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ABSTRACT 

	Aim: Bat guano is a well-suited substance for the growth and multiplication of fungal pathogens implicated in human, animal and food infections. However, it is used in agriculture as a biological fertiliser to improve soil fertility. This study evaluated the impact of bat guano on soil fungi community structure and diversity in farmlands fertilised with bat guano.
Study design: Experiments with different farmland soils fertilised with bat guano.
Place and Duration of Study: Sample: Renaissance University, Department of Microbiology, Ugbawka, Enugu State, between May 2021 and July 2021.
Methodology: Physico-chemical and mycological analyses of the bat guano-fertilised and control soils were done following standard analytical and microbiological methods. Soil fungal isolates were identified via macroscopy and microscopy.
Results: Results revealed that all tested soil samples were sandy and application of the bat guano increased organic matter, nitrate and organic carbon content of the soils compared to the control. Culturable fungal isolates from bat guano-fertilised soils belonged to the genera Aspergillus, Cladophialophora, Colletotrichum, Curvularia, Diaporthe, Fusarium, and Rhizopus, relative to the control, which had no cultured fungal isolates. Bat guano also impacted the fungal structure of the soil, introducing pathogens such as Curvularia spp., Fusarium sp., Rhizopus sp., and Cladophialophora sp. implicated in human health, Phytopathogenic fungi such as Diaporthe sp. and Fusarium sp. and Food spoilage fungi such as Rhizopus sp. 
Conclusion: These findings thus alert the scientific community and general public to challenges in human health and food insecurity posed by bat guano fertilisation of farmlands.
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1. INTRODUCTION 

“Bat guano (i.e. bat dung or bat excreta) is recognised across countries globally and is judiciously sold and utilised in agriculture as a bio-fertiliser to completely enhance the fertility of soils” (Grantina-Ievina & Ievinsh 2015, De Leon et al. 2018). It is composed of microorganisms advantageous to crops and soil (Grantina-Ievina & Ievinsh, 2015). To the soil, these microorganisms, by loosening the soil particles, help improve air space and water-retention capacity. Bat guano can be introduced directly into the soil, or it can be transformed into a liquid form and used on plants or distributed via irrigation processes (Dimkić et al. 2020). Despite these advantages, it has been reported that in regions that highly patronise the use of guano as biological fertilisers, both agriculturists and consumers of foods/livestock are at high risk of infection following contact with guano-inhabiting food-borne pathogenic microorganisms that can infect livestock and foods (Wolkers-Rooijackers et al. 2019, Dimkić et al. 2020). “The existence of pathogenic bacteria involved in animal and human diseases (such as enteric bacteria, etc.) has long been reported” (Wolkers-Rooijackers et al. 2019, Dimkić et al. 2020, Gerbáčová et al. 2020).

“Bat guano is also a well-suited substance for the growth and multiplication of fungi, such as fungal pathogens implicated in human and animal infections, opportunistic pathogens and others” (Novakova 2009, Ogorek et al 2016, Cunha et al. 2020, Wasti et al. 2021, Gutierrez-Granados et al. 2024). “Investigations on the fungal diversity in bat guano samples from caves in areas of Western France (Pays de la Loire), Serbia (Ogorelička Pećina Cave), Malaysia (Madai cave), Brazil and Mexico were done” (Larcher et al. 2003, Ulloa et al. 2006, Cunha et al. 2020, Wasti et al. 2021, Gutierrez-Granados et al. 2024). They reported a high diversity in fungi population viz, Aspergillus, Penicillium, Cladosporium, Rhizopus species, pathogenic keratinophilic fungi (Chrysosporium lobatum, Ch. Pruinosum, Ch. pseudomerdarium, Ch. merdarium, Trichophyton terrestre, Myceliophthora thermophila, Scopulariopsis brevicaulis, and Aphanoascus fulvescens), and pathogenic yeasts (Meyerozyma guilliermondii and Candida glabrata), Larcher et al. (2003) and Ulloa et al. (2006). Ulloa et al. (2006) recovered “pathogenic fungal species (Sporothrix sp., Aphanoascus fulvescens, Meyerozyma guilliermondii, Candida ciferrii, and Candida catenulata) from guano samples obtained from various caves in Mexico (State of Guerrero). Among the guano-borne pathogenic fungi, the utmost concern is on dimorphic human pathogenic forms, which are recognised etiologic agents of life-threatening diseases in certain regions where they are prevalent. The diseases include endemic mycoses, and histoplasmosis caused by Blastomyces dermatitidis/Coccidioides immitis, and Histoplasma capsulatum, respectively” (Dimkić et al. 2020). “Aspergillus fumigatus (etiologic agent of invasive pulmonary mycosis in immunosuppressed patients) was recovered from bat guano samples in Slovakia (Domica and Čertova Caves). Therefore, it is important to investigate and understand the fungal diversity in bat guano, because the presence of these fungal species can result in an increase in zoonotic disease occurrence and give rise to new emerging zoonotic diseases” (Dimkić et al. 2021). In addition, the World Bank’s idea of “One Health” emphasises the goal to “articulate the interrelationship and connection between animal and human health to the health and safety of the environments in which they coexist” (WB, 2012).

