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Abstract. The genus Rhodococcus includes polymorphic non-spore-forming gram-positive bacteria belonging to
the class Actinobacteria. Together with Mycobacterium and Corynebacterium, Rhodococcus belongs to the Mycolata
group. Due to their relatively high growth rate and ability to form biofilms, Rhodococcus are a convenient model
for studying the effect of biologically active compounds on pathogenic Mycolata. Colchicine was previously found
to reduce biofilm formation by P. carotovorum VKM B-1247 and R. gingshengii VKM Ac-2784D. To understand the
mechanism of action of this alkaloid on the bacterial cell, we have studied the change in the fatty acid composition
and microviscosity of the R. gingshengii VKM Ac-2784D membrane. Nystatin, which is known to reduce membrane
microviscosity, is used as a positive control. It has been found that colchicine at concentrations of 0.01 and 0.03 g/l and
nystatin (0.03 g/l) have no significant effect on the survival of R. gingshengii VKM Ac-2784D cultivated in a buffered
saline solution with 0.5 % glucose (GBSS). However, colchicine (0.03 g/1) significantly inhibits biofilm formation. Rho-
dococcus cells cultivated for 24 hours in GBSS with colchicine acquire a rounded shape. Colchicine at 0.01 g/l concen-
tration increases C16:1(n-7), C17:0, C20:1(n-9) and C21:0 fatty acids. The microviscosity of the membrane of individual
cells was distributed from the lowest to the highest values of the generalized laurdan fluorescence polarization index
(GP), which indicates a variety of adaptive responses to this alkaloid. At a higher concentration of colchicine (0.03 g/I)
in the membranes of R. gingshengii VKM Ac-2784D cells, the content of saturated fatty acids increases and the content
of branched fatty acids decreases. This contributes to an increase in membrane microviscosity, which is confirmed by
the data on the GP fluorescence of laurdan. All of the above indicates that colchicine induces a rearrangement of the
Rhodococcus cell membrane, probably in the direction of increasing its microviscosity. This may be one of the reasons
for the negative effect of colchicine on the formation of R. gingshengii VKM Ac-2784D biofilms.
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AHHoTauus. Pog Rhodococcus o6beanHAET NONMMOPOHbIE HECMOPOOOPa3yioLLMe rPaMMNONOXNTENbHbIE GaKTepUNn,
oTHocAWMeca K Knaccy Actinobacteria. Rhodococcus Bmecte ¢ Mycobacterium v Corynebacterium BXOpaT B rpynny
Mycolata. bnarofapsa 0THOCUTENIbHO BbICOKOI CKOPOCTU POCTa 1 CNOCOBHOCTM K 06pa3oBaHuto buonneHok, Rhodo-
coccus ABNATCA yLOOHOM MOAeNblo ANA N3yyeHnsa AecTBUA OMONOrMUYecKy akTUBHbBIX COEANHEHWNIA Ha NaTOreHHble
Mycolata. PaHee 6bif0 NOKa3aHo, YTO KONXMLMH yrHeTan obpasoBaHue 6uonneHokK y P. carotovorum BKM B-1247 u
R. quingshengii BKM Ac-2784D. Llenbio HacTosALweln paboTbl 6bi110 U3yyeHre EeNCTBUA KONXMLMHA Ha XKUPHOKMCIOT-
HbIA COCTaB U MMKPOBA3KOCTb MembpaH Rhodococcus gingshengii BKM Ac-2784D pns NOHUMaHUs MexaHu3Ma Aeit-
CTBWA 3TOrO ankanonaa Ha 6akTepuranbHyio KNeTky. B kauecTse NONOXKUTENIbHOFO KOHTPOSIA NCMONb30BaN HACTATUH,
CHUKAOLWNIA MUKPOBA3KOCTb MeMOpaH. YCTaHOBMIEHO, UTO KONXMUUH B KOHUeHTpaumsax 0.01 n 0.03 r/n 1 HUCTaTWH
(0.03 r/n) He OKasanu CyLeCTBEHHOrO BIMAHUA Ha BblXMBaeMocTb R. gingshengii BKM Ac-2784D, KynbTBrMpyemoro
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BnusHve KonxmumHa Ha dusnonoro-buoxrmmyeckme
cBoWcTBa Rhodococcus gingshengii

