Isolation And Characterisation Of Indigenous Phosphate Solubilising Microbes And Their Probiotic Potentials In Malawi Aquatic Ecosystems
ABSTRACT
Phosphate solubilizing microbes (PSM) were isolated from the rhizosphere of different aquatic plants, water and benthic soils of aquatic ecosystem with the aim of having cheap and environmental friendly biofertiliser and probiotics. Extensive research has been performed with respect to PSM isolation from the rhizospheres of various plants in different locations, but little is known about the in-depth of PSM and their probiotic potential in Malawi aquatic ecosystem. 
Isolates were screened on the basis of solubilizing inorganic Phosphorous (P) using Pikovskaya’s media, soil and rock supplemented. Molecular characterization of the conserved genes (16S rRNA and 18S rRNA) and biochemical test were employed in taxonomic analysis. Candidacy of strains was primarily based solubilisation index of more than 3 complimented by production of diverse plant growth promoting, bioremediation and probiotic traits. 
The selected strains with commercial implications were identified as Alcaligenes ammonioxydans, Enterococcus faecium, Citrobacter braakii, Enterobacter cancerogenus, Geotrichum sp. and Aspergillus sibiricus. Isolates showed higher solubilisation values in-vitro through synergistic effect of co-inoculation.
The present compilation of these diverse diazotrophs along with P solubilisation, probiotic and plant growth promoting traits potentially suggests that these indigenous microbes can be exploited as biofertilisers. The present study explores potentiality of indigenous microbe’s ability to solubilize insoluble phosphates like tricalcium, aluminium, and iron phosphate for development of biofertiliser.
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1. INTRODUCTION
Tropical soil fertility sustainable management is complex due to diverse interaction of physical, chemical and biological factors. To improve land productivity commercial farmers have adopted green revolution techniques which base on inorganic chemicals while smallholder farmers have adopted low cost technologies like Mbeya based organic fertiliser (Kayeke, 2007; Lunduka & Kelly, 2012; Gupta et al., 2015;  Mwafulirwa, 2023).
Unlike organic fertilisers which make plant have access to all nutrients, inorganic fertilisers supply mainly the macronutrients and have detrimental effect to the ecological footprint (Kayeke et al., 2007; Hardy et al., 1998; Kabwe & Bigsby, 2016; Mwafulirwa, 2023; Snapp et al., 2014). Phosphorous  (P) is the second major element that limits growth after nitrogen and it’s in large quantities in insoluble form (Hajjam & Cherkaoui, 2017; Hameeda et al., 2008; Chotchutima et al., 2016). Several metabolic processes have P in their ingredient e.g. respiration of plants, photosynthesis, signal transduction, energy transport, cell development and division etc. (Sharma et al., 2013).
The continuous application of P based fertiliser cause high accumulation of total insoluble P which most of times is accompanied by heavy metals which are associated rock phosphate.  These heavy metals have an implication in the food chain and environment (Javanbakht et al., 2014). The excessive phosphate inputs causes eutrophication through percolation and run-off to waterbodies (Alori et al., 2017; Park et al., 2011; Savci, 2012).