Over the years, several studies have focused on investigating fungi communities inhabiting bats and bat guano; however, there are insufficient published reports on the impact of bat guano on the soil fungi community structure and diversity in farmlands fertilised with it. This research bridged this gap in knowledge by isolating and identifying the fungal communities recovered from the various bat guano fertilised soils using culture-dependent methods while monitoring the dynamics it had on the soils’ fungi community structure and diversity. 

2. material and methods 

2.1 Study Area
This research was performed at Ugbawka community, Enugu State, Nigeria,  situated at coordinates: Latitude 6.310°N Longitude 7.557°E.
2.2 Sample Collection and Preparation
Two sets of bat guano-fertilised soil and a control soil were obtained and used in this research.
· Fresh bat guano fertilised the farmland surface soil.
· Aged (four and two months old) bat guano fertilised the farmland surface soil.
· Pristine farmland surface soil (control).

2.3 Sample collection of bat guano fertilised farmland soils and Control

Samples were obtained following the technique of Parajuli et al. (2013). Fresh bat guano fertilized surface soil, aged guano fertilized surface soil, and control soil were collected from various areas (North and East) at the study area with a sterile hand trowel, transferred into sterile plastic bags and labeled sample α (4 months old bat guano fertilized soil), β (2 months old bat guano fertilized soil), C1 (fresh bat guano fertilized soil east of the study area) and C2 (fresh bat guano fertilized soil north of the study area)accordingly. Pristine farmland surface soil was also obtained in the same manner above and labelled “Control”. These samples were transported to the laboratory for further analysis. 

2.4 Analysis of the Physico-chemical Properties of Soil

[bookmark: _GoBack]Analysis of soil particle size was performed by adopting the modified hydrometer technique of Andres et al. (2014). “Soil pH was measured with the aid of a pH meter (Metler Toledo Seven compact series). The dry oven technique was employed in the determination of soil moisture” (O’Kelly 2004). “Soil Electrical conductivity (EC) was determined by weighing 5g of each sample into a clean beaker, adding 50 ml of distilled water and homogenising properly using a stirrer or glass rod. The calibrated conductivity meter was submerged in the samples to determine the conductivity. The Walkley & Black technique was employed in the estimation of soil percentage organic carbon (SOC) and organic matter (SOM)” (Walkley & Black 1934). 

2.5 Culture-Dependent Analysis 
2.5.1 Isolation of fungal species

Isolation of fungal species was according to the method of Cheesbrough 2006). Ten grams (10 g) of each of the bat guano fertilised soils and the control soil were homogenised with 90 ml of sterile distilled water. An aliquot (0.1 ml) from the dilution was spread-plated on Sabouraud Dextrose Agar (SDA) fortified with Chloramphenicol (50 mg/l). Inoculated agar plates were incubated at room temperature for 3-5 days. Fungal isolates were subsequently sub-cultured on SDA fortified with Chloramphenicol (50 mg/l) and incubated at room temperature for 3-5 days to obtain pure cultures.   

