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Abstract
The strain Raoultella sp. KDF8 was cultivated on three sources of carbon and energy, glycerol, ethanol and diclofenac, for
periods of time ranging from 24 to 72 h. Using thin-layer chromatography, nine classes of phospholipids were detected and the
amount of phosphatidylethanolamine (PtdEtn) decreased with increasing cultivation time. Conversely, the ratio of phospholipids
having three or four acyls (acyl-phosphatidylglycerol (APtdGro),N-acyl-PtdEtn (NAPtdEtn) and cardiolipin (Ptd2Gro) increased
during cultivation. GC-MS analysis showed that the percentage of fatty acids containing a cyclopropane ring increased almost
tenfold whereas the amount of fatty acids bearing even-numbered chains dropped to less than one-third after 24 h and 72 h in
cultures on glycerol and diclofenac, respectively. Shotgun analysis showed significant changes in the representation of molecular
species of phospholipids. For instance, there was a 36-fold change in the ratio of 16:1/16:1/16:1-APtdGro to c17:0/c17:0/c17:0-
APtdGro and a 12-fold ratio change for 16:1/16:1/16:1-NAPtdEtn to c17:0/c17:0/c17:0-NAPtdEtn; the Ptd2Gro ratio of 16:1 to
c17:0 acids equalled 1750. Our results show that the bacteria overcome destabilization of the inner cytoplasmic cell membrane
and a bacterial outer membrane by altering the geometric arrangement of acyl chains, i.e. switching from monounsaturated to
cyclopropane fatty acids (16:1 versus c17:0).

Introduction

Some microorganisms exposed to long-term selection pres-
sure caused by hazardous pollutants develop a series of effec-
tive mechanisms in order to survive under adverse conditions.
These adaptation mechanisms allow them to reduce the nega-
tive impact of these environmental substances. The bacterial
surface structures create a selective barrier between the inside
and outside of the cell, and many adaptive mechanisms are
therefore focused on the flexibility of these cellular
membranes.

To understand membrane functions, it is important to know
the qualitative and quantitative lipid composition; this can be
achieved by lipidomic analysis. Two basic techniques are used
in l ipidomic analys is . The f i rs t involves l iquid

chromatography/mass spectrometry (LC-MS) analysis
(Knittelfelder et al. 2014) and the other involves the direct
infusion of sample(s) into a mass spectrometer, also known
as “shotgun lipidomics” (Han and Gross 2003). Shotgun
lipidomics uses mainly electrospray ionization mass spec-
trometry (ESI/MS) without the assistance of chromatographic
separations to investigate the biological functions and/or the
importance and changes of lipids during cellular metabolism.

The accumulation of newly emerging pollutants such as
active pharmaceutical ingredients and their metabolites in
the aquatic environment has recently become a serious prob-
lem. One of these micropollutants is diclofenac (DCF;
2-(2′,6′-dichloranilino)phenyl acetic acid) belonging to the
group of drugs known as nonsteroidal anti-inflammatory
drugs that are used to treat pain and inflammatory diseases.
The microbial co-metabolism or biotransformation of DCF
have been intensively studied (Moreira et al. 2018; Palyzová
et al. 2019), but many important aspects are still missing. Its
degradation by manganese oxidation bacterium, i.e.
Pseudomonas putida (Meerburg et al. 2012) has been de-
scribed. In addition, the pure bacterial strain Raoultella sp.
DD4 exhibited resistance to DCF and was able to
biotransform it for 28 days (Domaradzka et al. 2016).
Enhanced elimination of several pharmaceutical residues
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poorly removed by the CAS treatment (e.g. mefenamic acid,
indomethacin, diclofenac, propyphenazone, pravastatin, gem-
fibrozil) was observed in pilot-scale membrane bioreactors
(Radjenovic et al. 2009).

Since the membranes are the primary target of pollutants,
most of the adaptive mechanisms henceforth revealed are like-
ly related to the maintenance of membrane fluidity and lipid-
phase stability. These processes can be modulated by altering
the lipid composition of the membrane. To understand the
contribution of membrane lipid composition to the function-
ality of membranes, comprehensive structural and quantitative
information on the lipidomics is essential. Detailed lipidomic
profiling using electrospray ionization (ESI) showed remark-
able changes in the composition of phospholipids (phosphati-
dylethanolamine (PtdEtn), phosphatidylglycerol (PtdGro) and
phosphatidylcholine (PtdCho)) produced by the gram-
negative bacterium Pseudomonas proteolytica (Bernat et al.
2014). Liquid chromatography coupled with the tandem mass
spectrometry (LC-MS/MS) technique revealed modifications
in the ratio of PtdCho/PtdEtn and PtdEtn/PtdGro when
P. proteolytica was cultivated with tributyltin. In another pa-
per, the authors reported on altered lipid composition of
Escherichia coli when grown in the presence of ethanol, pen-
tobarbital and chlorpromazine (Ingram et al. 1978). Compared
to the control culture in a complex medium, in the presence of
different carbon sources, the palmitoleic acid (16:1) content
declined, while odd-numbered C17 and C19 fatty acids (FA)
were identified in the culture with chlorpromazine. In the case
of phospholipids (PL), all three-carbon sources had the same
effect; the percentage of PtdEtn was decreased while that of
cardiolipin (Ptd2Gro) and PtdGro increased. E. coli cultured in
a medium containing glucose as a carbon source and supple-
mented with ethanol showed that the composition of Ptd2Gro
and PtdGro increased whereas the content of PtdEtn and lyso-
PtdEtn decreased (Ingram 1977). A similar effect on FA con-
tent was found with palmitic (16:0) and 16:1 FA after adding
ethanol to the media. The content of both acids in both PtdGro
and PtdEtn decreased.

