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Abstract

Along with the main nutrients, proteins, fats and carbohydrates, mineral elements are
important in feeding farm animals, including cattle and poultry (D.V. Mashnin et al., 2022; T.M.
Okolelova et al., 2018). Their inorganic or organic forms are components of premixes (M.Y. Mishanin
et al., 2021; O.S. Koschaeva 2018). However, nanocompositions are more promising, the properties
of which can be modeled by changing the shape, synthesis paths and size of ultrafine particles (UFP)
(S. Miroshnikov et al., 2019). However, the use of UFPs has a number of limitations related to their
potential toxicity (E. Rusakova et al., 2015). It is also known that the symbiotic microflora forms a
multicomponent suspension of organic substances, intermediate and final metabolites of the microbi-
ome, capable of interacting with UFP (B.S. Nurzhanov et al., 2019). In this work, the dynamics of
luminescence of a bacterial test object was established for the first time when a complex of UFPs and
rumen fluid was introduced into the nutrient medium. This combination has been shown to neutralize
the toxicity of nano-structures. The purpose of our work was to evaluate the properties of ultrafine
particles using the example of various concentrations of manganese and cobalt oxide in the biochemical
environment of the ruminal community based on the method of inhibition of bacterial luminescence.
The study was conducted on the basis of the center Nanotechnology in Agriculture of the FRC BST
RAS (Orenburg) in 2022. Chemically pure manganese oxides Mn203 and cobalt Co304 (99 %) for
analysis in the amount of 157.8 and 240.7 mg were dispersed by ultrasound at a frequency of 35 kHz
in 1 ml of distilled water for 30 minutes at 25 °C. The rumen fluid (RF) was collected through a
chronic rumen fistula (d = 80 mm, ANKOM Technology Corporation, USA) 3 hours after feeding in
a Kazakh white-headed bull, whose main diet was 30 % concentrates and 70 % coarse feed without
the addition of UFP. The luminescent bacterial test Ecolum (a lyophilized culture of Escherichia coli
microorganisms carrying a hybrid plasmid pUC19 with /uxCDABE cloned P. leiognathi 54D10 genes,
SIS IMMUNOTECH, Russia) was used. In a bioluminescent plan, a series of double dilutions of the
UFP and RF suspension was prepared starting from 50 pul Mn203 (1 mol/l) + 50 ul RF; 50 pl Co304
(1 mol/1) + 50 ul RF; 50 pl Mn203 (1 mol/l) + 50 ul distilled water; 50 ul Co304 (1 mol/l) + 50 ul
distilled water; 100 ul RF; 100 ul distilled water (control). Then 100 pl of the Ecolume test system
were added to each cell to a total concentrations of UFPs from 0.25 to 0.00025 mol/l and dilution of
RF from 1_2 to 1:2048 in a pure test and from 1:4 to 1:4096 in the test with UFPs. The toxicity of
the studied samples was determined on a multifunctional micro-lancet reader TECAN Infinite F200
(Tecan Austria GmbH, Austria), fixing the luminescence value of the bacterial strain E. coli K12 TG1
at different concentrations of ultrafine particles and rumen fluid for 3 hours with a period of 5 minutes.
Based on the obtained data, graphs reflecting the dynamics of bioluminescence inhibition were con-
structed and the toxicity index (T) and the relative value of bioluminescence (A) was calculated. It was
found that UFPs in their pure form cause dose-dependent inhibition of bacterial luminescence, sup-
pressing over 50 % of the luminescence (ECs0) even when diluted by 2048 times (0.00025 mol/1). The
values of the toxicity index, when calculating which the control is taken as 100 %, clearly indicate a
decrease in the toxic properties of suspensions with a decrease in the proportion of UFPs in them. For



Mn203, this value ranged from 89.76 % at a concentration of 0.25 mol/l to 38.57 % at 0.00025 mol/1
at the 1st minute of the exposure and from 95.16 to 52.85 % at the end of the 3rd hour; for Co304 —
99.44 and 32.80 %, respectively, at the 1st minute, and 99.43 and 54.72 % at the end of the 3rd hour.
Similar indicators in the experiment with rumen fluid appeared only in the first minutes of exposure,
after which the luminosity increased significantly, reaching 769.10 % to the control at 64-fold dilution.
When combining rumen fluid with UFPs, a regression of the toxic properties of the latter was observed,
although the maximum luminosity in combination with Mn203 was only 43.28 % of those for native
RF, in combination with Co304 36.44 %. The observed changes in luminescence were divided into
three types. The first type is control (luminescence changes in proportion to the growth phases of the
bacterial culture; without additives). The second type corresponds to deep changes (suppression of
luminescence throughout the entire exposure period; with the addition of UFPs), and the third type is
competitive (increase in luminescence from the beginning to the end of the experiment; with the
addition of RF or a complex of RF+UFP). Thus, the combination of rumen fluid with metal oxide
particles leads to an inhibition of their toxicity to the test object.

