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Capillary gas chromatography with flame ionisation detection (GC-FID) was used to determine the cel-
lular fatty acid (CFA) profiles of six Yersinia pestis strains. The profiles were then compared with the
CFA profiles of other closely related Yersinia species including: Y. pseudotuberculosis, Y. enterocolitica,
Y. intermedii, Y. kristensenii and Y. frederiksenii. For GC-FID analysis, whole cell fatty acid methyl esters
(FAMEs) from cells cultured on brain-heart infusion (BHI) agar at 35 °C for 24 h were obtained by sapon-
ification, methylation and extraction into hexane/methyl tert-butyl ether. A data set for each Yersinia spe-
cies was prepared using fatty acid profiles from five replicates prepared on different days. Major fatty
acids of the 26 Yersinia strains evaluated in this study were straight-chain 12:0, 14:0, 15:0, 16:0 and
unsaturated summed 16:1 ®7c/16:1 w6c, 18:1 w7c, and summed 14:0 30H/16:1 iso, and 17:0 ® cyclo
7-8. The CFA profiles for Y. pestis and Y. pseudotuberculosis are similar, but there are several fatty acids,
16:1 w5¢, 16:0, 17:1 ®7c¢, 17:0 ® cyclo 7-8, 19:0 and summed 18:2 w6c, 9¢/18:0 ante, that differ signif-
icantly between these two species. Analysis of FAMEs from Yersinia strains grown on BHI agar by a rapid
GC-FID method can provide a sensitive procedure for the identification of these organisms, and this ana-
lytical method provides a procedure for the differentiation of Y. pestis strains from closely related Yersinia

species.

Published by Elsevier Ltd.

1. Introduction

Yersinia is a Gram-negative, rod-shaped bacteria of the family
Enterobacteriaceae. The genus Yersinia includes 11 species, three
of which are potentially pathogenic to humans: Yersinia enterocol-
itica, Y. pseudotuberculosis and Y. pestis (Perry & Fetherston, 1997).
In the US, most human illnesses are caused by Y. enterocolitica,
however, many Y. enterocolitica isolates have been found not to
be pathogenic (US Food and Drug Administration (FDA), 1991).
Infection may occur by consumption of contaminated food prod-
ucts such as meat, vegetables, and milk-derived products (FDA,
1991, 2001, Chap. 8). Symptoms of infection with Y. enterocolitica
include fever, abdominal pain and diarrhoea. Y. pseudotuberculosis
is the least common species of Yersinia causing disease in humans.

The taxonomy of Yersinia was revolutionized in 1976 by Bren-
ner, Steigerwalt, Falxo, Weaver, and Fanning (1976) who used
DNA-DNA hybridization and biochemical tests for the classifica-
tion of Y. enterocolitica and Y. pseudotuberculosis (Brenner et al.,
1976). As a result of these studies, three new Yersinia species were
identified, Y. frederiksenii, Y. intermedii and Y. kristensenii (Bercovier
et al.,, 1980; Brenner et al., 1980; Ursing et al., 1980). Loftus, Hare-
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wood, Cockerill, and Murray (2002) have described the clinical fea-
tures of patients infected with these Yersinia species and found the
most common symptom to be diarrhoea. Between 1985 and 1999,
194 patients had Yersinia species isolated from stool specimens
(Loftus et al., 2002). They concluded that Y. frederiksenii, Y. interme-
dii and Y. kristensenii may represent up to 20% of all Yersinia isolates
(Loftus et al., 2002).

Y. pestis was discovered in 1894 by Alexandre Yersin during an
epidemic of plague in Hong Kong (Bendiner, 1989; Yersin, 1894). Y.
pestis has undergone several nomenclature changes since being
named Pasteurella pestis after Yersin’s mentor (Bendiner, 1989).
Humans may develop plague through the bite of infected fleas, di-
rect contact with contaminated tissue, or inhalation of the bacte-
rium. Human plague is usually present as bubonic, septicaemic,
and pneumonic forms (Perry & Fetherston, 1997). Pneumonic pla-
gue is the most deadly form of the disease and the most rapidly
transmitted. It would most likely be the form found if Y. pestis were
used in a bioterrorism event.

The first study to analyse whole cell fatty acid concentrations
for three Yersinia species was reported by Jantzen and Lassen
(1980) of Norway. In the current study, a rapid GC-FID method
was used to determine whether it could identify Yersinia strains
and whether Y. pestis could be differentiated from closely related
Yersinia species.
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2. Materials and methods
2.1. Bacterial agents and growth conditions

Twenty-six Yersinia strains from an FDA collection were ana-
lysed, including Y. enterocolitica (5 strains), Y. pseudotuberculosis
(6 strains), Y. frederiksenii (2 strains), Y. intermedii (4 strains), Y. kris-
tensenii (3 strains) and Y. pestis (6 vaccine strains) (Table 1). All
bacteria were grown on brain-heart infusion (BHI) agar (Difco, De-
troit, MI, USA) and were initiated from frozen stocks. The growth
medium was prepared with 52 g BHI agar/l distilled water, pH
7.0. Twenty millilitres of medium was added to each 100 mm petri
plate. All bacteria were incubated at 35 + 1 °C for 24 h.