Segura et al. (1999) reported that the change in the compo-
sition of ester-bound FA in the bacterial membrane lipid bi-
layers and thus the regulation of membrane fluidity is a con-
sequence of the cis/trans isomerization of FA as a short-term
reaction to the solvent and the change in the ratio of saturated
and unsaturated fatty acids as a long-term reaction. There is
also an increase in the saturation of FA in membrane phos-
pholipids in the presence of organic compounds (Heipieper
et al. 2003). Aromatic compounds of the benzene, biphenyl,
phenol, toluene, etc. type are accumulated in the membrane
bilayer, i.e. acyls of FA, which results in an effect on mem-
brane fluidity. Bacteria therefore seek to prevent their penetra-
tion by increasing membrane stiffness (Duldhardt et al. 2010).
The presence of toxic organic compounds stimulates the bio-
synthesis of FAwith cyclopropane rings, e.g. in gram-negative

bacteria (Shabala and Ross 2008). Perly et al. (1985) stated
that the low content of cyclo FA in the cell membrane can alter
the stereochemistry of phospholipid acyls.

The present study was aimed at characterizing the cellular
membrane lipid composition of the gram-negative bacterium
Raoultella sp. KDF8 cultivated with DCF in order to elucidate
cell adaptation to the organic micropollutants as substrates.
This knowledge could provide insights into the understanding
of how bacterial cells counteract the effect of organic pollut-
ants on physiological processes, allowing them to survive in a
DCF-contaminated environment. The study of these cell ad-
aptations may help in selecting bacterial strains for
bioremediation.

Materials and methods

Chemicals and materials

Standards of 2-((2,6-dichlorophenyl)amino)phenylacetic acid
sodium salt (DCF), 1′,3′-bis(1,2-dimyristoyl-sn-glycero-3-
phospho)-glycerol (14:0/14:0/14:0/14:0-Ptd2Gro), 1,2-
dipalmitoyl-sn-glycero-3-phospho-(1′-myo-inositol) (16:0/
16:0-PtdIns), 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine
(14:0/14:0-PtdSer), 1,2-dimyristoyl-sn-glycero-3-
phospho-(1 ′-rac-glycerol) (14:0/14:0-PtdGro), 1,2-
dimyristoyl-sn-glycero-3-phosphoethanolamine (14:0/14:0-
PtdEtn), 1,2-dimyristoyl-sn-glycero-3-phosphatidic acid
(14:0/14:0-PtdOH), 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (14:0/14:0-PtdCho), and N-acyl-phosphati-
dylethanolamine (N-acyl-PtdEtn) from soy beans were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). The sol-
vent ethanol needed for the stock solutions of the DCF com-
pounds (in concentrations of 1 g/L) was obtained from
Thermo Fisher Scientific (San Jose, CA, USA). The other
chemicals and ingredients used in the analysis were of high
analytical grade and were obtained from Merck (Darmstadt,
Germany).

Microorganism and culture conditions

The strain Raoultella sp. KDF8 (deposited at the CCM
Collection, Czech Republic under accession number 8678)
is a bacterium isolated from a polluted soil and subjected to
chemical mutagenesis and capable of utilizing and removing
DCF with high efficiency (Palyzová et al. 2018; Palyzová
et al. 2019). The culture was grown in Luria-Bertani (LB)
medium (per L: 10 g tryptone, 5 g yeast extract and 10 g
NaCl) and the basal salts broth medium (BSB; per L: 0.1 g
NaCl, 1.03 g K2HPO4, 0.75 g KH2PO4, 1 g NH4Cl) supple-
mented with trace elements (BSBTE; per L: 200 mg MgSO4·
7H2O, 10 mg CaCl2·2H2O, 6.6 mg ZnSO4·7H2O, 0.17 mg
MnSO4·4H2O, 1.5 mg FeSO4·7H2O, 0.48 mg CoCl2·6H2O,
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0.47 mg CuSO4·5H2O, and 0.45 mg Na2MoO4·2H2O),
respectively.

