al., 2020 

Dairy manure 200–280°C 
1.8–7.6 MPa 

4 h 

Phenols, ketones 
organic acid 

 
 
 

- Wu et al.,2017 

Orange pomace 175-200°C, 
30-90 min 

 

Furfural, lactic acid, 
formic acid, acetic acid, 

sucrose, fructose 
 
 
 

3.90-4.64 Erdogan et al.,2015 

Swine manure 
 

Cow manure 
 

Fish sludge 
 

Secondary sewage 
sludge 

 
 

350°C, 15min 
1.5–2.0 MPa 

 

K, Na, ammonia, 
acetic acid 

 
 

 
 
 
 
 
 
 

5.21–6.93 
 

3.85–6.41 
 

8.54–8.76 
 

8.47–8.87 

Conti et al., 2020 

Poultry litter 200-250°C, 

5-60 min 
 
 
 
 

TN, Ca, Mg, S, P, K, B, 

Cu, Fe, Cl, Mn, Mo, Na, 
Zn. 

5.1–5.8 Mau et al.,2016 

Sewage sludge 
digestate 

 

Swine manure 
 

Chicken manure 

350°C, 1 h 
 
 

Ammonia, phosphorus, 
Ca, Mg, Fe, Al 

8.2 
 

5.9 

 
7.2 

Ekpo et al.,2016 
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2.6. Biological valorisation of HTL-WW 

 

The valorisation of wastewater derived from HTL of biomass is a crucial step in industrial 

development of this process. To recover and valorise the HTL-WW, biological systems are gaining 

great attention because of their eco-friendly and energy saving nature. The literature includes two 

main biological approaches such as anaerobic digestion and microalgae cultivation, although, based 

on the chemical characterisation of HTL-WW from different feedstock, a potential use could be also 

considered in the agricultural sector.  

 

2.6.1. Anaerobic digestion  
 

The anaerobic digestion can provide multiple benefits when synergistically integrated with HTL. 

First, the overall carbon efficiency and energy production of HTL could be increased by recovering 

organic carbon from HTL-WW in the form of methane-rich biogas. The biogas could be used to 

provide the heat needed for HTL, which would effectively reduce the energy demand. From literature, 

anaerobic process could recover almost 53% of energy from HTL-WW, which can increase the 

overall bioenergy conversion efficiency of HTL (energy content in biofuel products over the energy 

content in incoming feedstock) from 40–65% up to 80% (Posmanik et al., 2017). Moreover, this 

biological process has shown the great abilities in converting more than 70% of organics in the HTL-

WW, which would avoid the risk of discharging toxic compounds into the environment and recycling 

the effluents of anaerobic conversion as a nutrient source for algae cultivation (Si et al., 2019). Current 

research on anaerobic process applied to HTL-WW focused on methane production, development of 

microbiological community and the treatments to decrease toxic compounds concentrations. Indeed, 

Chen et al. (2017) used the aqueous phase from HTL of rice straw obtaining a methane yield of 314 

CH4 mL/g COD. Microbiological characterization of the process highlighted that the bacteria 
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predominantly observed were the genus Alcaligenes and Sedimentibacter belonging to the phyla 

Proteobacteria and Firmicutes. These genera are crucial for anaerobic digestion of HTL-WW because 

could degrade the inhibiting phenols compounds to acetic acid which is further converted in methane. 

Moreover, the dominant members of the archaeal community were the genus Methanosarcina, and 

Methanomicrobiales, indicating that methane was formed primarily by the hydrogenotrophic 

pathway. 

Fernandez et al. (2018) used a semi-continuous anaerobic digestion to degrade the organic fraction 

of HTL-WW of the algae Tetraselmis and Chlorella supplemented with clarified manure. The 

clarified manure was primarily used as a nutrient base (or feed) to ensure good growth of the 

anaerobic microflora instead of using water and expensive nutrients. They tested several 

concentrations of HTL-WW in digester feed, and they revealed the maximum biogas production 

between 20 and 40% (v/v). The highest methane production from 22.2% (v/v) of HTL Tetraselmis 

stream was found to be 313.2 CH4 mL/g COD while with 26.5% (v/v) of HTL Chlorella stream was 

243.9 CH4 mL/g COD. The decrease in biogas production with an increase in HTL-WW in digester 

feed can be attributed to the increased accumulation of toxic organic substances that inhibit microbial 

growth. The dominant inhibitory compounds in HTL-WW are phenols, ammonia, furfural pyridine 

and other N-heterocyclic compounds whose concentrations strongly depend on HTL reaction 

temperature, feedstock composition, and the pH of the HTL medium (Posmanik et al., 2017). Several 

methods have been proposed to mitigate the effects of these inhibitors on anaerobic digestion. Gu et 

al. (2019) proposed a microbiological approach suggesting the aid of specific bacterial species to 

degrade refractory substances. Pseudomonas sp. could be capable to metabolise furanic compounds 

and produce acetate that could be converted into methane by Methanoseta sp.. While Geobacter, 

Syntrophorhabdus and, Desulfovibrio exhibit decent abilities in opening the aromatic rings of phenols 

to form three molecules of acetate, which is converted in methane by methanogens. At last, anaerobic 

bacteria as Eubacterium hallii and Azoarcus sp. could degrade N-heterocyclic compounds, especially 
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the pyridine ring forming succinic and formic acids that can be transformed into methane by 

Methanobacterium sp. 

Another strategy is using the adsorbing materials to trap and remove the inhibitors’ compounds since 

their high efficiency, low cost, ease, and simplicity of operation. Zhou et al. (2015) investigated the 

feasibility of using powdered activated carbon (PAC) to treat different concentrations of HTL-WW 

of swine manure. The results showed that the addition of activated carbon can accelerate and facilitate 

the digestion process and reduce the lag phase by decreasing toxic compound levels and enhancing 

microbial growth, but this did not improve the biogas production, or methane content. Conversely, 

Ruirui et al. (2017) reported an increase of biogas production after the addition of zeolite on aqueous 

stream from HTL of Spirulina sp. to limit the inhibition effects of the ammonia on anaerobic 

reactions. The ammonia removal was also studied by Wang et al. 2021 that utilized struvite 

precipitation coupled with biochar. After treatments, the ammonia removed was more than 80%, and 

the phenolic compounds adsorbed by biochar were around 50-70%, reaching the methane yield of 

225 CH4 mL/g COD. Moreover, an increase of Fervidobacterium and Coprothermobacter bacteria as 

well as Methanothermobacter and Methanomassiliicoccus, which can produce methane by reducing 

methanol, was observed. The acetolactic methanogens, which utilize acetate as a substrate to produce 

CH4 and CO2 such as Methanosaeta and Methanosarcina also showed an increase in percentage after 

treatments. Si and co-workers (2019) examined the addition of granule activated carbon (GAC) and 

ozone pre-treatments to aqueous co-product from HTL of swine manure. The GAC addition enhanced 

the methane yield (212 CH4 mL/g COD) and the microbial population growth. In fact, the 

metagenomic analysis highlighted the increase of the relative abundance of Anaerolineaceae and 

Peptococcaceae family, which are attributed to the biodegradation of phenols and benzene, 

respectively. Another interesting data is the increase of syntrophic bacteria, including Synergistaceae 

and Syntrophaceae that are promoters of acetogenesis. As concern archaeal community, 

Methanosarcina showed the highest concentrations, this family produce methane from hydrogen and 

outcompetes Methanosaeta under high concentrations of acetic acid. 
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Recently, Bueno et al. (2021) tested a new technique that included the immobilization of the inoculum 

(sludge from anaerobic wastewater treatments) to an inert support of polyurethane foams, forming 

biofilms that offer more resistance to the microorganisms and protection from toxic compounds of 

Spirulina HTL-WW. The net accumulated methane production after anaerobic process with 

immobilized sludge was 68% higher than the control process without inert support. Moreover, in this 

study were also observed an increase of proteolytic Coprothermobacter (31.2%) and hydrogen-

producing bacteria Anaerobaculum (39.5%), that belong to the phylogenetic group Firmicutes and 

Synergistetes, respectively. 

These results demonstrated that removing inhibitors substances, especially ammonia and phenolic 

compounds, allowed organisms supportive of biomethane production to thrive during anaerobic 

digestion process. 

 

2.6.2. Microalgae cultivation 

 

Microalgae have recently attracted considerable interest worldwide, due to their extensive application 

potential in the renewable energy, biopharmaceutical, and nutraceutical industries. The current costs 

for industrial production of microalgae biomass are significantly high and this is due to the great 

amount of water and nutrients that are required.  

Since, HTL-WW reuse as source of nutrients for algal cultivation provides an opportunity for a cost-

effective production of biofuel and algal biomass feedstock for HTL, allowing a closed-loop of water 

recycle and microalgae HTL biofuel system. 

Jena et al. (2011) evaluated the potential of HTL-WW from Spirulina as a nutrient source for 

cultivation of another microalga, Chlorella minutissima. The maximum biomass growth was reported 

after 4 days with water and only 0.2% of HTL-WW addition (0.52 g L-1), which was 50.5% of the 

productivity reported in standard growth media. Similar results were observed by Biller et al. (2012) 

which revealed that Chlorella vulgaris, Scenedesmus dimorphus, the cyanobacteria Spirulina 
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platensis and Chlorogloeopsis fritschii were able to grow in different dilution of HTL-WW, but the 

higher biomass yields were achieved by Chlorogloeopsis fritschii and Chlorella vulgaris at 400x and 

200x dilution, respectively. 

To solve the issues about shortage of micronutrients and the excess of inhibitory compounds, some 

researchers have proposed the growth of microalgae for consecutive cycles on HTL-WW diluted by 

the depleted medium obtained after harvesting the microalgae, with a full replenishment of the 

nutrients. For example, the cultivation of Desmodesmus sp. and C. reinhardtii was evaluated by 

Garcia Alba et al. (2013) and Hognon et al. (2015), respectively, achieving the greatest biomass yield 

using diluted HTL-WW in the medium. Moreover, Das et al. (2020) tested Tetraselmis sp. outdoor 

and indoor cultivation for consecutive cycles as well, but the HTL-WW was added as the only 

nitrogen source. The biomass yield for indoor experiments, was in the range of 0.57–0.67 mg/L and 

0.53–0.66 mg/L for the HTL-WW-added and control cultures, respectively. Similarly, outdoor 

cultures showed either equal or slightly better growth rate and biomass yield in HTL-WW-added 

culture (81.1 mg/L/d) compared to control culture (77.9 mg/L/d). Furthermore, the metabolites 

produced by Tetraselmis sp. were similar in HTL-WW-added and control cultures. 

High HTL-WW concentration (28.6%) for Chlorella vulgaris 1067 cultivation was used by Zhang 

and co-workers (2016) obtaining a biomass yield of 1.44 g/L focusing on the pH regulation to tolerate 

a high nitrogen concentration. In fact, the neutral pH keeps free ammonia in equilibrium with 

ammonium, while the increase of pH in the medium shifts towards ammonia that can inhibit the 

photosynthesis of microalgae cells and arrest their growth.  

To enhance the tolerance of microalgae to HTL-WW presence, the cultivation of polycultures 

microalgae (Ankistrodesmus falcatus, Chlorella sorokiniana, Pediastrum duplex, Scenedesmus 

acuminatus, Scenedesmus ecornis, and Selenastrum capricornutum) was assessed by Godwin et al. 

(2017). All the monocultures were either killed or inhibited by 2% HTL-WW, but polycultures of the 

same species were viable at up to 10% of HTL-WW. The addition of HTL-WW increased the growth 

rate (up to 25%) and biomass production (53%) of polycultures demonstrating that diverse 
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polycultures would require less dilution of HTL-WW at each cycle than monocultures, thereby 

minimizing the diversion of nutrients from the lifecycle and the need for supplemental fertilizer 

inputs. 

 

2.7. Potential use of HTL-WW in agriculture 

The wastewater is an increasingly valuable resource for agricultural sector due to  the need of finding 

new water resources in Mediterranean basin for agriculture purpose.  In addition to being an effective 

solution for water shortage, the use of wastewater in agriculture has many economic benefits, such as 

avoiding the cost of extracting groundwater resources saving up to 65% of the costs of irrigation 

activities (Jaramillo et al., 2017). Moreover, the HTL-WW collecting a high concentration of 

nitrogen, phosphorus, and potassium, could reduce the chemical fertilizers input with significant cost 

savings. The fertilizer prices have risen nearly 30% since the beginning of 2022 in response to the 

war in Ukraine and the fluctuation of natural gas market while the demand has surged by 6.3% 

(Vorotnikov, 2022).  

In Europe are utilised just 963 Mm3/year of wastewater for crop irrigation, and in Italy 109m3/year 

(Figure 3) (Younas et al., 2022). As previously mentioned, to prompt this sustainable practice the 

European Commission published the first European Regulation on Water Reuse (EU) 2020/741 

including the minimum requirements for wastewater reuse in agriculture (Team, 2020). Usually, 

microbiological parameters as well as physic-chemical parameters including biological oxygen 

demand, chemical oxygen demand, nutrients, turbidity, pH, salinity (electrical conductivity and 

sodium absorption rate), suspended solids, heavy metals, are specified in guidelines regarding the 

capitalization of wastewater in agriculture. Regulations in various countries impose different limits 

and set the categories of crops and/or soils which can be irrigated with wastewater, depending on its 

quality (Englande et al., 2015). 
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The main wastewater sources derived from the industrial sector, households, livestock farming and 

food processing. The municipal wastewater is mostly used in agriculture because is produced daily 

in greater quantities, with high disposal costs. Although, this effluent can be used for irrigation 

purposes after passing through several treatment strategies to avoid chemical and biological risks, 

including human pathogens (i.e., Escherichia coli, Vibrio cholerae, Salmonella spp.) and emerging 

contaminants (pollutants, detergents, analgesics, antihypertensive drugs, and antibiotics) (Jaramillo 

et al., 2017). 

Thus, one of the advantages of HTL-WW reusing in agriculture is that this effluent, being exposed 

to high temperatures and pressures, is free of human pathogens as confirmed by Jesse et al. (2019). 

Moreover, these extreme conditions could also degrade the hazardous compounds and the emerging 

contaminants. As described previously, the composition of HTL-WW is very complex and depends 

mostly on the feedstock used. This stream is basically rich in carbon, salts, nitrogen, and organic 

and inorganic compounds. It contains also heavy metals such as Mg, Fe, Zn, Mn, Cu, but their 

concentrations are extremely low (<1% or even < several ppm). 

In Italy the Ministerial Decree no. 2003/185, which regulates the agricultural use of wastewater, 

require more parameters connected to organic matter and nutrient pollution than the other countries 

(Lavrnić et al., 2017). The chemical properties of HTL-WW, such as Chemical Oxygen Demand 

(COD) and ammonium (NH3), are on average above the legislative threshold reported in the 

Ministerial Decree no. 2003/185. Moreover, the electrical conductivity also exceeds the limits, and it 

is directly related to the great concentrations of Na+ and K+ transferred to HTL-WW in terms of their 

high solubilities (Gu et al., 2019). Thus, to comply the guidelines for wastewater reuse, reliable 

dilution or filtration strategies are required. Zhou et al. (2015) and Si et al. (2019) used the powdered 

activated carbon (PAC) to trap salts and organic compounds, while Sayegh et al. (2021; 2022) tested 

different types of ultrafiltration membranes. Furthermore, Xia et al. (2015) investigated the feasibility 

of zeolite to adsorb and recover the excessive nitrogen and phosphorous. In all these studies more 

than 80 % of organic compounds and salts were removed. 
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Just few works focused on the use of HTL-WW in agriculture, maybe for the novelty of this 

technology. One of the first study about the use of HTL-WW as irrigation water was carried out by 

Jesse et al. (2019), which assessed its use in hydroponic system for lettuce production. Testing 

different HTL-WW dilutions and fertilizers supplementation, they demonstrated that the 

concentrations of heavy metals in leaf tissues of plants grown using diluted HTL-WW were below to 

the maximum allowable levels for food. However, although the phosphorous and nitrogen 

concentration were lower than the plants’ requirements, as well as the lettuce yield was lower using 

the sole HTL-WW than the other treatments supplemented with chemical fertilizer, this study 

highlighted the food safety potential of HTL-WW for production of leafy greens, and that when the 

HTL-WW is supplemented with other nutrients, crop yield is similar to conventional hydroponic 

production. 

