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Summary. The article presents the results of studying the effect of siderophores and iron on the isolation of
Mpycobacterium bovis from pathological material. It has been established that the simultaneous presence of iron and
siderophore from M. phlei in the nutrient medium makes it possible to detect the growth of M. bovis from pathological
material 6-8 days earlier; ensures the growth of more colonies and bacterial mass. The presence of heterologous to
mycobacteria siderophore (from Nocardia spp.) in the medium reduces the elective (growth) properties of the
medium. Siderophores found in the culture filtrate or alcoholic extract of M. phlei can be valuable additives to culture
media for the accelerated isolation of M. bovis from pathological material
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Introduction. Laboratory diagnostics based on the
direct isolation of the pathogen from biological material
is one of the priority areas in tuberculosis control.
Despite the existence of methods for tuberculosis
diagnosing, the culture method retains its significance
and is the ‘gold” standard for isolating and studying the
pathogen. However, in vitro cultivation of mycobacteria
significantly loses its diagnostic value due to the long
periods of generation of the mycobacterium tuberculosis
complex. This is due to the peculiarities of the
metabolism of mycobacteria and the complex structure
of the cell wall, which is relatively impermeable for the
exchange of metabolites between the bacterium and its
host during chronic intracellular infection (Lyamin et al.,
2016; Dobin, Demikhov and Zharikova, 2016).

For successful reproduction in the host organism,
pathogens need iron, which takes part in the basic
metabolic  processes of mycobacteria, including
respiration, the Krebs cycle, oxygen transport, gene
regulation, protection against oxidative stress, and DNA
biosynthesis (Rodriguez, 2006; Arnold etal, 2020;
Andrews, Robinson and Rodriguez-Quifiones, 2003).

However, in the tissues of the macroorganism, the
concentration of this metal is very low, since iron Fe* is
sequestered by iron-binding proteins such as transferrin,
lactoferrin, ferritin, hemopexin, and haptoglobin (Hood
and Skaar, 2012; Takatsuka etal., 2011; Dobryszycka,
1997; Tolosano and Altruda, 2002; Jones and Niederweis,
2011; Tullius etal., 2011; Drakesmith and Prentice,
2012).

Mycobacteria have developed both general and
specialized systems to transport iron molecules through
cell walls (DiGiuseppe Champion and Cox, 2007; Agoro
and Mura, 2019).

Iron production mechanisms include: synthesis of
siderophores together with siderophore-based transport
systems; the acquisition of metal directly from the host’s
iron-binding proteins (transferrin and lactoferrin);
absorption and utilization of heme; dissolution of iron
oxides by reduction of iron oxide and transport of
soluble forms (Tanner et al., 2017).
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Mycobacteria synthesize three types of siderophores
to bind and transport iron—  mycobactin,
carboxymycobactin, and exochelin. The mycobactin
molecule is associated with the cell wall of mycobacteria
and provides the transfer of iron into the cell, while

carboxymycobactin and exochelin are secretory
molecules. Saprophytic mycobacteria, living in the soil,
synthesize and secrete mainly exochelin, while

pathogenic mycobacteria — carboxymycobactin (Fang
etal., 2015).

Mutants with impaired mycobactin biosynthesis lose
the ability to replicate in vivo and in vitro (Reddy et al.,
2013; Rodriguez and Smith, 2006; Knobloch et al., 2020).
In addition to mycobacteria, siderophores are also
synthesized by closely related to mycobacteria
Nocardia spp. (nocabactin) (Hoshino et al., 2011; Dhakal
et al, 2019; Minnle et al., 2020).

When conditions change from in vivo to in vitro,
mycobacterium tuberculosis temporarily loses the ability
to independently synthesize some substances necessary
for generation and growth in vitro. Therefore, additional
time is required for M. bovis to adapt to other conditions,
different from laboratory-adapted strains. Rich in a
variety of bioavailable organic and inorganic nutrients
nutrient media are required for the generation and
growth of pathogenic mycobacteria.