Keywords: ultrafine particles, bacterial cells, bioluminescence, manganese oxide, cobalt ox-
ide, rumen fluid

Along with proteins, fats and carbohydrates as the main nutrients, mineral
elements are important in feeding farm animals, including cattle and poultry [1,
2]. Mineral elements are components of accessory substances, e.g., respiratory
pigments, vitamins, hormones, enzymes and coenzymes, and influence a variety
of physiological processes which affects growth and ontogeny [3, 4]. Optimal sup-
ply of microelements with feed is a factor mediating high animal productivity
pweformace [5, 6]. Therefore, improving various formulants of mineral-containing
premixes is relevant.

Traditionally, inorganic and organic compounds are used in premixes [7,
8], but chelates and nanoforms of essential elements are more promising [9-11].
The properties of the latter can be modeled by changing the shape, synthetic rec-
tions and particle size [12]. Howevern this cheaper and highly cost-effective
method of fortifying feed with micronutrients [13, 14] has some limitations. Ul-
trafine particles (UFPs) impose risks of potential toxicity [15]. Thus, though stable
metal oxides are absolutely inert, metal UFPs with redox potential can be geno-
and cytotoxic [16] due to high bioavailability, a Isynergistic effect with other pol-
lutants that may occure [17] and wide variability of properties depending on the
nature, size, concentration, {-potential, shape and reaction medium.

The latter is especially relevant for ruminants, in which the ruminal con-
tents, in fact, is an integral ecosystem with many connections [18]. Symbiont
microbiota also needs macro- and microelements to maintain normal metabolism
and peoduces a multicomponent suspension of organic substances, the intermedi-
ate and final metabolites of the microbiome that can interact with UFPs [19]. This
should be accounted when determining the maximum permissible doses of dietary
UFPs for animals.

This work is the first report on the pattern of in vivo luminescence bacte-
rium test when a UFP complex and rumen fluid were added to the nutrient me-
dium. It has been shown that this combination neutralizes the toxicity of
nanostructures.

Our goal was to evaluate the properties of ultrafine particles using the
example of different concentrations of manganese and cobalt oxide in the bio-
chemical environment of the ruminal community based on the method of inhib-
iting bacterial luminescence.

Materials and methods. The study was carried out in 2022 (the Federal
Scientific Center BST RAS, the Center Nanotechnologies in Agriculture, Oren-
burg). UFPs of manganese oxide Mn203 and cobalt oxide Co304 chemically
pure for analysis (grade 99%, IP Khisamutdinov R.A., Russia) were used (157.8
and 240.7 mg. respectively; laboratory scales VLA-225M, accuracy class I, per-
missible error 0.5 mg, Gosmetr, Russia). Oxides were ultrasonically dispersed by



(35 kHz) in 1 ml of distilled water for 30 min at 25 °C.

Three hours after feeding, rumen fluid (RF) was collected through a
chronic rumen fistula (d = 80 mm, ANKOM Technology Corporation, USA) of
a Kazakh white-headed bull (250 kg weight, 10 month age). The basal diet was
30% concentrates and 70% roughage without the addition of UFPs. RF was de-
livered within 30 min at 38.5-39.5 °C. Before use, the RF was thoroughly shaken
and filtered.

The luminescent bacterial test Ecolum (NVO IMMUNOTECH, Russia),
consisting of a lyophilized Escherichia coli carrying the hybrid plasmid pUCI19
with the cloned luxCDABE genes of P. leiognathi 54D 10, was prepared according
to the method by E.S. Aleshina et al. [20]. Distilled water cooled to 4 °C (10 ml)
was added to the strain, and the suspension was allowed for 30 min at the same
temperature.

Serial two-fold dilutions were performed in a bioluminescent plate. The
starting samples were as follows: 50 ul Mn203 (1 mol/lI) + 50 ul RF for line A,
50 ul Co304 (1 mol/l) + 50 pl RF for line B, 50 pl Mn203 (1 mol/l) + 50 ul
distilled water for line C, 50 ul Co304 (1 mol/1) + 50 ul distilled water for line D;
100 pl RF for line E, 100 pl distilled water for line F (control). To each cell,
100 pl of the Ekolum test system was added to final UFPs concentrations from
0.25 to 0.00025 mol/l and RF dilutions from 1:2 to 1:2048 in the test without
UFPs and from 1:4 to 1:4096 with UFPs.