B 3abydepeHHOM Pu3nonormyeckom pactope riokosbl (3OPI). OgHako konxuumnH (0.03 r/n) 3HauUMTENbHO yrHeTan
ob6pasoBaHve 6uonneHKku. Knetkn Rhodococcus, KynsTrBrpyemble B TedeHre cyToK B 3OPI ¢ KONXULMHOM, Npro6-
peTanu okpyrnyto ¢opmy. KonxuuuH B KoHueHTpauum 0.01 r/n Bbi3biBan yBenuUeHmne XupHblix Kucnot C16:1(n-7),
C17:0, C20:1(n-9) n C21:0. MMKPOBA3KOCTb MeMOpPaHbI OTAENbHbIX KNETOK pacrnpefensnacb oT MaKCMManbHO HU3KMX
[0 MaKCUManbHO BbICOKMX 3HaUYeHU nokasaTtensa 06obLeHHon nonapusaunm enyopecueHummn naypgaHa (GP), uto
CBMAETeNbCTBYET O pa3HOO6pasMmn aganTaLMOHHbIX OTBETOB Ha 3TOT ankanoug. MNpu 6onee BbICOKOW KOHLEHTpaLMm
konxuumHa (0.03 r/n) B membpaHax knetok R. gingshengii BKM Ac-2784D yBennunBanocb copepaHune HacblleH-
HbIX >KUPHbIX KACNOT 1 NMafano — pa3BeTBNEHHbIX. DTO CMOCOOGCTBOBANIO YBEIMUEHUIO MUKPOBA3ZKOCTU MeEMOpPaHbI,
yTO NoATBepXKAaeTCA AaHHbIMM MO GP. Takum 06pa3om, KONXMLUMH MHAYLIMPYET NEPECTPONKY KNETOYHON MemMbpaHbI
Rhodococcus, BepoATHO, B CTOPOHY YBEIMYEHUA €€ MUKPOBA3KOCTU, YTO MOXKET ObITb OAHON U3 NPUYMH HEraTUBHOIO
[encTBUA KoNxnurHa Ha obpasoBaHue 6uonneHok R. gingshengii BKM Ac-2784D.

KnioueBble cnosa: Rhodococcus gingshengii; KONXLUMH; GUONNEHKN; XKMPHbIE KNCIOTbl; MUKPOBA3KOCTb MEMOPaH.

Introduction

The Rhodococcus genus includes polymorphic non-spore-
forming gram-positive bacteria that belong to the Actino-
bacteria class. Rhodococcus are frequently met in nature, in
particular, in living organisms. Among the key features of
these microorganisms is their ability to decompose different
organic compounds, including pollutants (PAC, biphenyls,
alkanes, etc.) (Szokol et al., 2014; Li et al., 2016). For this
reason, Rhodococcus continue to attract the growing interest
as valuable biotech species.

Along with Mycobacterium and Corynebacterium, Rho-
dococcus relates to the Mycolata group, which is charac-
terized by the presence of mycolic acids on the cell walls
(Sutcliffe, 1998). This makes these bacteria more resistant
to the toxic compounds such as disinfectants, antibiotics
or PAC. Unlike myco- and corynebacteria, Rhodococcus
species are mostly non-pathogenic. Therefore, owing to
relatively high growth rate and propensity to biofilm for-
mation, the Rhodococcus represent a convenient model to
examine the effect of biologically active compounds on
pathogenic Mycolata.

The integrity of a microbial cell drastically depends on
the membrane. In order to survive in ever-changing envi-
ronmental conditions and to maintain optimal membrane
fluidity, the bacteria change the fatty acid composition of
membrane lipids (Dubois-Brissonnet et al., 2016). The cell
membrane is the major target of non-polar organic solvent
toxicity (De Carvalho et al., 2005). Plant metabolites also
affect the membrane via inhibition of the efflux channels
activity (Tegos et al., 2002), the content of porin proteins
(Abreu et al., 2012), etc.

Previously, we found that the alkaloid colchicine at a
concentration of 0.25 g/l suppressed the formation of a
biofilm by Pectobacterium carotovorum VKM B-1247 and
Rhodococcus gingshengii VKM Ac-2784D species (Bybin
et al., 2018). Moreover, no negative effect on the viability
of these bacteria was revealed. Colchicine is widely known
as an alkaloid that interrupts the tubulin polymerization
in eukaryotic cells (Zhang et al., 2018). It is likely that
colchicine exhibits a similar effect on the microorganisms,
affecting the cytoskeleton and preventing the adhesion of
microbial cells (Dubey et al., 2011). However, its influence
on microbial cells was poorly studied. All of the above
sparked our interest in this compound.

In the present work, we have examined the effect of col-
chicine on the fatty acid composition and microviscosity of
R. gingshengii VKM Ac-2784D membranes.