Tropical and subtropical agricultural soils in which Malawi is categorized contain high levels of total P, due to frequent applications of P based inorganic fertilizers and parent materials yet low yields due to available (soluble) P deficiency (Mikkelsen, 2004). Malawi has above 2000 mg/kg of total P yet available P is below crop requirement level of 25 mg/kg which can’t be accessed by crop (Kumssa et al., 2022). Applied available P is easily fixed due to high sorption to abundant elements like aluminum and iron in acidic soil or Calcium and magnesium in alkaline soils. Phosphate the available form of P in its soluble state forms strong bonds with these elements (Awasthi et al., 2011; Karpagam & Nagalakshmi, 2014; Kumar & Sharma, 2017).
Naturally insoluble P is transformed to soluble P by microbes called phosphate solubilizing microorganisms (phosphate solubilizing fungus and phosphate solubilizing bacteria) through the release of organic acid (Braz & Nahas, 2012; Hajjam & Cherkaoui, 2017; Investigación et al., 2015; Mukhtar et al., 2017). Studies have shown that phosphate solubilizing microorganisms (PSM) are environmental friendly which provides an option for provision of inexpensive P to plants in areas with deﬁcient of soluble P but high total P using soil or rock phosphate (RP) (Anand et al., 2016; Khan et al., 2014; Mehrvarz & Chaichi, 2008; Qarni et al., 2021; Sharma et al., 2013). In addition to solubilising P most of these microbes have bioremediation, probiotic and plant growth regulatory traits (Walpola & Yoon, 2013). In the present study, PSM were isolated from for development of biofertiliser, probiotic adjuncts as well as a bioremediation tool.
2. METHODOLOGY
2.1. STUDY DESIGN
The study used purposive sampling in a Completely Randomised Design (CRD).
2.2. [bookmark: _Toc521323911]STUDY SITE
Rhizospheric soil from aquatic plants, water and benthic soils of aquatic ecosystem were sampled in the peripherals of protected areas of Malawi with no history of inoculation. These areas were chosen because of high ecological footprint (Nathanailides et al., 2021)
2.3. SAMPLE COLLECTION AND PREPARATION
The samples were collected from the rhizosphere of different aquatic plants, water and benthic soils of aquatic ecosystem no history of inoculation. Rhizospheric benthic soil was preferred due higher  CFU of PGPM than rhizoplane and endorhizosphere (Awasthi et al., 2011; Ghevariya & Desai, 2015). Aquatic plants rhizospheric soil was obtained using a method documented by Mwafulirwa, (2023) Li et al., (2017); López-ortega et al., (2013); Walpola & Yoon, (2013)
2.4. ISOLATION OF PSM
All samples were homogenized and 1 g or 1 ml of each sample was 10 fold serially diluted from neat homogenate to 10-5. Thereafter, 5 ml of 10-2 and 10-5 dilutions were inoculated on pikovskaya’s medium plate containing (NH4)2SO4 (0.5) optional use of AlPO4 or Ca3(PO4)2 as insoluble sources of phosphate as the selective active ingredient (5), glucose (10), NaCl (0.2), MgSO4·7H2O (0.1), KCl (0.2), FeSO4·7H2O (0.002) yeast extract (0.5) MnSO4·H2O (0.002) and gar, 18 all g/L. Positive colonies were selected by showing clear halozone on colonies borders on agar plates (Elias et al., 2016; Hajjam & Cherkaoui, 2017; Kadiri et al., 2013; Report et al., 2014).
2.4.1. QUALITATIVE PHOSPHATE SOLUBILISATION ANALYSIS 
All isolates that showed clear halo zone were subjected to measure Phosphate Solubilisation Index (PSI). Selected Isolates were individually inoculated on Pikovskaya s medium plate and successively measuring diameter of clearance zone and colony up to 7 days. Experiment was set up in a CRD manner with 3 replicates. PSI was measured by taking Colony diameter plus Halo zone diameter divided by Colony diameter (Goswami & Deka, 2020; Kumar, 2012; Swift et al., 2016)
2.4.2. QUANTITATIVE PHOSPHATE SOLUBILISATION ANALYSIS