In another study, Creegan et al. (2019) combined the use of HTL-WW and the biochar with compost 

on basil plants grown in a greenhouse. The application rate of HTL-WW was determined by matching 

NPK (10-10-10) rates of synthetic fertilizer used in the control media pots. Results suggested that the 

HTL-WW was suitable for plant production and in combination with biochar showed a synergistic 

beneficial effect in plant productivity and in water availability parameters. 

At last, to confirm that the HTL-WW contains also important microelements such as humic and fulvic 

acid, which could be used for soil amendments, Li et al. (2021) investigated the simultaneously 

application of the HTL-WW with biogas slurry on rice puddy soil as an alternative to synthetic 

fertilizer. The results revealed that the combination of these two liquid streams can substitute the urea 

as a valuable N fertilizer in a rational rate and meanwhile slow down the NH3 volatilization flux. 

Moreover, their application may prevent the environmental pollution decreasing the NH4
+-N 

concentration and pH in floodwater.  
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Figure 3. Analysis of wastewater reuse solutions performed by Water Reuse Europe in 2017. Industrial use 

followed by irrigation (for agriculture and landscape) are still the largest European wastewater market 

(www.water-reuse-europe.org) 

 

However, to study the impact of wastewater irrigation on the agroecosystem, and in particular on 

biological fertility of soils, it is necessary to assess its impact on soil microbiota, playing a role in 

nutrient cycling through organic matter decomposition and ecosystem functioning (nutrient recycling 

and resistance to biotic and abiotic stress). The rhizosphere-associated microbiota can be used as an 

indicator of soil quality due to its sensitivity to changes in soil from environmental stress or 

anthropogenic perturbations (Li et al., 2021).  It is supposed to depend on the indirect effect produced 

by wastewater that carries dissolved organic matter and other compounds which may contribute to 

change the physicochemical soil properties and, therefore, induce microbial community disturbances 

(Becerra-Castro et al., 2015).  

The study of soil microbiota is almost uncharacterized constituting deep gaps of knowledge. 

However, nowadays, the use of culture-independent high-throughput sequencing and bioinformatic 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/microbial-community
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tools enables the study of the microbial ecology and taxonomic diversity at a high resolution 

(Bulgarelli et al., 2015). A thorough determination of the microbial diversity in soils irrigated with 

HTL-WW can be fundamental to evaluating potential re-use of this wastewater in agriculture. 
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3. Use of hydrothermal liquefaction wastewater in agriculture: effects on 

tobacco plants and rhizosphere microbiota  

 

3.1. Introduction 

 

The competition for fresh water among industry, agriculture, and public utilities is increasing due to 

population growth and climate change (Zucchinelli, et al., 2021). Agriculture is therefore the major 

user of freshwater and the most affected sector by water scarcity. Thus, to ensure water source for 

fields irrigation is necessary resorting to the use of wastewater.   

In Italy, the agricultural use of wastewater is currently regulated by Ministerial Decree no. 2003/185, 

which regards only the municipal and agro-industrial effluents. Most research on testing the use of 

wastewater in agriculture refers to treated municipal wastewater, olive mill wastewater, sewage 

sludges and digestates (FAO, 2022). However, there are additional industrial processes which deliver, 

as side products, high levels of liquid wastes that could be recovered and valorised for agricultural 

uses. In particular, the hydrothermal liquefaction is a high-performance and eco-sustainable 

thermochemical technology to produce bioenergy from organic biomass and wastes. This is a green 

and cost-effective process since it does not require high energy input to dry out the feedstock as in 

other thermochemical techniques (Gu et al., 2019). The hydrothermal liquefaction is also an 

environmentally friendly method because it does not require additional chemicals, since it relies on 

water as a reaction medium and it minimizes problems associated with waste disposal (Usman et al., 

2019). The Eni's Renewable Energy and Environmental R&D Centre has recently developed a 

continuous pilot plant within the project Waste to Fuel (Figure 4) whose aim is to produce biofuel 

from organic wastes (https://www.eni.com/en-IT/operations/waste-to-fuel.html). This pilot plant can 

process about 700 kg of Organic Fraction of Municipal Solid Waste (OFMSW) per day and produce 

from 3% to 16% of bio-oil, which can be used directly as low sulphur fuel to be shipped or further 
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refined to create high-performance biofuels. The process generates also up to 95% of hydrothermal 

liquid wastewater (HTL-WW) with high concentrations of organic and inorganic 

compounds/elements. Therefore, the valorisation of this liquid co-product is a crucial step in 

hydrothermal liquefaction development since its discharge into civil wastewater treatment plants 

requires high extra-costs, making this process no longer economic viable (Posmanik et al., 2017). 

Moreover, HTL-WW may have some interesting properties as irrigation water, since it is rich in plant 

macro and micronutrients as well as organic carbon. The HTL-WW does not contain pathogens, 

pesticides and emerging contaminants including analgesics, antihypertensive drugs and antibiotics 

which may be found in municipal wastewater or sludge (Jaramillo and Restrepo, 2017). Nevertheless, 

the presence of organic and inorganic matter in wastewaters could affect the soil physic-chemical 

properties including the electrical conductivity (EC), hydrophobicity, heavy‐metal concentrations, 

pH as well as organic carbon content, humus, nitrogen, phosphate and potassium levels and should 

be adequately monitored (Muamar et al., 2014). Moreover, wastewater applications are expected to 

alter the soil microbiota, because it is particularly sensitive to human-induced perturbations or 

environmental stress compared to higher organisms due to their close relations with the surroundings 

and because of higher surface area to volume ratio (Karimi et al., 2017). Investigating the soil 

microbiota composition and the interactions with plant systems could provide useful information on 

both crops and soils productivity and health status (Ventorino et al., 2018a). In this context, the aim 

of this study was to assess the feasibility of the use of HTL-WW as irrigation water in agriculture 

using Nicotiana tabacum L. as a model plant as well as to determine and describe the impact of HTL-

WW on root-associated microbiota by evaluating diversity and richness variations of prokaryotic and 

eukaryotic communities. To the best of our knowledge, this is the first work reporting the use of 

wastewater deriving from hydrothermal liquefaction for crop irrigation purpose. 
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Figure 4. Schematic representation of Waste to fuel project developed by Eni S.p.A. 

(www.eni/wastetofuel.com). 

 

3.2. Material and methods   

 

3.2.1. HTL-WW analysis 

 

The HTL-WW used in this study was provided by the Research Center Donegani, for renewable 

energy and the environment (CHIFIS, Eni S.p.A., Novara, Italy). Two samples were taken from the 

Waste to Fuel pilot plant in Gela (Eni S.p.A.; Caltanissetta, Italy) at different time (31/10/2019 and 

17/10/2020). For each sample, two 1 L aliquots were taken from two different storage tanks and were 

analysed to quantify their chemical composition. The HTL-WW was, on average, acidic with a pH 

value of 4.75 and Chemical Oxygen Demand (COD) and Total Organic Carbon (TOC) of 57250 and 

22433.5 ppm, respectively. It contained considerable amounts of total nitrogen (TN) (1845.75 ppm) 

including ammonia (710 ppm) and nitrates (9.8 ppm), phosphate (24.45 ppm), sulphate (23.7 ppm) 

and potassium (3130 ppm). The concentrations of micronutrients were: 50 mg/L of Ca, 25 mg/L of 

Mg, 23.5 mg/L of S, 80 mg/L of Si. The heavy metals concentration (mg/kg) was composed by 0.3 

of Cu, 8 of Fe, 2.9 of Zn, 0.1 of Ni, 6 of Al, 0.4 of Cr and 0.1 of Mo. The electrical conductivity 

reached 12.9 mS/cm, directly related to the high concentrations of Na+ and Cl-, 2990 and 1784 mg/L, 
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respectively. The HTL-WW was diluted 1:10 with tap water to reduce the values of some parameters 

below the threshold limits reported in the Ministerial Decree n.185/2003, which regulates the 

agricultural use of wastewater (Table 4). 

 

 

Table 4. Comparison between the main parameters of HTL-WW 

from the waste to fuel process and the legislative limits (DM 

2003/185) for wastewater use in agriculture. 

 

 
 

HTL-WW 

(mg/L; mS/cm) 

Legislative limits  

(DM183/2003) 

pH 5 5-9.5 

TSS 

 

29.5 10 

COD 

 

57250 100 

NH3   710 2 

E.C. 12900 3000 

 

 

 

3.2.2. Experimental design and plant growth conditions 

 

A greenhouse experiment was carried out at the experimental station of the University of Naples 

Federico II, Southern Italy (lat. 43°31’N, long. 14°58′E; alt. 60 m above sea level) with Nicotiana 

tabacum L. plants. Tobacco seeds were germinated in peat in controlled conditions (T 28°C, 16 h 

light/ 8h, Ur ~ 60%) and grown until the 3rd-4th true leaf. Plants were transplanted in 19 cm Ø plastic 

pots and drip irrigated with nutrient solutions (N-P-K 20:20:20). At 60 Days-After-Sowing (DAS) 
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half of the plants were irrigated with HTL-WW diluted in water at a ratio of 1:10, while control plants 

were irrigated with tap water. Irrigation was performed for 21 days. 

 

 

3.2.3. Soil and rhizosphere sampling 

 

Soil samples were collected from each pot at the beginning of the experiment (T0) and at 7 (T7), 14 

(T14 and 21 (T21) days. For the microbiological analysis bulk-soil (0–20 cm depth) and rhizosphere 

samples were collected according to Romano et al. (2020a). For the chemical analyses, bulk-soil 

samples were oven-dried at 65°C.  All samples were collected in triplicate. The following chemical 

properties were determined on soil samples before and after treatment: pH-H2O (1:2.5 soil:water 

solution ratio – pH meter GLP 22, Crison, Barcelona, Spain); electrical conductivity (E.C.) (1:5 

soil:water solution ratio—Conductimeter basic 30, Crison, Barcelona, Spain); total nitrogen (N) 

concentration, assessed after mineralization with sulfuric acid (96%) in the presence of potassium 

sulphate and a low concentration of copper by the Kjeldahl method (Kjeldahl, 1883); C, measured 

according to the Walkley–Black method and reported as soil organic matter (SOM% = C% × 1.726); 

phosphorus (P2O5) content, measured according to the Olsen method (Olsen et al., 1954) while 

ammonium acetate method was adopted for exchangeable potassium (K2O) (Helmke et al., 1996). 

 

3.2.4. Microbiological analysis 

 

Microbiological analysis was performed on fresh soil samples. For molecular analysis, total genomic 

DNA was extracted from soil samples using a FastDNA SPIN Kit for Soil (MP Biomedicals, Illkirch 

Cedex, France) according to the manufacturer’s instructions. 

 

3.2.5. PCR-DGGE analysis 
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Genetic fingerprinting of the prokaryotic populations by DGGE was performed by using two different 

PCR reactions. For the first round, the universal synthetic oligonucleotide primers fD1 (5′-

AGAGTTTGATCCTGGCTCAG-3′) and rD1(5′-AAGGAGGTGATCCAGCC-3′), described by 

Weisburg et al. (1991), were used to amplify the bacterial 16S ribosomal RNA (rRNA) gene. PCR 

mixtures and conditions were performed as described by Chouyia et al., 2020. For the second round, 

a nested PCR was performed using the primers V3f (5′-CCTACGGGAGGCAGCAG-3′) and V3r (5′-

ATTACCGCGGCTGCTGG-3′) (Weisburg et al., 1991), spanning the V3 region of the 16S rRNA. 

While to analyse eukaryotic population were utilised the primers NL1 (5′-GCATATCAATAA 

GCGGAGGAAAAG-3’) (Kurtzman and Robnett, 1998) and LS2 (5′-

ATTCCCAAACAACTCGACTC-3’) (Cocolin et al., 2000) of the 26S rRNA gene. PCR mixtures 

and conditions were conducted according to Di Mola et al. (2021). As described by Muyzer et al. 

(1993), a GC clamp was added to forward primers. 

DGGE analyses were performed in a polyacrylamide gel [8% (wt/vol) acrylamide-bisacrylamide 

(37:5:1)] with a denaturing gradient of 30–60% using a Bio-Rad DCode Universal Mutation System 

(Bio-Rad Laboratories, Milan, Italy) as previously described by Ventorino et al. (2018b). 

DGGE bands were automatically detected by Phoretix 1 advanced version 3.01 software (Phoretix 

International Limited, Newcastle upon Tyne, England), then a cluster analysis was executed as 

described by Ventorino et al. (2013). The method described by Saitou and Nei (1987) was performed 

to obtain the correlation matrix of DGGE patterns. To highlight the percentage of similarity of the 

microbial community due to treatments applied, the analysis of the resulting matrix was applied using 

the average linkage method in the cluster procedure of Systat 13. 

 

3.2.6. High-Throughput Sequencing (HTS) 

 

The microbial diversity was evaluated by amplicon-based metagenomic sequencing using the primers 

S-D-Bact-0341F50 (5′-CCTACGGGNGGCWGCAG-3′) and S-D-Bact-0785R50 (5′-



 50 

GACTACHVGGGTATCTAATCC-3′) (Klindworth et al., 2013) and the primers EMP.ITS1 (5′-

CTTGGTCATTTAGAGGAAGTAA-3′) and EMP.ITS2 (5′-GCTGCGTTCTTCATCGATGC-3′) 

(Bokulich and Mills, 2013) for bacteria and fungi, respectively. PCR conditions for V3-V4 region 

consisted of 25 cycles (95°C for 30 s, 55°C for 30 s and 72°C for 30 s) plus one additional cycle at 

72 °C for 10 min as a final chain elongation. PCR conditions for ITS1-ITS2 region consisted of 35 

cycles (94°C for 30 s, 52°C for 30 s and 68°C for 30 s) plus one additional cycle at 68°C for 7 min 

as a final chain elongation. PCR products were purified with the Agencourt AMPure beads (Beckman 

Coulter, Milan, IT) and quantified using an AF2200 Plate Reader (Eppendorf, Milan, IT). Equimolar 

pools were obtained, and sequencing was carried out on an Illumina MiSeq platform, yielding to 2× 

250 bp, paired end reads. 

 

3.2.7. Bioinformatics and data analysis 

 

After sequencing, fastq files were imported in QIIME 2 software (Bolyen et al., 2019). Sequence 

adapters and primers were trimmed by using cut adapter, whereas DADA2 algorithm (Callahan et al., 

2016) was used to trim low quality reads, to remove chimeric sequences, and joined sequences shorter 

than 250 bp by using the DADA2 denoise paired plugin of QIIME2. Amplicon sequence variants 

(ASVs) obtained by DADA2 were rarefied at the lowest number sequences/sample and used for 

taxonomic assignment using the QIIME feature-classifier plugin against Greengenes and UNITE 

database for the bacterial and fungal microbiota, respectively. Chloroplast and mitochondria 

contaminants and singleton ASVs were removed, and relative abundances of the other taxa were 

recalculated. 

