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Cronobacter spp. (formerly Enterobacter sakazakii) and Salmonella spp. are increasingly implicated interna-
tionally as important microbiological contaminants in low-moisture food products, including powdered infant
formula. Estimates indicate that 40 to 80% of infants infected with Cronobacter sakazakii and/or Salmonella in
the United States may not survive the illness. A systematic approach, combining literature-based data mining,
comparative genome analysis, and the direct sequencing of PCR products of specific biomarker genes, was used
to construct an initial collection of genes to be targeted. These targeted genes, particularly genes encoding
virulence factors and genes responsible for unique phenotypes, have the potential to function as biomarker
genes for the identification and differentiation of Cronobacter spp. and Salmonella from other food-borne
pathogens in low-moisture food products. In this paper, a total of 58 unique Salmonella gene clusters and 126
unique potential Cronobacter biomarkers and putative virulence factors were identified. A chitinase gene, a
well-studied virulence factor in fungi, plants, and bacteria, was used to confirm this approach. We found that
the chitinase gene has very low sequence variability and/or polymorphism among Cronobacter, Citrobacter, and
Salmonella, while differing significantly in other food-borne pathogens, either by sequence blasting or experi-
mental testing, including PCR amplification and direct sequencing. This computational analysis for
Cronobacter and Salmonella biomarker identification and the preliminary laboratory studies are only a starting
point; thus, PCR and array-based biomarker verification studies of these and other food-borne pathogens are

currently being conducted.

Cronobacter spp. and Salmonella spp. are recognized as
food-borne pathogens that cause serious human illness, and in
infants, these pathogens are considered to be of great health
concern (3, 6). In addition to Salmonella, Cronobacter spp.
have been isolated not only from low-moisture food products
such as powdered infant milk but also from fresh lettuce,
frozen shellfish, ready-to-eat meat, and fermented and cooked
food products (5, 17). In 2008, Enterobacter sakazakii was re-
classified into the new genus Cronobacter (23, 24). Within the
genus Cronobacter, there are five species: C. sakazakii, C. ma-
lonaticus, C. turicensis, C. muytjensii, and C. dublinensis. Fur-
ther, three subspecies currently exist within the species C.
dublinensis, including dublinensis, lausannensis, and lactaridi. A
wide variety of other bacteria and pathogens, including Pan-
toea agglomerans, Enterobacter cloacae, Staphylococcus aureus,
Hafnia alvei, Citrobacter, Klebsiella pneumoniae, Klebsiella oxy-
toca, Escherichia vulneris (2, 4), and Listeria monocytogenes
(42), have also been found in powdered infant formula (PIF)
and other low-moisture products (1-4, 7-9, 13, 26), as well as
in foods of animal origin (28, 32).

In recent years, the use of molecular methods, such as mul-
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tiplex PCR (27), real-time PCR (21, 35), DNA microarrays (7,
34), automated ribotyping (33), amplified fragment length
polymorphisms (AFLP) (18), full-length 16S rRNA gene se-
quencing (11, 12), and immunoassays (20, 44), for the detec-
tion and identification of the aforementioned pathogens has
been intensively researched. The majority of these methods are
heavily dependent on species-specific biomarker genes. One
such gene is gluA (a-1,4-glucosidase), which was identified as a
biomarker gene in Cronobacter spp. and was not found in any
other Enterobacter spp. (22, 39). Additionally, DNase (14),
arginine dihydrolase (22), 16S-23S rRNA genes, internal tran-
scribed spacer (ITS) regions (34), outer membrane protein A
(ompA) (37, 45), ornithine decarboxylase (14), recN, thdF, and
rpoA have been utilized as species-specific biomarkers via mul-
tilocus sequence analysis (30).

During the past 2 decades, over 1,000 microbial genomes,
including 1 genome from Cronobacter spp. (29) and 31 genomes
from Salmonella strains, have been sequenced completely, and
over 1,500 microbial genome sequences are in the process of
being completed (http://www.ncbi.nlm.nih.gov/genomes/lproks
.cgi?view=1). Genome sequence data have shown that bacte-
rial DNA is highly dynamic, and the process of bacterial ge-
nome evolution demonstrates substantial differences, even
within strains of the same genus. The size of the chromosome
may also vary among strains from clinical isolates of Cronobacter
(36), Salmonella, and other pathogens. Therefore, finding clin-
ically useful biomarkers that can be used to specifically distin-
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TABLE 1. Primers used in this study

Primer Expected

. Primer sequence” Gene
name size
sak_Chi_F  22kb  ATGGCTACMAGYAAAYTRATY Chitinase
CAGGG
sak_chi_R CACCTGRTAGTTRTGVCCTTTC
CAGC
ompA_F 469bp  GGATTTAACCGTGAACTTTTCC ompA
ompA_R CGCCAGCGATGTTAGAAGA

‘“M,AorC;Y,CorT; R, Aor G; V,Aor Cor G.

guish Cronobacter spp. and Salmonella spp. from the other
food-borne pathogens in mixed bacterial populations is very
challenging. A major obstacle for the development of ge-
netic-based detection methods for specific pathogens is the
identification of suitable target sequences. Additionally,
many methods for detection and isolation of these pathogens
in foods are labor intensive and time-consuming. Therefore,
the aim of this study was to systematically collect and verify
potential genetic biomarker genes through literature-based
data mining, comparative genomic comparisons, and verifica-
tion of specific selected biomarkers to enable the detection and
differentiation of Cronobacter and Salmonella spp. from other
food-borne pathogens in a direct, single-step, rapid PCR-based
method for potential application to food samples and clinical
specimens.

