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Abstract—The influence of culture method (free-floating cells in liquid nutrient broth or bacteria attached to agar surface on
solid agarized medium of the same formulation) and bacterial age on the composition of free lipids in Yersinia pseudotuber-
culosis (O:Ib serovar, strain KS 3058) grown in the cold (5°C) has been investigated. The specific growth rate of the bacteria
on solid medium was about threefold less than that in liquid medium. The qualitative composition of phospholipids and fatty
acids only slightly depended on the bacterial culture method. At the same time, the colonially growing cultures contained
somewhat more total lipids, they synthesized more phospholipids, in the linear growth phase they contained more lysophos-
phatides, and they had higher fatty acid unsaturation index and higher pathogenic potential than their “planktonic” coun-
terparts grown in otherwise identical conditions. The bacterial growth phase influenced the amount of 3-hydroxytetrade-
canoic acid and, indirectly, that of lipopolysaccharide. The dynamics of changes in the amount of this acid with bacterial age
was opposite in the surface and broth cultures.
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Yersinia pseudotuberculosis is a human pathogen, the
causative agent of a pseudotuberculosis infection.
Pseudotuberculosis is widespread in Russia, in the Far
East region in particular, and a significant fraction (about
30-50%) occurs in outbreaks [1]. Resistance to various
environments and ability to grow at low temperatures are
among the most important epidemic properties of the
pseudotuberculosis microbe. It is adapted to colonization
of solid substrates including foods stored in home refrig-
erators. Soil is the main reservoir of Y. pseudotuberculosis
[1].

In nature, bacteria frequently grow on solid surfaces
as aggregates, colonies, and biofilms [2]. Such nonhomo-

Abbreviations: CFU) colony-forming units; NA) nutrient agar;
NB) nutrient broth; LP) logarithmic phase; LGP) linear growth
phase; ESP) early stationary phase; SP) stationary phase; LSP)
late stationary phase; FA) fatty acids; NL) neutral lipids; PL)
phospholipids; PE) phosphatidylethanolamine; PG) phos-
phatidylglycerol; DPG) diphosphatidylglycerol; MePE and
diMePE) mono- and dimethyl ethers of phosphatidyleth-
anolamine; LPE) lysophosphatidylethanolamine; LPS) lipo-
polysaccharide.

* To whom correspondence should be addressed.

geneous microbial growth is incomparably more diverse
and more complicated than homogeneous growth char-
acteristic of liquid cultures [3]. A peculiarity of colonial
growth on solid media is that organisms are in conditions
of physiological “narrowness”, so that each bacterium
should compete with others for available limited amounts
of nutritious substances and oxygen [4]. Immobilization
of cells is also known to decelerate the rate of their growth
[5].

The study of the immobilized microorganisms is now
of increased interest to researchers. This is motivated by
the great practical significance of this problem. According
to some published data, 65% of human bacterial infec-
tions are related to organisms growing as biofilms [6].
Unlike free-floating cells, immobilized bacteria are much
more insensitive to antibiotics and are well protected from
attack by the immune system [6].

The structural characteristics of biofilms and the
ability of colonially growing bacteria for cell differentia-
tion [7, 8] suggest the presence of significant modifica-
tions in the structure of their cell walls. In fact, the com-
position of cell envelope proteins of bacteria growing as
biofilms was shown to be greatly different from that of
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free-floating cells [6]. Cultures grown on a liquid medi-
um and on agar were also established to differ in their
fatty acid composition [9]. It should be expected that the
culture method will influence the structure and compo-
sition of other cell envelope components, especially
lipids, which are involved in control over the inner medi-
um of the organism and its interaction with the environ-
ment and rapidly respond to changes in cultivation con-
ditions.

The lipid composition of pseudotuberculosis bacte-
ria has been rather well investigated [9-14]. However, the
data in the literature were mainly obtained for batch lig-
uid cultures in a particular growth phase. The purpose of
the present work was to comparatively study the lipid
composition of free-floating (liquid nutrient medium)
and immobilized (solid agarized medium) cells of Y.
pseudotuberculosis (O:1b serovar, strain KS 3058) in dif-
ferent stages of development. Y. pseudotuberculosis
exhibits high biological activity including pathogenic
properties at rather low growth temperature [15]; there-
fore, this investigation was concerned with cultures which
were grown in the cold.