The raw Illumina sequencing data are available in the Sequence Read Archive Database of the 

National Centre of Biotechnology Information (Bioproject accession number: PRJNA939137) 
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Alpha diversity metrics (Shannon index, Faith’s PD index and Observed_OTUs) was computed by 

QIIME2 and the pairwise Kruskal-Wallis’ test was used for significant differences. Beta diversity 

was also calculated and plotted by QIIME 2 for the Weighted UniFrac (Lozupone et al., 2006). 

 

 

3.2.8. Biometric and physiological measurements 

 

At 7, 14 21 days after HTL-WW treatment (DAT), three plants per treatments have been sampled for 

shoot biomass determination. At the same time points, SPAD index was measured with a MINOLTA 

chlorophyll meter (SPAD 502-Plus). The flower biomass was measured at the end of the experiment 

(after 21 days). 

Data were analysed by test-t for pairwise comparison of means (at P < 0.05) using SPSS 19.0 

statistical software package (SPSS Inc., Cary, NC, United States). 

 

3.3. Results 

 

3.3.1. Phenotypic and physiological evaluation of Nicotiana tabacum L. plants 

 

The impact of HTL-WW irrigation on Nicotiana tabacum L. plants was evaluated by phenotypic 

observations and biometric measurements carried out every seven days. At day seven (T7) no 

differences in the phenotype between treated and untreated plants were observed (Figure 5). After 14 

and 21 days (T14 and T21), however, plants treated with HTL-WW showed a more intense tissue 

pigmentation (Figure 5).  Indeed, the HTL-WW treatment induced higher SPAD values at T14 

(+13.6%) and T21 (+46.8%), while no difference was recorded at T7 (Table 5). Despite the 

greener/healthier appearance of wastewater treated plants, no significant differences were found in 
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the fresh weight of the shoot biomass between treated (HTL-WW) and untreated (C) plants (Table 

6). The flower biomass at the end of the experiment (T21) was significantly higher (T-test: 0.007; P 

<0.05) in plants irrigated with HTL-WW (34.05 ± 14) compared to untreated plants (6.25 ± 2.67) 

(Figure 6). The main chemical properties of the soils collected from the tobacco’s pots before (T0) 

and after (T21) HTL-WW treatment are shown in Table 7.  

 

 

Figure 5.   Nicotiana tabacum L. plants treated (WW) and untreated (C) with wastewater deriving from 

Waste to Fuel industrial process after 7 (T7), 14 (T14) and 21 (T21) days of growth                      
 

 

 

 

Table 5. SPAD index of Nicotiana tabacum at different times 
after HTL-WW treatment (7, 14 and 21 days). Test-t (p<0.05) 

was performed to identify significant differences between the 

treatments (ns = not significant; *** = p<0.001). 

 

 

Treatment 

SPAD 

(D7) 

SPAD 

(D14) 

SPAD 

(D21) 

Control 43.3 ± 0.95 37.2 ± 0.68 31.4 ± 0.56 
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HTL-WW 42.9 ± 0.85 41.9 ± 0.75 46.1 ± 0.95 

Test-t ns *** *** 

 

 

 

 

Table 6. Fresh biomass accumulation of Nicotiana tabacum at different times after 

HTL-WW treatment (7, 14 and 21 days).  Test-t (p<0.05) was performed to identify 
significant differences between the treatments (ns = not significant). 

 

Treatment 

Shoot FW 

(D7) 

Shoot FW 

(D14) 

Shoot FW 

(D21) 

Control 145.3 ± 13.39 183.5 ± 6.51 222.8 ± 22.36 

HTL-WW 139.2 ± 6.11 230.0 ± 17.61 246.7 ± 23.22 

Test-t ns ns ns 

 

 

 

Figure 6. Flower fresh weight (FW) of Nicotiana tabacum irrigated with top water (C) and with HTL-WW 

(WW) at the end of the experiment (21 days).  Test-t (p<0.05) was performed to identify significant differences 

between the treatments (*** = p<0.001). 
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Table 7. Physical and chemical features of soils from Nicotiana tabacum pots before (T0) and after (T21) 

HTL-WW treatment.  

 

 sample pH 
Electrical 

conductivity  
Organic 

matter 
Organic 

Carbon 
N-Kjeldhal P2O5 K2O 

      μS/cm  (%)   (%)  %  ppm  ppm  

T0  7.3  420.0  6.07  3.52  0.18  223.514  994.8  

T21  7.5  370.0  6.07  3.52  0.20  165.922  1193.1  

                

 

 

3.3.2. PCR-DGGE 

 

The structure of bacterial and fungal communities of bulk soil as well as those associated with 

Nicotiana tabacum rhizosphere treated with HTL-WW or tap water, was investigated through the 

analysis of the 16S and 26S rRNA genes. The PCR-DGGE culture-independent approach was 

employed to obtain a qualitative fingerprint of the microbial communities due to the effect over time 

of the HTL-WW application (at the beginning of treatment, and after 7, 14 and 21 days). The DGGE 

profiles shown in Figure 7a illustrate that the number of bands of bacterial species in the rhizosphere 

of tobacco plants treated with HTL-WW increased over-time from 22 at the beginning of the 

experiment (WW_T0) to 34-35 after 7-14 days (WW_T7 and WW_T14) and then decreased up to 28 

at the end of the experiment (WW_T21). Whereas DGGE profiles associated to the rhizosphere of 

control plants irrigated with tap water showed a constant number of bands (26-30) over time (Figure 

7a). A similar trend was observed in the DGGE profiles of procaryotic populations in the bulk soils 

(Figure 7b). Indeed, treated soils exhibited an increase in the number of bands from 33 at the 

beginning of the experiment (WW_T0) up to 41 after 21 days (WW_T21) (Figure 7C); whereas the 

number of bands in the DGGE profiles of control soil remained constant (27) until day 21 and then 

decreased up to 21 on day 28 (C_T21; Figure 7d). Statistical analysis on the position and intensity of 

the bands of prokaryotic profiles allowed the classification of three major clusters clearly associated 



 55 

to the wastewater treatment both in the rhizosphere and in the bulk soil (Figure 7a and 7b). In the 

rhizosphere of tobacco plant the cluster 1 included samples treated with HTL-WW after 7, 14 and 21 

days (WW_T7, WW_T14 and WW_T21), cluster 2 grouped untreated samples (C_T0, C_T7, C_T14 

and C_T21) and the treated samples at the beginning of the experiment (WW_T0), cluster 3 contained 

the wastewater derived from the hydrothermal liquefaction  (HTL_WW) (Figure 7A). Whitin each 

major cluster slight changes in the bacterial populations were observed (similarity level from 92 to 

98%). Moreover, cluster 1 showed a similarity level of 64.5% with cluster 2; while the sample 

HTL_WW, that could not be included in any group, grouped with the other two clusters with a 

similarity value of only 44% (Figure 7A). Similarly, prokaryotic populations in the bulk-soil 

differentiated in three major groups following wastewater treatment (cluster 1: WW_T0, WW_T7, 

WW_T14 and WW_T21; cluster 2: C_T0, C_T7, C_T14 and C_T21; cluster 3: HTL_WW) in which 

slight changes were observed (similarity level from 88 to 99 %) (Figure 7B). Also in this case, the 

wastewater used for treatment (HTL_WW) could be not included in any group, whereas a similarity 

percentage of 58.3 % was observed between the cluster 1 and cluster 2 (Figure 7B). 

The profiles of eukaryotic communities were very complex, as shown in the DGGE patterns (Figure 

7c and 7d). The number of bands increased over time both in treated and untreated tobacco 

rhizosphere (from 24 to 33 and from 15 to 22, respectively; Figure 7c) as well as in the bulk-soil 

(from 19 to 30 and from 22 to 28, respectively; Figure 7d). Similar to the bacterial results, statistical 

analysis of the DGGE profiles determined that there were two major groups (cluster 1: WW_T0, 

WW_T7, WW_T14 and WW_T21; cluster 2: C_T0, C_T7, C_T14 and C_T21) associated to the 

wastewater treatment both in the rhizosphere and in the bulk soil (Figure 7c and 7d). No fungal 

microorganisms were found in the HTL_WW. The main clusters showed a similarity of 76% and 

81.5%, in the rhizosphere and bulk-soil, respectively, in which slight changes were observed among 

sub-clusters. 
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Figure 7. DGGE profiles and dendrogram showing the degree of similarity (%) of the Prokaryotes in rhizo-
soil (A) and bulk-soil (B), and Eukaryotes in rhizo-soil (C) and bulk-soil (D). Samples: WW_T0, plants 

irrigated with ENI wastewater at time 0; WW_T7, plants irrigated with ENI wastewater after 7 days; WW_T14, 

plants irrigated with ENI wastewater after 14 days; WW_T21, plants irrigated with ENI wastewater after 21 
days; C_T0, plants irrigated with spring water at time 0; C_T7, plants irrigated with spring water after 7 days; 

C_T14, plants irrigated with spring water after 14 days; C_T21, plants irrigated with spring water after 21 

days. 

 

 

 

3.3.3. Microbial community diversity  

 

The microbial diversity was characterized by partial 16S rRNA gene and ITS region (ITS1, 5.8S and 

ITS2) sequencing obtained from DNA directly extracted from rhizosphere samples of Nicotiana 

tabacum L. plants irrigated with HTL-WW (WW) or with top water (C). In total, 652,845 and 49,184 

high quality reads were analysed for prokaryotes and eukaryotes, respectively. The Alpha-diversity 

was determined by calculating the Shannon diversity index, Faith’s Phylogenetic Diversity index and 

Observed OTUs based on OTUs of 99% identity.  

As shown in Figure 8, no significant differences (p > 0.05) in prokaryotic and eukaryotic diversity 

were found between HTL-WW treated (WW) and untreated (C) tobacco rhizosphere, as revealed by 

the Shannon (Figure 8ad), Faith’s Phylogenetic Diversity indices (Figure 8be) and Observed OTUs 

(Figure 8cf). 

The PCoA of the weighted UniFrac community distance showed a marked difference between the 

microbiota of HTL-WW treated and untreated rhizosphere samples, especially for the bacterial 

d 
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communities (Figure 9). In fact, the sample of treated rhizosphere grouped separately on the right 

side of the chart in Figure 9a compared to untreated rhizosphere highlighting a separation of the 

samples based on irrigation treatment. It was interesting to note how the tobacco rhizosphere irrigated 

with HTL-WW at the beginning of the experiment (WW_T0) grouped with the control samples 

irrigated with tap water, confirming the results obtained by the PCR-DGGE. However, the samples 

irrigated with the wastewater gradually separated over time from the control rhizosphere. In addition, 

the wastewater deriving from hydrothermal liquefaction process grouped with the rhizosphere of the 

treated plants (Figure 9a). 

A similar trend was observed for the eukaryotic populations, although the distribution of the samples 

was less marked (Figure 9b). In fact, similar to the bacterial results, the rhizosphere of the treated 

plants at the beginning of the experiment (WW_T0) was more grouped with the control samples 

irrigated with tap water; while samples irrigated with wastewater over time slightly separated among 

them (Figure 9b). 
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Figure 8. The box plots showing Shannon diversity, Faith’s Phylogenetic Diversity, and Observed OTUs 

indices based on prokaryotic (a, b and c) and eukaryotic (d, e and f) communities in the rhizosphere samples 
irrigated with HTL-WW (WW) and spring water (C). 
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Figure 9. Principal Coordinates Analysis of weighted UniFrac distances of prokaryotic (a) and eukaryotic (b) 

communities of tobacco rhizosphere. WW_T0, plants irrigated with HTL-WW at time 0 (yellow); WW_T7, 

plants irrigated with HTL-WW after 7 days (grey); WW_T14, plants irrigated with HTL-WW after 14 days 
(turquoise); WW_T21, plants irrigated with HTL-WW after 21 days (pink); C_T0, plants irrigated with spring 

water at time 0 (red); C_T7, plants irrigated with spring water after 7 days (green); C_T14, plants irrigated 

with spring water after 14 days (blue); C_T21, plants irrigated with spring water after 21 days (orange); HTL-

WW: wastewater derived from the industrial process “Waste to Fuel” (purple). 

           

 

3.3.4. Microbial taxonomic composition 

 

Relative abundances of bacterial and fungal taxa were examined at the phyla and family level to 

determine whether there were any significant shifts in the composition of the microbial communities 

according to the irrigation treatment. 

a 

b 
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In total, thirty-five different bacterial phyla were detected in the soil samples. Proteobacteria and 

Actinobacteria were the taxa which heavily dominated the microbial composition of tobacco 

rhizosphere. These phyla together accounted for approximately from 63% to 90% of the total bacterial 

biodiversity in the rhizosphere of plants treated and untreated with HTL-WW, respectively; followed 

by Acidobacteria, Gemmatimonadetes, Planctomycetes, Chloroflexi, Firmicutes, Bacteroidetes and 

candidate phylum TM7, which showed an incidence  3% in at least one sample (Figure 10a). 

The relative frequency of Proteobacteria was enough uniform in function of the experimental 

sampling time in both treated and untreated plants, whereas Actinobacteria showed a different trend. 

In particular, the concentration of this phylum was constant in the rhizosphere of control plants 

irrigated with tap water (range of relative incidence: 31-34%), with a peak at day 14 (43%). 

Conversely, in the rhizosphere of tobacco plants treated with wastewater deriving from the Waste to 

Fuel process, a constant increase was observed over time, from about 34% at the beginning of the 

experiment (WW_T0) to 48 % after 21 days of treatment (WW_T21) (Figure 10a). The other 

abundant phyla showed a different trend between the samples treated and untreated with wastewater. 

In fact, while Chloroflexi exhibited a similar concentration in all the samples, Acidobacteria, 

Gemmatimonadetes and Planctomycetes were mainly present in the rhizosphere of the control plants 

irrigated with tap water; while Firmicutes, Bacteroidetes and the candidate phylum TM7 showed a 

higher relative incidence in the rhizosphere of plants irrigated with wastewater deriving from the 

Waste to Fuel process (Figure 10a). 

The phylum-level taxonomic analysis of the eukaryotic community showed that Ascomycota and 

Basidiomycota dominated in all samples (WW and C), accounting for > 90% of the total biodiversity 

in each sample (Figure 6b). These two taxa exhibited different pattern in the treated and untreated 

rhizosphere. In fact, while Ascomycota was mainly present in the rhizosphere of treated plants, 

Basidiomycota showed a greater relative incidence in the rhizosphere of control plants (Figure 10b) 

The microbial diversity was also analysed at a deeper taxonomic level. In particular, the analysis of 

the sequences at family level, considering only those with an incidence  3% in at least one sample, 
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allow to identify 17 bacterial families and 5 taxa recognised only at a higher taxonomic level (Figure 

11a). These taxa showed a different relative incidence depending on the time and on the type of water 

used for irrigation (HTL-WW or top water). Micrococcaceae and Nocardiaceae were most abundant 

in the wastewater treated (WW) rhizosphere. In detail, the relative incidence of Micrococcaceae was 

on average about 4% in the control samples (C), while in the treated rhizospheres there was a constant 

increase from 8% at the beginning of the experiment (WW_T0) up to 27% after 21 days of irrigation 

(WW_T21; Figure 1a). Nocardiaceae was almost totally absent in the rhizosphere of control plants, 

while it showed a relative incidence of at least 4% in the rhizosphere of plants treated with HTL-

WW, especially at the end of the experiment after 21 days of irrigation (WW_T21) constituting about 

13-14% of the total bacterial biodiversity (Figure 11a). Bacillaceae and Pseudomonaceae exhibited 

different behaviour. In fact, although these two families were present mainly in the rhizosphere of 

plants treated with wastewater, they decreased over time from 3-6% at the beginning of the 

experiment (WW_T0) to about 0.8-0.2% at day 21 (WW_T21; Figure 11a). Although 

Comamonadaceae was recovered in all samples, its relative incidence increased over time in the 

wastewater treated rhizosphere.  Differently, Solirubrobacteraceae, Gaiellaceae and 

Sinobacteraceae were more abundant in the rhizosphere of control plants, and they decreased over 

time in the rhizosphere of treated plants (Figure 11a). 