The pre-inoculum culture was grown in 100 mL of a LB
medium (500-mL culture flask), on an orbital shaker
(200 rpm) for 24 h at 28 °C. For the lipidomic study, the strain
KDF8 was grown in 100 mL of BSBTE medium (500-mL
culture flask) supplemented with either 2 g/L of glycerol
(growth for 24 h), 1% ethanol (growth for 48 h) or 1 g/L
DCF (growth for 72 h) on an orbital shaker (200 rpm) at
28 °C. DCF was added from stock solutions (1 g of analgesic
dissolved in 10mL of pure ethanol). A 1% inoculumwas used
to start the cultures.

Isolation of lipids

The lipids in the lyophilized biomass were extracted with a
chloroform/methanol mixture according to Bligh and Dyer
(1959). The extracts of total lipids were applied to the SPE
sorbent cartridge (Sep-Pak Vac Silica cartridge 35cc; Waters,
Milford, MA, USA), and non-polar lipids were subsequently
eluted from the cartridge with 40 mL of chloroform-methanol
in the volume ratio of 9:1. Polar lipids were eluted by a mix-
ture of 50 mL of methanol acidified with 0.1% formic acid.
The eluate of polar lipids was evaporated, and the oil samples
were further hydrolysed.

Fatty acid methyl esters (FAME) analysis

Analysis of fatty acids in the form of methyl esters (FAME)
was described previously (Dembitsky et al. 1992; Vancura
et al. 1988). Fatty acids after hydrolysis of total lipids
(2 mol/L HCl, 100 °C, 2.5 h) were extracted with hexane,
methylated with 10% (w/v) methanolic BF3 (80 °C, 10 min)
and analysed by gas chromatography mass spectrometry (GC-
MS). GC-MS of the FAME mixture was done on a Finnigan
1020 B in EI mode. The split/splitless injection port was main-
tained at 100 °C, and a fused silica capillary column
(Supelcowax 10; 60 m × 0.25 mm i.d., 0.25 mm film thick-
ness; Supelco, Munich, Germany) was used. A gradient of the
temperature programming starting at 100 °C for 1 min with a
ramp of 20 °C/min to 160 °C and another ramp of 15 °C/min
to 220 °C with an 1-min hold at 220 °C was applied for the
separation of FAME. The carrier gas was helium at a linear
velocity of 60 cm/s. Compounds were identified by mass
spectrometry in the SCANmode using a mass interval ranging
from 50 to 500 m/z. The structures of FAME were confirmed
by comparing retention times and the fragmentation patterns
with those of the standard FAME (Sigma-Aldrich).

TLC separation

The total polar lipids were subjected to preparative TLC (PLC
silica gel 60 F254, 2 mm× 20 × 20 cm, Merck; chloroform/

methanol/20% ammonium/water—90:70:4:16 (by vol.)).
Visualization was carried out by dipping the plates in a mix-
ture of 0.1% orcinol and 15% H2SO4 in ethanol followed by
heating. For quantification, the developed chromatogram was
scanned (by TLC scanner CS-930, Shimadzu, Columbia,MD,
USA) in absorbance mode at 225 nm. The signals from the
scanner were collected by Data Recorder DR-2 (Shimadzu)
and were integrated and calculated using Statistica 9 software
(StatSoft, Prague, Czech Republic), see Fig. 1S.

Shotgun analysis

An LTQ-Orbitrap Velos mass spectrometer (Thermo Fisher
Scientific) was operated in negative ionization mode. The
MS scan range was performed within a window between
200 and 2000 m/z, the mass resolution was set to 105,000
and the ion spray voltage was set at − 2.5 kV. The negative
ionization mode used the following parameters: sheath gas
flow, 18 arbitrary units (AU); auxiliary gas flow, 7 AU; ion
source temperature, 250 °C; capillary temperature, 230 °C;
capillary voltage, 50 V; and tube lens voltage, 170 V.
Helium was used as a collision gas for collision-induced dis-
sociation (CID) experiments. The CID normalization energy
of 35% was used for the fragmentation of parent ions. The
calibration of the MS spectrometer was conducted with the
use of a Pierce LTQ Orbitrap negative ion calibration solution
(Thermo Fisher Scientific). The internal lockmass was used in
mass spectra acquisition, i.e. 255.2330 m/z [M-H]− palmitic
acid in the negative ESI. The mass accuracy was better than
2 ppm. The chemical structure of the compounds was con-
firmed with the help of the spectral database LIPID MAPS®
Lipidomics Gateway (http://www.lipidmaps.org/) and the
CycloBranch programme (Novak et al. 2017).

Statistical analysis

Statistically significant differences between treatments and the
control were computed by ANOVA (analysis of variance) or
by ALSCAL (principal component analysis (PCA)) which
produces a two-dimensional nonmetric Euclidean multidi-
mensional scaling solution by using the IBM SPSS
Statistics, version 26 software (IBM, USA).