MATERIALS AND METHODS

Bacterial strains, DNA isolation, and target gene amplification. Seventeen
Cronobacter strains were obtained from Larry Beuchat (University of Georgia,
Center for Food Safety, Griffin, GA) and Dong-Hyun Kang (Washington State
University, School of Food Science, Pullman, WA). All of these strains are
potentially pathogenic and were isolated from a wide range of food samples and
environmental and clinical sources. Strains were grown overnight in Luria-Ber-
tani broth at 37°C, and genomic DNA was isolated using the Qiagen DNeasy kit
following the manufacturer’s recommendations. The degenerate primer set for
chitinase and a nondegenerate primer set for the ompA gene, listed in Table 1,
were novelly designed so as to amplify unique bands under standard PCR
amplification conditions. PCR amplification was performed in a total volume of
50 wl, containing 5 wl of 10X reaction buffer, 1 ul of deoxynucleoside triphos-
phates (ANTPs), 5 ul of each of the primers (10 uM), 1 pl of template DNA (50
to 100 ng/wl), 0.25 wl of Tag DNA polymerase (5 U/ul), and 32.75 pl of PCR
water to make up the final volume. The amplification was performed using an
iCycler thermocycler (Bio-Rad, Hercules, CA). The PCR conditions used were
95°C for 2 min, followed by 30 cycles of 95°C for 10 s, 55°C for 30 s, 72°C for 2
min, and a final extension for 10 min at 72°C. A portion of these amplified PCR
products were verified by agarose gel electrophoresis (Fig. 1).

DNA sequencing and phylogenetic analysis. In order to explore the evolution-
ary relationship obtained from an analysis of DNA polymorphisms of the chitin-
ase gene among the tested strains of Cronobacter spp., Salmonella spp., and the
other food-borne pathogens, the PCR products of the chitinase gene from
various E. sakazakii strains were purified using QIAquick PCR purification
columns and sequenced using the BigDye Terminator v3.1 cycle sequencing kit
and a 3730 DNA analyzer (Applied Biosystems, Foster City, CA). Sequencher,
version 4.9 (Gene Codes, Ann Arbor, MI), was used to trim, combine, and
assemble the sequence data to form contiguous stretches. Phylogenetic trees
were generated by comparing the nucleotide sequences using ClustalW (43),
Phylip (http://evolution.genetics.washington.edu/phylip/general.html), and tree
viewer software.

Extraction of unique genes and consensus genes of each genome. Represen-
tative strains (110 in total) of the 15 pathogens listed in Table 2, which are most
commonly reported as the cause of food-borne illnesses from low-moisture foods
such as dry milk, fruits, peanut butter, cheeses, and chocolate, were analyzed.
The complete gene sequence of each bacterial genome was subjected to the
BLAST search engine (using default parameters) and compared against each of
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FIG. 1. Agarose gel electrophoresis analysis of PCR products tar-
geting the chitinase (2.2-kb) and ompA (469-bp) genes.

the sequences of the remaining 14 genomes. If the sequence length (i.e., the total
number of bases) of gene A was / and the total number of sequence identities
(i.e., the number of identical bases) of gene A with gene B was n, then the
identity ratio (similarity) between gene A and gene B was defined as n/l. The

TABLE 2. Comparative genetic characterization of major
pathogens from food-borne illnesses associated with
low-moisture food products”

Species/strain Total no. of: GC L
. ength
(GenBank accession G Unique  Consensus content (bp)
no.) eNCS  genes? genes® (%)

Cronobacter sakazakii 4,392 268 105 56 4,368,373
(CP000783)

Salmonella Enteritidis 4,707 401 231 52 4,809,037
(CP001127)

Shigella boydii 4,463 123 20 51 4,519,823
(CP000036)

Enterobacter sp. strain 4,230 232 15 52 4,518,712
638 (CP000653)

Citrobacter koseri 5,123 243 207 53 4,720,462
(CP000822)

Escherichia coli 5,371 366 121 50 5,498,450
O157:H7
(AE005174)

Enterobacter cloacae 5,241 391 134 54 5,314,581
(CP001918)

Pantoea ananatis 4,341 551 21 53 4,690,298
(CP001875)

Kiebsiella pneumoniae 5,567 651 224 57 5,641,239
(CP000964)

Yersinia pestis 4,224 696 231 47 4,504,254
(CP000901)*

Campylobacter jejuni 1,699 804 19 30 1,641,481
(AL111168)

Staphylococcus aureus 2,664 902 43 32 2,814,816
(CP001844)

Listeria monocytogenes 2,940 1,034 5 37 2,944,528
(AL591824)

Clostridium difficile 3,970 1,747 29 29 4,290,252
(AM180355)

Bacillus cereus 5,566 2,033 201 35 5,269,628
03BB102
(CP001407)

“ See references 1-4, 7, 9, 13, and 26. Data from the second, fifth, and sixth
columns were obtained from NCBI’s Entrez database (http:/www.ncbi.nlm.nih
.gov/genomes/Iproks.cgi).

bt =0.05.

‘t=0.1.

