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Abstract 

Globally, there is increasing awareness of the need for sustainable food systems, driven by 
projected population growth, rising demand for protein, and tightening constraints on land 
and water resources. Despite high agricultural productivity, the European Union remains 
highly dependent on imports of protein-rich feed, with approximately 66% of high-protein 
feed used in livestock production sourced externally. Simultaneously, water scarcity is 
emerging as a critical issue in southern Europe. Even in a relatively water-rich, Alpine-
influenced country such as Slovenia, regional and seasonal water deficits are increasingly 
common due to increased drought frequency and variability in water availability, which 
can threaten agricultural productivity. Both of these challenges, although distinct, have 
driven interest in circular food production systems that reduce waste, optimise resource 
use, and close resource loops. 

Addressing those challenges, this doctoral thesis investigates two sustainable food 
sources: farmed edible insects and tomatoes irrigated with treated wastewater (TWW), 
with a focus on their quality. The research covers four main areas: (i) nutritional 
characterisation of edible insects, (ii) the impact of fermentation on insect quality, (iii) the 
effects of TWW and the presence of contaminants of emerging concern (CECs) on tomato 
quality in hydroponic and soil cultivation systems, and (iv) the application of explainable 
machine learning for identifying the compounds that contribute most to the differentiation 
of tomatoes across treatments.  

This thesis's findings confirmed that farmed edible insects (Schistocerca gregaria, 
Tenebrio molitor, Acheta domesticus, Locusta migratoria, Gryllus assimilis, Alphitobius 
diaperinus, and Blaberus discoidalis) are a rich source of essential fatty acids, amino acids, 
and minerals, with species, developmental stage, and sex significantly influencing fatty acid 
and polyphenol composition, while amino acid profiles remained consistent between sexes. 
Fermentation effects were found to be species- and culture-dependent and generally less 
beneficial than expected, with limited impact on proximate and fatty acid composition but 
resulting in reductions in essential amino acids (e.g., lysine, methionine, threonine) and 
oxidation stability (Tenebrio molitor and Locusta migratoria).  

The impact of CECs on tomato quality was influenced by their uptake, the cultivation 
system, and the growth media. In a hydroponic system, higher concentrations of bisphenol 
S, 2,4-bisphenol F, and naproxen correlated with increased levels of Mn, Cu, and Zn, 
suggesting modifications in elemental composition. In contrast, lower uptake in soil-grown 
tomatoes led to minimal differences among TWW treatments, although TWW irrigation 
resulted in higher B and Na concentrations than potable water. In a hydroponic system, 
CEC exposure increased yield without affecting sugars, organic acids, carotenoids, 
polyphenols, or fatty acids, but it significantly decreased specific amino acids and altered 
volatile organic compound profiles, likely due to stress, endocrine-disrupting or other toxic 
effects.  

The application of an explainable machine learning approach successfully differentiated 
between tomatoes grown across five treatments (HPW, HSPW, LPW, LWW, and LSWW), 
achieving high classification accuracy (75–88%) despite a limited sample size. Furthermore, 
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SHAP (SHapley Additive exPlanations) analysis identified key metabolites and elements 
at both global and local levels and provided insight into feature contributions, including 
misclassifications. 

Overall, this thesis demonstrates that farmed edible insects and tomatoes irrigated with 
treated wastewater are promising sustainable food sources. The results contribute to the 
optimisation of insect rearing and processing and reveal the impact of biological factors 
and fermentation on their composition and quality. The work is also informative for 
producers, stakeholders, consumers and regulators regarding the potential effects of TWW 
reuse on product quality. Finally, it demonstrates the value of explainable machine learning 
as an effective approach for analysing complex datasets and underscores its broader 
potential in food and agricultural research. 
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Povzetek 

Na svetovni ravni se vse bolj zavedamo nujnosti trajnostnih prehranskih sistemov, kar je 
posledica predvidene rasti prebivalstva, naraščajoče potrebe po beljakovinah ter vse večjih 
omejitev zemljišč in vodnih virov. Kljub visoki kmetijski produktivnosti Evropska unija 
ostaja odvisna od uvoza beljakovinsko bogate krme, saj 66 % visoko beljakovinske krme, 
uporabljene v živinoreji, uvozimo iz tujine. Hkrati postaja pomanjkanje vode vse resnejši 
problem, tudi v južni Evropi. Celo v relativno vodnati, alpsko obarvani državi, kot je 
Slovenija, so regionalni in sezonski primanjkljaji vode vse pogostejši zaradi povečane 
pogostosti suš in spremenljivosti razpoložljivosti vode, kar lahko ogrozi kmetijsko 
produktivnost. Ti izzivi spodbujajo zanimanje za razvoj krožnih sistemov proizvodnje 
hrane, ki zmanjšujejo količino odpadkov, optimizirajo rabo virov in zapirajo snovne tokove. 

Kot odgovor na te izzive se doktorska disertacija osredotoča na dva trajnostna vira 
hrane: gojene užitne žuželke in paradižnik, namakan s prečiščeno odpadno vodo (angl. 
Treated WasteWater, TWW), s poudarkom na njuni kakovosti. Raziskava zajema štiri 
ključna področja: (i) prehransko karakterizacijo užitnih žuželk, (ii) vpliv fermentacije na 
kakovost žuželk, (iii) vpliv TWW in onesnaževal, ki vzbujajo zaskrbljenost (angl. 
Contaminants of Emerging Concern, CECs), na kakovost paradižnika v hidroponskih in 
talnih sistemih ter (iv) uporabo razložljivega strojnega učenja za identifikacijo spojin, ki 
najbolj vplivajo na ločbo paradižnika iz različnih načinov gojenja. 

Izsledki te disertacije so pokazali, da so gojene užitne žuželke (Schistocerca gregaria, 
Tenebrio molitor, Acheta domesticus, Locusta migratoria, Gryllus assimilis, Alphitobius 
diaperinus, and Blaberus discoidalis) bogat vir esencialnih maščobnih kislin, aminokislin in 
mineralov. Vrsta, razvojna stopnja in spol so pomembno vplivali na sestavo maščobnih 
kislin in polifenolov, medtem ko se profili aminokislin med spoloma niso bistveno 
razlikovali. Učinki fermentacije so bili odvisni od vrste in uporabljene mikrobne kulture ter 
so bili na splošno manj ugodni od pričakovanj, saj so imeli omejen vpliv na osnovno 
kemijsko sestavo in maščobne kisline ter so zmanjšali vsebnosti esencialnih aminokislin 
(lizin, metionin, treonin) in oksidacijsko stabilnost (Tenebrio molitor and Locusta 
migratoria). 

Vpliv CECs na kakovost paradižnika je bil odvisen od njihovega vnosa, sistema gojenja 
in substrata. V hidroponskih sistemih so bile višje koncentracije bisfenola S, 2,4-bisfenola 
F in naproksena v paradižniku povezane s povečano vsebnostjo Mn, Cu in Zn, kar kaže na 
spremembe v elementni sestavi. Nasprotno je bil vnos teh spojin pri paradižnikih, gojenih 
v tleh, nižji, zato med obdelavami s TWW niso bile ugotovljene pomembne razlike, čeprav 
je namakanje s TWW v paradižnikih povečalo vsebnost B in Na v primerjavi s pitno vodo. 
Izpostavljenost paradižnikov onesnaževalom v hidroponiki je povečala pridelek, ne da bi 
vplivala na vsebnost sladkorjev, organskih kislin, karotenoidov, polifenolov ali maščobnih 
kislin, vendar je zmanjšala vsebnost nekaterih aminokislin in spremenila profile hlapnih 
organskih spojin, verjetno zaradi stresnih, endokrinih ali drugih strupenostnih učinkov. 

Pristop razložljivega strojnega učenja je omogočil uspešno razlikovanje paradižnikov 
med petimi obdelavami (HPW, HSPW, LPW, LWW, and LSWW) in dosegel visoko 
natančnost razvrščanja (75–88 %) kljub omejenemu številu vzorcev. Analiza SHAP 
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(Shapleyeve aditivne razlage, angl. SHapley Additive exPlanations) je identificirala ključne 
metabolite in elemente na globalni in lokalni ravni ter omogočila boljše razumevanje vpliva 
posameznih značilnosti, vključno z napačnimi razvrstitvami. 

Disertacija dokazuje, da so gojene užitne žuželke in paradižnik, namakan s prečiščeno 
odpadno vodo, obetavni trajnostni viri hrane. Rezultati prispevajo k optimizaciji reje in 
predelave žuželk ter razkrivajo vpliv bioloških dejavnikov in fermentacije na njihovo 
sestavo in kakovost. Ta študija je zanimiva tudi za pridelovalce, druge deležnike, potrošnike 
in regulativne organe glede morebitnih vplivov ponovne uporabe TWW na kakovost 
izdelkov.  Hkrati prikazuje, da je razložljivo strojno učenje učinkovito orodje za analizo 
kompleksnih podatkov in poudarja njegov velik potencial za nadaljnje raziskave na 
področju prehrane in kmetijstva. 
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Chapter 1 

1 Introduction 

The global population is expected to continue growing over the next fifty to sixty years, 
reaching a peak of around 10.3 billion people in the mid-2080s, up from 8.3 billion in 2024 
(United Nations Department of Economic and Social Affairs, Population Division, 2024). 
With population growth comes the challenge of ensuring everyone has access to sufficient, 
safe, and nutritious food. In its latest report, “State of Food Security and Nutrition in the 
World 2025”, the FAO estimates that between 638 and 720 million people, corresponding 
to 7.8 and 8.8% of the global population, respectively, faced hunger in 2024, indicating a 
slight decrease compared to 2022 (FAO et al., 2025). About 2.3 billion people worldwide 
are estimated to have been moderately or severely food-insecure in 2024. It is projected 
that 512 million people may be chronically undernourished in 2030, depending on conflicts, 
climate extremes, economic slowdowns and downturns, and growing inequality (FAO et 
al., 2025), which underscores the need for quality, alternative, sustainable food sources. 

In Europe, the situation is different and is more about food security, since, despite high 
overall agricultural productivity, the European Union remains strongly dependent on 
imports of protein-rich feed commodities. Approximately 66% of high-protein feed used in 
the EU livestock sector is imported, with soybean meal representing the most critical 
dependency, as up to 96% of it is imported from outside Europe (European Commission, 
2024). Overall, the EU compensates for a structural plant-protein deficit through imports 
amounting to approximately 19 million tonnes of crude protein annually (European 
Commission, 2024). In addition to soybean products, imports of feed grains and protein-
rich oilseed meals are essential to sustaining European animal production systems. This 
reliance on external resources creates economic vulnerability, environmental impacts, and 
strategic concerns, thereby driving interest in alternative protein sources produced within 
circular and regional food systems (European Commission, 2024).  

At the same time, water scarcity is a critical concern in an increasing number of regions, 
including the south and south-western USA, north-eastern Brazil, central Argentina, 
Northern and Eastern Africa, the Middle East, the Caucasus, northern India, northern 
China, and southern Europe (García-Ruiz et al., 2011; Huggins et al., 2022). Due to climate 
change scenarios, severe water imbalances are anticipated to intensify worldwide, 
potentially causing substantial infrastructure damage and economic impacts (Schewe et 
al., 2019). Extreme weather events such as extended heatwaves and floods all around the 
world are occurring at increased frequency and severity, causing further disturbances to 
the hydrological cycle, and emphasising that urgent actions need to be undertaken (Mueller 
& Gasteyer, 2021; Naddaf, 2023; Rahman et al., 2023; Schumacher et al., 2019). It is 
estimated that by 2030, 1.6 billion people will lack access to safely managed drinking water, 
and 2.8 billion people will lack access to safely managed sanitation (The Sustainable 
Development Goals Report 2022, 2022).  



2  Chapter 1. Introduction  

In response to these challenges, circular food production approaches are seen as a way 
to reduce waste, optimise resource use, and promote sustainability by closing the loop 
within food systems (Cities and Circular Economy for Food, 2019). These approaches focus 
on reducing environmental impact by reusing organic materials, minimising waste, and 
improving resource efficiency. Key principles include waste valorisation, in which 
agricultural residues, forestry residues, horticultural waste, animal waste, industrial food 
waste, and urban and municipal food waste are transformed into valuable inputs, such as 
animal feed, biofuels, biopolymers, fertilisers, bioactive compounds, and enzymes (Pant et 
al., 2026). In addition, the reuse of treated wastewater (TWW) in agriculture is a key 
element that allows for the recycling of wastewater nutrients and supports crop irrigation, 
thereby conserving freshwater resources and helping manage water scarcity (Jaramillo & 
Restrepo, 2017). By reducing dependence on external inputs and enhancing resource 
recovery across the food chain, circular approaches can contribute to more sustainable and 
resilient food systems, while also supporting food security, lowering greenhouse gas 
emissions, and strengthening environmental resilience (Rizwan et al., 2025).  

However, an important yet still insufficiently explored dimension of sustainable food 
production concerns the effects of such alternative production systems on food quality. 
While existing research has largely focused on their environmental and resource-efficiency 
benefits, considerably less attention has been paid to how these systems influence the 
nutritional and chemical composition of food products, despite the fact that these 
characteristics are essential for consumer acceptance, food safety, and long-term 
sustainability.  

To help address this gap, the present PhD thesis focuses on two complementary circular 
food production strategies: farmed edible insects and the reuse of treated wastewater in 
tomato cultivation. In the context of Europe’s reliance on imported high-protein plant feed, 
increasing water scarcity, and the need to promote circular food production, these two 
systems were selected as case studies through which nutritional and chemical food quality 
could be examined. The primary aim of this doctoral research was to analyse and gain 
insights into the characteristics of farmed insects and the effects of processing, specifically 
fermentation (a traditional technique to improve the nutritional, shelf-life, and sensory 
properties of food), on their quality. For tomatoes, the research focused on understanding 
how exposure to TWW and potentially to contaminants of emerging concern (CECs) 
influences product quality. Such a multidisciplinary approach results in large and 
heterogeneous datasets that require appropriate analytical handling. Accordingly, this PhD 
thesis applies novel machine learning-based methods for data processing and analysis. 

 

1.1 Insect Farming 

According to recent studies, approximately 2,205 insect species are consumed worldwide 
(Omuse et al., 2024). Among continents, Asia hosts the highest diversity of edible insect 
species, followed by North America (mainly Mexico) and Africa (Omuse et al., 2024). The 
majority of edible species, however, are harvested from the wild, with only 8% of edible 
insect species having been successfully farmed (Yen, 2015). Despite this, edible insects can 
serve both as human food and as animal feed, with animal feed being far more widespread.  

According to Van Huis (2024), the global insect-for-feed market is projected to expand 
from USD 5 billion in 2022 to USD 97 billion by 2031, while the insect-for-food market is 
expected to grow from USD 654 million in 2023 to USD 1,093 million by 2033 (Figure 1.1). 
In 2022–2023, insects as feed accounted for approximately 88% of the total market, 
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compared to 12% for food. By 2031–2033, it is projected that feed’s proportion of the 
market will increase to 99%, leaving food at 1%. 

In Europe, production forecasts (Figure 1.1) indicate strong sectoral growth: insect-
based food output is expected to rise from 803 tonnes in 2023 to 43,044 tonnes by 2030, 
while feed production is projected to increase from 21,619 tonnes to 870,370 tonnes (IPIFF, 
2023a, 2023b). While in 2023, 4% of production was allocated to food and 96% to feed, by 
2030, the shares are forecast to shift marginally to 5% and 95%, respectively, suggesting 
that insects for food remain a niche segment relative to the rapidly expanding feed market. 

 

Figure 1.1: Global insect market development forecast for feed and food ($) (Van Huis, 
2024) and expected production of insect-based feed and food in Europe (tonnes) (IPIFF, 
2023a, 2023b). 

The insect farming market in Slovenia is still in its early stages. Currently, two 
companies are involved in insect farming: Mokar, Tilen Zajec s.p., which breeds yellow 
mealworms and produces organic fertilisers from their frass, and Čričkoteka, which 
produces house crickets for food consumption. Additionally, ŽIPO Lenart d.o.o. focuses on 
breeding yellow mealworms for research purposes, utilising agricultural by-products from 
their farm.  

1.1.1 EU regulations 

The potential of insect farming has been recognised by the European Commission, which 
has approved several insect species as novel foods and feed. So far, four insect species have 
been authorised for marketing as novel foods, including: 

• frozen, dried, powder and UV-treated powder forms of yellow mealworm larvae – 
Tenebrio molitor (Commission Regulation (EU) 2022/169, 2022; Commission 
Regulation (EU) 2025/89, 2025), 

• frozen, dried, powdered, and defatted powdered forms of house cricket – Acheta 
domesticus (Commission Regulation (EU) 2022/188, 2022, Commission Regulation 
(EU) 2023/5, 2023), 

• frozen, dried, and powder forms of migratory locust – Locusta migratoria 
(Commission Regulation (EU) 2021/1975, 2021),  

• frozen, paste, dried, and powdered forms of lesser mealworm larvae – Alphitobius 
diaperinus (Commission Regulation (EU) 2023/58, 2023).  

Commission Regulations (EU) 2017/893 (2017) and (EU) 2021/1925 (2021) authorised 
eight insect species for the production of processed animal proteins intended as feed for 
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farmed animals (other than fur animals). These are tropical house cricket (Gryllodes 
sigillatus), Jamaican field cricket (Gryllus assimilis), house cricket (Acheta domesticus), 
yellow mealworm (Tenebrio molitor), lesser mealworm (Alphitobius diaperinus), black 
soldier fly (Hermetia illucens), house fly (Musca domestica), and silkworm (Bombyx mori).  

Insect farmers and insect product producers must comply with many regulations, among 
others, regulations regarding general principles and standards governing food and feed 
safety (Regulation (EC) 178/2002, 2002); hygiene rules (Regulation (EC) 852/2004, 2004); 
animal health (Regulation (EU) 2016/429, 2016); proper labelling with regard to allergen 
information, nutrition labelling, and country of origin labelling (Regulation (EU) 
1169/2011, 2011); importation (Regulation (EU) 2021/404, 2021); and use of animal by-
products and derived products not intended for human consumption (Regulation (EU) 
142/2011, 2011).  

Strict regulations also exist regarding animal feed, including placing feed on the market 
concerning safety, labelling, and traceability requirements (Regulation (EC) 767/2009, 
2009) and a catalogue of authorised feed materials, which includes insects and their 
products, that can be used in animal feed formulations (Commission Regulation (EU) 
68/2013, 2013). Moreover, in the EU, insect protein is classified as processed animal 
protein, and its use, production, and labelling are strictly controlled by specific rules 
(Commission Regulation (EU) 2017/893, 2017).  

A detailed review of all EU regulations is published by the International Platform of 
Insects for Food and Feed (IPIFF) in the Guide on Good Hygiene Practices (IPIFF Guide 
on Good Hygiene and Practices, 2024) and is also available on their website (IPIFF, 2025).  

 

Figure 1.2: Timeline of EU Regulations for insects as food and feed. 

1.1.2 Green perspective of farming insects 

Insect farming is increasingly recognised for its environmental benefits, particularly its 
relatively high feed conversion efficiency. The feed conversion ratio (FCR) of insects is 
strongly dependent on the nutritional quality and composition of the rearing substrate. 
Under optimised feeding conditions, insects generally convert plant-derived nutrients into 
biomass more efficiently than most conventional livestock. Insects can achieve efficiencies 
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comparable to those of poultry (2.5) and pork production systems (5, Table 1.1). However, 
when substrates do not adequately meet species-specific nutritional requirements, such as 
when unbalanced agricultural by-products are used, FCR values can increase substantially.  

For example, Oonincx et al. (2015) showed that yellow mealworms fed a balanced 
control diet (commercial diet) exhibited FCR values comparable to or lower than those 
reported for pork (FCR=5). In contrast, diets characterised by low protein content 
combined with either high or low-fat levels resulted in markedly higher FCR values 
(FCR=10.9-19.1), comparable to or exceeding those associated with beef production 
(FCR=10). These results demonstrate that substrate formulation is a key determinant of 
production efficiency in insect farming and that optimising feed composition is essential for 
achieving favourable conversion efficiency and environmental performance. The edible 
portion of insects is also relatively high, reaching up to 80% for house crickets, and 100% 
for yellow mealworm, house fly, and black soldier fly larvae, whereas pigs and chickens 
provide approximately 55%, and cattle yield only about 40% of their body mass as 
consumable meat (Nakagaki et al., 1987).  