Materials and methods

R. gingshengii VKM Ac-2784D strain isolated from the rhi-
zosphere of couch grass (Elytrigia repens (L.) Nevski) grow-
ing in the oil-contaminated territory of the Irkutsk region
(Russia) was used in the work (Petrushin et al., 2021). The
Rhodococcus strain features a good formation of biofilms,
and therefore represents a convenient model for their study.

The bacteria were cultivated on BTN-agar (Biotekh-
novatsiya, Russia) for 48 h at 26 °C. Then they were trans-
ferred to a 0.5 % glucose buffered saline solution (GBSS)
and the density of the suspension was adjusted to ODg,
0.26-0.33.

The minimum inhibitory concentration (MIC) of colchi-
cine for R. gingshengii VKM Ac-2784D was determined by
the limiting dilution method (Guidelines..., 2000).

To evaluate the effect of nystatin and colchicine on growth
kinetics and biofilm formation, 150 ul of bacterial suspension
was added to the wells of sterile flat-bottom 96-well plates
and the optical density was measured on the first, third,
and eighth days of cultivation using an iMark plate reader
(Bio-Rad, USA) , A = 595 nm. The plate was washed from
loosely attached cells. The precipitate was stained with 1 %
crystal violet solution for 45 min. After washing (3 times)
to extract the dye, 200 pl of 96 % ethanol was added to the
wells. The level of extraction (absorption) of crystalline
violet with ethanol was measured using an iMark plate reader
(Bio-Rad) at a wavelength of 595 nm in optical density units
(ODyys). The degree of biofilm formation corresponded to
the intensity of dye staining of the wells content (Shaginyan
etal., 2007).

Two controls were employed in the work. The first one
involved the bacteria cultivated in GBSS without the ad-
dition of colchicine. The second control used the bacteria
grown in a medium with 0.03 g/l of nystatin (Biosintez,
Russia), since nystatin can reduce microviscosity of the cell
membranes. Colchicine (Sigma-Aldrich, USA) was applied
at concentrations of 0.01 and 0.03 g/l. When plotting the
diagrams, the relative optical density in % to the control was
used. Cell sizes were assessed using the AxioVision Rel 4.8
software.
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To determine the fatty acid composition of the bacte-
rial membrane and the orderliness (microviscosity, fluidi-
ty) of its lipid phase, the bacteria were cultivated in the
aforementioned media for a day. The membrane lipids
orderliness was evaluated by the generalized polarization
(GP) of laurdan lipophilic probe fluorescence in each pixel
corresponding to the luminescent image domain. To stain
the bacteria, 10 uM of a methanolic solution of laurdan
(2-(dimethylamino)-6-dodecanoylnaphthalene) (Sigma-
Aldrich) was added to each vial. Live stained bacteria were
observed using a microscope (laser scanning confocal
fluorescent microscope MicroTime 200; PicoQuant GmbH,
Germany).

The distribution of GP values was analyzed by visuali-
zation with histograms. For each histogram, a theoretical
multimodal distribution as a superposition of several normal
distributions was plotted (Nurminsky et al., 2017). Next, the
parameter fitting of the experimental distributions of bacte-
rial membrane GP values was estimated. The model distribu-
tion was a normal distribution or a mixture of distributions
and thus consisted of one or more components. Finally, the
optimal parameters of the components that were closest to
the experimental distribution were selected.

To determine the composition of fatty acids (FA), the
bacteria were cultivated similarly without the addition of
laurdan. The lipids were extracted according to the pub-
lished procedure (Bligh, Dyer, 1959). After removal of the
solvent, a 1 % methanol solution of H,SO, was added to
the lipid extract and heated on a water bath at 60 °C for
30 min. After cooling, the solution was extracted (3 times)
with hexane (Christie, 1993). Fatty acids methyl esters
were analyzed using an Agilent technology 5973N/6890N
MSD/DS chromato-mass spectrometer (USA). Detector
(mass spectrometer) was quadrupole, ionization method was
electron impact (EI), ionization energy was 70 eV, the mode
of'the total ion current registration was used for the analysis.
Separation was performed on an HP-INNOWAX capillary
column (30 m*250 um x 0.50 pm). The stationary phase
was polyethylene glycol. The mobile phase was helium; gas
flow rate was 1 ml/min. Temperature of the evaporator was
250 °C, temperature of the ion source was 230 °C, tempera-
ture of the detector was 150 °C, and temperature of the line
connecting the chromatograph with the mass spectrometer
was 280 °C. Scan range was 41-450 amu. The volume of
the injected sample was 1 pl, the flow separation was 5:1.
Chromatography was carried out in isothermal mode at
200 °C. To identify the peaks of FA methyl esters, methyl
ester standards (Sigma-Aldrich) and mass spectrometry
using the NIST 05 mass spectrum library (Ozolina et al.,
2017) were used. The content of individual fatty acids was
calculated as a percentage of the total amount of fatty acids
and divided into groups: saturated (SFA), monounsaturated
(MUFA), polyunsaturated (PUFA), saturated iso- and an-
teiso-methyl branched fatty acids (BFA) (Rodrigues, de
Carvalho, 2015).
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The significance of differences in biofilm formation and
the quantitative content of fatty acids were assessed using
the nonparametric Kruskal-Wallis test with Dunnett’s cor-
rection (Glantz, 1991). All calculations were performed
using the RStudio software.