Isolates (1*107 CFU ml-1 for bacteria and  5 disks of 8 mm of the mycelium of fungi) were cultured in pikovskaya medium as indicated by Karpagam & Nagalakshmi, (2014) with the pH adjusted to 6.6 to test their ability to solubilize tri-calcium phosphate or aluminum phosphate. AlPO4 and Ca3(PO4)2 acted as sole source of P in the culture medium by incubating at 28 0C for 6 days.  Turbidity of the media was a growth indicator.
2.4.3. IN-VITRO PHOSPHATE SOLUBILISATION ANALYSIS
Isolates were tested for solubilisation of grounded rock phosphate from phalombe and pure field soils from areas with low P values based on guidance from Chitedze agricultural research station as documented by Mwafulirwa (2018) with slight modification of not autoclaving the rock phosphate and the soil.
2.5. DETERMINATION OF PLANT GROWTH PROMOTING TRAITS
The determination of Plant growth promoting traits (PGPT) was done  for several traits like solubilisation of zinc, production of ammonia, solubilisation potassium, IAA, hydrogen cyanide, siderophores production,  nitrogen-fixing ability, catalase etc. (Mwafulirwa et al., 2017)
2.5.1. ASSESSMENT OF AMMONIA PRODUCTION BY ISOLATES
Ammonia production assessment was done by inoculating 1*109 CFU of individual isolate into a 10 ml tube of peptone water on tryptic digest of casein broth incubated at 35 for 36-60 hrs. for bacteria and fungus respectively. Thereafter, addition of Nessler's reagent (0.5 ml ) to detect the presence of ammonia by development of yellow or brown colour (Mwafulirwa, 2023b; Mwafulirwa et al., 2017).
2.5.2. ASSESSMENT OF IAA PRODUCTION BY ISOLATES
IAA assessment was done by inoculating 1*109 CFU of individual isolate (in nutrient and SD broth amended with 100µg/ml tryptophan in rotating incubator at 35 °C for 48 hours at 120 rpm bacteria and fungus respectively. Thereafter the media was centrifuged and supernatant was collected.  The supernatant was inoculated with two drops of o-phosphoric acid, and four mls of Salkowski reagent. Appositive was confirmed by development of pink colour (Ahmad et al., 2019; Ashry et al., 2022; Leontidou et al., 2020).
2.5.3. ASSESSMENT OF HYDROGEN CYANIDE PRODUCTION BY ISOLATES
Hydrogen Cyanide production was confirmed in-vitro by inoculating isolates in nutrient broth and sabouraud dextrose broth supplemented with glycine for bacteria and fungus respectively as documented by Mwafulirwa, (2023).
2.5.4. ASSESSMENT OF NITROGEN FIXING ABILITY BY ISOLATES
Nitrogen fixing traits were confirmed using Liu et al. (2016)  with manipulation of the pH. Winogradsky's N-free medium was used as a selective media because it does not contain nitrogen in its ingredients. isolates ability to grow was an indication of its ability to fix nitrogen (Aquilanti et al., 2004; Doroshenko et al., 2007, 2007; Navarro-noya et al., 2012).
2.5.5. ASSESSMENT OF SOLUBILISATION POTENTIAL FOR PHOSPHOROUS AND POTASSIUM BY ISOLATES
Isolates were assessed on their ability to solubilise phosphorous and potassium using Pikovskaya’s (PVK) Medium using a method documented and described by  Karpagam & Nagalakshmi, (2014), and Aleksandrov medium (Rajawat et al., 2016; Mubarik et al., 2014; Saha et al., 2016; Vishwavidyalaya, 2012) for phosphorous and potassium respectively. A modified Pikovskaya medium was formulated using different concentrations of bromophenol blue.( Gupta et al.,1994)
2.5.6. ASSESSMENT CATALASE PRODUCTION BY ISOLATES
The isolates potentiality to produce catalase was done by dropping 3% of hydrogen peroxide on the colony. Gas bubbles formation was considered as isolates ability to produce catalase.
2.6. DETERMINATION OF ISOLATES POTENTIALITY IN BIOREMEDIATION
Isolates ability to be involved in bioremediation was assessed using production of laccase enzyme.  This was assessed by inoculating isolates Sabouraud Dextrose Agar which had 1% 2, 2’-azino-bis3-ethylbenzothiazoline-6-sulphonic acid. Colour change to purple or dark green was used as a positive indicator (Mwafulirwa et al., 2017; Mwafulirwa, 2023b).
