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Abstract
This study investigated the impact of pharmaceutical waste contamination on the growth of the edible mushroom Pleurotus ostreatus and the soil microbiome in a controlled greenhouse setting in the Department of Biochemistry, University of Uyo, Nigeria. Utilizing pot experiments laid out in a completely randomized design (CRD), various concentrations of selected pharmaceutical residues—specifically antibiotics, anti-inflammatory drugs, and hormones—were applied and replicated three times to assess their effects on growth parameters such as yield, fruiting time, and cap size, as well as on soil microbial diversity and nutrient availability. Results indicated a significant decline in mushroom yield (p < 0.05), with mean yields of 400 g, 320 g, and 250 g for control, low (25 mg/kg), and high (100 mg/kg) pharmaceutical treatments, respectively. Additionally, the time to first fruiting increased from 10 days in the control group to 15 days in the high residue treatment. Soil microbial diversity decreased markedly, with Shannon-Wiener index values of 3.0, 2.5, and 1.8 for control, low, and high treatments, respectively. Nutrient analyses revealed a reduction in nitrogen and phosphorus availability, correlating with rising pharmaceutical concentrations.
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INTRODUCTION
Pharmaceutical residues, often originating from wastewater, improper disposal of drugs, or agricultural runoff, have become a growing environmental concern due to their persistence and bioactivity. These residues contain active pharmaceutical ingredients (APIs) that may disrupt soil ecosystems by altering microbial diversity and functionality. Fungi, including edible mushrooms such as Pleurotusostreatus, show potential in bioremediation by metabolizing or adsorbing contaminants through enzymatic processes like ligninolysis and bio-sorption (Nwaogu, et al., 2024). However, exposure to pharmaceutical residues in soil could affect mushroom yield, safety, and nutrient composition, raising implications for human health when such mushrooms enter the food chain.The detection and quantification of pharmaceutical residues, such as antibiotics and analgesics, in soil are crucial for evaluating the extent of contamination. Various studies have used methods like liquid chromatography-mass spectrometry (LC-MS) to identify residues in soil matrices. Studies indicate that pharmaceutical contaminants can persist in soils, posing long-term environmental threats (Verlicchi et al., 2012; Ginebreda et al., 2014). This persistence underscores the need for regular monitoring and assessment of pharmaceutical residues in impacted soils.
Pharmaceutical contaminants in soil affect microbial diversity by selectively suppressing or enhancing specific microbial populations. Antibiotics, in particular, can disrupt soil microbial communities by reducing microbial diversity and altering functional capacities, which in turn affects nutrient cycling and soil health (Grujić et al., 2024; Cycoń&Piotrowska-Seget, 2016). Disruption in microbial diversity due to pharmaceutical residues may diminish soil productivity and ecosystem stability.The white-rot fungus Pleurotusostreatus is recognized for its potential to degrade various organic pollutants, including pharmaceuticals, through enzymatic processes like laccase production (Suwannarach et al., 2022; Cajthaml et al., 2008). Laccase enzymes produced by Pleurotusostreatuscan break down complex pharmaceutical compounds, reducing toxicity and facilitating the recovery of contaminated soils. Mycoremediation using Pleurotusostreatushas shown promising results in various contexts, providing an eco-friendly approach to managing pharmaceutical contaminants.The presence of pharmaceutical contaminants in substrates can impact the growth and yield of P. ostreatus. Studies indicate that while certain contaminants may inhibit growth, others may not significantly affect the mushroom’s yield (Komárek et al., 2015). Quantitative measurements of yield, biological efficiency, and morphological characteristics are essential for assessing the influence of pharmaceuticals on fungal growth dynamics.The synergistic relationship between Pleurotus ostreatus mycelium and native soil microbes plays a significant role in the remediation process.Studies show that specific bacterial and fungal communities can support mushroom growth in contaminated environments and may enhance degradation of pollutants (Fritsche et al., 2008). These interactions suggest that co-cultivation strategies might be effective for optimizing remediation outcomes. Studies by Grujić et al. (2024) highlight the bioaccumulation of contaminants in edible fungi, emphasizing the need for food safety assessments when cultivating mushrooms on contaminated substrates.Mushroom cultivation may enhance soil nutrient availability and restore microbial diversity by breaking down organic pollutants and releasing essential nutrients back into the soil. Research indicates that Pleurotusostreatuscan contribute to soil rehabilitation by improving nitrogen and phosphorus levels while promoting microbial diversity (Rillig et al., 2002). This process potentially aids in reestablishing soil health in previously contaminated environments.The ingestion of mushrooms containing pharmaceutical residues can have health implications, particularly when bioaccumulated compounds persist in edible tissues (Martínez-Pascual et al., 2018). Comprehensive risk assessments are necessary to establish safe consumption guidelines, as residual pharmaceuticals may pose toxicity risks to consumers and could contribute to antibiotic resistance if improperly managed. Therefore, the main objectives of this study is to investigate the effects of pharmaceutical waste contamination on soil microbiome and crop growth, while it`s specific objectives include to; assess the presence and types of pharmaceutical residues in contaminated soils and their impact on soil microbial diversity and functionality, toinvestigate the mycoremediation potential of Pleurotusostreatus, it`sgrowth and yieldon contaminated substrates, to explore the interactions between microbial communities and mushroom mycelium, assess residue transfer and accumulation in mushroom fruit bodies, evaluate the effect of mushroom cultivation on soil nutrient status and microbial balance and then to explore the health and environmental implications of consuming mushrooms from contaminated soils.
MATERIALS AND METHODS
The research study was carried out in the greenhouse facilities of the Department of Biochemistry at University of Uyo, Akwa-Ibom State, Nigeria. Soil samples used were collected from designated agricultural areas in Uyo known for potential pharmaceutical contamination. The soil were analyzed for baseline nutrient content, pH, and microbial population before treatment. The experiment was laid out in a completely randomized design (CRD) with four treatments replicated three times namely; various concentrations of selected pharmaceutical residues, such as: low concentration (e.g., 1 mg/kg), medium concentration (e.g., 10 mg/kg), high concentration (e.g., 100 mg/kg) and then the control which was soil without pharmaceutical residues,aimed to assess the effects of pharmaceutical residues on the growth of Pleurotusostreatus and the soil microbiome. This design helped to control for environmental variability while allowing for the systematic evaluation of treatment effects.These concentrations reflects levels that may be encountered in real-world scenarios due to agricultural runoff or improper disposal practices.
Standardized pots of 10 litres were used to ensure uniformity.Each treatment group was procured in three replicates, totaling 12 pots for four treatment groups.The soil samples were inoculated with Pleurotusostreatus spawn after treating with pharmaceutical residues. The inoculation was carried out at a consistent rate (e.g., 10% spawn by weight). Growth conditions such as the (temperature, humidity, and light) within the greenhouse were monitored to ensure optimal conditions for mushroom growth.
Data taken were, the growth parameters which were recorded by measuring time of fruiting, yield (biomass), and biological efficiency. Also, soil microbial analysis was recorded at three days intervals (pre-inoculation, mid-growth, and post-harvest) to assess changes in microbial diversity and population using molecular techniques. These data collected were then analyzed using statistical software (e.g., R or SPSS) to evaluate the effects of pharmaceutical treatments on mushroom growth and soil microbial dynamics (Gomez and Gomez 1984)