The microbiota of the wastewater deriving from the Waste to Fuel process was also analysed, to 

assess which taxa could have influenced the dynamics of bacterial populations following its use in 

the irrigation water. The HTL-WW was characterized by a high relative abundance of the 

Micrococcaceae, Nocardiaceae and Bacillaceae families, found mainly in the rhizosphere of the 

treated tobacco plants, in addition to ASVs identified as belonging to the Moraxellaceae and 

Peptostreptococcaceae families (Figure 11a). Of these, Moraxellaceae were absent in all the 

rhizosphere samples analysed; while Peptostreptococcaceae was absent in control plants and present 

at very low concentrations (<1%) in the rhizosphere of plants treated with wastewater. 
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The analysis of the relative incidence of fungal families present in the tobacco rhizosphere samples 

with an incidence  3% in at least one sample, allowed to identify 10 fungal families (Nectriaceae, 

Hypocreaceae, Entolomataceae, Pluteaceae, Chaetomiaceae, Aspergillaceae, Mortierellaceae, 

Trichosporonaceae, Microascaceae and Pleosporaceae) which together accounted for  >70% of the 

total biodiversity, together with taxa belonging to different genera without taxonomic assignment or 

identified only at higher taxonomic level (Figure 11b). As observed for the bacterial population, the 

fungal taxa were differentially present depending on the time and type of water used for irrigation. In 

particular, the family Nectriaceae, belonging to the Ascomycota phylum, was more abundant in the 

HTL-WW treated rhizosphere (WW) and increased over time. In detail, the relative incidence of 

Nectriaceae was on average about 5% in the control samples (C), while in the treated rhizosphere 

there was a constant increase from about 20% at the beginning of the experiment (WW_T0) to about 

50% after 21 days of irrigation (WW_T21; Figure 11b). Furthermore, 

Saccharomycetales_incertae_sedis and Trichosporonaceae were almost totally absent in the 

rhizosphere of control plants, while they showed relative incidence of up to 20% and 4%, 

respectively, in the rhizosphere of plants treated with wastewater (Figure 11b). On the contrary, 

Entolomataceae, belonging to Basidiomycota phylum, was more abundant in control samples, 

although in treated rhizo-soils was present at the beginning of experiment (WW_T0) and gradually 

decreased until it disappeared at day 21 (Figure 11b). 
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Figure 10. Relative incidence of bacterial (a) and fungal (b) phyla in the rhizosphere of Nicotiana tabacum L. 

plants treated (WW) and untreated (C) with wastewater deriving from the “Waste to Fuel” industrial process. 

Only ASVs with an incidence of 3% in at least one samples are shown in the legend. WW_T0, plants irrigated 

with HTL-WW at time 0; WW_T7, plants irrigated with HTL-WW after 7 days; WW_T14, plants irrigated 
with HTL-WW after 14 days; WW_T21, plants irrigated with HTL-WW after 21 days; C_T0, plants irrigated 

with spring water at time 0; C_T7, plants irrigated with spring water after 7 days; C_T14, plants irrigated with 

spring water after 14 days; C_T21, plants irrigated with spring water after 21 days; HTL-WW: : wastewater 

derived from the industrial process “Waste to Fuel” . 
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Figure 11. Relative incidence of bacterial (a) and fungal (b) families in the rhizosphere of Nicotiana tabacum 

L. plants treated (WW) and untreated (C) with wastewater deriving from the “Waste to Fuel” industrial process. 

Only ASVs with an incidence of 3% in at least one samples are shown in the legend. WW_T0, plants irrigated 
with HTL-WW at time 0; WW_T7, plants irrigated with HTL-WW after 7 days; WW_T14, plants irrigated 

with HTL-WW after 14 days; WW_T21, plants irrigated with HTL-WW after 21 days; C_T0, plants irrigated 

with spring water at time 0; C_T7, plants irrigated with spring water after 7 days; C_T14, plants irrigated with 
spring water after 14 days; C_T21, plants irrigated with spring water after 21 days; HTL-WW: wastewater 

derived from the industrial process Waste to Fuel. 

 

 

3.4. Discussion  

 

The use of wastewater is gaining increasing interest to meet agricultural irrigation needs and to face 

the increase of population growth and climate change. Although wastewater may also deliver 

nutrients and organic matter to the soil, its composition could have an impact on the microbial 

communities that contribute to the soil biological fertility, with variable consequences on plant 

growth and development. In this context, the potential use of hydrothermal liquefaction wastewater 

(HTL-WW) for irrigation of agricultural crops was explored.  

Wastewater irrigation improved plant chlorophyll content and increased the flower biomass in 

tobacco plants. These results can be respectively associated with high levels of nitrogen, phosphorus, 

and potassium as well as micro-nutrients such as sulphates, calcium, magnesium and silicon contained 

in the HTL-WW.  However, the overall nutrients profile and relative composition was not sufficient 

to differentiate growth parameters between treated and un-treated control plants. This was most likely 

associated with an increased use of N and P (and most likely other elements) by the soil microbial 

population, which made available to plant only a part of micro- and macro-nutrients delivered by the 

HTL-WW. The tobacco plants treated with HTL-WW have not shown symptoms of heavy metals 

stress such as leaf chlorosis and/or necrotic lesions (data not-shown) confirming that the 

concentrations of heavy metals are under harmful levels and anyhow below the official admitted 
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thresholds. The impact of this wastewater on autochthonous microbiota of bulk-soil and rhizosphere 

was assessed over time using metagenomic approach and bioinformatic tools.  

A culture-independent approach was used to obtain a qualitative assessment of the effect of the HTL-

WW treatment on resident soil microbial community in the rhizosphere of tobacco as well as in the 

bulk-soil. The cluster analysis demonstrated that both prokaryotic and eukaryotic populations were 

strongly affected by water treatment. Shift in microbiota structure was also previously observed when 

different wastewaters, as household, industrial, or olive mill, were used for plant irrigation (Zhao et 

al., 2014; Giagnoni et al., 2016; Krause et al., 2020). Changes in the rhizosphere microbiota could be 

due to modifications of root exudates resulting from the high amount of nutrients and the different 

nitrogen forms introduced by wastewater as well as by the C/N ratio. The shift in microbiota structure 

could also be attributed to the high availability and quality of the carbon sources supplied by 

wastewater irrigation. Indeed, following the use of carbon-rich wastewater as HTL-WW, the presence 

of easily degradable carbon compounds could stimulate the growth of copiotrophic as well as of 

cellulolytic microorganisms (Marschner, 2003). These results were confirmed by the beta diversity 

analysis of rhizosphere-associated microbiota which demonstrated a shift in the microbial structure 

especially for prokaryotes. In fact, the PCoA exhibited two distinct groups based on water treatments. 

This behaviour could be due to the different adaptation mechanisms used by several microbial groups 

to survive and grow under these environmental conditions resulting in a new balance among microbial 

populations. However, this effect could be temporary. As reported by Frenk et al., (2013) initial 

variations observed in the soil microbial structure following municipal wastewater irrigation 

disappeared after three years of treatment suggesting that autochthonous microbiota shown a natural 

resilience to anthropogenic soil perturbations. 

A highly complex prokaryotic community was also found in the tobacco rhizosphere treated with 

HTL-WW, in which among the most frequently occurring bacteria were those belonging to 

Proteobacteria and Actinobacteria. These phyla have been previously reported as dominant 

populations in the rhizosphere of crops grown in natural environments (Bulgarelli et al., 2013). 
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Several members belonging to the phylum Proteobacteria possess specific genes involved in plant 

growth-promotion activities (PGP) and can contribute, both by direct and indirect mechanisms, to the 

development of plants of agricultural interest (Ventorino et al., 2014; Romano et al., 2020b). 

Although our data did not show significant growth improvements, an increased SPAD levels and 

flowers number upon treatment with HTL-WW were consistent with possible beneficial effects of 

Proteobacteria on the overall plant health. While the relative incidence of Proteobacteria was enough 

uniform over time in both treated and untreated rhizosphere, the Actinobacteria showed a different 

trend. In details, the concentration of this phylum remained constant in untreated rhizosphere, 

whereas it increased over time in HTL-WW treated plants. Members belonging to phylum 

Actinobacteria are able to synthetize specific hydrolytic enzymes for efficiently decomposition of a 

wide variety of recalcitrant organic materials as well as to assimilate inorganic nitrogen (Ventorino 

et al., 2019). In addition, this microbial group included species that can synthesize plant growth 

promoting substances and increase nutrient availability and uptake to/by plants as well as exert 

suppressive effects vs. plant soil-borne pathogens (Fagnano et al., 2020). Once again, the abundance 

of these bacterial populations was consistent with the high biological fertility potential of treated 

rhizosphere as demonstrated by a generally enhanced plant health status. Among Actinobacteria, 

Micrococcaceae and Nocardiaceae were the more abundant bacterial families in the rhizosphere of 

tobacco HTL-WW treated plants. In particular, Micrococcaceae is a well-known stress-tolerant 

bacterial taxon which has a bioremediation potential as production of bioactive compounds 

(Caradonia et al., 2019), degradation of phenanthrene, cellobiose and glucose (Li et al., 2019), 

tolerance to drought and salinity stress (Munoz-Ucros et al., 2021) as well as to heavy metals (Xi et 

al., 2021). Micrococcaceae is also studied for its plant growth promoting activities such as synthesis 

of the 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase, indole-3-acetic acid (IAA) and 

siderophores as well as phosphorus solubilisation even in arid environments (Yang et al., 2019). The 

high incidence of this taxon in the treated tobacco rhizosphere could be due to the excess of different 

nitrogen compounds introduced to the soil through HTL-WW or some organic acids (Xi et al., 2021). 
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The use of N by Micrococcaceae, and most likely other bacteria and/or fungi, could explain the 

missing growth effects on plants treated with HTL-WW, since only a part of its N content was 

available for plant growth. Moreover, since many species belonging to the Micrococcaceae family 

are halotolerant, their abundance could have increased because of them ability to tolerate high level 

of Na+ and Cl- present in HTL-WW (Wajid, 2021). An increased population of halotolerant bacteria 

included also Comamonadaceae family belonging to the Proteobacteria phylum, in the rhizosphere 

may have had protective effects on plants, a concentration that would be harmful for tobacco and 

other plants, did not show any stress symptoms. Protective effects of stress tolerant bacteria on plant 

growth have been documented in tomato and spinach rhizosphere (Van Oosten et al., 2018; Ibekwe 

et al. 2017)  

Nocardiaceae, together Bacillaceae and Pseudomonaceae, are the bacterial taxa present only in the 

treated rhizosphere. The most abundant family was Nocardiaceae, which play an important 

ecological role in nature in the recycling of organic matter and recovery oil-contaminated 

environments as biosurfactant producers. This taxon has also a great potential for plant growth-

promotion potential and biocontrol of different plant diseases (Yang et al., 2019). Nocardiaceae are 

recently detected in the rhizosphere of different crops as well as in activated sludge, wastewater, 

digestate and hydrocarbon polluted soils (Ali et al., 2021).  

Bacillaceae and Pseudomonaceae were also present mainly in the rhizosphere of plants treated with 

HTL-WW. However, their abundance decreased over time. Members belonging to these bacterial 

families include many rhizobacteria which are not only capable of promoting plant growth through 

various mechanisms of action, including phosphate solubilization and synthesis of phytohormones 

(Shrivastava et al., 2018), but also exert a biocontrol action against various soil borne plant pathogens 

(Beneduzi et al., 2012). Furthermore, many species belonging to the Bacillaceae family could degrade 

cellulose, hemicellulose, pectin and lignin (Di Pasqua et al., 2014), suggesting their possible 

involvement in the degradation and mineralization of organic and humic compounds in the soil. 
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According to Lüneberg et al. (2019) Ascomycota and Basidiomycota dominated in most agricultural 

soil. These phyla constituted the key primary decomposers of soil organic matter, and they are among 

drivers in regulating the ecosystem functions. Most members belonging to these phyla are 

saprotrophic fungi that participated in critical processes, such as the decomposition and 

mineralization of recalcitrant and labile compounds as well as xenobiotic substances (Yang et al., 

2022). Ascomycota, previously described as sensitive to high nitrogen, phosphorous and carbon 

inputs (Chen et al. 2017), did not seem to be affected by the higher nutrient levels of HTL-WW vs. 

control water. Within this phylum, Nectriaceae was the most abundant family in treated samples. 

This result was consistent with those of Lüneberg et al. (2019), who also reported this fungal taxon 

as the most abundant in a field irrigated with untreated wastewater. The Nectriaceae family has also 

a key role in the nitrogen bioremediation (Cheng et al. 2020) in N-rich environments, such as the soil 

irrigated with HTL-WW. The eukaryotic families selected only in treated tobacco rhizosphere were 

Saccharomycetales-incertae-sedis and Trichocomaceae, belonged to phyla of Ascomycota and 

Basidiomycota respectively. Furthermore, Saccharomycetales-incertae-sedis and Trichocomaceae 

are both involved in bioremediation of heavy metals, especially cadmium, lead, chromium, nickel, 

copper and manganese (Malikula et al., 2022). Thus, as mentioned before, these eukaryotic families 

may have protected the plants by degrading the heavy metals introduced with HTL-WW. 

 

3.5. Conclusion 

 

Although the use of industrial wastewater to satisfy crop water requirements could have several 

economic and environmental advantages, the response of the soil microbiota to different wastewater 

sources must be ascertain on a case-by-case basis, since this may critically affect the overall soil 

biological fertility. In the present study the potential use of hydrothermal liquefaction wastewater 

(HTL-WW) as irrigation water was investigated. The effect on autochthonous microbiota as well as 
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on plant development was evaluated. The use of industrial wastewater exerts selection pressure on 

the soil microbiota, as shown by beta diversity, ultimately leading to the establishment of a new 

microbial community affecting the soil fertility properties. Identification of microbial taxa occurring 

in the rhizosphere of tobacco plants during the experiment highlighted that the HTL-WW application 

improves the growth of Micrococcaceae, Nocardiaceae and Nectriaceae, which included key species 

for denitrification, organic compounds degradation and plant growth promotion. As a result, irrigation 

with HTL-WW improved the overall health status of tobacco plants which showed higher leaf 

greenness and increased number of flowers compared to irrigated control plants. This work improves 

the knowledge about the responses of indigenous microbial populations to anthropogenic activities, 

particularly related to the potential ecological risks of the use of untreated industrial wastewater for 

irrigation purposes and the capacity of natural ecosystems to develop an adapted microbiota.  