Results

Cultivation and semi-quantification of phospholipids

Phospholipids were separated by TLC and nine bands were
detected with Rf values 0.33 (PtdOH), 0.35 (PtdIns), 0.39
(PtdSer), 0.42 (PtdCho), 0.47 (PtdEtn), 0.57 (PtdGro), 0.72
(Ptd2Gro), 0.79 (N-acyl-PtdEtn) , and 0.82 acyl-
phosphatidylglycerol (acyl-PtdGro), which were identified
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by comparison with commercially obtained standards. TLC
analysis revealed differences between cultivations of the strain
KDF8 in terms of the growth phase of the culture and carbon
source. The major phospholipid PtdEtn was detected in all
samples. The relative content of PtdEtn decreased by the cul-
tivation time and in response to the changes of the carbon
source. The amounts of PtdEtn were the highest during the
cultivation supplemented with glycerol as a carbon source and
energy. Conversely, the content of phospholipids having three
or four acyl chains in the molecule, i.e. N-acyl-PtdEtn, acyl-
PtdGro and Ptd2Gro, increased.

Analysis of cell membrane fatty acid composition
in Raoultella

The identification of the fatty acid profile in different cultiva-
tions of the strain KDF8 was performed using the GC-MS
method. The results are shown in Table 1. Based on the anal-
yses, significant differences were found between two cultiva-
tions at the stationary growth phase, i.e. 24 h on glycerol and
72 h on DCF. While the content of odd- and even-numbered
monounsaturated FA did not truly change, a dramatic shift
occurred mainly in even-numbered FA and especially in cyclo
FA. In two boundary cultures, the cyclo FA content increased
almost tenfold while the content of even-chain FA decreased
to less than one-third. Additionally, the ratio of the two major
monoenoic FA, i.e. palmitoleic and oleic acids, also changed.
These results suggest that cyclo FA are strongly involved in
membrane fatty acid adaptation mechanisms in bacteria
grown in the presence of DCF used as a carbon source.

Principal component analysis (PCA)

Figures 1 and 2 have several findings. First, it is apparent that
the differences in FAs between different assays of the same
sample, designated _1, _2 and _3, are negligible. The same
conclusions can be drawn from the data in Tables 1 and 2. It is
evident that in the case of glycerol, the effect of a different
carbon source has already been demonstrated after 24 h of
cultivation. In the case of using ethanol and a solution of
DCF in ethanol as a carbon source, the effect at 24 h has not
yet been observed. This is because ethanol is better utilized by
cells than DCF. However, after utilization of ethanol, DCF
begins to be utilized and therefore the FAs content of cultiva-
tion with ethanol and DCF shows a significant difference in
the 48th h. The two clusters, i.e. Et48 and DCF48, are clearly
separated. The last cluster, which consists of FAs analyses
from the 72-h cultivation with DCF, is also clearly separated.
It can be concluded that there are clear changes in the FAs
content due to the different metabolism of the three types of
carbon sources, i.e. glycerol, ethanol and DCF. Thus, it was
unambiguously confirmed that DCF affects the FAs content of
cell membranes.

In the case of molecular species of phospholipids analysis,
the results of the statistical analysis shown in Fig. 2 were
similar. Cluster G24, i.e. the cultivation of cells on glycerol
and the analysis of phospholipids, showed that the content of
molecular species is completely different from cultivations on
other carbon sources. In the case of ethanol, the analysis re-
sults at 24 and 48 h are similar. This is probably due to the fact
that, unlike the FAs analysis, the contribution of polar heads of
phospholipids has to be taken into account in the analysis of

Table 1 Identified fatty acids
(relative percentage) during
cultivations of Raoultella sp.
KDF8 at 24-h intervals