The research aimed to study the effect of
siderophores and iron on the isolation of the tuberculosis
pathogen from biological material and to determine the
effectiveness of culture media with different growth
factors in the isolation and cultivation of M. bovis.

Materials and methods. The research used reference
cultures of M. bovis strain Vallee and M. phlei, which are
stored in the mycobacteria collection of the laboratory
for the study of tuberculosis of the National Scientific
Center ‘Institute of Experimental and Clinical Veterinary
Medicine’ (Kharkiv, Ukraine).

A field isolate of Nocardia asteroides was isolated
from cattle lymph nodes.

The research was carried out using biological and
cultural methods.
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Infection of laboratory animals. Guinea pigs (n = 3)
were infected with a suspension of M. bovis, strain Vallee,
at a dose of 1.0 mg of bacterial mass in 1.0 cm’ of sterile
isotonic NaCl solution. After 30 days, the guinea pigs
were euthanized, and the liver and spleen were collected
for cultural research.

Pre-plating treatment and plating of pathological
material. The biomaterial (liver, spleen) was rubbed with
sterile sand, and 0.85% NaCl solution was added to the
homogenate in a ratio of 1:3. After precipitation of sand
and large particles, the supernatant was collected and
centrifuged. The precipitate was decontaminated with
6% sulfuric acid for 20min and then washed by
centrifugation in 0.85% NaCl solution. The sediment of
the biological material was resuspended in a small
amount of 0.85% NaCl and seeded 0.3 cm’ on each
nutrient medium (n = 5). The cultures were cultivated at
a temperature of 37.5 + 0.5°C for one month.

The rate of appearance of the first colonies, the
intensity of growth (the number and size of colonies),
and the amount of bacterial mass served as indicators of
the effect of various additives on the M. bovis growing.

Preparation of culture media. Based on the ‘Dry
nutrient medium for the cultivation of mycobacteria’ we
prepared five versions of egg media with various
additives. Medium I contained 25% of the culture filtrate
of the liquid medium, on which M. phlei and ammonium
citrate iron were cultivated at a concentration of 0.0075 g
per 100.0 cm’, medium IT — 2% ethanol extract of dry
bacterial mass N. asteroides and citric ammonium iron at
a concentration of 0.0075 g per 100.0 cm’, medium III —
2% ethanol extract of dry bacterial mass of M. phlei and
citric-ammonium iron at a concentration of 0.0075 g per
100.0 cy’, medium IV —2% ethanol extract of dry
bacterial mass M. phlei (without ammoniacal iron),
medium V — control (without siderophores and iron).
All additives were added just before the coagulation of
the medium.

Preparation of M. phlei culture filtrate and ethanol
extracts of M. phlei and N. asteroides. The culture of
M. phlei and N. asteroides was cultivated for 4 weeks in
bottles with a liquid medium containing asparagine,
potassium phosphate, sodium phosphate, sodium citrate,
magnesium sulfate, ammonium ferrous sulfate, and
glucose. Culture was inactivated by autoclaving at 132°C
for 60 min. The bacterial mass of M. phlei and
N. asteroides was separated from the liquid part of the
medium by filtration through a double paper filter. The
culture filtrate of M. phlei was sterilized. The bacterial
mass of M. phlei and N. asteroides was dried, ground into
powder, and extracted in ethanol in an oven at 90°C.

Statistical analysis was performed by counting
colonies, determining the arithmetic mean and standard
error (M = m).

Results and discussion. The autopsy of guinea pigs
30 days after infection with a suspension of M. bovis
strain Vallee revealed enlarged inguinal lymph nodes and
characteristic tuberculous lesions in the form of single
grayish-white small nodules in the spleen and liver,

22

which indicated the pathogenicity of the strain. From the
results of the culture study, we found that the addition of
various siderophores and ammonium-lemon iron to the
nutrient medium has a positive effect on the rate and
intensity of growth (Figs. 1-4).

The results of a comparative study of the effectiveness
of nutrient media in the isolation of mycobacteria from
biomaterial are presented in Table 1.