Results and discussion

It was found that the MIC of colchicine for R. gingshengii
VKM Ac-2784D is 0.02 g/l. Therefore, in further experi-
ments, the concentrations below and above this value, i.e.
0.01 and 0.03 g/, respectively, were used. The selected
concentrations of colchicine and nystatin did not strongly
affect the growth of Rhodococcus (Fig. 1). At the same
time, it was established that colchicine at a concentration
0f 0.03 g/l significantly inhibited the formation of a biofilm
at all stages of the experiment, while at a concentration of
0.01 g/l a divergent effect was observed. On the first day,
nystatin stimulated the formation of a biofilm, whilst on the
third and eighth days of cultivation, its effect was comparable
to the control (Fig. 2).
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Fig. 1. Optical density of R. gingshengii VKM Ac-2784D cell suspension
relative to control, %, on the first, third and eighth days of cultivation.
Here and in the Fig. 2: 7 — GBSS; 2 - GBSS with 0.03 g/l colchicine; 3 - GBSS with
0.01 g/l colchicine; 4 — GBSS with 0.03 g/I nystatin.
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Fig. 2. Optical density of biofilm R. gingshengii VKM Ac-2784D on the first,
third and eighth days of cultivation.
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Table 1. Cell sizes of R. gingshengii VKM Ac-2784D after cultivation for a day under control conditions

and in the presence of the studied compounds

Experiment Length, nm
Control 1.35%£0.29
Colchicine, 0.01 r/n 1.04+0.23*
Nystatin, 0.03 r/n 1.46+0.36

* p < 0.05.

The cultivation of R. gingshengii VKM Ac-2784D in
the presence of colchicine for a day essentially changed
the cell morphology: the cells acquired a more rounded
shape (Table 1). Moreover, the intracellular content became
heterogeneous (Fig. 3), which is consistent with the results
obtained for Bacillus megaterium (Dubey et al., 2011). The
shape of Rhodococcus cells under the action of nystatin
remained intact.

The changes in cell morphology are usually accompanied
by structural and functional rearrangement of their cell mem-
branes (de Carvalho et al., 2014). Specifically, the degree
of saturation of FA, their length, as well as the amount of
branched fatty acids are altered.

Under the control conditions, the Rhodococcus cell mem-
branes mainly contained palmitic, stearic, and oleic acids
(Table 2). The ratio of saturated to monounsaturated
fatty acids was 1.64. The content of polyunsaturated and
branched acids was small (4.41 and 0.84 %, respectively).
Colchicine at a concentration of 0.01 g/l changed the ratio
of saturated and monounsaturated FA (1.29) in favor of
the latter, and simultaneously reduced the amount of poly-
unsaturated FA. At the same time, the number of long-
chain FA C20:1(n-9), C21:0 and C22:0 increased. With
0.03 g/1 of colchicine, the relative content of saturated and
branched FA increased (Fig. 4), while the ratio of UFA to
MUFA reached 1.89. All this indicates the rearrangement
of R. gingshengii VKM Ac-2784D membrane after the
introduction of colchicine into the cultivation medium.
Interestingly, different concentrations of colchicine had an
opposite effect on the composition of cell membrane FA.
This is probably due to various degrees of regulatory systems
disorder. The addition of nystatin, a compound that fairly
increases the membrane fluidity, led to a higher content of
unsaturated and branched FA, substantially lower amount
of palmitic FA, higher concentration of oleic FA.

