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Abstract

Bacillus subtilisisolated from the cellulosic fermentation process was previously selected for it phosphate rock
(PR) solubilization ability under anaerobic thermophilic conditions [1]. The result shows a significant decrease
of pH from 5.8 to 4.6, and solubilizing 38% of the phosphorus from the PR in the reactors after 30 days of
incubation at 50°C. This solubilization is the consequence of the production of organic acids during the
anaerobic fermentation of grassland substrate. The mechanisms involved in these weathering processes
confirmed the production of organic acids which were identified and quantified. We also tested the dissolution
of PR by leaching with organic acids trade predominantly present in the acidogenic stage during the anaerobic
degradation of lignocellulosic substrate by Bacillus subtilis. The study focused on acetic, lactic and citric acids
with varied concentration by meseauring pH and ortho-P released monitoring during PR leaching process. The
result showed thatcitric acid exhibitedthe highest PR dissolution rate (98%, T,3,) compared to the other tested
acids. By this way, we expect to lead to the development of novel, non-polluting farming practices by entering in
the formulation of novel multi-functional biofertilizer by inoculating this thermo-tolerant phosphate-solubilizing
bacterium into agricultural wastes as a practical and environmental strategy.
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I.  Introduction

Phosphorus (P) among soil constituents is one of the most important plant nutrients next to nitrogen.
Consequently, it requires a contribution of sufficient concentration of P to enhance the growth and development
of plants[2]. However, only 0.1 % of the total soil P pool (0.5 %) is plant- available [3]and the remaining soil P
is inaccessible to plants [4]due largely to its rapid fixation and precipitation ability [5]. Such P scarcity in
agronomic practices is, however, corrected through the application of synthetic phosphatic fertilizers which their
use and misuse has been questioned due in part to its cost and hazardous impact onto natural environment
including soil ecosystems. Thus, it has become imperative to find an economically and environmentally
promising strategy to chemical P fertilizers.

In many countries, ground rock phosphate (PR) reduced to fine particles was used in traditional
agriculture. Morocco possesses the largest PR reserves worldwide. The Moroccan PR is a hydroxyapatite that is
an insoluble form of phosphate [6]and, therefore, not available for plant growth. PR is a natural, cheap and clean
compound but unfortunately it is a poor P fertilizer since its solubilization by chemical means is too slow to
satisfy plant needs[7]thus doesn’t allow its use as P fertilizers for agriculture. In order for PR to become an
efficient P fertilizer, innovative methods must be found to free the P from its strong ionic interactions with the
ion constituent’s of the PR.

The naturally abundant yet functionally divergent phosphate-solubilizing microorganisms (PSM) have
attracted greater attention of the farm practitioners due to its low cost and easy-to-apply approach [8,9]. Indeed,
PSM offer a practicable alternative to hugely expensive chemical P fertilizers[10]and are indeed able to promote
solubilization of PR and to increase crop yields[11]. Several genera and species of bacteria [12,13], fungi [14],
and actinomycetes[14,15]have been described and characterized as belonging to the PSM phenotype and have
been provided some solution to the P problems [8]. The solubilization process achieved by these PSM, involves
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the excretion of organic acids[16]and chelating oxo acids from sugars[14,17]. However, PSM commonly
studied and applied to date were mesophilic that could be observed only in mesophilic and aerobic conditions.
Such types of microorganisms are not suitable for the preparation of multifunctional organic fertilizers to high
temperatures that occur during the decomposition of complex organic waste such as cellulosic substrates [18]in
an anaerobic environment. To date, few studies exist on anaerobic cellulolytic thermotrophic bacteria that could
be an effective system for degradation of lingo-cellulosic substances [19]. However, the implication of these
bacteria in the PR solubilization process is not well explored in anaerobic conditions [1].

The objective of this study is to evaluate the ability and the performance of Bacillus subtilis, previously
identified as a thermo-tolerant PSM in vitro conditions [1], for it aptitude to solubilize a Moroccan PR during a
thermo-anaerobic grassland waste biodegradation process in the reactor and to perform the mechanism of PR
solubilization by Bacillus subtilis under the same conditions.