As can be seen from the data in Table 1, when
isolating M. bovis, the Vallee strain from biological
material from infected guinea pigs, the nutrient
medium I with the addition of M. phlei culture filtrate
and citric ammonium iron had the best growth qualities,
namely, in terms of the rate of appearance of visible
colonies and their number.

So, on the surface of the bevels of this medium, the
visible growth of the first single colonies less than
0.5 mm in size was noted in 2 tubes on the 7" day of
cultivation, the growth in all tubes was detected on the
11" day of incubation.

The research results indicate that the growth rate of
the primary colonies of the nutrient medium I is superior
to the rest of the mediums.

On medium I, compared with the rest of the studied
media, the growth of the causative agent of tuberculosis
(in all test tubes) was noted seven days earlier. On media
with iron and ethanol extracts of M. phlei (III) and
N. asteroides (II), on 15% day, in 3 tubes of each medium,
single colonies (less than 0.5mm) were detected
although on medium III in one test tube on 11" day, the
growth of one colony was noted. Regarding medium IV,
which included only M. phlei extract (without iron) and
control medium V, the growth of 1-2colonies was
observed in one tube of each medium on 15" day. We
noted the presence of colonies on media IL, III, IV, V in
all test tubes at the same time — on 18" day.

Differences were also in terms of the intensity of
growth of colonies (number, size, amount of bacterial
mass). After 30 days of cultivation, the average number
of colonies (M + m) on medium I was 90.0 + 6.8, which
is 2.1 times more than the number of colonies on control
medium V (43.2 + 3.4). The average number of colonies
on mediumIIl was 782+ 4.6, then medium II with
65.8+5.2 and mediumIV with 52.8 +4.4 colonies,
which, respectively, 1.8, 1.5 and 1.2 times more than the
number of colonies on the control medium.

In addition, as can be seen from Table 1, the amount
of bacterial mass on the medium I with the culture
filtrate M. phlei and iron, compared with the rest of the
media, was also greater and amounted to 60.0 + 3.5 mg,
which is 1.6, 1.2, 1.27, 1.33 times more than ‘raw’ weight
of the bacterial mass from medium II (37.5 + 2.7 mg),
medium IIT (49.3 + 3.1 mg), medium IV (47.0 + 3.6 mg)
and control medium (45.0 + 3.4 mg), respectively. It is
important to note that on the control medium V, despite
the smaller number of colonies (43.2 + 3.4), their size
after 30 days of cultivation was significantly larger than
on all other media, which affected the weight of the
bacterial mass (45.0 + 3.4 mg).
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Figure 1. Growth Figure 2. Growth of strain Vallee on media IT and V
(control) (control)

Figure 3. Growth of strain Vallee on media IIl and V Figure 4. Growth of strain Vallee on media IV and V
(control) (control)

Table 1 — Results of studying the effect of siderophores and iron in isolating M. bovis strain Vallee from biological
material

No. of the Days of cultivation Number | Bacterial mass
Medium test tube |7 | 11 | 15 | 18 20 | 25 | 30 |ofcolonies,| weight, mg/test
Number of colonies M+tm tube, M+ m
1 1 3 10 16 36 72 102
I 2 - 1 5 12 22 48 79
(CF + Fe) 3 - 2 7 14 29 52 84 90.0 £ 4.6 60.0 + 3.5
4 - 1 4 10 19 46 86
5 2 4 6 13 22 68 99
1 - 4 6 16 38 74
I 2 - - - 3 8 46 80
(ExNoc + Fe) |3 - | - | 3 | 7 | 13 | 25 | 55 | 65852 | 375%27
4 - - 2 8 12 27 54
5 - - - 4 9 33 66
1 - - - 3 11 42 95
I 2 - - 2 6 14 33 74
(ExPhl + Fe) 3 - 1 3 6 12 38 69 782+ 4.6 493+ 3.1
4 - - 1 5 13 39 71
5 - - - 4 10 33 82