@ For more information, visit http:/Awww.iit.edu/ncfst/resources/pdfs/2010poster
_iafp_neupane_yerseniabovinemilk.pdf.
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identity ratio measures the percentage of similarity between a target gene se-
quence and a query gene sequence. If the identity ratio between gene A in the
query genome and a gene in 1 of 14 subject genomes was greater than or equal
to a user-defined threshold, ¢, then gene A was said to have a hit in the subject
genomes. For each query genome, genes that did not have any hits in the other
14 genomes were collected, and these genes were designated unique genes in the
query genome. Various ¢ values from 0.5 to 0.05, with a step size of 0.05, were
tested, and results were manually analyzed. Manual verification of these com-
putationally generated data showed that a ¢ value between 0.05 and 0.1 would
provide the best reasonable data representation. A threshold ¢ value of 0.05 was
chosen because it generated a reasonable amount of unique genes. The number
of unique genes is shown in Table 2, third column. If gene A in the query genome
had hits (various ¢ values from 0.1 to 0.5 were tested, and a ¢ value of 0.1 was
chosen) in each of the remaining 14 genomes, then gene A was called a consen-
sus gene. The number of consensus genes in each genome is shown in Table 2,
fourth column. To find the unique genes that existed only in Cronobacter spp.
and/or Salmonella spp. but not in the other 13 bacterial species, we performed
BLAST search analyses of these two genomes against the other 13 genomes. The
same threshold (¢ = 0.05) was used for the genome comparisons, and a subset of
the genes unique to Cronobacter spp. and Salmonella spp. is listed in Table 3.
Literature-based data mining and comparative analysis of unique gene clus-
ters, putative virulence factors, and biomarker genes. Every unique gene cluster,
putative virulence factor, and biomarker gene that we identified, shown in Tables
4 and 5, were based on scientific publications or protein sequence similarity
searches (BLASTp) against the GenBank nonredundant protein database or
were found by relying on keyword-based analysis of text-mined data from pub-
lically available databases such as NCBI (http://www.ncbi.nlm.nih.gov/gene) and
ENA (http://www.ebi.ac.uk/ena/). The stand-alone BLAST program was down-
loaded from NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Web&PAGE
_TYPE=BIlastDocs&DOC_TYPE=Download).

RESULTS

Analysis of genetic similarities. The complete gene data set
of the C. sakazakii (CP000783) genome was used to make a
gene-by-gene comparison with the representative strains from
13 other bacterial genera. Salmonella enterica serovar Enter-
itidis  (CP001127),  Enterobacter  cloacae  (CP001918),
Citrobacter koseri (CP000822), Enterobacter sp. strain 638
(CP000653), Klebsiella pneumoniae (CP000964), Shigella boydii
(CP000036), Escherichia coli O157:H7 (AE005174), Pantoea
ananatis (CP001875), Yersinia pestis (CP000901), Listeria
monocytogenes  (AL591824),  Bacillus  cereus 03BB102
(CP001407), Staphylococcus aureus (CP001844), Clostridium
difficile (AM180355), and Campylobacter jejuni (AL111168)
were the representative strains used for comparing food-borne
pathogens that may be isolated from PIF and other low-mois-
ture food products. The number of genes, the number of
unique genes, the total number of consensus genes, the percent
GC content, and the size of the genomes (in no. of bp) of the
different bacteria are presented in Table 2. We categorized
these pathogens into different groups based on the number of
unique genes, the GC content obtained from a genome-wide
comparative analysis (Table 2), and the phylogenetic analysis
of the ompA gene shown in Fig. 2B. The evolutionary impli-
cation of phylogenetic analyses of the chitinase and ompA
genes is shown in Fig. 2. Among these genomes are the fol-
lowing groups: group 1, C. sakazakii, Salmonella, Citrobacter,
E. cloacae, Enterobacter, Shigella, and E. coli O157:H7; group 2
(no chitinase gene), Pantoea, Klebsiella, and Yersinia; and
group 3 (not shown in Fig. 2 due to no significant sequence
similarity to ompA and chitinase genes in this group), Listeria,
B. cereus, Staphylococcus, C. difficile, and Campylobacter. All
pathogens in groups 1 and 2 have 50% or higher GC contents
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and similar genome sizes, except for Y. pestis, which has a 47%
GC content.

Identification of unique gene clusters, putative virulence
factors, and biomarker genes of Cronobacter spp., Salmonella
spp., and the other food-borne pathogens. The number of
unique genes was 268 in C. sakazakii and 401 in Salmonella.
Some of these unique genes in C. sakazakii are clustered and
are listed as hypothetical genes, with the original annotation
provided in GenBank format. Table 3 lists 58 unique clusters
of genes, including 8 plasmid-borne genes whose protein prod-
ucts are involved in bacterial pathogenesis and/or have func-
tions or form structures that are important to Salmonella. Like-
wise, Table 3 also lists 15 unique gene clusters (each gene
cluster has a minimum of 3 genes) from Cronobacter spp.
whose protein products are also hypothesized to have impor-
tant functional or structure roles or are involved in pathogen-
esis. These gene clusters could be used to design a series of
unique primers for PCR assays potentially useful for the
detection and identification of Cronobacter and Salmonella
strains. As an example, there are unique multicopy plasmid-
borne genes or clusters listed in Table 3, including estP, a
putative esterase or pesticide-degrading enzyme (10) that may
exist only in Salmonella. Therefore, these genes have potential
application in designing a rapid and sensitive diagnostic test to
distinguish Salmonella spp. from related organisms due to the
genes’ high copy numbers and unique nature; however, com-
prehensive studies to determine the universal presence of bi-
omarkers, including those that are plasmid encoded in a broad
array of Salmonella isolates, would need to be conducted.

Table 4 lists potential biomarkers identified based on scientific
publications and protein sequence similarity searches (BLASTp)
against the GenBank nonredundant protein database or by
relying on keyword-based analysis of text-mined data from
publically available databases such as NCBI (http://www.ncbi
.nlm.nih.gov/gene) and ENA (http://www.ebi.ac.uk/ena/). In
Table 5, the protein homology using the stand-alone BLAST
program downloaded from NCBI (http://blast.ncbi.nlm.nih
.gov/Blast.cgi?CMD=Web&PAGE_TYPE=BlastDocs&DOC
_TYPE=Download) is shown for putative virulence factors
and unique biomarker gene discovery. Any protein having an
identity of 80% or greater and greater than or equal to 70%
query coverage by using the BLASTp program of the BLAST
package was considered to have similarity.