MATERIALS AND METHODS

Bacterial strains, cultivation of bacteria, and con-
struction of growth curves. The strain KS 3058 of Y.
pseudotuberculosis O:1b serovar obtained as described in
work [16] was used in this study. The strain was typical in
its morphological, cultural, biochemical, and antigenic
properties and did not contain plasmids. For construction
of growth curves, the bacteria were grown on a nutrient
broth (NB) (Makhachkala, Russia) in flasks (1 liter) with
intensive aeration and on nutrient agar (NA)
(Makhachkala, Russia) in 3 ml tubes on standardized
slants of 5 cm length. To do this, initial suspension of 1.02
absorbance at wavelength 600 nm and 1 cm quartz cell
was prepared. Eight milliliters of this bacterial suspension
was inoculated into 300 ml of a broth to adjust the
absorbance to 0.02. To inoculate the slants, two drops of
the initial bacterial suspension were uniformly placed on
the top of the agar. The absorption of bacterial cells
washed off the agar with 2 ml of saline was 0.02. Growth
of cells was monitored by the absorption of bacterial sus-
pensions at 600 nm (Ag) each 2.5 h. Three aliquots were
taken from each flask. From slants, the bacteria were
washed off with 2 ml of saline. The measurements were
performed for 3 tubes in parallel. With A, values higher
than 0.5, dilutions were made. Experiments were carried
out for 21 days on the liquid medium and for 30 days on
the solid medium. After plotting the time dependence of
logA,, for both media, the time of generation and specif-
ic growth rate were calculated [5]. Biomass yields were
determined by weight after drying aliquots of stationary
phase bacterial suspension at 108°C for 48 h.
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For the definition of colony-forming units (CFU),
liquid culture (0.1 ml) was inoculated on plates with solid
medium at the required dilutions [17].

Isolation and characterization of lipids and fatty acids.
For lipid analysis, cells were collected according to curves
constructed for both media at various phases of growth. On
the liquid medium cells were studied after 24 h (logarithmic
phase, LP), 2 days (linear growth phase, LGP), 6 days
(early stationary phase, ESP), 9 days (stationary phase,
SP), and 21 days (late stationary phase, LSP). On the solid
medium cells were studied after 2 days (LP), 6 days (LGP),
9 days (ESP), 17 days (SP), and 30 days (LSP), respective-
ly. The cells were killed by a 1% phenol solution for 20 min
and separated from the culture liquid by centrifugation at
4,000 rpm for 20 min. Then the cells were treated with
chloroform—methanol mixture (2 : 1) at 5-8°C as described
[18]. Lipid extracts were separated by two-dimensional
thin-layer chromatography (TLC) in systems described in
[19]. Phospholipids (PLs) were identified by comparison
with authentic standards using specific spray reagents [20].
The total PL content in cells (in % of dry bacterial weight)
and amounts of individual PLs (in % of total PLs) were
determined by the phosphorus content in total lipid
extracts by the method described in [21].

The fatty acids (FA) were obtained hydrolyzing bio-
mass with 6 M NaOH (100°C, 4 h) and were analyzed as
methyl ethers by gas—liquid chromatography as described
in [22]. Eicosanoic acid was used as internal standard for
quantitative analysis of fatty acids. All data presented here
are means of three or more independent experiments; the
range of experimental errors did not exceed 5%.

RESULTS AND DISCUSSION

Curves of growth. In this work, total lipid extracts
from Y. pseudotuberculosis cultivated on liquid and solid
nutrient media were investigated. The contents of lipids in
Gram-negative bacteria are known to depend on the
nutrient medium composition and growth phase of cells
[14, 23, 24]. Comparative analysis of bacterial lipid pro-
files is possible only for experiments in which cells of the
same growth phase and grown on a medium of the same
composition are used. In this regard, the top priority
problem was to study the influence of culture method
(nutrient broth and agarized nutrient broth) on the kinet-
ics of Y. pseudotuberculosis growth (Fig. 1).