2.5.2 Characterisation and identification of fungal Isolates
The fungal isolates were identified at the genus/species level based on their macroscopic and microscopic characteristics according to Ihekwumere et al. (2020).
2.5.2.1 Macroscopy

The colonies were carefully observed for fungal characteristics. The consistency and rate of growth, texture, colour, shape, and other unique characteristics were documented as reported by Ihekwumere et al. (2020).
2.5.2.2 Microscopy

The needle mount method was employed following Ihekwumere et al. (2020).. A drop of lactophenol cotton blue (LCB) solution was placed on a clean, grease-free slide. With the aid of a sterile wire loop, a portion of the colony was obtained and introduced in the drop of the LCB and covered with a cover slip. The slide was flamed a little to remove air bubbles and to ensure proper staining of the fungus. Subsequently, the slide was examined under the microscope, using ×10 and ×40 objectives, to reveal the nature of the hyphae, shape, size, texture and arrangement of the conidia. The pictorial nature of the fungal species was confirmed using the fungal atlas as adapted from  Ihekwumere et al. (2020).

3. results and discussion

Physico-chemical characteristics of the fertilised and control soils.
The physical and chemical properties of the various bat guano-fertilised soils analysed in this study are presented in Tables 1 and 2. Across the soils, the control had the least SOC content (0.14%) relative to soils α, β, C1 and C2. Soil A had the highest Nitrate content (1.74%) relative to others: β (1.57%), C1 (1.32%), C2(1.42%) and Control (1.39%). The highest SOM content was recorded in soil α (1.09%), while the Control had the least SOM content (0.42%). The particle size analysis shown in Table 2 suggests that all the soil samples used in this study were sandy. 
Table 1. Physicochemical characteristics of the bat guano fertilised soils and the control (Ajuzieogu et al. 2024)
	Sample code
	pH
	Electrical Conductivity (µS/cm)
	Moisture (%)
	Organic carbon (%)

	α
	7.8
	336
	7.49
	0.37

	β
	8.4
	342
	7.81
	0.26

	C1
	8.9
	1382
	6.09
	0.24

	C2
	8.7
	949
	5.51
	0.31

	Control
	8.6
	101.5
	6.09
	0.14




	Sample code
	Organic matter (%)
	Phosphate (%)
	Nitrate (%)

	α
	1.09
	0.35
	1.74

	β
	0.77
	0.34
	1.57

	C1
	0.71
	0.40
	1.32

	C2
	0.92
	0.49
	1.42

	Control
	0.42
	0.36
	1.39




Table 2. Particle size analysis of the soil samples (Ajuzieogu et al. 2024)
	Sample
	Sand (%)
	Silt (%)
	Clay (%)
	Textural class

	α
	97.16
	2.84
	0.00
	Sandy soil

	β
	98.47
	1.53
	0.00
	Sandy soil

	C1
	98.28
	1.72
	0.00
	Sandy soil

	C2
	98.41
	1.59
	0.00
	Sandy soil

	Control
	96.59
	3.41
	0.23
	Sandy soil





Macroscopy and Microscopy of Fungal Isolates 

Macroscopical and microscopical characteristics of the fungal isolates are presented in Table 3.


Table 3. Macroscopy, microscopy and presumptive identity of fungal isolates.

	Isolate code
	Macroscopic characteristics
	Microscopic characteristics
	Fungus presumptive identity

	fC21
	The colony was woolly, olivaceous brown in front and dark (black) reverse (dematiaceous). The growth was moderate to rapid.
	The hyphae were septate. It produced unicellular, long chains of smooth conidia that had a lemon shape. The conidia were brown without attachment scar.
	Cladophialophora sp.


	fC24
	Dark green colony with yellow edge and the reverse as olive. Growth rate was slow to moderate.
	The hyphae were septate and hyaline. Conidial head was columnar. Conidiophore was short, and brown with smooth wall. Vessicle was small with metulae and phialides occuring on the upper portion.
	Aspergillus sp.