2.2. Chemical procedures and gas chromatography analysis

For gas chromatography with flame ionisation detection (GC-
FID) analysis, bacterial cells were harvested from the culture
plates. Whole cell fatty acid methyl esters (FAMEs) were prepared
by saponification, methylation and extraction into hexane/methyl
tert-butyl ether. Using a sterile disposable wooden stick, ~25 mg
of bacterial cells were harvested from the culture plates and placed
in sterile 13 x 100 mm tubes. One millilitre of 3.75 mol/l NaOH
(1:1, methanol/distilled water) was added to each tube containing
the bacteria to saponify the fatty acids. The tubes were heated in a
boiling water bath for 5 min, vortexed, heated for an additional
30 min in a boiling water bath, and then cooled in tap water.
Two millilitres of 3.25 mol/l HCl (1:1.18, methanol/6 mol/l HCI)
was added for methylation of the fatty acids, and the tubes were
heated for 10 min at 80 °C. The tubes were cooled and the FAMEs
were extracted by addition of 1.25 ml of 1:1 hexane/methyl tert-
butyl ether with gentle tumbling for 10 min. The lower phase
was removed, and 3.0 ml of 0.3 mol/l NaOH was added to the or-
ganic phase as a base wash and tumbled for an additional 5 min.
The organic phase was then removed for GC analysis. The FAMEs
were analysed by GC using the rapid Microbial Identification Sys-
tem (MIS, MIDI Inc., Newark, DE, USA) software (RCLN50 and

Table 1
Bacterial agents analysed by gas chromatography.

Microorganism Strain designation

Yersinia enterocolitica Y2
Y38
Y105
Y106
Y120

Y. pseudotuberculosis Y188
Y199
Y270
Y281
Y283
2390

Y. frederiksenii Y225
Y226

Y. intermedii Y227
Y228
Y229
2393

Y. kristensenii Y231
Y232
Y233

Y. pestis 2388
2389
D27
D27X
D28
D28X

RBTR20) to identify the relative amounts of fatty acids in the bac-
teria. Results were expressed as a percentage of the total fatty
acids. The GC used was an Agilent 6890 with a flame ionisation
detector and an Agilent auto sampler and injector (Agilent 7683)
(Agilent Technologies, Palto Alto, CA, USA). A 25m
(length) x 0.2 mm ID x 0.33 wm film thickness, cross-linked 5%
phenylmethyl silicone fused silica capillary column (Agilent
19091B-102) was used to separate the fatty acids. Operating con-
ditions were as follows: initial temperature was 170 °C and was in-
creased at a rate of 28 °C /min to 288 °C and then increased to
310°C at 60 °C/min and held for 1.25 min. Hydrogen was used as
the carrier gas at a constant flow rate of 1.3 ml/min. A calibration
analysis was used for the first two injections of every sequence
and was automatically reanalysed after every 11th sample injec-
tion using calibration standard no. 1300-AA (Microbial ID, Inc.,
Newark, DE, USA). The similarity index (SI) is a numerical value
that expresses how closely the fatty acid composition of an un-
known compares with the mean fatty acid composition of the
strains used to create the library entry. As each fatty acid varies
from the mean percentage, the SI will decrease in proportion to
the cumulative variance between the composition of the unknown
and the library entry (Sasser, 1997). Samples with a similarity of
0.500 or higher with a separation of 0.100 between the first and
second choice are considered good library comparisons.

2.3. Statistical analysis

Differences in fatty acids amongst bacterial strains were as-
sessed by analysis of variance (ANOVA) (Snedecor & Cochran,
1980). Values are expressed as means with their standard devia-
tions. The Duncan multiple comparison method was used to differ-
entiate amongst means for variables that were significantly
different (Snedecor & Cochran, 1980).

3. Results and discussion

GC-FID analysis of chemical components of bacterial cells has
provided useful information for rapid detection and identification
of bacteria in clinical and diagnostic bacteriology laboratories
and currently has increased significance for both food safety and
security (Daneshvar, Douglas, & Weyant, 2001; Whittaker, Day,
Curtis, & Fry, 2007; Whittaker et al., 2005). In this study, the cellu-
lar fatty acid (CFA) profiles of Y. pestis strains were compared to the
CFA profiles of five closely related Yersinia species. Fig. 1 is an
example of a chromatogram for a strain of Y. pestis (strain # 2389).

