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Abstract: The intensive use of chemical fertilizers has boosted agricultural yields 
but caused severe environmental concerns, including soil degradation, water 
pollution, and greenhouse gas emissions. Sustainable alternatives are therefore 
urgently needed. Insect frass, a nutrient-rich by-product of insect farming, and 
microalgae, with their ability to produce phytohormones and improve soil quality, 
have both been proposed as promising biofertilizers. While their individual 
applications are well documented, little attention has been given to their combined 
use. This review provides an updated synthesis of current knowledge on insect frass 
composition, the agronomic value of microalgae, and the first experimental 
evidence on the use of frass as a nutrient source for microalgal cultivation. Benefits 
and challenges are discussed, including nutrient variability, microbial safety, heavy 
metal accumulation, and production costs. The integrated perspective offered here 
highlights the potential of frass–microalgae systems to support circular bioeconomy 
models and reduce reliance on chemical fertilizers. 

 Keywords: circular bioeconomy; sustainable agriculture; waste valorization; 
biofertilizer; microalgae; frass 

1. Introduction 

Environmental sustainability is one of the main global challenges, as it involves striking a balance between 
economic growth and environmental protection [1]. This correlation is currently the subject of debate in the 
scientific community. A study [2] highlighted that economic growth is a fundamental requirement for development 
and environmental sustainability but often has negative effects on the environment. Modern agricultural practices 
are a clear example of this condition, particularly the widespread use of synthetic chemical fertilizers. These 
fertilizers are designed to optimize agricultural yields and ensure a stable food supply. However, at the same time, 
their excessive and prolonged use has led to various environmental and health concerns. Over-fertilization 
contributes to soil degradation, greenhouse gas emissions, and the bioaccumulation of toxic elements in food, 
which can be harmful to human health, with potential risks to food security [3]. 

To limit this disproportionate use and minimizing the environmental consequences of biodegradable waste, 
an economically sustainable approach to their management is needed. To this end, several studies investigated the 
application of insect frass as an organic fertilizer applied to soil. The bioconversion of organic waste represents an 
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environmentally sustainable and circular strategy that transforms biodegradable waste into natural fertilizers, 
contributing to the reduction of emissions and the achievement of a zero-waste economy [4]. The use of frass as 
an organic fertilizer is advantageous because it contains similar amounts of macro- and micronutrients compared 
to chemical fertilizers [5,6]. Moreover, the chemical and microbial composition of insect frass appears to play 
a significant role in the optimal functioning of the soil system, also offering solutions against biotic and abiotic 
stress [7–9]. Due to their high content of essential nutrients, their use as natural fertilizers for microalgae growth 
has been observed [10]. Their use provides microalgae with an optimal supply of carbon (C), nitrogen (N), and 
phosphorus (P), while also increasing their protein content. 

From a broader perspective, these results highlight a sustainable cooperation between insect frass and microalgae. 
In this integrated system, insect frass primarily provides organic and inorganic nutrients (C, N, P), while microalgae 
biologically transform these inputs through assimilation and metabolic conversion, generating value-added biomass 
enriched in phytohormones and bioactive compounds suitable for biofertilizer production [11]. Several studies have 
identified this cooperation as a promising tool for reducing the excessive use of chemical fertilizers, improving soil 
health, and promoting environmental sustainability [6,12]. The overall process linking organic waste valorization, 
insect frass production, microalgae cultivation, and soil application is summarized in Figure 1. 

 

Figure 1. Schematic overview of the insect frass–microalgae–biofertilizer ecological network. Organic waste is 
converted through insect rearing into frass, which is subsequently used as a nutrient source for microalgae 
cultivation. The resulting microalgal biomass is applied to soil as a biofertilizer or biostimulant, contributing to 
nutrient recycling and soil health improvement within a circular bioeconomy framework. 

In recent years, there has been growing interest in their correlation, as microalgae and insect excreta mutually 
contribute to resource recovery and the circular bioeconomy. For this reason, this review aims to collect and 
analyze the most recent evidence on their use as alternative fertilizers, highlighting their benefits, mechanisms of 
action, and future prospects, providing a comprehensive overview and guidance on more effective strategies for 
sustainable agriculture. 

The literature considered in this review was collected using major scientific databases, including Google Scholar, 
Web of Science, and PubMed. The search was performed using combinations of keywords such as “insect frass”, “frass”, 
“microalgae biofertilizer”, “circular bioeconomy”, “waste valorization”, and “sustainable agriculture”. 

The time window primarily covered studies published between 2014 and 2025 and also other relevant studies 
already assessed from different periods of time. Peer-reviewed articles written in English were considered, 
including original research articles, reviews, and relevant regulatory or policy-oriented studies. Publications were 
selected based on their relevance to the topics of insect frass production and characterization, microalgae 
cultivation and fertilization potential, and their integration within circular bioeconomy frameworks. Studies not 
directly related to agricultural or environmental applications were excluded. 
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2. Insects and Their Frass as a Source of Natural Fertilisers 

2.1. Towards Zero-Waste with Entomo-Composting 

Insects represent an optimal solution within the bioeconomy for resource utilization and waste 
minimization [13,14]. This is due to their complex digestive system, which enable them to process large amounts 
of waste material, producing nutrient-rich excreta and beneficial microbes. These could be used as organic 
fertilizers. This approach has been explored because inappropriately treated biodegradable waste is considered a 
global threat from an environmental, social, and economic perspective [4,7]. Therefore, an economically 
sustainable approach to organic waste management is needed. With this in mind, researchers conducted studies 
highlighting insect-based bioconversion as an environmentally friendly approach to organic waste management [15]. 
Therefore, their use as organic fertilizer supports the transition from entomocomposting, which involves the 
decomposition of organic waste by insect larvae to produce larval biomass and excreta, to a net-zero waste 
emission process [16,17]. 

2.2. Main Insects Bred for Frass Production 

To date, the insect species primarily studied and farmed are those authorized in the EU for food and feed 
production. Among these are Hermetia illucens (black soldier fly larvae), Tenebrio molitor (yellow mealworm), 
Acheta domesticus (house cricket), and Alphitobius diaperinus (lesser mealworm) [17]. Furthermore, the microbial 
composition of insect frass was also studied on other species, including Oryctes rhinoceros, Pachnoda sinuata, 
Schistocerca gregaria, Bombix mori, and Gryllus bimaculatus [7,8]. 

The yield of the frass production process appears to be influenced by several factors, such as substrate 
pretreatment (pre-heating, microbial inoculation, nutrient balancing, pH and C/N ratio, moisture adjustment), 
substrate characteristics (nutritional quality, porosity, particle size, electrical conductivity, chemical 
contaminants), and rearing conditions (temperature, relative humidity, feeding rate, larval density) (Figure 2). 
Substrate pretreatment (e.g., shredding, fermentation, moisture adjustment) influences nutrient bioavailability and 
microbial load, directly affecting frass quality. Indeed, frass composition is highly dependent on the nature and 
processing of the feed substrate, with significant variation in nutrient content and microbiological characteristics 
observed across different feed types of insect rearing systems [18,19]. Moreover, the microbiological safety of 
frass is strongly impacted by post-harvest treatments and storage conditions, with untreated frass often exhibiting 
higher microbial counts that may not comply with regulatory criteria [20]. Substrate characteristics, such as protein 
and fiber content, determine nitrogen and mineral composition of the resulting frass, while rearing conditions 
(temperature, density, and duration) modulate both frass yield and hygienic safety [21]. Optimized systems 
generally produce nutrient-rich frass with lower pathogen risk, whereas non-optimized conditions result in 
heterogeneous and nutrient-poor outputs. Depending on the conditions, two different situations can be 
distinguished, i.e., a high yield is given by optimized systems, which provide nutrient-rich frass, and a lower yield 
is given by non-optimized systems, which provide nutrient-poor frass [16]. 

 

Figure 2. Schematic representation of insect-based biowaste recycling and frass production. Organic waste is 
converted through insect rearing into larval biomass and frass. Rearing conditions strongly influence system 
performance, with optimized systems characterized by high larval survival and feed conversion efficiency, and 
non-optimized systems associated with increased larval mortality and reduced feed conversion rates. These 
differences ultimately affect frass yield and quality. Created with BioRender, Toronto, ON, Canada, 
www.biorender.com (accessed on 24 October 2025). 
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2.3. Microbiological and Chemical Analysis of Insect Frass 

Depending on the growth substrate that influences insect frass production, there appears to be a significant 
bacterial and fungal community, which varies from species to species. Therefore, it is important to focus on the 
microbiological composition of excrement to evaluate whether insect-derived fertilizers contain any pathogens [7]. 