The toxicity of the samples was determined (a multifunctional microplate
reader TECAN Infinite F200, Tecan Austria GmbH, Austria), recording the lu-
minescence of the bacterial strain E. coli K12 TG1 (Ecolum) in a medium with
different concentration of ultrafine particles and rumen fluid during 3 h each 5 min.

Based on these data, graphs were constructed of the dynamics of biolumi-
nescence inhibition, and the toxicity index (T) was calculated:

T = (Ic - It)/Ic x 100%,
where Ic is luminosity of the control sample, It is the luminosity of the test sample.

This indicator was used to assess how strong the negative impact of the
factor under study is. However, if the latter has a positive component and inten-
sifies the luminosity, it is more rational to calculate the relative value of biolumi-
nescence (A) in order to avoid negative values:

A = Ic/It x 100%.

In essence, this value is the inverse of the toxicity index, reflecting the
difference between the luminescence intensity of the control and test samples.

Statistical processing of the results was carried out using the Statistica
12 software (StatSoft Inc., USA) and Microsoft Excel package (Microsoft,
USA). The significance of the differences between the absolute values of lumi-
nescence was determined assessed using the Studen’s z-test with the required
significance level p < 0.01. The tables indicate relative values corresponding to
this threshold.

Results. Manganese and cobalt, along with other transition metals (Fe, Ni,
Cu, Zn), are essential microelements involved in a number of biochemical trans-
formations in bacteria [21, 22], plants [23-25], protozoa [26, 27], invertebrate [28,
29[ and vertebrate [30, 31] animals. Specifically, manganese is responsible for
macronutrient metabolism, bone formation, free radical defense systems, ammo-
nia clearance, and neurotransmitter synthesis in the brain. It is a cofactor for
enzymes that degrade reactive oxygen species, mainly Mn-superoxide dismutase
(SOD) and Mn-cofactored catalases and peroxidase [32, 33]. In addition, Mn
replaces iron in some Fe-mononuclear enzymes in E. coli under oxidative stress,
protecting them from Fenton reaction-mediated oxidative damage while main-



taining catalytic activity [34, 35]. To maintain optimal concentrations of metal
ions, bacteria use molecular importers and exporters [36, 37].
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Fig. 1. Bioluminescence of Escherichia coli K12TG1 with a suspension of ultrafine particles (UFPs)
Co0304 (A) and Mn203 (B) depending on concentrations: 1 — 0 mol/l (control), 2 — 0.25 mol/l, 3 —
0.125 mol/1, 4 — 0.063 mol/l, 5 — 0.031 mol/l, 6 — 0.016 mol/l, 7 — 0.008 mol/l, 8 — 0.004 mol/l,
9 — 0.002 mol/1, 10 — 0.001 mol/1, 11 — 0,.0005 mol/1, 12 — 0.00025 mol/I.

Mn is essential component in dozens of proteins and enzymes found in
all tissues, especially those rich in mitochondria and melanin. Normally, conmax-
imum Mn concentrations are characteristic of the liver and pancreas [38]. With
its excess or deficiency in the diet, neurodegenerative disorders most often occur
[39-41].

Cobalt is used by bacteria to synthesize the tetrapyrrole ring known as
corrin of vitamin B2 (Ce3H88014N14PCo) [21, 42] the chemical structure and
properties of which have been described in detail by D. Osman et al. [43]. Cobalt
is involved in nitrogen fixation in plants, serves as a cofactor for adenosylcobala-
min-dependent isomerases, ethanolamine ammonia lyase, methylcobalamin-de-
pendent methyltransferase, ribonucleotide reductase, and number of metallopro-
teins in animals, bacteria and yeast [24]. In humans, Co is a component of
ethylmalonyl-CoA mutase (MCM) and methionine synthase the deficiency of
which leads to methylmalonic aciduria and megaloblastic anemia [44], neural tube
defects, stroke and dementia, and retarded intellectual development in children
[45]. In excess, Co has genotoxic and carcinogenic properties [46].

The bioluminescence of samples with different UFP concentrations of
manganese and cobalt oxides without RF was inversely proportional to their con-
centration (Fig. 1). At the beginning of the experiment, the luminosity of the



control sample due to intensive consumption of the nutrient substrate increased
by 22.5% in 15 min and then gradually decreased to 59.6% of the initial value. At
the largest dilution of 0.00025 mol/I, the luminosity of Mn203 and Co304 suspen-
sions vs. the control sample in the first second was 61.4 and 67.2%, respectively,
whereas at 0.25 mol/I dilution only 10.2 and 0.5%.