Comparison of the growth curves revealed a signifi-
cant difference between them. Thus, the generation time
for the given strain on the liquid medium was 5 h, while
on the solid medium it was 15 h; the specific growth rate
on NB (0.06 h™!) was in three times higher than that on
NA (0.018 h™Y). On the liquid medium, the logarithmic
phase lasted 1 day, the linear growth phase about 3 days,
and then the stationary phase began. On the solid nutri-
ent medium, due to lengthening of the generation time,
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Fig. 1. Growth curves of Y. pseudotuberculosis on nutrient agar
(I) and nutrient broth (2) based on bacterial suspension
absorbance and curve of growth on nutrient agar (3) based on
number of colony-forming units.

the logarithmic phase lasted about 3 days, the linear
growth phase about 7 days, and the stationary phase
began only on the 8th day.

With identical inoculation doses, the yield of bacte-
ria attached to agar was slightly less than that of free-
floating cells (210 and 236 mg from 300 ml of a medium).
Taking into account that the concept of “best growth”
includes shortening generation time and greater yield of
cells at the end of cultivation [25], it can be concluded
that the liquid nutrient medium is more favorable for the
growth of the pseudotuberculosis microbe.

The high viability of the pseudotuberculosis bacteri-
um cultivated in the cold should be noted. Thus, the read-
ings of CFU/0.1 ml show (Fig. 1, curve 3) that the period
of preservation of M-concentration of the bacteria (max-
imum quantity of cells) was about 2 weeks in our experi-
ment. Then a drop in the number of viable cells to 84%
was observed, after which their level remained constant
for 2.5-3 months (the period of observation).

Characterization of total lipid extracts. The free lipid
content in Y. pseudotuberculosis varied with the cultiva-
tion method and the age of the culture (Fig. 2a). On both
media, exponentially growing cells were characterized by
a maximum content of lipids (7 and 19% for NA and NB,
respectively), which sharply decreased as the culture
entered the linear growth phase. Further deceleration of
the bacterial reproduction rate on entering the stationary
phase of growth was accompanied by rather small changes
in lipid contents, and the dynamics of these changes
depended on the cultivation method: on the liquid medi-
um some decrease in the level of lipids was observed,
while the lipid content increased on the solid medium. As
a result, colonially growing cells contained somewhat
more lipids in the stationary phase of growth than free-
floating cells did.
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Total lipid extracts contain phospholipids (PLs) and
neutral lipids (NLs); their relative contents depended on
age of cells, cultivation method (Fig. 2b), and were
apparently determined by the growth rate of the bacteri-
um [26]. On both media, the level of NLs exceeded the
level of PLs throughout the life cycle of the bacterium.
Exceptions were the immobilized cells in LGP and the
free-floating cells in LSP, in which the proportions of PLs
achieved a maximum value, 50% of the total extracted
lipids. A high content of NLs (up to 80%, mostly as free
FAs) in lipid extracts of the pseudotuberculosis microbe is
unusual for Gram-negative bacteria. It is interesting that
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Fig. 2. Content of 3-hydroxytetradecanoic acid (I, 2), total
lipids (3, 4), and phospholipids (PL; 5, 6) in cells (% of dry
bacterial mass) (a) and relative contents (% of total lipids) of
neutral lipids (NL; 7, & and PL (9, 10) in lipid extracts (b) of
Y. pseudotuberculosis grown on nutrient broth (7, 4, 6, &, 9) and
nutrient agar (2, 3, 5, 7, 10) in various growth phases: LP, log-
arithmic; LGP, linear growth; ESP, early stationary; SP, sta-
tionary; LSP, late stationary.



418

a similar substantial increase in the neutral lipid fraction
was observed in the marine psychrophylic Vibrio sp. under
starvation [27].

Analysis of phospholipid fractions. The yield of phos-
pholipids from the Y. pseudotuberculosis cells was rather
low on both media (Fig. 2a). The character of the changes
in the content of PLs with culture age depended on the
cultivation method and had opposite tendencies: decreas-
ing of PL was observed on NB and its content increased
on NA. The maximum PL for broth cultures was noted in
LP, and for colonially growing cultures in SP. At the end
of the life cycle, the immobilized bacteria had a notice-
ably higher PL level than the free-floating bacteria (2.6
and 1.7%, respectively).

