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Abstract
Background: Cronobacter sakazakii is an opportunistic foodborne pathogen associated with necrotizing
enterocolitis, bacteraemia, and meningitis in infants. A comparative proteomic study of C . sakazakii
ATCC BAA-894 (CS WT) and isogenic mutant of �agella were performed; including the ability of both
strains to adhere and invade to N1E-115 cells. Results: To achieve this goal, a non-motile C. sakazakii
ATCC BAA-894 �iF ::Tn5 (CS �iF ::Tn5) strain was generated using an EZ-Tn5Tnp Transposome kit.
Analysis of differential protein expression showed that 81.49% (361/443) of the proteins were identi�ed
in both strains, 8.35% (37/443) were exclusively expressed in the CS WT strain and 10.16% (45/443) in
the CS �iF ::Tn5 strain. The main exclusive proteins from the CS WT strain were classi�ed into the
following subcategories: “cell motility” and “signal transduction mechanisms”. In contrast, the exclusive
proteins from the CS �iF ::Tn5 strain were classi�ed into the following subcategories: “intracellular
tra�cking, secretion, and vesicular transport”, “replication, recombination, and repair”, “nucleotide
transport and metabolism”, “carbohydrate transport and metabolism”, “coenzyme transport and
metabolism”, and “lipid transport and metabolism”. Expression of the Cpa protein was shared by both
strains but was more abundant in the CS WT strain than in the CS �iF ::Tn5 strain. Signi�cant increases
(p=0.0001) in adherence to N1E-115 cells were observed for the non-motile CS �iF ::Tn5 strain, with
31.3×10 6 CFU/mL, relative to the CS WT strain, with 14.5×10 6 CFU/mL. Additionally, for infection of
N1E-115 cells, the CS WT strain showed a 0.17% invasion frequency, which was signi�cantly increased
(p=0.01) compared to that of the non-motile CS �iF ::Tn5 strain. Conclusion : The proteins involved in
motility were mainly identi�ed by proteomic analysis in CS WT strain when compare to CS �iF ::Tn5
strain. Our data showed that �agella are required to promote invasion to N1E-115 cells and absence of
�agella signi�cantly increases the adherence to N1E-115 cells when compare to CS WT strain.

Background
The Cronobacter genus (previously known as Enterobacter sakazakii) is a set of opportunistic foodborne
pathogens. Currently, the Cronobacter genus consists of seven species: C. sakazakii, C. malonaticus, C.
dublinensis, C. muytjensii, C. turicensis, C. condimenti, and C. universalis [1-3]. C. sakazakii is the most
commonly isolated and the most studied species in the Cronobacter genus. This opportunistic pathogen
exhibits different mechanisms for its adaptation to extreme environments, heat, acid, and osmotic stress
[4]. C. sakazakii has been associated with neonatal infections such as bacteraemia, meningitis, and
infant necrotizing enterocolitis (NEC) occurring after the consumption of contaminated powdered infant
formula [5-7]. Moreover, infections in immunocompromised adults have also been described [4].

The pathogenicity mechanism of C. sakazakii is complex and not yet elucidated fully due to the diversity
of its virulence properties, which have been identi�ed in the isolates from different regions in the world [8].
Adherence, invasion, and bio�lm formation are widely studied processes that allows us to better
understand the pathogenesis of these bacteria. Outer membrane protein A (OmpA), OmpX, InvA, and zinc
metalloproteases of C. sakazakii are proteins that contribute to adherence to and to invasion of human
intestinal epithelial cells and brain microvascular endothelial cells. The post-transcriptional global
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regulator Hfq (RNA chaperone) from C. sakazakii is involved in the biogenesis of OMPs and plays an
essential role in virulence and in stress adaptation [9-12]. In addition, Cronobacter plasminogen activator
(Cpa) is an outer membrane protease that mediates resistance to bactericidal sera and promotes
invasion [13].

Flagella of C. sakazakii are structural appendages that are composed of several proteins and play several
important roles during host colonization [14]. The �agella also participate in motility, adherence, bio�lm
formation, and the triggering of pro-in�ammatory responses through the Toll-like receptor 5 (TLR5)
signalling pathway [14,15]. However, other studies have revealed that �agellar motility in C. sakazakii is
not required for bio�lm formation [16]. Recently, an autoaggregation in CS29544 was described as an
additional biological function for the CS29544 �agellum under environmental conditions that favour the
down regulation of motility [17]. The aim of this work was to perform a comparative proteomic study of
C. sakazakii ATCC BAA-894 and an isogenic mutant of �agella to determine the effect of differential
protein expression on the adherence and invasion to N1E-115 cells.