	Fα1
	The colony was suede-like to floccose, white with grey edge. Reverse side was pale. Growth rate was rapid.
	The hyphae were septate and hyaline. Conidial head was short, columnar, and uniseriate. Conidiophore had smooth wall and the vessicle was subglobose in shape. 
	Aspergillus sp.

	fα21
	The colony was downy/wooly, greyish-brown with greyish-brown edge. Colony had a whitish brown centre and black reverse side. Growth was rapid. 
	The hyphae were septate and pigmented. Conidiophores were simple and erect. conidia were ellipsoidal with smooth wall. There was sympodial formation with curved phragmoconidia
	Curvularia sp.

	fα2
	The colony downy, greyish-brown to brown, with pale edge. The growth rate was rapid. The reverse side of colony was black (dematiaceous fungi).
	The hyphae were septate and pigmented. Conidiophores were erect, straight and flexuous. The conidia were ellipsoidal with smooth wall. There was sympodial formation with slightly curved phragmoconidia
	Curvularia sp.

	Fβ2

	Whitish colony lined with light brown fragments, with light brown edge. Reverse was pale to pink. Growth rate was rapid.
	The hyphae were septate and hyaline. The conidia were slightly curved or dumbell, containing one cell. Conidiophore was simple, short and erect.
	Colletotrichum sp.

	fC12
	The colony was brown and pale yellow in reverse side. The growth rate was fast.
	The hyphae were septate and hyaline. The conidia was brown, ellipsoidal and spiny.The seriation was uniseriate and there was absence of sclerotia
	Aspergillus sp.

	
	
	
	

	fβ3





fα3
	The colony is white to cream with light yellow pigments. The reverse side was light brown and growth rate was rapid

The colony was whitish-brown to brown with pale to pink edge. It was cottony and dark with the reverse side (dematiaceous fungi). The growth rate was slow to moderate
	The hyphae were septate and hyaline. There were long lateral phialides and the chlamydospores were hyaline, globose, smooth to rough-walled and intercalary

The hyphae were profusely branched, septate and pigmented. The conidiophore was short and simple bearing alpha and beta conidia, the conidia was sub globose with thick wall.
	Fusarium sp.





Diaporthe sp.


	fC13
	The colony was cotton candy-like, white initially and grey later. Whitish to grey reverse side. Growth rate was rapid.   
	The hyphae were non-septate. There was formation of rhizoids, unbranched and brown coloured sporongiospore was round. Stolon was present, but apophysis was absent.
	Rhizopus sp.





Distribution of Culturable Fungal Isolates across the Soil Samples

The distribution of fungal isolates across the various bat guano-fertilised soil samples and control soil is displayed in Table 4. The control soil had no distribution of culturable fungal isolates, while the bat guano-fertilised soils had a distribution of fungal isolates.



Table 4. Distribution of culturable fungal isolates across the soil samples
	Fungi
	α
	β
	C1
	C2
	Control

	Cladophialophora sp. 
	0
	0
	0
	1
	0

	Curvularia sp.
	1
	0
	0
	0
	0

	Curvularia sp.
	1
	0
	0
	0
	0

	Aspergillus sp.
	0
	0
	1
	0
	0

	Aspergillus sp.
	1
	0
	0
	0
	0


	Aspergillus sp.
	0
	0
	0
	1
	0


	Rhizopus sp.
	0
	0
	1
	0
	0

	Fusarium sp.
	0
	1
	0
	0
	0


	Colletotrichum sp.
	0
	1
	0
	0
	0

	Diaporthe sp.
	1
	0
	0
	0
	0





Culturable Fungal Diversity of Bat Guano Fertilized Soils and Control

The fungal diversity of the bat guano fertilized soils and the control is displayed in Table 5. The bat guano introduced major potential human and phytopathogens to the farmland soil samples.