Il.  Material and Methods
1. The rock phosphate sample
Phosphate rocks originating from the Youssoufia phosphate mine (PR, insoluble phosphate rock powder), was
ground with pestle and mortar and passed through a 100 um sieve. Its chemical characteristics were previously
determined as follows: 31.4 g /100g P,0Os, 50.2 g /100 g CaO and 2 g /100 g total organic carbon [20].

2. Substrate preparation

The grassland experiment was conducted in a greenhouse at 24°C under artificial light for 16 h and at
17°C for 8 h in darkness. The experiment was started on 12 June 2010 on a poorly drained Stagno-
GleyicLuvisol (FAOQ classification) with rather wet and cool weather at the beginning of the investigation. After
two weeks, the sward was maintained at a height of about 5 cm. The pasture was dominated by perennial
ryegrass (LoliumperenneL.) and common bent (Agrostis capillaries L.). The grassland topsoil (0-0.15 m) was
sterilized at 120°C for 30 min and used as organic substrate for the fermentation experiments. The C and N
contents of the sterilized grassland were 1.6 and 0.17%, respectively, with soluble organic carbon (extracted
with 0.05 M K,S0,) of 87.5% and the soluble P content was 19.6 mgl™.

3. Test of PRsolubilization by Bacillus subtilis during the grassland experiments

Sterilized dried substrate (16.5 g) was placed in 500 ml Erlenmeyer flasks containing 0.2 g of PR" as
sole phosphate source and completed to 400 ml with sterile distilled water. Cultures were aseptically inoculated
with 5ml of the selected thermo-tolerant PR solubilizing Bacillus subtilis[1]at 10°CFU ml™. Cultures were
grown in triplicate on a laboratory digester maintained at 50°C for 30 days in completely filled flasks with
rubber stoppers and with shaking at 100 rpm in an incubation shaker to minimize aggregation of the selected
bacterium. Anaerobic conditions were achieved through the consumption of residual oxygen. Similar
experiments were carried out with no phosphate source incubated under the same conditions. Samples of 2 ml of
each culture were collected periodically (every day). After then, the pH value of the medium was determined
with a pH meter equipped with a glass electrode. The culture supernatant obtained by centrifugation (10,000
rpm, 15 min) was passed through a 0.45 mm Millipore filter. The inorganic phosphate content of culture filtrate
and organic acids analysis were determined by high performance ion chromatography, HPIC, Type DIONEX
Dx-120 (AS11-HC column, injection rate: 2.3mImin™) equipped with aconductimetricdetector.

4. PR solubilization test by some organic acids trade

This test is performed in order to know the efficiency of some organic acids often found in anaerobic
treatments (acetic or lactic acid) and others for their carboxylic multifunction (citric) to solubilize the PRY at
different concentration. The acids used for this study are solutions or solid products of commercial origin. The
characteristics of these products are described in Table 1. The study of the action of the acids on the PR
solubilization was determined from ore dissolution by different solutions of these acids and compared to the
performance of hydrochlorid acid (HCI, 37%) as reference (Prolabo-Normapur). Five grams of PR” (particle
size <250 um) were placed aseptically in solution with 500 ml of the four organic acids at respective
concentrations: 1M, 0.5M, 0.1M, 0.05M and 0.01M. The mixtures were stirred continuously for 46 hours with
the samples at Top, Tasn, Toon and Taen. Each reaction mixture was then filtered. The determination of phosphorus
was conducted in the filtrates obtained in order to evaluate the action of each solution on dissolution of PR. A
monitoring pH and PO,> was performed on all samples.

5. Statistical analysis
All experiments were carried out in triplicate or more. All data are reported as means + SD (standard
deviation). The Independent-Samples t-test was used to compare means and the variance homogeneity
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determination (ANOVA) was conducted with the General Linear Model using type Il sum of squares and
Tukey’s Honestly Significant Difference (P = 0.05) using statistical analysis system software[21].

Table 1.Composition of organic acid solutions used for the PR solubilization test.