Cronobacter yellow pigment gene cluster. E. sakazakii (now
C. sakazakii) was designated a distinct species in 1980 by
Farmer et al. (14) and was named in honor of the Japanese
bacterial taxonomist/microbiologist Riichi Sakazaki (1920 to
2002), who discovered a distinct yellow-pigmented variant of E.
cloacae; however, today non-pigment-producing strains are
known to exist within the genus Cronobacter. In the present
study, genes responsible for the production of the yellow pig-
ment were used as one of the three targets for the identifica-
tion of C. sakazakii. The crt operon in C. sakazakii, which
contributes to the formation of the yellow pigment (25), was
not found in other bacteria shown in Table 4, except for P.
ananatis, a plant pathogen, which also produces a yellow
pigment. The carotenoid pigment biosynthesis enzymes are
encoded by multiple genes within the crt operon. There are
7 genes in this operon, including beta-carotene hydroxylase
(crtZ), phytoene synthase (crtB), phytoene dehydrogenase
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TABLE 3. Select unique genes/regions of Cronobacter and Salmonella spp. based on comparative computational analysis

Species

GenBank
accession no.

Positions

Gene function (unique gene locus tags)

Salmonella spp.

Cronobacter spp.

CP001125.1¢
CP001125.1¢
CP001125.1¢
CP001125.1¢
CP001125.1¢
CP001125.1¢
CP001125.1¢
NC_014476"
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1
CP001127.1

CP000783.1
CP000783.1
CP000783.1

CP000783.1

20447-23029
85623-83905
88002-87088
92586-93302
93314-93598
93616-94623
82199-82840
42152-48198
17869-19968
25762-28428
35340-37058
213571-212303
249550-246581
250369-251670
343747-344484
344508-347018
347040-347510
392509-391751
397279-396350
406659-405202
566030-565194
664550-665164
699362-697905
785621786787
853136-853906
986043-985153
1179341-1180033
1242120-1241122
1292378-1293106
1295248-1294439
1433385-1434401
1435347-1437095
1444369-1445862
1445855-1447054
1679794-1678562
1692014-1693240
2187749-2186574
2191447-2190167
2264284-2263262
2828458-2829702
2933896-2931884
2934982-2933960
2938091-2936310
2943452-2942442
2945168-2943873
2945572-2945165
2948796-2947678
2951227-2950478
2999371-2998574
3095222-3092733
3207119-3206064
3783645-3784859
4335277-4336125
4341875-4343800
4455678-4458116
4459680-4460462
4700538-4699453
4703584-4701155

268708-272424

273598-287078

578742-591835

957212-969835

EstP, putative pesticide-degrading enzyme; esterase
Histidine kinase

Response regulator receiver protein

TriD protein

Putative entry exclusion protein

TriE protein

Chloramphenicol acetyltransferase 2
spvDCBAR gene cluster, virulence gene
Exochitinase

Outer membrane usher protein FimD
Arylsulfotransferase (asst) superfamily protein
Putative fimbrial-like adhesin protein

Viral enhancin protein

Shikimate transporter

Gram-negative pili assembly chaperone
Outer membrane fimbrial usher protein
Putative fimbrial structural subunit

Fimbrial chaperone protein

Fimbrial chaperone protein

Outer membrane protein OprM

Probable secreted protein

Lytic enzyme

O-antigen conversion protein

Hydrolase, UxaA family

O-antigen export system, permease protein
Transcriptional regulator, LysR family
Oligogalacturonate-specific porin

Putative fimbrial protein

Pertussis toxin, subunit 1 subfamily
Cytolethal distending toxin B

Tetrathionate reductase gene cluster

Sensor kinase

Type III secretion outer membrane pore, YscC/HrcC family
Type III secretion apparatus protein, YscD/HrpQ family
L-Lactate oxidase

Secreted effector protein

Wzy

Putative O-antigen transporter

Putative fimbrial protein

Enterochelin esterase

Cell invasion protein SipA

Type 111 effector protein IpaD/SipD/SspD
Cell invasion protein SipB

Antigen presentation protein SpaN
Flagellum-specific ATP synthase

Surface presentation of antigens protein Spak
Invasion protein InvE

Invasion protein

Beta-lactamase domain protein

Fimbrial usher protein

Putative methyl-accepting chemotaxis protein
O-antigen ligase

ClpP protease

Tail protein

CshB porin

CshE pilin

Putative major fimbrial subunit

Outer membrane usher protein SfmD

Hypothetical protein (ESA_00298-ESA_00300)

Hypothetical protein (ESA_00304-ESA_00310, except alginate O-acetyltransferase
Algl [ESA_00303], putative lipoprotein [ESA_00305], and the alpha-2-
macroglobulin family region [ESA_00308])

Hypothetical protein (ESA_00611, ESA_00612, ESA_00615, ESA_00616, and
ESA_00618)

Hypothetical protein (ESA_00981-ESA_00990, except putative invasin
[ESA_00987] and phage integrase [ESA_00990])

Continued on following page
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TABLE 3—Continued

GenBank

Species accession 1o. Positions Gene function (unique gene locus tags)

CP000783.1 991095-994496 Hypothetical protein (ESA_01026), peptidase S14 ClpP (ESA_01027), phage
major capsid protein, HK97 family (ESA_01028)

CP000783.1 1152718-1158275 O-antigen cluster (ESA_01181-ESA_01185)

CP000783.1 1186371-1190015 Hypothetical protein (ESA_01216-ESA_01218)

CP000783.1 1391367-1394671 Putative fatty acid hydroxylase (ESA_01448), putative fatty acid desaturase
(ESA_01449), putative membrane protein (ESA_01450)

CP000783.1 2137914-2140588 Hypothetical protein (ESA_02201), putative esterase/lipase/thioesterase
(ESA_02202), transcriptional regulator, LysR family (ESA_02203)