Fatty acid 24 Ga 24 Eta 48 Et 24 DCFa 48 DCF 72 DCF

13:0 0.9 ± 0.2b 1.2 ± 0.3 1.7 ± 0.4 1.0 ± 0.3 0.9 ± 0.3 0.7 ± 0.2

14:0 1.9 ± 0.3 3.0 ± 0.4 3.4 ± 0.5 3.4 ± 0.4 2.2 ± 0.4 2.8 ± 0.4

15:0 0.4 ± 0.1 0.5 ± 0.2 0.6 ± 0.2 0.5 ± 0.1 0.7 ± 0.2 0.8 ± 0.3

16:1w7 32.7 ± 1.4 16.0 ± 0.9 26.8 ± 1.9 16.2 ± 1.2 18.4 ± 1.3 23.7 ± 1.3

16:0 30.1 ± 0.9 34.6 ± 1.5 11.9 ± 0.9 34.7 ± 1.0 22.1 ± 1.1 4.8 ± 0.7

c17:0 3.9 ± 0.4 20.2 ± 1.7 19.8 ± 1.3 20.4 ± 1.5 26.9 ± 1.3 30.8 ± 1.4

17:0 0.3 ± 0.2 0.2 ± 0.1 0.4 ± 0.2 0.2 ± 0.1 0.4 ± 0.2 0.5 ± 0.2

18:1w9 28.6 ± 1.7 20.8 ± 0.8 31.9 ± 1.1 21.0 ± 1.6 24.8 ± 1.0 31.4 ± 1.6

18:0 0.9 ± 0.2 2.3 ± 0.5 2.4 ± 0.6 1.0 ± 0.2 1.2 ± 0.3 1.5 ± 0.4

c19:0 0.3 ± 0.1 1.2 ± 0.6 1.1 ± 0.4 1.6 ± 0.4 2.4 ± 0.4 3.0 ± 0.5

Odd FA 1.6 1.9 2.7 1.7 2.0 2.0

Even FA 32.9 39.9 17.7 39.1 25.5 9.1

Monounsat. FA 61.3 36.8 58.7 37.2 43.2 55.1

Cyclo FA 4.2 21.4 20.9 22.0 29.3 33.8

Ratio 16:1/18:1 1.14 0.77 0.84 0.77 0.74 0.75

a Et, ethanol; G, glycerol; DCF, diclofenac
bMean ± S.D. from three measurements
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molecular species of phospholipids. The results of cultivation
with DCF differ in all three cases (24, 48 and 72 h). All three
clusters are clearly separated and confirm that DCF has an
influence on the representation of molecular species of phos-
pholipids and thus on cell metabolism. Based on PCA, see
Fig. 1 where the results of FAs analysis of bacterial culture
after 24 h on both diclofenac and ethanol form a single cluster,
it can be assumed that in the early phase of cultivation, there
are no major changes in the content of fatty acids by
diclofenac degradation products.

Analysis of phospholipids by tandem MS

Phospholipids contained in cells of the strain Raoultella sp.
KDF8 were identified based on the tandem mass spectra ob-
tained in the negative ESI. These mass spectra were used to

characterize the structure of each class of phospholipids, as
well as the structure of their molecular species including
regioisomers. In the negative ESI tandem mass spectrum of
the phospholipids, the deprotonated molecular ion [M-H]− is
fragmented to form three major fragments, the first of which
includes the ions resulting from the neutral loss of free car-
boxylic acid [M-H-RCOOH]−, the second includes the [M-H-
R’CH=C=O]− ions representing a neutral loss of the acyl
group in the form of ketene, and the third is a carboxylate
anion ([RCOO]−). The identification of regioisomers that dif-
fer in the glycerol backbone acyl groups in sn-1 or sn-2 posi-
tions can be performed based on the relative intensities of the
[M-H-R′CH=C=O]− type ions and comparing the relative
abundance of these ions, see below.

The analysis of commonly occurring phospholipids, i.e.
PtdOH, PtdSer, PtdEtn, PtdIns, PtdCho, PtdGro and

Fig. 1 Grouping of fatty acids
contained in cultures grown in
three different carbon sources
using the ALSCAL procedure of
SPSS software

Fig. 2 Grouping of molecular
species of phospholipids using the
ALSCAL procedure of SPSS
software
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Ptd2Gro, is described in the Supplements. In addition, only
tandem MS analysis of the two less common classes of phos-
pholipids, i.e. acyl-PtdGro and N-acyl-PtdEtn, is described
below.

Acyl-phosphatidylglycerol (acyl-PtdGro)

In the tandem MS, 1-palmitoyl-2-palmitoleoyl glycero-3-
phospho-(3′-9,10-methylenehexadecanoyl)-1′-sn-glycerol
(c17:0-16:0/16:1)-PtdGro at m/z 969.7165 has dominant car-
boxylic anions at m/z 255.2330 (16:0), m/z 253.2173 (16:1)
and m/z 267.2330 (c17:0) (Fig. 3). Expanded m/z range be-
tween 700 and 750 is shown in Fig. 4. The abundance of
RCOO− decreases in the order R2COO− > R3COO− >
R1COO

−, the abundance of R2COO
− (16:1) being about twice

the abundance of R1COO
− (16:0). From the various abun-

dance values of RxCOO
− ions, the position of acyls in the

acyl-PtdGro molecule can be determined based on known
rules (Hsu et al. 2004). Further confirmation of the structure
was possible on the basis of the ions generated by the loss of
acyl ke tenes , i .e . ions at m/z 719.4869 ([M-H-
C 1 5 H 3 1 CH =C =O ] − ) , m / z 7 3 3 . 5 0 2 5 ( [ M - H -
C 1 4H 2 7CH=C=O] − a nd m / z 731 . 4 869 ( [M -H -
C14H29CH=C=O]

−), arising from the loss of c17:0, 16:1 and
16:0 or from ions at m/z 969.7165.

