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Capillary gas chromatography with flame ionization detection (GC-FID) was used to determine the
cellular fatty acid (CFA) profiles of 134 Enterobacter sakazakii strains, and these were compared to
the CFA profiles of other closely related Enterobacter and Citrobacter species. For GC-FID analysis,
whole cell fatty acid methyl esters (FAMES) from cells cultured on brain heart infusion (BHI) agar at
37 °C for 24 h were obtained by saponification, methylation, and extraction into hexane/methyl tert-
butyl ether. A database for E. sakazakii was prepared using fatty acid profiles from the 134 strains.
Major fatty acids of E. sakazakii strains evaluated in this study were straight-chain 12:0, 14:0, and
16:0, unsaturated 18:1 w7c, and 17:0 wcyclo 7—8. Principal component analysis (PCA) based on
CFA profiles for E. sakazakii strains shows separation of E. sakazakii subgroups A and B. The CFA
profiles for E. sakazakii and Enterobacter cloacae show that there are several fatty acids, 14:0, 17:0
wcyclo 7—8, 18:1 w7c, and summed 16:1 w6c/16:1 w7c, that differ significantly between these two
species. A PCA model based on CFA profiles for E. sakazakii strains clearly shows separation of E.
sakazakii from closely related Enterobacter and Citrobacter species. Analysis of FAMEs from E.
sakazakii strains grown on BHI agar by a rapid GC-FID method can provide a sensitive procedure
for the identification of this organism, and this analytical method provides a confirmatory pro-
cedure for the differentiation of E. sakazakii strains from closely related Enterobacter and Citrobacter
species.
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INTRODUCTION detected in dry infant milk formula products and, with improper
handling, has been implicated in several clinical investigations.

Enterobacter sakazakl!s a Gram-negat|ve, rod_— shaped Clark et al. 6) in 1990 were the first to correlate. sakazakii
pathogen that has been implicated in foodborne diseases. In

1929, Pangalos reported that a yellow-pigmented coliform was |solatgd frqm tV\./O neqnatal patients .‘?nd dr.ied infant formula
the cause of septicemia in an infafj.(Subsequently, Urmenyi by epidemiologic typlng.E. _sakaz_akmnfe_ctlo_ns are rarely
and Franklin (1961) reported two cases of terminal neonatal reporte_d but have been implicated in causing lliness in neonates
meningitis that occurred in 1958 during an outbreak in England, gnd ghlldren aged 3 days .to 4 years with at. least 76 cases of
and Joker et al. (1965) in Denmark reported an infection caused'nfe(:t',OnS and 19 deaths in |nfant§ and children &). The
by E. sakazakiin a child who survived meningitis but developed rdanism has been detected in either prepared formula, the
severe mental and neurological impairment (1—3). In the later €nVironment in which it was prepared, or unopened products.
reports, the pathogen was described as a yellow-pigmented! e first report in the United States & sakazakiinfection
Enterobacter cloacae. It was not until 1977 that sakazakii associated with infant formula was in 2001, prompting recall
was distinguished fror. cloacag(4). E. sakazakihas emerged ~ ©f @ commercial produc®j. A letter was sent by the U.S. Food
as a rare cause of life-threatening neonatal meningitis, necro-and Drug Administration (FDA) informing health care profes-
tizing enterocolitis, and septicemi)( The bacterium has been ~ sionals thaE. sakazakiinfections are associated with the use
of milk-based powdered infant formulas (10).

* Corresponding author (telephone 301 4361797; fax 301 4362665; !N this study, arapid GC-FID method was used to determine

e-mail paul.whittaker@fda.hhs.gov). if it could identify E. sakazakistrains from food, the environ-
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Table 1. Bacterial Agents Analyzed by GC Table 2. Comparison of Cellular Fatty Acid Profiles for E. sakazakii
and E. cloacae?
source of ATCC
microorganism designation strain no. E. sakazakii E. cloacae P
Enterobacter sakazakii 613 food cellular fatty acid (%) (%) value