Although comparisons of water consumption must be interpreted with caution due to 
substantial methodological variability across assessment approaches, insect farming 
generally requires less freshwater than conventional livestock production systems (Table 
1.1). Reported values depend strongly on system boundaries, allocation methods, and 
assumptions about feed production and processing (Smetana et al., 2015). Nevertheless, 
several studies indicate that certain insect species, particularly black soldier fly larvae (285-
478 m3/edible tonne) and house crickets (420-3,300 m3/edible tonne), require considerably 
less water than traditional livestock (4,325-15,415 m3/edible tonne) (Bava et al., 2019; 
Halloran et al., 2017; Mekkonnen & Hoekstra, 2010; Tapanen, 2018). Yellow mealworms 
(4,341 m3/edible tonne) have a comparable water demand to that of chicken meat 
production (4,325 m3/edible tonne), while house fly larvae (9,072 m3/edible tonne) may 
even exhibit higher water consumption than chicken and pork systems (4,325-5,988 
m3/edible tonne) under specific production scenarios (Mekkonnen & Hoekstra, 2010; 
Miglietta et al., 2015; Van Zanten et al., 2015). Compared to fishmeal (0.161-1.57 m3/edible 
tonne), insects require more water, while compared to soybean (1,800-2,500 m3/edible 
tonne), only black soldier fly larvae (285-478 m3/edible tonne) require less water (Barrera 
et al., 2026; Bava et al., 2019; Fréon et al., 2017). These findings highlight both the 
potential water-use advantages of insect farming and the importance of standardised 
assessment methodologies when comparing environmental footprints across protein sources. 

Insect rearing is also not restricted to prime agricultural land and can be integrated 
into vertical production systems, resulting in substantially lower land use compared with 
conventional livestock production. Land requirements for farmed insects range from 
approximately 0.01 to 18 m² per kg of edible protein (Table 1.1), which is considerably 
lower than values reported for chicken (42–52 m²/kg edible protein), pork (47–64 m²/kg 
edible protein), and beef (144–258 m²/kg edible protein). Land use associated with insect 
production can be comparable to or higher than that of certain feed ingredients such as 
fishmeal (0.0 m²/kg edible protein) and soybean meal (3.4–8.7 m²/kg edible protein) (Bosch 
et al., 2019; De Vries & De Boer, 2010; Halloran et al., 2016; Oonincx & De Boer, 2012; 
Roffeis et al., 2015; Salomone et al., 2017; Smetana et al., 2015, 2016; Thévenot et al., 
2018; Van Zanten et al., 2015; Williams et al., 2006).  

Land requirements, however, are strongly influenced by the type of feed substrate used 
for insect rearing. Van Zanten et al. (2015) demonstrated that the highest land demand 
was associated with black soldier fly larvae reared on feed materials suitable for direct 
human consumption (67 m²/kg edible protein), followed by co-products typically used in 
livestock feeding (3 m²/kg edible protein), whereas substrates not suitable either as food 
or feed resulted in negligible land use requirements (0.0 m²/kg edible protein). These 
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findings emphasise that the environmental performance of insect production systems 
depends not only on the species reared but also on feed sourcing and resource-allocation 
strategies. 

Energy use in insect production includes energy required for resource production and 
processing, as well as operational inputs such as heating, climate control, and insect 
separation, being strongly influenced by the type and quality of the rearing substrate. 
Bosch et al. (2019) showed that energy demand is highest when black soldier fly larvae are 
reared on substrates suitable for human consumption, intermediate when fed co-products 
or former foodstuffs used in animal feed, and lowest when organic residual streams such as 
food waste or manure are utilised. In contrast, Roffeis et al. (2015) reported relatively high 
energy requirements for house fly larvae reared on pig manure (209–345 MJ/kg edible 
protein), largely driven by climate control, particularly heating and air conditioning, while 
drying and illumination contributed only marginally to total energy demand.  

Due to substantial variability among studies (Table 1.1), direct comparisons across 
insect production systems remain difficult. Overall, energy use for insect-derived protein 
(yellow mealworm: 80–173 MJ/kg edible protein; house fly: 19.5–345 MJ/kg edible protein; 
black soldier fly: 15.1–174 MJ/kg edible protein) generally exceeds that of soybean meal 
(4.1–9 MJ/kg edible protein), whereas comparisons with fishmeal (44 MJ/kg edible 
protein), chicken (80–152 MJ/kg edible protein), pork (95–236 MJ/kg edible protein), and 
beef (177–273 MJ/kg edible protein) vary widely, reflecting strong dependence on substrate 
selection and production conditions (Bosch et al., 2019; De Vries & De Boer, 2010; Oonincx 
& De Boer, 2012; Roffeis et al., 2015; Salomone et al., 2017; Smetana et al., 2015, p. 201, 
2016; Van Zanten et al., 2015; Williams et al., 2006). 

Consequently, greenhouse gas emissions associated with edible insect production (Table 
1.1) exhibit substantial variability across species, feeding substrates, and production 
conditions. At the lower end, emissions reported for house fly (0.77 kg CO₂-eq/kg edible 
protein), black soldier fly (1.36–3 kg CO₂-eq/kg edible protein) and house cricket (3.87 
CO₂-eq/kg edible protein) are comparable to those of fishmeal (2.8 kg CO₂-eq/kg edible 
protein) and soybean meal (1.1–1.7 kg CO₂-eq/kg edible protein) (Bosch et al., 2019; 
Halloran et al., 2017; Salomone et al., 2017; Smetana et al., 2016; Van Zanten et al., 2015). 
In contrast, higher emission estimates, particularly for black soldier fly (15.1-19 kg CO₂-
eq/kg edible protein) and house cricket production (15.1-49 kg CO₂-eq/kg edible protein), 
approach values observed for chicken (18–36 kg CO₂-eq/kg edible protein) and pork (21–
53 kg CO₂-eq/kg edible protein), while generally remaining lower than those associated 
with beef production (75–170 kg CO₂-eq/kg edible protein) (Bosch et al., 2019; De Vries 
& De Boer, 2010; Salomone et al., 2017; Smetana et al., 2016; Tapanen, 2018; Williams et 
al., 2006). 
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Table 1.1: Feed conversion, edible portion, and environmental footprint of farmed insect species (yellow mealworm larvae, house fly larvae, black 
soldier fly larvae, house cricket) in comparison with conventional protein sources, including fishmeal, soybean meal, and livestock meat (chicken, 
pork, and beef). 
 

Feed 
conversion rate 
(kg/kg BW) 

Edible 
portion 

(%) 

Water 
consumption 

(m3/edible tonne) 

Land 
requirements 
(m2/kg edible 

protein) 

Energy use 
(MJ/kg edible 

protein) 

Global warming 
potential 

(kg CO2-eq/kg 
edible protein) 

Yellow mealworm larvae 2.2-19.1e,u 100e 4,341a 3.75-18c,e,o 80-173e,o 7.1-14e,o 
House fly larvae 4d 100j 9,072d 0.032-5.32d,i,j,k 19.5-345d,i 0.77d 
Black soldier fly larvae 1.4-4.22r,u 100k 285-478r 0.01-67j,k,l 15.1-174k,j,l 1.36-19k,j,l 
House cricket 1.08-10.5f,u 80n 420-3,300p,q 2.63-3.97f  3.87-49p,q 
Fishmeal   0.161-1.57t 0.0j 44j 2.8j 
Soybean meal   1,800-2,500s 3.4-8.7j,k 4.1-9j,k 1.1-1.7j,k 
Chicken 2.5m 55n 4,325b 42-52g,h 80-152g,h 18-36g,h 
Pork 5m 55n 5,988b 47-64g,h 95-236g,h 21-53g,h 
Beef 10m 40n 15,415b 144-258g,h 177-273g,h 75-170g,h 

Sources: aMiglietta et al., 2015; bMekkonnen & Hoekstra, 2010; cThévenot et al., 2018; dVan Zanten et al., 2015; eOonincx & De Boer, 2012; 
fHalloran et al., 2016; gDe Vries & De Boer, 2010; hWilliams et al., 2006; iRoffeis et al., 2015; jBosch et al., 2019; kSalomone et al., 2017; lSmetana 
et al., 2016; mSmil, 2002; nNakagaki et al., 1987; oSmetana et al., 2015; pHalloran et al., 2017; qTapanen, 2018; rBava et al., 2019; sBarrera et al., 
2026; tFréon et al., 2017; uOonincx et al., 2015
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Moreover, insect farming is essentially waste-free, since leftover substrate and frass can 
be used as a fertiliser. Due to its nutrient and microbial profile, this leftover product has 
the potential to be utilised as a biofertiliser for high-value crop production. Studies using 
the frass of various insects (e.g., black soldier flies, houseflies, and mealworms) have shown 
results comparable to or better than those of inorganic fertilisers (Antoniadis et al., 2023; 
Chavez & Uchanski, 2021).  

Feeding edible insects on agricultural by-products and food waste represents one of the 
most sustainable and circular strategies for alternative protein production, further 
minimising their already low environmental footprint (Heath et al., 2024). This approach 
offers substantial environmental and economic advantages but is also accompanied by 
several technical and regulatory challenges (Van Huis & Oonincx, 2017).  

Insects such as the black soldier fly, mealworms, and crickets can efficiently convert 
agricultural residues and food waste into high-quality protein, thereby reducing the amount 
of biodegradable waste sent to landfills and lowering associated methane and CO₂ emissions 
(Barbi et al., 2020; Bava et al., 2019; Kuo & Fisher, 2022; Oonincx et al., 2015). Moreover, 
this practice supports zero-waste principles and contributes to the development of circular 
food systems that transform waste into valuable resources (Smetana et al., 2016). 
Moreover, due to their flexibility, insect farms can be located near farms or food processing 
facilities, reducing transportation costs and emissions while strengthening local food 
systems (Bava et al., 2019).  

Rearing insects on agricultural by-products and food waste also presents risks. Such 
substrates may contain pesticide residues, heavy metals, or microbial contaminants that 
can accumulate in insects and pose potential health hazards to animals and humans (EFSA 
Scientific Committee, 2015). The European Union strictly regulates the types of waste that 
may be used for insect rearing, prohibiting the use of manure, catering waste, or meat-
containing by-products (Commission Regulation (EU) 2017/893, 2017). Additionally, 
nutrient variability in agricultural residues requires diet balancing or supplementation to 
ensure optimal insect growth (Bava et al., 2019; Kuo & Fisher, 2022; Oonincx et al., 2015; 
Smetana et al., 2016).  

Overall, insect farming could represent a sustainable, resource-efficient alternative to 
conventional livestock, offering high feed conversion efficiency, low emissions, and reduced 
land and water use. The use of agricultural by-products and food waste supports a circular 
economy and produces valuable organic fertiliser. 

1.1.3 Nutritional value of farmed edible insects  

Edible insects are a nutrient-dense and sustainable food source with significant potential 
to address global nutritional and food security challenges (Gautam et al., 2025). Their 
nutritional value can vary based on several factors, including their diet, developmental 
stage, sex, species, rearing environment, and processing methods (Meyer-Rochow et al., 
2021). There is a broad consensus among researchers that insects are rich in protein, fat, 
vitamins, and other essential nutrients, offering a unique combination of macronutrients, 
micronutrients, and bioactive compounds, making them a viable alternative to 
conventional animal- and plant-based food sources (Gautam et al., 2025; Rumpold & 
Schlüter, 2013b).  

1.1.3.1 Protein 

Protein is a key macronutrient in edible insects, with concentrations ranging from 40% to 
75% on a dry-matter (DM) basis (Table 1.2). Depending on the species, the protein content 
of insects can be comparable or even outperform other sources such as chicken (54.7% 
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DM), eggs (52.7% DM), beef (40.5 % DM), pork (27.7% DM), and soybean (35.8 % DM) 
(Ghosh et al., 2017; Rumpold & Schlüter, 2015). The quality of protein is determined by 
both the digestibility of the protein and the amino acid composition. Digestibility stands 
for the amount of protein available for absorption after passing through the upper part of 
the gastrointestinal tract (Lampová et al., 2024).  

Despite variations in digestion methodologies, the digestion of edible insects is 
considered high, ranging from 80% to 90% (Rodríguez-Rodríguez et al., 2022). Moreover, 
insects are rich in amino acids, provide all essential amino acids, and generally fulfil the 
World Health Organisation’s (WHO) requirements for essential amino acids (Gautam et 
al., 2025; Zhou et al., 2022). The content of essential amino acids represents 37-63% of the 
total amino acids (Table 1.3). 

1.1.3.2 Lipids 

Edible insects contain 6.2 to 43.1% of fat in dry matter, depending on the species and 
rearing conditions (Table 1.2). Fat content is usually higher in the larval and pupal stages 
than in adults (Gautam et al., 2025). Insect fat is present in several forms. Triacylglycerols 
represent around 80% of fat. They serve as an energy reserve during periods when insects 
need high energy, such as during long flights. Another large group is phospholipids, which 
play a role in the structure of cell membranes and are usually below 20% (Kouřimská & 
Adámková, 2016). 

In general, edible insects have high content of C18 fatty acids, including stearic, oleic, 
and linoleic acid, and relatively high levels of palmitic acid (Table 1.4). Some fatty acid 
contents are species-specific; for example, black soldier fly contains very high levels of lauric 
acid, while migratory locust contains high levels of α-linolenic acid. Also, their saturated 
fatty acid (SFA), monounsaturated (MUFA), and polyunsaturated fatty acid (PUFA) 
contents depend on the species, while they, in general, contain a high proportion of PUFA, 
particularly omega-6 and omega-3 (Kouřimská & Adámková, 2016; Zhou et al., 2022). 
These fatty acids reduce inflammation, improve heart and brain function, and lower disease 
risk through their antioxidant and lipid-regulating effects (Djuricic & Calder, 2021). 
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Table 1.2: Proximate composition of farmed edible insects. 

 
 
 
 
 
 
 
 
 

 

  
Tropical 

house cricket 

Jamaican field 

cricket 
House cricket 

Migratory 

locust 

Yellow 

mealworm 

Lesser 

mealworm 

Black 

soldier fly 
House fly Silkworm 

Protein (%) 51.5-70.0 55.6-71.0 62.41–72.0 50.8-75.3 46.4-60.3 44.2-64.8 41.1-56.1 42.3-62.5 51.6-70.6 

Fat (%) 7.44-19.1 7.00-34.0 9.80-29.6 6.41-34.9 26.8-43.1 22.2-26.9 12.8-34.8 9.00-26.0 6.20-37.1 

Fibre (%) 3.36-10.3 7.00-8.28 10.2-10.4  4.58-15.0  7 1.60-8.60 2.50-6.4 

Carbohydrates (%) 0.1-14.9 8.60-12.5 9.77 6.72-15.5 7.10-13.4 19.5   25.4 

Ash (%) 4.43-15.4 4.08-6.40 3.60–9.10 2.42-40.0 1.00-4.50 3.14-4.10 12.6-28.4 5.60-17.3 2.59-10.6 

Energy (kcal/100g) 338.8-452.0 397.0-537.5 454.88-455.19 377.44-568.8 539.6-652.5  528.2 480.4-583.2 389.6-616.6 

Source 

Magara et al., 

2025; 

Zielińska et 

al., 2015 

Magara et al., 

2021 

Bosch et al., 

2014; Brogan et 

al., 2021; Finke, 

2002; 

Kittibunchakul 

et al., 2023; 

Magara et al., 

2021 

Brogan et al., 

2021; Clarkson 

et al., 2018b; 

Kleden et al., 

2023; Oonincx 

& Van Der 

Poel, 2011 

Bosch et al., 

2014; Finke, 

2002; Kröncke 

et al., 2019; 

Makkar et al., 

2014; 

Ravzanaadii et 

al., 2012 

Bosch et al., 

2014; 

Purkiewicz 

et al., 2025 

Bosch et 

al., 2014; 

Makkar et 

al., 2014 

Bosch et al., 

2014; 

Makkar et 

al., 2014 

Brogan et 

al., 2021; 

Finke, 2002; 

Makkar et 

al., 2014 
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Table 1.3: Amino acids (g/100 g DM) in farmed edible insects. 

  Tropical 

house cricket 

Jamaican field 

cricket 
House cricket 

Migratory 

locust 
Yellow mealworm 

Lesser 

mealworm 

Black 

soldier fly 
House fly 

Silkworm 

moth 

Alanine 4.06 2.92-4.02 5.74-5.89 7.56 1.71-4.04 2.25 2.45-2.55 3.42 2.43-2.46 

Arginine 3.26 3.20-8.64 3.63-4.06 3.84 1.13-2.55 1.76-3.11 1.78-2.19 2.63-2.87 2.25-2.76 

Aspartic acid 5.10 2.87-3.02 5.52-5.66 4.74 1.67-3.99  4.09-4.14 5.02 3.53-5.22 

Cystine 0.77 0.73-0.74 0.15-0.55 0.47 0.24-0.42   0.46 0.46-0.72 

Glutamic acid 7.46 3.64-4.30 6.48-7.09 6.2 2.64-5.54 65.54 4.17-4.42 7.27 4.99-5.38 

Glycine 2.85 2.41-2.63 3.36-3.50 3.94 1.12-2.73 0.73 1.72-1.80 2.49 2.35-3.24 

Histidine 1.20 1.23-1.32 1.52-2.40 1.56 0.71-2.65 3.18 0.76-2.47 2.12-3.00 1.39-1.69 

Isoleucine 1.86 1.52-2.12 2.52-3.05 2.92 1.65-2.47 2.98 1.83-2.24 2.21-2.50 1.73-2.35 

Leucine 4.05 3.04-4.96 4.62-6.66 5.04 1.58-5.22 3.08-4.34 2.66-3.42 3.53-3.81 2.83-3.7 

Lysine 2.69 2.06-7.91 3.57-4.09 3.64 1.35-2.86 4.21-4.96 2.05-3.03 3.87-3.88 2.54-3.68 

Methionine 1.11 0.63-1.03 0.82-1.13 0.9 0.31-0.73 0.84 0.77-0.89 1.48-1.63 0.75-1.49 

Phenylalanine 1.54 0.72-1.93 1.69-2.34 2.03 0.82-1.77 2.53 1.72-1.83 3.09-3.25 1.56-2.68 

Proline 3.79 1.26-2.54 3.54-3.73 4.31 1.40-3.41 0.86  2.24 1.85-1.96 

Serine 2.83 0.61-1.95 2.87-3.36 2.22 0.97-2.52 1.36 1.37-1.42 2.31 1.97-1.98 

Threonine 2.58 1.76-3.55 2.34-2.54 2.33 0.84-2.02 2.59 1.58-2.02 2.37-2.38 1.68-2.27 

Tryptophan  0.95 0.20-0.68 0.52 0.39 4.30  0.85 0.4-0.9 

Tyrosine 2.23 3.29-5.44 3.18-3.70 3.63 1.61-3.60 4.25 2.22-2.57 3.47 1.68-3.19 

Valine 3.29 2.26-4.62 3.47-4.02 4.18 1.13-3.28 3.31-3.82 2.97-3.09 3.13-2.90 2.13-2.2 

Total EAA 21.32 14.82-26.78 21.56-24.22 23.12 8.39-19.58 24.49 14.47-21.15 22.42-23.56 15.09-21.77 

Total AA 51.30 39.24-56.56 57.86-60.65 60.91 20.88-48.37  32.78-33.56 51.97 37.86-46.61 

Source 
Zielińska et 

al., 2015 

Bednářová et 

al., 2013; 

Oliveira et al., 

2024 

Bosch et al., 2014; Brogan 

et al., 2021; Finke, 2002; 

Kittibunchakul et al., 

2023 

Brogan et 

al., 2021 

Bosch et al., 2014; 

Finke, 2002; 

Ravzanaadii et al., 

2012 

Bosch et al., 

2014; 

Purkiewicz 

et al., 2025 

Bosch et 

al., 2014; 

Sealey et 

al., 2011 

Bosch et al., 

2014; Zuidhof 

et al., 2003 

Brogan et 

al., 2021; 

Finke, 

2002 
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Table 1.4: Fatty acids (%) in farmed insects. 