According to a recent study [7], different concentrations of microorganisms were observed in eight distinct 
species. In particular, total and fecal coliforms are present in greater concentrations, especially in Schistocerca 
gregaria and Gryllus bimaculatus samples. In contrast, Hermetia illucens and Bombyx mori show very low values. 
The presence of E. coli is identified in significantly high concentrations within S. gregaria and G. bimaculatus; 
however, less significant concentrations have been detected in the other species. Enterococci show higher 
concentrations in S. intermedia and B. mori feces and negligible amounts in the remaining species. In the case of 
B. cereus, it appears to be present in high concentrations in almost all species, especially in S. gregaria and S. 
intermedia. C. perfringens is found in various species in varying concentrations, especially in S. gregaria and H. 
illucens. Concerning Salmonella spp., it is not detected in any sample. Based on what has emerged, it is interesting 
to note that S. gregaria and G. bimaculatus produce excrement with a high bacterial content, while other species, 
such as H. illucens and B. mori, seem to produce a microbiologically “cleaner” product. This suggests that the 
choice of species, in relation to the type of nutrients and farming conditions, can significantly influence the 
hygienic quality of frass and, consequently, its potential application as an agricultural fertilizer [7]. 

In addition to the microbiological aspect, the chemical aspect of frass has also been studied [19]. Insect 
excrement is particularly rich in macronutrients such as nitrogen, phosphorus, and potassium; secondary nutrients 
(calcium, magnesium, and sulfur); and micronutrients including manganese, copper, iron, zinc, boron, and sodium [22]. 
In a study recently conducted [23], T. molitor larvae fed only wheat bran had a nitrogen content of 5%, carbon of 
39%, phosphorus of 2%, and potassium of 1.7%. The chemical composition varies depending on the diet. According to 
another study [24], a different diet was implemented, based on wheat bran and chayote (Sechium edule), such that 
the chemical composition varied, presenting a nitrogen content of 2.5% and a phosphorus content of 1.4%. 

2.4. Production of Fertilizers Derived from Frass 

The production of insect frass-based fertilizers occurs according to specific steps: 
(1) Breeding and bioconversion: selection of the substrate on which to rear the insects, which will determine the 

composition of the frass [25]; 
(2) Frass harvesting: recovery of the by-product of bioconversion through sieving, consisting of larval 

excrement, larval exuviae, and residues of unconsumed raw material [18]; 
(3) Hygienic treatment: performed to minimize any potential risks. It has been observed that a heat treatment at 

70 °C for 60 min is appropriate for meeting the microbiological criteria for the application of insect excreta 
as a biofertilizer or soil improver [26]; 

(4) Secondary maturation/composting: stabilization of the insect frass. The frass is composted for 5 weeks using 
the heap method to obtain a mature and stable product [27]; 

(5) Frass characterization: chemical and microbiological analyses of frass [7,19]; 
(6) Fertilizer application and evaluation: plant trials, effects on soil health and microbiota [28]. 

2.5. Effects, Risks, and Limits 

Insect frass fertilizers show positive effects on plant growth. Their production appears to be achieved by 
feeding insect larvae with different nutrients for different periods of time (Table 1) [7]. 

Overall, the nutrient concentrations in insect frass make it a viable and sustainable alternative to traditional 
organic fertilizers. In a recent research [29], macronutrient concentrations were evaluated in different species, as 
were micronutrient concentrations. These data confirm the high suitability of insect excreta-based fertilizers as a 
sustainable source of plant nutrients and as a quality fertilizer input for sustainable soil health management [29]. 
From these data, it can be highlighted that fertilizers composed of T. molitor and B. mori excreta have a poor 
nutritional profile, resulting in excreta with lower concentrations of micronutrients and macronutrients, leading to 
the production of fertilizers suitable for frequent use or on crops sensitive to salt or metals. Fertilizers produced 
from O. rhinoceros and P. sinuata excreta are particularly rich in micronutrients, such as iron, manganese, and 
aluminum, but low levels of macronutrients, such as nitrogen and potassium. As a result, they have an unbalanced 
mineral profile, producing fertilizers that are used as correctives for soils deficient in micronutrients, but only in 
minimal quantities. Fertilizers composed of H. illucens excreta, at the same time, have a complete and balanced 
nutritional profile, with high nitrogen, potassium, and sulfur contents, along with relatively high levels of iron and 
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sodium. Ultimately, H. illucens represents the best species capable of producing fertilizers with an optimal balance 
of macronutrients and micronutrients, providing plants with essential nutrients without the risk of significant 
toxicity [29]. 

Table 1. Insect species and substrates used in frass production studies. 

Insect Species Diet/Nutrient Substrate Duration Conditions Source 
Hermetia illucens Irish potato scraps and beer run-outs 2 weeks  [24] 

Oryctes rhinoceros Fresh bovine dung 4 weeks [7] 
Pachnoda sinuate Fresh bovine dung 4 weeks [7] 

Schistocerca gregaria 
forsskal 

Wheat and barley seedlings and 
wheat bran / [6] 

Bombix mori Mulberry leaves (Morus spp.) 6 weeks [8] 

Gryllus bimaculatus Wheat bran, soybeans, sweet potato 
vines, and weeds / [17] 

Several studies analyze the use of insect excrement as fertilizer for plants, and the beneficial/toxic effects 
they produce are influenced by the composition, the amount used, and the type of plant. There are many possible 
beneficial effects, and this is related to the optimal dosage of excreta; conversely, if excessive dosages of excreta 
are applied, suppressive and deleterious effects are obtained [18] These beneficial effects are diverse, i.e., increased 
plant growth, improved nutrient absorption, improved soil health, improved resistance to environmental stress, 
reduced use of chemical fertilizers, promotion of more sustainable practices, and a circular economy [30–35]. 

At the same time, the use of insect frass fertilizers presents limitations and critical issues. For instance, in the 
context of heavy metals, on muddy substrates, the excrement of H. illucens larvae can contain significant amounts 
of chromium and nickel, exceeding the limits set by the EU for organic fertilizers [36]. Furthermore, in a recent 
study [25] is indicated that frass could contain pathogenic bacteria if not subjected to optimal sanitation treatments. 
Another research [37] showed a high nitrogen content in T. molitor frass, which could impair plant germination. 

In addition to all the limitations considered, the high cost of production hinders market expansion [38]. 
Ultimately, insect excrement-based fertilizers offer effective potential for improving plant growth, soil health, 

and agricultural sustainability. Despite this, their effectiveness depends on the quality of the source substrate and 
the application methods, as compositional variability, the risk of contaminants, and possible phytotoxic effects if 
used excessively still limit their fully standardized, large-scale application [28]. On the other hand, several studies 
investigated the use of insect excreta-based fertilizers as a potential source of nutrients for microalgae cultivation [6,12]. 
This process enables the production of microalgae with a high protein content, and this approach has been analyzed 
as the most sustainable and economically advantageous solution, fitting into the context of the circular bioeconomy [6]. 
While insect frass can be directly applied as an organic fertilizer, its nutrient content can be further valorized 
through biological conversion processes. In particular, microalgae cultivation represents a second upgrading step, 
enabling the transformation of frass-derived nutrients into high-value biomass with enhanced biostimulant and 
agronomic properties. This perspective provides the conceptual bridge between frass-based fertilization and 
microalgae-based biofertilizers discussed in the following section. 

3. The Role of Microalgae-Based Fertilizers 

Through growing scientific research aimed at discovering the multiple benefits of microalgae-based 
fertilisers, it has been observed that their use is efficient for agricultural productivity, and thus for businesses, as 
well as for human health. For instance, in the field of agriculture, it has been found that the implementation of 
biofertilizers drastically reduces the use of chemical fertilisers, which are useful for increasing crop yields but at 
the same time cause soil depletion. Biofertilizers, on the other hand, help prevent soil degradation and contribute 
to reducing CO2 emissions into the atmosphere. Also, they have the advantage of being produced from living 
organisms and can even be modified, thus optimising their characteristics in relation to different crops [11]. 
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3.1. Application of Microalgae as Biofertilizers 

Microalgae are an important resource in both freshwater and marine ecosystems as photosynthetically active 
organisms. Thanks to the high biodiversity that characterises these microorganisms and their rapid growth rate, 
recent scientific studies have shown that they play a key role in numerous applications [39]. In fact, microalgae 
are widely used for their biological characteristics and their ability to produce bioactive metabolites [40] in 
biotechnology, nutraceuticals, and environmental well-being, as they can also be used for wastewater treatment. 
In particular, they are useful in crucial phases such as those aimed at removing hard-to-degrade pollutants and 
excess nutrients such as nitrogen and phosphorus, heavy metals and pharmaceutical residues. Therefore, they 
represent an eco-friendly alternative to traditional chemical methods [41]. 