Acid Origin Purity (%0) Molar mass (g) Density
Acetic acid Prolabo-Normapur 99 60,50 1,12
(CH3COOH)

Lactic Acid Prolabo-Normapur 99 90,68 1,23
CH3CH(OH)COOH

Citric Acid Jeulin 99 210,14 -
Monhydrate Salt

(C6H607-H20)

I1l.  Results And Discussion
1. PR solubilization abilities of Bacillus subtilisin the fermentation experiments

The soluble phosphorus content increased significantly between 0 and 3 days from 105 + 0.1 to 120 £
0.2 mgl™ and then decreased significantly from 3 to 7 days (Fig. 1A). This sharp drop in the amount of soluble P
in the media could be related to the presence of the lignocellulosic substrate. Indeed, Bacillus subtilis could
solubilized first organic P as P source to meet metabolic needs. It is shown that the Bacillus subtilis strains can
grow under anaerobic conditions by respiration with nitrate as the terminal electron acceptor. In the absence of
external electron acceptors uses the metabolic pathway for the fermentation of glucose or puryvate [22].

After we observed a decrease in the amount of P in the medium at 3 to 7 days of the growth phase and
thus would probably due to the consumption of P solubilized by Bacillus subtilis under the fermentation
lignocellulosic process (Fig. 1A). However, The P amount curves of the two reactors (treatment and control)
have statistically the same allure (Fig. 1A). Thus could be due to the initial organic matter included in the
grassland substrate that could influence the adsorption of phosphate ions allowing a high desorption. Many
studies indicated that the glucose degradation products decrease the adsorption of phosphate ions and increase
their desorption [23, 24]. These organic compounds on the one hand, would therefore fixed at the sites initially
available for the phosphate ions oxyhydroxides and, secondly, have facilitated the creation of phosphorus
compounds from which the phosphate ions are easily desorbed [23].

After the 7" day of the culture, the soluble P content a re-increased significantly up to 106 + 0.1 mgl™
at the end of incubation period (30 days). In these times, B. subtilis could effectively solubilize the PRY that
appear by the drop of soluble P in the medium. It was reported that the microbial activities were amplified more
vigorously at early fermentation phase, resulting in the consumption of soluble P for microbial growth. These
results indicate that the thermo-tolerant anaerobic Bacillus subtilis can increase the soluble P content and
contribute to the solubilization of PR" during the fermentation process. Bacillus subtilis achieved the PR
solubilization rate of 38% during the thermophilic anaerobic fermentation experiments (Fig. 1A). It was
reported that Bacillus smithii F18 presented the highest soluble phosphorus percentage (5.3 £ 0.6%) of the total
phosphorus after 56 days of composting under aerobic conditions[25].Similarly, a moderately thermophilic
bacterium Acidithiobacillus caldus achieved a phosphorus solubilizing rate of 27.6% in shake flasks containing
elemental sulfur (S0) as an energy substrate and only 2.19% for the same system without the additional SO[26].

2. PRsolubilization mechanism by Bacillus subtilisduring the fermentation experiments

In order to compare the contribution of B. subtilis on the PRsolubilization process during the anaerobic
degradation of the lignocellulosic substrate, B. subtilis was grown with the presence of grassland as sole carbon
substrate in the fermentation experiments at 50°C (Fig.1B). The pH curves of the two reactors (treatment and
control) have statistically the same allure (Fig. 1B). It is therefore the same metabolic profile and the presence of
PR has no influence on the metabolic activity of Bacillus subtilis in the use of lignocellulosic substrate. A
variation of the pH in the medium was observed and its decrease from the value of 5.8 to 4.8 after 24 h of the
thermophilic anaerobic incubation. After from 2 to 4 days, pH reaches its minimum value of 4.6, a variation
more than one unit in 4 days of treatment. The decrease in pH is negatively correlated (r = - 0.94, p <0.05) with
the concentration of the soluble P in the presence of the selected strain during the anaerobic fermentation
process (Fig.1A,B). The decrease in pH reflects an acidification of the medium by B. subtilis and confirms the
implication of B. subtilis in the PRsolubilization by producing organic acids under anaerobic thermophilic
conditions. At the same time, we revealed the presence of three organic acids (lactic, acetic and citric acids) at
different concentrations during the anaerobic fermentation of the lignocellulosic substrate by Bacillus subtilis
(Fig.1C). Lactic acid is the most produced from 200 mgl™® to more than 1200 mgl™ after 4 days of
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incubation.The presence of formic, tartric and oxalic acids was signaled at only trace concentration (< 200 mgl’
1), Several studies [27,28]reported that these organic acids are involved in the solubilization of calcium
phosphates.