Comparison of the lipid extracts showed that the
broth and surface cultures had identical qualitative PL
compositions, as was established for pseudotuberculosis
bacteria earlier [13]. The major components were phos-
phatidylethanolamine (PE), phosphatidylglycerol (PG),
diphosphatidylglycerol (DPG), mono- and dimethyl
ethers of PE (MePE and diMePE), and lysophos-
phatidylethanolamine (LPE) (Table 1). As minor compo-
nents, from one to three PLs of unknown structure were
present in the lipid extracts. One of them (PL-X) was
noted earlier in some lipid extracts of pseudotuberculosis
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bacteria and represented a phospholipid that did not con-
tain choline or amino or monosaccharide residues [13].
The two other unidentified PLs contained 3-hydroxyte-
tradecanoic acid (data are not shown) and are apparently
biosynthetic precursors of lipid A [28].

Phosphatidylethanolamine was the dominant phos-
pholipid throughout cell cycle only on the solid nutrient
medium, while DPG become dominant in the middle of
the stationary phase on the liquid medium. On both
media, the proportion PG in the total lipid fraction
decreased with aging of the cells. Simultaneously, the
content of DPG increased. An exception were the immo-
bilized cells in the linear growth phase, whose level of
DPG decreased twofold versus that in the logarithmic
phase cells (Table 1).

We noted a low content of PE at all stages of growth
(25-44 and 26-51% for NB and NA, respectively, Table
1). This was partially compensated by a high level of PE
derivatives (MePE, diMePE, and LPE) for which PE is a
precursor. The maximum level of methylated derivatives
was found in the logarithmic phase of growth, and then
their content gradually decreased to a minimum value in
the stationary phase. In free-floating cells, their content
was 2-4 times greater than in the colonial cultures. The
content of LPE decreased with deceleration of culture

Table 1. Relative content of individual Y. pseudotuberculosis phospholipids depending on culture method and growth

phase (% of total PL)

Growth phase* LP LGP ESP SP LSP
Medium** NB NA NB NA NB NA | NB NA | NB NA
Growth time (days) 1 2 2 6 6 9 9 17 21 30
Phospholipids

PE 25.6 30.3 30.5 33.6 | 44.1 26.0 | 36.5 | 51.6 | 339 | 50.8
PG 23.0 14.3 19.3 8.5 7.4 9.3 6.5 4.8 5.2 4.9
DPG 13.9 20.1 18.1 9.7 | 26.7 | 257 | 37.1 | 33.1 | 395 | 36.0
LPE 7.2 8.4 6.1 359 5.5 18.2 4.5 6.5 4.6 3.2
PL-X — 5.5 — 1.1 2.6 5.2 3.7 1.4 2.0 1.6

PL-X, + PL-X, — 6.2 5.2 1.9 — 11.1 — — — —
MePE 18.5 10.3 16.3 7.0 10.0 4.3 6.4 26 | 127 3.5

diMePE 11.75 49 4.6 2.3 3.6 — — — 2.3 —
EPE*** 63.1 539 57.9 78.8 63.2 | 485 | 474 | 60.7 | 535 | 575
PE + PG + DPG 62.5 64.7 67.9 51.8 782 | 61.0 | 80.1 | 89.5 | 78.6 | 91.7
YXPE**/PG + DPG 1.7 1.6 1.5 4.3 1.9 1.4 1.1 1.6 1.2 1.4

* Phases of growth: LP, logarithmic; LGP, linear growth; ESP, early stationary; SP, stationary; LSP, late stationary.

** NB, nutrient broth; NA, nutrient agar.
*** 3PE = PE + LPE + MePE + diMePE.
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growth and with entry into the SP. This tendency did not
occur for the Y. pseudotuberculosis grown on the solid
medium: an abnormally high level of LPE was observed in
the linear growth phase and in early stationary phase
(35.9 and 18.2%, respectively).

The presence of LPE in lipid extracts apparently
arises from the action of endogenous phospholipases
whose activity, as shown for Escherichia coli [23], depends
on age of culture and is mostly exhibited in the last stages
of the exponential phase and on entering the stationary
phase. The fact that LPE is mainly formed in the immo-
bilized cells is probably connected to peculiarities of
colonial growth of pseudotuberculosis bacteria, for exam-
ple, to their higher enzymatic activity (in comparison
with free-floating cells [29]) and is directed to increasing
cell membrane permeability toward macromolecules in a
phase of intensive cell division [30]. It is of interest that
similar significant amounts of lysophosphatides (up to
37%) were detected earlier in lipid extracts of marine psy-
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chrophilic bacteria of the genus Vibrio [31]. Their level in
these microorganisms also depended on cultivation tem-
perature and age, reaching a maximum in the logarithmic
phase of growth on cultivation in the cold.

