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The purpose was to study the patterns of dissolution (solubilization) of phosphorus-containing miner-
als in aqueous and polysaccharide solutions of organic acids in order to model the mechanism of mineral
destruction by soil bacteria synthesizing organic acids and exopolysaccharides.

Methods. Model, laboratory-analytical, microbiological, statistical.

Results. The destructive effect of organic acids on minerals is manifested both in aqueous and poly-
saccharide solutions. The introduction of bacterial polysaccharide into an aqueous solution of acids
increases the decomposition of phosphorus-containing minerals by 1.34—4.96 times. The influence of the
chemical structure of acid molecules on the intensity of mineral decomposition is mainly manifested in
the presence of bacterial polysaccharide, while in an aqueous solution the effectiveness of acid action
depends on the nature of the mineral being destroyed. To the maximum degree, polysaccharide increases
the destruction of minerals in a solution of citric acid: molten magnesium phosphate —2.55 times, ther-
mophosphate — 2.11 times, phosphate flour 4.96 times. Decomposition of phosphorus compounds in
solutions of ascorbic and oxalic acids enhances bacterial polysaccharide to a lesser extent than in citric
acid solution.

Modeling the destruction of phosphorus-containing minerals under non-sterile conditions (soil condi-
tions) made it possible to establish that organic acids under non-sterile conditions are subject to consump-
tion by soil microbiota, especially ascorbic and citric acids, and to a lesser extent — succinic. Aqueous
solutions of organic acids after 18 hours of incubation in non-sterile conditions lose their leaching activ-
ity by 1.06-12.1 times. The introduction of a polysaccharide into aqueous solutions of acids makes it
possible to avoid their rapid consumption by microorganisms, because of which the efficiency of mineral
leaching under non-sterile conditions decreases by only 5—20% compared to sterile ones.

Conclusions. The introduction of a bacterial polysaccharide into a solution of organic acids enables
the latter to be transferred to a sorbed state, as a result of which their susceptibility to consumption by
microorganisms is sharply reduced. Thus, polysaccharide-forming bacteria not only destroy minerals
more intensively than microorganisms synthesizing only low-molecular-weight metabolites, but also
synthesize a more stable and long-term functioning leaching complex in the soil.
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Phosphorus (P) is one of the five essential
plant nutrients. Phosphate fertilizers have
played an important role in agriculture since
the beginning of the 20'". By 2051, global
demand for phosphate fertilizers is expected
to increase by 86% on arable land, especially
in developing regions. However, phosphate
rocks are a limited resource, and high quality
phosphate rocks can be depleted in 300—
400 years [1]. Most of the soluble phosphate
applied to the soil as a chemical fertilizer is
immobilized shortly after application and

becomes unavailable to plants, resulting in
an excess of fixed phosphorus in some arable
soils. Microorganisms play a significant role
in the natural P-cycle [2—4]. Insoluble forms
of P and phosphorus in the composition
of natural minerals can be converted into
soluble P by soil phosphate mobilizing
bacteria [2, 5, 6]. Greenhouse and field
experiments have shown that application
of phosphate mobilizing microorganism
preparations promote plant growth in
phosphorus deficient soils, indicating their
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potential as new biofertilizers to address
food security issues, especially given the
limited use of chemical fertilizers. However,
it was shown that the effectiveness of the
effect of phosphate mobilizing bacteria on
plant growth varies under field conditions.
Several biotic and abiotic factors can
influence the activity and functions
of phosphate mobilizing bacteria, as
well as their effect on plant growth [2,
5]. Understanding the mechanisms of
destruction (solubilization) of phosphate-
containing minerals by microorganisms
contributes to the development of effective
strategies for using their potential to
increase plant productivity, which was the
goal of our research. Soil bacteria solubilize
mineral phosphates mainly through the
secretion of various organic acids, such
as citric, gluconic, lactic, malic, oxalic,
propionic, and succinic acids, which differ
in the number of carboxy groups, hydroxy
groups, and carbon double bonds [2, 5].
However, the role of organic acids in the
processes of phosphorus mobilization is still
denied by some authors. The authors base
their conclusions as on the fact that there is a
whole series of acid-forming bacteria that are
incapable of dissolving natural phosphates,
and on the basis of the fact that between the
methods no acidification and decomposition
of iron and aluminum phosphates no matter
how significant the correlation [7].