Based on these results, the wastewater obtained from the hydrothermal liquefaction of organic wastes 

could be an important source of irrigation water which could contribute to reduce the increasing 

pressure on freshwater resources. However, further specific investigations will be necessary to assess 

long-term impact of this untreated industrial wastewater on soil biological fertility and critical 

possible effects on the biogeochemical cycles of relevant soil nutrients. 
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4. Simultaneous application of hydrothermal liquefaction wastewater and a 

plant growth-promoting bacterial consortium on castor bean plants in an 

open field experiment 

 

 

4.1. Introduction 

  

Based on the results obtained on plants of Nicotiana Tabacum L. discussed in the previous chapter, a 

new experiment was set up to test the use of the wastewater coming from hydrothermal liquefaction 

of organic waste (HTL-WW) to irrigate plants of Ricinus communis L. In fact, today there is an 

increasing interest in the cultivation of castor bean plants for biofuel production to replace the palm 

oil which the EU has decided to phase out by 2030. In addition, the intensive cultivation of palm, 

rapeseed, and sunflower have raised many socio-economic and ecological concerns such as land 

competition with food crops and high water consuming (Demirbas et al., 2016). To mitigate these 

problems, the use of castor bean plant seems to be a valid alternative since it is one of the most 

promising non-edible oil and hardy plants which requires low fertilizer input, and it could be 

cultivated in marginal and degraded soils and it is also resistant to drought (Chatzakis et al., 2011). 

This plant belonged to the family Euphorbiaceae, reaching a seed and oil yield of about 1.100/1.800 

kg and 500/600 L per hectare, respectively (Demirbas et al., 2016). The oil obtained is rich in 

ricinoleic fatty acid (C18H34O3), which makes it suitable for industrially biodiesel production assuring 

low production costs (McKeon et al., 2016). The castor biodiesel is biodegradable, non-toxic, and 

renewable, and it can be also used alone and further, its production released the 80% less carbon 

dioxide emissions and less sulphur and hydrocarbons content compared with the convectional diesel 

production (Osorio-González et al., 2020). Thus, the castor plant cultivation is an attractive alternative 
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feedstock for this industrial process, and its global demand is rising constantly at 3–5% per annum. 

In fact, the ENI S.p.A. forged a partnership with Tunisian and Congolese governments for the large-

scale production of castor bean plants on a pre-desert area, to provide feedstock for its biorefinery 

system. 

Despite studies on the use of wastewater for castor plant cultivation are still limited, the results 

obtained are very encouraging. As reported by previous works, the municipal wastewater irrigation 

did not have any negative impact on castor growth, soil parameters and biodiesel quality (Tsoutsos et 

al., 2013; Barreto et al., 2013, Abbas et al., 2015; Pereira et al., 2016; Nasr et al., 2018).  

Nevertheless, using the HTL-WW irrigation as the only source of nutrients may results in plant 

nutrient deficiency and ionic imbalance, reducing crop development and yields. Research has strongly 

focused on the use of eco-friendly principles to minimize potentially harmful chemical inputs and 

manage ecological relationships and biodiversity, as the use of plant growth-promoting microbes 

(PGPM). They are defined by the EU Regulation 2019/1009 as “products stimulating plant nutrition 

processes independently of the product’s nutrient content with the sole aim of improving one or more 

of the following characteristics of the plant or the plant rhizosphere: nutrient use efficiency, tolerance 

to abiotic stress, quality traits, availability of confined nutrients in soil or rhizosphere” (Fusco et al., 

2022). The inoculation of PGPM in agricultural crops is considered an environmental-friendly 

alternative to chemical fertilization and a win-win cost-effective strategy, since the global fertilizer 

prices are at near record levels and may remain elevated throughout the entire 2023 (Chojnacka et al., 

2023). The price rises have been driven largely by global pressures including increased demand, the 

war in Ukraine and higher energy costs. According to the Agricultural Marketing Service (AMS), 

anhydrous ammonia prices have increased up to $ 743 per ton, diammonium phosphate has increased 

of $ 295 and potash fertilizer (potassium) has risen up to $ 381 per ton (Schnitkey et al., 2022). Thus, 

the use of microbial inoculants to ensure crop yield and nutritional quality, by enhancing the 

availability of nutrients, the regulation of phytohormones, and by increasing plant tolerance against 
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biotic and abiotic stresses (Lopes et al., 2021), seems to be a valid alternative. Moreover, the 

application of a microbial consortium could have a synergic effect on plant development. 

In this context, the aim of this study was to determine and describe the impact of the use of HTL-

WW as irrigation water on castor plant in a field experiment. A bacterial consortium consisting of 

four strains (Azotobacter chroococcum 76A, Kosakonia pseudosacchari TL13, Bacillus megaterium 

EL5, and Methylobacterium populi VP2) belonging to the microbial collection of the Division of 

Microbiology (Department of Agricultural Sciences, University of Naples Federico II) was also used. 

These strains were selected based on their plant growth-promotion activities. In detail, K. 

pseudosacchari TL13 had multiple plant growth promotion activities as production of indole-3-acetic 

acid (IAA), siderophores, ammonia, and 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase 

as well was able to solubilize phosphate and to exert antimicrobial activity against plant pathogens 

(Romano et al., 2020). A. chroococcum 76A is a free-living nitrogen fixer able to produce 

siderophores and phytohormones such as auxins (Viscardi et al., 2016). Moreover, this strain could 

colonize the rhizosphere successfully and enhance plant adaptation to drought and salt stress (Viscardi 

et al., 2016; Van Oosten ate al., 2018). M. populi VP2 was able to produce IAA and siderophores, 

solubilise phosphate, and produce a biofilm in the presence of polycyclic aromatic hydrocarbon 

(PHA) and alleviate PHA stress in seeds (Ventorino et al., 2014). At last, B. megaterium EL5 was 

capable to produce siderophores and to solubilise phosphate exhibiting its promotion activities also 

in contaminated environments (Ventorino et al., 2018). 

Following HTL-WW irrigation and microbial inoculum application, the effect of the different 

treatments on root-associated microbiota were assessed evaluating the diversity and richness of 

prokaryotic community. Moreover, crop physiological parameters such as biometric indices, gas 

exchanges and water relative content, as well as physic-chemical properties of soil were also 

measured. To the best of our knowledge, this is the first work reporting the use of wastewater deriving 

from hydrothermal liquefaction in soil for irrigation of plants for energy purpose. 
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4.2. Material and methods 

  

4.2.1. HTL-WW analysis  
 

The HTL-WW used in this study was provided and analysed by the Research Center Donegani, for 

renewable energy and the environment (CHIFIS, Eni S.p.A., Novara, Italy). The chemical 

composition revealed that the HTL-WW was, on average, acidic with a pH value of 4.75 with a 

Chemical Oxygen Demand (COD) and Total Organic Carbon (TOC) of 57250 and 22433.5 ppm, 

respectively. It contained considerable amounts of total nitrogen (TN) (1845.75 ppm) including 

ammonia (710 ppm) and nitrates (9.8 ppm), phosphate (24.45 ppm), sulphate (23.7 ppm) and 

potassium (3130 ppm). The concentrations of micronutrients were: 50 mg/L of Ca, 25 mg/L of Mg, 

23.5 mg/L of S, 80 mg/L of Si. The heavy metals concentration (mg/kg) was composed by 0.3 of Cu, 

8 of Fe, 2.9 of Zn, 0.1 of Ni, 6 of Al, 0.4 of Cr and 0.1 of Mo. The electrical conductivity (EC) reached 

12.9 mS/cm, which was directly related to the high concentrations of Na+ and Cl-, 2990 and 1784 

mg/L, respectively. 

The HTL-WW were diluted in spring water with a ratio of 1:10 to reduce the values of some 

parameters below the legislative threshold reported in Ministerial Decree no. 2003/185, which 

regulates the agricultural use of wastewater (Table 4). 

 

4.2.2. Production of the plant growth-promoting bacterial strains 

 

The bacterial strains Azotobacter chroococcum 76A (Viscardi et al., 2016), Kosakonia 

pseudosacchari TL13 (Romano et al., 2020), Bacillus megaterium EL5 (Ventorino et al., 2018) and 

Methylobacterium populi VP2 (Ventorino et al., 2014), belonging to the microbial collection of the 

Section of Microbiology of the Department of Agricultural Sciences (University of Naples Federico 
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II) were selected as microbial inoculants for their multiple plant growth promotion activities and 

tolerance to stress condition. For microbial consortium preparation, the bacterial strains were grown 

in different liquid media in a rotary shaker (150 rpm) as follows: Azotobacter chroococcum 76A in 

Yeast Mannitol (YM) at 28°C for 48 h; Kosakonia pseudosacchari TL13 in Brain Heart Infusion 

(BHI) at 30°C for 24 h; Bacillus megaterium EL5 in Plate Count Broth (PCB) at 30°C for 24 h; 

Methylobacterium populi VP2 in Nutrient Broth (NB) at 28°C for 48 h. The cultures were harvested 

at the late exponential phase of growth and centrifuged at 3293 x g. Recovered bacterial cells were 

suspended in a 5% sucrose solution at the ratio 1:5 (w:v) and freeze-dried. The cell viability was 

determined by counting each strain on its specific solid medium. Briefly, microbial cells were 

suspended in a quarter strength Ringer’s solution (Oxoid, Milan, Italy) at 1:10 ratio and after shaking, 

tenfold serial dilutions (1:10) were performed and used to inoculate the solid medium specific for 

each strain by using the Surface Spread Plate Count Method. The plates were incubated as above 

described. 

Before transplanting, castor seedlings were inoculated with the bacterial consortium by using a root 

dip method submerging the styrofoam trays in the bacterial cell’s suspension for 10 min, to 

completely wet the roots. Plant trays were drained of excess liquid, the plant-plug was removed from 

the tray, then transplanted to pre-bored holes in the soil. Each plant was watered at the base with 125 

ml of the microbial dried cell suspension. The microbial treatment was repeated twice by watering 

125 ml of the bacterial dried cells suspension on each one-month-old and two-months-old plants. 

 

4.2.3. Open field growth conditions, treatments, and experimental design 
 

The experiment was carried out from April 2022 to August 2022 in open field conditions (10 x 10 

m²) at the Department of Agricultural Sciences (Portici, Naples, Italy; latitude 40°49′N; longitude 

14°20′E) on a sandy clay soil. Castor beans (Ricinus communis L.) variety LIBA21 was chosen for 
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its dwarf phenotype and the high concentration and quality of the oil (Baldanzi et al., 2015). Seeds 

were Kprovided by Dr. Marco Baldanzi (Department of Agricultural Sciences, University of Pisa). 

Plants were arranged in a completely randomized block design with forty replicates per treatment and 

10 plants per biological replication and in double rows with 50 and 100 cm inter- and intra-rows, 

respectively, for a density of 3 pt/m2. The experimental design consisted of four treatments: non-

treated plant irrigated with only tap water (WATER), plants inoculated with the PGPB consortium 

and irrigated with tap water (WATER+PGPB), plants irrigated with hydrothermal liquefaction 

wastewater (HTL-WW), plants inoculated with PGPB consortium and irrigated with hydrothermal 

liquefaction wastewater (HTL-WW+PGPB). Ten days after the transplanting, the plants were 

fertilised with slow-release fertilizer N-P-K (25 g/plant). At the beginning of anthesis plants’ phase 

the HTL-WW were applied twice a week by hand irrigation at a volume of 1 L per plant until the end 

of the cultivation cycle. At plants differentiation phase (T0), anthesis phases (T1) and maturation 

phase (T2), five rhizosphere replicates for each treatment were sampled.  The biometric indices and 

gas exchanges measurements we conducted on T1 and T2 (Figure 13). 

 

Figure 12. The castor plants ‘experiment timeline. 
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4.2.4. Biometric and physiological measurements 

 

At each sampling time (T0, T1, T2) shoot biomass was determined as well as SPAD index was 

measured with a MINOLTA chlorophyll meter (SPAD 502-Plus). The seeds yield was assessed at 

the end of the experiment (maturation). 

CO2 assimilation (µmol CO2 m
-2 s-1) was measured with a LI-6400 (LI-COR Biosciences, Lincoln, 

NE, USA) at ambient CO2 concentration (~400 µmol) and photosynthetic active radiation (PAR) of 

1000 µmol m-2 s-1. Measurements were performed from 10 am to 2 pm on a fully expanded leaf on 

three replicates per treatment. 

Data were analysed by test-t for pairwise comparison of means (at P < 0.05) using SPSS 19.0 

statistical software package (SPSS Inc., Cary, NC, United States). 

 

4.2.5. Soil chemical analysis 
 

Soil samples were collected from each line at transplant time (April) and at the end of the experiment 

(July). For the chemical analyses, bulk-soil samples (0–20 cm depth) were oven-dried at 65°C.  Soil 

pH was determined in saturated paste using a pH-meter (Crison Basic 20) and electrical conductivity 

(EC) was measured in 1:5 (w/v) soil/water extracts using a conductivity-meter (Crison GLP 31). Total 

organic carbon (TOC) and total nitrogen (TN) concentrations were measured in an automatic 

microanalyzer (EuroVector EA 3000). Soil phosphorus (P2O5) content was measured according to 

the Olsen method (Olsen et al., 1954) while ammonium acetate method was adopted for exchangeable 

potassium (K2O) (Helmke et al., 1996). 

 

4.2.6. Soil microbial enumeration  

Soil samples (0–20 cm depth) were taken for microbiological counting from the experimental field 

before starting the treatment with the HTL-WW and at the end of the experiment. Soil samples were 
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suspended in quarter strength Ringer’s solution (Oxoid, Milan, Italy) (1:10) containing tetrasodium 

pyrophosphate (16% w/v) as previously described (Ventorino et al., 2012a). After shaking, suitable 

dilutions (1:10) were prepared as previously reported (Ventorino et al., 2014). The samples were 

characterized for total heterotrophic aerobic and anaerobic bacteria on Plate Count Agar (PCA, 

Oxoid, Milan, Italy), for fungi on Dichloran Rose Bengal Chloramphenicol agar (DRBC) (Oxoid, 

Milan, Italy) supplemented with chloramphenicol (100 mg L−1) and for actinomycetes on Starch 

Casein Agar containing cycloheximide (100 mg L−1) (Parillo et al., 2017; Ventorino et al., 2018). 

 

4.2.7. Rhizosphere sampling and DNA extraction 
 

Castor rhizosphere samples were randomly collected from 5 plants for each treatment as above 

described. Plant roots were uprooted and vigorously shaken by hand to collect soil adhering to roots 

(Romano et al., 2020). The samples were recovered in sterile polyethylene bags and stored at 4°C to 

avoid desiccation during transport to the laboratory. For molecular analysis, total microbial DNA was 

extracted using a FastDNA SPIN Kit for Soil (MP Biomedicals, Illkirch Cedex, France) according to 

the manufacturer’s instructions. 

 

4.2.8. Amplicon sequencing library preparation  

The amplicon library for bacterial populations were generated by PCR amplification of the 

hypervariable V4 region of the 16S rRNA gene using the primers 515F (5′-

GTGCCAGCMGCCGCGGTAA -3′) and 806R (5`-GGACTACHVGGGTWCTAAT-3`). The PCR 

primer sequences were fused with Illumina flow cell adapter at their 5′ termini, and the 806R 

contained 12 bp of unique “indexes” for simultaneous sequencing of several samples.  