1. Toxicity index (T, %) of different concentrations of Co0304 ultrafine particles

(UFPs) suspensions at assessed by co-exposition with the luminescent strain Esch-
erichia coli K12TG1 in distilled water

UFP concentration, molx10-3/1

Minutes 250 | 125 ] 63 | 31 | 16 | 8 | 4 | 2 [ 1 [057]025
0 99.4/A  99.0/A 97.8/A 95.6/A 91.5/A 83.5/A 76.1/A 64.0/B 54.8/B 43.0/C 32.8/C
30 99.7/A  99.0/A 97.8/A 95.5/A 91.3/A 85.3/A 82.3/A 59.1/B 67.2/B 58.9/B 49.0/C
60 99.7/A  99.0/A 97.3/A 95.3/A 91.0/A 86.5/A 83.5/A 59.8/B 67.9/B 59.7/B 51.8/B
90 99.7/A 98.8/A 96.9/A 95.6/A 90.8/A 87.4/A 84.0/A 68.0/B 68.2/B 60.1/B 53.4/B
120 99.6/A 98.6/A 97.1/A 95.2/A 90.3/A 87.4/A 83.7/A 75.1/A 67.5/B 59.6/B 53.6/B
150 99.5/A 98.5/A 97.2/A 94.6/A 89.1/A 87.0/A 83.1/A 79.5/A 65.8/B 57.6/B 51.9/B
180 99.4/A 98.4/A 97.3/A 94.6/A 89.3/A 87.8/A 83.8/A 82.7/A 66.7/B 60.2/B 54.7/B

Note. A— EC7, B — ECs0, C — EC20, that is, UFP concentrations that cause over 75, 50 and 20% quenching
of the biosensor compared to the control.

The values of the T index to calculate which we take the control as 100%,
clearly indicate a decrease in the toxic properties of the suspension with a decrease
in the UFP concentration. For Mn203, the T value ranged from 89.76% at
0.25 mol/I to 38.57% at 0.00025 mol/I during the 1st minute of the exposition and
from 95.16 to 52.85% at the end of the 3rd hour of the exposition (Table 1). For
Co0304, the T index was 99.44 and 32.80% at the 1st minute and 99.43 and 54.72%
at the end of the 3rd hour (Table 2).

2. Toxicity index (T, %) of different concentrations of Mn203 ultrafine particles
(UFPs) suspensions assessed by co-exposition with the luminescent strain Esche-
richia coli K12TG1 in distilled water

UFP concentration, molx10-3/1

Minutes 250 [ 125 ] 63 | 31 | 16 | 8 | 4 | 2 [ 1 [05]025
0 89.8/A 89.0/A 87.9/A 83.7/A 859/A 83.8/A 77.3/A 66.7/B 59.0/B 49.3/B 38.6/C
30 90.4/A 88.7/A 88.0/A 79.0/A 88.3/A 86.1/A 80.5/A 73.3/B 66.4/B 60.2/B 45.5/B
60 91.0/A 89.6/A 89.1/A 78.5/A 88.2/A 86.9/A 8L7/A 75.0/B 67.1/B 60.7/B 49.4/B
90 91.7/A 91.6/A 90.1/A 80.9/A 88.3/A 87.7/A 83.I/A 77.0/A 68.1/B 61.0/B 51.0/B
120 92.5/A 927/A 91.0/A 83.7/A 88.1/A 88.0/A 83.6/A 78.0/A 68.1/B 60.7/B 52.2/B
150 94.3/A  93.4/A 91.3/A 86.0/A 87.4/A 87.4/A 82.6/A 77.5/A 66.8/B 59.0/B 53.6/B
180 952/A 940/A 92.1/A $83/A ST.8/A 87.9/A 834/A T8.5/A 68.8/B 62.5/B 52.9/B

Note. A— EC70, B — ECs50, C — EC20, that is, UFP concentrations that cause over 75, 50 and 20% quenching
of the biosensor compared to the control.

In the test with ruminal fluid without UFPs, the relative bioluminescence
ranged from 25.29 to 769.10% with a tendency to increase. Thus, the first test
with RF during the first 30 min showed EC70 and EC3o0, that is, inhibition of 70
and 30% of the luminescence of the luminescent strain, respectively. However,
starting from the 2nd hour, the sample could not be assessed as toxic; moreover,
its indicators by the end of the experiment were 3.5 times higher than the control
(Fig. 2). In the dilution 1:4, the intensity of bioluminescence in the first second
corresponded to the ECso and then increased 6.8 times, or 5.27 times compzred
to control. In general, the luminosity of the samples was inversely proportional
to the concentration of rumen fluid up to 1:32-1:64 dilutions after which the
trend changed. Moreover, within one concentration, the bioluminescence in-
creased within 3 hours until the 1:128 dilution, then (1:256-1:2048) in the first
30 min an increase in bioluminescence was recorded followed by a drop below
the initial level. The overall dynamics demonstrated a sharp increase in biolu-



minescence in the first 20-30 min followed by a slowdown (for 4-128-fold dilu-
tions) or a slow decrease in the bioluminescence intencity (for 256-2048-fold
dilutions) (Table 3).