3.1.1. Application and Economic Value of the Main Microalgae Species 

Chlorella sp. and Arthrospira sp. are among the major species of microalgae, accounting for approximately 
90% of global biomass production. They are also widely used as a sustainable resource in various sectors, ranking 
among the most emerging and relevant bioeconomic systems [39]. Starting from organic carbon molecules, these 
microorganisms have the ability to absorb and oxidise these molecules to produce energy [42]. Moreover, they are 
among the most valued microalgae species for their nutritional and therapeutic qualities [43]. From a nutritional 
point of view, among the 14 most relevant species of Chlorella sp. are Chlorella vulgaris and Chlorella 
sorokiniana [44]. Among the most exploited species of Arthrospira sp. for commercial cultivation are: Arthrospira 
maxima, Arthrospira fusiformis, and Arthrospira platensis. It is important, however, to clarify that Spirulina sp. 
and Arthrospira sp. are considered to be very similar but taxonomically distinct species of cyanobacteria [45], but 
the commercial term “spirulina” refers only to Arthrospira sp. [46]. 

Therefore, from a commercial point of view, a significant expansion of the microalgae market is expected, 
particularly for the nutraceutical sector [39]. The Chlorella sp. market is expected to grow at a compound annual 
growth rate (CAGR) of 6.3% over the period 2021–2028, reaching an estimated value of 412.3 million by 2028 [39]. 
The market for the Arthrospira sp. species is significantly larger and is expected to grow to 1.1 billion by 2030, 
with a CAGR of 9.4% over the period 2023–2030 [39]. Furthermore, in 2021, Europe retained the largest share of 
the global Chlorella sp. market [39]. 

3.1.2. Value of Microalgae in Plant Growth: Production of Phytohormones and Bioactive Metabolites 

It has been observed that the biomass produced by microalgae can be converted into nutrients useful for 
sustaining their own development and that of other plant species [47,48]. In this context, phytohormones intervene 
as chemical messengers to regulate key physiological and biochemical processes in higher plants. For example, 
studies have found that, even at extremely low concentrations, phytohormones are able to modulate metabolic 
functions such as nutrient absorption, photosynthesis, and nucleic acid synthesis [49,50]. In this regard, 
phytormone-rich microalgae extracts have proven to be particularly effective as a basis for the development of 
biostimulants for use in agriculture. Phytormones are commonly divided into five main classes: auxins, abscisic 
acid, cytokinins, gibberellins and ethylene, together with their respective precursors and analogues [51]. Auxins 
are particularly effective in maturing the metabolism of microalgae, promoting their growth, increasing biomass, 
and synthesising bioactive molecules, even at very low concentrations [52]. Depending on the plant species, 
growth stage, and culture conditions, their chemical composition and concentration can vary considerably. Within 
microalgae, the main chemical compounds associated with auxins are indole-3-acetic acid (IAA) and indole-3-
butanoic acid (IBA) [53]. Depending on the level of IAA and its derivatives, the stimulating or inhibitory effects 
on plant metabolism may vary [54]. IAA, IBA, indole-3-propionic acid (IPK), and indole-3-acetamide (IAM) have 
been identified in 46 species of microalgae belonging to the Cyanophyta and Chlorophyta families [53]. 

Another relevant class of phytohormones is that of cytokinins (CK). It has been demonstrated that these 
substances are essential for inducing cell division, stimulating cell growth processes, and increasing photosynthetic 
activity in plant organisms. Furthermore, it has been verified that under stressful conditions, CKs have a protective 
effect on physiological activities and, in particular, on photosynthesis [55]. As regards the biosynthesis of CKs in 
microalgae, this is dependent on nitrogen, as the latter influences the production of RNA, specific proteins, and 
polypeptides [56]. In addition, the content and structure of CKs in microalgae are strongly influenced by lighting 
regimes and the availability of carbon sources [55,57]. 

Brassinosteroids, jasmonic acid, polyamines, salicylates, and signalling peptides are other types of hormones 
and growth regulators of fundamental importance [58]. In fact, brassinosteroids play a role in cell division, 
elongation, and differentiation of the vascular system; jasmonic acid improves resistance when microalgae are 
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subjected to unfavourable environmental conditions [59]; while salicylates may be involved in the activation of 
defensive responses [60]. 

3.2. Mechanism of Action of Microalgae on Soil and Plants 

Nowadays, the efficiency of the global agricultural sector depends heavily on the use of synthetic fertilisers 
and pesticides, with negative consequences for the environment and health [61–66]. According to several studies, 
the use of microalgae can help change this scenario in several ways [67–75]. One reason for using microalgae is 
that they represent a rich source of organic carbon when used in the soil [67]. This advantage is particularly 
important in agriculture, as the consumption of organic carbon accounts for a significant part of the deterioration 
in soil quality and fertility. In fact, microalgae can absorb organic carbon into their biomass through 
photosynthesis, and some strains release exopolysaccharides (EPS), molecules that act both as a source and as 
sequesters of carbon itself [67,76]. In fact, EPS can form a protective layer on the surface of the soil, which 
promotes the retention of organic carbon, nitrogen, and phosphorus and also acts as a water reserve in case of 
drought. In addition, microalgae and cyanobacteria have proven to be extremely effective in recovering soils 
deteriorated due to high salinity [77] and add organic matter and nitrogen to the soil, promoting particle 
aggregation, greater permeability, and aeration [78,79]. In addition, microalgae promote the growth of other plants 
through three main classes of substances produced from them: biofertilizers, biostimulants, and biopesticides [69,80]. 

The use of these compounds in agriculture offers multiple benefits, contributing not only to environmental 
protection but also to improving soil health and, consequently, crop quality [11]. The concept of biofertilizers has 
progressed over time, and today we can define them as compounds that include living microorganisms, which 
stimulate plant growth and thus increase the nutrient resources in the plant rhizosphere [81]. Unlike chemical 
fertilizers, the use of biofertilizers in the soil helps to develop a more balanced and differentiated soil ecosystem, 
promoting the nutrient cycle and optimizing both soil structure and fertility. 

An excellent example is the study conducted on Chlorella vulgaris as a biofertilizer in tomato cultivation 
(Solanum lycopersicum L.). In this investigation, a marked improvement in the growth and yield of tomato plants [82] 
was noted thanks to the use of C. vulgaris, as well as an improvement in the nutritional composition and shelf life 
of the fruit. Similarly, further improvements were observed in the use of C. vulgaris on the growth of common 
beans (Phaseolus vulgaris), where the biofertiliser led to a 26.9% increase in the total length and height of the 
beans, a 37.28% increase in dry weight, and an increase in protein and carbohydrate content during the vegetative 
phase. Furthermore, during the fruiting phase, an increase in the number of pods per plant (from 3.4 to 5.2), the 
number of seeds/pod (from 2.6 to 3.5), and the dry weight of the pod (from 0.67 to 0.95 g·plant−1) was measured [83]. 
In line with these results, C. vulgaris extract had positive effects on the growth of lettuce seedlings, increasing 
fresh and dry weight, chlorophyll, carotenoids, protein content, and ash in shoots [84]. Furthermore, biofertiliser 
extracts from C. vulgaris and S. platensis have been shown to improve the growth of mung beans (Vigna radiata), 
including shoot and root length and weight during the flowering stage [85]. 

These treatments also improved the physical characteristics of the plant, such as water and oil absorption, 
and positively affected soil pH and minerality [39]. Recently, it has been confirmed that Arthrospira sp. contributed 
to increased plant growth and stress tolerance [86], probably due to the synergistic action of various bioactive 
molecules, including phytohormones, polysaccharides, vitamins, and amino acids. Microalgae are particularly 
suitable for removing contaminants due to their high bioabsorption potential. The structural composition of the 
carbohydrates located in the cell wall of microalgae promotes the bioabsorption of toxic pollutants [87,88]. A new 
study [89] showed that bioabsorption plays a key role in the elimination of pesticides such as atrazine, carbofuran, 
dimethoate, and simazine by living C. vulgaris. Furthermore, the physicochemical properties of molecular size 
and structure have a significant impact on the bioabsorption process. In fact, the increase in the size of algae 
particles leads to greater surface availability, thus promoting the bioabsorption of pesticides [90]. Therefore, 
microalgae can effectively eliminate pesticides through bioabsorption [91]. 