For each rhizosphere sample, 50 ng of DNA was subjected to PCR amplification using the Kapa HiFi 

HotStart PCR kit (Kapa Biosystems, Wilmington, USA). The individual PCR reactions were 
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performed in 20 µL final volume, contained: 4 μL 5X KAPA HiFi Buffer, 10 μg of bovine serum 

albumin (BSA; Roche, Mannheim, Germany), 0.6 μL of a 10 mM Kapa dNTP solution, 0.6 μL of 

10 μM solutions of the 515F and 806R PCR primers, 0.25 μL of Kapa HiFi polymerase and peptide 

nucleic acid (PNA) blocker (PNA Bio, Newbury Park, U.S.A.) at a concentration of 0.5 µM/reaction 

to inhibit plastidial amplification. 

Reactions were performed in a G-Storm GS1 thermal cycler (Gene Technologies, Somerton, UK) 

using the following programme: 94°C (3 min), followed by 35 cycles of 98°C (30 s), 50°C (30 s) 

72°C (1 min) and a final step of 72°C (10 min). For the index 515F-806R primer combination, a no-

template control (NTC) was included in the reactions. To minimize potential biases originating during 

PCR amplifications, individual reactions were performed in triplicate and 2 independent sets of 

triplicate reactions per index were performed. To check the amplification and any possible 

contamination, aliquots of each amplification product was inspected on a 1.5% agarose gel. Only 

samples whose NTCs yielded an undetectable PCR amplification and with the expected amplicon 

size of 460bp were retained for further analysis.  

Individual PCR amplicons replicates were then pooled by index sequence in a single plate. They were 

purified using Agencourt AMPure XP Kit (Beckman Coulter, Brea, USA) with 0.7 µL AmPure XP 

beads per 1 µL of sample. Purified DNA samples were quantified using Qubit 4 fluorometer (Thermo 

Fisher, USA). Once quantified, individual barcode samples were pooled to a new tube in an equimolar 

ratio (20 ng/sample) to generate amplicon libraries. Amplicon libraries were supplemented with 15% 

of a 4 pM phiX solution and run at 10 pM final concentration on an Illumina MiSeq system at the 

Genome Technology facilities of the James Hutton Institute (Invergowrie, U.K.) with paired end 

2 × 150 bp reads as recommended, to generate FASTQ sequence files for processing and analysis.  
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4.2.9. Amplicon sequencing reads processing 
 

Bacterial raw reads were subjected to quality assessment using FastQC (Andrews et al., 2014). ASVs 

were then generated using DADA2 version 1.10 (Callahan et al., 2016) and R 4.0.1 (Team, 2013) 

following the basic methodology outlined in the DADA2 pipeline tutorial (Callahan et al., 2021). 

Reads filtering was performed using the DADA2 paired FastqFilter method, trimming 5 bp of 

sequence from the 5′ end using a truncQ parameter of 2 and maxEE of 2. The dada2::learn_errors() 

method was run to determine the error model with a MAX_CONSIST parameter of 20, following 

which the error model converged after 20 rounds for both the forward and reverse reads, respectively. 

The dada2::dada() method was then run with the resulting error model to denoise the reads using 

sample pooling, followed by read merging with a minimum overlap of 130 bp and chimera removal 

using the consensus method. Taxonomy assignment was performed using the Ribosomal Database 

Project (RDP) naive Bayesian classifier through the dada2::assignTaxonomy() method with the 

SILVA database (Quast et al., 2012) (version 138.1) for prokaryotes, using a minimum bootstrap 

confidence of 50 and confidence threshold of 97%. Sequences assigned as chloroplast and 

mitochondrial were removed, and the DADA2 outputs were finally converted to a Phyloseq object 

(version 1.42.0) (McMurdie et al., 2013), used to generate taxonomic assignments as amplicon 

sequence variants (ASVs). Moreover, the ASVs lacking taxonomic classification at Phylum level 

(i.e., classified as “NAs”) were removed from the dataset. A second quality filtering was applied as 

described by Robertson-Albertyn et al. (2017) and ASVs were agglomerated at Genus level in 

Phyloseq. Finally, the analysis of the microbial enrichment was performed using the DESeq2 package 

(Love, Huber & Anders, 2014), to identify the number of ASVs significantly enriched in pair-wise 

comparisons with an adjusted p value (False Discovery Rate, FDR p < 0.05). 

 

4.2.10. Statistical analysis 
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Data analysis was performed in R software v 4.1.0. The following R packages were used: Phyloseq 

(McMurdie & Holmes, 2013) for alpha and beta-diversity indexes; DESeq2 (Love, Huber & Anders, 

2014) for the differential analysis of microbial enrichment; ggplot2 (Wickham, 2016) for data 

visualization; Vegan (Oksanen et al., 2019) for statistical analysis of beta-diversity; PMCMR 

(Pohlert, 2018) for non-parametric analysis of variance. 

For the alpha-diversity analysis, the dataset was rarefied at 13000 reads per sample,  

Observed ASVs and Shannon indices were calculated using the function to estimate richness included 

in the Phyloseq package. The distribution of the data was analysed by using a Shapiro-Wilk test and 

the significant differences among treatments were tested by performing a one-way-analysis of 

variance (ANOVA) and Tukey’s post-hoc test (p < 0.05). 

For the beta-diversity analysis, the rarefied ASV table was used as input to compute a Bray–Curtis 

dissimilarity matrix. This dissimilarity matrix was visualized using Principal Coordinates Analysis 

(PCoA) and Canonical Analysis of Principal coordinates (CAP) (Anderson & Willis, 2003). Beta-

diversity dissimilarity matrices were tested by Permutational Multivariate Analysis of Variance 

(Permanova) using Adonis function in Vegan package over 5,000 permutations, to calculate the 

statistical significance. 

 

 

 

4.3. Results 

 

4.3.1. Biometric indices of castor bean plants 

 

As reported in Figure 13a and Table 8, castor bean plants treated with HTL-WW accumulated 

significantly higher shoot biomass compared to untreated controls (+ 33%). The treatment with PGPR 

induced the highest increase in this parameter compared to control (+ 55%). However, when PGPR 
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and HTL-WW were applied in combination, the biomass accumulation of castor bean plants was 

increased by 20% compared with control.  

Similarly, yield of castor beans was significantly increased by both HTL-WW and PGPR treatments 

when applied alone (+ 30% and + 44%, respectively), as indicated by the higher weight of capsules 

harvested per plant. The combination of HTL-WW and PGPR increased by 18% the capsule harvest 

compared to the control, without a significant difference when compared with HTL-WW treatment 

alone (Figure 13b; Table 8). 

Finally, the harvest index, that indicates the percentage of biomass allocated to the portion of interest 

on the total biomass, showed that only HTL-WW treatment induced a significant increase of this 

parameter compared to the control (+ 25%) (Figure 13c; Table 8). This latter finding confirms that 

HTL-WW treatments can promote the reproductive phase of different plant species, as for flower 

induction in tobacco plants. 
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Figure 13. Effect of the application of HTL-WW, PGPR, and their combination on castor bean Shoot fresh 
weight (FW; a), yield (b) and harvest index (c) at the end of the experiment. Different letters indicate significant 

differences among means according to Duncan post-hoc test. 
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Table 8. Effect of the application of HTL-WW, PGPR, and their combination on castor bean plants 

growth and yield parameters. Asterisks indicate significant differences according to ANOVA 

(p<0.05). ns = not significant; * = p<0.05; ** = p<0.01; *** = p<0.001). Different letters significant 

differences among means according to Duncan post-hoc test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.2. Gas Exchanges and relative water content of castor bean plants 
 

The leaf gas exchanges at T1 (anthesis phase) show that HTL-WW treatment alone induced 

significant differences in terms of CO2 assimilation rate and transpiration, while no significant effects 

of the PGPR treatment or the combination of HTL-WW and PGPR were found (Table 9). In 

particular, HTL-WW treatment induced 10.5% increase in CO2 assimilation rate and 10.7% increase 

of transpiration (Table 9). At T2 (maturation phase), HTL-WW treatment, PGPR application, and 

their combination significantly increased the CO2 assimilation rate of the treated plants, by 46%, 68% 

and 66%, respectively (Figure 15a; Table 9). 

Similarly, the leaf relative content (RWC) did not show significant differences as induced by the 

treatments at T1 (Table 9). Whereas at T2, the treatment with PGPR alone significantly increased leaf 

RWC of castor bean plants by 4%. The other treatments (HTL-WW and HTL-WW+PGPB) showed 

not significant differences in terms of RWC compared with the control (Figure 15b; Table 2). 

 Shoot FW Yield Harvest Index 
 g plant-1 g plant-1 % 

    

Treatment (I)    

Control 259.7 b 94.04 b 35.4 

PGPR 313.4 a 107.4 a 34.6 
    

Water type (W)    

Control 283.6 97.80 32.7 b 

HTL-WW 285.8 102.5 37.5 a 

    

Interaction    

T ** * ns 

W ns ns *** 

W x T *** *** * 
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Figure 14. Effect of the application of HTL-WW, PGPR, and their combination on castor bean CO2 

assimilation (a) and leaf relative water content (RWC; b) at the end of the experiment. Different letters indicate 

significant differences among means according to Duncan post-hoc test. 
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Table 9. Effect of the application of HTL-WW, PGPR, and their combination on castor bean gas exchanges 

and relative water content (RWC) at T1 (30 days after treatment) and T2 (60 days after treatment). Asterisks 

indicate significant differences according to ANOVA (p<0.05). ns = not significant; * = p<0.05; ** = p<0.01; 

*** = p<0.001). Different letters significant differences among means according to Duncan post-hoc test. 

 

 

 

4.3.3. Physical and chemical properties of soil 

 

The main chemical and physical features of the soil at the experimental site before the application of 

HTL-WW and PGPB inoculum (T0) were: sandy loam texture (77% sand, 16.5% loam, 6.5% clay) 

(Table 11), sub-alkaline pH (~ 7.6), electrical conductivity (EC) of ~ 155 S cm−1, intermediate 

organic matter (OM) (~ 2.66 % w/w), total N content of 0.13%, organic carbon (OC) was 1.5%, the 

Olsen P concentration was 121 mg kg−1, and exchangeable K equal to 903 mg kg−1. These properties 

were similar from the beginning to the end of the treatments. In fact, as shown in Table 10 no 

significant differences were detected between the two sampling times. 

 

 

 T1 T2 

 
CO2 

assimilation 

rate 

Transpiration RWC 
CO2 

assimilation rate 
Transpiration RWC 

 µmol CO2 m-2 s-

1 
mmol H20 m-2 s-1 % µmol CO2 m-2 s-1 mmol H20 m-2 s-1 % 

       

Treatment (T)       

Control 27.75 10.18 83.95 19.31 b 8.28 b 82.18 

PGPR 27.12 10.21 82.41 25.22 a 9.21 a 84.37 
       

Water type (W)       

Control 26.07 b 9.764 b 82.61 20.69 8.61 84.25 a 

HTL-WW 28.77 a 10.75 a 83.93 23.66 8.92 81.94 b 

       

Interaction       

T ns ns ns ** ** ns 

W *** ** ns ns ns * 

W x T ns ns ns * ns * 
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Table 10. Physical and chemical features of bulk soils at the beginning (T0) and at the end of the experiment (T2). Treatments: WATER, soil irrigated with top 

water; WATER + PGPB: soil irrigated with top water and inoculated with PGPB; HTL-WW, soil irrigated with wastewater; HTL-WW + PGPB, soil irrigated with 

wastewater and inoculated with PGPB consortium (a). Soil texture and the proportions of sand, loam and clay size particle (b). 

 

 

 

 

 

 

 

 

Table 11. Soil texture and the proportions of sand, loam and clay size particle 

 

 

Treatment 

pH E.C. 

(S/cm) 

O.M 

(%) 

N-kjeldhal (%) O.C. 

(%) 

P2O5 

(ppm) 

K2O 

(ppm) 

T0       T2 T0        T2 T0       T2 T0         T2 T0         T2 T0        T2 T0        T2 

WATER 7.6     7.6 158     174 2.66     3.29 0.13      0.15 1.54      1.90    121      118 913      987 

WATER + PGPB 7.6      7.5 158     140 2.66     3.19 0.13      0.15 1.54      1.86    121       116 913       999 

HTL-WW 7.7      7.6 153     178 2.47     3.30 0.13      0.15 1.49      1.92    121       109 894       999 

HTL-WW + PGPB 7.7      7.7 153     159 2.80      3.22 0.13      0.15 1.49      1.86 121        108  894     1059 

Texture 

Coarse Sand Fine Sand Loam Clay 

35.0 % 42.0 % 16.5 % 6.5% 
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4.3.4. Soil microbial counting 

 

To evaluate the effect of the different treatments (HTL-WW; WATER; HTL-WW + PGPR; WATER 

+ PGPR) on soil microbial populations, enumerations of actinomycetes, fungi, total heterotrophic 

anaerobic and aerobic bacteria, in the rhizosphere of castor plants were performed. As shown in the 

Figure 15, at T0 the concentration of both prokaryotic and eukaryotic populations was similar in all 

soils. In details, total heterotrophic anaerobic and aerobic bacteria were 6.5 ± 0.0 and 6.07 ± 0.0 

CFU/mL, respectively, whereas actinomycetes and fungi were present al lower concentration 

reaching values of 5.6 ± 0.0 and 4.5 ± 0.0 CFU/mL, respectively.  

At the last sampling time (T2) the anaerobic and aerobic bacteria population increased in samples 

irrigated with HTL-WW inoculated and no inoculated with PGPB (HTL-WW 6.81±0.3 CFU/mL and 

HTL-WW+PGPB 6.84±0.2 CFU/mL), conversely, the anaerobic bacteria in control samples 

inoculated and no inoculated with PGPB slightly decreased over time (WATER 6.01±0.2 CFU/mL 

and WATER+PGPR 6.04±0.2 CFU/mL) while aerobic bacteria remained constant (WATER 

6.16±0.2 CFU/mL and WATER+PGPB  6.11±0.2 CFU/mL) (Figure 15ab). The actinomycetes 

counting enriched in all treatments (HTL-WW 6.55±0.3 CFU/mL; HTL-WW + PGPR 6.7±0.1 

CFU/mL; WATER 6.38±0.2 CFU/mL and WATER + PGPR 6.41±0.0 CFU/mL), otherwise the fungi 

growth reduced over time (HTL-WW 3.69 ±0.4; HTL-WW + PGPR 3.82 ±0.2; WATER 3.26 ±0.2 

CFU/mL and WATER + PGPR 3 ±0.3 CFU/mL) (Figure 15cd). 
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Figure 15. Enumerations (log CFU mL−1) of anaerobic bacteria (a), aerobic bacteria (b), actinomycetes (c) and 

fungi (d) in the rhizosphere of castor plants treated with only wastewater coming from hydrothermal 
liquefaction of organic wastes (HTL-WW), wastewater enriched with PGPB (HTL-WW+PGPB), water 

(WATER), and water enriched with PGPB (WATER+PGPB). ANOVA: effect of treatments on microbial 

growth over time. Differences are marked with lower case letters. 