1424 clinical 29544 12:0 158+ 053 2.66 +1.34 <0.001
1425 unknown 51329 13:0 0.00 + 0.00 0.35+0.31 <0.001
1426-1428 environmental unknown 13.951 0.04 +0.14 0.20 +0.30 0.003
1429 clinical 14:0 9.61+0.78 7.82+161 <0.001
1430 unknown unknown 14.502 0.82+0.19 0.94+0.18 0.052
1431 clinical 14:0 20H 0.00 +0.00 0.25+ 0.50 <0.001
1432 unknown 15:0 0.09 £0.17 1.03+138  <0.001
1433 clinical 16:1 w5¢ 0.04 +0.06 0.07 £0.07 0.085
1434 unknown 16:0 31.21+1.85 3055+ 2.54 0.310
1435 food 15:0 3 OH 0.00 +0.00 007+£009 <0001
1445 clinical 17:1 w8 0.00 +0.04 0144026 <0001
1447 clinical 17:0  cyclo 7-8 374+159 11704520  <0.001
1449 clinical 17:0 0.18 022 205+£155  <0.001
1508-1509  environmental 181 wTc 24.02£200  1630+244  <0.001
%g:ig% :Mgmggg 18:0 0.45+0.14 0.50 0.10 0.216
1523-1531 environmental 19:0 pyclo w8c 0.49£0.36 1.60 +1.30 <0.001
15331534 environmontal 19:0iso 0.00 + 0.00 0.08 +0.17 <0.001
1536 bl 19:0 . 0.02 +0.05 0.08 +0.09 0.001
1537 clinical summed 13:0 30H/15:1 iso 0.00+0.00 0.21+0.42 <0.001
1538 food summed 14:0 30H/16:1 iso 9.01+0.95 8.67 +0.86 0.299
1542 dinical summed 16:1 wc/16:1 w7 18.63+2.19 14.46 +6.15 <0.001
1543 anknown similarity index 0.802+0.118  0.743+0.104 0.150
1545 unknown n 134 9

1547-1561 unknown
1563-1565 clinical

1566 environmental @Values are the mean + SD.

1568-1569  food

1570 clinical

12% Iggg ment, and clinical samples, and if it can differentiitesakazakil
1578 food strains from closely relatedEnterobacterand Citrobacter
1584 clinical 29004 species.

1585-1586 unknown 2868

1567-1591 nondlinical* MATERIALS AND METHODS

1593-1595 nonclinical

1596 environmental Bacterial Agents and Growth Conditions.E. sakazakistrains from
1597-1598 nonclinical an FDA collection and other closely relatéshterobacterand Citro-
1600 nonclinical bacter species that were analyzed are listedTable 1. All bacteria
1602-1605  nonclinical were grown on brain—heart infusion (BHI) agar (Difco, Detroit, MI)
1632 unknown and were initiated from frozen stocks. The growth medium was prepared
1223 Egtggm with 52 g of BHI agar/L distilled water, pH 7.0. Twenty milliliters of

medium was added to each 100 mm Petri plate. All bacteria were

1642-1645 unknown incubated at 37 1 °C for 24 h.