After the 4" day, the pH gradually increases with time and reaches its initial value (pH= 5.8) at the end
of incubation (Fig.1B). At this time, the increase in pH is negatively correlated with the concentration of organic
acids in the medium during the anaerobic fermentation of the lignocellulosic substrate by Bacillus
subtilis(Fig.1C). Acetic acid is the most produced with 180 mgl™ after 4 days of incubation.The presence of
citric, tartric and oxalic acids was signaled at only trace concentration (< 50 mgl™). In general, during the
anaerobic digestion of the lignocellulosic material, a consortium of microorganisms is involved in the
degradation of the carbon substrate. Chain reactions which follow include depolymerisation (hydrolysis),
acidogenesis, acetogenesis and methanation. The main products of the enzymatic degradation of the
carbohydrates are monosaccharides including glucose [29]which is transformed into acetate, hydrogen (H,) and
carbonic acid (H,CO3z).Accordingly, the medium is acidified with doubling the production of organic acid and of
carbonic acid.

After the 7" day, a significant increase of the P amount that correlate positively with the pH decrease
(Fig.1A,B). This implies that Bacillus subtilis contribute significantly in the PRYsolubilization process under the
thermotolerant anaerobic lignocellulotic conditions. Until then, the known anaerobic cellulolytic bacteria are
essentially the genus Clostridium[30,31]. They are either mesophilic such as Clostridiumpapyrosolvens or
thermophilic such as Clostridiumthermocellum.[30]studied the anaerobic digestion of cellulose by Clostridium
cellulotycumand their mechanism of action on the lignocellulosic substrate. Initially, cells directly adhere to the
cellulose and then the colonization continues with the formation of superposed layers of cells that are no longer
in direct contact with the substrate. It is shown that the Bacillus subtilis strains can grow under anaerobic
conditions by respiration with nitrate as the terminal electron acceptor. In the absence of external electron
acceptors uses the metabolic pathway for the fermentation of glucose or puryvate[22]. The Bacillus subtilis
strain, in addition to its ability to solubilize the PRY[1]is added to the list of the thermophilic anaerobic
cellulolytic bacteria.
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Fig.1.Fermentation experiments of Bacillus subtilis in bioreactor with sterilized grassland containing 0.5 gl™
PR" (Treatment) or without PR (Control) incubated for 30 days under the same conditions. (A) Concentration
of soluble phosphate released from phosphate rock in the supernatant of cultures. (B) Evolution of the pH in the
supernatant of cultures. (C) Concentration of organic acids produced in the supernatant of cultures. Data points
are means and vertical bars are standard deviations (n=3).

3. PR solubilization mechanism by the selected organic acids trade

The action of different organic acid solutions on thePR dissolution was studied by pH measure and
dosage of P,Os present in the filtrates obtained after leaching of PR". The results showed that pH changes in the
reaction media in the presence of different acid solutionsthus indicate that there was a PR dissolution over time
(Tables 2, 3, 4). This variation depends on the degree of dilution of the leaching solution. Thus, more acid is
dilutedmore the amplitude of the pH change is important over time. After 23h of PRIeaching, pH values reach a
stationary phase whose value depends on the strength of the acids and its dilution level. We notice a buffer
effect of the organic acids depending to the pH of the reactional solutionand to pKa (s) of each acid (Tables 2, 3,
4). At pH <pKa — 1, the solution contains more than 90% of the acid form and less than 10% of the anion. In this
phase, the action of protons is predominant in the dissolution of PO,> (case of 1M and 0.5M acid
concentrations) (Tables 2,3,4).0n the contrary, while pH > pKa + 1the action of the anion is predominant by
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complexing calcium (case of 0.1M, 0.05M and 0.01M acid solutions). So, we could concluded that the
PRdissolution is guided by the pH and is correleted to the strength of the acid solution.