 Tropical 

house cricket 

Jamaican field 

cricket 
House cricket 

Migratory 

locust 

Yellow 

mealworm 

Lesser 

mealworm 

Black 

soldier fly 
House fly 

Silkworm 

moth 

Lauric acid C12:0 0.01-0.25 0.12 0.10   0.04-0.34 23.6-37.1   

Myristic acid 14:0 1.22-3.96 1.28 0.44-0.63 1.67-2.69 2.20-7.86 0.56-1.57 5.1-6.3 5.5 2.4 

Palmitic acid 16:0 15.73-37.06 25.85 22.65-24.68 27.3-28.44 16.72-21.89 25.34-26.68 17.3-19.8 31.1 13.5 

Palmitoleic acid 16:1 3.78 1.92 0.34-1.42 1.17 1.42-2.81 0.27-1.06 6.3-7.6 13.4 0.79 

Stearic acid 18:0 7.35-18.48 14.07 8.54-9.18 7.23-8.27 2.49-4.27 8.89-10.57 2.0-6.5 3.4 9.5 

Oleic acid 18:1 5.97-60.32 25.03 20.18-24.37 31.60-37.02 32.93-45.88 31.23-31.41 18.8-22.7 24.8 25.4 

Linoleic acid 18:2 9.23-30.11 26.13 36.23-41.39 8.94-16.96 16.63-37.66 20.27-29.1 5.9-6.8 19.8 27.8 

α-linolenic acid 18:3 0.46-2.13  0.95-1.11 10.47-15.64 0.21-1.66 0.38-1.9 0.0-0.5 2 11.1 

SFA 21.88-65.49 43.72 32.22-36.08 37.22-39.21 21.5-32.06 35.74-39.16 55-62.7 40 32.5 

MUFA 5.97-60.32 27.49 21.31-25.95 33.02-38.49 34.50-50.37 32.98-33.21 29-26.4 38.2 27.8 

PUFA 9.69-31.91 28.8 37.18-42.63 24.57-27.77 17.33-39.32 21.21-31.00 6.9-12.5 21.8 38.9 

Source 

Magara et al., 

2025; 

Zielińska et 

al., 2015 

Mlček et al., 

2018 

Finke, 2002; 

Paul et al., 

2017 

Clarkson et 

al., 2018b; 

Perez-

Santaescola

stica et al., 

2023 

Dreassi et al., 

2017; Finke, 

2002; Kröncke 

et al., 2019; 

Ravzanaadii 

et al., 2012 

Mattioli et 

al., 2024; 

Purkiewicz 

et al., 2025 

Sealey et 

al., 2011 

Makkar 

et al., 

2014 

Finke, 

2002 

 
 



1.1. Insect Farming 13 

1.1.3.3 Minerals and vitamins  

Insects are also a significant source of many minerals, such as iron, zinc, potassium, sodium, 
calcium, phosphorus, magnesium, manganese, selenium, and copper (Kouřimská & 
Adámková, 2016; Rumpold & Schlüter, 2013a; C. Tang, 2019), often surpassing the levels 
found in conventional meat (Gautam et al., 2025). Especially iron and zinc may be of 
considerable nutritional importance (Mwangi et al., 2018). Mineral composition and 
content vary considerably, depending on the species, the environment in which the insect 
is grown, and the composition of its diet (Zhou et al., 2022). Insects have already 
demonstrated potential as an effective dietary source of essential minerals for animals, and 
their inclusion in the human diet could be promoted as a strategy to combat mineral 
deficiencies (Gautam et al., 2025; Köhler et al., 2019). 

Vitamins A, D2, D3, C, E, K, thiamine, riboflavin, pantothenic acid, niacin, pyridoxine, 
folic acid, D-biotin, and B12 are also found in insects (Finke, 2013), which are typically 
rich in riboflavin, pantothenic acid, and biotin. Insects of the order Orthoptera 
(grasshoppers, crickets, locusts) and Coleoptera (beetles) are also rich in folic acid. On the 
other hand, they are not an efficient source of vitamin A, C, niacin, and, in most cases, 
thiamine (Rumpold & Schlüter, 2013a). Whereas the content of vitamins and minerals in 
wild edible insects is seasonal in the case of farmed species, it can be controlled via feed 
(Kouřimská & Adámková, 2016).  

1.1.3.4 Chitin 

Insects contain a significant amount of fibre, ranging from 0.12% to 29%, depending on the 
species. The content of nitrogen-free extract, which represents carbohydrates other than 
fibre, ranges from 4% to 23% (Rumpold & Schlüter, 2013a). Carbohydrates in insects are 
mainly found in the exoskeleton and glycogen in the body (Kim et al., 2019). Around 90% 
of the external skeleton of insects is composed of a structural polysaccharide called chitin, 
which is mainly composed of the polymer N-acetyl-D-glucosamine, and is also the main 
source of cellulose and chitosan (Qian et al., 2022). The chitin content of edible insects 
varies by species and developmental stage, typically ranging from 5% to 15% (Gautam et 
al., 2025). Large amounts of chitin can be used to produce new substances such as bioactive 
chitosan (Qian et al., 2022). Interest in chitin and chitosan stems from their wide range of 
biological and technological properties, including mucoadhesive, anti-inflammatory, 
antioxidant, antimicrobial, antifungal, antihyperglycemic, antitumor, and wound-healing 
activities (Aranaz et al., 2021). 

1.1.3.5 Polyphenols 

Although polyphenols are typically associated with plants, insects also contain these 
compounds, which exhibit antioxidant, anti-inflammatory, anticancer, antimicrobial, and 
antibacterial effects, as well as their roles in enzyme activity and metabolic regulation 
(David-Birman et al., 2018; Escobar-Ortiz et al., 2022; Hayakawa et al., 2022; Issaoui et 
al., 2020; Niedzwiecki et al., 2016; Sadat et al., 2022; Sajadimajd et al., 2020). Insects use 
polyphenols as pigments and chemical defences and can synthesise or store non-dietary 
phenolic compounds through sclerotisation (Nino et al., 2021). They can also absorb and 
accumulate flavonoids from their host plants during the larval stage, making diet a key 
factor influencing the type and concentration of polyphenols present (Aiello et al., 2023). 
To date, 225 polyphenols have been identified across various insect species, although 
research on their composition and bioactive properties remains ongoing (Aiello et al., 2023). 



14 Chapter 1. Introduction  

Total phenolic content ranges from 260 to 5,000 mg gallic acid equivalents (GAE) per 100 
g of extract, depending on the species and method used (Table 1.5). 

Table 1.5: Total phenolic content (mg GAE/100 g) in farmed insect species. 

Insect species 
Total phenolic content 

(mg GAE/100 g) 
Source 

Tropical house cricket 515.76 Zielińska et al., 2021 

House cricket 300-5,000 
Navarro del Hierro et al., 
2020; Nino et al., 2021 

Yellow mealworm 260-3,545 
Navarro del Hierro et al., 
2020; Pyo et al., 2020; 
Zielińska et al., 2021 

1.1.4 Risks associated with eating insects 

Eating insects could pose certain risks that must be considered. In 2015, EFSA assessed 
the risk profile of insect production and consumption, concluding that it is comparable to 
other conventional protein sources (e.g., meat, poultry, and fish), provided insects are 
reared under controlled conditions and fed with safe, authorised feed (EFSA Scientific 
Committee, 2015). 

Insects are known to cause allergic reactions such as eczema, conjunctivitis, angioedema, 
and bronchial asthma. The most common allergic reactions can be caused by insect bites 
or stings, by inhalation or contact (Van Huis, 2013). The most common insect allergens 
are glycoproteins, for example, tropomyosin, arginine kinase, triose phosphate isomerase, 
tubulin, and glyceraldehyde 3-phosphate dehydrogenase (Srinroch et al., 2015; Verhoeckx 
et al., 2014). Chitin and its derivative, chitosan, are not directly allergenic but may exhibit 
immunomodulatory properties depending on the route of administration and particle size. 
These properties could influence allergic reactions to other allergens (EFSA Panel on 
Dietetic Products, Nutrition and Allergies (NDA), 2010; Lee et al., 2008).  

Biological risk is an important factor in assuring the safety and shelf-life stability of 
edible insects. Insects can carry pathogens, with contamination levels varying by species, 
collection method (wild or farmed), and processing hygiene practices (Rumpold & Schlüter, 
2013a). Pathogenic bacteria and fungi, which typically reside in the insect (farmed and 
wild) gut or on the surface, include Alternaria, Aspergillus, Bacillus, Campylobacter, 
Candida, Clostridium, Enterococcus, Enterobacteriaceae, Micrococcus, Neisseria, 
Penicillium, Pseudomonas, Salmonella, Shigella, Staphylococcus, Streptococcus and Vibrio 
(Kim et al., 2019; Lange & Nakamura, 2021). Effective control measures and hygiene 
practices must be implemented throughout the edible insect food chain, including 
production, processing, preservation, and handling, to eliminate microbial infection risks 
(Lange & Nakamura, 2021). Additionally, proper fasting, thermal treatment, and storage 
conditions are essential for decontaminating insects and extending their shelf life 
(Kouřimská & Adámková, 2016). 

Insects may also face risks from viruses, parasites, and prions. Viruses infecting insects 
(such as Iridoviridae, Parvoviridae, Iflaviridae, Dicistroviridae, and Reoviridae) pose no 
direct risk to humans or vertebrate animals, but they can affect insect farming operations 
(EFSA Scientific Committee, 2015). A potential issue is the presence of parasites, which 
can be pathogenic for insects only (Nosema spp, Gregarine spp., Nyctotherus spp., 
Steinernema spp., Gordiidae, H. diesigni, Thelastomidae, and Thelastoma spp.) or parasitic 
for animals and potentially pathogenic for humans (Cryptosporidium spp., Isospora spp., 
Balantidium spp., Entamoeba spp., Cestoda, Pharyngodon spp., Physaloptera spp., 
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Spiruroidea, Acanthocephal, Pentastomida)(Gałęcki & Sokół, 2019). In response, Maciel-
Vergara et al. (2021) proposed a list of general recommendations for hygiene and good 
practices to be followed. Additionally, prions may pose a risk if introduced through 
contaminated feed, so edible insects intended for food and feed should be provided with 
non-human, non-ruminant substrates to minimise these risks (EFSA Scientific Committee, 
2015). 

Concentrations of potentially toxic elements in insects depend on the characteristics of 
the elements, their concentrations in the substrate, and the insect species and 
developmental stage (EFSA Scientific Committee, 2015). Bioaccumulation of potentially 
toxic elements (As, Cd, Pb, Hg) has already been reported in numerous studies (Meyer et 
al., 2021, and references therein). For this reason, it is essential to prevent pollution by 
using uncontaminated feed and by controlling insect production.  

Insects can also contain antinutrients, substances that can inhibit the intake, digestion, 
absorption, and utilisation of macro- and micronutrients and may produce adverse health 
effects in consumers (Lange & Nakamura, 2021). The main anti-nutrient compounds 
detected in edible insects are oxalates, phytic acid, cyanogenic glycosides, and saponins 
(Sánchez-Estrada et al., 2024).  

Organic contaminants represent a significant area of concern in edible insect safety, 
with ongoing research focusing on biotransfer, bioaccumulation, and biotransformation 
processes (Labu et al., 2022; Poma et al., 2017, 2019, 2021). Studies show that contaminant 
uptake varies across species, developmental stages, substrates, and rearing conditions, 
underscoring the need for comprehensive monitoring and risk assessment (Meyer et al., 
2021). The organic contaminants include toxins produced by or accumulated in insects, 
veterinary drugs and hormones, pesticide residues, polycyclic aromatic hydrocarbons, 
dioxins, and dioxin-like polychlorinated biphenyls and packaging migration contaminants 
(Amorello et al., 2024; EFSA Scientific Committee, 2015). Their presence in insects can be 
controlled by regulating contaminant levels in the substrate (Meyer et al., 2021). 

1.1.5 Insect processing and its impact on the quality of edible insect 

products 

Insect processing is crucial for enhancing safety, shelf life, sensory attributes, and consumer 
acceptability. The first step, pre-processing, involves harvesting, separating insects from 
substrate residuals, inactivating/killing insects, removing wings/legs, and washing 
(Rumpold & Schlüter, 2013b). Harvesting can be manual or automatic, including sieving 
(Ojha et al., 2021). A starvation period before harvesting helps empty insect intestines, 
improving taste, cleanliness, and reducing microbial load (Garofalo et al., 2019; Wynants 
et al., 2017). 

If not sold as live, insects are killed by freezing, drowning in hot or boiling water, or 
steaming (Ojha et al., 2021), which can affect product quality, including microbial load, 
proximate composition, colour, and taste (Adámková et al., 2017; Farina, 2017; Larouche 
et al., 2019). Freeze-killing is considered the most humane technique (Adámková et al., 
2017; Pali-Schöll et al., 2019). 

1.1.5.1 Processing of whole insects 

Insect pre-processing alone is insufficient to ensure safety; further processing is required to 
produce a microbiologically stable, safe food product. Processing methods vary depending 
on whether insects are used whole or powdered. For whole insects, decontamination 
methods include blanching, boiling, steaming, marinating, smoking, toasting, frying, and 
their combinations (Melgar-Lalanne et al., 2019; Ojha et al., 2021). These insects can then 



16 Chapter 1. Introduction  

be marketed chilled, frozen, or dried (Ojha et al., 2021). Drying, the most common method 
for extending shelf life, includes techniques such as fluidised-bed drying, freeze-drying, hot-
air oven-drying, microwave drying, smoke drying, roasting, sun-drying, and vacuum drying 
(Hernández-Álvarez et al., 2021). Each method impacts the chemical, microbiological, and 
sensory properties differently. 

Thermal treatments like boiling, toasting, and blanching are most effective for microbial 
reduction, while drying is less effective unless combined with heat (Nyangena et al., 2020; 
Ojha et al., 2021). High temperatures can also affect nutritional composition, reducing 
protein solubility, vitamin B12 levels, and mineral bioaccessibility (Egan et al., 2014; 
Kinyuru et al., 2010; Lenaerts et al., 2018; Madibela et al., 2007; Manditsera et al., 2019; 
Womeni et al., 2012). Blanching inactivates browning enzymes but may cause non-
enzymatic browning (Azzollini et al., 2016; Tonneijck-Srpová et al., 2019), while toasting 
and roasting result in a crunchy texture and meat-like aroma (Melgar-Lalanne et al., 2019). 

Marination, a non-thermal treatment, is still under-explored but could improve shelf 
life and sensory properties. Borremans et al. (2018) found that marinating yellow mealworm 
larvae in red wine or soy sauce for 6 days inhibited microbial growth, extending shelf life 
by at least 7 days. However, marination may promote bacterial endospore germination, 
posing challenges for longer storage. Further research is needed on the nutritional and 
sensory benefits of marinated insect products. 

1.1.5.1.1 Drying techniques 

Drying is a critical process for extending the shelf life of edible insects by reducing water 
content, thereby limiting enzymatic and microbial degradation (Melgar-Lalanne et al., 
2019). This method also helps mitigate rancidity, improve colour, and enhance texture 
(Hernández-Álvarez et al., 2021). Sun-drying, often used at the household level due to its 
low energy consumption, has limited antimicrobial efficacy unless combined with heat 
treatment (Azzollini et al., 2016; Nyangena et al., 2020). It may also lead to increased 
peroxide values, oxidative degradation (Tiencheu et al., 2013), and a reduction in vitamin 
content and protein digestibility (Kinyuru et al., 2010). Inconsistent drying results, driven 
by the reliance on appearance alone, can also lead to contamination risks through 
inadequate hygiene during processing and contact with soil and air (Melgar-Lalanne et al., 
2019). 

Smoking, a traditional preservation technique, enhances lipid stability and extends shelf 
life due to dehydration and the antimicrobial and antioxidant properties of smoke 
constituents such as formaldehyde, carboxylic acids, and phenolics (Hernández-Álvarez et 
al., 2021; Tiencheu et al., 2013). It also imparts a desirable smoky aroma, which is generally 
well accepted by consumers (Mmari et al., 2017). However, the presence of polycyclic 
aromatic hydrocarbons, potential carcinogens, may pose health risks if their concentrations 
exceed regulatory limits (Alexander et al., 2010). 

Freeze-drying uses sublimation under reduced pressure, effectively preserving texture, 
nutritional value, aroma, and colour, making it suitable for high-value insect products 
(Hernández-Álvarez et al., 2021). Although freeze-drying helps retain heat-sensitive 
nutrients like vitamin B12 (Hernández-Álvarez et al., 2021; Lenaerts et al., 2018), it is 
energy-intensive and costly (Parniakov et al., 2022). Some studies, however, report 
increased lipid oxidation and reduced protein levels in freeze-dried yellow mealworms, 
indicating that it does not inherently prevent oxidative deterioration (Bogusz et al., 2024; 
Keil et al., 2022; Kröncke et al., 2019; Lenaerts et al., 2018). 

Oven drying is a conventional preservation method which removes water at elevated 
temperatures and offers good scalability for industrial applications (Hernández-Álvarez et 
al., 2021). However, excessive heat exposure can detrimentally affect the nutritional quality 
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of the product, leading to substantial reductions in vitamins B2, B3, and B12 (Bawa et al., 
2020), PUFA levels (Dobermann et al., 2019), as well as decreased protein solubility 
(Kröncke et al., 2018). Additionally, browning, caused by both enzymatic and non-
enzymatic reactions, occurs at higher temperatures, though blanching before drying can 
mitigate this effect (Purschke et al., 2018). 

Microwave drying, which uses electromagnetic waves to evaporate moisture rapidly, 
also reduces drying time significantly (Hernández-Álvarez et al., 2021). However, similar 
to oven drying, it can decrease protein solubility (Kröncke et al., 2018) and result in 
substantial vitamin losses, particularly vitamins B2, B3, and B12 (Bawa et al., 2020; 
Lenaerts et al., 2018). Although microwave-dried insects exhibit lighter browning compared 
to oven-dried products, the effect on sensory attributes remains a consideration (Bawa et 
al., 2020). 

Fluidised bed drying uses an upward flow of hot air to suspend insects, enhancing heat 
and mass transfer for efficient drying (Hernández-Álvarez et al., 2021). The method allows 
continuous, large-scale production with relatively short drying times. However, this 
method, like other thermal treatments, may reduce protein solubility and cause browning 
(Kröncke et al., 2018; Purschke et al., 2018). 

Vacuum drying, performed at lower temperatures than other thermal methods, helps 
preserve heat-sensitive compounds but is time-consuming and not ideal for large-scale 
production (Hernández-Álvarez et al., 2021). Similar to freeze-drying, it increases 
susceptibility to lipid oxidation (Kröncke et al., 2018). 

1.1.5.2 Insect meal production 

Insects can be processed into homogeneous forms, such as paste or powder, through wet or 
dry milling (Ojha et al., 2021). Wet milling, applied to fresh or blanched insects, is common 
at the industrial level due to easier handling of fluid material (Dossey et al., 2016). 
However, wet-milled material is microbiologically unstable and must be stored below 5 °C 
for rapid use (De Smet et al., 2019). In contrast, dry milling produces stable powder with 
an extended shelf life, allowing room temperature storage and easier commercialisation 
(Ojha et al., 2021). While wet milling offers processing benefits, dry milling provides 
superior stability and market flexibility. 

A subsequent drying step is necessary for shelf-stable insect-based products. Spray 
drying is often preferred for producing homogeneous powder quickly while preserving 
nutritional properties (Son et al., 2019). In contrast, drum drying is more suitable for high-
fat substrates, though it may suffer from uneven heat transfer (Dossey et al., 2016; J. Tang 
et al., 2003). Other drying methods include oven, freeze, solar, smoke, microwave-assisted, 
fluidised-bed, and vacuum drying, each having its pros and cons, as explained above. The 
choice of technique balances microbial safety, nutritional preservation, scalability, cost, 
and product stability. 