1662-1665 food

1666 environmental Chemical Procedures and GC AnalysisFor gas chromatography
1668-1687 food with flame ionization detection (GC-FID) analysis, bacterial cells were
1891-1894 unknown harvested from the culture plates, and whole cell fatty acid methyl esters
2148-2157 clinical (FAMES) were prepared by saponification, methylation, and extraction
Enterobacter sakazakii that 1532 environmental into hexane/methytert-butyl ether. Using a sterile disposable wooden
tested as 1544 environmental stick, approximately 25 mg of bacterial cells was harvested from the
Enterobacter cloacae 1667 environmental culture plates and placed in sterile ¥£3100 mm tubes. One milliliter
1895 unknown of 3.75 N NaOH (1:1, methanol/distilled water) was added to each
Enterobacter cloacae 1437 food tube containing the bacteria to saponify the fatty acids. The tubes were
1646 unknown . L .
2140 unknown 35030 hea.te'zd in a bqlllng Watgr bath for 5 min, vortexed, he'ated for an
2141 clinical 13047 addltlona_ll_ 30 min in a boiling water bath, and then cooled in tap water.
2142 clinical 49141 Two milliliters of 3.25 N HCI (1:1.18, methanol/6 N HCI) was added
Enterobacter agglomerans 2134 food 49008 for methylation of the fatty acids, and the tubes were heated for 10
Enterobacter intermedius 2135 environmental 33110 min at 80°C. The tubes were cooled, and the FAMEs were extracted
Citrobacter freundii 2136 unknown 43864 by the addition of 1.25 mL of 1:1 hexane/methgtt-butyl ether with
Enterobacter amnigenus 2137 unknown 33731 gentle tumbling for 10 min. The lower phase was pipetted off, and 3.0
Enterobacter aerogenes 2138 clinical 13048 mL of 0.3 N NaOH was added to the organic phase as a base wash
Enterobacter asburiae 2139 clinical 35956 and tumbled for an additional 5 min. The organic phase was then
Enterobacter gergoviae 2143 clinical 33028 removed for GC analysis. The FAMEs were analyzed by GC using
Enterobacter hormaechei 2144 Clinical 49163 the rapid Microbial Identification System (MIS, MIDI Inc., Newark,
Citrobacter koseri 2145 clinical 25408 DE) software (RCLN50) to identify the relative amounts of fatty acids
Enterobacter dissolvens 2146 food 23373 . ;
Enterobacter cancerogenus 2147 clinical 35314 in the bacteria and were expressed as a percentage of the total fatty

acids. The GC used was an Agilent 6890 with a flame ionization
detector and an Agilent autosampler and injector (Agilent 7683) (Agilent
2 Nonclinical is an unknown food or environmental source. Technologies, Palto Alto, CA). A 25 m (length) 0.2 mm i.d.x 0.33
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Figure 1. Chromatogram for a clinical strain of Enterobacter sakazakii (sample 2157).
Table 3. Comparison of Cellular Fatty Acid Profiles for Various Enterobacter Strains
E. agglomerans E. intermedius C. freundii E. amnigenus E. aerogenes E. asburiae
cellular fatty acid (2134) (2135) (2136) (2137) (2138) (2139)
10:0 0 0 0 0 0 0.49
11:.0 0 0 0 0 0 0.50
12:0 3.89 3.76 3.75 2.88 0.91 0.52
13:0 0 0.58 0.40 0.69 0.16 0.34
unknown 13.951 0.80 0.55 0.49 0.60 0 0
14:0 5.56 6.12 7.58 0.47 10.34 8.82
unknown 14.502 0.81 1.46 1.04 0.61 0.92 0
14:0 20H 0 0 0 0 0.70 0
15:1 w8c 0 0.20 0.12 0.17 0.05 0.12
15:0 0.17 4.92 2.99 4.10 1.92 4.44
16:1 w5c 0.15 0.24 0.24 0.22 0.12 0.33
16:0 32.62 26.53 28.28 24.73 3147 28.11
15:0 30H 0 0.21 0.15 0.17 0.10 0.24
17:1 w8c 0 0.37 0.34 0.93 0.24 0.43
17:1 w cyclo 7-8 5.32 2.96 1.39 5.78 10.71 11.15
17:0 0.13 1.49 1.16 2.62 1.25 3.01
18:1 w7c 9.03 10.23 13.59 11.32 16.78 14.88
18:0 0.34 0.24 0.21 0.59 0.39 0.36
19:0 0 0 0 0.14 0.09 0.14
19:0 cyclo w8c 0.08 0 0 0 1.76 0.40
summed 13:0 30H/15:1 iso 0 0 0 091 0 0
summed 14:0 30H/16:1 iso 10.08 9.12 8.55 8.76 8.80 7.49
summed 16:1 w6c/16:1 w7c 30.79 30.83 29.72 29.66 12.88 17.91
E. gergoviae E. hormaechei C. koseri E. dissolvens E. cancerogenus
cellular fatty acid (2143) (2144) (2145) (2146) (2147)
10:0 0 0 0 0 0.05
11.0 0 0 0 0.07 0.09
12:0 0.54 1.33 2.05 1.55 0.79
13.0 0 1.08 0.30 1.14 379
unknown 13.951 0 0 0 0 0.50
14:0 10.65 8.56 9.72 7.50 5.59
unknown 14.502 0.54 0 0.98 0 0
14:0 20H 0.61 0 0 0.26 0
15:1 w8c 0 0.27 0.08 0.29 0.16
15.0 0.12 7.26 2.74 7.22 4.68
16:1 wbc 0.14 0.19 0.21 0.19 0.14
16:0 36.28 21.72 28.09 23.12 0.26
15:0 3 OH 0 0.34 0.15 0.37 0.26
17:1 w8c 0 0.91 0.39 1.24 0.58
17:1 w cyclo 7-8 18.06 7.35 2.73 9.69 14.20
17:.0 0 3.21 1.33 415 3.46
18:1 w7c 15.67 17.39 18.10 14.80 12.49
18:0 0.42 0.29 0.24 0.29 0.57
19:0 0.25 0.15 0 0.13 0.17
19:0 cyclo w8c 2.07 0.26 0 0.26 0.91
summed 13:0 30H/15:1 iso 0 2.04 0 1.84 147
summed 14:0 30H/16:1 iso 6.15 8.67 7.75 7.40 8.59