The fatty acyl substituents are also reflected in the fragment
ions at m/z 701.4763 (neutral loss of sn-3′ RCOOH group
from [M-H]-), 715.4919 (neutral loss of sn-2 RCOOH group
from [M-H]-) and 713.4763 (neutral loss of sn-1 RCOOH
group from [M-H]-), respectively; these ions are formed by
neutral loss of FA from [M–H]–. The preferential formation of
an ion by loss of 16:1-ketene over the formation of an ion via
loss of 16:1-acid is similar to the trend observed for PtdGro

(Hsu and Turk 2005) and the substituent at sn-2 is palmitoleyl.
In addition, a pair of unique ions at m/z 421.2361 and their
dehydrated product at m/z 403.2255 were identified, which
fully confirms the presence of c17:0 at the sn-3′ position.
The ion at m/z 391.2255 ([M-H-R ′2CH=C=O-74-R
′3COOH]

−) is more abundant than the ion at m/z 403.2255
([M-H-R′2(1)COOH]

−), which is again more abundant than
the ion at m/z 389.2098 ([M-H-R ′3CH=C=O-74-
R2COOH]

−). For these reasons, it can be inferred that this
molecular species has 16:0 and 16:1-acyls at the sn-1 and
sn-2 positions of the glycerol backbone and the remaining
position (sn-3′) is occupied by c17:0 acid.

The structure of the FA with a cyclopropane ring but not
with a double bond was demonstrated both by analysis of 3-
pyridylcarbonyl esters (formerly called picolinyl esters) by
GC-MS and by reference (Santos et al. 2018). The region of
lower molecular weight features typical ions, i.e. at m/z 92,
108, 151, 164, etc., for 3-pyridylcarbonyl esters. In the mass
spectrum, there were two abnormalities, see Fig. 2S. First, the
ion [M-1]+ is more abundant than [M]+ ion and second, an
odd-numbered ion (the odd value of the ion in the mass spec-
trum of 3-pyridylcarbonyl esters is very unusual) i.e. ion at m/
z 245, represents cleavage of the cyclopropane ring. Based on
this mass spectrum, we assume the structure of FA with cy-
clopropane ring but no double bond, i.e. 9,10-methylene
hexadecanoic acid (c17:0) and not heptadecenoic acid (17:1).

N-acyl-phosphatidylethanolamine (N-acyl-PtdEtn)

In the case of N-acyl-PtdEtn, two ions at m/z 255.2330, m/z
253.2173 and the precursor ion at m/z 938.7219 were identi-
fied as the majority ions, whereas the ion at m/z 267.2328 was
not found (Fig. 5). Based onHRMS, it can be assumed that the

Fig. 3 Negative ion electrospray
tandem mass spectrum of
deprotonated of c17:0-16:0/16:1-
PtdGro ((Z)-2-(hexadec-9-
enoyloxy)-3-
(hexadecanoyloxy)propyl 3-(8-
(2-
hexylcyclopropyl)octanoyloxy)-
2-hydroxypropyl phosphate)
from Raoultella sp. KDF8
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acyl-PtdEtn contained palmitic, palmitoleic and c17:0
acids. In the tandem MS, cleavage involves the loss of
C16H31CONHCH2CH2 and further acyls (loss of sn-2 acyl
and loss of sn-1 acyl) to form two ions, i.e. those at m/z
391.2255 (summary formula C19H36O6P

−) and at m/z
389.2337 (summary formula C19H34O6P

−). The presence
of c17:0 acid in the amide form was further confirmed by
the presence of an ion at m/z 446.2677 (theoretical value
for C22H41NO6P is 446.2671, Δ 0.6 mmu). Furthermore,
the ions [M-R1COOH]

− and [M-R′2CH=C=O] were iden-
tified at m/z 682.4817 and at m/z 702.5079. They are
formed due to neutral loss of fatty acids and ketenes from

sn-1 and sn-2 positions of the glycerol backbone. The
values for [M-R1COOH]

− (682.4817), [M-R1CH=C=O]
−

(700.4923), [M-R2COOH]− (684.4974) and [M-
R2CH=C=O]

− (702.5079) ions were obtained. Ions at m/
z 702.5079, which result from a loss of ketene
(C14H27CH=C=O) from 16:1 acid, were far more abun-
dant than the ion at m/z 700.4923 resulting from the loss
of ketene from sn-1, suggesting the structure of the N-
c17:0-16:0/16:1-PtdEtn according to already published
data (Hsu and Turk 2009). This also corresponds to the
abundance ratio of acyls, i.e. 16:0 (sn-1)/16:1 (sn-2) that
approaches 1:2, see also Holmback et al. (2001).