CP000783.1 2256328-2258819 Putative caudovirus prohead protease (ESA_02319), putative phage portal
protein, lambda family (ESA_02320), putative phage terminase large subunit
(ESA_02321)

CP000783.1 3289362-3297665 Capsular polysaccharide biosynthesis gene cluster (ESA_03352-ESA_03357)

CP000783.1 3762752-3765513 Fimbrial gene cluster (ESA_03812-ESA_03814)

CP000783.1 3861832-3864117 Hypothetical protein (ESA_03913-ESA_03916)

CP000783.1 4039090-4042971 Hypothetical protein (ESA_04084-ESA_04086)

CP000783.1 4348939-4352405 Putative phosphoribosylpyrophosphate synthetase (ESA_04383), putative

nicotinamide phosphoribosyl transferase (ESA_04384), hypothetical protein
(ESA_04385), putative tellurite resistance protein (ESA_04386)

“ GenBank accession number for a plasmid-borne gene.

(crtl), phytoene desaturase (crtL), zeaxanthin glucosyl trans-
ferase (crtX), isopentenyl pyrophosphate isomerase (idi), and
geranylgeranyl diphosphate synthase (crtE). Although these
crt operon genes theoretically can be used as targets for bacterial
detection, recent studies have shown that approximately 5 to 7%
of strains are nonpigmented variants (22; http://www.foodmicrobe
.com/food%20poisoning%20microorganisms.htm). Recently, yel-
low pigment gene clusters from three Cronobacter strains, C.
sakazakii ATCC BAA-894 (GenBank accession no. CP000783.1),
C. sakazakii BAC 9E10 (GenBank accession no. AM384990.1),
and C. turicensis z3032 (GenBank accession no. FN543093.1),
have been sequenced. Based on the sequence alignment (data
not shown), their DNA sequences are very similar, with only a
few nucleotide polymorphisms scattered over the entire 7.6-kb
region sequenced; however, there are two significant sequence
variabilities in the crtZ gene region. Although the genomic
method for the identification of all Cronobacter spp. based on
yellow pigment genes as the sole biomarker for clinical diag-
nosis and early detection could be hampered by these restric-
tions, since there is limited sequence information to determine
if these nonpigmented strains are due to a mutated gene(s),
the implication of a consensus sequence in this operon in the
genus Cronobacter demonstrates that there is an excellent op-
portunity to design universal biomarker gene targets for the
identification and detection of Cronobacter spp. if also com-
bined with the other suitable biomarkers for identifying non-
pigmented Cronobacter strains.

Cronobacter O-antigen gene cluster. Another potential strain-
or serogroup-specific gene cluster, the O-antigen gene cluster,
was investigated to determine its suitability as a biomarker (15,
16, 38, 41). The O-antigen gene cluster contains genes with
distinctly different functions, including genes involved in the
processing and assembly of the O antigen. The genes that
encode the O antigen flippase (wzr) and the O antigen poly-
merase (wzy) are extensively used as biomarker genes for Sal-
monella and E. coli serotyping (15, 16) and may be suitable
biomarkers for Cronobacter spp. as well (Table 4). Both the wzx
and wzy genes show limited homology to the same genes in

other food-borne pathogens, as confirmed by computational
comparative analysis among genomes, making them ideal iden-
tification targets for our purposes. It is not clear, however, how
much genetic variability of the wzx and wzy genes exists within
Cronobacter spp., Salmonella spp., and the other food-borne
pathogens due to the limited availability of genomic sequences in
the public databases. As shown in Table 4, the wzx gene may
not be a suitable biomarker due to significant genetic similarity
among Cronobacter spp., Salmonella spp., and E. coli; however,
the wzy gene may be suitable.

Cronobacter- and Salmonella-specific virulence factors. In
order to more fully evaluate strain-specific biomarker genes for
the differentiation of Cronobacter and Salmonella spp. from the
other food-borne pathogens, a systematic approach, combining
literature-based data mining (Table 4) and comparative ge-
nome analysis (Table 5), was conducted. In Tables 4 and 5, we
present an analysis of components of bacterial pathogenesis,
including genes that play a role in infection, colonization, and
adhesion. In this study, a total of 44 biomarker genes listed in
Table 4 were collected by literature-based data mining, and
the 14 genomes listed in Table 2 were compared by using the
sequences of individual C. sakazakii genes as reference se-
quences. In Table 4, two important virulence biomarker
genes in Cronobacter spp., which are absent in all other patho-
gens, were analyzed. One gene that was analyzed is a putative
hemolysin/hemagglutinin (ESA_02516; GenBank accession
no. YP_001438597.1), while another is a putative adhesin
(ESA_02084; GenBank accession no. YP_001438170.1). An-
other putative virulence factor, chitinase, which is of significant
clinical importance, was also found to be a suitable biomarker
gene for Cronobacter spp. Virulence genes listed in Table 4,
such as a gene encoding the hydrolytic enzyme extracellular
metalloprotease, prtl, a secretion and transport gene, tatB, and
virK, were also analyzed and compared to other pathogens, as
well. For the purpose of serotyping, it is necessary to generate
a group of species- and serotype-specific biomarker genes. In
this study, we found a series of consensus genes (species-
specific biomarkers), including 16S rRNA, gyrB, rpoB, recN,
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TABLE 5. Putative virulence factors and unique biomarker genes for distinguishing Cronobacter, Salmonella, and E. coli from other
food-borne pathogens based on literature-based data mining combined with comparative genome analysis

Present in pathogen:

GenBank
GI no. accession Locus tag Gene/gene function Other maior
no. Salmonella E. coli Jﬂ
pathogens