2.7. DETERMINATION OF ISOLATES POTENTIALITY AS PROBIOTIC STRAINS
2.7.1. [bookmark: _Toc104014173]SCREENING FOR AMYLASE PRODUCTION
Isolates ability to produce amylase were observed by halo zone (hydrolysis zone) after pouring Gram’s iodine on starch agar plates inoculated with isolates colonies using the method documented by Bhatt, Rajiv and Vyas, (2014). 
2.7.2. SCREENING FOR CELLULASE PRODUCTION
Cellulase production by isolates was assessed  using CMC (for endoglucanase) and modified MM (for exoglucanase) medium  using a methods as described by  Bhagat & Kokitkar, (2021); Jayasuyra et al., (2020); Upadhyaya et al., (2012) with slight modifications because gut contents were not used. Isolates were repeatedly streaked on CMC and MM agar plates for verification of endoglucanase and exoglucanase. 1% Congo red was poured on colonies grown on CMC agar followed by de-staining with 1M NaCl. The efficiency of hydrolysis was formulated by subtracting the Colony diameter from Clear zone diameter then dividing with Colony diameter then multiplying by100. Growth on MM medium indicated positive response.
2.7.3. SCREENING FOR PROTEASE PRODUCTION
Protease production by isolates was assessed  using gelatine agar using methods documented by Sony and Potty, (2016) Mary et al., (2017) and Balaji et al., (2012) incubated at 35ºC under aerobic condition for 72-192 hours with slight modifications because gut contents were not used.  The gelatine agar medium contained (g/l) glucose 1.0, K2HPO4 2.0, Peptone 5.0, gelatin 15.0, and agar 15 and. The presence of halos around the colony was used as a positive indicator. Halos diameters were measured using gelatine clear zone method as described by Abomughaid, (2020) which  adds mercuric chloride solution to the brim of the plates.
2.7.4. [bookmark: _Toc104014174]SCREENING FOR LIPASE PRODUCTION
Lipase production by isolates was assessed  using lipolytic agar medium using a methods as described by  Jini et al.,, (2011) Bakteria and Pekasam, (2018) with slight modifications because gut contents were not used. Lipolyitic agar contained 50ml/l tributyrin 50g/l NaCl, 10g/l peptone, 0.1g/l CaCl2 .2H2O, and 20g/l g agar. The presence of halophilic colonies with an opaque zone around the colony was used as a positive indicator.
2.7.5. SCREENING FOR LACTIC ACID PRODUCTION
Lactic acid by isolates was assessed using Man Rogosa Sharp (MRS) medium (incubated at 37˚C +/- 2) as documented by  using Chowdhury and Islam, (2016), Dowarah et al., (2018) and Maji et al., (2016) methods. colonies showing halo-zone indicated a positive result.
2.7.6. [bookmark: _Toc104014180]SCREENING FOR BILE SALTS HYDROLASES (BSH) PRODUCTION
The qualitative BSH assessment  was done as described by Shehata et al., (2016) where isolates were inoculated on specific media that had been supplemented by CaCl2 (0.037%) and taurodeoxycholic acid sodium salt (0.5% {w/v}). Precipitate formation around the colonies after 96 hrs. anaerobic incubation at 37 °C indicated a positive result.
2.7.7. [bookmark: _Toc104014178][bookmark: _Toc104014181]ASSESSMENT OF ISOLATES TO DIVERSE PH AND BILE SALT (BS)
Isolates tolerance to diverse pH was be assessed using  pH of 2.0-4.5 and 7.0-8.0 for acidic and basic conditions in growth medium using HCl and NaOH as documented by Dowarah et al., (2018) and Maji et al., (2016). To assess tolerance bile salt levels, microbes were inoculated in modified Man Rogosa Sharp broth at diverse concentration ranging from 0.075-1%. The growth was measured using optical density method at OD 580 nm for pH and 620 nm BS.