Insect meal can be whole-fat or defatted, with fat removal achieved through physical 
(Arsiwaalla & Aarts, 2015), mechanical (Tschirner & Simon, 2015), or chemical methods 
(Ravi et al., 2019; Son et al., 2019). Defatting may occur before or after milling. Milling 
prior to defatting can release enzymes that promote lipid and protein hydrolysis (Ojha et 
al., 2021). Physical defatting (e.g., decanting and centrifuging) results in a fat-containing 
stream, an aqueous stream containing protein-derived matter and another stream 
containing solids, such as chitin (Ojha et al., 2021). It is environmentally friendly, 
producing non-toxic, safe products for food, feed, and pharmaceuticals (Arsiwaalla & Aarts, 
2015). Mechanical defatting involves oil extraction using pressure, followed by milling 
(Tschirner & Simon, 2015). In contrast, solvent defatting is applied to dried and milled 
material to enhance solvent penetration (Ojha et al., 2021; Ravi et al., 2019). Although 
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more efficient, solvent extraction raises environmental and sensory concerns, as it can 
reduce flavour, colour, and consumer acceptability, particularly when solvents like n-
hexane are used (Son et al., 2019). Overall, defatting increases protein content and amino 
acid concentrations, while preventing lipid breakdown and extending shelf life (Kim et al., 
2022; Marasca et al., 2025). 

Recent advancements highlight eco-friendly technologies like high hydrostatic pressure 
(HHP), pulsed electric fields (PEF), ultrasound (US), and cold atmospheric pressure 
plasma (CAPP) for sustainable processing with minimal environmental impact (Z. Liang 
et al., 2024; Ojha et al., 2021). These methods aim to enhance both product safety and 
quality, while improving processing efficiency. However, their application in edible insect 
processing remains limited and requires further research. 

1.1.5.2.1 Fermentation 

Fermentation is a process assisted by either uncontrolled (natural or spontaneous) or 
controlled (by starter culture) microorganisms that convert large molecules into smaller 
ones through diverse oxidation or reduction mechanisms (Castro-López et al., 2020). 
During this process, the stimulation and/or improvement of the production of valuable 
compounds, such as essential amino acids, easily digestible proteins, essential fatty acids, 
alcohols, and vitamins, is conducted (Mishra et al., 2017; Srivastava, 2018). Since edible 
insects differ in the composition of traditionally fermented foods (fruits and vegetables), it 
is essential to use an appropriate selection of bacterial or fungal starter cultures that utilise 
both inorganic and/or organic sources of nitrogen in order to achieve a suitable substrate 
metabolism and acidification (Mouritsen et al., 2017; V. Singh et al., 2017). Additionally, 
since insects’ bodies contain rigid exoskeletons, this can compromise the microorganism’s 
accessibility to the substrate and affect the fermentation process. To address this issue, it 
has been suggested that edible insects be pre-treated through milling, blanching, or boiling 
prior to initiating fermentation (Kewuyemi et al., 2020).  

Although research on the fermentation of edible insects remains limited, preliminary 
findings indicate potential benefits. For example, including (i) enhancing sensory qualities 
such as flavour, aroma, and texture; (ii) increasing nutritional value by improving nutrient 
bioavailability; (iii) eliminating anti-nutritional factors; (iv) increasing levels of bioactive 
compounds, such as amino acids, polyphenols, organic acids, (v) promoting intestinal 
health by incorporating beneficial microorganism; and (vi) extending shelf life and reducing 
microbiological risks by inhibiting pathogenic microorganisms (Castro-López et al., 2020; 
Di Cagno et al., 2013; Gaggia et al., 2011).  

1.2 Tomatoes and Treated Wastewater 

Tomatoes are among the most popular horticultural crops worldwide. Tomato fruits can 
be consumed either fresh or processed in many forms, such as tomato juice, soup, paste, 
puree, ketchup, sauce, and salsa. Tomato fruits are also nutritious and a rich source of 
lycopene, ß-carotene, vitamin C, provitamin A, folate, minerals (e.g., potassium), and 
secondary metabolites including flavonoids, phytosterols, and polyphenols. Due to its global 
importance, widespread consumption, and nutritional quality, the tomato (Solanum 
lycopersicum L.) was chosen as a model plant. 
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Figure 1.3: Tomato as a model plant. 

1.2.1 Treated wastewater reuse 

Water scarcity is a critical concern in an increasing number of regions, including the south 
and south-western USA, north-eastern Brazil, central Argentina, Northern and Eastern 
Africa, the Middle East, the Caucasus, northern India, northern China, and southern 
Europe (García-Ruiz et al., 2011; Huggins et al., 2022). Even in countries like Slovenia 
with significant rainfall, some regions are still impacted by seasonal water shortages. 
Zalokar et al. (2021), using monthly discharge data from 46 gauging stations spanning from 
1961 to 2016, found that the frequency and intensity of hydrological droughts have 
increased in recent decades. Both Kobold (2022) and Zalokar et al. (2021) identified spring 
and summer as particularly critical periods for water deficits. Furthermore, they reported 
that droughts in Slovenia are regional in nature, affecting specific areas rather than the 
entire country uniformly.  

Since 2000, the Slovenian Environment Agency (ARSO) has recorded 7 droughts that 
affected Slovenia at the scale of a natural disaster (Figure 1.4). Droughts are also occurring 
in regions and during seasons that have not previously experienced such problems. An 
additional risk to agriculture is the rapid onset of summer droughts ("flash droughts") 
during heat waves. Projections indicate that the trend of increasing frequency and intensity 
of agricultural drought will continue (Sušnik et al., 2025). 
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Figure 1.4: Average summer meteorological water balance for Slovenia, along with the 
corresponding number of regions experiencing extreme agricultural drought and their 
spatial extent (above), and the intensity of agricultural drought by region, expressed in 
percentile classes (below) for the period 1971 to 2024. Adopted by the Slovenian 
Environment Agency 2025 (Sušnik et al., 2025). 

Since agriculture is the major consumer of water globally (accounting for 70% of 
abstracted water worldwide), it is severely affected by the water crisis (Christou et al., 
2024). Therefore, it is crucial to maintain food security by using non-conventional water 
resources of adequate quality in the agriculture sector. Treated wastewater is a sustainable 
alternative for mitigating irrigation water scarcity, especially in areas where conventional 
water resources are limited or absent.  

Currently, nearly 380 billion m3 of urban wastewater are generated each year globally, 
with projections of a 51% increase by 2050, due to population growth and increased 
urbanisation (Qadir et al., 2020). Presently, less than 20% of the global wastewater 
generated is treated, ranging from 8 to 70% in low- and high-income countries, respectively 
(UNESCO, 2017). The volume of treated wastewater reused in agriculture is even lower 
(2-15%), as most is used for other purposes, such as recharging aquifers or discharged to 
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downstream environments, such as rivers and lakes (Christou et al., 2024). The challenges 
of using treated wastewater in agriculture lie in limited social awareness and acceptance, 
the presence of various microbiological and chemical contaminants (including chemicals of 
emerging concern and microplastics) in treated effluents, and the willingness of 
governmental and intergovernmental organisations to invest and subsidise this practice 
(Cipolletta et al., 2021; UNESCO, 2017). 

Despite the challenges, several countries have already been successfully reusing treated 
wastewater in agriculture. Israel can be considered a pioneer in treated wastewater reuse 
for agriculture, with more than 87% of the produced effluents directly reused for irrigation, 
providing more than half of the agricultural sector's total irrigation needs (Marin et al., 
2017). The success in increasing the use of treated wastewater by the Israeli agricultural 
sector is attributed to a centralised water system, water quotas for farmers, allocation of 
funds for necessary infrastructure constructions, funding of research to assess the impacts 
of intensive use of treated wastewater on crops and soil and implementation of strict 
regulation regarding health and agronomic quality of treated wastewater (Christou et al., 
2024). Another example is the USA, particularly California, Florida, Texas, and Arizona, 
where TWW reuse in agriculture is supported by comprehensive regulations and guidelines. 
It is, however, used to irrigate citrus orchards and high-value vegetables, including 
artichokes, broccoli, cauliflower, celery, and lettuce (Ritter, 2021). Also, China and 
Australia have successfully adopted treated wastewater reuse (X. Liu et al., 2020; Radcliffe, 
2022; Radcliffe & Page, 2020). 

In Europe, TWW is mainly used in agriculture in Mediterranean countries, including 
Cyprus, Spain, Italy, Greece, France, and Portugal. Cyprus reuses nearly 80% of all 
tertiary-treated wastewater for both direct and indirect agricultural irrigation (Christou et 
al., 2024). Spain reuses 11% of treated wastewater, with 73% of this volume for agriculture. 
The TWW reuse for agriculture is very regional, and is the highest in the Region of Murcia 
and Region of Almeria (91%), the Valencian Community (43%), the Canary (24%) and 
Balearic (45%) archipelagos (Villacorta-Ranera et al., 2025). Italy has the potential to use 
23% of TWW for agriculture, but currently reuses only 4% (Collivignarelli et al., 2026; 
Utilitalia, 2022). Although TWW irrigation is practised in other countries, it is not as 
widespread (Christou et al., 2024; Minimum Requirements for Water Reuse, 2024). To 
date, there is no TWW reuse in Slovenia. 

1.2.1.1 European legislation 

In Europe, TWW reuse is regulated under Regulation (EU) 2020/741, which became 
applicable on June 26, 2023. The regulation establishes the minimum requirements for 
water reuse, including: i) harmonised minimum water quality requirements for the safe 
reuse of treated urban wastewater in agricultural irrigation, ii) harmonised minimum 
monitoring requirements, iii) risk management provisions to assess and address potential 
additional health risks and possible environmental risks, iv) permitting requirements, and 
v) provisions on transparency, whereby key information on every water reuse project is 
made available to the public (Water Reuse, 2024).  

More specifically, treated wastewater can be classified into four classes, A to D, which 
must meet the criteria for E. coli, biological oxygen demand, total suspended solids, 
turbidity, Legionella, and intestinal nematodes. The exact requirements and explanations 
of the classes are given in Table 1.6 and Table 1.7. The preparation of a risk management 
plan is also a mandatory component of any treated urban wastewater reuse system intended 
for agricultural irrigation. It aims to ensure that treated wastewater is used and managed 
safely to protect human and animal health and the environment. A water reuse risk 
management plan should be established based on the five to six elements: 
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• Description of the entire water reuse system from the entry into the urban 
wastewater treatment plant to the point of use. 

• Identification of all parties involved in the water reuse systems, including their 
roles and responsibilities.  

• Identification of potential hazards, including the presence of micropollutants 
and pathogens, and the potential for hazardous events.  

• Identification of environments and populations at risk, and the exposure routes 
to the identified potential hazards.  

• Risk assessment must evaluate potential hazards to the environment, human, 
and animal health, considering the nature, duration, and severity of risks, as 
well as affected populations and environments. It should follow the 
precautionary principle, comply with relevant EU and national legislation, and 
integrate guidelines for food, feed, and worker safety. The assessment may be 
based on existing scientific studies and data.   

• Additional requirements for water quality and monitoring when necessary and 
appropriate to ensure adequate protection of the environment and human and 
animal health, in particular when there is clear scientific evidence that the risk 
originates in the water. Additional requirements may in particular concern 
heavy metals, pesticides, disinfection by-products, pharmaceuticals, other 
substances of emerging concern (including micro pollutants and micro plastics), 
and antimicrobial resistance (Regulation (EU) 2020/741, 2020).  

Table 1.6: Classes of reclaimed water quality and permitted agricultural use and irrigation 
method. 

Minimum 
reclaimed water 

quality class 

Crop category (*) Irrigation method 
 

A 

All food crops consumed raw, where 
the edible part is in direct contact 
with reclaimed water, and root 
crops consumed raw 

All irrigation methods 
 

B 

Food crops consumed raw, where 
the edible part is produced above 
ground and is not in direct contact 
with reclaimed water, processed 
food crops, and non-food crops, 
including crops used to feed milk- or 
meat-producing animals 

All irrigation methods 

C 

Food crops consumed raw, where 
the edible part is produced above 
ground and is not in direct contact 
with reclaimed water, processed 
food crops, and non-food crops, 
including crops used to feed milk- or 
meat-producing animals 

Drip irrigation (**) or 
other irrigation method 
that avoids direct contact 
with the edible part of the 
crop 

D Industrial, energy, and seeded crops 
All irrigation methods 
(***) 

(*) If the same type of irrigated crop falls under multiple categories of Table 1, the 
requirements of the most stringent category shall apply. 
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(**) Drip irrigation (also called trickle irrigation) is a micro-irrigation system capable of 
delivering water drops or tiny streams to the plants and involves dripping water onto the 
soil or directly under its surface at very low rates (2–20 L/hour) from a system of 
small-diameter plastic pipes fitted with outlets called emitters or drippers. 
(***) In the case of irrigation methods which imitate rain, special attention should be 
paid to the protection of the health of workers or bystanders. For this purpose, 
appropriate preventive measures shall be applied. 

Table 1.7: Reclaimed water quality requirements for agricultural irrigation. 

Reclaimed 
water 
quality 
class 

Indicative 
technology 

target 

Quality requirements 

E. coli 
(number/100 

ml) 

BOD5 
(mg/l) 

TSS 
(mg/l) 

Turbidity 
(NTU) 

Other 

A 

Secondary 
treatment, 
filtration, and 
disinfection 

≤ 10 ≤ 10 ≤ 10 ≤ 5 
Legionella 
spp.: < 1 000 
CFU/L where 
there is a risk 
of 
aerosolisation 
 
Intestinal 
nematodes 
(helminth 
eggs): ≤ 1 
egg/L for 
irrigation of 
pastures or 
forage 

B 

Secondary 
treatment, 
filtration, and 
disinfection 

≤ 100 

In 
accordance 

with 
Directive 

91/271/EEC 
(Annexe I, 
Table 1) 

In 
accordance 

with 
Directive 

91/271/EEC 
(Annexe I, 
Table 1) 

- 

C 

Secondary 
treatment, 
filtration, and 
disinfection 

≤ 1 000 - 

D 

Secondary 
treatment, 
filtration, and 
disinfection 

≤ 10 000 - 

1.2.2 Influence of treated wastewater on the agro-environment and 

plants 

The practice of using TWW offers many advantages and disadvantages that can impact 
the overall sustainability and productivity of agricultural systems. Treated wastewater 
contains essential macronutrients such as nitrogen, potassium, and phosphorus, which can 
act as fertilisers and, importantly, reduce reliance on commercial fertilisers (Rusănescu et 
al., 2022). However, this practice must be monitored to prevent environmental pollution 
(Christou et al., 2024).  

1.2.2.1 Salinity 

A possible drawback of using TWW for soil irrigation is that it may lead to increased soil 
salinity. TWW often contains elevated levels of salts, which can accumulate in the soil and 
inhibit crop growth (Bakari et al., 2022). High salt accumulation and/or the addition of 
particulate organic matter from TWW in soil can result in deterioration of soil structure, 
leading to unfavourable physical and hydraulic soil properties and consequently reduced 
water and oxygen availability to plants (Leuther et al., 2018; L. Wang et al., 2024). Also, 
TWW irrigation can contaminate groundwater situated below irrigation sites (Benaafi et 
al., 2024). To reduce the potential risk, salt input into the sewage system has to be reduced.  
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1.2.2.2 Potentially toxic elements 

Particular attention should be given to boron, a component in industrial detergents, which 
is transferred to sewage and TWW (Fatnassi et al., 2025). When present in irrigation 
water, B can induce phytotoxic effects in crops even at low concentrations (Zhao et al., 
2023). Since conventional wastewater treatment does not effectively remove B, source 
control is essential (Dorta-Santos et al., 2016). Treated wastewater also contains 
potentially toxic elements (Pb, Cd, Ni, Cr, As), which are usually within safe limits for 
agricultural use. However, long-term application of treated wastewater can lead to excessive 
build-up of potentially toxic elements in soil and crops, posing environmental and health 
risks (Othman et al., 2021). Additionally, TWW can carry pathogens that harm farmers, 
infect crops, and pose a risk to human and animal health through the food chain (Becerra-
Castro et al., 2015). Therefore, adequate treatment and rigorous monitoring of TWW 
quality are crucial to ensure safe and sustainable reuse (Christou et al., 2024). 

1.2.2.3 Contaminants of emerging concern 

Another problematic aspect is the presence of CECs. Contaminants of emerging concern 
are compounds that can be newly identified or have been present in the environment for a 
long time. They can be either anthropogenic or naturally occurring chemicals or biological 
agents. What defines them is their recognition as potentially hazardous to humans and 
ecosystems, based on newly available data or improved detection methods (F. Wang et al., 
2024). They include pharmaceuticals and personal care products, per- and polyfluoroalkyl 
substances, emerging pathogens, cyanotoxins and other natural toxins, pesticides, 
industrial chemicals, micro/nano plastics, nanomaterials, antibiotic resistance genes, and 
other exogenous substances whose impacts on humans and the environment are still not 
well understood (Cousins et al., 2022; Puri et al., 2023; F. Wang et al., 2024). CECs enter 
wastewater treatment through industrial and municipal wastewater, where they are 
mineralised or partially degraded and/or transformed into various transformation products 
and end up as complex mixtures in wastewater effluent and sludge (Petrie et al., 2015). 

Irrigation with wastewater can lead to CEC residue accumulation in agricultural soils 
following transportation and potential transformation (by biotic and abiotic factors) (Ben 
Mordechay et al., 2022; Christou et al., 2017). If CECs are not degraded or retained in soil, 
they can contaminate groundwater (Kampouris et al., 2022). Also, they can be absorbed 
by crop plants and accumulated within their tissues (Christou, Papadavid, et al., 2019). 
Upon entering the food web, they can bioaccumulate in other organisms and humans, 
potentially causing toxic effects (Paltiel et al., 2016; Schapira et al., 2020).  

The mechanisms underlying CEC uptake by plants, as well as their accumulation in 
different plant tissues, including edible ones, have been studied under controlled conditions. 
The studies showed that CECs in plants can induce transcriptomic and metabolomic 
rearrangements that impact normal plant physiology and morphology, indicating stress 
response (Christou et al., 2016; Mansilla et al., 2024). Moreover, CECs can induce oxidative 
stress and disrupt phytohormone regulation, further impairing plant growth and 
development (Mansilla et al., 2021). In some cases, CECs can also be metabolised and 
detoxified in plant cells, which involves three phases:  

• Phase I, enzymes modify the compound via oxidation, reduction, or hydrolysis.  
• Phase II, the metabolite is conjugated with polar molecules (e.g., sugars, amino 

acids, glutathione) to enhance solubility.  
• Phase III, conjugates are sequestered or excreted from the cell into vacuoles, 

resulting in their excretion from the cell and, ultimately, from the plant (Mansilla 
et al., 2021).  
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The CEC uptake in plants is affected by plant species, soil physicochemical properties, and 
environmental conditions that influence evapotranspiration (Christou, Papadavid, et al., 
2019).  

1.2.2.4 Micro and nanoplastics 

Although the removal of micro and nanoplastics from wastewater is high (up to 95%), since 
they are retained in sludge, TWW is still an important source of micro and nanoplastics 
(J. Li et al., 2018). Micro and nanoplastics can be colonised by wastewater microorganisms, 
resulting in the formation of dynamic biofilms, known as plastispheres, which interact with 
co-existing contaminants in the wastewater treatment plant (WWTP), including CECs (P. 
Liu et al., 2023; Xia et al., 2022). Wastewater plastispheres can enhance the persistence of 
antibiotic resistance elements (antibiotic-resistant bacteria, antibiotic-resistant genes, and 
mobile genetic elements) and bacterial pathogens by favouring their microenvironment and 
horizontal gene transfer and limiting their inactivation by disinfection processes, thus 
accelerating their toxicological impacts (Junaid et al., 2022; P. Liu et al., 2023; Manoli et 
al., 2022). In addition, micro(nano)plastics can accumulate in soil fauna, wildlife, and 
plants, causing adverse effects (Cui et al., 2023; F. Wang et al., 2022). The uptake and 
accumulation of micro(nano)plastics in cultivated plants, along with other contaminants 
in TWW and irrigated soil, can induce phytotoxic effects, negatively impacting plant 
growth and development (Naziri et al., 2023). Moreover, the accumulation of 
micro(nano)plastics in the edible parts of crop plants can further contribute to their 
biomagnification in the food chain, with potential human health risks (Y. Liu et al., 2023). 