156530628 ABU75454.1 ESA_00150 Putative anaerobic decarboxylate transporter + + *
156530827 ABU75653.1 ESA_00355 rpoS/sigma S (sigma 38) factor of RNA polymerase, major sigma + + *

factor during stationary phase
156530851 ABU75677.1 ESA_00379 katB/catalase-peroxidase KatB + + +
156530862 ABU75688.1 ESA_00390 pilT/twitching motility protein PilT - - -
156531119 ABU75945.1 ESA_00662 clpE/ATP-dependent protease + + *
156531139 ABU75965.1 ESA_00686 algUl/alginate biosynthesis protein + + *
156531159 ABU75985.1 ESA_00708 pilR/two-component response regulator + + +
156531248 ABU76074.1 ESA_00797 Enterobactin synthetase component E - - -
156531242 ABU76068.1 ESA_00791 Putative iron-siderophore transport system, ATP-binding + + *

component
156531430 ABU76256.1 ESA_00987 Putative eae/intimin - - -
156531432 ABU76258.1 ESA_00989 Similar to plasmid virulence: regulation of spv operon, lysR family - - -
156531610 ABU76436.1 ESA_01169 Mannose-1-phosphate guanylyltransferase 1 + + +
156531686 ABU76512.1 ESA_01250 bscR/putative type IIT secretion protein + + *
156531689 ABU76515.1 ESA_01253 SfliM/flagellar motor switch protein + + +
156531693 ABU76519.1 ESA_01257 bscN/putative ATP synthase in type III secretion system + + *
156531695 ABU76521.1 ESA_01259 fliG/flagellar motor switch protein + + +
156531696 ABU76522.1 ESA_01260 fliF/flagellar M-ring protein - - -
156531723 ABU76549.1 ESA_01287 SliD/putative flagellar hook-associated protein - - -
156531724 ABU76550.1 ESA_01288 flaA/flagellin - - *
156531745 ABU76571.1 ESA_01309 bvgA/virulence factors transcription regulator + + +
156531788 ABU76614.1 ESA_01354 flhB/flagellar biosynthetic protein - - -
156531789 ABU76615.1 ESA_01355 perDjtype 111 secretory apparatus protein + + *
156531820 ABU76646.1 ESA_01386 Lipid A biosynthesis (KDO)2-(lauroyl)-lipid IVA acyltransferase - - -
156531952 ABU76778.1 ESA_01520 Nitrate reductase 1, alpha subunit + + *
156531953 ABU76779.1 ESA_01521 Nitrate reductase 1, beta subunit + + +
156531980 ABU76806.1 ESA_01552 Outer membrane receptor FepA - - -
156532312 ABU77138.1 ESA_01884 Putative receptor - -
156532401 ABU77227.1 ESA_01974 IpfC/long polar fimbrial outer membrane usher protein - - -
156532403 ABU77229.1 ESA_01976 sfaD/SfaD protein - - -
156532510 ABU77336.1 ESA_02086 pykF/pyruvate kinase I + + *
156532639 ABU77465.1 ESA_02216 phoP/response regulator in two-component regulatory system with + + *

PhoQ, transcribes genes expressed under low Mg™ concn

(OmpR family)
156532640 ABU77466.1 ESA_02217 phoQ/sensory kinase protein in two-component regulatory system - - -

with PhoP, ligand is Mg™
156532687 ABU77513.1 ESA_02264 Flagellar hook-associated protein type 3 - - -
156532688 ABU77514.1 ESA_02265 flgK/flagellar hook-filament junction protein - - -
156532690 ABU77516.1 ESA_02267 flgl/flagellar P-ring protein + + *
156532691 ABU77517.1 ESA_02268 flgH/flagellar L-ring protein + + +
156532692 ABU77518.1 ESA_02269 flgG/flagellar basal body rod protein + + *
156532693 ABU77519.1 ESA_02270 flgF/flagellar basal body rod protein - - -
156532694 ABU77520.1 ESA_02271 flgE/Mlagellar hook protein FIgE - - -
156532695 ABU77521.1 ESA_02272 flgD/flagellar basal body rod modification protein FlgD - - -
156532696 ABU77522.1 ESA_02273 flgC/flagellar basal-body rod protein + + *
156532767 ABU77593.1 ESA_02344 sfaE/SfaE protein - - -
156532769 ABU77595.1 ESA_02347 Putative oxidoreductase + + *
156532833 ABU77659.1 ESA_02413 ompF/outer membrane protein F - - -
156532850 ABU77676.1 ESA_02430 Lipid transporter ATP-binding/permease protein + + *
156532935 ABU77761.1 ESA_02516 fhaB/filamentous hemagglutinin/adhesin - - -
156532957 ABU77783.1 ESA_02538 fimD/fimbrial adhesin - -
156532958 ABU77784.1 ESA_02539 IpfB/long polar fimbrial chaperone - - -
156532959 ABU77785.1 ESA_02540 Outer membrane usher protein LpfC - - -
156533053 ABU77879.1 ESA_02639 Putative inner membrane protein - - -
156533067 ABU77893.1 ESA_02653 fur/transcriptional repressor of iron-responsive genes + + *
156533133 ABU77959.1 ESA_02727 Enterobactin synthase subunit F - - *
156533264 ABU78090.1 ESA_02861 clpP/ATP-dependent Clp protease proteolytic subunit + + *
156533628 ABU78454.1 ESA_03232 PpilB/(type IV) pilus assembly protein - - -
156533629 ABU78455.1 ESA_03233 pilC/(type 1V) pilus assembly protein - - -
156533744 ABU78570.1 ESA_03349 kpsE/putative capsule polysaccharide export system inner - -