The acetic acid solutions have very little effect on the PR dissolution with a maximum of 8% P,Os at
1M in the first two hours of the experiment while any dissolution is detected at lower concentrations to 0.5M
(Table 2).The results obtained during the leaching solutions at varied concentration of lactic acid indicated a
negative correlation between pH and dissolved PO, (Table 3). The highest concentration (1M) of the tested
acids provides a maximum dissolution rate of 89% P,Osby citric acid after 2 h of PR leaching in comparison to
that gived by HCI (37%) with the highest rate at 99% P,Os in the same conditions (Table 4).

Table 2. Leaching test result with different acetic acid solutions at 25 °C

Duration (h) Aceticacid concentrations
1M 0,5M 0,1M 0,05M 0,01M
0 2,2 2,4 2,7 2,9 3,2
oH 23 3,8 4,1 59 6,2 73
29 3,7 4,1 6,1 6,3 74
46 3,7 41 6,6 6,9 7,0
HCI (37%)
2 8% 3,4% - - - 99%
%P,0ssolubilize 23 3,3% 0,8% - - - 87%
d 29 2,4% 0,4% - - - 81%
46 2,1% 0,3% - - - 49%
(-): means not present or amount below the detection limit < 25ugl™
Table 3.Result of lixiviation test with lactic acid solutions at 25°C
Duration (h) Lacticacid concentrations
1M 0,5M 0,1M 0,05M 0,01M
0 1,7 18 2,1 2,2 2,6
oH 23 29 34 6,1 59 6,8
29 29 3,4 6,0 6,2 7,0
46 3,0 3,4 59 6,1 6,9
HCI (37%)
2 89% 40% 1,1% - - 99%
%P,05 23 76% 30% 0,03% - - 87%
solubilized 29 7% 30% - - - 81%
46 79% 28% - - 49%
(-): means not present or amount below the detection limit < 25pgl™
Table 4. Lixiviation test result of citric acid solutions at 25°C
Duration(h) Citricacid concentrations
1M 0,5M 0,AM 0,05M 0,01M
0 14 1,6 1,9 2,1 24
oH 23 24 2,7 3,7 4,2 6,3
29 25 27 37 43 6,6
46 25 238 38 44 6,0
HCI (37%)
2 37% 55% 16% 8% 0,68% 99%
. 23 98% 47% 14% 6% 0,10% 87%
%6P20ssolubilized 29 94% 39% 13% 6% 0,10% 81%
46 66% 15% 12% 5% 0,09% 49%

Acid solutions at lower concentration to 0.5M, except citric acid, did not give positive results regarding
to the PRdissolution (Tables 2,3,4). Whose indicate that citric acid exhibit a highest PRdissolution rate (Table
4). Itis a tribasic acid (pKa; = 3.13; pKa, = 4.76 and pKas = 6.40)which explains it leaching power compared to
the otherstested organic acids.Acetic acid exhibit the lowest PR dissolution rate probably due to its low acidity
(pKa = 4.75) (Table 2). These results showed that thetested organic acids presented different level of maximum
efficienty on the PR dissolution as following order: Citric (98%, 2h) > Lactic (89%, 23h)> Acetic (8%, 2h)
(Tables 2,3,4). Thus the results confirm the organic acids effiency on the PRdissolution that it increases with the
number of carboxylic acid group. Similarly, [32]demonstrate that the dissolution of the apatite by citric acid and
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EDTA solutions depends not only from the attack of hydrogen ions but they suggest the existence of other
chemical processes that contribute to exacerbate the apatite dissolution. There would then forming acid-calcium
complex whose stability depends on the pKa of the acid. It was also reported that the apatite dissolutionby
organic acid solutions at low concentrations is largely due to complexation phenomena of the substrate by the
carboxyl groups of such acids[33,34,35].Accordingly, other works reported the implication of organic acids
trade on the dissolution of PR-Hahotoe' Kpogame' (Togo) and of PR- Pakistan [32,36]. However, we note a few
points of difference with our results, especially regarding to the PRdissolution rate linked to the duration of
leaching treatment who is probably related to the PRnature.