When rumen fluid was co-incubated with ultrafine particles of manganese
and cobalt oxides, the toxic properties of the latter regressed. As a result, the
graphs of bioluminescence dynamics approached that of rumen fluid (Fig. 3),
although the maximum luminescence in combination with Mn203 were only
43.28% of that for native RF, with Co304 36.44%. For Mn203, samples with UFP
concentrations of 0.00025 and 0.0005 mol/1 followed the changes in the control,
but exceeded in the luminescence level. All other samples were initially inferior in
bioluminescence to the suspension without UFPs, but overtook it at various time
intervals, exceeding by 2.32-3.22 times at the end of the test. For Co304, the
dynamics were the same as in the control, but luminescence did not exceed the
values of the sample with UFP concentrations of 0.004 and 0.002 mol/l. On the
contrary, dilutions of 0.001-0.0002 mol/I, having the same dynamics, exceeded the
control values, 0.25-0.031 mol/l did not reach them, and 0.016 and 0.008 mol/1
exceeded them by only 1.14-1.55 times.

3. Relative bioluminescence (A, %) depending on the dilution of a Kazakh white-
headed bull ruminal fluid (RF) assessed by co-exposition with the luminescent
strain Escherichia coli K12TG1

Minut RF dilutions

US04 [ 18 [ 106 | 1:32 [ 1:64 | 1:128 [ 1:256 | 1:512 | 1:1024 [1:2048
0 252/A  459/B 75.19/C 91.3/D 118.4/E 138.1/E 134.4/E 132.0/E 130.7/E 121.1JE 118.7/E
30 69.6/C 126.9/E 189.3/E 207.7/E 228.4/E 232.2/E 207.3/E 191.3/E 179.9/E 178.6/E 145.8/E
60 98.5/D 160.7/E 235.2/E 269.6/E 298.6/E 292.2/E 237.0/E 206.4/E 184.3/E 178.4/E 144.3/E
90 140.6/E 208.6/E 303.3/E 366.0/E 369.0/E 366.7/E 264.6/E 224.4/E 187.4/E 177.9/E 136.9/E
120 233.4/E 294.9/E 397.5/E 459.8/E 453.8/E 459.8/E 300.4/E 226.0/E 176.7/E 167.5/E 128.2/E
150 309.6/E 423.41/E 491.7/E 538.0/E 592.6/E 622.1/E 324.9/E 216.6/E 160.1/E 156.4/E 124.6/E
180 368.7/E 526.73/E 603.2/E 636.7/E 670.1/E 769.1/E 349.8/E 193.7/E 139.0/E 144.2/E 117.2/E

Note. A— EC70, B— ECs50, B— EC20, B — NTOX, E — NTOXH+, that is, UFP concentrations that cause over
75, 50 and 20% quenching of the biosensor compared to the control, non-toxic and luminescence-intensifying
concentrations.
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Fig. 2. Bioluminescence of Escherichia coli K12TG1 in the rumen fluid of a Kazakh white-headed bull
depending on the dilution: 1 — control (distilled water), 2 — 2-fold, 3 — 4-fold, 4 — 8-fold, 5 — 16-fold,
6 — 32-fold, 7 — 64-fold, 8 — 128-fold, 9 — 256-fold, 10 — 512-fold, 11 — 1024-fold, 12 — 2048-fold.

These data indicate the greater toxicity of cobalt oxide compared to man-
ganese oxide. Calculated relative bioluminescence parameters confirmed the con-



clusion (Tables 4, 5). In general, these data implied UFP subtoxic concentrations
which are the amounts that did not cause more than 20% quenching of biolumi-
nescence throughout the entire experiment. For Mn203 and Co304, these were
0.001 mol/1 concentrations and a 1024-fold dilution of rumen fluid.
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Fig. 3. Bioluminescence of the Escherichia coli K12TG1 depending ob the dilution of a Kazakh white-
headed bull rumen fluid (RF) and UFP Mn203 (A) and Co304 (B) concentrations: 1 — 0 mol/1 (distilled
water, control), 2 — 0.25 mol/I (2-fold dilution), 3 — 0.125 mol/1 (4-fold), 4 — 0.063 mol/I (8-fold),
5 — 0.031 mol/1 (16-fold), 6 — 0.016 mol/1 (32-fold), 7 — 0.008 mol/1 (64-fold), 8 — 0.004 mol/1
(128-fold), 9 — 0.002 mol/1 (256-fold), 10 — 0.001 mol/1 (512-fold), 11 — 0.0005 mol/1 (1024-fold),
12 — 0.00025 mol/1 (2048-fold).