A database for the six Yersinia species was prepared using fatty
acid profiles from the strains listed in Table 1. The CFA profiles for
the Yersinia species are shown in Table 2. The Yersinia species ana-
lysed have a similar fatty acid pattern. The major fatty acids for dis-
tinguishing the strains evaluated in this study were straight-chain
12:0, 14:0, 15:0, 16:0, unsaturated summed 16:1 ®7c/16:1 w6,
18:1 o7¢, summed 14:0 30H/16:1 iso, and 17:0 w cyclo 7-8, indi-
cating Gram-negative bacteria. The highest concentrations were
found for 16:0 fatty acid, followed by 17:0 ® cyclo 7-8 for all of
the Yersinia species analysed. Similar results showing that Yersinia
species have analogous fatty acid patterns have been reported
(Leclercq, Guiyoule, El Lioui, Carniel, & Decallonne, 2000; Leclercq,
Wauters, Decallonne, El Lioui, & Vivegnis, 1996). Results from pre-
vious studies (Jantzen & Lassen, 1980; Leclercq et al., 1996; Lecl-
ercq et al., 2000) also showed 12:0, 14:0, 14:0 30H, 16:0, 16:1,
17:0 cyclo and 18:1 as major fatty acids with 16:0 and 17:0 cyclo
having the highest concentrations. These studies (Jantzen & Lassen,
1980; Leclercq et al., 1996; Leclercq et al., 2000) used different
growth conditions including time and temperature of incubation,
and type of media, which would result in differences in concentra-
tions of fatty acids. Leclercq et al. (1996) evaluated the pathogenic-
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Fig. 1. Chromatogram for a strain of Yersinia pestis (strain # 2389).

Table 2
Comparison of cellular fatty acid profiles for various strains of Yersinia.

Cellular Fatty Acid Y. pestis (%) Y. pseudotuberculosis (%)

Y. enterocolitica (%)

Y. intermedii (%) Y. kristensenii (%) Y. frederiksenii (%) P

12:0 1.05+0.16™  1.02+0.28° 3.80 +0.32° 6.65 * 0.60° 6.50 + 0.39° 6.64 +0.31¢ <0.001
13:0 0.00 # 0.00° 0.03 +0.05? 0.18 +0.14° 0.51+0.11¢ 0.00 +0.00° 0.00 + 0.00° <0.001
12:0 30H 0.08 +0.07° 0.07 £0.07° 0.00 +0.00° 0.05 +0.04° 0.02 +0.03° 0.47 +0.07° <0.001
Unknown13.951 0.26 + 0.06* 0.29 +0.12° 0.56 + 0.06° 0.73 +0.08¢ 0.70 + 0.05%¢ 0.64 + 0.03° <0.001
14:0 1.48 £0.14° 1.53 +0.38? 482 +0.519 1.84+0.13° 2.75£0.13¢ 2.60 +0.26° <0.001
Unknown 14.502 0.31+0.13? 0.35+0.19° 0.86+0.11° 1.07 £0.11¢ 0.79 + 0.04° 0.66 +0.23° <0.001
15:0 1.43+0.71° 1.29 +1.25° 2.53 +1.47° 3.93 +0.98¢ 0.49 + 0.09° 0.13 £ 0.09% <0.001
14:0 20H 0.00 # 0.00° 0.00 + 0.00? 0.12 +0.20° 0.00 # 0.00° 0.17 £0.01° 0.13 +0.05° <0.001
16:1 ®5¢ 0.48 + 0.05¢ 0.31 +0.06° 0.35 +0.03¢ 0.53 + 0.04e 0.26 +0.01° 0.26 + 0.04 <0.001
16:0 36.29+1.17°  38.87 +2.88¢ 34.83 +1.89° 30.49 + 0.63? 36.60 + 0.94° 39.26 +1.02¢ <0.001
17:0 Iso 0.06+0.10 0.04 +0.08 0.08 +0.10 0.06 + 0.07 0.07 +0.07 0.09 +0.11 0.672
17:1 ®7c 0.41+0.15° 0.30+0.17° 0.35 +0.03° 0.32+0.14° 0.22+0.122 0.22 +0.15 <0.001
17:0 o Cyclo 7-8 32.16+1.86°  28.50 +4.36° 29.13 £1.29%¢ 20.09 + 1.99° 23.36+1.23° 28.58 0.50° <0.001
17:0 0.54+0.19° 0.72 +0.71¢ 1.13 £0.50¢ 1.52+0.39% 0.17 £ 0.04° 0.06 +0.07% <0.001
18:1 w7c 3.21£092%¢  3.66+1.32¢ 2.14+1.02% 5.62 £0.32e 2.85+0.18"¢ 2.47 +0.44*° <0.001
18:0 0.74 +0.12¢ 0.76 +0.17°¢ 0.60 +0.16° 0.85+0.17¢ 0.46 +0.13? 1.25+0.32e <0.001
19:0 Cyclo m8c 1.38 +0.62¢ 1.25 +0.78¢ 1.30+0.57¢ 0.68 +0.25" 0.28 +0.05° 1.59 + 0.08¢ <0.001
19:0 0.89+0.17¢ 0.77 +0.15° 0.70 +0.10° 0.49 +0.15° 0.48 £ 0.05° 0.62 +0.04° <0.001
18:1 20H 0.16 +0.22° 0.21+0.21° 0.18 +0.20° 0.01 +0.04? 0.00 £ 0.00° 0.00 + 0.00° <0.001
Summed 14:0 30H/16:1 iso 11.30+£0.98°  10.97 +1.34° 10.69 + 0.69° 9.16 +0.74% 9.89+0.51° 9.69 +0.57*P <0.001
Summed 16:1 ®7¢/16:1 ®6c 6.14 +2.47° 7.60 + 4.25P 436 +1.88% 14.18 +2.354 12.34 +1.03¢ 3.44 +0.54% <0.001
Summed 18:2 ®6, 9¢/18:0 ante  1.55 # 0.25° 1.37 £0.18¢ 1.23+0.17¢ 0.85 +0.23? 0.86 +0.12° 1.10 £ 0.10° <0.001
Similarity Index 0.684+0.075  0.655 + 0.068 0.674 +0.115 0.890 + 0.073 0.796 +0.051 0.777 £0.023