At the same time, it seems to us that this
issue can be resolved in modal experiments
with the use of solutions of organic acids,
which give the possibility to evaluate the
ability of individual organs Czech acids to
the dissolution of phosphorus containing
minerals. The introduction of polysaccharide
into aqueous solutions of organic acids in a
concentration of 0.5—1 0 g/1 will allow to model
the cultural liquid of those soil microorganism,
which are synthesized at the same time organic
acids and polysaccharides.

Materials and Methods

In the experiment, 0.1 M aqueous
and polysaccharide solutions of ascorbic,
oxalic, citric and succinic acids were
used. Sterilization of acid solutions was
carried out by filtration using cellulose
acetate membrane filters MCAO020013H
with a pore diameter of 0.2 pm. Bacillus
mucilaginosus C-3 polysaccharide was used
as a bacterial polysaccharide. It is an anionic
heteropolysaccharide, containing in its
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composition glucose — 10.6% , galactose —
4.0% , mannose — 11.9%, fukose — 0.5%,
unidentified sugar — 0.5% (of dry weight).

We used the bacterial strain B. mucila-
ginosus C-3, obtained from the collection
of the Institute of Mineral Resources of
Mingeo of Ukraine. Bacteria were stored at
room temperature on agar mineral medium
with glucose, g/1: glucose — 15.4, MgSO,
"H,0 — 0.7, Na,HPO, 2 H,0 — 2.0, KNO; —
1.0, FeCl; 6H,0 — 0.05. The cultivation of
B.mucilaginosus was carried out in a periodic
process, which was carried out in 750 ml
bah by volume with 100 ml of medium on a
shaker at 240 rpm. The temperature of the
cultivation was 30 °C, cultivation time was
18-24h. The sowing material was introduced
in the amount of 5% of the medium volume.
The polysaccharide preparation was obtained
as follows: the culture liquid (18—24 h) was
diluted 2—3 times with distilled water and
centrifuged to separate the cells at 40000g
for 40 minutes. The supernatant was drained
and polysaccharide was precipitated from it
with three volumes of ethanol. Precipitated
EPS was separated from the supernatant by
centrifugation at 6000 rpm for 10 min. The
ethanol precipitate was dissolved in distilled
water and dialyzed against tap water for one
day, against distilled water for two days. The
resulting polysaccharide was freeze-dried.

The lyophilized polysaccharide preparation
was added to acid solutions at a concentration
of 0.5 g/L. To carry out the process of
polysaccharide macromolecules swelling and
sorption of organic acid molecules on them,
the samples were placed for 3 hours in a
refrigerator at + 5 °C. For sterile variants of
the experiment, the samples of minerals were
sterilized at 1.5 atm for 1 hour by autoclaving
and aseptically added to acid solutions. For
non-sterile variants of the experiment, the
samples of non-sterile mineral and 100 ul of
water extract from meadow chernozem in a
dilution of 10° were introduced into test tubes
after 3 hours. The test tubes were incubated
at 28 °C on a shaker with 160 rpm. The
incubation time was 18 hours. The amount of
polysaccharide in the solutions at the end of the
experiment was controlled by viscosity (with
the help of a VZh-1 viscometer) and by the
weight method with preliminary precipitation
of 3 times the ethanol volume.