IV.  Conclusions

During this study, we demonstrated that Bacillus subtilis is capable to solubilize the PRY in extreme
conditions namely: the anaerobiosis, the thermophilic, the use of lignocellulosic substrate as sole carbon source
and the inorganic phosphate solubilization. We showed that this bacterium produces mainly the lactic, acetic and
citric acids under the same fermentation conditions of the lignocellulosic substrate. Secondly, we tested the
solubility of PR" by leaching with organic acids trade mostly produced during the acidogenic phase of the
anaerobic digestion of lignocellulosic substrate by Bacillus subtilis. The comparative study of different acetic,
lactic and citric concentration varied with pH monitoring and ortho-P released during PRY leaching. Generally,
the PR” dissolution by these organic acids will vary from acid to another and is very different from that
observed in the presence of a strong acid such as hydrochloric acid. Moreover, the number of carboxylic acid
functional group contributes to increase the PRY solubilization. Thus, citric acid exhibits a highest PRY
dissolution rate compared to the lactic and acetic acids. We also concluded that the leaching of PR by organic
acids is a chemical reaction by protonation or complexation controlled by the pH of the solution. The results
lead us to conclude that the acidity of the organic acids was not solely responsible for the PR solubilization
during the anaerobic degradation of the lignocellulosic substrate. The outcome of these studies might contributes
to the development of novel, non-polluting farming practices by entering in the formulation of novel multi-
functional biofertilizer by inoculating this thermo-tolerant phosphate-solubilizing Bacillus subtilis into
agricultural wastes as a practical and environmental strategy.

References

[1]. HASSIMI M.S., HAMDALI H., OUHDOUCH Y., PINELLI E., MERLINA G., REVELJ.C., HAFIDI M. Moroccan rock
phosphate solubilization during a thermo-anaerobic grassland waste biodegradation process. Afric. J. Biotechnol. 12, 6865, 2013.

[2]. HAYAT R., ALI S., AMARA U., KHALID R., AHMED 1. Soil beneficial bacteria and their role in plant growth promotion: a
review. Ann. Microbiol. 60, 598, 2010.

[3]- SCHEFFER F., SCHACHTSCHABEL P. Lehrbuch der Bodenkunde. Enke, Stuttgart,1988.

[4]. RODRIGUEZ H., FRAGA R. Phosphate solubilizing bacteria and their role in plant growth promotion. Biotechnol. Adv. 17, 339,
1999.

[5]. VITOUSEK P.M., PORDER S., HOULTON B.Z., CHADWICK O.A. Terrestrial phosphorus limitation: mechanisms, implications,
and nitrogen—phosphorus interactions. Ecological Applications.20 (1), 15, 2010.

[6]. HAMDALI H.,KORIKO M., TCHANGBEDJI G., OUHDOUCH Y., HAFIDI M. Isolation and characterization of rock phosphate
solubilizing Actinobacteria of a Togolian phosphate mine. African Journal of Biotechnology.11(2), 312, 2012.

[7]. WALKER R.L., EDWARDS A.C., MASKELL P., WATSON C.A., REES R.M., KNOX O.G.G., STOCKDALE E.A. The effect of
co-composted cabbage and ground phosphate rock on the early growth and P uptake of oilseed rape and perennial ryegrass J. Plant
Nutr. Soil Sci. 175, 603, 2012.

[8]. KHAN M.S., AHMAD E., ZAIDI A., OVES M. Functional aspect of phosphate-solubilizing bacteria: importance in crop
production. In Bacteria in agrobiology: crop productivity; Maheshwari D.K. Eds., Springer: Berlin, Germany, pp. 237-265, 2013.