4. Relative bioluminescence (A, %) depending on a Kazakh white-headed bull ruminal
fluid (RF) dilutions, Mn203 ultrafine particles (UFPs) concentrations and the time
of co-exposition with the luminescent strain Escherichia coli K12TG1

UFP concentration, molx10-3/1 (RF dilution)

Minutes | 250 125 63 31 16 8 4 2 1 0.5 0.25

(1:2) | (1:4) | (1:8) | (1:16) | (1:32) | (1:64) |(1:128)[(1:256)|(1:512)| (1:1024) | (1:2048)
0 19.6/A 19.6/A 27.1/A 32.1/B 37.6/B 48.4/B 643/B 77.1/B 90.2/D 99.9/D 102.4/D
30 43.6/B  49.4/B  70.6/C 74.9/C 74.0/C 87.7/D 105.1/D 113.1/D 112.0/D 132.8/E  132.0/E
60 56.8/C  75.2/C 108.3/D 117.4/D 106.0/D 120.5/E 141.0/E 138.0/E 136.0/E 143.3/E  140.6/E
90 76.4/C 111.8/D 132.7/E 146.9/E 135.6/E 154.9/E 191.0/E 165.4/E 166.7/E 146.5/E  137.6/E
120 117.6/D 164.6/E 175.2/E 181.0/E 172.2/E 197.9/E 247.6/E 206.6/E 205.7/E 138.7/E  129.8/E
150 175.5/E 238.0/E 228.8/E 217.7/E 210.1/E 249.6/E 304.7/E 254.2/E 259.6/E 132.6/E  129.3/E
180 273.7/E 298.4/E 269.5/E 238.5/E 232.8/E 265.8/E 322.5/E 281.9/E 304.0/E 127.5/E 127.7/E

Note. A— EC7, B — ECs0, C — EC20, D — NTOX, E — NTOX+, that is, UDP concentrations that cause
over 75, 50 and 20% quenching of the biosensor compared to the control, non-toxic and luminescence-intensifying
concentrations.




5. Relative bioluminescence (A, %) depending on a Kazakh white-headed bull ruminal
fluid (RF) dilutions, Co304 ultrafine particles (UFPs) concentrations and the time
of co-exposition with the luminescent strain Escherichia coli K12TG1

Minute UFP concentration, molx10-3/1 (RF dilution)
s 250 125 63 31 16 8 4 2 1 0,5 0,25
(1:2) (1:4) | (1:8) | (1:16) | (1:32) | (1:64) [(1:128)|(1:256)|(1:512)| (1:1024) | (1:2048)
0 45/A 50/A 59/A 103/A 17.0/A 29.5/b 51.9/B 745/B 92.8/D 103.7/D 97.1/D
30 11.5/A  16.0/A 17.5/A 27.9/b 37.8/b 57.2/B 80.5/D 101.6/D 120.1/4 131.7/0  117.6/D
60 144/A 240/B 25.1/B 40.2/Bb 53.5/B 75.0/B 84.4/D 103.9/D 122.8/1 128.8/1 114.5/D
Continued Table 5
90 18.2/A 32.0/b 34.3/b 53.2/B 68.2/B 93.6/D 86.2/D 103.8/D 127.7/0 120.6/0  98.0/D
120 23.5/b 41.8/b 449/b 65.2/B 82.9/D 114.2/D 87.6/D 97.7/D 122.5/0 105.9/D  79.0/B
150 30.6/b  549/B 555/B  79.5/B 102.3/D 139.1/1 88.1/D 92.8/D 113.6/D 93.1/D  64.6/B
180 357/b  66.0/B 57.3/B 83.4/D 113.8/D 155.1/1 83.7/D 82.4/D 97.1/D 76.6/B  51.5/B

Note. A — EC70, B — ECs50, C — EC20, D — NTOX, E — NTOX+, that is, UDP concentrations that cause
over 75, 50 and 20% quenching of the biosensor compared to the control, non-toxic and luminescence-intensifying
concentrations.
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Fig. 4. Bioluminescence of Escherichia coli K12TG1 exposed to ruminal fluid (RF), ultrafine particles
(UFPs) or RF + UFPs: type 0 — control (luminescence dynamics corresponds to the growth phases
of the bacterial culture), type A — deep (extinguishing the glow by ultrafine particles throughout the
entire experiment), type B — competitive (luminescence intensifies, changing from negative to positive
values as influenced by RF of a Kazakh white-headed bull or a RF + UFPs complex throughout the
entire experiment).