The concentration of phosphorus in
solutions was determined by the Murphy-Reilly
method, after preliminarily precipitating the
polysaccharide with three volumes of ethanol
[8]. Measurement of the optical density of



Experimental articles

the solutions of the probes on FEK 56-2 and
KFK-2 (light filter No. 8, A = 590 nm, cuvette
No. 30). The statistical significance of the
obtained differences between the experimental
variants was assessed by the value of the
error of the mean result, calculated using the
Statistica 10 program.

Results and Discussion

In aqueous solutions, oxalic acid has the
greatest dissolving effect on the studied
phosphorus compounds, followed by citric
and ascorbic acids (Tables 1-3). Succinic
acid realizes its dissolving effect depending
on the properties of the minerals subjected
to destruction: when dissolving fused
magnesium phosphate and phosphate rock —
at the level of citric acid, when dissolving
thermophosphate — to a lesser extent than
ascorbic acid.

In the presence of B.mucilaginosus
polysaccharide, the action effectiveness of
the studied acids is identical in relation to all
three connections: oxalic > citric > ascorbic >
amber. and does not depend on the structural
features of decomposed phosphorus fertilizers.
Consequently, the minerals decomposition
intensity in polysaccharide solutions of organic
acids are defined, first of all, by the chemical
structure of the acid molecule lots and does
not depend on the structural features of the
destructurable phosphorus fertilizers. As can
be seen from the data presented in Table 3,
the most effective bactericidal polysaccharide

Table 1
Removal (solibilization) of phosphorus from fused
magnesium phosphate in 0.01 M solutions of
organic acids in the presence of B. mucilaginosus
polysaccharide (2) and without it (1)

strengthens the decomposition of phosphate
flour: the phosphorus removal in the presence
of a polysaccharide exceeds the destruction
of phosphate flour in an aqueous solution
of ascorbic acid by 4.3 times, citric acid by
4.96, oxalic acid by 4.1, and succinic acid by
1.94 times.

In the maximum degree, polysakharid
increases the destruction of minerals in
the created citric acid: fused magnesium
phosphate — 2.55 times, thermal phosphate —
2.11 times for, phosphate flour —

Table 2
Removal (solibilization) of phosphorus
from thermophosphate in 0.01 M solutions
of organic acids in the presence of B. mucilagino-
sus polysaccharide (2) and without it (1)

Phosphorus removal
Organic acid (solibilization), P,O5; mg/1
Sterile
conditions Non-sterile
conditions
Ascorbic | 1 130.0 +8.14 | 10.7+2.88
acid 2 175.2+ 17.5 | 165.5+18.2
Lemon 1 147.2+10.6 | 19.4+5.11
acid 2 310.7 +21.1 | 223.8+21.9
Oxalic 1 188.5+13.8 | 34.5+5.17
acid 2 367.5+15.9 | 332.9+20.5
Succinic | | | 994 1 11.8 | 85.6+6.88
acid
Table 3

Removal (solibilization) of phosphorus
from phosphate rock in 0.01M solutions organic
acids in the presence of B. mucilaginosus polysac-
charide (2) and without it (1)