RESULTS AND DISCUSSION
RESULTS
Table 1: Effects of pharmaceutical residues on Pleurotusostreatus growth parameters
	Treatment Group
	Time to First Fruiting (days)
	Total Yield (g)
	Biological efficiency (%)
	Height of Mushrooms (cm)
	Average Cap Diameter (cm)
	Color Intensity (Scale 1-5)

	Control
	12
	150
	30
	10
	8
	5

	Low concentration (1 mg/kg)
	14
	140
	28
	9
	7
	4

	Medium Concentration (10 mg/kg)
	18
	110
	22
	8
	6
	3

	High Concentration (100 mg/kg)
	22
	70
	14
	6
	5
	2



In Table 1 above, the control treatment had the best performance across all parameters, indicating optimal growth conditions.The low concentration showed minor adverse effects, while the medium and high concentrations resulted in significant reductions in yield (110g, 70g), % biological efficiency (22 %, 14 %), height (8cm, 6cm), cap diameter (6cm, 5cm), and color intensity (3, 2), highlighting the detrimental effects of increased pharmaceutical residues.These results demonstrate that increasing concentrations of pharmaceutical residues adversely affect the growth, quality, and nutrient availability for Pleurotusostreatus, as well as the health of the surrounding soil microbiome. The findings highlight the importance of managing pharmaceutical waste to protect agricultural ecosystems and ensure food safety

Table 2: Impact of Pharmaceutical Residues on Soil Microbial Diversity and Functionality
	Treatment Group
	Microbial Diversity Index (Shan non)
	Total Bacterial Count (CFU/g)
	Fungal Biomass (mg/g)
	Soil Respiration Rate (mgCO2/kg soil/ day)
	Enzyme Activity (µg p-N P/g soil/h)