The fluidity or microviscosity of membranes is an integral
index that depends on lipid saturation and content of sterols
or proteins. Therefore, further we focused our efforts on the
evaluation of the colchicine and nystatin effect on the order-
liness of the lipid phase of R. gingshengii VKM Ac-2784D
membrane. For this purpose, the laurdan fluorescence GP
index was used, which can vary from —1 to +1. Its negative
values correspond to lower microviscosity (higherfluidity)
of the cell membrane (Nurminsky et al., 2015) (see Mate-
rials and Methods).

Width, nm Length/width
0.56+0.08 242

0.58+0.1 1.78*
0.68+0.14 2.12

Fig. 3. Cell morphology of R. gingshengii VKM Ac-2784D, cultivated for
24 hours in buffered saline with glucose (5 g/L) (C) and after adding
0.03 g/l nystatin (7), 0.01 g/l colchicine (2), 0.03 g/l colchicine (3).

Stained with laurdan. Magnification x 600.

The fitting of experimental distributions of bacterial
membrane GP values permitted to find from one to four com-
ponents under the action of nystatin and colchicine (Fig. 5).
In all variants, the most significant component characterizes
the liquid-disordered regions of the membrane (o (average
GP values): —0.16-0.04, contribution: 73.9-100 %). The ste-
rol-binding agent nystatin shifted GP towards a decrease in
the orderliness of the membranes (a: —0.16, contribution:
100 %), which corresponds to the known mechanism of
action of this antibiotic on the membranes of eu- and pro-
karyotes (Efimova et al., 2014). Colchicine, on the contrary,
increased the orderliness of the membranes: a of the most
significant components shifted, although slightly, towards
positive values compared to the control in both concentra-
tions (a: 0.04, contribution: 73.9-89.4 %), which agrees
with the observed increase in the amount of saturated FA.
However, this significantly expanded the data scattering, and
the number of components reached 2 (in the variant with
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Table 2. The composition of FA in the membrane cells of R. gingshengii VKM Ac-2784D cultivated for a day

in GBSS with colchicine (0.03 and 0.01 g/I) and nystatin (0.03 g/I)

Fatty acid Control Concentration of alkaloids, g/I
Colchicine Nystatin
0.03 0.01 0.03

%

B SFA

100} = PUFA
BFA

80 MUFA

60} | |

40t

20}

0
C 1 2 3

Fig. 4. Relative content of the main groups of fatty acids during cul-
tivation for a day in buffered saline with glucose (5 g/I) (C) and with the
introduction of 0.03 g/l nystatin (7), 0.01 g/l colchicine (2), 0.03 g/I colchi-
cine (3).

SFA - saturated fatty acids; PUFA — polyunsaturated fatty acids; MUFA — mono-
unsaturated fatty acids; BFA —saturated iso- and anteiso-methyl branched fatty
acids.

572

0.01 mg/ml) and 4 (in the variant with 0.03 mg/ml). Minor
components corresponded to more densely packed regions of
the membranes (a: 0.29, contribution: 1.8 %) or, conversely,
to less densely packed ones (a: —0.29, contribution: 6.7 %).

Conclusion

In conclusion, colchicine in the composition of GBSS at
concentrations of 0.01 and 0.03 g/l did not significantly
affect the survival of R. gingshengii VKM Ac-2784D, but
strongly inhibited the formation of a biofilm. Rhodococ-
cus cells cultivated for 24 hours in GBSS with colchicine
acquired a rounded shape. With 0.01 g/l of colchicine, the
content of C16:1(n-7), C17:0, C20:1(n-9) and C21:0 FA
acids increased.

The membrane microviscosity of individual cells is dis-
tributed from the lowest to the highest GP values, which
indicates a variety of adaptive responses to this alkaloid.
At a higher concentration of colchicine (0.03 g/l) in the
cell membranes of R. gingshengii VKM Ac-2784D, the
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b
© Control
Nystatin, 0.03 g/I
© Colchicine, 0.01 g/l
® Colchicine, 0.03 g/I
@ o [
-04 -0.2 0 0.2 04 GP

Fig. 5. Influence of nystatin and colchicine on the parameters of the components of the distributions of GP values of R. gingshengii VKM Ac-2784D
membranes (a) and comparison of the components on the bubble diagram (b); the area of the circle reflects the contribution of each component,

n=10-26.

content of saturated fatty acids increased, while the amount
of branched fatty acids reduced. This enhanced the mem-
brane microviscosity that was confirmed by the values of
laurdan fluorescence GP. These data testify to an adaptive
rearrangement of the cell membrane under the action of
the studied alkaloid, which is consistent with the results
obtained by other authors (Wang et al., 2020). This may be
areason of the negative effect of colchicine on the formation
of R. gingshengii VKM Ac-2784D biofilms.
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