1.2.2.5 Influence of CEC on crop quality 

Although significant research has explored the uptake and accumulation of CECs from 
TWW and spiked irrigation solutions in crops, only a few studies have examined their 
impact on crop quality and biochemical parameters. To the author’s knowledge, only three 
studies have specifically investigated the effects of CECs, which can be found in TWW, 
from spiked irrigation solutions, but no studies have yet focused on the influence of CECs 
from TWW itself. Christou, Kyriacou, et al. (2019) evaluated the effects of three 
pharmaceutically active compounds, both individually and in combination, in irrigation 
water, on various quality attributes of tomato fruits. These included colouration, acidity, 
soluble solids content, lycopene, ascorbic acid, phenols, antioxidant activity, and sugar 
content. The study revealed significant changes in soluble solids and carbohydrate content 
caused by individual pharmaceuticals. However, no additive or synergistic effects were 
observed when combined. Hurtado et al. (2017) examined the effects of 11 CECs on lettuce 
and identified alterations in relative concentrations of amino acids, carboxylic acids, and 
sugars. Chen et al. (2018) evaluated the response of ten different rice varieties to 2,2’,4,4’-
tetrabromodiphenyl ether (BDE-47), a predominant congener of polybrominated diphenyl 
ethers (PBDEs), in a hydroponic system. The metabolic response was variety-specific: the 
tolerant variety exhibited stronger metabolic activity and a more effective antioxidant 
defence system, with significant upregulation of amino acids, organic acids, saccharides, 
and secondary metabolites (polyols, glycosides) to counteract oxidative stress, while the 
susceptible variety showed a decrease in most metabolites, indicating its vulnerability.   

Based on current research, it is important to note that the effect of CECs on crop 
quality is highly variable, depending on factors such as plant species, CEC type and 
concentration, and the specific metabolite affected. Due to a lack of data, it is challenging, 
if not impossible, to draw general conclusions that would apply universally across different 
metabolite groups (e.g., amino acids, sugars, organic acids), plant species, or types of 
contaminants. Each combination of plant and CEC may yield distinct effects on crop 
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quality, underscoring the need for context-specific analyses rather than broad 
generalisations. 

1.2.3 Tomato fruit quality 

Tomato quality is a multidimensional concept that includes physical, chemical, nutritional, 
and sensory attributes. The following chapters will focus on the quality characteristics of 
red tomato varieties. 

1.2.3.1 Physical quality 

Physical attributes refer to the external characteristics of tomatoes, which are key to 
consumer perception and market grading. High-quality tomatoes should be uniform, with 
no deformities and defects, such as cracks, bruises, or blossom-end rot (Molelekoa et al., 
2025). Their bright red colour signifies full ripeness and desirable flavour, as well as the 
presence of lycopene, the pigment responsible for the red shade and known for its 
antioxidant properties (Barrett & Anthon, 2008). Colour is also a major quality component 
in tomato and is an important focus of breeders. The main factors affecting pigment 
concentration and colour development are cultivar, growing region, and season. At the 
same time, during post-harvest storage, temperature is the most critical environmental 
factor influencing biological processes, including red colour development and fruit softening 
(Tadesse et al., 2015). 

Another important physical quality parameter of tomato is texture, which is perceived 
through touch, whether the fruit is picked up by hand or placed in the mouth and chewed. 
The texture of tomato fruit is determined by turgor pressure, the composition of individual 
plant cell walls, and the middle lamella that holds cells together (Barrett et al., 2010). 
Tomatoes are composed of approximately 93-95% water and 5-7% total solids, of which 
80-90% is soluble and 10-20% insoluble. 

Insoluble material derived from cell walls is the greatest contributor to texture (Barrett 
et al., 2010). Cell walls are principally composed of three classes of polysaccharides: 
cellulose, hemicellulose, and pectin. In tomato, the ripening-associated changes occur in the 
pectic polysaccharides, which play an important role in cell-to-cell adhesion. During 
ripening, pectic polymers degrade due to the action of pectin-metabolising enzymes (D. 
Wang et al., 2018). Factors that affect the textural properties of tomatoes are either 
production-related or tissue-specific. Production-related factors include: 

(1) cultivar or variety,  
(2) maturity at harvest and degree of ripeness,  
(3) cultural practices, including the use and type of fertiliser, application of certain 

hormones, amount of water, and degree of sun exposure, and  
(4) environmental stresses on the tomato plant prior to harvesting, such as drought, 

salinisation, water stress, chilling, and freezing.  
Tissue-specific or structure-related factors that affect the textural properties of tomatoes 
include the following:  

(1) chemical composition of the cell wall,  
(2) activity of softening-related enzymes,  
(3) turgor pressure,  
(4) cell shape and size distribution,  
(5) the amount and distribution of intercellular spaces, and the proportions and 

arrangements of specialised tissues such as vascular, epidermal, and locular tissues 
(Amr & Raie, 2022). 
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1.2.3.2 Chemical quality 

The key chemical quality parameters of tomatoes are titratable acidity and total soluble 
solids. Titratable acidity affects the flavour, preservation, and processing characteristics of 
both fresh and processed tomato products (Amr & Raie, 2022). A higher titratable acidity 
improves the safety and shelf stability of tomato products by reducing microbial growth, 
thereby allowing shorter heat treatments during processing (Vieira et al., 2020). The sugar-
to-acid ratio is a major determinant of taste quality, influencing the perceived sweetness, 
sourness, bitterness, and tartness that collectively define consumer acceptability of tomato 
products (Anđelini et al., 2023). During ripening, titratable acidity reaches its maximum 
at the beginning of ripening, then decreases as the fruit approaches the ripe stage and 
continues to decrease with over-maturity (Anthon et al., 2011). Citric acid is the primary 
contributor to titratable acidity in tomatoes, followed by smaller amounts of malic and 
glutamic acids (Villena et al., 2023). 

Total soluble solids (TSS) are a key indicator of tomato quality. For processed 
tomatoes, TSS is a key indicator of quality and competitiveness. Processing tomatoes 
should have at least 5% TSS, while each 1% increase is equivalent to a 25% reduction in 
raw material consumption (Gur & Zamir, 2015). Consequently, the processed tomato 
market has clear quantitative minimum requirements for TSS, aiming to achieve extremely 
high TSS levels to optimise production costs.  

In contrast to processed tomatoes, the fresh tomato market emphasises the balance 
between TSS and acidity, aiming to provide consumers with the best flavour experience 
(Xu et al., 2025). TSS are commonly measured using a refractometer, which expresses the 
percentage of soluble compounds in the fruit juice (Amr & Raie, 2022). Fresh tomatoes 
consist mainly of sugars and organic acids, along with smaller amounts of amino acids, 
ascorbate, minerals, pectins, and phenolic compounds. Among these constituents, sugars, 
acids, phenols, and minerals play a central role in determining the characteristic taste and 
flavour of tomatoes, with sugars contributing the most quantitatively (Figàs et al., 2015). 
The TSS content is influenced by both the tomato cultivar and the stage of ripeness at 
harvest (Beckles, 2012). In general, TSS, along with glucose and fructose, the primary 
contributors to soluble solids, increase during ripening as starch is converted into sugars. 
However, slight declines may occur in overripe fruits (Young et al., 1993).  

1.2.3.3 Nutritional and sensorial quality 

Nutritional quality of tomatoes relates to sugars, organic acids, carotenoids, polyphenols, 
amino acids, fatty acids, while sensory quality relates mainly to volatile organic compounds.  

1.2.3.3.1 Sugars 

Sugars are among the most important nutritional components of tomatoes, accounting for 
3-6% of tomato weight, depending on the variety and cultivar (Abdul-Hammed et al., 2012; 
Ágoston et al., 2017; Amr & Raie, 2022). As mentioned above, they play a significant role 
in taste and texture. The main sugars present in tomatoes are glucose, fructose, and 
sucrose.  

During ripening, glucose and fructose increase significantly, and sucrose also forms, as 
starch stored in the fruit is broken down into sugars by enzymes (Kanayama, 2017). Sugar 
content is affected by many environmental factors, including temperature, light exposure, 
soil quality, irrigation practices, fertiliser use, and stress factors. Water, low temperature, 
salinity, and oxidative stress often increase sugar accumulation, while nutrient deficiencies, 
low light, and high-temperature stress typically reduce accumulation (Casals et al., 2021; 
Dasgan et al., 2021; Gruda, 2005; Marsic et al., 2018).  
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1.2.3.3.2 Organic acids 

Organic acids are another critical factor in the sweet-and-sour taste of tomatoes. The most 
abundant organic acids present in ripe fruits are citric acid and malic acid, while shikimic 
and fumaric acids are present in traces (Marsic et al., 2018). Their content ranges from 
0.3% to 0.6%, while their ratio varies significantly across tomato cultivars (Felföldi et al., 
2021). The content of organic acids is important for processing and storage, as they 
determine the fruit's pH and, in sufficient amounts (pH<4.5), prevent the development of 
spoilage microorganisms (Bergougnoux, 2014).  

As with sugars, the amount of organic acid increases during ripening. At all stages, 
citric acid is the dominant organic acid, but unripe green tomatoes may contain significant 
amounts of malic acid, whereas its content in ripe fruits is relatively low. After ripening, 
citric acid content decreases, while malic acid content remains relatively stable (Agius et 
al., 2018). Other factors influencing the organic acid composition of tomatoes include 
variety, climate, location, agricultural practices, and stress factors (Hernández et al., 2014). 
Stress factors such as salinity and drought increase organic acid levels (Habibi et al., 2021; 
Marsic et al., 2018). Similar to soluble sugars, these compounds accumulate as part of 
osmotic adjustment mechanisms that help maintain cell turgor, water retention, and 
metabolic activity under water-deficit conditions (Farooq et al., 2009).  

1.2.3.3.3 Vitamins 

Tomatoes are an excellent source of vitamins, including vitamin B-complex, A, E, and K, 
with vitamin C being the most abundant (Ali et al., 2020). Many of them serve as enzyme 
cofactors (vitamins B-complex, A, K, and C), while vitamins E and C also function as 
biological antioxidants; vitamin A functions as a hormone and also serves as a 
photoreceptive cofactor in vision. In contrast, vitamins E, K, C, and B-complex also serve 
as cofactors in oxidation-reduction reactions (Combs & McClung, 2017). Vitamin content 
varies significantly depending on variety and cultivar, ripeness, storage conditions, and 
processing. During ripening, vitamin C increases to the half-mature stage and then slightly 
decreases at the full-ripe stage, while in the postharvest period, it gradually decreases 
(Antala et al., 2025; X. Li et al., 2025). Studies have shown that various abiotic stress 
conditions, such as drought and salinity, influence vitamin C accumulation in tomatoes 
(Mellidou et al., 2021).  

1.2.3.3.4 Carotenoids 

Tomatoes contain several types of carotenoids, with lycopene being the predominant one, 
accounting for more than 80% of the total carotenoids in fully ripe fruits. Other carotenoids 
in tomatoes include ß-carotene, which accounts for approximately 5−7%, and trace 
amounts of α-carotene and lutein (Marsic et al., 2018). These carotenoids are plant 
pigments that protect tomatoes from photo-oxidative damage and serve as natural 
antioxidants for humans, helping to combat cellular oxidative stress (Ali et al., 2020). 

The concentrations of carotenoids in tomatoes can vary depending on factors such as 
variety, cultivar, ripening stage, storage conditions, and processing methods. Carotenoids 
increase during ripening and, after the full-ripe stage, remain stable for some time before 
slowly degrading (González-Casado et al., 2018; Lin, 2005). Moreover, high-temperature 
stress leads to the degradation and inhibition of lycopene biosynthesis, while low 
temperatures can slow both fruit ripening and lycopene production (Dasgan et al., 2021). 
In contrast, increased salinity has been shown to enhance lycopene content (Marsic et al., 
2018). During processing, lycopene remains relatively stable, except at very high 
temperatures and long heating times (Shi et al., 2008). 
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1.2.3.3.5 Polyphenols 

More than 170 phenolic compounds are present in tomato in low concentrations and differ 
by variety and cultivar (Paolo et al., 2018; Slimestad & Verheul, 2009). They can be 
divided into groups based on their core structure: hydroxycinnamic acids, flavanones, 
flavonols, anthocyanins, and flavonol glycosides (Martí et al., 2016). The most abundant 
polyphenol is naringenin chalcone, followed by naringenin, quercetin, rutin, chlorogenic 
acid, kaempferol, and myricetin (Martí et al., 2016). Accumulation of polyphenols in 
tomato fruit is tissue-specific, with flavonoids almost entirely restricted to the peel (98%). 
At the same time, a range of hydroxycinnamic acids (coumaric, ferulic, and caffeic acids) 
and their conjugates with sugars and quinic acid have been reported in both skin and pulp 
(Moco et al., 2007). Concentrations of different polyphenols vary with maturity stage, 
agricultural practices, season, light, temperature, stress conditions, and storage conditions 
(Marsic et al., 2018; Slimestad & Verheul, 2009). Polyphenols are potent antioxidants and 
have been reported to interfere with the initiation, promotion, and progression of cancer 
(Ramos, 2008). 

1.2.3.3.6 Amino acids 

Tomatoes are a rich source of amino acids, with essential amino acids accounting for about 
40% of the total protein content (Ali et al., 2020). Amino acids are fundamental for various 
bodily functions in humans, including maintaining cellular structure, nutrient transport 
and storage, wound healing, and tissue repair (Elango & Laviano, 2017). In tomatoes, 
amino acids are found both as part of proteins and as free amino acids. Among the total 
amino acids, glutamic acid is the most abundant, while cystine is the least, and leucine is 
the most prevalent essential amino acid, with methionine being the least (Ali et al., 2020). 

Free amino acids, such as glutamate, γ-aminobutyric acid, glutamine, and aspartic acid, 
make up 80% of the total free amino acids in tomatoes (Kader et al., 1978). During 
ripening, the concentration of specific free amino acids changes significantly. Glutamate, 
aspartate, phenylalanine, and alanine increase as the fruit ripens and turns red, while γ-
aminobutyrate, glutamine, serine, and valine decrease (Osorio et al., 2011). Glutamate is 
particularly important for the characteristic “umami” flavour in ripe tomatoes, and its 
levels are higher in cultivated varieties compared to wild species (Sorrequieta et al., 2010). 
Environmental factors, agricultural practices, and stress conditions notably influence amino 
acid levels in tomato fruits (Fibiani et al., 2022; Fusco et al., 2025). For instance, salinity 
stress significantly increases free proline levels, whereas drought stress increases 
concentrations of phenylalanine, asparagine, serine, and valine (Agius et al., 2022; Shu et 
al., 2024). 

1.2.3.3.7 Fatty acids 

Although fatty acids are present in tomatoes in low quantities, they play important roles, 
including energy storage, cell membrane structure, signalling molecules, and aroma 
precursors (Kachroo & Kachroo, 2009; S. Wang et al., 2023). Through these roles, they 
influence flavour, texture, nutritional value, and storage stability, making them important 
determinants of overall tomato quality. The highest fatty acid in tomato fruit is linoleic 
acid, followed by oleic and palmitic (Saini et al., 2017). Tomatoes contain the essential 
fatty acids linoleic and α-linolenic acids, which are vital for human health, as they regulate 
inflammation, support cardiovascular and brain function, and serve as precursors to 
biologically active long-chain fatty acids (Sala-Vila et al., 2022). During ripening, there is 
an increase in linoleic and α-linolenic acids and overall polyunsaturated fatty acids (Saini 
et al., 2017). Overall, fatty acid composition in tomato fruits varies depending on the 
variety and ripening stage, agricultural practices, environmental conditions, and stress 
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conditions (Asakura et al., 2021; Gao et al., 2025; L. Li et al., 2024; Staveckienė et al., 
2023). 

1.2.3.3.8 Volatile organic compounds 

Tomato volatiles are crucial components of fruit flavour, providing the characteristic aroma 
that complements sweetness and acidity. More than 400 volatile compounds have been 
identified in tomatoes, but only a limited number, including aldehydes, alcohols, esters, 
ketones, lactones, and terpenoids, make significant contributions to flavour perception 
(Kaur et al., 2023). These volatiles originate from three primary biosynthetic pathways 
derived from lipids, amino acids, and terpenoid precursors (S. Wang et al., 2023). Tomato 
aroma is typically described as a complex blend of green, grassy, fruity, floral, and earthy 
notes, arising from the combination of lipid-derived aldehydes (fresh-green), amino acid-
derived compounds (sweet-fruity and floral), and carotenoid-derived volatiles (fruity-
flowery) that together create the characteristic fresh tomato scent (Kaur et al., 2023; S. 
Wang et al., 2023). The volatile organic compound profile continuously changes throughout 
fruit development, from early growth, fruit ripening, and the postharvest period. It is 
influenced by genetic factors, agricultural practices (grafting, irrigation and water quality, 
growing media, fertilisation, green house/open field), environmental conditions 
(temperature, light, soil), stress conditions (herbivory or pathogen attack, salt stress, 
drought, temperature extremes) and postharvest treatment (storage, postharvest chemical 
application, processing) (Distefano et al., 2022; Erika et al., 2022; Ji et al., 2025; S. Wang 
et al., 2023).  

1.2.3.3.9 Minerals 

Beyond their organic constituents, tomatoes are a significant dietary source of essential 
minerals, as 200 g of fresh tomato provides 10% of the adequate intake for adults and about 
5-7% of the reference daily intake for P and Mg (Erba et al., 2013). While some nutrients, 
such as N, P, K, Ca, Mg, and S, are needed in large amounts by tomato for normal growth 
and reproduction, others, such as Fe, Cu, Zn, Mn, B, Mo, and Cl, are needed in small 
amounts (Sainju et al., 2003). 

Nutrients influence various physiological and biochemical processes, for instance, N is 
vital for protein and amino acid synthesis, P supports root development and early fruit 
setting, while K promotes the growth and development of tomato plants and enhances fruit 
quality and flavour (Allen, 1973; Song et al., 2025; Yusuf et al., 2023). Calcium maintains 
cell wall integrity and prevents disorders like blossom-end rot, whereas Mg contributes to 
chlorophyll formation (Ho, 2005; Ishfaq et al., 2022). As a result, tomatoes are regularly 
fertilised with N, P, and K and occasionally with Ca and Mg (Sainju et al., 2003). Other 
nutrients are not generally applied unless a plant deficiency occurs. For greenhouse-grown 
tomatoes, the growth media other than soil are fortified with all nutrients (Xiong et al., 
2017). The concentration and balance of elements depend on factors such as soil nutrient 
availability, pH, fertilisation practices, genotype, environmental and stress conditions 
(Hernández Suárez et al., 2007; Jin et al., 2025; Rodríguez-Ortiz et al., 2022; Sellitto et al., 
2019). Both nutrient deficiencies and excesses can negatively affect tomato yield and 
quality, as well as lead to environmental issues like nitrate leaching (Mao et al., 2024). 
Therefore, periodic soil and plant analyses are essential to ensure optimal fertilisation rates 
that sustain productivity while protecting environmental quality. (Sainju et al., 2003).  