[9]. XIANG W.L., LIANG H.Z., LIU S,, LUO F., TANG J., LI M.Y., CHE Z.M. Isolation and performance evaluation of halotolerant
phosphate solubilizing bacteria from the rhizospheric soils of historic Dagong Brine Well in China. World J.
Microbiol.Biotechnol.27, 2637, 2011.

[10]. KHAN M.S., ZAIDI A., MUSSARAT J. Phosphate solubilizing microorganisms principles and application of microphos
technology. ISBN 978-3-319-08216-5 (eBook), Springer Cham Heidelberg: New York, Dordrecht, London, pp. 1-297, 2014.

[11]. BABANA AH. DICKO AH., MAIGAK., TRAORE D. Characterization of rock phosphate solubilizing microorganismsisolated
from wheat (Triticumaestivum L.) rhizosphere in Mali. J.Microbiol.Microbial.Res.1, 6, 2013.

[12]. OVES M., KHAN M.S., ZAIDI A. Chromium reducing and plant growth promoting novel strain Pseudomonas aeruginosa OSG41
enhance chickpea growth in chromium amended soils. Eur. J. Soil Biol. 56, 83, 2013.

[13].  YASMIN H., BANO A. Isolation and characterization of phosphate solubilizing bacteria from rhizosphere soil of weeds of khewra
salt range and attock. Pak. J. Bot. 43, 1668,2011.

[14]. KHAN M.S., ZAIDI A., AHEMAD M., OVES M., WANI P.A. Plant growth promotion by phosphate solubilizing fungi— current
perspective. Arch. Agron. Soil Sci. 56, 98, 2010.

[15]. HAMDALIH., VIROLLE M.J., VON JAN M., SPROER C., KLENK H.P., OUHDOUCH Y. Streptomyces youssoufiensis sp. nov.,
isolated from a Moroccan phosphate mine. Int. J. Syst. Evol. Microbiol. 61, 1108,2011.

[16]. KUMAR C., WAGH J, ARCHANA G., KUMAR G.N. Sucrose dependent mineral phosphate solubilization in
Enterobacterasburiae PSI3 by heterologous overexpression of periplasmicinvertases. World J. Microbiol.Biotechnol.32, 194, 2016.

[17]. SELVAKUMAR G., JOSHI P., SUYAL P., MISHRA P.K., JOSHI G.K., BISHT J.K., BHATT J.C., GUPTA H.S. Pseudomonas
lurida M2RH3 (MTCC 9245), a psychrotolerant bacterium from the Uttarakhand Himalayas, solubilizes phosphate and
promotes wheat seedling growth. World J. Microbiol.Biotechnol. 27 (5), 1135, 2011.

[18]. YANG S.S. Application of microbial fertilizers on the three objectives agriculture. In Challenge of three objectives in agriculture;
Chou C.H., Yang, S.S., Eds., Council of agriculture, Southern Taiwan joint services center of executive yuan: Institute of

DOI: 10.9790/264X-08061925 www.iosrjournals.org 25 | Page


https://link.springer.com/journal/11274/27/5/page/1

Thermo-anaerobic solubilization mechanism of a phosphate rock by Bacillus subtilisduring a..

[19].
[20].

[21].
[22].

[23].

[24].
[25].

[26].
[27].

[28].

[29].
[30].
[31].
[32].
[33].
[34].
[35].

[36].

biotechnology of national pingtung, University of science and technology, Department of biochemical science and technology of
national Taiwan University, Taiwan, pp. 265-292, 2003.

BLUMER-SCHUETTE S.E., LEWIS D.L., KELLY R.M. Phylogenetic, microbiological, and glycosidehydrolase diversities within
the extremely thermophilic, plant biomass-degrading genus Caldicellulosiruptor. Appl. Environ. Microbiol. 76, 8092, 2010.
KHADDOR M., ZIYAD M., HALIM M., JOFFRE J., AMBLES A. Characterization of soluble organic matter from Youssoufia
rock phosphate. Fuel. 76, 1400, 1997.