Fig. 5 Negative ion electrospray tandem mass spectrum of deprotonated of N-c17:0-16:0/16:1 PtdEtn ((Z)-2-(hexadec-9-enoyloxy)-3-
(hexadecanoyloxy)propyl 2-(8-(2-hexylcyclopropyl)octanamido)ethyl phosphate) from Raoultella sp. KDF8

Fig. 4 The expanded mass
spectrum in the range between
700 and 750 Da
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Discussion

Phospholipid analysis of bacteria has already been described
many times, for example in the chapter of a book (Wardhan
and Mudgal 2017). Our results are similar to previously re-
ported results of TLC of phospholipids from different strains
of Acinetobacter radioresistens (Luo et al. 2018) and E. coli,
Klebsiella oxytoca and K. pneumoniae (Aluyi et al. 1992),
which differ only in the abundances of phospholipid classes.
The results of our semi-quantitative determination of phos-
pholipid classes by TLC were not completely consistent with
the results of ESI-MS lipid analysis. The quantitation by TLC
used absorbance at 220 nm, while the abundance of ions
formed by electrospray ionization was used for the analysis
of phospholipids. It is therefore clear that two such totally
different methods cannot give the same results.

Nevertheless, it is possible to gather from the measured
values that the trends are the same. The separation of N-ac-
yl-PtdEtn and acyl-PtdGro was not complete, which is also
mentioned in a previous paper (Luo et al. 2018). All nine
isolated classes of phospholipids are commonly present in
gram-negative bacteria (Sohlenkamp and Geiger 2016).
However, it should be noted that phospholipids with three
acyls are less common (Yagüe et al. 2006). As described
above for FA, the content of phospholipids also changes.
Luo et al. (2018) found increasing N-acyl-PtdEtn content in
cells (Acinetobacter radioresistens) in the stationary phase
when carbon sources are already depleted. We compared the
content of NAPtdEtn, or rather the ratio of two molecular
species, i.e. 16:1/16:1/16:1 versus c17:0/c17:0/c17:0. This ra-
tio was 1.79, representing 24 h of cultivation in ethanol, and
increased to 3.91 (24 h, exponential growth phase) up to 4.85
(48 h, declining growth phase) during the incubation of the
strain KDF8 in DCF. One of the problems that is common in
the use of DCF is that aromatic rings are very poorly biode-
gradable. Many publications have reported on the metabolism
or co-metabolism of DCF by various bacteria (Caracciolo
et al. 2015; Palyzová et al. 2018), but the metabolites derived
from aromatic rings have been rarely published. A recent
study has proven the biodegradation of aromatic rings
(Palyzová et al. 2019) with 13C-labelled DCF. One of the
reasons for the poor biodegradation of DCF may be its poor
solubility in water, so its solutions in pure ethanol are also
used.

Another problem with the biodegradation of DCF is its
transport through biological membranes. Membrane fluidity
may be affected by the variation in acyl chains, i.e. FA, as
shown in Table 1. As mentioned earlier in the introduction,
FA unsaturation, chain length and general FA composition
differ depending on the cultivation of the bacteria on a given
carbon source. Examples that can be generalized include a
shift of monounsaturated FA content to cyclo FA (Ingram
et al. 1978; Shabala and Ross 2008). The influence of the

composition of the culture medium, or rather the carbon
source, was manifested both in the exponential and in the
stationary phase. The fatty acid content of the 24-h ethanol
culture and the 24- and 48-h fatty acid content of the DCF
culture are different, see Table 1. For example, the ratio of
16:1 to c17:0 in a 24-h culture on ethanol, i.e. in exponential
phase, is 1.26 while at the same time in DCF (again exponen-
tial phase) cultivation, it was 2.59. The ratio increases with
time, so the effect of DCF was fully manifested after 48 h
(declining growth phase) and was 2.97. These values indicate
that the effect of DCF on cell lipids is beginning to appear in
the exponential phase. Poger andMark (2015) used artificially
prepared lipid bilayers from PtdCho derivatives that had in the
sn-2 position ester-bound palmitic acid and in the sn-1 posi-
tion, e.g. palmitoleoyl or cis-9,10-methanopalmitoyl chains.
Lateral diffusion coefficients of 16:1/16:0-PtdCho and cis-
c16:0/16:0-PtdCho differed and had values of 2.8 and
3.2 μm2/s, respectively. Based on these values, the authors
found that cyclopropanoic FA increases plasma membrane
fluidity while inducing a more ordered state within hydrocar-
bon chains compared to unsaturated FA. This increases mem-
brane stability while reducing its permeability to toxic
compounds.

The effect of different sources of carbon on cell membrane
FA composition of the strain Klebsiella planticola DSZ was
described by Sánchez et al. (2005). Membrane FA analysis
showed that the strain DSZ adapted to growth on the toxic
organic compound simazine used as a source of carbon by
increasing the degree of saturation of FA. Additionally, in
our case (Table 1), the sum of c17:0 increased by about one
order in the 72-h culture on DCF versus the 24-h glycerol
culture in stationary growth phase.

Although descriptions of the effect of DCF on mammalian
(human) and bacterial cells, e.g. inhibition of the
prostaglandin-endoperoxide synthase-2 also known as
cycloxygenase-2 (Cryer and Feldman 1998), have already
been published several times, its effect on bacteria has not
been fully investigated. This is evidenced, for example, by
the work describing the activity of DCF with streptomycin
against Mycobacterium tuberculosis (Dutta et al. 2007).