3.3. Limitations 

Microalgae have demonstrated remarkable capabilities in agriculture, thanks to their ability to deliver useful 
substances and support environmentally friendly farming practices. Nevertheless, there are still several restrictions 
that prevent their use in agriculture. One of the main restrictions is the high cost of producing microalgae biomass 
and removing significant metabolites [69]. Another high cost is the supply of nutrients, including nitrogen, 
phosphorus, and carbon dioxide, which are essential for algae growth [92]. Recently, it has been observed that 
microalgae production through wastewater treatment has several disadvantages, as microalgae have the property 
of storing heavy metals and other contaminants present in wastewater, and their improper use can lead to the 
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introduction of these pollutants into agricultural soil, potentially causing damage to crop development and human 
health [3]. A comparative summary of nutrient profiles, microbial risks, production costs, and sustainability aspects 
of chemical, frass-based, and microalgae-based fertilizers is provided in Table 2. 

Table 2. Comparison between chemical, frass-based, and microalgae-based fertilizers. 

Parameter Chemical Fertilizers Frass-Based Fertilizers Microalgae-Based Fertilizers 
N Content High, Mineral Moderate–High, Organic Moderate 
P Content High Moderate Low–Moderate 
K Content High Moderate Low 

Micronutrients Limited Rich And Variable Rich (Fe, Zn, Mg) 
Microbial Risk Absent Possible If Untreated Low–Moderate 
Production Cost High (Energy-Intensive) Medium High 

Environmental Impact High Low Low 
Circular Bioeconomy No Yes Yes 

4. Frass and Microalgae as Living Fertilizer 

A key challenge in environmental sustainability is the replacement of significant amounts of chemical 
fertilizers with nutrients from waste or residual flows, and one example is the use of insect frass. In this context, 
insect frass represents a promising organic nutrient source derived from the bioconversion of organic waste, while 
microalgae offer an additional biological upgrading step capable of transforming these nutrients into value-added 
biomass. The integration of insect frass and microalgae could be applied to make microalgae production more 
sustainable, cost-effective, and part of a circular bioeconomy [6]. 

From a process perspective, the frass microalgae system can be described as a sequential chain in which 
organic waste streams are first converted into insect biomass and frass through insect rearing. The collected frass, 
after appropriate pre-treatment steps such as extraction, dilution, or sterilization, is subsequently used as a nutrient 
source for microalgae cultivation. The resulting microalgal biomass can then be applied directly as a biofertilizer 
or further processed into biostimulant formulations, allowing the biological upgrading of waste-derived nutrients 
while reducing dependence on external mineral inputs. 

4.1. Insect Frass Used for Microalgae Cultivation 

Microalgae cultivation using waste streams as an alternative nutrient source is currently a major area of 
interest for environmental sustainability. Numerous studies have focused on the application of insect excreta for 
low-cost microalgae cultivation, aimed at developing a circular bioeconomy [12]. In a new study [12], the frass 
considered was obtained from the rearing of subadult house crickets (Acheta domesticus). In this case, their 
composition showed a crude protein content of 36%, which corresponded to a total nitrogen content of 6% in the 
excreta. This was done to evaluate the nutrient supply that the frass could provide, without adding any additional 
requirements. The resulting frass was used to cultivate three species of microalgae, i.e., one freshwater, Chlorella 
vulgaris, and two marine, Phaeodactylum tricornutum and Nannochloropsis salina. 

Another study highlighted the use of another insect species, T. molitor, for microalgae cultivation. 
Mealworms were raised on organic waste for feed and food containing a high protein content, and were only sieved 
before use. Given that the amount of nutrients was essential for microalgae growth, to make the frass nutrients 
more available, they were eluted with water to remove the insoluble fraction, and the soluble fraction was sterilized 
to avoid any bacterial contamination. In this case, based on the type of sterilization performed, autoclaving and 
sterile filtration, it was observed that autoclaving was an optimal method for recovering nutrients from Tenebrio 
molitor frass, with a higher dissolved organic carbon content of approximately 26% and a higher total dissolved 
nitrogen concentration of approximately 31%, compared to the application of sterile filtration. The phosphate-
phosphorus concentration was also evaluated, which was found to be the same in both treatments (0.8%). This was 
evaluated with the aim of being able to apply the frass obtained from Tenebrio molitor for the cultivation and 
growth of C. vulgaris [6]. 

4.2. Microalgae Species Produced with Insect Frass 

The species cultivated with insect frass are diverse. In a study [12], three species of microalgae were 
considered, including one freshwater species, Chlorella vulgaris, and two marine species, Nannochloropsis salina 
and Phaeodactylum tricornutum, derived from the frass cultivation of an insect species, Acheta domesticus [93,94]. 
Given the high protein content of the frass considered, nitrogen, being an essential macronutrient for their growth, 
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was found in frass-water media mainly in its reduced form of ammonia, with concentrations below the toxic 
effect [95,96]. Their cultivation allowed the growth of species-specific microalgae. 

The results obtained from a recent research [12] show that cultivating freshwater microalgae, including C. 
vulgaris, with insect frass is an optimal and environmentally sustainable method, as it does not compromise 
microalgal growth. On the other hand, cultivating marine microalgae with insect frass, including N. salina and P. 
tricornutum, proved limiting, as the conditions were suboptimal with respect to pH and nutrient imbalance. In this 
regard, cultivating C. vulgaris with insect frass from a different species (T. molitor) was studied. 

This study revealed that the growth of C. vulgaris exhibited several key components for its development, 
determined by cultivation with T. molitor frass, including total protein composition and microbial composition. 
From this, it was possible to deduce that the protein quality obtained from C. vulgaris grown with frass was 
satisfactory for their growth, allowing them to adapt and stabilize in the culture medium. Depending on the culture 
medium, C. vulgaris was able to efficiently utilize nitrogen, primarily due to the mineralization of organic 
compounds [97–99]. Similarly, however, phosphorus uptake is influenced by its bioavailability and the ability of 
C. vulgaris to accumulate it in the form of intracellular polyphosphates. From a microbial perspective, it was 
observed that culture media containing T. molitor frass favor the development of high bacterial counts, but without 
inducing negative effects on the growth of C. vulgaris. Indeed, they could lead to the creation of beneficial 
symbiotic relationships between bacteria and microalgae [6]. 

4.3. Nutrient Conversion Pathways and System Limitations 

Unlike direct soil application of untreated frass, frass–microalgae systems rely on a sequence of biological 
transformations that can change both nutrient form and bioavailability. In aqueous frass-derived media, part of the 
organic nitrogen pool can be progressively mineralized by the associated microbial community, supporting algal 
uptake of inorganic N while also sustaining bacteria–algae cross-feeding interactions in the phycosphere. Such 
interactions are known to influence nutrient cycling and, depending on environmental conditions and partners, 
may enhance algal productivity and stability rather than simply increasing microbial load. Regulatory 
considerations within the European Union [100]. Phosphorus dynamics also reflect active biological regulation. 
Microalgae can respond to fluctuating phosphate availability by modulating uptake systems and by storing 
phosphorus intracellularly in polymeric forms (polyphosphate), a strategy widely documented across microalgal 
taxa and relevant for media derived from waste streams where P availability may vary over time [101]. Despite 
these mechanistic advantages, several barriers currently limit transferability beyond lab scale. The most recurrent 
issues include frass heterogeneity (linked to insect diet and rearing conditions), the need for pre-treatment steps to 
manage turbidity and microbial safety, and nutrient imbalances that can constrain growth depending on the target 
strain (particularly in non-freshwater settings). On the downstream side, harvesting and dewatering remain among 
the most energy- and cost-intensive steps of microalgal production, often representing a practical bottleneck for 
scale-up [102]. 

4.4. Regulatory Considerations within the European Union 

Regulatory alignment is another key factor determining whether integrated frass–microalgae products can 
realistically reach the market. In the European Union, the Fertilising Products Regulation (EU) 2019/1009 establishes 
the rules for placing CE-marked EU fertilising products on the market, including requirements related to safety, 
labelling, and limits for certain contaminants and pathogens [103]. In practice, frass- and microalgae-derived products 
may fall under different functional categories (e.g., organic fertilisers, soil improvers, plant biostimulants), but their 
eligibility depends on how the product is defined, processed, and documented with respect to the Regulation’s 
component material categories and conformity assessment routes. As a result, even when the agronomic rationale is 
strong, regulatory uncertainty and inconsistent interpretation can slow down commercialization, particularly for novel 
“integrated” formulations that combine multiple bio-based components [103]. 