 

 

4.3.5. Diversity of microbial communities in the rhizosphere of castor plants 

 

To gain insights into the impact of the different treatments on microbiota composition of castor 

rhizosphere, a total of 3,550,176 high quality 16S rRNA gene sequences were obtained from DNA 

directly extracted from plants’ rhizospheres. Upon in silico depletion of ASVs classified as 

mitochondria and chloroplast, the number of analysable sequences was 2,771,111 with a retaining 

proportion of 78% of the original sequences (maximum = 189558 reads and minimum = 4814 reads 

per sample). The data were further filtered removing the ASVs with less than 20 reads in 10% of 

samples. This allowed us to retain 1038 taxa accounting for 50 samples. 
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Alpha-diversity was determined by calculating the Shannon index and Observed OTUs, The Shapiro-

Wilk normality test revealed that the data were normally distributed in all the samples (P < 0.05) for 

both indices. All diversity indices were investigated considering the time (T0, T1, T2) and all different 

experimental conditions as showed in Figure 18. The biodiversity of rhizosphere-associated 

microbiota subjected to the various treatments resulted to be similar in all the samples, as indicated 

by the Shannon index (Figure 18a). However, the bacterial community composition shifted in the last 

sampling time (T2) and the dissimilarity distance among samples increased according to treatments 

(Figure 18b). 

To investigate the impact of each treatment on soil microbiota, the different variables were analysed 

separately as function of time. In the comparisons based on PGPB treatment (WATER+PGPB) vs 

control (WATER) (Figure 17a) and vs irrigation with wastewater (HTL-WW+PGPB) (Figure 17b), 

the One-Way ANOVA test of the Shannon index revealed that the PGPB inoculum did not affect the 

bacterial richness and evenness. The biodiversity increased in both treatments from T0 to T2 

(WATER+PGPB vs WATER: p-value Time: 0.000417 ***; Treatment: 0.089160; Time:Treatment: 

0.867255; WATER+PGPB vs HTL-WW+PGPB p-value Time: 0.00113 **; Treatment: 0.08055; 

Time:Treatment: 0.68747). Comparing rhizosphere microbiota in according to the water type used to 

irrigate plants, the alpha diversity analysis of the samples irrigated with wastewater (HTL-WW) vs 

top water (WATER) highlighted that the time, together with the water type used, were the main 

factors driving the bacterial biodiversity of the plant's rhizosphere (p-value Time: 0.000179 ***; 

Water type: 0.141470; Time:Water.type: 0.042818 *). The plants irrigated with wastewater presented 

a lower bacterial biodiversity than control plants irrigated with just top water at T2 (Figure 17c). 

However, the application of the PGPB inoculum alleviated the effect of the HTL-WW on soil 

bacterial community. In fact, the treatment HTL-WW+PGPB did not reduce the biodiversity 

compared to the irrigation with just wastewater over time (p value Time =0.1305; Double.treatment= 

0.6234; Time: Double.treatment= 0.0963).  
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As concern the Observed OTUs index, the results did not show statistically significant differences 

among the conditions, indicating that the bacterial taxa quantity was similar regardless of applied 

treatment (Figure 18). 

Beta-diversity was estimated on the basis of the Bray–Curtis dissimilarity index that examines the 

abundances of ASVs that are shared between the samples and the number of ASVs found in each 

(Figure 119). The CAP analysis of Bray–Curtis distance of PGPB treatment (WATER+PGPB) vs the 

control with top water (WATER) confirmed that the time is the only factor that significantly affected 

bacterial composition, indeed the dissimilarity distance increased from T0 to T2 in the samples 

belonging to both treatments (Figure 19a) (Time Adonis, R2 = 0.46649, p value = 0.0002; Treatment 

Adonis, R2 = 0.03354, p value = 0.1422; Time:Treatment Adonis, R2 = 0.04222, p value = 0.3213, 

5000 permutations). Otherwise, the wastewater (HTL-WW) vs top water (WATER) plot spots in CAP 

Bray distance are also clustering according to time and water type used to irrigate plants, as confirmed 

by PERMANOVA test (Time Adonis, R2= 0.15728, p value= 0.0003999***; Water type Adonis, 

R2= 0.05605, p value= 0.0235953*; Time:Water.type, Adonis, R2= 0.13519, p value= 0.0002000 

***; 5000 permutations) (Figure 19b). In fact, there is a cluster including both treatments at T1 but 

the distance between samples increased at T2 separating the plants irrigated with wastewater and 

those irrigated with top water (Figure 19b). Conversely, the PERMANOVA analysis computed on 

the Bray-Curtis matrix of the bacterial populations in the rhizosphere of the plants irrigated with 

wastewater (HTL-WW) vs the plants irrigated with wastewater and inoculated with the PGPB 

consortium (HTL-WW+PGPB), showed an opposite trend (Figure 19c). In fact, the maximum 

dissimilarity between treatments was reached at T1, but it decreased at T2 (Time:Double.treatment 

Adonis, R2=0.12452, p value= 0.01580 *; Time Adonis, R2= 0.08802, p value= 0.07558,5000 

permutations). At last, analysing the rhizosphere-associated bacterial microbiota of plants inoculated 

with PGPB consortium and irrigated with wastewater (HTL-WW+PGPB) vs those inoculated and 

irrigated top water (WATER+PGPB), the beta diversity highlighted a separation between the 

different samples based on the double effect of time and treatment (Time:Double.treatment Adonis, 
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R2= 0.09974, p value= 0.0085983 **; Time Adonis, R2= 0.33431, p value= 0.0005999 ***; 

Double.treatment Adonis, R2= 0.07468, p value= 0.0269946 *, 5000 permutations) (Figure 19d). 
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Figure 16. Box plots showing Shannon diversity index (a) and Principal Coordinates Analysis of Bray-Curtis 

distances (b) of the prokaryotic communities in the rhizosphere of castor plants irrigated with top water in blue 
(WATER); irrigated with top water and inoculated with PGPB consortium in green (WATER+PGPB); treated 

with wastewater in pink (HTL-WW); treated with simultaneous application of wastewater and PGPB inoculum 

in yellow (HTL-WW+PGPB). Square: samples collected at time 0 (T0); circle: samples collected after one 

month (T1); triangle: samples collected after two months (T2). 
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Figure 17. Alpha diversity of prokaryotic communities in the rhizosphere of castor plants based on the 
treatment and the time. The box plots showing Shannon diversity indices of the samples irrigated with top 

water (WATER) and inoculated with PGPB consortium (WATER+PGPB) (a); irrigated with top water 

(WATER) and with wastewater (HTL-WW) (b); treated with simultaneous application of wastewater and 
PGPB inoculum (HTL-WW+PGPB) and with just PGPB inoculum (WATER+PGPB) (c); treated with just 

PGPB inoculum (WATER+PGPB) and irrigated with wastewater (HTL-WW) (d); with wastewater (HTL-

WW) and treated with simultaneous application of wastewater and PGPB inoculum (HTL-WW+PGPB) (e). 
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Figure 18. Alpha diversity of prokaryotic communities in the rhizosphere of castor plants based on the 

treatment and the time. The box plots showing Observed OTUs diversity indices of the samples irrigated with 
top water (WATER) and inoculated with PGPB consortium (WATER+PGPB) (a); irrigated with top water 

(WATER) and with wastewater (HTL-WW) (b); treated with simultaneous application of wastewater and 

PGPB inoculum (HTL-WW+PGPB) and with just PGPB inoculum (WATER+PGPB) (c); treated with just 
PGPB inoculum (WATER+PGPB) and irrigated with wastewater (HTL-WW) (d); with wastewater (HTL-

WW) and treated with simultaneous application of wastewater and PGPB inoculum (HTL-WW+PGPB) (e). 
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Figure 19. The beta diversity of prokaryotic community in the rhizosphere of castor plants computed on the 

principal Coordinates Analysis of Bray-Curtis distances based on time (T0: square), (T1: circle) and (T2: 
triangle) and on treatment. Samples irrigated with top water and inoculated with PGPB consortium 

(WATER+PGPB) and not inoculated (WATER) (a); irrigated with top water (WATER) and with wastewater 

(HTL-WW) (b); treated with simultaneous application of wastewater and PGPB inoculum (HTL-WW+PGPB) 

and with just PGPB inoculum (WATER+PGPB) (c); treated with just PGPB inoculum (WATER+PGPB) and 
irrigated with wastewater (HTL-WW) (d); with wastewater (HTL-WW) and treated with simultaneous 

application of wastewater and PGPB inoculum (HTL-WW+PGPB) (e). 

 

 

 

4.3.6. Dynamics of the bacterial rhizosphere-associated microbiota of castor plants 

 

Amplicon Sequence Variants (ASV) were inferred and assigned to 1038 bacterial taxa, including 21 

phyla, 43 classes, 100 orders, 151 families and 281 genera.                   

Relative abundances of bacterial taxa were examined at the phylum and family level (Figure 22) to 

determine whether there were any significant shifts in the composition of the microbial communities 

according to the irrigation treatment and PGPB application. 

Taxonomic classification at phyla level highlighted that Proteobacteria largely dominated the 

rhizosphere of castor plants under all the different treatments reaching, on average, 38% of total 

d 
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bacterial biodiversity, followed by Chloroflexi (relative abundance of about 17%) and Actinobacteria 

(relative abundance of about 15%) (Figure 20a). Although, the relative abundance of Proteobacteria 

and Actinobacteria remained constant over time, a reduction in Chloroflexi concentration was 

observed at T2, decreasing from 18% to 11% and from 14% to 7% in the rhizosphere of castor plants 

irrigated with top water (WATER.T0 and WATER.T2) as well as in the rhizosphere of plants irrigated 

with top water and inoculated with PGPB (WATER+PGPB.T0 and WATER+PGPB.T2), 

respectively (Figure 20a). Whereas, the Chloroflexi frequency was similar over time in the 

rhizosphere of plants irrigated with HTL-WW (HTL-WW.T1 and HTL-WW.T2) as well as in HTL-

WW treated-plants inoculated with PGPB (HTL-WW+PGPBT1 and HTL-WW+PGPB.T2) (Figure 

20a). 

With regard to the other phyla, the concentration of Acidobacteria enriched in control rhizosphere 

irrigated with top water and in plants irrigated with top water adding PGPB consortium, increasing 

from 6% before the microbial treatment (WATER.T0 and WATER+PGPB.T0) to 14% after two 

months (WATER.T2 and WATER+PGPB.T2); while the rhizosphere of plants treated with HTL-

WW and with PGPB inoculum exhibited a similar relative frequency of this phylum over time 

(approximately 7%) (Figure 20a). Conversely, Verrucomicrobia decreased over time in all control 

treatments from 6% (WATER.T0 and WATER+PGPB.T0) to 1% (WATER.T2 and 

WATER+PGPB.T2). Finally, Firmicutes were mainly present in the rhizosphere of plants after the 

first treatment with HTL-WW (HTL-WW.T1), reaching a relative abundance of 11%, while their 

concentration was  < 5% in all the other samples (Figure 20a).  

The family-level taxonomic identification highlighted that the most abundant family in the 

rhizosphere of castor plant was the Ktedonobacteraceae, especially at the beginning of the experiment 

in the rhizosphere irrigated with top water (WATER.T0 and WATER+PGPB.T0), constituting about 

10% of the total bacterial biodiversity (Figure 20b). At the end of the experiment the concentration 
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of this bacterial family decreased by half in the control samples with and without PGPB addition 

(WATER.T2 and WATER+PGPB.T2).  

Hyphomicrobiaceae and Chitinophagaceae families were evenly distributed through all the samples 

with a relative frequency of about 8% and 6%, respectively (Figure 20b). 

An interesting behaviour was exhibited by Micrococcaccaceae family, which was almost absent    (< 

1%) at the beginning of the experiment in the rhizosphere of all the plants and at T1 in the samples 

irrigated with top water treated and non-treated with PGPB inoculum (WATER.T0, 

WATER+PGPB.T0, WATER.T1, and WATER+PGPB.T1); whereas its concentration increased at 

T2 in all samples, even though mostly in the rhizosphere of plants treated with HTL-WW up to 

approximately 8% (HTL-WW.T1 and  HTL-WW.T2) and with the simultaneous application of HTL-

WW and PGPB inoculum (HTL-WW+PGPB.T1 and HTL-WW+PGPB.T2)  (Figure 20b).  

Rhizobiaceae and Pseudomonadaceae proliferated mostly in the rhizosphere of plants treated with 

wastewater (> 3%) and in those irrigated with wastewater and with PGPB addition (4%), respectively. 

Conversely, the concentration of Solirubrobacteraceae and Nitrososphaeraceae were higher in the 

rhizosphere of control plants irrigated with top water and PGPB inoculum (> 3%). The Opitutaceae 

relative abundance decreased over time, shifting from 5% in control rhizo-soils at the beginning of 

the experiment (WATER.T0 and WATER+PGPB.T0) to < 1% after two months (WATER.T2 and 

WATER+PGPB.T2) (Figure 20b).   

The bacterial family Planococcaceae, belonging to the Firmicutes phylum, is mainly present in 

samples at first wastewater treatment, in which the relative abundance was > 2% compared to other 

samples where it was < 1%.  

The other detected bacterial families, such as Solirubrobacterales bacterium 67-14, Devosiaceae, 

Microscillacesa, Streptomycetaceae and Dongiaceae, were distributed in all the samples at very low 

concentrations (< 1%) (Figure 20b). 
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To assess the persistence of bacterial inoculum in the treated samples, the microbial diversity was 

also analysed at a deeper taxonomic level. The identification of ASVs at the genus level highlighted 

that only the genus Kosakonia genus was recovered with a relative abundance of > 1% in the 

rhizosphere of castor plants treated with the PGPB consortium (data not shown). 
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Figure 20. Relative abundance of bacterial phyla (a) and families (b) in the rhizosphere of Ricinus communis 

L. plants. Only ASVs with an incidence of > 1 % in at least one samples are shown in the legend. WATER.T0, 

plants irrigated with top water at time 0; WATER.T1, plants irrigated with top water at time 0 after one month; 
WATER.T2, plants irrigated with top water at time 2 after two month; WATER+PGPB.T0, plants irrigated 

with top water and treated with PGPB inoculum at time 0; WATER+PGPB.T1, plants irrigated with top water 

and treated with PGPB inoculum at time 0 after one month; WATER+PGPB.T2, plants irrigated with top water 

and treated with PGPB inoculum at time 2 after two month; HTL-WW.T1, plants irrigated with wastewater at 
after one month T1; HTL-WW.T2, plants irrigated with wastewater at after one month T2; HTL-

WW+PGPB.T1, plants irrigated with wastewater and treated with PGPB inoculum after one month T1; HTL-

WW+PGPB.T2, plants irrigated with wastewater treated with PGPB inoculum after one month T2. 

 

 

4.4. Discussion 

 

Based on the promising results obtained in the preliminary study focused on the use of HTL-WW as 

irrigation water for tobacco plants grown on pots in controlled conditions, a new experiment was 

carried-out using castor bean plants (Ricinus communis L.) grown in open field. The castor plant is a 

key species for bioenergy production with strong adaptability to different environmental conditions 

b 
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and large biomass. Although this plant species is already cultivated by ENI S.p.A. for biodiesel 

production, to investigate the way of improving crop production applying a sustainable agriculture 

practice, a selected plant growth-promoting bacteria (PGPB) consortium was inoculated, individually 

and in combination with HTL-WW. 

The PGPB inoculation did not affect the autochthonous rhizosphere-associated prokaryotic 

communities. As shown by the alpha and beta diversity analysis, no significant differences were 

detected between inoculated and non-inoculated samples in top water irrigated plants, indeed the time 

was the only factor influencing the microbiota biodiversity and composition. As demonstrated in 

previous works, phenological plant phases are considered as one of the main drivers in shaping the 

root microbiota across different crops, geographical location, and soil condition (Edwards et al., 2018; 

Rocha et al., 2022). This is probably due to a variation of root exudate composition over the life cycle 

of plant or different activity of plant immune system, that affecting dynamics of the microbes living 

in the rhizosphere (Cangioli et al., 2022).  