summed 15:0 iso 20H/16:1 w7c 8.01 18.63 25.05 18.11 14.06
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Figure 2. PCA model based on cellular fatty acid profiles for Enterobacter sakazakii strains. Outlier detection demonstrates clear separation of E.
sakazakii from closely related Enterobacter and Citrobacter species.

um film thickness, cross-linked 5% phenylmethyl silicone fused silica components (PCs). The data were scaled by mean centering; PCs were
capillary column (Agilent 19091B-102) was used to separate the fatty computed using the Nipals method (Pirouette Manual).

acids. Operating conditions were as follows: Initial temperature was ~ HCAs were carried out using no data scaling, Euclidian distance
170°C and was increased at a rate of Z&min to 288°C and then metric, and the complete overlap linkage method. Clusters were
increased to 310C at 60°C/min and held for 1.25 min. Hydrogen  determined from computed intersample distances and displayed as
was used as the carrier gas at a constant flow rate of 1.3 mL/min. A dendrograms.

calibration analysis was used for the first two injections of every

sequence and was automatically reanalyzed after every 11th sampl

injection using a calibration standard (no. 1300-AA; Microbial ID, Inc., eRESULTS AND DISCUSSION

Newark, DE). The similarity index (SI) is a numerical value that  GC-FID analysis of chemical components of bacterial cells
expresses how closely the fatty acid composition of an unknown g hrovided useful information for the rapid detection and
compares with the mean fatty acid composition of the strains used 1040 yiification of bacteria in clinical and diagnostic bacteriology
create the library entry. As each fatty acid varies from the mean . . N
. . . . . laboratories and currently has increased significance for both
percentage, the Sl will decrease in proportion to the cumulative variance . .
food safety and securityl8, 14). In this study, the cellular fatty

between the composition of the unknown and the library erity).( id fil f K Kiktrai d
Samples with a similarity of 0.500 or higher with a separation of 0.100 acid (CFA) profiles of 134. sakazakistrains were compare

between the first and second choices are considered to be good libranyl® the CFA profiles of other closely relatdthterobacterand
comparisons. CitrobacterspeciesFigure 1is an example of a chromatogram

Statistical Analysis. Differences in fatty acids among bacterial 10 & clinical strain of. Saka?aku(sample 2157?, '
strains were assessed by analysis of variance (ANO\IR). (Values A database foE. sakazakiiwas prepared using fatty acid
are expressed as means with their standard deviations. profiles from. the 134 strainsT@ble 1). Thg CFA prOf”eS_for

Data analysis and determination of clustering were performed by the 134_stralns OE. §akazak|_|are shown inTable 2. Major
principal component analysis (PCA) and hierarchical clustering analysis fatty acids are straight-chain saturated (12:0, 14:0, 16:0),
(HCA) using Pirouette 3.11 software (InfoMetrix, Bothell, WA). Each ~ Unsaturated (18:1 and 16:1), and 17:0 cyclopropane, all indicat-
sample represents a single point in the multivariate space defined bying a Gram-negative bacteria.
the set of independent axes corresponding to each fatty acid concentra- Table 2 compares the CFA profiles fdt. sakazakiandE.
tion. cloacae The CFA profiles folE. sakazakiandE. cloacaeshow