5. Conclusions 

Insect excrement and microalgae are complementary and highly promising biological resources for the 
development of new-generation fertilisers, which combine nutrient supply with improved soil health and 
environmental sustainability. Their integration into circular bioeconomy models, in which insect excrement serves 
as both fertiliser and growth substrate for microalgae, offers a concrete strategy for nutrient recycling, waste 
valorisation and reduced dependence on synthetic fertilisers. In the future, research efforts should move beyond 
proof-of-concept studies towards standardised production and application frameworks. Priority directions include: 
chemical and microbiological standardisation of excrement and microalgal biomass to reduce compositional 
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variability; optimisation of integrated production systems to improve scalability, economic viability and life-cycle 
performance; and risk assessment and regulatory alignment, particularly with regard to microbial safety and 
compliance with fertiliser legislation. Furthermore, the combined use of insect excrement and microalgae opens 
up new application scenarios in precision agriculture, customised biofertiliser formulations and biorefinery-based 
nutrient recovery systems. 

Author Contributions 

C.F.: conceptualization; G.C. and E.C., writing—original draft preparation; E.C., S.S. and G.C.: visualization, 
investigation; C.F. and M.G.R.: supervision; C.F. and M.G.R.: validation; F.I., M.G.R. and C.R.M.: writing—
reviewing and editing. All authors have read and agreed to the published version of the manuscript. 

Funding 

This research received no external funding. 

Institutional Review Board Statement 

Not applicable. 

Informed Consent Statement 

Not applicable. 

Data Availability Statement 

Not applicable. 

Conflicts of Interest 

The authors declare no conflict of interest. 

Use of AI and AI-Assisted Technologies 

During the preparation of this work, the authors used Perplexity to correct English grammar. After using this 
tool, the authors reviewed and edited the content as needed and takes full responsibility for the content of the 
published article. 

References 

1. Khan, Z.; Ali, S.; Chu, X. Environmental sustainability via sustainable development: The role of green innovation, clean 
energy and financial inclusion. J. Environ. Manag. 2025, 393, 127175. https://doi.org/10.1016/j.jenvman.2025.127175. 

2. Teixeira, N.; Rodrigues, R.; Rodrigues, A. Economic growth and environmental sustainability in more and less 
sustainable countries. Discov. Sustain. 2025, 6, 618. https://doi.org/10.1007/s43621-025-01546-6. 

3. Gonçalves, J.; Freitas, J.; Fernandes, I.; et al. Microalgae as Biofertilizers: A Sustainable Way to Improve Soil Fertility 
and Plant Growth. Sustainability 2023, 15, 12413. https://doi.org/10.3390/su151612413. 

4. Lopes, G.I.; Yong, W.H.J.; Lalander, C. Frass derived from black soldier fly larvae treatment of biodegradable wastes. A 
critical review and future perspectives. J. Waste Manag. 2022, 142, 65–76. https://doi.org/10.1016/j.wasman.2022.02.007. 

5. Leni, G.; Caligiani, A.; Sforza, S. Chapter 40-Bioconversion of Agri-Food Waste and by-Products through Insects: A 
New Valorization Opportunity. In Valorization of Agri-Food Wastes and By-Products; Academic Press: Cambridge, MA, 
USA, 2021; pp. 809–828. https://doi.org/10.1016/B978-0-12-824044-1.00013-1. 

6. Magara, J.O.H.; Tanga, C.M.; Ayieko, M.A.; et al. Effect of rearing substrates on the fitness parameters of newly recorded 
edible cricket Scapsipedus marginatus in Kenya. In Proceedings of the Second International Conference ‘Insects to feed 
the world’ (IFW2018), Wuhan, China, 15–18 May 2018. 

7. Gómez-Brandón, M.; Beesigamukama, D.; Probst. M.; et al. Microbial composition and bioremediation in frass fertilizers 
from insect-based agri-food waste valorization. J. Environ. Manag. 2025, 386, 125774. https://doi.org/10.1016/ 
j.jenvman.2025.125774. 

8. Khedr, M.M.A.; El-Shafiey, S.N.; Mead, H.M. Influence of fortification of mulberry leaves with natural and synthetic 
multivitamins on growth and development of Bombyx mori L. J. Plant Prot. Pathol. 2013, 4, 111–123. 

9. Leonardi, A.A.; Sciuto, E.L.; Lo Faro, M.J.; et al. Molecular Fingerprinting of the Omicron Variant Genome of SARS-
CoV-2 by SERS Spectroscopy. Nanomaterials 2022, 12, 2134. https://doi.org/10.3390/nano12132134. 



Impellitteri et al.   Earth Environ. Sustain. 2026, 2(1), 1–15 

https://doi.org/10.53941/eesus.2026.100001  11 

10. Barsati, L.; Gualtieri, P. Is exploitation of microalgae economically and energetically sustainable? Algal. Res. 2018, 31, 
107–115. https://doi.org/10.1016/j.algal.2018.02.001. 

11. Osorio-Reyes, J.G.; Valenzuela-Amaro, H.M.; PizañaAranda, J.J.P.; et al. Microalgae-Based Biotechnology as 
Alternative Biofertilizers for Soil Enhancement and Carbon Footprint Reduction: Advantages and Implications. Mar. 
Drugs 2023, 21, 93. https://doi.org/10.3390/md21020093. 

12. Petrucciani, A.; Mollo, L.; Siena, S.A.; et al. From waste to products: Microalgal cultivation in insect frass to obtain 
valuable biomass. Bioresour. Technol. Rep. 2025, 32, 102339. https://doi.org/10.1016/j.biteb.2025.102339. 

13. Multisanti, C.R.; Impellitteri, F.; Cannatà, G.; et al. Discovering the effects of octylisothiazolinone: Analysis of physiological 
changes in the Mediterranean mussel (Mytilus galloprovincialis). Ecotoxicol. Environ. Saf. 2025, 302, 118563. 
https://doi.org/10.1016/j.ecoenv.2025.118563. 

14. Riolo, K.; Rotondo, A.; La Torre, G.L.; et al. Cytoprotective and antioxidant effects of hydrolysates from black soldier 
fly (Hermetia illucens). Antioxidants 2023, 12, 519. https://doi.org/10.3390/antiox12020519. 

15. Siddiqui, S.A.; Harahap, I.A.; Osei-Owusu, J.; et al. Bioconversion of organic waste by insects—A comprehensive 
review. Process Saf. Environ. Prot. 2024, 187, 1–25. https://doi.org/10.1016/j.psep.2024.04.122. 

16. Beesigamukama, D.; Tanga, M.C.; Sevgan, S.; et al. Waste to value: Global perspective on the impact of 
entomocomposting on environmental health, greenhouse gas mitigation and soil bioremediation. Sci. Total Environ. 
2023, 902, 166067. https://doi.org/10.1016/j.scitotenv.2023.166067. 

17. Magara, H.J.; Tanga, C.M.; Ayieko, M.A.; et al. Performance of newly described native edible cricket Scapsipedus icipe 
(Orthoptera: Gryllidae) on various diets of relevance for farming. J. Econ. Entomol. 2019, 112, 653–664. 

18. Lomonaco, G.; Franco, A.; De Smet, J.; et al. Larval Frass of Hermetia illucens as Organic Fertilizer: Composition and 
Beneficial Effects on Different Crops. Insects 2024, 15, 293. https://doi.org/10.3390/insects15040293. 

19. Amorim, H.C.S.; Ashworth, A.J.; Arsi, K; et al. Insect frass composition and potential use as an organic fertilizer in 
circular economies. J. Econ. Entomol. 2024, 117, 1261–1268. https://doi.org/10.1093/jee/toad234. 

20. De Volder, A.; De Smet, J.; Frooninckx, L.; et al. Heat Treatment and Storage of Frass from Black Soldier Fly Larvae 
and Yellow Mealworm Production: Compliance with EU Regulation on Microbiological Quality and Safety. 
MicrobiologyOpen 2025, 14, e70020. https://doi.org/10.1002/mbo3.70020. 

21. Lalander, C.; Lopes, I.G.; Gyftopoulos, N.; et al. The impact of scale and frass recirculation on pathogen inactivation dynamics 
in black soldier fly larvae bioconversion. Front. Microbiol. 2025, 16, 1539486. https://doi.org/10.3389/fmicb.2025.1539486. 