2.7.8. [bookmark: _Toc104014182]ASSESSMENT OF ISOLATES FOR PHYTASE PRODUCTION
The phytase production of isolates was assessed by inoculating on specific phytase enzymatic medium as documented by Dowarah et al., (2018). The phytase enzymatic medium contained 0.5% NH4NO3, 1.5% glucose, 0.05% MgSO47H2O, 0.5% calcium phytate, 0.02% MnSO47H2O, 1.5% agar, 0.001% FeSO47H2O and 0.05% KCl with pH adjusted to 7.0.
2.7.9. ASSESSMENT OF ISOLATES ADHESION ON SURFACE HYDROPHOBIC ASSAY
The microbial adhesiveness to epithelium surface was done using hydrocarbons modeling, xylene, toluene and hexadecane according to Chaia and Gonza, (1999) and Sánchez-Ortiz et al., (2015). Five mls of the isolate with CFU of 107/ml was harvested by centrifuge from which 2 mls was deliberately made into contact with 0.6 mls of each of the hydrocarbons for 15 minutes. Thereafter they were mixed thoroughly by vortex for 2 minutes. The OD of the vortexed mixture was obtained at 600nm. The percent hydrophobicity (H) was calculated based on the formula as documented by  Chaia and Gonza, (1999). H(%)=[(AA0)/A]x100.
2.7.10. HAEMOLYTIC ACTIVITY TEST
isolates were assessed for haemolysis using sheep blood (SP) agar. A loopful of isolate culture was inoculated on SP agar plate and incubated for 24 h at 37 ºC and observed for haemolytic zones around the colonies.
2.8. PHYLOGENETIC ANALYSIS
Isolates were identified using genetic characterisation by sequencing the 16S rRNA genes using both forward and reverse strands. BioEdit software was used to have the consensus sequences which was used in the BLAST algorithm query against the public nucleotide sequence in National Center for Biotechnology Information (NCBI) database to find the closely related strains (http://blast.ncbi.nlm.nih.gov/Blast.cgi.). Results on analysis will be based on the maximum identity score in which high similar sequences will be downloaded and aligned with isolate sequences in BioEdit. All isolates sequences were deposited in the GenBank and accession numbers were given.
The evolutionary history was inferred using the Neighbor-Joining method to define the datasets because it establishes relationships between sequences according to their genetic distance (a phenetic criterion), without considering an evolutionary model (Kuan et al., 2016). The evolutionary distances were computed using the Maximum Composite Likelihood method and are in the units of the number of base substitutions per site. Evolutionary analysis and phylogenetic tree construction was done using MEGA11 software.
2.9. DATA ANALYSIS AND STATISTICS:
Data was analyzed and subjected to descriptive statistics, t-test and analysis of variance using the GENSTAT.
3. RESULTS AND DISCUSSION
A total of one hundred twenty-two strains of PSM were isolated out of which 6 were selected based on their potentiality for commercial implication. These PSM had the capability to solubilize different sources of insoluble inorganic phosphorous.  These isolates had SI of above 3 on both AlPO4 and Ca3(PO4)2 surpassing the recommended of 1.5 on one insoluble phosphate. These isolates were designated 82B2, 58F1, 5005, 23F3, 57F1 and 63F3 based on local laboratory numbering system. Molecular characterization accompanied by biochemical test showed that 82B2, 58F1, 5005, 23F3, 57F1 and 63F3 were Alcaligenes ammonioxydans, Enterococcus faecium, Citrobacter braakii, Enterobacter cancerogenus, Geotrichum sp. and Aspergillus sibiricus.  Isolates 82B2, 58F1, 5005 and 23F3 were bacteria while 57F1 and 63F3 were fungi.
[bookmark: _Toc186103664]Table 1: Sites where samples were collected
	District
	River/Lake
	Protected and Conserved areas