ISSN 2411-0388 (online) 2411-3174 (print) 23



Part 2. Biotechnology

Continuation of Table 1

No. of the Days of cultivation Number | Bacterial mass
Medium " © Ll 7 | 11 | 15 | 18 20 | 25 | 30 |ofcolonies,| weight, mg/test
Number of colonies Mtm tube, M+ m
1 - - - 4 7 24 48
v 2 - - - 3 8 27 40
(ExPhl) 3 - - 2 10 21 41 62 528+ 44 47.0 £ 3.6
4 - - - 6 11 36 59
5 - - - 5 9 31 55
1 - - - 3 8 26 42
v 2 - - - 6 16 28 43
(control) 3 - - - 4 12 21 34 432+34 45,0+ 3.4
4 - - 1 12 35 35 45
5 - - - 6 12 43 52

Notes: CF — culture filtrate M. phlei; ExXNoc — ethanol extract N. asteroides; ExPhl — ethanol extract M. phlei;

Fe — citric ammonium iron.

The ratio of the number of colonies to the weight of
the bacterial mass on medium V was less than one, while
on medium I, this figure was 1.5, on medium II — 1.7,
on medium III —1.6, on medium IV — 1.1.

Thus, from the results of a comparative study of the
effectiveness of culture media, it follows that the
inclusion of a homologous (mycobacterial) siderophore
and iron in the composition makes it possible to improve
the quality of the culture medium, and, on the contrary,
the addition of heterologous nocabactin does not
stimulate the growth of the bacterial mass of M. bovis.
These data are consistent with studies by other authors.

It was reported that a phytosiderophore extracted
from plant roots inhibits the growth of the Mtb H37Ra
strain in vitro (Rajiv etal., 2001). According to Gokarn
and Pal (2017), M. smegmatis exocholine at a dose of
0.5mg/ml selectively inhibited the growth of
M. tuberculosis. An important observation was that the
inhibitory activity of siderophores was canceled when
iron was added to the medium. This proves the
bacteriostatic effect of heterologous siderophores, which
is solely due to their ability to deprive pathogens of iron
(Gokarn and Pal, 2017; He and Xie, 2011).

This is since the fact that the Fe** ion forms a complex
with a heterologous relative to Mycobacterium
siderophore (in this case, nocabactin); the absence of
specific receptors in mycobacteria will affect the
absorption of iron and reduce its availability, which
ultimately affects the growth of the pathogen. This
statement is confirmed by the data in Table1, on a
medium with an extract of N.asteroides and iron
(medium II), the weight of the bacterial mass was the
smallest.

The source of iron for mycobacteria in the
macroorganism is the host metalloproteins (transferrin,
ferritin, lactoferrin, hemproteins, primarily hemoglobin,
as well as heme-containing enzymes) (Hood and Skaar,
2012).

In vitro, the absence of this most important metal
affects the replication rate and growth of mycobacterial
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cells when plating pathological material. In addition,
under aerobic conditions, iron is present in the medium
in an oxidized form, Fe (IlI), forming practically
insoluble iron oxide hydrates, iron carbonate, and
magnetite.

To transfer iron from the medium to the cell,
siderophores, organic compounds that form chelates
with Fe’ are necessary. They allow the microbial cell to
absorb iron in the complexes with the siderophore and
actively grow. Table 1 shows this fact. The simultaneous
presence of iron and mycobacterial siderophore in the
medium ensured the growth of more colonies and the
accumulation of bacterial mass. In addition, vice versa,
the absence of iron and siderophore in the medium
(control medium V) or one component (medium IV)
reduced the growth qualities of the medium at the
isolation of the pathogen from pathological material.

The culture filtrate is a variety of M. phlei metabolic
and autolysis products, including siderophores
(mycobactin and exochelin), which mediate the iron
absorption by mycobacteria.

It should be noted that pathogenic mycobacteria do
not form exochelin peptide siderophore synthesized by
non-pathogenic mycobacteria (in this case M. phlei), but
utilize it. Apparently, in the culture filtrate, the
substances necessary for the growth of M. bovis are
found in a greater amount and in more bioavailable form
than in the alcohol extract of M. phlei. The results of the
study show that the presence of exochelin and other
products of metabolism and autolysis of M. phlei
contained in the culture filtrate, in comparison with
other growth factors, contribute to the accelerated
indication of M. bovis from biological material.