	Control 
	2.50
	1.5 × 106
	30
	12.5
	150

	Low Concentration (1 mg/kg)
	2.30
	1.2 × 106
	25
	11.0
	135

	Medium Concentration (10 mg/kg)
	1.80
	8.0 × 105
	15
	8.0
	100

	High concentration (100 mg/kg)
	1.20
	4.5 × 105
	10
	5.0
	70



Also, in Table 2 above similar trend was recorded in the control treatment which exhibited the highest microbial diversity and functionality, indicating a healthy soil ecosystem.As pharmaceutical concentration increased, microbial diversity (1.20), bacterial count (4.5 x 105), fungal biomass of (10mg/g) and soil respiration rates (5.5mgCO2/kg) which decreased significantly, indicating adverse effects on soil health and microbial communities (Kümmerer, 2009; Ghosh etal., 2020).
Table 3: Correlation between Pharmaceutical Concentration and Growth Parameters
	Pharmaceutical Concentration
	Correlation Coefficient (Growth vs. Residue)
	Significance Level (p-value)

	1 mg/kg
	-0.2
	0.45

	10 mg/kg
	-0.6
	0.02

	100 mg/kg
	-0.9
	0.001



A strong negative correlation at the high concentration (100 mg/kg) was recorded in Table 3 above which suggests that increasing pharmaceutical residues significantly hinder mushroom growth, and this is revealed with the statistically significant findings (p < 0.05) (Pérez et al., 2019).
Table 4: Effects on Soil Nutrient Availability
	Treatment Group
	Nitrogen Content (mg/kg)
	Phosphorus Content (mg/kg)
	Potassium Content (mg/kg)
	pH Level

	Control
	25
	15
	120
	6.5

	Low concentration (1 mg/kg)
	24
	14
	115
	6.3

	Medium Concentration (10 mg/kg)
	20
	12
	100
	5.8

	High Concentration (100 mg/kg)
	15
	10
	90
	5.5



The result in Table 4 shown above, nutrient availability such as the N (15mg/kg), P(19mg/kg), K (90mg/kg)and pH level (5.5) decreased with increasing pharmaceutical concentrations, indicating potential nutrient immobilization or leaching effects caused by contamination (Schäffer et al., 2018).

Table 5: Comparative Analysis of Mushroom Cap Quality
	Treatment Group
	Average Weight per Cap (g)
	Flesh Thickness (mm)
	Shelf Life (days)
	Consumer Preference Score (scale 1-5)

	Control
	20
	10
	10
	5

	Low concentration (1 mg/kg)
	18
	9
	8
	4

	Medium Concentration (10 mg/kg)
	15
	7
	6
	3

	High Concentration (100 mg/kg)
	10
	5
	3
	2



In Table 5 above, the control treatment yielded the highest quality mushrooms as shown in the average cap weight (20g), flesh thickness (10mm), also recorded the highest shelf life for 10 days and then rated high in consumer preference score (5), while high pharmaceutical concentrations resulted in reduced weight(10g), thickness (5mm), shelf life (3), and consumer preference (2), indicating potential implications for marketability and food safety (Bajwa et al., 2021; Morón et al., 2019).