	Chikwawa
	Shire river
	Elephant marsh

	Nsanje
	Shire river
	Shrine and Ndindi marsh

	Zomba
	Shire river
	Lake chirwa

	Machinga
	Shire river
	Liwonde national park

	Mangochi
	Shire river and Lake Malawi
	Lake Malawi national park

	Nkhotakota
	Lake Malawi, Bua river and Chia lagoon
	Nkhotakota game reserve

	Nkhatabay
	Lake Malawi and Lweya river
	Shrine

	Karonga
	Chimbiriri river and Lake Malawi
	Chitende shrine and Nyika national park
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[bookmark: _Toc186104460]Figure 1.Map of study sites
Table 2: Location where samples were collected
	
	Location

	Isolates lab No
	Chikwawa
	Nsanje
	Zomba
	Machinga
	Mangochi
	Nkhotakota
	Nkhatabay
	Karonga

	82B2
	+
	+
	+
	-
	-
	+
	+
	+

	58F1
	-
	+
	-
	-
	+
	-
	-
	+

	5005
	+
	-
	+
	+
	+
	-
	-
	+

	23F3
	+
	+
	+
	+
	+
	+
	-
	+

	57F1
	+
	+
	+
	-
	+
	+
	+
	+

	63F3
	-
	-
	-
	+
	+
	+
	+
	+




Figure 2: Solubilisation index and final ph. values exhibited by microbes 6days after inoculation

[bookmark: _Toc186103671]
Figure 3: Solubilisation efficiency of isolate on different insoluble sources of phosphate.
Table 3. Characterization of isolates for plant growth regulatory and bioremediation traits.
	Serial Number
	Ammonia production
	IAA production
	Catalase production
	Nitrogen fixation
	Cyanide production
	ACC deaminase
	Zn solubilisation
	K solubilisation

	82B2
	+
	+
	+
	+
	-
	+
	+
	-

	58F1
	-
	+
	+
	+
	-
	+
	-
	-

	5005
	-
	+
	+
	+
	-
	+
	-
	+

	23F3
	+
	+
	+
	+
	-
	+
	-
	+

	57F1
	+
	+
	+
	+
	-
	+
	+
	-

	63F3
	+
	+
	+
	+
	-
	+
	+
	-


[bookmark: _Toc186103670]
Table 4. Characterization of isolates for other probiotic traits
	Serial Number
	Cellulase production
	Protease production
	Lipase production
	lactic acid production
	phytase production
	BSH production
	Haemolytic activity
	surface hydrophobic assay
	Chitinase production
	Pectinase production
	Amylase production

	82B2
	++
	-
	-
	+
	+
	+
	-
	+
	-
	+
	-

	58F1
	+
	+
	-
	+
	-
	+
	-
	+
	-
	+
	+

	5005
	-
	+
	-
	-
	-
	+
	-
	+
	+
	+
	+

	23F3
	+
	-
	-
	-
	-
	+
	-
	+
	+
	+
	-

	57F1
	-
	-
	+
	+
	-
	+
	-
	+
	+
	+
	+

	63F3
	+
	-
	+
	+
	-
	+
	-
	+
	+
	+
	+


[bookmark: _Toc186103673]
Table 5. Susceptibility of Cellolytic and amylolytic isolates to selected antibiotics.
	
	Antibiotics and their susceptibility

	Isolate number
	Chloramphenicol
	Ampicillin
	Carbenicillin
	Vancomycin
	Oxytetracyclin
	Novobiocin

	82B2
	-
	-
	-
	-
	-
	-

	58F1
	-
	-
	-
	-
	-
	-

	5005
	-
	-
	-
	-
	-
	-

	23F3
	-
	-
	-
	-
	-
	-

	57F1
	-
	-
	-
	-
	-
	-

	63F3
	-
	-
	-
	-
	-
	-




Figure 4: Solubilisation rate of isolate on rock phosphate from day 1 to day 5 designated RP-1 and RP-5 respectively.