1.2.3.3.10 Potential effects of treated wastewater and CECs on tomato 

The influence of TWW and CECs on tomato fruit quality remains insufficiently explored. 
Furthermore, to date, there have been no studies investigating the mechanisms by which 
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TWW and CECs affect tomato metabolism and quality. While the effects of increased 
salinity and elevated potentially toxic elements associated with TWW irrigation have been 
discussed in this chapter, another important aspect is the potential impact of CECs on 
tomato fruit metabolism, particularly through the induction of oxidative stress. Based on 
current knowledge of plant responses to reactive oxygen species (Wei et al., 2025), CEC-
induced oxidative stress may accelerate early ripening processes, affecting fruit colour by 
altering carotenoid synthesis and accumulation. It may also influence fruit texture by 
promoting cell wall degradation, leading to softening. Furthermore, oxidative stress could 
alter key quality-related metabolites, including organic acids, the conversion of starch to 
soluble sugars, vitamins, volatile compounds, and pigments, thereby modifying flavour and 
nutritional value. Excessive oxidative stress could accelerate tomato ripening beyond 
optimal levels or cause oxidative damage during ripening, potentially affecting fruit drop, 
postharvest behaviour, pigment synthesis, softening dynamics, and overall shelf life. 

Based on knowledge from aquatic plants (J. Liang et al., 2024) and soybean seedlings 
(S. Wang et al., 2015), bisphenols and related CECs could affect tomato via additional 
molecular mechanisms. For example, exposure to bisphenol analogues could alter gene 
transcription, protein translation, and endogenous metabolic pathways. Possible structural 
damage, often visible at early stages of exposure, is associated with inhibited photosynthesis 
and disrupted plant growth. Moreover, as endocrine-disrupting compounds, bisphenols 
could disrupt tomato hormonal balance, since phytohormones play central roles in stress 
signalling, resistance responses, and metabolic regulation. All of those considerations are 
based on limited studies investigating the effects of bisphenols in other plant species and 
should therefore be interpreted with caution. They primarily serve as preliminary 
hypotheses and indicate potential directions for future research rather than definitive 
conclusions for tomatoes.  

1.3 Explainable Machine Learning in Food Sciences 

Nutritional quality assessments and metabolomics analyses generate large, complex 
datasets, making it challenging to process and interpret them to extract meaningful 
patterns and to find clear answers to research hypotheses. Food data statistics usually 
include basic descriptive statistics and hypothesis testing (t-tests, ANOVA, nonparametric 
tests), confidence interval estimation, regression analysis, and multivariate analysis (PCA, 
factor analysis, cluster analysis) (Eftimov et al., 2017; R. Singh et al., 2023). However, 
these methods have their shortcomings.  

Descriptive statistics offer only a summary snapshot of the data and do not identify 
causal relationships or explain the mechanisms underlying observed patterns. Hypothesis 
testing is constrained by underlying assumptions, such as normality and homoscedasticity, 
that are often violated in real-world data, and its outcomes are sensitive to sample size and 
the selected significance threshold, indicating statistical association, which can lead to 
spurious associations rather than causation. Regression analysis further assumes linear 
relationships between variables and independence and normality of residuals, which limits 
its ability to represent complex or non-linear interactions unless extended or modified. 
Multivariate techniques, while powerful, often require advanced statistical expertise for 
correct interpretation, assume linearity, and are highly sensitive to data quality, outliers, 
and methodological choices, all of which can substantially influence results (R. Singh et 
al., 2023). These limitations have motivated the emergence of explainable machine learning 
as a powerful alternative, capable of capturing complex nonlinear relationships while 
providing transparent, interpretable insights into the underlying drivers of food-related 
data. 
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Explainable machine learning, also known as explainable artificial intelligence (XAI), 
comprises a set of computational methods that make the decision-making processes of 
complex models transparent and interpretable to humans. Unlike traditional “black box” 
machine learning algorithms, explainable approaches allow researchers to understand how 
input variables contribute to model outputs, identify key features driving predictions, and 
reveal hidden relationships within high-dimensional datasets (Linardatos et al., 2020). 

Explainable machine learning has evolved alongside broader machine learning 
development, emerging in response to growing concerns about the opacity of increasingly 
complex models. Early machine learning and statistical approaches, such as linear 
regression and decision trees, were inherently interpretable but limited in their ability to 
model complex patterns (Hastie et al., 2009; Quinlan, 1986). With the rise of more powerful 
“black-box” models in the 2000s and 2010s, including neural networks, support vector 
machines, and deep learning, predictive performance improved substantially, but 
interpretability declined, raising concerns in high-stakes domains such as healthcare, 
finance, and law (Bishop, 2006; Burrell, 2016; LeCun et al., 2015). These concerns led to 
the emergence of XAI in the mid-2010s, focusing on developing methods that can explain 
model predictions without sacrificing accuracy, exemplified by techniques such as LIME 
(Local Interpretable Model-agnostic Explanations) proposed by Ribeiro et al. (2016) and 
SHAP (SHapley Additive exPlanations) by Lundberg & Lee (2017). More recently, the 
field has expanded in response to ethical, legal, and societal demands for transparency, 
fairness, and accountability (Barocas et al., 2023; Mehrabi et al., 2022), reinforced by 
regulatory frameworks such as the GDPR (General Data Protection Regulation) (Goodman 
& Flaxman, 2017). That led to advances in counterfactual explanations, fairness-aware 
models, and human-centred interpretability approaches (Barredo Arrieta et al., 2020; 
Miller, 2019; Wachter et al., 2017). 

 

Figure 1.5: The evolution of explainable machine learning. 

1.3.1 Applications of explainable machine learning in food chemistry 

and agriculture 

Explainable machine learning has been successfully applied across a wide range of food-
related challenges, offering insights into various domains such as food origin tracing, crop 
yield prediction, sensorial quality, and food safety. In the context of tracing the origin of 
food products, Huang (2023), Kang (2023, 2024) and Sun (2022) utilised explainable models 
like eXtreme Gradient Boosting (XGBoost), Light Gradient-Boosting Machine 
(LightGBM) and SHAP to identify the origin of lotus parts, mussels, Chinese oysters, and 
sea cucumbers based on metabolomic profiles, stable isotope ratios and elemental 
compositions, respectively. These models provided accurate, interpretable 
recommendations on food authenticity, with SHAP facilitating understanding of the 
model's outputs by revealing the most influential features. 



1.4. Consumer Acceptance 33 

In agricultural applications, Murakami et al. (2021), Newman (2021), and Sihi, (2022) 
employed a range of machine learning models, including neural networks (NN), random 
forest (RF), support vector machine regression (SVR), partial least squares regression 
(PLS), cubist regression (CB), XGBoost, and LIME, to predict crop yields based on 
environmental variables. These models demonstrated high prediction accuracy, with R² 
values exceeding 0.8, indicating their robustness. Murakami et al. (2021) identified that 
minimum air temperature and precipitation during the grain-filling period were crucial 
factors in yield prediction. Newman (2021) highlighted that key influences on crop 
performance include precipitation, air temperature, soil conditions, and management 
inputs, such as chemical and fertiliser applications. Meanwhile, Sihi (2022) emphasised the 
importance of growing degree days as a key climatic factor and found that water-holding 
capacity was among the most significant soil properties affecting crop yield variability. 
These findings underscore the intricate relationships between environmental variables, 
agricultural practices, and crop yields, providing valuable insights for improving 
agricultural practices in response to evolving environmental conditions. 

In food chemistry, Maroni (2022) used RF and LightGBM models, coupled with SHAP, 
to classify sweeteners and bitterants based on their chemical descriptors, offering a rational 
approach to the design and screening of food additives. Similarly, Minamikawa (2022) 
employed RF, multiple linear regression (MLR), and Bayesian networks to explore the 
relationship between fruit morphology and sensory attributes, identifying key 
morphological features that directly correlate with fruit quality traits, such as peeling ease 
and fruit hardness. 

Kha et al. (2023) developed a prediction model using XGBoost and SHAP to investigate 
drug-food constituent interactions, identifying critical chemical reactions between food 
compounds and drugs that could affect drug efficacy. This model was based on a vast 
dataset, including over 13,000 drugs and 70,000 food compounds, and yielded valuable 
insights into adverse interactions at the atomic level. 

In another example, Puram (2024) used machine learning models, including regression 
trees and random forests, to analyse user reviews from food-sharing apps and identified key 
challenges such as app design, service responsiveness, and ethical behaviour. Their findings 
were interpreted using accumulated local effects and partial dependence plots, revealing 
critical areas for improvement to enhance the user experience, including service 
responsiveness, app design, food variety, and unethical behaviour. 

The ability of explainable machine learning to simplify and interpret complex datasets 
makes it a promising tool for future studies exploring the impact of treated wastewater 
and CECs on tomato fruit quality under different treatment conditions. This approach is 
particularly valuable within the framework of this doctoral research, which aims to 
integrate metabolomic and elemental data to provide a deeper, more interpretable 
understanding of how various treatments influence tomato quality. 

1.4 Consumer Acceptance 

1.4.1 Consumer acceptance of edible insects 

Entomophagy, the practice of eating insects, has been a part of the human diet for 
thousands of years, with evidence of their consumption found in prehistoric archaeological 
sites (Evans et al., 2015; Sutton, 1995). It has been a common practice across Africa, Asia, 
Latin America, and Oceania (Olivadese & Dindo, 2023). It is estimated that around 2 
billion people consume insects (Van Huis, 2013), although this number has not been 
updated recently and could be overestimated, since there are no statistics available up to 
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date (Van Huis et al., 2022). Also, when estimating the global population that consumes 
insects, considerations should be made regarding who is classified as an insect consumer, 
what proportion of each national population consumes insects, how insect consumption 
changes over time, and which edible insects are considered part of the diet (Van Huis et 
al., 2022). 

Despite the long history of entomophagy in several countries (Olivadese & Dindo, 2023), 
insects are met with significant scepticism, safety concerns, and unfamiliarity in Western 
societies (Kröger et al., 2022). Research indicates that the acceptability of insect-based 
foods is influenced by many factors, including personal sociodemographic characteristics, 
psychological factors, familiarity with insects, and the marketing mix (product, price, 
promotion, and place) (Alhujaili et al., 2023).  

1.4.1.1 Personal factors 

Sociodemographic factors influencing the acceptance of edible insects include age, gender, 
education, household income, and household size (Alhujaili et al., 2023). Overall, younger 
and more educated individuals, particularly those aged 20–40, show greater openness to 
entomophagy, and urban residents tend to be more accepting than rural populations 
(Kulma et al., 2020; Sogari et al., 2019). Regarding gender, men generally display higher 
acceptance of insect-based foods, regardless of the visibility of insects in products (Verbeke, 
2015). However, other studies report no significant gender differences (Sogari et al., 2019). 
The influence of income and household size is less consistent: higher-income households in 
China and Poland were more willing to consume insects (A.-J. Liu et al., 2019; Orkusz et 
al., 2020), while larger households showed greater acceptance in China but lower acceptance 
in Kenya (A.-J. Liu et al., 2019; Pambo et al., 2018). 

Psychological factors are divided into three groups: i) emotions and attitudes, ii) social 
influence, and iii) wider availability (Alhujaili et al., 2023). Emotions and attitudes play a 
crucial role, with disgust, food neophobia, and rejection of food produced using new 
technologies working against insect acceptability as food. On the other hand, positive 
attitudes, such as curiosity about insects and interest in insects as food, positively influence 
people’s willingness to try insect-based foods. Also, people who are concerned about the 
health and environmental impacts of insects are more willing to consume insects than those 
who are not (Alhujaili et al., 2023; Mina et al., 2023; Rehman & Ogrinc, 2024). 

Social influence plays a key role in consumers’ acceptance of edible insects, as people 
tend to conform to others’ behaviours and opinions. Studies show that positive social 
norms, such as peers or experts endorsing insect-based foods, can significantly increase 
willingness to try them. In contrast, negative social influence from family or friends reduces 
acceptance (Berger et al., 2019). For example, when students believed their peers had tried 
roasted mealworms, participation rose from 53% to 81%, highlighting the strong effect of 
social conformity on entomophagy (Jensen & Lieberoth, 2019).   

Limited availability of insect-based products in food retailers remains a major barrier 
to consumption, as consumers are more willing to buy or eat them when they are readily 
accessible (Verneau et al., 2020). Difficulties in finding such products often discourage 
regular consumption, even among interested consumers. Moreover, even with market 
availability, the acceptance develops gradually and is influenced by perceived behavioural 
control, which was the case in Belgium, where only 11% of consumers had tried insect-
based foods two years after their introduction (Van Thielen et al., 2019). 

Familiarity plays a key role in increasing consumer acceptance of edible insects. This 
acceptance is often rooted in cultural traditions stemming from indigenous practices or 
past experiences with food insecurity (Raheem et al., 2019). For those without such 
traditions, learning about the environmental and nutritional benefits of entomophagy and 
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familiarity with foreign cuisines may encourage a more positive attitude towards insect-
based foods (Cicatiello et al., 2016). Similarly, learning how to prepare them at home 
increases consumers' openness and willingness to incorporate insects into their diet (Balzan 
et al., 2016). 

1.4.1.2 Elements of the marketing mix 

The marketing of edible insects can be enhanced through the 4Ps of the marketing mix: 
product, price, promotion, and place (McCarthy, 1960). Understanding how each factor 
shapes consumer acceptance is essential for developing strategies that encourage wider 
adoption of insect-based foods. 

Consumer acceptance of edible insect products is influenced by the insect species used, 
sensory attributes, product form, and perceived benefits (Alhujaili et al., 2023). Insect 
species used in the insect-based products can affect taste. Preferred species vary across 
countries, with crickets, grasshoppers, and mealworms often favoured (Payne, 2015; Simion 
et al., 2019; Tuccillo et al., 2020). Acceptance tends to increase when insects are processed 
and invisible in the final product (Bartkowicz & Babicz-Zielińska, 2020; Cicatiello et al., 
2020; Collins et al., 2019; Wilkinson et al., 2018).  

Taste and texture are decisive factors: good taste and familiar textures promote 
repeated consumption, while unpleasant flavours deter it (Tan et al., 2016). The choice of 
food carrier matters, since consumers tend to prefer insects in familiar forms such as pasta, 
meatballs, or snacks rather than in unconventional foods (Ardoin & Prinyawiwatkul, 2021; 
Lombardi et al., 2019; Poortvliet et al., 2019). Moreover, they are more willing to try 
insect-based foods if they are flavoured (Wilkinson et al., 2018). Studies on preferences for 
sweet or savoury edible insect products yield mixed results, with savoury products 
performing better in some studies (Lombardi et al., 2019) and sweet products in others 
(Laureati et al., 2016). 

Opinions are also divided on whether insects should be served as appetisers, main 
courses, or desserts (Caparros Megido et al., 2014). Perceived nutritional value, healthiness, 
and sustainability can further improve acceptance, especially among environmentally aware 
consumers (Dagevos, 2021; Nyberg et al., 2020; Petersen et al., 2020; Tuccillo et al., 2020), 
though concerns about food safety or contamination may reduce willingness to try insect-
based products (Castro & Chambers, 2019; A.-J. Liu et al., 2019; Wilkinson et al., 2018). 

Price affects consumers’ perceptions of both quality and value. Berger et al. (2018) 
found that consumers are willing to pay up to 80% more for insect-based products when 
they are associated with premium quality. In contrast, House (2016) and Rehman & Ogrinc 
(2024) reported that consumers are more likely to purchase insect-based products if their 
prices are similar to or lower than those of equivalent conventional foods. Conversely, 
lowering prices may reduce perceived quality, showing that price and quality expectations 
are closely linked (Wilkinson et al., 2018). 

Effective promotion strategies should align messaging with consumer values (Alhujaili 
et al., 2023). Marketing that emphasises the health and sustainability benefits of edible 
insects can increase willingness to try them (Van Thielen et al., 2019). Emotional and 
value-driven appeals (e.g., “good for you and the planet”) are often more persuasive than 
purely informational claims (Onwezen et al., 2019). Clear communication about product 
safety and transparency in ingredient information also enhances trust and encourages 
regular consumption (Alemu et al., 2017; Van Thielen et al., 2019). 

Availability remains a key factor in consumer acceptance. Consumers prefer to purchase 
insect-based foods from mainstream supermarkets, followed by health stores and catering 
outlets, indicating that wider distribution could normalise their consumption (Alemu et 
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al., 2017; Clarkson et al., 2018a; Van Thielen et al., 2019). Increasing product visibility 
and accessibility is therefore critical for expanding the market (Van Thielen et al., 2019). 

1.4.2 Consumer acceptance of treated wastewater reuse and crops 

irrigated with treated wastewater 

Public acceptance is crucial for the successful implementation of treated wastewater for 
crop irrigation and later crop consumption. Therefore, it is necessary to evaluate a 
producer’s acceptance of using TWW for irrigation, consumers' acceptance of buying and 
consuming the crops, and the factors that influence their acceptance. Public resistance has 
been a significant factor in the failure of many wastewater reuse projects (Verhoest et al., 
2022). Therefore, extensive perception assessment should be performed before policy and 
decision-makers move forward with the use of TWW (Akpan et al., 2020).  

1.4.2.1 Factors negatively influencing public acceptance 

Social acceptance of TWW reuse is constrained by a range of interrelated psychological, 
health-related, environmental, and institutional factors. Disgust-based reactions, commonly 
referred to as the “yuck factor,” represent one of the strongest barriers to acceptance and 
persist regardless of the actual quality of treated wastewater (Garcia-Cuerva et al., 2016; 
Obijianya et al., 2025; Verhoest et al., 2022). Perceived health risks, particularly concerns 
about pathogens, chemical contaminants, and long-term health effects, significantly reduce 
consumers’ willingness to consume crops irrigated with TWW (Deh-Haghi et al., 2021; 
Verhoest et al., 2022) and also discourage farmers from using TWW due to fears of adverse 
impacts on their own health, their families, and the surrounding environment (Deh-Haghi 
et al., 2020).  

Preference for reuse options involving minimal human contact further reflects these 
concerns, as people tend to favour applications such as toilet flushing, electricity 
generation, construction, or car washing, while potable and food-related uses are least 
preferred (Akpan et al., 2020b). Environmental risks also influence acceptance, with 
farmers in Jordan expressing concern that the high salinity of TWW could degrade soil 
structure and long-term soil productivity (Carr et al., 2010). Institutional trust is another 
critical determinant, as lower trust in responsible authorities is associated with greater 
resistance to TWW reuse (Al-Rikabi et al., 2025). In contrast, endorsement by medical 
professionals, academics, experts, and government bodies increases confidence in reuse 
schemes, in contrast to endorsements from farmers, industrial actors, local municipalities, 
or media sources, which are viewed with greater scepticism (Akpan et al., 2020b). Finally, 
inadequate access to information and limited awareness of TWW treatment and reuse 
processes remain major barriers to acceptance (Deh-Haghi et al., 2021), compounded in 
some regions by cultural and religious biases against wastewater reuse (Garcia-Cuerva et 
al., 2016). 

1.4.2.2 Factors positively influencing public acceptance 

Economic and environmental benefits are key drivers of public acceptance of TWW reuse 
for irrigation. Reduced irrigation costs and lower reliance on chemical fertilisers have been 
shown to positively influence consumer attitudes, with cost savings representing a 
particularly strong incentive for adoption (Al-Rikabi et al., 2025). In Iraq, cost reduction 
was identified as the primary motivation for TWW reuse across multiple applications, 
especially among lower-income groups (Al-Rikabi et al., 2025), while in Iran, consumers 
demonstrated a greater willingness to purchase crops irrigated with TWW when prices 
were lower than those of crops irrigated with freshwater (Deh-Haghi et al., 2021). 
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Environmental benefits further reinforce acceptance, as water conservation behaviour, 
reduced pressure on freshwater resources, mitigation of environmental damage, and a sense 
of collective effectiveness in environmental protection are all associated with more positive 
attitudes toward TWW reuse (Al-Rikabi et al., 2025; Verhoest et al., 2022). Awareness 
amplifies these effects by lowering perceived health and contamination risks and weakening 
emotional resistance, such as the “yuck factor,” through improved understanding of 
treatment processes and safety standards (Deh-Haghi et al., 2021; Verhoest et al., 2022). 
At the same time, greater awareness enhances recognition of the environmental and 
agronomic benefits of TWW, including freshwater conservation and nutrient recovery, 
thereby strengthening trust in reuse systems and increasing overall acceptance and 
adoption (Al-Rikabi et al., 2025; Savari et al., 2025). 