Phosphorus removal
Organic acid (solibilization), P,O5 mg/1
Sterile

conditions Non-sterile
conditions

Ascorbic | 1 | 100.0+8.14 | 30.3+2.88

acid 2 | 211.3+ 17.5 | 175.5+ 18.2

Lemon | 1 | 124.2+10.6 | 39.4+5.11

acid 2 316.7 + 21.1 301.7 + 21.9

Oxalic | 1 | 142.5+13.8 | 50.5+5.17

acid 2 213.1 +15.9 218.4 + 20.5

Succinic | 1 | 128.2+11.8 | 75.8+6.88

acid 2 | 190.4+18.0 | 192.2+ 20.1

Phosphorus removal
Organic acid (solibilization), P,O5 mg/1
Sterile
conditions Non-sterile
conditions
Ascorbic 1 26.8+1.14 15.1 4+ 0.65
acid 2 115.4+ 17.5 | 120.5+ 8.24
Lemon 1 37.5+ 2.62 17.6 +1.15
acid 2 | 185.9+12.5 | 185.6+11.4
Oxalic 1 55.2+1.84 50.5 + 5.07
acid 2 226.5+14.9 | 224.3 + 20.5
Succinic | 4| 496 1218 | 40.3+2.88
acid
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4.96 times. Bacterial polysaccharide enhances
decomposition of phosphorus compounds
in solutions of ascorbic and oxalic acids to a
lesser extent than in a solution of citric: fused
magnesium phosphate by 1.50 times, phosphate
rock — 4.31 and 4.1 times, respectively.
However, during temophosphate decomposition,
the opposite pattern is observed — in oxalic
acid solution, the polysaccharide enhances the
mineral decomposition by 1.95 times, and in
ascorbic acid solution — by 1.34 times. To a
minimal extent, the polysaccharide enhances
the decomposition of the studied phosphorus-
containing compounds in succinic acid solution.

Conducting an experiment on the minerals
destruction in organic acids solutions in sterile
conditions enables to find out in what way the
structure of an acid molecule affects the degree
of phosphate compounds decomposition.
However, in soils, secondary microorganisms’
metabolites experience the effects of the
microbiota sides existing in soil, in particular,
they can be consumed as sources of carbon and
energy. Therefore, we delivered an experiment
on the dissolution of minerals in non-sterile
conditions I. As a result, it was found that the
efficiency of minerals dissolution in aqueous
solutions of organic acids under non-sterile
conditions decreased compared to sterile
conditions (Table 1-3). In particular, in the
ascorbic acid and citric acids, the removal of
phosphorus became minimal, especially when
dissolving thermal phosphate and phosphate
flour. This is probably related to the fact that
citric and ascorbic acids to a greater extent are
consumed by micro-organisms in comparison
with oxalic and succinic acid [9]. In the smallest
degree, succinic acid was consumed, therefore,
the removal of phosphorus in its aqueous
solution remained practically at the level of the
experiment carried out under sterile conditions
(Tables 1-3.). The consumption of organic
acids by natural waters microbiota, soils is
described in the literature [10,11], while it is
noted that acids (acetic, alkaline, succinic) are
consumed by soil micro flora with different
intensities, and that the zinc content (leachable
element) in percolate is closely correlated with
the acids content. H.V. Hue [12] also notes
that when conducting vegetation experiments,
protocatechuic acid turned out to be the most
effective in increasing the availability of
phosphorus to plants as the most resistant to
microbial destruction from the studied acids
(acetic, malic acid, etc.).

The effectiveness of organic acids in
aqueous solutions under non-sterile conditions
decreased significantly after 18 hours of
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incubation. The solubilizing ability of acids
decreased to the maximum when dissolving
thermophosphate: ascorbic acid — 12.1 times,
citric acid — 7.59, oxalic — 5.46, succinic —
1.16 times (Table 2). The dissolution of
phosphate rock decreased minimally under
non-sterile conditions: in ascorbic acid —
1.77 times, citric acid — 2.13, oxalic — 1.09,
succinic — 1.06 times (Table 3). The removal of
phosphorus from fused magnesium phosphate
(Table 1) decreased under non-sterile
conditions in a solution of ascorbic acid — 3.3
times, citric — 3.15, oxalic — 2.82, succinic —
1.69 times.

The effectiveness of the organic acids action
in the presence of bakterial polysaccharide in
non-sterile conditions turned out to be identical
to that in sterile conditions (Table 1-3). The
removal of phosphorus in polysaccharide
solutions under non-sterile conditions did
not decrease such significantly as in water.
The reduction amount in phosphorus removal
compared with sterile conditions was 5—20%.
These data indicate that organic acids in the
sorbed state on polysaccharides not only destroy
minerals more effectively, but are also less
accessible for consumption by soil microflora.
The control of polysaccharide amount in
solutions after the end of the experiment
made it possible to draw a conclusion about
its preservation for 18 hours by 95% . This is
also confirmed by the data of E.I. Andreyuk et
al.[13] about the fact that during the first 36
hours of cultivation bacteria do not consume in
the same way as bacteria.