Figure 5: Solubilisation rate of isolate on field soil  from day 1 to day 5 designated SS-1 and SS-5 respectively.
[bookmark: _Toc521325169][bookmark: _Toc186103677]Table 6: Isolates and their BLAST related species and GenBank deposit accession numbers.
	Lab Serial No
	Related Species(Homologs)
	Nucleotide Identity %
	Given Accession NO
	Strain Name

	82B2
	Alcaligenes ammonioxydans
	98.86
	PQ676104
	LOGO41

	58F1
	Enterococcus faecium
	99.54
	PQ676105
	LOGO43

	5005
	Citrobacter braakii
	99.33
	PQ676108
	LOGO47

	23F3
	Enterobacter cancerogenus
	98.32
	PQ676110
	LOGO49

	57F1
	Geotrichum sp.
	91.07
	PQ721393
	LOGO42

	63F3
	Aspergillus sibiricus
	99.22
	PQ721395
	LOGO59



In order to demonstrate solubilisation kinetic; comparative studies were carried out on the isolated strains available in Malawi. Results showed that all strains had higher phosphate solubilisation efficiency based on SI which are above 3 and in-vitro had values of above 750mg/L and 750mg/kg of available phosphate broth and rock phosphate respectively. The results of the concoction of isolates showed higher and stable results compared to the individual strain usage. this may be a result of positive synergistic effect of microbes (Akhtar et al., 2013; Gupta et al., 2012; Khan et al., 2007; Markowiak & Ślizewska, 2018).
Isolates candidacy as PSM is in agreement with other studies which found that same species were involved P solubilisation (Prabhu et al., 2019). The capability of being P solubilizer was  observed using diverse methods which are in line with the set of standards for commercial implication as described by Mendes et al. (2014a). The observation was also made in-vitro experiment using soil and rock phosphate through increase in available P as shown in figure 4 and 5. In the present study, periodical evaluation of P using soil and rock phosphate revealed the potentiality of the isolates in releasing P from insoluble phosphate sources.
There was a high solubilisation efficiency in concoction of isolated strains in Pikovskaya’s broth, soil and RP  compared to individual strain indicating that solubilisation is dependent on strain (Sahoo and Gupta, 2016; Sane and Mehta, 2015; Menon and Mohan, 2007).
Several studies have found different solubilisation efficiency at different incubation period due to biotic and abiotic factors that impacted the evolution of strains (Nosrati et al., 2014). Strains performed differently on different media regardless of their SI. This indicates that standard method for measuring solubilisation cannot be a sole test for P solubilisation. The study showed that P solubilisation efficiency and rate  is based on strain and this is in line with other studies (Sahoo & Gupta, 2016) while it contrast with the study by Sumatera, 2016 which reported that fungus have higher solubilisation efficiency.
The PSM exhibited a strong capacity to reduce pH which indicates that solubilisation is as a result of organic acid production which in tandem with other studies which proved negative correlation of (r = -0.8; p <0.04) between the available P and  pH values (Behera et al., 2017; Z. Li et al., 2016; Stella & Halimi, 2015). The production of gluconic acid is the most frequent agent of P solubilisation regardless of other acid  production such as nitric, sulphuric, and carbonic (Stella & Halimi, 2015). Excretions of metabolites for P solubilisation are influenced by both biotic and abiotic factors (Liu et al., 2016).
The use of natural phosphate bearing materials such as RP as fertilizer for P deficient soils has received attention because deposits of cheaper and low grade RP are locally available in many parts of Malawi. RP is chemically processed by costly and environmental hazard process by reacting with sulphuric acid or phosphoric acid to produce partially acidulated RP. Biofertilisers are cheap and convenient alternative for reclamation of exhausted soil (Investigación et al., 2015). Thus, PSM may play acritical role in natural P cycle and can improve the agronomic value of rock phosphate which is underutilized in Malawi (Sane & Mehta, 2015).
The evaluated microbes in the study were isolated from diverse areas, therefore, it is likely that some factors such as temperature, pH and redox potential, could affect solubilisation (López-ortega et al., 2013). These microbes were isolated from aquatic ecosystem contrary to what other studies reported which means that these microbes are site specific (Sarathambal and Ilamurugu, 2014; Pilar et al., 2013; Sachdev et al., 2009).
Phylogenetic analysis based on the NJ and ML methods revealed that diversified divergent genera and species are involved in P solubilisation. Karonga dominated in having diverse microbes as phosphare solubiliser due to diverse environment of catchment area (Nyika National Park). The indigenous isolates are unique genetically shown by forming their own clade as an outgroup to those in database. This could be based on evolutional factors which caused biostimulation of the favored strains. In most studies, microbes are isolated using conventional culture-based methods which are said to be time-consuming, non-accurate and not representing whole diversity in the GIT even while using diverse media (Das et al., 2014; Dey et al., 2016). However, the use of a conventional culture-based methods by employing a specific substrate containing selective media is justifiable, as the major aim of the present study is to detect and isolate different extracellular enzyme-producing microbes which are cultured for development of biofertilisers and probiotics. In the present study, the isolates are to be used in development of probiotics while using genetic analysis may capture microbes which cannot be cultured or multiplied to be used as a biofertiliser  inoculum (Hossain et al., 2022; Sumathi & Priya, 2011).
The extracellular enzyme-producing isolates of the present study were all identified genetically from their 16S rDNA gene analysis which was further supported by their morphological and biochemical properties. The isolates appeared taxonomically diverse at the genus level each belonging to a separate phylotype. All isolates therefore seem to be autochthonous to location. Moreover, these site-specific GITM strains other possess extracellular beneficial properties, and are, therefore, considered as probiotic candidates for all fishes.
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[bookmark: _Toc186104468]Figure 6: Phylogenetic tree based on 16S rRNA gene sequence showing the position of indigenous diverse phosphate solubilising bacteria  in Malawi compared with those available in GenBank of NCBI.
The evolutionary history was inferred by using the Maximum Likelihood method and Tamura-Nei model conducted in MEGA11 with a total of 1462 positions in the final dataset. The tree with the highest log likelihood (-7924.31) was taken. Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the Tamura-Nei model, and then selecting the topology with superior log likelihood value. This analysis involved 12 nucleotide sequences.