1.4.2.3 Influence of demographic factors 

Consumer acceptance of TWW reuse is also shaped by demographic factors, although their 
effects vary across contexts. Al-Rikabi et al. (2025) found that women, older individuals, 
and low-income groups in Iraq exhibited greater reservations toward TWW reuse, 
particularly due to perceived health risks such as disease transmission and concerns about 
treatment quality; this was attributed to higher health risk awareness among women and 
the elderly, and to lower trust in water authorities among economically disadvantaged 
groups. Similarly, Wester et al. (2015) reported that women in the United States with 
lower levels of education were more likely to feel uncomfortable with TWW reuse. In 
contrast, Deh-Haghi et al. (2021) showed that men in Iran were less willing to accept and 
pay for products irrigated with TWW, while Darabee et al. (2025) observed that higher 
education levels positively influenced perceptions of TWW reuse. Garcia-Cuerva et al. 
(2016) further demonstrated that education significantly affects support for water reuse, 
alongside other socio-demographic factors such as economic status, ethnicity, income, and 
urban versus rural residence, while age and sex had no statistically significant effect. 

1.4.2.4 Future directions 

Al-Rikabi et al. (2025) argue that public policies and awareness programs in Iran should 
prioritise groups that show greater resistance to TWW reuse, particularly women, older 
individuals, and low-income populations, by strengthening institutional transparency and 
providing credible health information, thereby reducing the trust gap and enhancing 
community acceptance. They further emphasise that policy design should align with the 
social and economic characteristics of local populations to enhance the effectiveness of 
sustainable water management strategies. Similarly, Deh-Haghi et al. (2020, 2021) highlight 
the need to raise stakeholders’ awareness and actively engage them to increase public 
acceptance of TWW technologies, while also recommending assessments of local water 
needs and clear communication about how specific farms and crops can benefit from TWW 
reuse. In addition, Garcia-Cuerva et al. (2016) suggest a gradual implementation approach, 
whereby TWW is first introduced in applications with higher social acceptability, such as 
street cleaning, car washing, irrigation of parks and sports fields, or toilet flushing, allowing 
acceptance of more sensitive uses, including food crop irrigation and residential lawn 
watering, to increase as public knowledge and familiarity with the system grow. 

Up to this point, the factors that may positively or negatively influence producers’ 
willingness to use TWW for irrigation, as well as consumers’ willingness to purchase food 
produced in this way, and the future directions have been discussed. However, two 
additional aspects warrant particular attention. First, in regions affected by severe water 
scarcity, the use of TWW or desalinated water is often not a matter of preference but of 
necessity, as these may represent the only feasible options for sustaining agricultural 
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production. In such contexts, the relevant question is therefore not whether these 
alternative water sources should be used, but how their use can be managed safely and 
effectively. Second, consumers may already be purchasing foods produced with TWW 
irrigation without being aware of it. This is especially relevant for fruits and vegetables 
imported from water-scarce regions, including Israel, Cyprus and southern Spain, where 
the likelihood of irrigation with reclaimed water is relatively high. Because such products 
are generally not labelled according to irrigation source, consumers are often unaware of 
the production water used, which highlights a potential discrepancy between stated 
attitudes toward TWW reuse and actual purchasing behaviour. 
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2 Aims and Hypotheses 

This doctoral thesis was motivated by Europe’s reliance on imported protein, growing 
water scarcity, and the transition towards circular food production systems. It therefore 
investigates two sustainable food production strategies: the use of farmed edible insects as 
an alternative protein source, and the cultivation of tomatoes irrigated with treated 
wastewater (Figure 2.1). 

Despite the EU’s approval of insects as safe novel foods and as a rich protein source, 
the quality of farmed edible insects requires further research, specifically on how different 
insect species, sexes, and developmental stages can be selected to yield the most optimal 
insects for insect-based feed and food. Therefore, the first objective will be to characterise 
farmed edible insect species across different sexes and developmental stages and to 
determine differences between them.  

Another aspect, which is gaining increasing attention in the research community and 
industry, is the use of different processing techniques to improve not only safety but also 
nutritional quality, sensorial aspects, and shelf-life of insect-based products. Fermentation 
is one such method with significant potential to improve the nutritional and functional 
properties of edible insects. However, variations in insect species, fermentation conditions, 
and analytical approaches limit direct cross-study comparisons. Therefore, a substantial 
knowledge gap remains regarding how different fermentation cultures and conditions 
influence the nutritional, functional, and safety characteristics of various insect species. 
Accordingly, the second objective will be to study how the fermentation of common farmed 
edible insects with different fermentation cultures influences their quality and oxidation 
stability. 

As discussed in the introduction, the use of treated wastewater can benefit crops by 
supplying essential macronutrients. However, it can also increase soil salinity and introduce 
potentially toxic elements, CECs, and micro- and nanoplastics. Although the effects of 
CECs and potentially toxic elements on the safety of such irrigated crops have already 
been studied to some extent, the effects of CECs on crop quality remain poorly understood. 
There is a significant knowledge gap regarding how a wide range of different CECs influence 
crop quality, not only individually but also in mixtures, which can result in additive and 
synergistic effects. Different growing media can also result in different effects. The third 
objective will be to determine how CECs from TWW influence tomato quality grown in 
soil and in soil-less (hydroponic) systems. 

Since metabolomic studies generate large amounts of data, basic statistics alone are 
insufficient to decode complex interactions. One solution is to use explainable machine 
learning, which has begun to be used in food science, but has yet to be applied to 
determining the influence of treated wastewater and CECs on tomato fruit quality. The 
fourth objective will be to identify those key metabolites or elements that contribute to 
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the differentiation of tomatoes grown under different conditions in soil and soil-less media 
using explainable machine learning.  

 
To achieve these objectives, this thesis tests the following hypotheses: 

H1: Species, sex, and stage of development have a statistically significant influence on 
the metabolic profile of edible insects. 
H2: Fermentation of edible insects has a measurable effect on their nutritional value 
and oxidation stability compared to non-fermented ones. 
H3: Exposure of tomato plants to CECs, treated wastewater, or sludge has a measurable 
effect on tomato quality and statistically significantly alters the tomato metabolome. 
H4: An explainable machine learning approach can more effectively identify those key 
metabolites that contribute to the differentiation of tomatoes grown under different 
conditions in soil and soil-less media than standard statistical methods. 
 

 

Figure 2.1: Overview of the thesis. 
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3 Publications 

3.1 Scientific Review Paper: “Quality, Safety and 

Authenticity of Insect Protein-Based Food and Feed: 

Insights from the INPROFF Project” 

This chapter presents the paper entitled Quality, safety and authenticity of insect protein-
based food and feed: insights from the INPROFF Project” by David Heath, Anja Vehar, 
Lenka Kouřimská, Martin Kulma, Petra Škvorová, Hana Šubrtová Salmonová, Barbora 
Lampová, Nayyer Rehman, Polona Jamnik, Barbara Jeršek, Matjaž Červek, Nataša Poklar 
Ulrih, Ester Heath, and Nives Ogrinc. The paper was published in the journal Exploration 
of Foods and Foodomics in 2024. This paper reviews the nutritional quality and safety of 
edible farmed insects from the point of view of the Czech-Slovenian bilateral project: 
Quality, Safety and Authenticity of Insect Protein-based Food and Feed (INPROFF). It 
describes four topics: i) nutritional enhancement of insects, ii) safety and quality, iii) 
authenticity, traceability, and consumer acceptance, and iv) metrological challenges of 
analysing insects. 

The first chapter examines strategies for enhancing the nutritional profile of insect 
biomass by optimising feed substrates, including the use of alternative feedstocks and 
fermentation-based approaches. Insects are naturally rich in proteins, lipids, minerals, and 
bioactive compounds; however, their composition varies considerably with species, 
developmental stage, sex, and diet. The chapter also highlights the potential economic 
advantages of rearing insects on food and agricultural by-products, while noting that such 
substrates must be formulated into nutritionally balanced diets to ensure stable biomass 
quality. Furthermore, it emphasises that high-quality feed can enrich insects with valuable 
compounds such as carotenoids and omega-3 fatty acids. Fermentation is presented as an 
additional strategy to enhance the nutritional, functional, sensory, and safety attributes of 
insect-derived products. 

The second chapter summarises the chemical, biological, and environmental risks to 
which insects are exposed. Insects can accumulate a variety of contaminants, including 
toxic elements, pesticide residues, mycotoxins, micro- and nanoplastics, and organic 
pollutants such as PCBs (polychlorinated biphenyls), PAHs (polycyclic aromatic 
hydrocarbons), and PFAS (per- and polyfluoroalkyl substances). The biotransfer, 
bioaccumulation, and biotransformation of these contaminants from feed to insects, and 
how this uptake varies with species, developmental stage, and rearing conditions, remain 
insufficiently explored. Similar gaps exist regarding the influence of processing methods on 
contaminant persistence. Although targeted analytical methods dominate current 
monitoring, the chapter emphasises the need for advanced tools, such as suspect and non-
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target screening with high-resolution mass spectrometry, to characterise the full chemical 
exposome. Biological risks, including spore-forming bacteria, parasites, food-borne viruses, 
and insect-specific viruses, also require attention. Research on microbial safety and shelf-
life extension of insect-based foods and feeds is still in its early development. 

The third chapter highlights growing concerns about fraud in the insect supply chain 
and the limited availability of analytical tools tailored to insect products. Stable isotope-
ratio analysis (δ²H, δ¹³C, δ¹⁵N, δ¹⁸O, δ³⁴S) shows strong potential for verifying diet, 
geographical origin, trophic level, and product formulation. Early studies demonstrate the 
feasibility of discriminating origins and detecting adulteration, but broader datasets and 
improved reference materials are needed. 

The last chapter emphasises the many meteorological challenges associated with 
analysing edible insects, particularly the scarcity of appropriate reference materials for 
insects, limited interlaboratory comparisons, calibration difficulties in LC-MS (liquid 
chromatography-mass spectrometry) analysis, matrix effects, and the need for 
harmonisation in non-target screening workflows. Accurate measurement frameworks will 
be essential to support regulatory acceptance, risk assessment, and certification schemes. 
This paper makes an important contribution to science by critically examining knowledge 
gaps in the fields of nutritional quality, chemical and microbiological safety of edible 
insects, authenticity testing, and metrology in edible insect research.  

As joint first author, I contributed to the conceptualisation, co-authored the section on 
the authenticity and traceability of edible insects, was responsible for visual materials, and 
shared responsibility for final editing. 
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3.2 Scientific Paper: “Nutritional Composition of Farmed 

Insects: Impact of Species, Developmental Stage, and 

Sex” 

This chapter presents the paper entitled “Nutritional composition of farmed insects: impact 
of species, developmental stage, and sex” by Anja Vehar, Doris Potočnik, Lidija Strojnik, 
Tea Zuliani, David Heath, Marjeta Mencin, Urška Vrhovšek, Petra Škvorová, Lenka 
Kouřimská, Martin Kulma, Ester Heath, and Nives Ogrinc. The paper was published in 
the Journal of Insets as Food and Feed (A’) in 2025. This paper describes the nutritional 
composition of seven insect species: Schistocerca gregaria (desert locust), Locusta 
migratoria (migratory locust), Tenebrio molitor (yellow mealworm), Acheta domesticus 
(house cricket), Gryllus assimilis (Jamaican field cricket), Alphitobius diaperinus (lesser 
mealworm), and Blaberus discoidalis (discoid cockroach), differing in sex and 
developmental stage. The aim was to determine nutritional differences among species, 
developmental stages, and sexes. 

Insects were obtained from the insect-rearing facility at the Faculty of Agrobiology, 
Food and Natural Resources, Czech University of Life Sciences in Prague. The selected 
species, the desert locust and the discoid cockroach, were separated by sex (male and 
female). The migratory locust and the Jamaican field cricket were separated according to 
age (adult and subadult), and the yellow mealworm and lesser mealworm were separated 
according to form (larvae and pupae). All of them were analysed for fatty acids (GC-FID), 
amino acids (GC-MS), total nitrogen (OH/CNS pyrolizer/EA-TCD), elements (ICP-MS) 
and polyphenols (LC-MS/MS).  

This study confirms the nutritional potential of all seven farmed insects as valuable 
sources of essential fatty acids, amino acids, and minerals. Notably, fatty acid content 
varied across species and developmental stages, with adult insects generally exhibiting a 
better fatty acid profile for human consumption than subadults. This variation in fatty 
acid composition suggests metabolic differences between species and physiological changes 
that occur during growth. Furthermore, sex-based differences were evident in both the 
desert locust and the discoid cockroach, with males exhibiting a slightly higher fatty-acid 
quality, including higher essential fatty acid and polyunsaturated fatty acid content, 
indicating distinct reproductive energy demands of each sex.  

Amino acid profiles also differed significantly across species and developmental stages, 
although no sex-based differences were found. Similarly, differences in elemental 
composition were observed between species, developmental stages, and sexes, reflecting the 
diverse metabolic processes, physiological needs during growth, and specific biological roles 
of the insects.  

Regarding polyphenol content, the study found that the insect species tested can be 
considered a low-to-medium source of polyphenols (on a dry-weight basis) compared to 
conventional polyphenol-rich foods. Polyphenol levels varied among species, with locusts 
and cockroaches showing higher concentrations than other species. Developmental stage 
also influenced polyphenol concentrations, with pupae having higher levels than larvae in 
both yellow mealworms and lesser mealworms. At the same time, adult Jamaican field 
crickets exhibited higher total polyphenol concentrations than subadults. In discoid 
cockroaches, males had higher polyphenol levels than females. Although polyphenol 
concentrations were generally low, these findings suggest potential bioactive benefits and 
open avenues for further research into insect-derived antioxidants. These results contribute 
to an understanding of how rearing conditions and the biological characteristics of farmed 
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insects influence their nutritional quality, with implications for optimising insect-farming 
practices to enhance their value as a sustainable food source. 

As the first author of the manuscript, I conducted the analyses of amino acids, fatty 
acids and polyphenols, analysed complete data, prepared all visual materials, and was 
responsible for both the drafting and finalisation of the manuscript. The findings were 
presented as a poster presentation at the INSECTA 2023 International Conference, 
September 13-14, 2023, in Magdeburg, Germany and as an oral presentation at the 7th 
IMEKO FOODS conference, October 25-27, 2023, in Paris, France.  
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3.3 Scientific Paper: “Evaluation of Nutritional Quality and 

Oxidation Stability of Fermented Edible Insects” 

This chapter presents the paper entitled “Evaluation of Nutritional Quality and Oxidation 
Stability of Fermented Edible Insects” by Anja Vehar, Doris Potočnik, Marjeta Mencin, 
Mojca Korošec, Blaž Ferjančič, Marta Jagodic Hudobivnik, Polona Jamnik, Ajda Ota, 
Lenka Kouřimská, Martin Kulma, David Heath, and Nives Ogrinc. The paper was 
published in Foods (A’’) in 2025. This paper describes the fermentation of three edible 
insect species, yellow mealworm, house cricket, and migratory locust, using Lactobacillus 
plantarum and commercial starter culture for 48 h, and its influence on their nutritional 
quality.  

Nutritional quality was assessed in terms of proximate composition following official 
AOAC (Association of Official Agricultural Chemists) methods, fatty acids using GC-FID, 
amino acids using GC-MS, elements using ICP-MS, and oxidation stability using an 
oxidation stability tester. The results showed that fermentation effects depended on both 
the insect species and the fermentation conditions.  

Fermentation with L. plantarum reduced total dietary fibre in both yellow mealworms 
and house crickets. At the same time, an increase in non-protein nitrogen was observed for 
both species. Other parameters, such as total nitrogen, protein nitrogen, and total fat 
content, remained largely unaffected by the fermentation process. Despite these changes, 
no significant improvements in the insects' fatty acid profiles were observed, likely due to 
the relatively short fermentation period used in this study. 

Regarding amino acids, fermentation had a mixed effect. While specific amino acids, 
such as ornithine, showed beneficial increases, the fermentation process reduced the levels 
of essential amino acids, including lysine, methionine, and threonine. These amino acids 
are often limiting in plant-based diets, making their reduction less desirable. 

The effects of fermentation on mineral composition were also variable. In some cases, 
fermentation increased the levels of essential elements, including Fe, K, Mg, Mn, Na, P, 
and Zn. However, reductions in other elements, including Zn, Se, and Cu, were observed. 
These changes in mineral composition appeared to reflect relative concentration effects, 
underscoring the complexity of the fermentation process. 

Oxidation stability, an important functional property of food products, also varied 
among insect species. Fermentation decreased oxidation stability in both yellow mealworm 
and migratory locust, while a significant improvement was observed in house cricket. This 
variation highlights the complex interplay between insect species, microbial cultures, and 
processing conditions in determining both the nutritional and functional outcomes of 
fermented insect products. 

This study fills a significant gap in the current literature, as there is limited data on 
the effects of fermentation on yellow mealworm and house cricket under these conditions. 
Also, no prior research has explored the fermentation of migratory locusts, making this 
work a novel contribution to the field.  

As first author, I conducted the fatty acid and amino acid profiling, was responsible for 
all data analysis, prepared all visual materials, and was responsible for both the drafting 
and finalisation of the manuscript. The findings were presented as an oral presentation at 
INSECTA 2024, May 14-16, 2024, in Potsdam, Germany, and as a poster presentation at 
Insectsplus 2025, May 12-14, 2025, in Cloppenburg, Germany.  
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3.4 Scientific Paper: “Contaminant Uptake in Wastewater 

Irrigated Tomatoes” 

This chapter presents the paper entitled “Contaminant uptake in wastewater irrigated 
tomatoes” by Ana Kovačič, Eirini Andreasidou, Anže Brus, Anja Vehar, Doris Potočnik, 
Marta Jagodic Hudobivnik, David Heath, Marina Pintar, Nina Kacjan Maršić, Nives 
Ogrinc, Urška Blaznik, and Ester Heath. The paper was published in the Journal of 
Hazardous Materials (A’’) in 2023. This study investigated the uptake of CECs and 
potentially toxic elements (PTEs) in tomato fruits.  

Tomatoes were grown in two ways: hydroponically in nutrient solution or in spiked 
nutrient solution, and in lysimeters irrigated with potable water, treated wastewater, or 
spiked treated wastewater. Nutrient solution and treated wastewater were spiked with 14 
CECs at 0.1 mg/L, derived from industrial chemicals, pharmaceuticals, and common 
stimulants. This concentration was selected to reflect environmentally relevant levels. The 
spiking was performed to ensure the presence of CECs in both matrices, enabling a 
controlled assessment of their uptake under different conditions, particularly in cases where 
the original solutions might not contain detectable levels of these compounds. CECs and 
PTEs were analysed in ripe lyophilised tomato fruits using LC-MS/MS and ICP-MS.  

Results showed the uptake of bisphenol S (0.034–0.134 µg/kg FW), 2,4 bisphenol F 
(<LOQ–0.081 µg/kg FW), and naproxen (<LOQ–0.137 µg/kg FW), with bisphenol S 
detected at the highest concentrations. All three compounds were present at significantly 
higher levels in hydroponically grown tomatoes.  

Elemental analysis revealed significant differences between hydroponically grown 
tomatoes and those cultivated in lysimeters for all elements except Se, Rb, and Hg. 
Notably, higher concentrations of Mn, Cu, and Zn in hydroponic samples with spiked 
nutrient solutions indicate that the addition of CECs influenced elemental composition in 
hydroponics, whereas no such differences were observed in lysimeter-grown tomatoes 
irrigated with TWW and spiked TWW. Additionally, tomatoes grown in lysimeters 
irrigated with TWW showed significantly higher concentrations of B and Na compared to 
those irrigated with potable water, suggesting increased uptake from TWW. At the 
detected levels, both CECs and PTEs were associated with low chronic dietary exposure. 