However, the application of PGPB consortium had a great effect on plants physiology, enhancing 

castor bean growth and productivity and increasing the CO2 assimilation and transpiration rates, as 

indicated by the results of gas exchanges and biometric indices. PGPR treatment improved also plant 

water status (water relative content), as further evidence of the better health condition of the 

inoculated plants compared to the control samples irrigated with just top water.  

However, among genera belonging to the selected bacterial consortium applied, only Kosakonia was 

recovered at a relative abundance > 1%, confirming the high efficiency of this genus to colonize root 

plants (Romano et al., 2020; Chaudhary et al., 2021). As concern the fate of the other members of 

PGPB consortium, the concentration on open field could be so low that is not detectable. Moreover, 

since the first inoculum was done on seedling by root dipping, it was possible that the bacterial strains 

moved inside plant tissues as endophytes through horizontal transmission (Frank et al., 2017). In fact, 

several previous studies reported that the species Azotobacter chroococcum, Methylobacterium 

populi and Bacillus megaterium could internally colonize the root tissues of different crops enhancing 
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growth and health status of plants (Dahmani et al., 2020; Senthilkumar et al., 2021; Aasfar et al., 

2021). Recently, Chen et al. (2022) reported a possible mechanism in which the PGPB inoculum, 

even at very low concentration, could induce DNA methylation modifications in roots contributing 

to the long-term plant growth promotion effects. They demonstrated that the modification of DNA 

methylation in response to PGPB inoculation affected gene expression in roots and induced the 

growth promotion, remaining functional also if the bacterial concentration in rhizosphere is 

considerable reduced.  

However, in the present work, the simultaneous application of HTL-WW and the PGPB inoculum 

enhanced the shoot biomass, yield, and RWC compared to control plants irrigated with just top water. 

Nevertheless, the treatment with just wastewater irrigation significantly increased the harvest index 

of castor bean plants, which is a highly desired agronomic trait since it demonstrated the high yield 

potential of crops. Other works demonstrated the feasibility of castor bean plants being irrigated with 

different wastewater. In fact, Souza et al. (2010) highlighted how the castor plants irrigated with 

treated domestic sewage showed the highest productivity. Likewise, the application of municipal 

wastewater effluent caused higher fresh weight of roots, shoots, and leaves, as well as seeds yield and 

oil content in the treated castor plants than the non-treated control (Chatzakis et al., 2011; Tsoutsos 

et al., 2013; Abbas et al., 2015). 

The HTL-WW application, individually or in combination with the bacterial inoculum, significantly 

affected the bacterial community, as demonstrated by the beta diversity. In fact, although bacterial 

biodiversity decreased in the rhizosphere of plants treated with HTL-WW in respect to the control 

plants irrigated with top water, this effect was alleviated by the application of the PGPB inoculum. 

In fact, the biodiversity in samples subjected to the double treatment of HTL-WW and PGPB is equal 

to controls.  

However, as discussed in the previous chapter, the irrigation with different types of wastewaters 

resulted in a shift in microbiota structure. This result could be due to selection pressure exerted by 
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the HTL-WW on the microbiota leading to a new microbial equilibrium in soil. This shift in bacterial 

composition could be correlated to an enrichment of copiotrophic bacteria, which are common in 

environments with great nutritional opportunities and therefore they could be positively influenced 

by the high amount of nutrients and organic carbon introduced through the wastewater irrigation. 

Moreover, the positive effect exhibited by HTL-WW irrigation on plant development could be due to 

an increase in bacterial families able to promote plant growth such as Rhizobiaceae, 

Pseudomonadaceae and Micrococcaceae. According to previous works, the rhizosphere-associated 

microbiota was predominantly composed by Proteobacteria, Actinobacteria, Acidobcateria and 

Chloroflexi (Hereira-Pacheco et al., 2021; Chen et al., 2022). The Chloroflexi phylum includes 

heterotrophs, lithotrophs and phototrophs adapted to different environments and extreme conditions 

(Barbaccia et al., 2022). Belonging to this phylum, the family Ktedonobacteraceae, that was 

dominant in all the samples, are typical of sandy soil and high temperature environment (Yan et al., 

2019). The relative abundance of this bacterial family decreased with plant growth phases in control 

samples, what is in accordance with previous findings (Zhelezova et al., 2019). Whereas the relative 

abundance of Ktedonobacteraceae remained constant over time in the samples irrigated with HTL-

WW and those treated with HTL-WW in combination with the PGPB inoculum. This result could be 

due to their metabolism, preferring the use of easily degraded carbon compounds, such as sugars 

introduced into the soil through wastewater (Liu et al., 2022). 

In the rhizosphere of plants treated with wastewater irrigation is evident also an increase of Firmicutes 

and a decrease of Acidobacteria. This trend is in accordance with the results of Suleiman et al. (2016) 

that tested the swine slurry application on cereals, as well as Bastida et al. (2017) and Guedes et al., 

(2022) which used the reclaimed wastewater, which demonstrated that the wastewater irrigation 

changed the balance between these two specific phyla. 

Shift in microbial diversity is usually correlated to the organic matter or nutrients in the soil that affect 

the microbial trophic lifestyles (oligotrophy and copiotrophy) in each community (Kim et al., 2021). 
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In detail, Acidobacteria includes oligotrophic members and therefore they prefer low-nutrient 

conditions, otherwise, Firmicutes, composed especially by Bacilli class, are mainly copiotrophic, 

which are positively correlated with a high amount of carbon in the soil. In fact, an enrichment of 

copiotrophic bacterial family Planococcaceae, in the Firmicutes phylum, was also detected. This 

family usually increases in soil with high content of organic carbon or in soil treated with organic 

amendment (Schlatter et al., 2019) and it is involved in organic pollutants detoxification and 

degradation (Zhang et al., 2022). Moreover, under HTL-WW irrigation, an increase of Rhizobiaceae 

and Pseudomonadaceae families which comprise many members able to exert multiple plant growth 

promotion activities (REF.; Romano et al., 2020) as well as suppressive properties against soilborne 

plant pathogens (REF.; Roquigny, et al., 2017). No previous data reported about a correlation between 

this family and wastewater irrigation. Within the phylum Actinobacteria, the Micrococcaceae 

increased over time during the plant development in all conditions, especially in samples treated with 

HTL-WW. This family includes well-known halotolerant bacterial species with plant growth 

promoting activities, as discussed in the previous chapter. 

The archaeal phylum Crenarchaeota appeared at the end of experiment in control plants irrigated 

with just top water and in plants inoculated with PGPB consortium. Crenarchaeota are widely 

distributed in various aquatic and terrestrial environments with moderate pH and temperature and are 

associated with the roots of higher plants and tomato (Kemnitz et al., 2007). This archaeal phylum 

includes members able to oxidize ammonia to nitrite, and to reduce the sulfates to sulfides, enhancing 

the nutrients uptake by plants’ roots (Nelson et al., 2010; Jung et al 2020). 

As regarding fungal community, high-throughput sequencing is actually in progress in collaboration 

with the University of Dundee. 

However, according to previous works (Al-Rashidi et al., 2013; Ammeri et al., 2023) the 

concentration of viable aerobic and anaerobic bacteria increased following wastewater treatment. 

Conversely, fungal concentration decreased in all conditions probably due to the presence of ricin, a 

toxin that inhibits protein synthesis by acting mainly on eukaryotic ribosomes (Hamza et al., 2021). 
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As previously discussed by Kendra et al. (2019), castor plants are able to exert antimicrobial 

properties due to the presence of different toxic compounds, affecting fungal and bacterial functional 

diversity in soils after bean maturation. However, there are certain microorganisms which can survive 

at high concentrations of these inhibitors and can effectively degrade them. In fact, actinomycetes 

concentrations increased in soil with castor and might be involved in ricin degradation, being 

constantly and evenly present in the rhizosphere of castor plants subjected to different treatments. 

Moreover, the application of HTL-WW on soil did not influence the soil parameters as confirmed 

also by previous works on short-term wastewater irrigation. Indeed, Chatzakis et al. (2011) as well 

as Farhadkhani et al. (2018) monitored the soil parameters under municipal wastewater effluent 

irrigation and no change in soil pH, soil organic matter (SOM), total nitrogen (TN) and soil salinity 

was detected at the end of the experiment compared to the initial values. 

 

4.5. Conclusions  

 

The use of hydrothermal liquefaction wastewater (HTL-WW) to satisfy water requirements of key 

crops for bioenergy production could be a valuable tool for recycling and valorise this liquid by-

product following the closed-loop economy model. However, its use may critically affect the overall 

soil biological fertility and therefore its impact on soil autochthonous microbiota as well as on plant 

development and physico-chemical soil properties should be evaluated. Based on the previous results, in the 

present study the potential use of HTL-WW as irrigation water was investigated using Ricinus communis L. 

bioenergy crop. Moreover, a selected plant growth-promoting bacteria (PGPB) consortium was also 

inoculated, individually and in combination with HTL-WW, to enhance the crops’ growth and 

productivity following sustainable agriculture principles. 
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The use of HTL-WW exerts selection pressure on the bacterial soil populations, as shown by alpha 

and beta diversity. Although, the biodiversity decreased in the rhizosphere of plants treated with HTL-

WW, this effect was alleviated by PGPB inoculum. Moreover, the highest biometric indices were 

recovered in plants treated with PGPB and irrigated with top water, demonstrating that the use of the 

selected bacterial consortium could have a beneficial effect on plant development as well as on soil 

microbial communities. However, HTL-WW treatment improved the harvest index and seeds yield, 

key parameters for bioenergy production. The wastewater irrigation led to the establishment of a new 

microbial equilibrium affecting the soil fertility properties improving the growth of Rhizobiaceae, 

Pseumonodaceae and Micrococcaceae, which included many species involved in nitrogen fixation, 

phytohormones production, phosphate solubilization and organic compounds degradation. This work 

confirmed that the wastewater obtained from the hydrothermal liquefaction of organic wastes could 

be a feasible and important source of irrigation water which could contribute to reduce the increasing 

pressure on freshwater resources also for a bioenergy crop as castor bean, maximizing the seeds yield. 

Moreover, the use of the selected PGPB consortium on Ricinus communis L. plants following HTL-

WWS irrigation, is a feasible approach for replacing chemical fertilizers reducing production costs 

and environmental issues. However, further specific investigations will be necessary to assess long-

term impact of HTL-WW irrigation and microbial inoculum on the rhizosphere-associated microbiota 

and their effect on biogeochemical cycles of soil nutrients as well as on plant and soil properties.  
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5. Conclusion 

 

This PhD thesis, taking into the account what was previously described in Chapter 1 about the 

freshwater depletion and the pressure on the agriculture, offers a new alternative resource for 

industrial crops irrigation. The wastewater reuse is one of the best strategies for water security, 

sustainability, and resilience. To date, the municipal wastewater was the most widely used in 

agriculture, however, nowadays there so many innovative technologies for biomass conversion and 

energy production, which allow the recovery of wastewater with better and safer features than the 

municipal effluents. As described in Chapter 2, among the biomass conversion strategies, the most 

cost effective and eco-friendly process is the hydrothermal liquefaction, which operates at high 

temperature and pressure to convert the biomasses into biofuel. This technology was exploited by 

ENI S.p.A. that are developing a new project, called Waste to Fuel, producing biofuel from organic 

fraction of municipal solid waste. During this process is also produced tons and tons of wastewater 

that carried all the organic compounds included in the feedstock. In fact, this hydrothermal 

liquefaction wastewater (HTL-WW) is rich in nitrogen, phosphorus and sulphur as well as 

micronutrients and minerals. This wastewater is already used as feedstock for anaerobic digestion or 

as substrate for microalgae cultivation. However, based on its chemical composition and on data 

obtained from literature, the HTL-WW showed a great potential as water irrigation for agricultural 

purpose. Moreover, the HTL-WW does not contain human pathogen and hazardous contaminants, 

although comparing the composition with the Italian Ministerial Decree about the wastewater 

application on field (185/2003) some elements such as chemical oxygen demand and electrical 

conductivity are higher than legislative limits. Thus, in Chapter 3, an optimal dilution at 10% was 

applied to the HTL-WW and used to daily irrigate the model plant of Nicotiana tabacum grown on 

greenhouse. Therefore, to evaluate the impact of diluted HTL-WW irrigation the effect on 

autochthonous microbiota as well as on plant development was analyzed.  The diluted HTL-WW 
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irrigation improved tobacco health state increasing the SPAD values and the flower biomass at the 

end of the experiment. Moreover, the wastewater irrigation improved the growth of several bacterial 

families as Micrococcaceae, Nocardiaceae and Bacillaceae, which are well-known halotolerant 

bacteria with a great potential for plant growth-promotion and also play a crucial ecological role in 

nature in the recycling of organic matter.  Within the fungal families after HTL-WW an enrichment 

of and Nectriaceae, Saccharomycetales-incertae-sedis and Trichosporonaceae was observed. These 

families participate to the decomposition and mineralization of recalcitrant and labile compounds as 

well as to the bioremediation of nitrogen heavy metals. 

Based on these encouraging results, in Chapter 4 was described a second experiment in which the use 

of WW-HTL was tested for the cultivation of the energy crop Ricinus communis L., in an open field 

experiment. Moreover, to enhance the crops’ growth and productivity the PGPB inoculation strategy 

individually and in combination with HTL-WW was also tested. The plants treated with PGPB and 

irrigated with top water, showed the best effects on plant physiology also enriched the bacterial 

richness and evenness in the rhizosphere of castor plants. However, also the treatment with HTL-

WW improved the shoot biomass and the CO2 assimilation rate and transpiration compared to 

untreated plants. The yield of castor beans was higher in plants under HTL-WW and PGPB 

treatments. The HTL-WW application, individually or in combination with the bacterial inoculum, 

significantly affected the bacterial community, as demonstrated by the proliferation of Rhizobiaceae, 

Pseumonodaceae and Micrococcaceae bacterial families involved in nitrogen fixation, hormones 

production, phosphate solubilisation and bioremediation. Although, the biodiversity decreased in the 

rhizosphere of plants treated with HTL-WW, this effect was alleviated by PGPB inoculum. 

The studies presented in this work, focused on wastewater valorisation in agronomic field following 

the principles of sustainable agriculture and closed business loop model. The agriculture sector in 

Mediterranean countries is facing the water shortage, and the wastewater reuse is the most promising 

solution to this problem. In this work was investigated the effectiveness of HTL-WW irrigation 
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analysing the main component of agro-ecosystem such as rhizosphere-associated microbiota through 

metagenomic analysis, plants’ growth and production through biometric indices and gas exchanges 

measurements, and soil physic-chemical parameters. Although the two crops used in this research, 

such as tobacco and castor bean, grown under different conditions they were positively influenced by 

the wastewater irrigation, individually or in combination with PGPB consortium, showing also higher 

production potential than control samples. Moreover, the HTL-WW irrigation exerted a selection 

pressure on indigenous microbiota leading to the establishment of a new microbial community 

promoting the growth of specific microorganism that rapidly adapted to the new environmental 

condition, taking over to the other microbial species. These microorganisms belong to bacterial and 

fungal families that include many microbial taxa involved in plant growth promotion, bioremediation 

and stress tolerance. 

This work proposed a new strategy for industrial crop management suggesting the simultaneous 

application of wastewater derived from hydrothermal liquefaction and microbial bio-stimulants to 

decrease the input of chemical fertilizers and improving production, following the sustainable 

agriculture principles.  
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