For exopolysaccharides, the function
of extracellular enzymes action prolonging
and antibiotics is known. [14]. Extracellular
polysaccharides of some microorganisms are
able to protect the producers exoenzymes from
proteolytic degradation and other external
influences. There is reason to believe that
such an ability has a universal character. For
example, the exopolysaccharide Arthrobacter
citreus stimulated the activity of exoproteases
Nocardia sp. [15, 16], and the extracellular
glycan Mycobacterium lacticolum 121 doubled
the thermal stability of the alkaline protein
basics, derived from Actinomyces sp. [17]. The
mechanism of the exglycans protektor action
is apparently in the formation of a stable
glycoprotein complex.

Preservation of exoenzymes
activity is probably a special case of the
universal protective function of bacterial
polysaccharides. The second manifestation
of it, as we believe, is protection from the
consumption of low-molecular metabolites and
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ions absorbed by the polysaccharide during
vegetative cell growth. Thanks to the synthesis
of exopolysaccharide, microorganisms, as
it were, create their own microenvironment
around cells, ensuring more complete
manifestation of trophic and functional
capabilities.

Obviously, the ecological role of
microorganisms synthesizing organic acids in
the dissolution of hard-to-reach phosphates is
limited by the susceptibility of these acids to
their consumption by soil microorganisms at
a fairly high rate. These are microorganisms
with sufficiently high speed. Microorganisms
synthesizing exopolysaccharides
simultaneously with organic acids represent
not more active (2—5 times) higher complex,
but less protective — molecular secondary
metabodies from the rapidly consumed soil
microbiota consequently the absorbed state is
less accessible.

Conclusions

The effectiveness of the organic acids
action in aqueous solutions depends on the
chemical properties of their molecules and
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JECTPYRIIA ®O0CPOPOBMICHHUX CIIOJYER
Y BOAHUX I IIOJIICAXAPUTHHUX POSYNHAX OPTAHIYHUX KUCJIOT

I. M. Manunoscvka
HHII «IncturyT 3emaepobctea HAAH»
E-mail: irina.malinovskayal 96 0@ukr.net

Mema: nocaigsKeHHS 3aKOHOMipHOCTell posunHeHHA (comrobuauaaliii) ¢pochopoBMicHUX MiHepaaiB y
BOJHUX i IMOJIicaXapUaHUX PO3UMHAX OPraHiuyHUX KMCJIOT 3 METOIO0 MOJEeJI0BAaHHSA MeXaHidMy AeCTPYKIIil
MiHepaJIiB I'pyHTOBUMU OaKTEpPisaMU, AKi CHHTE3YIOTh OPraHiuHi KMCJIOTHU i eK30IoJricaxapuiu.

Memodu: MmonenbHNIIT, Tab0pPaTOPHO-aHATITUUHNH, MiKPOOioJOTiUHMH, CTATUCTUUHII.