22. Athanassiou, C.G.; Rumbos, C.I. Frass and Furious: Unfolding the Potential of Insect Frass as Soil Fertilizer. 
Agrochemicals 2025, 4, 1. https://doi.org/10.3390/agrochemicals4010001. 

23. Houben, D.; Daoulas, G.; Faucon, M.-P.; et al. Potential use of mealworm frass as a fertilizer: Impact on crop growth and 
soil properties. Sci. Rep. 2020, 10, 4659. https://doi.org/10.1038/s41598-020-61765-x. 

24. Beesigamukama, D.; Mochoge, B.; Korir, N.; et al. Economic and ecological values of frass fertiliser from black soldier 
fly agro-industrial waste processing. J. Insects Food Feed. 2022, 8, 245–254. https://doi.org/10.3920/JIFF2021.0013. 

25. Praeg, N.; Klammsteiner, T. Primary study on frass fertilizers from mass-reared insects: Species variation, heat treatment 
effects, and implications for soil application at laboratory scale. J. Environ. Manag. 2024, 356, 120622. https://doi.org/ 
10.1016/j.jenvman.2024.120622. 

26. Van Looveren, N.; Vandeweyer, D.; Van Campenhout, L. Impact of Heat Treatment on the Microbiological Quality of 
Frass Originating from Black Soldier Fly Larvae (Hermetia illucens). Insects 2022, 13, 22. https://doi.org/10.3390/ 
insects13010022. 

27. Beesigamukama, D.; Mochoge, B.; Korir, N.K.; et al. Exploring Black Soldier Fly Frass as Novel Fertilizer for Improved 
Growth, Yield, and Nitrogen Use Efficiency of Maize Under Field Conditions. Front. Plant Sci. 2020, 11, 574592. https:// 
doi.org/10.3389/fpls.2020.574592. 

28. Ashworth, A.J.; Amorim, H.C.S.; Drescher, G.L.; et al. Insect frass fertilizer as soil amendment for improved forage and 
soil health in circular systems. Sci. Rep. 2025, 15, 3024. https://doi.org/10.1038/s41598-025-87075-8. 

29. Beesigamukama, D.; Subramanian, S.; Tanga, C.M. Nutrient quality and maturity status of frass fertilizer from nine 
edible insects. Sci. Rep. 2022, 12, 7182. https://doi.org/10.1038/s41598-022-11336-z. 

30. Mutyambai, D.M.; Mutua, J.M.; Jalloh, A.A.; et al. Insect frass fertilizer upregulates maize defence genes and resistance 
against an invasive herbivore pest. Sci. Rep. 2025, 15, 29978. https://doi.org/10.1038/s41598-025-14883-3. 

31. Salomon, M.J.; Cavagnaro, T.R. Potential of black soldier fly larvae frass (BSFL) as a novel fertilizer: Impacts on tomato growth, 
nutrient uptake, and mycorrhizal formation. Plant Soil. 2025, 513, 417–434 https://doi.org/10.1007/s11104-024-07187-4. 

32. Sawinska, Z.; Radzikowska-Kujawska, D.; Kowalczewski, P.Ł.; et al. Hermetia illucens Frass Fertilization: A Novel 
Approach for Enhancing Lettuce Resilience and Photosynthetic Efficiency under Drought Stress Conditions. Appl. Sci. 
2024, 14, 2386. https://doi.org/10.3390/app14062386. 



Impellitteri et al.   Earth Environ. Sustain. 2026, 2(1), 1–15 

https://doi.org/10.53941/eesus.2026.100001  12 

33. Rizzo, M.G.; Corsaro, C.; Marrara, S.; et al. Raman spectral analyses to investigate the physiological and metabolic 
development of a 3D hepatocellular carcinoma model. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2025, 343, 
126564. https://doi.org/10.1016/j.saa.2025.126564. 

34. Multisanti, C.R.; Zicarelli, G.; Caferro, A.; et al. Personal care products as a potential source of aquatic pollution: Effect 
of polyvinyl alcohol on physiological and antioxidant responses in Mytilus galloprovincialis. Ecotoxicol. Environ. Saf. 
2025, 298, 118336. https://doi.org/10.1016/j.ecoenv.2025.118336. 

35. Multisanti, C.R.; Riolo, K.: Rizzo, M.G.; et al. Novel sustainable strategies to mitigate toxicity of emerging contaminants: 
Cellular and physiological insights from CMIT-exposed mussels treated with insect-based protein hydrolysates. Sustain. 
Chem. Pharm. 2025, 48, 102218. https://doi.org/10.1016/j.scp.2025.102218. 

36. Albalawneh, A.; Hasan, H.; Alarsan, S.F.; et al. Influence of Sludge and Feed Mixtures on Metal Retention, Pathogen 
Reduction, and Nutritional Value in Black Soldier Fly (BSF) (Hermetia illucens) Larval Substr. Agriculture 2025, 15, 
1080. https:// doi.org/10.3390/agriculture15101080. 

37. Zunzunegui, I.; Martín-García, J.; Santamaría, Ó.; et al. Insect Frass as an Agricultural Resource Against Abiotic and Biotic 
Crop Stresses: Mechanisms of Action and Possible Negative Effects. Appl. Sci. 2025, 15, 3606. https://doi.org/ 
10.3390/app15073606. 

38. TechSci Research. Available online: https://www.techsciresearch.com/report/frass-fertilizer-market/15817.html (accessed on 
20 October 2025). 

39. Abreu, A.P.; Martins, R.; Nunes, J. Emerging applications of Chlorella sp. and Spirulina (Arthrospira) sp. 
Bioengineering 2023, 10, 955. https://doi.org/10.3390/bioengineering10080955. 

40. Dolganyuk, V.; Belova, D.; Babich, O.; et al. Microalgae: A promising source of valuable bioproducts. Biomolecules 
2020, 10, 1153. https://doi.org/10.3390/biom10081153. 

41. Srimongkol, P.; Sangtanoo, P.; Songserm, P.; et al. Microalgae-based wastewater treatment for developing economic and 
environmental sustainability: Current status and future prospects. Front. Bioeng. Biotechnol. 2022, 10, 904046. https:// 
doi.org/10.3389/fbioe.2022.904046. 

42. Abreu, A.P.; Morais, R.C.; Teixeira, J.A.; et al. Comparison between Microalgal Autotrophic Growth and Metabolite 
Accumulation with Heterotrophic, Mixotrophic and Photoheterotrophic Cultivation Modes. Renew. Sustain. Energy Rev. 
2022, 159, 112247. https://doi.org/10.1016/j.rser.2022.112247. 

43. Barkia, I.; Saari, N.; Manning, S.R. Microalgae for high-value products towards human health and nutrition. Mar. Drugs. 
2019, 17, 304. https://doi.org/10.3390/md17050304. 

44. Champenois, J.; Marfaing, H.; Pierre, R. Review of the Taxonomic Revision of Chlorella and Consequences for Its Food 
Uses in Europe. J. Appl. Phycol. 2015, 27, 1845–1851. https://doi.org/10.1007/s10811-014-0431-2. 

45. Sili, C.; Torzillo, G.; Vonshak, A. Arthrospira (Spirulina). In Ecology of Cyanobacteria II. Their Diversity in Space and 
Time; Whitton, B.A., Ed.; Springer: Dordrecht, The Netherlands, 2012; p. 760. https://doi.org/10.1007/978-94-007-3855-3. 

46. Banaee, M.; Impellitteri, F.; Evaz-Zadeh Samani, H.; et al. Dietary arthrospira platensis in rainbow trout (Oncorhynchus mykiss): 
A means to reduce threats caused by CdCl2 exposure? Toxics 2022, 10, 731. https://doi.org/10.3390/toxics10120731. 

47. Coppens, J.; Grunert, O.; Van Den Hende, S.; et al. The use of microalgae as a high-value organic slow-release fertilizer results 
in tomatoes with increased carotenoid and sugar levels. J. Appl. Phycol. 2016, 28, 2367–2377. https://doi.org/10.1007/s10811-
015-0775-2. 

48. Alobwede, E.; Leake, J.R.; Pandhal, J. Circular economy fertilization: Testing micro and macro algal species as soil 
improvers and nutrient sources for crop production in greenhouse and field conditions. Geoderma 2019, 334, 113–123. 
https://doi.org/10.1016/j.geoderma.2018.07.049. 

49. El Sabagh, A.; Islam, M.S.; Hossain, A. et al. Phytohormones as growth regulators during abiotic stress tolerance in 
plants. Front. Agron. 2022, 4, 765068. https://doi.org/10.3389/fagro.2022.765068. 