The contribution of this study to science lies in demonstrating how different irrigation 
regimes influence the uptake of CECs and how CECs, in turn, influence the uptake of 
PTEs in crops. The findings provide valuable evidence that, if properly monitored, reusing 
TWW for irrigation can pose a minimal risk, although more studies need to be performed 
for a definite answer on the safety of TWW irrigation providing more information about 
CECs, including the formation of metabolites and transformation products, possible 
synergistic effects and different agricultural practices. This research contributes to the 
broader field of sustainable agriculture by offering insights that can inform policymaking 
and guide the development of future legislative frameworks for water resource management 
in agriculture. 

In this study, I analysed the data concerning the elemental composition of tomatoes, 
performed the principal component analysis, conducted the dietary exposure and health 
risk assessments, created the figures, and wrote the corresponding sections of the 
manuscript.  

The findings from this study were presented as an oral presentation at a) 4th Jožef 
Stefan International Postgraduate School Students' Conference, June 1-3 2022, in Kamnik, 
Slovenia, b) 2nd ISO-FOOD Symposium from Food Source to Health, April 24-26, 2023, 
in Portorož, Slovenia, c) 18th International Conference on Chemistry and the Environment, 
June 11-15 June, 2023, in Venice, Italy, d) EuroAnalysis 2023: analytical probing of 
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complex systems, August 27-31, 2023, in Geneva, Switzerland, e) BFestival 14, February 
2024, in Ljubljana, Slovenia and as a poster presentation at ICWRR2024 International 
Conference on Wider Uptake of Water Resource Recovery from Wastewater Treatment 
and IWA-RMTC 2024 7th IWA – Regional Membrane Technology Conference, June 18-
21, 2024, in Palermo, Italy.  
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3.5 Scientific Paper: “Influence of Contaminants of 

Emerging Concern on the Primary and Secondary 

Metabolites in Hydroponically Grown Tomatoes” 

 
This chapter presents the paper entitled “Influence of contaminants of emerging concern 
on the primary and secondary metabolites in hydroponically grown tomatoes” by Anja 
Vehar, Nina Kacjan Maršić, Špela Železnikar, Doris Potočnik, Lidija Strojnik, Maja Mikulič 
Petkovšek, Helena Šircelj, Damijana Kastelec, Ana Kovačič, Marina Pintar, David Heath, 
Ester Heath, and Nives Ogrinc. The paper was published in Food Chemistry (A’’) in 2025. 
The study aimed to evaluate how CECs influence the metabolism of hydroponically grown 
tomato fruits.  

Tomatoes were grown in a nutrient solution and a spiked nutrient solution. Nutrient 
solution was spiked with 14 CECs at 0.1 mg/L, derived from industrial chemicals, 
pharmaceuticals, and common stimulants. Ripe lyophilised tomato fruits were analysed for 
sugars (HPLC-RI), organic acids (HPLC-UV), carotenoids (HPLC-DAD), polyphenols 
(HPLC-DAD-MS/MS), amino acids (GC-MS), fatty acids (GC-FID), and volatile organic 
compounds (HS SPME GC-MS).   

Results showed that CEC exposure led to a statistically significant increase in tomato 
yield but did not significantly affect the levels of sugars, organic acids, carotenoids, 
polyphenols, or fatty acids. However, exposed tomatoes exhibited lower concentrations of 
specific amino acids, including valine, leucine, aspartic acid, and methionine, suggesting 
potential stress responses to contaminant exposure. Moreover, exposure to CECs 
significantly altered the volatile organic compound (VOC) profile. Several of the altered 
VOCs are associated with plant stress, suggesting that CEC exposure may induce 
physiological responses. However, changes were also observed in VOCs that are not 
typically linked to stress, indicating a more complex interaction between CEC exposure 
and tomato metabolism.  

This study is particularly relevant to the use of TWW in hydroponic systems. It is 
among the first to contribute to understanding how CECs influence the quality of tomato 
fruits.  

As joint first author, my contributions included assisting with sample collection and 
preparation, conducting the amino acid, fatty acid, and volatile organic compound 
analyses, processing the complete dataset, generating the visual materials, and drafting 
and finalising the manuscript. 

The findings were presented as an oral presentation at a) 4th Jožef Stefan International 
Postgraduate School Students' Conference, June 1-3 2022, in Kamnik, Slovenia, b) 2nd 
ISO-FOOD Symposium from Food Source to Health, April 24-26, 2023, in Portorož, 
Slovenia, c) 18th International Conference on Chemistry and the Environment, June 11-
15 June, 2023, in Venice, Italy, d) EuroAnalysis 2023: analytical probing of complex 
systems, August 27-31, 2023, in Geneva, Switzerland, e) BFestival 14, February 2024, in 
Ljubljana, Slovenia and as a poster presentation at ICWRR2024 International Conference 
on Wider Uptake of Water Resource Recovery from Wastewater Treatment and IWA-
RMTC 2024 7th IWA – Regional Membrane Technology Conference, June 18-21, 2024, in 
Palermo, Italy. 



3.5. Scientific Paper: “Influence of Contaminants of Emerging Concern on the Primary and 

Secondary Metabolites in Hydroponically Grown Tomatoes” 131 



132 Chapter 3. Publications  



3.5. Scientific Paper: “Influence of Contaminants of Emerging Concern on the Primary and 

Secondary Metabolites in Hydroponically Grown Tomatoes” 133 



134 Chapter 3. Publications  



3.5. Scientific Paper: “Influence of Contaminants of Emerging Concern on the Primary and 

Secondary Metabolites in Hydroponically Grown Tomatoes” 135 



136 Chapter 3. Publications  



3.5. Scientific Paper: “Influence of Contaminants of Emerging Concern on the Primary and 

Secondary Metabolites in Hydroponically Grown Tomatoes” 137 



138 Chapter 3. Publications  



3.5. Scientific Paper: “Influence of Contaminants of Emerging Concern on the Primary and 

Secondary Metabolites in Hydroponically Grown Tomatoes” 139 



140 Chapter 3. Publications  



3.5. Scientific Paper: “Influence of Contaminants of Emerging Concern on the Primary and 

Secondary Metabolites in Hydroponically Grown Tomatoes” 141 

 
 
 
 
 



142 Chapter 3. Publications  

3.6 Scientific Paper: “Explainable Machine Learning for 

Assessing Tomato Quality Irrigated with Treated 

Wastewater” 

This chapter presents the paper entitled “Explainable machine learning for assessing 
tomato quality irrigated with treated wastewater” by Anja Vehar, Jan Drole, Nina Kacjan 
Maršić, Barbara Koroušić Seljak, Ester Heath, and Nives Ogrinc. The paper was submitted 
to the journal Food Chemistry (A’’) in 2026 and is currently under review. The study 
aimed to identify the key metabolites and elements that differentiate between various 
irrigation regimes, including TWW and CECs, using explainable machine learning.  

Tomatoes were cultivated in two ways: hydroponically in nutrient solution or spiked 
nutrient solution, and in lysimeters irrigated with potable water, TWW, or spiked TWW. 
Nutrient solution and treated wastewater were spiked with 14 CECs at 0.1 mg/L, derived 
from industrial chemicals, pharmaceuticals, and common stimulants. Ripe lyophilised 
tomato fruits were analysed for sugars (HPLC-RI), organic acids (HPLC-UV), carotenoids 
(HPLC-DAD), polyphenols (HPLC-DAD-MS/MS), amino acids (GC-MS), fatty acids 
(GC-FID), and elements (ICP-MS). Classification machine learning models (random forests 
and decision trees) were used to distinguish between treatments. The SHAP method was 
used to identify key metabolites and elements driving treatment differentiation at the 
global and local levels.  

Despite the limited sample size, the classification models performed well, achieving 75-
88% accuracy in distinguishing treatments. At the global level, the elements Cs, Cd, P, 
Co, and margaric acid were the most important for prediction. At the local level, key 
features included elements (Cd, Co, Cs, Cu, P, Na), ascorbic acid, and specific fatty acids 
(palmitic, margaric, oleic, linoleic, behenic acid), which varied depending on the treatment. 
The method also proved valuable for identifying which specific features led to a sample's 
false classification, providing clear reasoning for the error. 

To the author’s knowledge, this is the first study to apply XAI techniques in this 
context, specifically to identify the biochemical parameters most crucial for distinguishing 
among the five treatments. Furthermore, the approach can highlight a smaller set of 
features sufficient for classifying samples into distinct groups, potentially reducing the 
number of analyses, material costs, and time, while ensuring robust model performance. 

As joint first author, I was responsible for the amino acid and fatty acid analyses, data 
collection, graphical abstract design, and manuscript drafting and finalising. 

The findings were presented as an oral presentation at the 11th International 
Symposium on Recent Advances in Food Analysis, November 5-8, 2024, in Prague, Czech 
Republic, and as a poster presentation at the 4th Food Chemistry Conference, October 14-
16, 2025, in Glasgow, United Kingdom.  
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Chapter 4 

4 Conclusions 

This PhD thesis advances knowledge on the quality of two sustainable food sources: farmed 
edible insects and tomatoes irrigated with TWW. In the case of edible insects, it 
systematically evaluates the influence of species, developmental stage, and sex on their 
nutritional composition. Furthermore, it investigates the application of fermentation as a 
processing strategy, demonstrating its potential to modify quality attributes and oxidation 
stability, while highlighting its species- and culture-dependent effects. 

For tomatoes, the thesis examines the impact of TWW and CEC uptake on fruit 
quality, with particular emphasis on differences between hydroponic and soil-based 
cultivation systems. Given the complexity and high dimensionality of the metabolomic and 
elemental datasets, an explainable machine learning approach was applied to identify the 
key metabolites and elements driving the differentiation between treatments. 

This research has resulted in six papers: five published and one currently under review 
in an A'' SCI international journal. Among the published papers, four appeared in SCI 
international journals (A'' and A') and one in a non-SCI journal. Authorship contributions 
include two first-author publications, three joint-first authorships, and one co-authorship. 
Furthermore, the findings have been disseminated through 12 presentations at 
international conferences. 

The main conclusions of this thesis can be summarised into four research topics as 
follows: 

1. Nutritional composition characterisation of edible insects: Farmed edible 
insects were demonstrated to be a valuable source of essential fatty acids, amino 
acids, and minerals. Species, developmental stage, and sex significantly influenced 
fatty acid and polyphenol composition, while amino acid profiles did not differ 
significantly between sexes, confirming the first hypothesis: “H1: Species, sex and 
stage of development have a statistically significant influence on metabolic profile 
of edible insects.” These differences reflect variations in metabolic processes, 
physiological requirements during growth, biological functions, and reproductive 
energy demands. Overall, these findings enhance the understanding of how rearing 
conditions and intrinsic biological characteristics influence the nutritional quality 
of farmed insects, providing a basis for optimising insect production systems and 
improving their value as a sustainable food source. 

- Influence of fermentation on the quality of edible insects: Fermentation 
was shown to be species- and fermentation culture-specific, with effects less 
consistently positive than commonly reported in the literature. In general, 
fermentation with L. plantarum did not affect the proximate composition of yellow 
mealworm and house cricket. However, it led to a reduction in total dietary fibre 
and an increase in non-protein nitrogen. Also, no significant improvements in the 
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insects' fatty acid profiles were observed. Fermentation increased ornithine, but 
reduced essential amino acids, such as lysine, methionine, and threonine, which are 
often limiting in plant-based diets, making their reduction less desirable. The 
changes in mineral composition appeared to reflect relative concentration effects, 
underscoring the complexity of the fermentation process. Oxidation stability was 
decreased in both the yellow mealworm and migratory locust, while a significant 
improvement was observed in the house cricket. All the variations highlight the 
complex interplay between insect species, microbial cultures, and processing 
conditions in determining the nutritional and functional outcomes of fermented 
insect products, thereby confirming the second hypothesis: “H2: Fermentation of 
edible insects has a measurable effect on their nutritional value and oxidation 
stability compared to non-fermented ones.” 

2. Influence of TWW and CECs on tomato quality grown in hydroponics 
and soil: This thesis demonstrated that CEC uptake effects are highly dependent 
on concentration, growing medium, and matrix (nutrient solution or TWW). Higher 
concentrations of bisphenol S, 2,4-bisphenol F, and naproxen in tomatoes grown in 
spiked nutrient solution were associated with increased concentrations of Mn, Cu, 
and Zn compared to those grown in a standard nutrient solution, indicating that 
the presence of CECs influenced elemental composition in hydroponics. 

In contrast, the uptake of these compounds in lysimeter-grown tomatoes was 
lower than in hydroponics, which is reflected in the absence of significant differences 
in elemental composition between tomatoes irrigated with TWW and those 
irrigated with spiked TWW. However, irrigation with TWW resulted in 
significantly higher concentrations of B and Na than with potable water, suggesting 
greater uptake from TWW. 

The evaluation of quality parameters in hydroponic systems showed that CECs 
significantly increased yield without affecting sugars, organic acids, carotenoids, 
polyphenols, or fatty acids. However, tomatoes grown in spiked nutrient solutions 
exhibited significantly lower concentrations of valine, leucine, aspartic acid, and 
methionine, along with a significantly altered VOC profile. These changes may be 
attributed to stress induced by CEC exposure or to the endocrine-disrupting 
properties of the detected compounds. Overall, exposure to CECs and TWW has a 
measurable effect on tomato quality and significantly alters the tomato metabolome. 
This confirms the third hypothesis: “H3: Exposure of tomato plants to CECs, 
treated wastewater, or sludge has a measurable effect on tomato quality and 
statistically significantly alters the tomato metabolome.”   

3. Explainable machine learning approach for classification of tomatoes 
grown under different conditions: The explainable machine learning approach 
proved to be an effective tool to identify key metabolites and elements, which 
contribute to the classification of tomatoes from five different treatments in 
hydroponics (nutrient solution and spiked nutrient solution) and soil (potable 
water, TWW and spiked TWW). This confirms the fourth hypothesis: “H4: An 
explainable machine learning approach can more effectively identify those key 
metabolites that contribute to the differentiation of tomatoes grown under different 
conditions in soil and soil-less media than standard statistical methods.” Despite 
the limited number of samples, the classification models achieved high performance 
(75-88% accuracy), while the SHAP method identified key metabolites and elements 
at the global and local level. At the global level, the elements Cs, Cd, P, Co, and 
margaric acid were the most important for prediction, while at the local level, key 
features included elements (Cd, Co, Cs, Cu, P, Na), ascorbic acid, and specific fatty 
acids (palmitic, margaric, oleic, linoleic, behenic acid). The method also proved 
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valuable for identifying which specific features led to a sample's false classification, 
providing clear reasoning for its classification. Furthermore, the approach can 
highlight a smaller set of features sufficient for classifying samples into distinct 
groups, potentially reducing the number of analyses, material costs, and time while 
ensuring robust model performance. 
 

Although edible insects and tomatoes irrigated with treated wastewater represent two 
distinct scientific topics and production systems, they are connected by their common 
contribution to the development of sustainable food systems, circular resource use, and 
future food security. Both systems address pressing global challenges, including increasing 
food demand, resource scarcity, climate change, and the need to reduce the environmental 
footprint of agriculture. Edible insects represent an alternative animal-derived food source 
with the potential to contribute to protein security while reducing the environmental 
burden associated with conventional protein production. In parallel, the use of treated 
wastewater in tomato cultivation represents a resource-efficient agricultural strategy that 
supports wastewater reuse in the context of increasing water scarcity. Together, these two 
research areas address complementary aspects of future food production: the diversification 
of sustainable food sources and the optimisation of agricultural resource use.  

Importantly, this thesis demonstrates that the sustainability of alternative food systems 
cannot be evaluated only in terms of environmental benefits. Their successful 
implementation also depends on a detailed understanding of food quality, nutritional value, 
processing effects, and food safety. For edible insects, the findings provide practical insights 
for insect producers by demonstrating how species, developmental stage, and sex influence 
nutritional composition, thereby supporting informed decisions in production systems. 
They also offer valuable guidance for food processors by highlighting how fermentation 
affects the quality and stability of insect-based products. 

In the case of tomatoes, the results contribute to a better understanding for both 
policymakers and farmers of how treated wastewater and associated contaminants influence 
tomato quality, supporting more informed and sustainable water reuse strategies. 
Furthermore, the application of explainable machine learning proved to be a powerful and 
effective approach for analysing complex metabolomic datasets, with strong potential for 
broader use in future food and agricultural research.
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Chapter 5 

5 Future work 

Although this thesis answers many research questions, it also raises new scientific questions 
and highlights several areas that require further investigation. Regarding insect 
characterisation, additional species beyond the seven analysed in this study show strong 
potential for farming and warrant further evaluation, including the house fly, black soldier 
fly, and silkworm. To enable robust statistical analysis, future studies should include a 
larger sample size. Furthermore, as this thesis examined the nutritional composition across 
developmental stages for only a limited number of species, primarily due to challenges in 
sample collection, future research should aim to characterise the nutritional composition of 
all species across developmental stages and sexes. A more comprehensive nutritional 
assessment should also be conducted, including proximate composition, vitamins, 
antioxidant capacity, peptides, and chitin. In addition, integrating VOC analysis with 
sensory evaluation would provide valuable insights into the relationship between chemical 
composition and consumer perception. 

Regarding the processing of insects using fermentation, future work should focus on 
optimising fermentation conditions, particularly fermentation time. A broader range of 
microbial cultures, such as Bacillus subtilis, Aspergillus niger, Lactobacillus crispatus, 
Pichia kudriavzevii, and Aspergillus oryzae, should be investigated, along with different 
insect species. Oxidation stability should be assessed using a larger number of samples to 
improve statistical robustness. Additional analyses, including vitamins and antioxidant 
capacity, would further enhance understanding of fermentation effects. Moreover, analysing 
VOCs before and after fermentation, together with sensory evaluation of fermented insect 
meal and insect-based products enriched with fermented ingredients, would provide 
important insights into product quality and consumer acceptance. 

Regarding the uptake of CECs by tomatoes, several directions for future research have 
been identified. In this PhD, experiments were conducted using a mixture of 14 CECs at 
an environmental concentration of 0.1 mg/L (worst-case scenario) in hydroponic nutrient 
solutions, while in lysimeters, TWW and TWW spiked with CEC (0.1 mg/L) were applied. 
In both cases, only 14 CECs were targeted in all matrices, including aqueous media, soil, 
and tomatoes. Given that, besides these targeted CECs, a wide variety of nontargeted 
compounds, including nontargeted CECs and their metabolites/transformation products, 
are commonly present in wastewater, future studies should investigate a broader range of 
compounds across different concentration levels, as their effects on the tomato metabolome 
are likely both compound- and concentration-dependent. In addition, these compounds 
should be included in risk assessment as well as potential synergistic or antagonistic 
interactions. 

Accordingly, further research should also focus on the effects of all CEC residues on 
tomato quality and metabolism. Again, the application of untargeted high-resolution mass 
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spectrometry combined with modelling approaches could provide a more comprehensive 
understanding of tomato metabolomic responses to CEC exposure. Moreover, experimental 
designs should be expanded to include both hydroponic and soil-based systems under 
comparable conditions (e.g., irrigation with TWW and spiked TWW in hydroponics, and 
spiked potable water in lysimeters) to assess the influence of the growing system on CEC 
uptake and plant metabolomic responses. 

An additional research avenue concerns the use of wastewater sludge as a soil 
amendment. Given that wastewater treatment plants generate substantial amounts of 
sludge rich in organic matter, its agricultural application could provide insights into the 
behaviour of sludge-associated CECs and their transformation products. Due to differences 
in physicochemical interactions between CECs and sludge compared to water, their 
bioavailability, mobility, and plant uptake may vary significantly, warranting further 
investigation, particularly in relation to tomato quality. 

Finally, explainable machine learning is a promising tool for analysing complex datasets 
generated in such studies. Future work should ensure a sufficient number of samples 
(preferably more than six per group) to enable robust model development. Additional value 
could be achieved by validating models using samples collected across multiple growing 
seasons, allowing the assessment of model robustness and the influence of seasonal 
variability. Furthermore, integrating machine learning with multi-omics approaches would 
provide deeper insights into the complex interplay between environmental factors, 
biochemical processes, and product quality. Such interdisciplinary approaches will be 
crucial for supporting the transition toward sustainable and circular food systems. 
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