Pesyavmamu: Po3unHIOBaJbHA [id OPTaHIYHUX KUCJIOT Ha MiHEpaau IPOABIAETHCA K Y BOTHOMY, TaK
i mosricaxapugHOMY po3unHi. BHeceHHsS 6aKTepiaabHOTrO MoJicaxapuay Y BOOHUI PO3UMH KUCJIOT IIOCUIIOE
poskaamanHa (pochopoBmicHux MiHepaaiB y 1,34—4,96 pasa. Buaus xiMmiunoi Oy0BM MOJIEKYJ KHCJIOT
Ha iIHTeHCUBHICTh PO3UMHEHHS MiHepaJiB NPOSABISETHCSA, B OCHOBHOMY, B IIPHUCYTHOCTI OaKTepiaJabHOTO
noJicaxapuny. ¥ BOJHOMY 2K PO3UMHI e()eKTUBHICTH Ail KMCJIOT 3aJIeKUTh BiJl IPUPOAU MiHepasy, Io
IEeCTPYKTYyeThcA. B MaKcuMaIbHOMY CTYIIeHI moJricaxapuy iHTeHcudiKkye po3KJIaJaHHA MiHepasiB y pO3UMHi
JIUMOHHOI KUCJIOTH: IIJIaBJIeHUH Maruieuii ¢pocdar —y 2,55 pasa, repmodochar — B 2,11 pasa, pochopurhe
6oporrao — B 4,96 pasa. Poskaaganua pochopHUX CIIOJIYK B pO3UMHAX ACKOPOiHOBOI Ta I1aBJIeBOI KUCJIOT
baxTepianbHUI MoJicaxapuf inTeHCUDiKye Y MEHIIIOMY CTYIIeHi, HiK Y PO3YNHI JUMOHHOI KMCJIOTH.

MopentoBaHHS pPO3KJAagaHHA POcHOPOBMiCHUX MiHepaJiB y HECTEePUJIBHUX YMOBaX (YMOBU I'DYHTY)
JO03BOJIMJIO BCTAHOBUTH, IO OPTAHIUHI KWCJIOTU Yy HECTEPUJIHLHUX YMOBAX CIIOKUBAIOTHCA I'DYHTOBOIO
MiKpo6ioToi0, 0cOGJIMBO acKOpPOiHOBA i JMMOHHA, Y MEHIIIOMY CTYyIeHi — OypINTHUHHA KucaoTa. Bommi
pO3UMHU OpPTaHiuYHUX KHCJIOT ueped 18 roauwH iHKYyOyBaHHA y HECTePUJIbHHX YMOBax BTPAvYaiOTh
IeCTPYKTYBaJIbHY akTuBHicTb v 1,06—12,1 pasa. Bueceuns noaicaxapuny Bacillus mucilaginosus y BogHi
POBYMHU KUCJOT MO3BOJAE 3aMOOITTH IMIBUAKOMY CIIOKMBAHHIO iX MiKpoopraHiaMaMu, B pe3yJbTaTi 4OTo
e(peKTUBHICTh POSKJIAJAHHS MiHepaJIiB y HECTEPUJIbHUX YMOBaX 3MEHIIIYETHCA IIOPiBHAHO 3i CTEPUILHUMU
nuite Ha 5—-20% .

BucHosku. BHeceHHs GaKTepiaJbHOTO IMoJiicaxapuay A0 PO3UMHY OPTAaHIUYHUX KUCJIOT JO3BOJAE
TIePeBEeCTH 1X Y COPOOBAHUM CTaH, y PE3yJIbTATi UOT0 CXMJIBHICTD KMCJIOT 0 CIIOXKUBAHHA MiKpoopraHisMamMu
pisko 3meHIIyeThcA. TakuM umHOM, OaKkTepii, IO CHHTE3YIOTH eK30moJlicaxapuau, He TiIbKU OiabIm
iHTEHCUBHO JEeCTPYKTYIOTh MiHepaJiy, Hi’K MiKpOOpraHisMu, 110 CUHTE3YIOTh TiIbKN HU3bKOMOJEKYJIAPHIL
BTOPUHHI MeTabo0JIiTH, ajle i CUHTE3YIOTh OiJIbII CTIHKUHA i JOBro (pyHKIIIOHYBAJbHUHN Y I'PYHTI KOMILIEKC
MeTaboJIiTiB, 110 PO3KJIAAAIOTh MiHEepaJIu.

Knwuosi cnosa: dochop; 6axTepii; opramiuma KucJjoTa; mogicaxapuji; MOAEJIOBaAaHHA; PO3KIATAHHA,
MeXaHi3M.
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