According to the data we obtained, all dynamic processes could be divided
into several types (Fig. 4).

Type 0 (control) means that in the absence of UFPs and RF in the me-
dium, the luminosity of E. coli KI2TG1 was proportional to the culture growth
rate and corresponded to the phases of logarithmic growth, negative acceleration,
stationary phase and death phase. The lag phase and positive acceleration occurred
during the sample preparation for analysis.

Type A (deep) means that in the presence of UFPs of manganese and
cobalt oxides, the bioluminescence decreased throughout the entire exposure pe-
riod. This illustrates a deep degenerative effect, the degree of which decreased with
the concentration of UFPs. In the experiment, it did not reach acceptable values
(T < 20%) even when UFPs were diluted 1024 times (0.00025 mol/l) because of
the reactivity and physicochemical dynamics of UFPs [47] and high cyto- and
genotoxicity which has been confirmed in a number of works. F. Ameen et al.
[48], using soil bacteria of the genera Rhizobium, Bradyrhizobium, Azotobacter,
Bacillus, Thiobacillus, Pseudomonas, Azospirillum and mycorrhizal fungi, pointed
out the negative effects of metal UFPs, inclusing induction of apoptosis, structural
damage to the cell wall, inhibited nitrogen fixation and nitrification, suppression



of urease, N-acetylglucosaminidase, glycine aminopeptidase, arylsulfatase, poly-
phenol oxidase and peroxidase, which destabilize the soil community. As for man-
ganese and cobalt itself, their toxic properties have been assessed in mammals [49,
50], plants [51-53], fish [29], invertebrates [54] and protozoans, including ciliated
of rumens [26] and parasitic Leishmania [55]. S. Rana et al. [56], studying a con-
sortium of algae and bacteria, identified the following stages of the impact of
UFPs: changes in membrane permeability, surface adsorption, damage to transport
proteins; penetration into a bacterial cell; interaction with cellular organelles; gen-
eration of reactive oxygen species (ROS); the beginning of degenerative changes.
A similar effect is associated with the ability of metals exhibiting variable valence
to performe lipid peroxidation and generate substances that block the active cen-
ters of enzymes [57], including luciferase which is responsible for bioluminescence
[58].

However, most researchers agree that the cause of UFP toxicity is oxida-
tive stress, leading to the production of ROS, decreased reduced glutathione levels,
increased lipid peroxidation, and the release of metal ions causing protein coagu-
lation and bacterial aggregation. Another mechanism of toxicity may be the UFPs
immobilization on the cell plasmalemma, described, in particular, by T.P. Dasari
et al. [59] on E. coli as an example. Moreover, in their work, the UFPs were
arranged according to the degree of toxicity as ZnO < CuO < Co304 < TiO2 in
the dark and ZnO < CuO < TiO2 < Co0304 in the light.

Type B (competitive) means that in samples with RF without and with
UFPs, the luminescence intencity was minimum at the beginning of the experi-
ment with further growth. This dynamics can be explained based on the RF com-
position the main component of which is the symbiont microbial mass. It mainly
consists of bacteria, protozoa, fungi, archaea and a small proportion of phages,
which are in dynamic equilibrium [60]. Essentially, this is a separate ecosystem
with its own consumers and decomposers, each playing a specific role, e.g., the
destruction of plant cell walls, the fermentation of organic components and the
utilization of metabolic products.

Bacteria are represented mainly by anaerobic lignocellulolytic Prevotella,
Butyrivibrio, Ruminococcus, Lachnospiraceae, Ruminococcaceae, Bacteroidales and
Clostridiales [61], archaca by methanogenic Methanobrevibacter, Methanosphaera
and Methamassilicoccus [62], fungi by Neocallimastix, Caecomyces, Piromyces, An-
aeromyces, Qorpinomyces and Cyllamyces [63], ciliated and flagellated protozoa by
Entodinium and Epidinium [64]. Various microorganisms secrete digestive enzymes
such as cellulases, hemicellulases and ligninases. With their help, rumen microor-
ganisms convert cellulose, hemicellulose and lignins into monosaccharides which
can be further converted into volatile fatty acids, CH4 and other products [18, 65].

Assessing the influence of the rumen fluid composition on the glow of the
biosensor, E.A. Drozdova et al. [57] suggested that the reduced luminosity is due
to free hydrogen ions, enzymes and ammonia in the RF. In addition, they studied
the effects of glucose, propionic, lactic, succinic, acetic acid and a 10% ammonia
solution. As a result, an intensification of luminescence was revealed in the first
case, its slight suppression in the second-fourth cases and strong suppression in
the last two cases. This is consistent with an ecological model of dynamic processes
in the rumen we submit hereinbelow.