membrane protein
156533745 ABU78571.1 ESA_03350 kpsD/polysialic acid capsule transport protein - - -
156533747 ABU78573.1 ESA_03352 kpsCjlpossible polysaccharide modification protein - - -
156533748 ABU78574.1 ESA_03353 kpsS/possible polysaccharide modification protein - - -
156533753 ABU78579.1 ESA_03358 kpsT/putative capsule polysaccharide export ATP-binding protein - - -
156533960 ABU78786.1 ESA_03575 basS/sensory kinase in two-component regulatory system with BasR - - -
156534135 ABU78961.1 ESA_03769 bplF/lipopolysaccharide biosynthesis protein + + *
156534173 ABU78999.1 ESA_03813 fimC/outer membrane usher protein precursor - - -
156534174 ABU79000.1 ESA_03814 fimB/chaperone protein - - -
156534462 ABU79288.1 ESA_04107 rfaC/lipopolysaccharide heptosyltransferase I - + +
156534650 ABU79476.1 ESA_04296 dep/capD gamma-glutamyltranspeptidase + + *
156534760 ABU79586.1 ESA_04407 pilD/type 4 (IV) prepilin-like protein - - -

“ Twelve other genomes used in this study.
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Organisms Protein Accession
Salmonella enterica YP _002144999.1
Citrobacter rodentium CBG86795.1

Cronobacter sakazakii YP_001439374.1
Cronobacter turicensis YP_003209009.1

Pseudoalteromonas tunicata D2 YP_455154.1

Yersinia bercovieri ATCC 43970 ZP_04629179.1

Photorhabdus luminescens NP_929492.1
Burkholderia xenovorans YP_557836.1
Rickettsia felis YP_246427.1
Xenorhabdus nematophila CAC38398.1
Vibrio coralliilyticus ZP_05885201.1
Burkholderia ubonensis ZP_02377245.1
Pseudoalteromonas ZP _01135154.1
Grimontia hollisae ZP_06052336.1
Shewanella denitrificans YP_563141.1
Shewanella baltica YP_001051433.1

Organisms Protein Accession

Cronobacter ~ AAY18798.1 —

E. sp.638 YP_001176200.1

E. cloacae YP_003613179.1

Salmonella AAS18468.1 o)
2
o
Shigella AAP74760.2
E. coli 0157  ZP_03085789.1
Citrobacter YP_001453671.1
Pantoea ZP 05728927.1
Yersinia NP_670036.1 Q
E
o
[\S]

Klebsiella ZP_06013251.1

FIG. 2. Phylogenetic analysis of the chitinase (A) and ompA (B) genes shows 2 distinct groups. Protein accession numbers correspond to

GenBank.

thdF, rpoA, ileS, elongation factor G (EF-G), and lepA, through
literature data mining and computational analysis suitable for
our purposes. In Table 4, we listed only 3 (Clostridium, Campy-
lobacter, and Listeria) out of 5 bacterial species in group 3
food-borne pathogens, due to their importance and the fre-
quencies of their appearance in low-moisture food products.

Verification of analysis of chitinase and ompA genes as po-
tential biomarkers. As stated above, to verify these virulence
factors and unique genes as potential biomarkers (Tables 3 to
5), we amplified and sequenced the PCR products generated
from the targeted genes. For this process, we chose two target
genes with good potential as biomarkers. One is the chitinase
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TABLE 6. Strains used in this study

Presence of:
Species

(strain/isolate no.) Chitinase "4 Source
gene
C. sakazakii (2.39-1 Yes No  Clinical
and LCDC 674)
C. sakazakii (2.39-2) Yes No  Clinical
C. sakazakii (2.69 Yes No  Shell of hen’s egg”
and CD1A7[1])
C. sakazakii Yes No  Environmental, from infant
(FSM 145) formula manufacturing
plant
C. sakazakii Yes No Environmental, from infant
(FSM 265) formula manufacturing
plant
C. sakazakii Yes Yes  Not available
(ATCC 12868)
C. sakazakii Yes Yes  Clinical
(ATCC 29004)”
C. sakazakii Yes Yes  Clinical (child’s throat),
(ATCC 29544) type strain
C. sakazakii Yes Yes Not available, type strain
(ATCC 51329)¢
C. sakazakii (1) Yes Yes  Not available
C. sakazakii (2) Yes Yes Not available
C. sakazakii (3) Yes Yes Not available
C. sakazakii (5) Yes Yes Not available
C. sakazakii (6) Yes Yes Not available
C. sakazakii (7) Yes Yes Not available
C. sakazakii (2.70) Yes No  Shell of hen’s egg”
C. sakazakii (2.47 Yes Yes Environmental
and Gd. St. 8

[HPB 2878])

¢ Originally provided by Michael Musgrove, USDA, ARS.
> Now C. sakazakii.
¢ Now C. muytjensii.

gene, which was identified by the comprehensive sequence
comparisons, and the other is the ompA gene, identified by
literature-based data mining. Chitinase is a putative virulence
factor, and there are various chitinase enzymes present in
many organisms, including bacteria. The sequence divergence
of the chitinase gene has been used to identify and characterize
stage-specific and/or organism-specific genes in several species
(9, 31, 40). OmpA is the outer membrane protein A, previously
shown to play a role in the invasion of various mammalian host
cells. The length of the chitinase gene is ca. 2.2 kb. The primers
(Table 1) used for the amplification of the chitinase gene are
based on the consensus sequences identified in Salmonella
and C. sakazakii through sequence alignments (data not
shown). We found that the chitinase gene was present in all
17 tested Cronobacter strains, which originated from three
different sources (i.e., environmental, food, and clinical ori-
gins). This primer set also amplified the chitinase gene from
Salmonella enterica (data not shown). The primers targeting
the ompA gene yielded a 469-bp fragment. However, the ompA
gene was found only in 11 out of 17 Cronobacter strains tested
(Table 6) and in 10 out of 15 genomes listed in Table 2. Some
of these PCR results are shown in Fig. 1. Partial sequences of
the chitinase gene in Cronobacter spp. from various strains and
the ompA gene sequences of Cronobacter spp. were analyzed
via construction of phylogenetic trees. C. sakazakii was demon-
strated to be close to Salmonella, Citrobacter, and Cronobacter