n 30 30 25 20 15 10

" Mean + standard deviation. Means for a variable not sharing a common superscript letter are significantly different (P< 0.05) as determined by the Duncan multiple
comparison method, which was applied only if significant differences were determined to exist by ANOVA.

ity of Yersinia strains by determining the ratio of fatty acids 12:0 to
14:0 and determined that potentially pathogenic strains had a sig-
nificantly lower ratio. The 12:0/14:0 ratio’s found in the present
study for Y. enterocolitica, Y. pseudotuberculosis, and Y. pestis are
similar to the ratio reported by Leclercq et al. (2000). Nagamachi
et al. (1991) showed that Y. enterocolitica is capable of growing at
temperatures ranging from approximately 4 to 45°C and they
examined how this organism alters its membrane fatty acids in re-
sponse to a change in growth temperature. With a rise in temper-
ature, saturated and cyclopropane fatty acids increased and
unsaturated decreased. The fatty acid concentrations were re-
versed when the culture temperature was lowered. They con-
cluded that Y. enterocolitica maintains its membrane rigidity and
fluidity in response to growth temperature by changing the mem-
brane fatty acid composition (Nagamachi et al., 1991). This study is
important for emphasising the importance of standardising the
growth conditions when determining fatty acid profiles for various
bacterial strains.

Table 2 compares the CFA profiles for Y. pestis to the other Yer-
sinia species. Based on these CFA profiles, there is clear separation

of the various Yersinia species. The CFA profiles for Y. pestis and Y.
pseudotuberculosis are similar, but there are several fatty acids,
16:1 w5c, 16:0, 17:1 ®7c, 17:0 ® cyclo 7-8, 19:0 and summed
18:2 w6c, 9¢/18:0 ante, that differ significantly in percentage be-
tween these two species (Table 2). Y. pestis is genetically very sim-
ilar to Y. pseudotuberculosis (FDA, 1991). Results from other studies
also confirm a close relationship between Y. pestis and Y. pseudotu-
berculosis (Frolov, Ruban, & Vasyurenko, 1989; Tornabene, 1973).
The mean SI value for the Yersinia strains ranged from 0.655 for
Y. pseudotuberculosis to 0.890 for Y. intermedii (Table 2).

In summary, fatty acids were extracted from whole bacterial
cells of various Yersinia species, and derivatized into methyl esters.
The FAMEs were identified and quantified using GC-FID, which is a
rapid and sensitive procedure. The cellular fatty acids were ex-
tracted in approximately 1h and run on the GC-FID for 5 min.
The data in this study show that Yersinia species can be identified
after 24 h of growth on BHI agar. This study demonstrates the
importance of being able to construct a unique library for identifi-
cation of Yersinia species, based on type of media and specific
growing conditions. The percentages and unique fatty acids
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isolated from Yersinia strains can provide a sensitive method for
identification. This analytical method provides a procedure for
the differentiation of Y. pestis strains from closely related Yersinia
species.

4. Safety

Standard microbiological safety precautions were observed
whilst working with the bacterial strains. Whilst performing
experimental procedures, safety glasses, laboratory coats and dis-
posable gloves were utilised. The bacteria were completely inacti-
vated using sodium hydroxide that was heated in a boiling water
bath before the fatty acid extraction procedure.
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