During the first minutes of the experiment, the low luminosity of the bi-
oluminescent strain can be explained by its adaptation to the RF chemical com-
position and competition with anaerobic microorganisms the proportion of which
will certainly decrease in air. However, fermentation processes and, as a result,
the synthesis of short-chain fatty acids, ammonia, hydrogen and methane slow
down. In other words, a series of negative factors that inhibit E. coli are excluded



while quite a lot of glucose remains in the medium. The only threat to the E. coli
K12TG1 growth are ciliates, and the structure of the native community alters.

Similar conclusions are confirmed by our data (see Fig. 2, Table 4), there-
fore, it is possible to postulate an ecological model of the bioluminescence dy-
namics in ruminal contents (Table 6). Based on this model, the “ecooptimum”
for the ratio (v/v) of the bioluminescent strain culture to diluted RF is 100 pl
bacterial suspension per 100 ul of RF in a dilution of 1:64 when the luminosity of
the biosensor increases throughout the test (criterion B > 1) and exceeds control
values (criterion A = max).

6. Ecological model of the interaction of a Kazakh White Head Tall bull ruminal fluid
with bioluminescent strain Escherichia coli K12TG1

Factor |Stage Dilution
& 1:128 1:512 | 1:1024 | 1:2048
Negative S
F
Positive S
F
BL S
F ]
M 1 1 1 1 1 1 con con ! ! !
A 3.69 5.27 6.03 6.37 6.70 7.69 3.50 1.94 1.39 1.44 1,17
B 8.70 6.84 4.79 4.16 3.38 3.32 1.55 0.88 0.63 0.71 0,59

N at e. Negative means negative factors (H*, VFA, NH3, CH4, predatory protozoa, competitive anaerobes), positive
means nutrient substrates (including D-lucose). BL is bioluminescence intensity, A is ratio of the luminosity of the
test sample to the control at the end of the test, B is ratio of luminosity at the end of the test to the beginning of
the test. S (start) is beginning of the test, F (finish) is end of the test, M (movement) — dynamics of bioluminescence;
I — low content, — high content, — intermediate value of the component in the medium; | —
decrease, 7 — increase, con — maintenance of bioluminescence at the same level.

The last test in which we studied the interaction of UFPs and RF was
essentially an averaging of tests 1 and 2 with dynamic types A and B. The released
metal ions react with fatty acids to form non-toxic salts, e.g., acetate, propionate,
etc. They can also be bound to RF proteins and form a protein corona [37, 66]
or metabolized by rumen bacteria [67] and inactivated by fungi [68]. Thereof, the
initially low relative bioluminescence at high UFPs concentrations exceeded the
control by the end of the experiment (see Tables 4, 5). However, there were
differences between the oxides of manganese and cobalt. For the first case, the
reduction and increase in luminosity occurred much faster. This may be due to
the chemical nature of the elements themselves [59], the degree of their dispersity,
or the possibility to form large aggregates [69] and is consistent with the data of
the first experiment.

Thus, pure ultrafine particles (UFPs) of Mn203 and Co304 inhibit the
luminescence of Escherichia coli K12TG1 in a dose-dependent manner and pro-
portionally to the exposure time, suppressing over 50% (ECs0) of luminescence
when diluted even 2048 times (to 0.00025 mol/1). Therefore, the toxicity index for
UFPs Mn203 ranged from 89.76% at 0.25 mol/I to 38.57% at 0.00025 mol/I during
the Ist minute of the exposure and from 95.16 to 52.85% at the end of the 3rd
hour. For UFP Co0304, these values were from 99.44 to 32.80% during the Ist
minute, and from 99.43 to 54.72% at the end of the 3rd hour. Rumen fluid (RF)
of a Kazakh white-headed bull, in turn, suppresses the glow only in the first
minutes of exposure which may be due to the presence of “competing” anaerobic
microorganisms and gradually volatilizing toxic metabolic products, e.g., ammo-
nia. After this, RF acts as an additional nutrient substrate, intensifying lumines-
cence by more than 7-fold at dilution 1:64. The combination of RF with particles
of metal oxides leads to inhibition of their toxicity, although the maximum values
of relative luminescence are still inferior to those for native rumen fluid that indi-
cates the mutual binding of the medium components with the UFPs. Based on



the results obtained, we can argue that the ultrafine particles as sources of micro-
elements in feeding of ruminants is promising and should be further studied..
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