SAS INSTITUTE. SAS/STAT User’s Guide, Release 6.03. SAS Institute, Cary, North Carolina, USA, 2002.
ROMERO-GARCIAS., HERNANDEZ-BUSTOSC., MERINO E., GOSSET G., MARTINEZ A.Homolactic fermentation from
glucose and cellobiose using Bacillus subtilis.Microbial Cell Factories.8, 23, 2009.

FROSSARD E., TRUONG B., JACQUIN F. Influence de I’apport de composés organiques sur 1’adsorption et la désorption des
ions phosphates en sol ferrallitique. Agronomie.6, 508, 1986.

PARFITT R.L. Anion adsorption by soil and soil material. Adv. Agron. 30, 50, 1978.

CHANG C.H., YANG S.S. Thermo-tolerant phosphate-solubilizing microbes for multi-functional biofertilizer preparation. Biores.
Technol.100, 1658, 2009.

XIAO C.Q., CHIR.A,, LI W.S., ZHENG Y. Biosolubilization of phosphorus from rock phosphate by moderately thermophilic and
mesophilic bacteria. Minerals Engineering.24, 958, 2011.

MOHAMMADI K. Phosphorus Solubilizing Bacteria: Occurrence, Mechanisms and Their Role in Crop Production. Resources and
Environment.2 (1), 85, 2012.

YADAV H., GOTHWAL R.K., NIGAM V.K., SINHA-ROY S., GHOSH P. Optimization of culture conditions for phosphate
solubilization by a thermo-tolerant phosphate-solubilizing bacterium Brevibacillus sp. BISR-HY®65 isolated from phosphate mines.
Biocatalysis and Agricultural Biotechnology.2, 225, 2013.

MAKIM., LEUNGK.T., QINW. The prospects of cellulase-producing bacteria for the bioconversion of lignocellulosic biomass.
Int. J. Biol. Sci. 5 (5), 516, 2009.

DESVAUXM. La fermentation de la cellulose par Clostridium cellulolyticum: Métabolisme modéle d'un
Clostridiumcellulolytiquemésophile,Ph. D. thesis,Université Henri Poincaré, Nancy 1, France, 2001.

Gupta P., Samant K., Sahu A. Isolation of cellulose-degrading bacteria and determination of their cellulolytic potential.
International Journal of Microbiology.2012, 5, 2012.

KORIKO M., TCHANGBEDIJI G., BABA G., KILI A.K., GNANDI K. Effets de I’acidité¢ et de la nature de I’acide sur la
dissolution du phosphate naturel de Hahotoé -Kpogamé (Togo) par quelques acides conventionnels. C. R. Chimie.10, 534, 2007.
HAFIDI M. Contributions & la valorisation des composts par additions de phosphates naturels marocains. Ph. D. thesis, Université
Cadi Ayyad, FSS, Marrakech, Maroc, 1996.

GHARABAGHI M., IRANNAJAD M., NOAPARAST M. A review of the beneficiation of calcareous phosphate ores using organic
acid leaching. Hydrometallurgy.103, 107, 2010.

GHARABAGHI M., NOAPARAST M., IRANNAJAD M. Selective leaching kinetics of low-grade calcareous phosphate ore in
acetic acid. Hydrometallurgy.95, 345, 2009.

PERDIGAO PAIVA P.R., DE MELLO MONTE M.B., GASPAR J.C. Concentration by apatite flotation originating from
carbonatically affiliated rocks. Rem: Rev. Esc. Minas.64 (1), 116, 2011.

DOI: 10.9790/264X-08061925 www.iosrjournals.org 26 | Page


https://www.ncbi.nlm.nih.gov/pubmed/?term=Maki%20M%5BAuthor%5D&cauthor=true&cauthor_uid=19680472
https://www.ncbi.nlm.nih.gov/pubmed/?term=Leung%20KT%5BAuthor%5D&cauthor=true&cauthor_uid=19680472
https://www.ncbi.nlm.nih.gov/pubmed/?term=Qin%20W%5BAuthor%5D&cauthor=true&cauthor_uid=19680472
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2726447/