Clustering in the data is observed using PCA scores plots in which that there are several fatty acids, 14:0, 1@yclo 7—8, 18:1
the data for each sample are projected onto a reduced set of principalw7c, and the summation of 16:46c/16:1 w7c, that differ
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Figure 3. PCA showing a scatter plot of PC1 versus PC2 for Enterobacter sakazakii strains classified as A (W), A/B (OJ), B/A (O), and B (@).

significantly in percentage between these two specieblé
2). The mean Sl value for the 134 strainskbfsakazakiwas
0.802 and that for the 9 strains Bf cloacaewas 0.743 Table
2).

For evaluating fatty acid data foE. sakazakiistrains,

Enterobacterspecies, ancCitrobacter species PCA was used
(Table 3). A PCA model based on CFA profiles f&. sakazakii

strains clearly shows separation Bf sakazakiifrom closely

Pulsed field gel electrophoresis (PFGE) was also performed
on theE. sakazakistrains to examine strain to strain relatedness,
but no correlation between the PFGE results and the fatty acid
profiles was found 15). These results suggest that FAME
analysis is not as sensitive as PFGE analysis at the strain level,
but is a better and faster screening tool at the species level at
which it discriminates between closely related species.

The current FDA recommended procedure for the identifica-

relatedEnterobacterand Citrobacter species (Figure 2).

A PCA mode ase on CFA proe o subsansar 1% 0 1 51 e sandnd oiion et for
sakazakiwas analyzed using a scatter plot of PC1 versus PC2. ’ Y Pig 9

The subgroups were identified as A and B. Those subgroupsisms’ aqd biochemical i(_jentificationéﬁ). _This method_i_s time-
with SI values for both A and B and Sl value differences of c°nsuming and could give false-negative and -positive results

<0.1 were identified as either A/B or B/A, depending on which (1718). A chromogenic agar was developed subsequently by
value was higher. The PCA scatter plot of PC1 versus PC2 for Pruggan, Forsythee, and Iversen (DFI agar) in which a
E. sakazakistrains classified as A, A/B, B/A, and B is shown chromogenic substrate is used as an indicatar-gfucosidase
in Figure 3. A trend indicating class separation is observed on activity (19). Recently, a real-time PCR assay for the specific
the PC1 axis, but the clusters are not completely separateddetection ofE. sakazakiin infant formula was developed by
(Figure 3). This was expected as the class boundaries are notthe FDA using an application of the fluorogenit riuclease
distinct and assignments are not exact. However, the trends ofassay (TagMan) (20). To identify the pathogen in powdered
A close to A/B and B close to B/A are what would be expected. milk-based infant formula, a rapid method is being developed
A HCA was also performed showing a dendrogram ofzall that involves pre-enrichment amplification in buffered peptone
sakazakiistrains. The dendrogram shows the separation of the water for 6 h at 37°C, centrifugation to concentrate the cell
B strains from the A, A/B, and B/AKigure 4). This result is volume, plating on DFI chromogenic agar, overnight incubation
similar toFigure 2, indicating that the B category is more widely at 37°C, and confirmation with RT-PCR and fatty acid analysis.
separated from the others. The real-time PCR and the fatty acid profile assay could be



4622 J. Agric. Food Chem., Vol. 55, No. 11, 2007 Whittaker et al.

1642-B-u-Es |

1595-B-n-Es
1516-B-e-Es
1526-B-e-Es |

1515-B-e-Es

1514-B-e-Es
1600-B(Ec)-n-Es
1596-B-e-Es
1597-B-n-Es

1588-B-n-Es :’_

1589-B-n-Es

1524-B-e-Es Zal

1590-B-n-Es %I—

1530-B-e-Es N %_
AR

1529-B-e-Es

Com
1594-B-n-Es

CURSOR
1591-B-n-Es } Similarity: 0.000

NODE
L T Similarity: 0.292
1531-B-e-Es Distance: 11.052

Descendants: 21

Figure 4. HCA showing a dendrogram of all Enterobacter sakazakii strains. The circled area shows clustering of the E. sakazakii B strains.
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