50. Tarraf, S.A.; Talaat, I.M.; El-Sayed, A.E.K.B.; et al. Influence of foliar application of algae extract and amino acids mixture 
on fenugreek plants in sandy and clay soils. Nusant. Biosci. 2015, 7, 32–37. https://doi.org/10.13057/nusbiosci/n070106. 

51. Han, X.; Zeng, H.; Bartocci, P.; et al. Phytohormones and effects on growth and metabolites of microalgae: A review. 
Fermentation 2018, 4, 25. https://doi.org/10.3390/fermentation4020025. 

52. Kozlova, T.A.; Hardy, B.P.; Krishna, P.; et al. Effect of phytohormones on growth and accumulation of pigments and fatty acids 
in the microalgae Scenedesmus quadricauda. Algal Res. 2017, 27, 325–334. https://doi.org/10.1016/j.algal.2017.09.020. 

53. Romanenko, E.A.; Kosakovskaya, I.V.; Romanenko, P.O. Phytohormones of microalgae: Biological role and involvement 
in the regulation of physiological processes. Pt I. auxins, abscisic acid, ethylene. Int. J. Algal 2015, 17, 275–289. https://doi. 
org/10.1615/InterJAlgae.v17.i3.80. 

54. Went, F.; Thimann, K. Phytohormones; The Macmillan Company: New York, NY, USA, 1937. 
55. Romanenko, K.O.; Kosakovskaya, I.V.; Romanenko, P.O. Phytohormones of Microalgae: Biological Role and Involvement in 

the Regulation of Physiological Processes. Pt II. Cytokinins and Gibberellins. Int. J. Algae 2016, 18, 179–201. https://doi.org/ 
10.1615/InterJAlgae.v18.i2.70. 



Impellitteri et al.   Earth Environ. Sustain. 2026, 2(1), 1–15 

https://doi.org/10.53941/eesus.2026.100001  13 

56. Piotrowska, A.; Czerpak, R. Cellular response of light/dark-grown green alga Chlorella vulgaris Beijerinck 
(Chlorophyceae) to exogenous adenine-and phenylurea-type cytokinins. Acta Plant Physiol. 2009, 31, 573–585. 
https://doi.org/10.1007/s11738-008-0267-y. 

57. Stirk, W.A.; Bálint, P., Tarkowská, D.; et al. Effect of light on growth and endogenous hormones in Chlorella minutissima 
(Trebouxiophyceae). Plant Physiol. Biochem. 2014, 79, 66–76. https://doi.org/10.1016/j.plaphy.2014.03.005. 

58. Du, K.; Tao, H.; Wen, X.; et al. Enhanced growth and lipid production of Chlorella pyrenoidosa by plant growth regulator 
GA3. Fresenius Environ. Bull. 2015, 24, 3414–3419. 

59. Parsaeimehr, A.; Mancera-Andrade, E.I.; Robledo-Padilla, F.; et al. A chemical approach to manipulate the algal growth, 
lipid content and high-value alpha-linolenic acid for biodiesel production. Algal Res. 2017, 26, 312–322. https://doi.org/ 
10.1016/j.algal.2017.08.016. 

60. Wu, G.; Gao, Z.; Du, H.; et al. The effects of abscisic acid, salicylic acid and jasmonic acid on lipid accumulation in two 
freshwater Chlorella strains. J. Gen. Appl. Microbiol. 2018, 64, 42–49. https://doi.org/10.2323/jgam.2017.06.001. 

61. Bayrak, M.; Yüce, P.A.; Günal, A.Ç.; et al. Physiological and histopathological response of non-target organisms to 
emamectin benzoate: An effective innovative insecticide or a new ecosystem health hazard? Comp. Biochem. Physiol. 
Part C Toxicol. Pharmacol. 2025, 296, 110241. https://doi.org/10.1016/j.cbpc.2025.110241. 

62. Impellitteri, F.; Mossotto, C.; Cotugno, A.; et al. When crayfish face painkillers: Tissue-specific cytotoxic and oxidative 
responses to indomethacin exposure in Procambarus clarkii. Ecotoxicol. Environ. Saf. 2025, 304, 119138. 
https://doi.org/10.1016/j.ecoenv.2025.119138. 

63. Trivedi, A.; Saxena, V.; Banaee, M.; et al. Unveiling the crosstalk between unfolded protein response and apoptosis in 
triclosan induced hepatotoxicity in Labeo rohita. Sci. Rep. 2025, 15, 17089. https://doi.org/10.1038/s41598-025-93997-0. 

64. Burgos-Aceves, M.A.; Banaee, M.; Vazzana, I.; et al. Effect of emerging pollutants on the gut microbiota of freshwater 
animals: Focusing on microplastics and pesticides. Sci. Total Environ. 2024, 948, 174809. https://doi.org/10.1016/ 
j.scitotenv.2024.174809. 

65. Hossinian, M.; Banaee, M.; Haghi, B.N.; et al. Individual and combined effects of dichlorvos and nano-polystyrene on 
oxidative stress and biochemical parameters in the freshwater fish Barbus sharpeyi. Emerg. Contam. 2025, 11, 100586. 
https://doi.org/10.1016/j.emcon.2025.100586. 

66. Jindal, R.; Sharma, R.; Kaur, P.; et al. Mitigation of haemato-genotoxic and stress response effects in Cyprinus carpio 
via silymarin dietary supplementation following deltamethrin exposure. Heliyon 2024, 10, e28419. https://doi.org/10. 
1016/j.heliyon.2024.e28419. 

67. Alvarez, A.L.; Weyers, S.L.; Goemann, H.M.; et al. Microalgae, soil and plants: A critical review of microalgae as 
renewable resources for agriculture. Algal Res. 2021, 54, 102200. https://doi.org/10.1016/j.algal.2021.102200. 

68. González-Pérez, B.K.; Rivas-Castillo, A.M.; Valdez-Calderón, A.; et al. Microalgae as Biostimulants: A New Approach 
in Agriculture. World J. Microbiol. Biotechnol. 2022, 38, 4. https://doi.org/10.1007/s11274-021-03192-2. 

69. Gonçalves, A.L. The Use of Microalgae and Cyanobacteria in the Improvement of Agricultural Practices: A Review on 
Their Biofertilising, Biostimulating and Biopesticide Roles. Appl. Sci. 2021, 11, 871. https://doi.org/10.3390/app11020871. 

70. Ramya, S.; Barathinivas, A.; Jayakumararaj, R.; et al. Ecotoxicological insights: Effects of pesticides on ionic metabolism 
regulation in freshwater catfish, Mystus keletius. Aquat. Toxicol. 2023, 265, 106764. https://doi.org/10.1016/ 
j.aquatox.2023.106764. 

71. Barathinivas, A.; Ramya, S.; Neethirajan, K.; et al. Ecotoxicological effects of pesticides on hematological parameters 
and oxidative enzymes in freshwater Catfish, Mystus keletius. Sustainability 2022, 14, 9529. https://doi.org/ 
10.3390/su14159529. 

72. Vajargah, M.F.; Namin, J.I.; Mohsenpour, R.; et al. Histological effects of sublethal concentrations of insecticide Lindane 
on intestinal tissue of grass carp (Ctenopharyngodon idella). Vet. Res. Commun. 2021, 45, 373–380. https://doi.org/ 
10.1007/s11259-021-09818-y. 

73. Stara, A.; Bellinvia, R.; Velisek, J.; et al. Acute exposure of common yabby (Cherax destructor) to the neonicotinoid 
pesticide. Sci. Total Environ. 2019, 665, 718–723. https://doi.org/10.1016/j.scitotenv.2019.02.202. 

74. Sula, E.; Aliko, V.; Marku, E.; et al. Evaluation of kidney histopathological alterations in Crucian Carp, Carassius 
carassius, from a pesticide and PCB-contaminated freshwater ecosystem, using light microscopy and organ index 
mathematical model. Int. J. Aquat. Biol. 2020, 8, 154–165. 

75. Rizzo, C.; Zammuto, V.; Lo Giudice, A.; et al. Antibiofilm activity of antarctic sponge-associated bacteria against pseudomonas 
aeruginosa and staphylococcus aureus. J. Mar. Sci. Eng. 2021, 9, 243. https://doi.org/10.3390/jmse9030243. 

76. Costa, O.Y.A.; Raaijmakers, J.M.; Kuramae, E.E. Microbial Extracellular Polymeric Substances: Ecological Function 
and Impact on Soil Aggregation. Front. Microbiol. 2018, 9, 1636. https://doi.org/10.3389/fmicb.2018.01636. 