Comparison of the lipid composition of pseudotuber-
culosis bacteria grown as broth cultures with that earlier
published [13] showed a significant difference between
them. We suppose that this is due to the lack of glucose in
the growth medium; this may inhibit phosphatidylglycerol
synthetase, a key enzyme in biosynthesis of PE [32]. The
analysis of the lipid composition in free-floating pseudo-
tuberculosis bacteria grown on glucose-containing NB
(0.5%) provides support for this (data not shown).

Fatty acid composition of immobilized and free-float-
ing Y. pseudotuberculosis. Hexadecanoic (16:0), hexade-
cenoic (16:1¢9), octadecenoic (cis-vaccenic, 18:1cll1),
methylencyclohexanoic (cyclopropanoic, 17:0cy), and 3-
hydroxytetradecanoic (30H-14:0) acids were the domi-
nant FAs (Table 2). On both media and on all stages of

Table 2. Dependence of Y. pseudotuberculosis fatty acid content on culture method and bacterial growth phase (% of

total fatty acids)

Growth phase* LP LGP ESP SP LSP
Medium** NB NA NB NA NB NA | NB NA NB NA
Growth time (days) 1 2 2 6 6 9 9 17 21 30
Fatty acids

12:0 3.4 2.7 2.6 2.7 2.6 2.2 3.4 2.4 3.7 3.8
13:0 0.9 0.3 0.1 0.1 0.1 0.3 0.2 0.4 0.2 0.5
14:0 4.6 2.8 2.6 0.8 2.8 0.8 0.7 0.6 0.6 1.2
15:0 4.5 2.4 1.4 2.4 1.8 5.0 1.7 6.8 2.7 6.7
A-14:1 1.6 1.4 1.2 1.3 1.6 1.1 1.4 1.0 1.8 1.2
30H-14:0 1.5 8.0 4.5 6.3 6.1 4.7 3.3 6.3 7.2 6.4
X30H-14 : 0*** 3.1 9.4 5.7 7.6 7.7 5.8 4.7 7.3 9.0 7.6
16:0 37.0 24.6 19.5 16.0 18.2 144 | 20.6 | 13.9 | 199 15.2
16: 1c9 15.0 33.7 40.8 43.0 28.1 | 36.4 | 30.0 | 30.8 | 242 | 28.8
17:0 2.3 0.9 1.3 1.6 1.6 3.5 1.7 4.3 2.0 4.2
17 : Ocy 2.4 2.1 3.4 4.5 14.7 109 | 157 | 163 | 179 15.3
18:0 11.5 4.1 0.9 1.0 0.8 0.9 1.0 0.9 1.1 1.7
18: 1c9 4.8 3.1 0.5 0.5 0.4 0.6 0.4 0.5 - 1.3
18: 1cll 6.0 12.8 20.7 19.2 19.4 18.7 | 19.0 | 15.1 17.4 13.2
19:0 0.4 0.5 0.1 0.3 0.2 0.2 0.3 0.4 0.2 0.4
Other fatty acids 4.1 0.6 0.4 0.3 1.6 0.3 0.6 0.3 1.1 0.1
U/S + CHxxx 0.3 0.9 1.6 1.7 1.0 1.3 1.0 0.9 0.7 0.8

Same as in Table 1.

sis [22].
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U/S + C, unsaturation indices determined as the ratio of unsaturated FAs to the sum of saturated and cyclopropanoic FAs.
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growth, the total content of unsaturated FAs was notice-
ably above that of saturated FAs. This is due to the low
cultivation temperature and maintains the required mem-
brane fluidity for the normal function of the bacterial cell
at low temperature.