Table 5. Culturable fungal diversity and structure of bat guano fertilized soils


	Group of Fungi
	α
	β
	C1
	C2
	Control

	Fungi
	Curvularia sp., 
Diaporthe sp., 
Curvularia sp.,
Aspergillus sp.
	Fusarium sp.,
Colletotrichum sp.
	Aspergillus sp.,
Rhizopus sp.
	Cladophialophora sp.,
Aspergillus sp.
	None cultured

	Human Pathogenic fungi 
	Curvularia sp.,
Curvularia sp.,
Aspergillus sp.
	Fusarium sp.
	Rhizopus sp.
	Cladophialophora sp.,
Aspergillus sp.
	None cultured

	Phytopathogenic fungi
	Diaporthe sp.
	Fusarium sp.,
Colletorichum sp.
	None cultured
	None cultured
	None cultured

	Food spoilage fungi
	None cultured
	None cultured
	Rhizopus sp.
	None cultured
	None cultured

	Zoonotic pathogenic fungi
	None cultured
	None cultured
	None cultured
	None cultured
	None cultured 
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Fig.1-5.Macroscopic features of some of the fungal isolates recovered: 1. Aspergillus sp. 2. Cladophialophora sp. 3. Diaporthe sp. 4. Fusarium sp. 5. Rhizopus sp.
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Fig.6-9.Macroscopy and microscopy of some of the fungal isolates recovered. 6. Macroscopy of Aspergillus sp. 7. Microscopy of Aspergillus sp. 8. Macroscopy of Cladophialophora sp. 9. Microscopy of Cladophialophora sp. 



Discussion

The physicochemical characteristics of the soils studied indicated that the introduction of the bat guano to the farmland soils increased soil pH [C1 (pH 8.9), C2 (pH 8.7)], however, ageing/decay as observed in the 4 and 2 months old bat guano fertilized soils, decreased the soil pH resulting in a normal soil pH [ α (pH 7.8) and β(pH 8.4)] (Table 1). It also increased the electrical conductivity (EC) across the guano fertilised soils compared to the control, with the fresh guano fertilised soils (FGFS) having a higher EC than the aged guano fertilized soils (AGFS). This aligns with the reports of Mulec et al. (2015, Audra et al. 2016, and Karimou et al. 2021), who stated that “fresh bat guano is slightly alkaline, although the pH of bat guano decreases with the age of the guano. In aged guano, water percolates through to form acidic solutions, thus reducing the soil pH”. Also, (Elango et al. 1992) in Tale & Ingole (2015) reported that “high sodium content (which reflects EC) gives rise to high soil pH”.

Soil organic matter, organic carbon, phosphate and nitrate content were also modified as a result of the introduction of the bat guano as a fertiliser. The four-month-old bat guano fertilised soil recorded the highest organic matter, organic carbon and nitrate content (1.09%, 0.37% and 1.74% respectively), relative to the other soils. This corroborates the report of Wurster et al. (2015) that “the aged bat guano used in their study had higher percentages of organic matter, carbon, nitrate and phosphate than the fresh guano. They attributed this phenomenon to the chemical reactions that occur in aged bat guano to form other minerals, like phosphates. In addition, geographical location, diets and species of the bats are contributing factors to the composition of their guano” (Karimou et al. 2021, Wurster et al. 2015). Following results from soil particle size analysis, the bat guano-fertilised and control soils were under the “sandy soil” textural class (Table 2). Coarse particle-associated soils are presumptively heterogeneous, nutrient low/poor (oligotrophic) and less protected (Karimi et al. 2018). 

“Macroscopic and microscopic characteristics of the fungal isolates placed them under the genus Curvularia, Phomopsis, Aspergillus, Fusarium, Cladophialophora, Rhizopus, Colletotrichum, and tentatively identified them as Curvularia coimatrensis,  Phomopsis azadirachtae, Curvularia tamilnaduensis, Aspergillus felis, Fusarium solani, Colletotrichum fioriniae, Aspergillus japonicus, Rhizopus arrhizus, Cladophialophora bantiana, and Aspergillus nidulans (Table 3). Similar findings were reported by” (Ogorek et al. 2016, Dimkić et al. 2020, Rodrigues et al. 2020).