77. Rocha, F.; Esteban Lucas-Borja, M.; Pereira, P.; et al. Cyanobacteria as a Nature-Based Biotechnological Tool for 
Restoring Salt-Affected Soils. Agronomy 2020, 10, 1321. https://doi.org/10.3390/agronomy10091321. 



Impellitteri et al.   Earth Environ. Sustain. 2026, 2(1), 1–15 

https://doi.org/10.53941/eesus.2026.100001  14 

78. Singh, J.S.; Kumar, A.; Rai, A.N.; et al. Cyanobacteria: A Precious Bio-resource in Agriculture, Ecosystem, and 
Environmental Sustainability. Front. Microbiol. 2016, 7, 529. https://doi.org/10.3389/fmicb.2016.00529. 

79. Abinandan, S.; Subashchandrabose, S.R.; Venkateswarlu, K.; et al. Soil microalgae and cyanobacteria: The 
biotechnological potential in the maintenance of soil fertility and health. Crit. Rev. Biotechnol. 2019, 39, 981–998. 
https://doi.org/10.1080/07388551.2019.1654972. 

80. Parmar, P.; Kumar, R.; Neha, Y.; et al. Microalgae as next generation plant growth additives: Functions, applications, challenges 
and circular bioeconomy-based solutions. Front. Plant Sci. 2023, 14, 1073546. https://doi.org/10.3389/fpls.2023.1073546. 

81. Aloo, B.N.; Tripathi, V.; Makumba, B.A.; et al. Plant growth-promoting rhizobacterial biofertilizers for crop production: 
The past, present, and future. Front. Plant Sci. 2022, 13, 1002448. https://doi.org/10.3389/fpls.2022.1002448. 

82. Suchithra, M.R.; Muniswami, D.M.; Sri, M.S.; et al. Effectiveness of green microalgae as biostimulants and biofertilizer 
through foliar spray and soil drench method for tomato cultivation. S. Afr. J. Bot. 2022, 146, 740–750. https://doi.org/ 
10.1016/j.sajb.2021.12.022. 

83. Refaay, D.A.; El-Marzoki, E.M.; Abdel-Hamid, M.I.; et al. Effect of foliar application with Chlorella vulgaris, Tetradesmus 
dimorphus, and Arthrospira platensis as biostimulants for common bean. J. Appl. Phycol. 2021, 33, 3807–3815. https:// 
doi.org/10.1007/s10811-021-02584-z. 

84. La Bella, E.; Baglieri, A.; Rovetto, E.I.; et al. Foliar spray application of Chlorella vulgaris extract: Effect on the growth 
of lettuce seedlings. Agronomy 2021, 11, 308. https://doi.org/10.3390/agronomy11020308. 

85. Dineshkumar, R.; Duraimurugan, M.; Sharmiladevi, N.; et al. Microalgal liquid biofertilizer and biostimulant effect on 
green gram (Vigna radiata L.) an experimental cultivation. Biomass Conv. Bioref. 2022, 12, 3007–3027. https://doi.org/ 
10.1007/s13399-020-00857-0. 

86. Arahou, F.; Lijassi, I.; Wahby, A.; et al. Spirulina-based biostimulants for sustainable agriculture: Yield improvement 
and market trends. BioEnergy Res. 2023, 16, 1401–1416. https://doi.org/10.1007/s12155-022-10537-8. 

87. Sutherland, D.L.; Ralph, P.J. Microalgal Bioremediation of Emerging Contaminants—Opportunities and Challenges. 
Water Res. 2019, 164, 114921. https://doi.org/10.1016/j.watres.2019.114921. 

88. Mustafa, S.; Bhatti, N.; Maqbool, M. Microalgae Biosorption, Bioaccumulation and Biodegradation Efficiency for the 
Remediation of Wastewater and Carbon Dioxide Mitigation: Prospects, Challenges and Opportunities. J. Water Process 
Eng. 2021, 41, 2214–7144. https://doi.org/10.1016/j.jwpe.2021.102009. 

89. Hussein, M.H.; Abdullah, A.M.; Badr El Din, N.I.; et al. Biosorption Potential of the Microchlorophyte Chlorella vulgaris 
for Some Pesticides. J. Fertil. Pestic. 2017, 8, 1000177. https://doi.org/10.4172/2471-2728.1000177. 

90. Komárek, M.; Čadková, E.; Chrastný, V.; et al. Contamination of Vineyard Soils with Fungicides: A Review of 
Environmental and Toxicological Aspects. Environ. Int. 2010, 36, 138–151. https://doi.org/10.1016/j.envint.2009.10.005. 

91. Verasoundarapandian, G.; Lim, Z.S.; Radziff, S.B.M.; et al. Remediation of pesticides by microalgae as feasible approach 
in agriculture: Bibliometric strategies. Agronomy 2022, 12, 117. https://doi.org/10.3390/agronomy12010117. 

92. Sarker, N.K.; Kaparaju, P. Microalgal bioeconomy: A green economy approach towards achieving sustainable 
development goals. Sustainability 2024, 16, 11218. https://doi.org/10.3390/su162411218. 

93. Allen, M.; Stainier, R.Y. Growth and Division of Some Unicellular Blue-green Algae. J. Gen. Microbiol. 1968, 51, 199–
202. https://doi.org/10.1099/00221287-51-2-199. 

94. Fanesi, A.; Raven, J.A.; Giordano, M. Growth rate affects the responses of the green alga Tetraselmis suecica to external 
perturbations. Plant Cell Environ. 2014, 37, 512–519. https://doi.org/10.1111/pce.12176. 

95. Gutiérrez, D.; Rodríguez-Rubio, L.; Martínez, B.; et al. Bacteriophages as Weapons Against Bacterial Biofilms in the 
Food Industry. Front. Microbiol. 2016, 7, 825. https://doi.org/10.3389/fmicb.2016.00825. 

96. Templeton, D.W.; Laurens, L.M.L. Nitrogen-to-protein conversion factors revisited for applications of microalgal 
biomass conversion to food, feed and fuel. Algal Res. 2015, 11, 359–367. https://doi.org/10.1016/j.algal.2015.07.013. 

97. Rizzo, M.G.; Morganti, D.; Smeriglio, A.; et al. Formation of 3D Human Osteoblast Spheroids Incorporating 
Extracellular Matrix-Mimetic Phage Peptides as a Surrogate Bone Tissue Model. Int. J. Mol. Sci. 2025, 26, 8482. https:// 
doi.org/10.3390/ijms26178482. 

98. Rizzo, M.G.; Fazio, E.; De Pasquale, C.; et al. Physiopathological Features in a Three-Dimensional In Vitro Model of 
Hepatocellular Carcinoma: Hypoxia-Driven Oxidative Stress and ECM Remodeling Cancers 2025, 17, 3082. https://doi. 
org/10.3390/cancers17183082. 

99. Rizzo, M.G.; Cordaro, M.; Morganti, D.; et al. Osteogenic Activity and Bone Matrix Mineralization Induced by Vitis vinifera 
Leaves Extract in Human Osteoblastic Cells. Food Sci. Nutr. 2025, 13, e70785. https://doi.org/10.1002/fsn3.70785. 

100. Fuentes, J.L.; Garbayo, I.; Cuaresma, M.; et al. Impact of microalgae-bacteria interactions on the production of algal 
biomass and associated compounds. Mar. Drugs 2016, 14, 100. https://doi.org/10.3390/md14050100. 

101. Bossa, R.; Di Colandrea, M.; Salbitani, G.; et al. Phosphorous utilization in microalgae: Physiological aspects and applied 
implications. Plants 2024, 13, 2127. https://doi.org/10.3390/plants13152127. 



Impellitteri et al.   Earth Environ. Sustain. 2026, 2(1), 1–15 

https://doi.org/10.53941/eesus.2026.100001  15 

102. Deepa, P.; Sowndhararajan, K.; Kim, S. A review of the harvesting techniques of microalgae. Water 2023, 15, 3074. 
https://doi.org/10.3390/w15173074. 

103. Regulation (EU) 2019/1009 of the European Parliament and of the Council of 5 June 2019 Laying down Rules on the Making 
Available on the Market of EU Fertilising Products and Amending Regulations (EC) No 1069/2009 and (EC) No 1107/2009 
and Repealing Regulation (EC) No 2003/2003. Available online: http://data.europa.eu/eli/reg/2019/1009/oj (accessed on 12 
October 2025). 