BIOMARKER DISCOVERY IN FOOD-BORNE PATHOGENS 1841

turicensis with regard to sequence similarity of the chitinase
gene (Fig. 2A). The phylogenetic analysis of the ompA gene
(Fig. 2B) was consistent with the genome-level comparison
shown in Table 2. Among the food-borne pathogens tested
and shown in Table 2, only Salmonella, Citrobacter, and
Cronobacter spp. have similar chitinase or chitinase-like genes,
as determined by computational blasting and experimental de-
tection of PCR products; however, the chitinase gene is also
present in other bacterial pathogens (Fig. 2A), such as Vibrio
coralliilyticus, Yersinia bercovieri ATCC 43970, and others.

DISCUSSION

The discovery of reliable candidate biomarkers for accurate,
rapid, and sensitive detection of Cronobacter and Salmonella
spp. in complex food matrices and clinical samples remains
difficult. This is likely due to several reasons. First, sequence
availability detailing genetic differences among food-borne patho-
gens is very limited. As an example, information as to DNA
sequence divergence between Salmonella and E. coli with re-
spect to their O-antigen gene clusters, a common genus- and
strain-specific biomarker for differentiation, is incomplete (Ta-
ble 4). Second, the lack of a comprehensive understanding of
phenotypic differences among food-borne pathogens and the
absence of particular traditional phenotypic markers may lead
to a false-positive diagnosis, as may occur with the absence of
the yellow pigment in some strains of Cronobacter spp. (Table
4). Third, the ability to define a set of biomarkers with a role
in bacterial pathogenesis or bacterial metabolism that also
function as genus-specific markers will provide a more com-
plete and novel picture of the biological activity of food-borne
pathogens of interest rather than relying on a single biomarker
for identification.

In order to identify potential biomarkers for distinguishing
Cronobacter, Salmonella, and the other food-borne pathogens
and for developing sensitive and accurate DNA-based detec-
tion and identification methods, we investigated a number of
candidate biomarker genes. These included genes involved in
yellow pigment formation in C. sakazakii (metabolites), the
O-antigen cluster genes wzx and wzy, unique genes, and viru-
lence factors common to major food-borne pathogens. The
data shown in Tables 3, 4, and 5 in this report are consistent
with those shown in a prior report by Healy et al. (19), which
demonstrate that many biomarkers were genes related to cell
wall/membrane biogenesis/degradation, secretion, and extra-
cellular structures such as fimbriae and flagella. This approach
for identifying these putative biomarkers was validated by
amplifying and sequencing a particular chitinase gene that
showed greater sequence similarity between Cronobacter and
Salmonella but was absent in other major food-borne patho-
gens most frequently found in PIF. As presented in Results,
the data obtained in this study demonstrate that chitinase
could be a suitable candidate biomarker. In this research, we
tested only 17 individual Cronobacter strains and 4 Salmonella
strains; therefore, researchers should be cautious when select-
ing chitinase as the sole biomarker for detection and diagnostic
purposes until more comprehensive screening for this gene in
Cronobacter and Salmonella spp. is performed. The potential
biomarkers listed in Tables 3, 4, and 5 will provide a complete
and solid foundation for scientists to draw reliable conclusions
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based on multiple biomarker genes rather than relying on an
individual gene, particular data set, or single experiment.

In this study, we also performed a computational analysis of
unique and consensus genes of 15 major food-borne and hu-
man pathogens. In total, we identified 292 and 425 unique
genes for Cronobacter and Salmonella spp., respectively, that
are distinguished from similar genes in other pathogens by a
threshold, ¢, equal to 0.05. Because of the similarity of the
genome sequences, the numbers of both the unique and con-
sensus genes suggest that Cronobacter, Salmonella, Shigella,
and Enterobacter are genetically more closely related to each
other than to other food-borne pathogens, which is not a sur-
prising finding. Further, for detection and diagnostic purposes,
this approach could be applied to the use of microarray or
target-enrichment strategies for next-generation sequencing
technologies when the choice of putative biomarkers can be
categorized by functional activities and/or if the number of
selected biomarker genes is not a limiting factor. Most impor-
tantly, by focusing on a limited number of candidate biomar-
kers presented in this paper rather than on the whole genome
or single biomarkers, appropriate “first tier” and “second tier”
of biomarkers are provided for researchers to analyze samples
in a complex food matrix or for clinical diagnostic applications.
The quantification and characterization of a set of unique
biomarkers for various food-borne and human pathogens can
be reasonably obtained by either real-time PCR (RT-PCR) or
microarray assays, allowing for the detection and identification
of important food-borne pathogens based on their genetic dif-
ferences using currently available technology.

The approaches described above represents our first attempt
to describe a systematic approach to identify biomarkers for
various food-borne pathogens. Currently, no conventional lab-
oratory method can definitively detect and identify all six of the
newly defined species of Cronobacter spp. Recent advances in
the areas of genomics and high-throughput studies, as well as
the development of new technologies, are improving our un-
derstanding of the molecular mechanisms of Cronobacter and
Salmonella pathogenesis and are helping to develop effective
biomarker identification computational pipelines, an important
step toward identifying highly pathogenic Cronobacter spp. and
differentiating the other major food-borne pathogens in a timely
manner. However, our computational analysis for Cronobacter
and Salmonella biomarker identification and the studies de-
scribed in this report are only a preliminary step toward ac-
complishing this goal. The fundamental laboratory research,
applying PCR and array-based high throughput verification of
all major food-borne pathogen biomarkers, is an ongoing
project in our laboratory.
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