The distribution of the culturable fungal isolates across the soil samples (Table 4) suggests the four (4) and two (2) months old bat guano fertilised soils had a higher distribution of fungal species compared to the FGFS and the control. This emphasises the impact of decay/decomposition on the bat guano with time and the consequent increase in fungi population in the fertilised soils. Grantina-Ievina & Ievinish (2015) underpin this finding as they reported an increased fungi population in soils fertilised with bat guano relative to the control in their study.

The control soil used in this study did not record any cultivable fungi distributed in it. Several factors could be responsible for this phenomenon: variation in environmental factors such as soil texture (sandy soil), low organic matter and carbon content (Tables 1 and 2), which could have limited the growth of indigenous fungal species under culture-dependent or laboratory conditions. This is in agreement with the report of Schleifer (2004)and Canini et al. (2021). They stated that the major parameter affecting the diversity and composition of soil fungal communities is soil texture, which in turn influences the water retention capacity, physicochemical properties and nutrients. Correlation analysis by Zivanov et al. (2017) suggested that soil fungi were positively related to organic matter and clay content. Also, fungi species have been reported to have a slower growth rate than bacteria (Xia et al. 2020). This could also be responsible for the “no growth” recorded for the control cultures, which only had a 3-5 day incubation period. However, with metagenomics (culture-independent method), the fungal diversity in such soil can be analysed and characterised (Altowayti et al. 2020).

The soil fungi population was structured as human pathogenic fungi, phytopathogenic fungi, food spoilage fungi and zoonotic pathogenic fungi (Table 5). Application of the bat guano on farmland soils studied impacted the soil fungal structure and diversity by introducing human pathogenic fungi, phytopathogenic fungi, food spoilage fungi and zoonotic pathogenic fungi in them, relative to the control. However, no global scientifically reported zoonotic pathogenic fungi were recovered across the bat guano-fertilised soil samples. The 4 and 2-month-old bat guano fertilised soil was more impacted with the above-mentioned pathogens compared to the FGFS. This revealed the impact of bat guano ageing (decomposition) and consequent succession and shift in fungal diversity in the bat guano fertilised soils.

Curvularia spp. have been implicated in plant parasitism and human pathogenicity, causing keratitis in humans and leaf spot disease of rice (Krizsan et al. 2016, Kusai et al. 2016, Kiss et al. 2019). Aspergillus felis and A. nidulans have been reported as opportunistic human pathogens, causing invasive aspergillosis in patients suffering chronic granulomatous disease (Barrs et al. 2013, Paccoud et al. 2019, Bastos et al. 2020, Pinheiro et al. 2022). Fusarium solani is usually isolated from soil and has been reported as both a phytopathogen and an emerging human pathogen causing disease in immunocompromised patients (Pai et al. 2020). Cladophialophora bantiana has been reported as the most common and dangerous neurotrophic fungus recovered from soil, which infects the central nervous system and causes brain abscess and invasive phaeohyphomycosis in humans (Ahmad et al. 2017). Phomopsis azadirachtae is known to be a phytopathogenic fungus implicated in the infection of Neem trees (Girish & Shankara, 2008). Rhizopus arrhizus is a soil and plant-associated fungus reported to be both an opportunistic human pathogen causing infection in immunocompromised patients and a food spoilage pathogen implicated in the spoilage of fruits and vegetables (Li et al. 2021, Corzo-Leon et al. 2023). The findings of Grantina-Ievina & Ievinish (2015) align with the findings from this study, as they reported that the application of bat guano as fertiliser significantly affected the soil microbial diversity studied, increasing the population of potential phytopathogenic fungi. 

4. Conclusion

This study revealed the human health risk and food insecurity posed by the application of bat guano as a fertiliser, as it impacted the fungi structure and diversity of the soil, introducing potential human pathogens, phytopathogens, and food spoilage fungi. Therefore, such organic or biological fertiliser should be applied with caution, specifically on food crops that will undergo proper cooking before consumption, and not on food crops eaten raw. Also, the use of alternative forms of biological fertilisers, like the plant growth-promoting rhizo-microorganisms, should be encouraged. Further studies using molecular approaches are recommended in order to identify non-culturable microorganisms. This is because culture-dependent methods can only identify 1% of the total microbial population in a sample.
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