The next stage of our research was to study the
growth activity of subcultures of M. bovis, strain Vallee of
the first generations in the absence of siderophores in the
medium. For this, from each medium, a suspension of
the first generation of grown cultures was inoculated on
a nutrient medium without siderophore and iron
(Table 2).
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Table 2 — The intensity of growth of M. bovis subcultures of the first generation on a nutrient medium without

iron and siderophores

No. of Days of cultivation Bacterial mass
Subculture tesf;l(l)be 5 | 6 8 10 | 15 [ 20 weight, mg/test
Number of colonies tube, M+ m
1 - + ++ ++ +++ ++++
_ 2 - - + ++ +++ ++++
From medium I
3 - + ++ ++ +++ ++++ 91.1£3.1
(CF + Fe)
4 = - + + ++ ++++
5 - - + + ++ ++++
1 - - + + ++ +++
) 2 - + + ++ +++ ++++
From medium II
3 - - + ++ ++ +++ 774+4.2
(ExNoc + Fe)
4 - - + + + ++
5 - - + + + ++
1 - + ++ ++ +++ |
2 - - ++ ++ +++ ++++
From medium III 3 — — n n T T+t 89.8 + 3.1
(ExPhl +Fe) S
4 - + + ++ ++ ++++
5 - - + + ++ ++++
1 - - + + ++ ++++
2 - + + + ++ ++++
From medium IV
3 - + + ++ +++ ++++ 89.3+2.7
(ExPhl)
4 - + ++ + +++ ++++
5 - - + + ++ ++++
1 - + ++ ++ +++ ++++
‘ 2 - + + ++ +++ |
From medium V
3 - + ++ ++ +++ | e+t 88.8+3.8
(control)
4 - - + + ++ ++++
5 - - + + ++ ++++

Notes: (-) — no colonies; (+) — up to 10 colonies; (++) — from 10 to 30 colonies; (+++) — from 30 to 50 colonies;
(++++) — more than 50 colonies; CF — cultural filtrate M. phlei; ExNoc — ethanol extract N. asteroides; ExPhl — ethanol

extract M. phlei; Fe — citric ammonium iron.

As a result of the cultural study, it was found that,
regardless of the composition of the medium on which
the culture was originally isolated, when subcultured to
media without iron and siderophore, the first colonies of
subcultures were observed at the same time on the
6"-8™ days with a similar growth rate.

In addition, the culture grown on the control
medium V, which initially did not include siderophores
and iron, showed an identical growth of colonies during
subculturing and at the same time as on the other media.

Mycobacteria of tuberculosis complex regulate iron
metabolism at the level of gene transcription, inducing
the expression of genes for iron uptake in case of iron
deficiency and activating its storage when it is readily
available through the function of an iron-dependent
regulator to turn off iron absorption and turn on its
conservation (Rodriguez et al., 2002; Gupta et al., 2009).

The absence of growth factors and iron in the
nutrient medium did not have a negative effect on the
rate and intensity of subculture growth. This was due to
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the fact that the iron accumulated by mycobacteria
through the siderophores served as a reserve for
overcoming its deficiency, and the subculture that grew
on the control medium (without iron and siderophore)
managed to adapt.

Therefore, the absence of iron and siderophores from
M. phlei in the medium also did not have a particular
effect on the accumulation of bacterial mass, its amount
ranged from 893+27mg to 91.1+3.1; a smaller
amount of bacterial mass was obtained from the
subculture, originally grown on medium II (with ethanol
extract of N. asteroides + Fe).

Conclusions. Since the work was of a research nature,
we studied the effect of siderophores on the rate and
intensity of growth on one pathogen. However, it has
provided a ‘proof of concept’ that siderophores found in
culture filtrate or alcoholic extract of saprophytic
mycobacteria can be valuable supplements in culture
media for isolating tuberculosis pathogens from
pathological material.
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