The dynamics of the changes in the FA levels with
the Y. pseudotuberculosis growth phase was typical of
Gram-negative bacteria [14] and was due to the type of
fatty acids investigated. However, the dependence of
unsaturated FAs on growth phase in the Y. pseudotubercu-
losis was unusual; their content increased in rapidly grow-
ing cells and gradually decreased on entry into the sta-
tionary phase, while the FA unsaturation index increased
over the whole life cycle in other Gram-negative bacteria
[14]. On both media, the cells contained the maximum of
unsaturated FAs and the minimum of saturated FAs in the
linear growth phase. As a result, such cells apparently had
the most fluid membrane. On the contrary, the cells had
the lowest unsaturation index and the lowest membrane
fluidity in the logarithmic phase. Thus, the state of the
membrane sharply changed as the cells passed from one
stage of growth to another in fast growing cultures. No
significant changes in unsaturation index and membrane
fluidity were observed in the cells in the later stages of
growth (ESP, SP, LSP).

Changing from the liquid to the solid culture of Y.
pseudotuberculosis decreased the saturated FA content
and increased the content of unsaturated FA and of satu-
rated FAs with an odd number of carbon atoms. The

0.16-
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aNA-LP
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< NA-ESP
T = NA-LGP
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= NB-SP
aNB-LSP
0.0 0.1 0.2 0.3
12:0/16:0

Fig. 3. Y. pseudotuberculosis pathogenicity as a ratio of
12:0/16:0 and 14:0/16:0 fatty acids in relation to cultivation
method (NB, nutrient broth; NA, nutrient agar) and phase of
growth: LP, logarithmic; LGP, linear growth; ESP, early sta-
tionary; SP, stationary; LSP, late stationary.
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amount of cyclopropanoic acid had little dependence on
culture method. As a result, the immobilized cells had a
higher FA unsaturation index than free-floating cells at
all growth stages.

Among the fatty acids present in all investigated
samples, of special interest is 30H-14:0. Unlike other
FAs, which can be present in free or bound lipids, it is
found only in lipopolysaccharides (LPS), the major gly-
cophospholipid of the outer membrane of Gram-negative
bacteria [34]. The amount of 30H-14:0 in hydrolyzates is
determined by the amount of LPS in cells. In turn, data
on the content and phase dynamics of 30H-14:0 can be
used for characterization of modifications in the amount
of LPS. As follows from Table 2, the content of 30H-14:0
in hydrolyzates depended on the growth phase, and the
dynamics of changes in the amount of this acid with aging
of cells in surface and broth cultures was opposite (Fig.
2a). However, a correlation between the total lipid con-
tent and the PE content in lipid extracts, on the one
hand, and the 30H-14:0 content in the total FA fraction,
on the other, is observed on both media: when more free
lipids were present in the cells, the amount of 30H-14:0
and thus LPS was lower. This suggests that the Y. pseudo-
tuberculosis, like other Gram-negative bacteria [35], has a
mechanism for controlling the synthesis of lipid-contain-
ing compounds which operates differently in solid and
liquid cultures. The growth rate of the bacteria probably
plays a key role in the regulation of free lipid and LPS
synthesis.

The content of 30H-14:0 and, indirectly, of LPS
(an important factor of Gram-negative bacterial patho-
genicity [34]) depends markedly on the culture method
and growth phase. Thus, it seems that Y. pseudotubercu-
losis grown on different nutrient media and in different
stages of growth can differ in pathogenicity. To evaluate
the pathogenic potential of bacteria of the genus
Yersinia, some authors use cell fatty acid quantitative
analysis, namely, 12:0/16:0 and 14:0/16:0 ratios [36]. As
follows from the data shown in Fig. 3, bacteria grown on
NB have a high pathogenic potential only in the station-
ary phase of growth. The highest pathogenic potential,
close to that of wild Y. pseudotuberculosis strains [36], is
seen on cultivation on NA in the linear growth phase
and the early stationary and stationary phases.
Therefore, immobilization of cells during the growth of
the bacterium on the solid nutrient media is a factor
enhancing the pathogenic potential of Y. pseudotubercu-
losis. A lack of correlation between 30H-14:0 content
and pathogenicity degree at all stages of growth is worth
noting.

Thus, the lipid composition of Y. pseudotuberculosis
grown on solid substrates has some peculiarities in com-
parison with that of free-floating cells. The immobilized
cultures contained somewhat more total lipids and syn-
thesized more PLs, in the linear growth phase their
lysophosphatide fraction was higher, and they had higher
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unsaturation index and higher pathogenic potential than
free-floating cells grown in otherwise identical condi-
tions. For both culture methods used, a clearly expressed
influence of growth phase on Y. pseudotuberculosis lipid
composition was also observed.
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