Other authors (Broniatowski et al. 2015) used anionic
phospholipid Langmuir monolayers composed of 16:0/18:1-
PtdEtn and two phospholipids (PtdGro and Ptd2Gro) isolated
from E. coli, i.e. phospholipids that contain at least one cyclo-
propane ring in the molecule. Interactions of cell monolayers
with pentacyclic triterpenes (ursane series) have shown
disorganizing effects on the model membrane, where the free
energy of mixing (ΔGexc) showed large positive changes.
Based on these facts, it can be said that pentacyclic triterpenes
are incorporated into the membrane and thus interfere with the
formation of a hydrogen bond between the polar heads of
PtdEtn and PtdGro, and also disrupt the arrangement of acyls
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of phospholipids and alter the PtdEtn/PtdGro ratio at a partic-
ular site, i.e. the integrity of lipid rafts.

The same team (Broniatowski et al. 2016) again used arti-
ficially prepared Langmuir monolayers, bisphenols being
used as xenobiotics. Unlike pentacyclic triterpenes, these sub-
stances are of an aromatic character and therefore, with their
spatial orientation, they are much more similar to DCF, which
is also composed of two aromatic rings. All bisphenols used
interact with PtdGro and Ptd2Gro fromE. coli, where the main
indicator of penetration into the monolayer is the hydropho-
bicity of bisphenols. This, of course, also depends on the hy-
drophobicity and stiffness of the membranes, causing signifi-
cant changes in their structure and physical properties.

The interaction of thymol with a model membrane com-
posed of 16:0/16:0-PtdCho has been investigated (Ferreira
et al. 2016). It has been found that this aromatic compound
expands PtdCho monolayers and decreases their surface elas-
ticity and therefore changes the physico-chemical properties
of bilayers. In another study (Suklabaidya et al. 2018), the
antibiotic norfloxacin increased the biomembrane fluidity.

In our case, it is clear that DCF very strongly modulates
membrane fluidity, as will be mentioned below. This fact was
confirmed by the lipidomic analysis of several hundred mo-
lecular species of phospholipids (Table 1S) (Supplements).

Jasim et al. (2018) described the effect of polymyxin B anti-
biotic on the membrane of Klebsiella bacterium. Unfortunately,
although the authors performed lipidomic analysis, they do not
comment on the decline or growth of individual molecular spe-
cies. However, based on their results (their Fig. 5), it can be
deduced that, for example, 15:0/15:0-PtdEtn in polymyxin B-
susceptible strains of K. pneumoniae FADDI-KP069 were
changed less than 0.25-fold, whereas in resistant strains, the
change was greater than 2-fold. Our results, see Tables 2 and
1S, clearly show that the change in the cell membranes structure
of the Raoultella bacterium (formerly designated Klebsiella,
Drancourt et al. 2001) is primarily due to the change in the
presence of FA in phospholipids. The phospholipid content it-
self has a significant share in the change and their spatial layout
is completely different. Table 2 shows the relative abundances in
percent of individual peaks where 100% refers to the molecular
species (PtdEtn 16:1/16:1; base peak) in glycerol cultivation. In
the case of cultivation on diclofenac, see Table 1S in the
Supplements, it was a base peak PtdEtn 18:1/18:1. Since the
same molecular species measured on the same instrument are
compared and the individual samples differ only in the type of
cultivation, we did not use absolute values that are difficult to
obtain and to quantify, mainly because of the impossibility of
buying commercially available standards, e.g. APtdGro,
NAPtdEtn, etc.

Further, pentachlorophenol, a water-soluble degradation
product of many polychlorinated pesticides, has changed the
structure of myristoyl PtdEtn, PtdGro and Ptd2Gro in the mi-
crobial membrane model (Wojcik et al. 2018).

Therefore, we believe that Raoultella cells grown with
DCF may alter their spatial orientation of phospholipids in
the membrane, e.g. PtdEtn having double chains with unsatu-
rated palmitoleic acid forming inverted cones changing to
near-cylinders represented by molecular species with c17:0,
i.e. having a critical packing parameter (CPP) closer to one
(Wardhan and Mudgal 2017).

Conclusions

Since the PtdEtn content decreased and the content of phos-
pholipids having three and four acyl chains (acyl-
phosphatidylglycerol, N-acyl-phosphatidylethanolamine and
cardiolipin) increased with increasing cultivation time in all
cultures including those on difficult-to-utilize carbon sources,
we assume that the cell membranes are destabilized. The cells
try to compensate for this destabilization, at least according to
our assumption, by altering the geometric arrangement of acyl
chains. There was an increase of up to several orders of mo-
lecular species in which acyl chains were completely changed
from monounsaturated FA to cyclopropane FA (16:1 versus
c17:0). A 1750-fold increase in cardiolipin ratio of 16:1 to
c17:0 acids can be mentioned as an extreme example.
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