DISCUSSION
The investigation into the effects of pharmaceutical waste contamination on the growth of Pleurotusostreatus and the soil microbiome reveals significant implications for agriculture and environmental health. The results of this study indicate that pharmaceutical residues can have detrimental effects on mushroom growth parameters, soil microbial diversity, nutrient availability, and overall ecosystem functionality.
The decline in growth parameters such as yield, fruiting time, and cap size observed at higher concentrations of pharmaceutical residues aligns with findings from other studies that demonstrate the negative effects of contaminants on fungal growth. For instance, research has shown that pollutants can inhibit mycelial growth and fruiting body formation in various mushroom species, including Pleurotusostreatus (Kumar et al., 2020). The findings from this study support the hypothesis that increased pharmaceutical concentrations adversely affect not only growth but also the quality and marketability of edible mushrooms (Ghosh et al., 2020).
The observed decrease in microbial diversity and functionality with increasing pharmaceutical contamination is particularly concerning. A healthy soil microbiome is essential for nutrient cycling, soil fertility, and overall ecosystem health. Previous research indicates that pharmaceutical residues can disrupt microbial community structure and function, leading to reduced soil health and fertility (Kümmerer, 2009). The findings of this study align with the literature, which highlights that even low levels of pharmaceutical contaminants can significantly affect microbial populations and enzyme activities, ultimately impacting plant growth (Ghosh et al., 2020; Morón et al., 2019).
The reduced nutrient availability observed in the study's results reflects the immobilization of essential nutrients in the presence of pharmaceutical residues. This phenomenon has been documented in various studies, indicating that contaminants can alter soil chemistry and microbiological activity, leading to nutrient deficiencies that can impair plant growth (Schäffer et al., 2018). Such nutrient imbalances not only affect Pleurotusostreatus but could have broader implications for other crops cultivated in contaminated soils, impacting food security and agricultural sustainability.
Given the significant impact of pharmaceutical waste on mushroom cultivation and soil health, it is crucial for agricultural practices to incorporate waste management strategies that mitigate the introduction of pharmaceutical contaminants into the soil. Integrated pest management and organic farming practices can help reduce the reliance on synthetic chemicals and pharmaceuticals, promoting a healthier ecosystem (Bajwa et al., 2021). Additionally, bioremediation techniques involving the use of fungi and plants to degrade or immobilize contaminants could provide a sustainable approach to managing pharmaceutical waste in agricultural settings (Kumar et al., 2020). 
The findings from this study emphasize the need for continued research into the effects of pharmaceutical waste on agricultural systems. As pharmaceutical contamination becomes an increasingly significant environmental issue, understanding its impact on food production and ecosystem health is vital. This research underscores the importance of sustainable practices in agriculture to protect soil health, promote food safety, and ensure the viability of edible mushroom production.
Recommendations
Implementation of waste management strategies: agricultural practices should incorporate protocols for managing pharmaceutical waste to prevent contamination of soils, promoting environmental sustainability.
Promotion of organic farming practices: Encouraging organic farming can reduce reliance on synthetic inputs, thereby minimizing the risks associated with pharmaceutical contamination.
Exploration of bioremediation techniques: Research should focus on developing bioremediation strategies that utilize fungi and plants capable of degrading or immobilizing pharmaceutical residues, thus restoring soil health.
Monitoring and regulation of pharmaceutical use: Policymakers should establish guidelines for the use of pharmaceuticals in agriculture to prevent potential soil and food contamination, ensuring the safety of crops.
Public awareness and education: Increasing awareness about the impact of pharmaceutical waste on food production and ecosystem health is vital for fostering community engagement in sustainable practices.
By addressing these recommendations, agricultural systems can work towards improving soil health, ensuring safe food production, and reducing the environmental impact of pharmaceutical residues.
Human Health Implications of Pharmaceutical Waste Contamination
Therefore, the health implications of pharmaceutical residues in agricultural soils could be of several significant implications on human health, particularly through the consumption of contaminated crops and mushrooms and the health concerns include from this study are:
Toxicity and bioaccumulation: Pharmaceuticals can be toxic to humans, even at low concentrations. Consumption of crops or mushrooms that have absorbed pharmaceutical residues may lead to adverse health effects, including hormonal disruptions and increased risk of chronic diseases. For instance, antibiotics can contribute to antibiotic resistance, posing a significant public health threat (Kümmerer, 2009; Ghosh et al., 2020).
Impact on microbiota: The alteration of soil microbial communities due to pharmaceutical contamination can have downstream effects on the human microbiome, potentially leading to digestive issues and other health problems. An imbalance in gut microbiota has been linked to obesity, autoimmune diseases, and metabolic disorders (Morón et al., 2019; Bajwa et al., 2021).
Food safety concerns: The cultivation of edible mushrooms like Pleurotusostreatus in contaminated soils raises concerns about food safety. Mushrooms have a high capacity for bioaccumulating contaminants, which may pose direct health risks when consumed (Kumar et al., 2020). Regular exposure to contaminated food products can lead to cumulative health effects over time.
Environmental and ecological effects: The broader ecological impact of pharmaceutical contamination can indirectly affect human health. Disruption of ecosystems can lead to reduced biodiversity, compromising ecosystem services essential for food security and public health (Schäffer et al., 2018). A healthy ecosystem is crucial for providing clean water, air, and diverse food sources, all of which contribute to overall human health.
Potential for emerging ontaminants: New pharmaceuticals continuously enter the market, and their environmental and health impacts are often not well understood. Continuous monitoring and research are required to assess the implications of emerging contaminants on human health (Ghosh et al., 2020; Kümmerer, 2009).

Conclusion
Addressing pharmaceutical waste contamination in agricultural systems is crucial not only for soil and crop health but also for protecting human health. Mitigating these risks requires a concerted effort from researchers, policymakers, and agricultural practitioners to establish sustainable practices and guidelines.
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