Figure 7: Phylogenetic tree based on 16S rRNA gene sequence showing the position of indigenous diverse phosphate solubilising fungus  in Malawi compared with those available in GenBank of NCBI.
The evolutionary history was inferred by using the Maximum Likelihood method and Tamura-Nei model conducted in MEGA11 with a total of 636 positions in the final dataset. The tree with the highest log likelihood (-1574.70) was taken. Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the Tamura-Nei model, and then selecting the topology with superior log likelihood value. This analysis involved 7 nucleotide sequences.

Phylogenetic tree of fungus in P solubilization also revealed uniqueness of strain LOGO42 (Geotrichum sp.) based on outgroup formation which was also depicted by percentage identity to those in the databases. The findings contradict to other studies which found out that some of these microbes are disease causing microbes. This indicates that these strains are of different phylotypes because of different ecological zones and selection pressure as shown and depicted by the research.
4. CONCLUSION AND RECOMMENDATION
The study explored and found out that indigenous phosphate solubilizing microbes that have potential for development of phosphate biofertilisers. The study also revealed new strains of phosphate solubilisation microbes and puts proposition that its presence in field is as a result of abundance of different insoluble phosphate composition due to natural selection pressure. Further field performance investigations are required for these aquatic ecosystem microbes on various crops as biofertilisers as well as livestock as probiotics.
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tricalcium phosphate invitro solubilisation	82B2	58F1	5005	23F3	57F1	63F3	conco	850	900	950	860	875	863	1015	Aluminum phosphateinvitro solubilisation	82B2	58F1	5005	23F3	57F1	63F3	conco	880	800	970	957	920	990	1020	Isolated Strains


Solubilisation values mg/L
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NG 070309.1 Geotrichum psychrophilal

NG 064795.1 Geotrichum macrosporum




image1.png
100

200

300

A

© Data Points
[ Malawi
[ lakes

~—— rivers