Results
Transposon insertion abolished �agella formation

A library of 953 kanamycin-resistant mutants from CS WT strain was obtained using the EZ-TN5 system.
From the individual screening of 953 potential mutants, one non-motile kanamycin-resistant strain was
identi�ed when a motility test was performed in 0.3% LB agar plates (Figure 1A and B). Flagella absence
in the non-motile kanamycin resistant strain and the assembly of several polar �agella around the CS WT
bacterium were con�rmed by TEM micrographs (Figure 1C and D). The expression of a ∼28-kDa FliC
protein in the CS WT strain was con�rmed by immunoblotting with rabbit anti-FliC antibodies (Figure 1E).

Transposon Tn5 insertion was localized within the �iF gene

The insertion site of the transposon in the non-motile kanamycin resistant strain was ampli�ed by RATE-
PCR assays using Tn5-speci�c primers �anking mosaic end (ME) sequences, a DNA product of
approximately 700 bp was sequenced (data not shown).

Bioinformatic analysis of the 700 bp product nucleotide sequence revealed homology with a gene that
codes for the hypothetical protein ESA_01260 from CS WT. The predicted amino acid sequence showed
100% identity with hypothetical protein ESA_01260 from CS WT and 99% identity with protein FliF from
another C. sakazakii strains. These data suggested that the insertion site for transposon Tn5 was within
the �iF gene from the CS WT strain called C. sakazakii ATCC BAA-894 �iF::Tn5 (CS �iF::Tn5). To
corroborate the Tn5 insertion site in the �iF gene a PCR product of 1554 bp to correspond �iF gene in the
CS WT strain was obtained and a product of 2775 bp in the CS �iF::Tn5 strain, which contained the
insertion of a kanamycin resistance cassette �anking the ME sequence (1221 bp) in the �iF gene (1554
bp) were obtained (Figure 1F).
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�iF interruption led to signi�cant changes in the membrane proteome

Analysis of the puri�ed total membrane proteins from CS WT and CS �iF::Tn5 strains by SDS-PAGE
showed the presence of protein bands among molecular masses of 14.4 and 97 kDa (Figure 2A).
Proteomic analyses revealed a total of 443 proteins (Figure 2B and Table S1). Brie�y, 361 proteins were
shared to both strains, 37 proteins exclusive to the CS WT strain, and 45 proteins to the CS �iF::Tn5 strain
(Figure 2B, Table S1). The exclusive proteins identi�ed in the CS WT and CS �iF::Tn5 strains were
classi�ed into four groups, each with different subcategories, based on the functional categories
assigned by the Cluster of Orthologous Groups (Figure 3 and Table S1).

In the �rst group, namely, “cellular processes and signalling”, 64.86% (24/37) of the proteins identi�ed
were from the CS WT strain and 20% (9/45) were from the CS �iF::Tn5 strain. Brie�y, 45.94% (17/37) of
the exclusive proteins from the CS WT strain were classi�ed in the “cell motility” subcategory and 10.81%
(4/37) were classi�ed within the “signal transduction” subcategory. Additionally, 2.22% (1/45) of the
proteins from the CS �iF::Tn5 strain were classi�ed in the “intracellular tra�cking, secretion, and vesicular
transport” and “cell wall membrane/envelope biogenesis” subcategories. In the second group, namely,
“information storage and processing”, 5.4% (2/37) of the proteins were identi�ed from the CS WT strain,
and 15.55% (7/45) of the proteins were identi�ed from the CS �iF::Tn5 strain. In this group, 4.44% (2/45)
of the proteins from the CS �iF::Tn5 strain were classi�ed within the “replication, recombination, and
repair” subcategory (Figure 3 and Table S1). In the third group, namely, “metabolism”, 27.02% (10/37) of
the proteins were from the CS WT strain, and 40% (18/45) of the proteins were from the CS �iF::Tn5
strain. In addition, 17% (8/45) of the exclusive proteins from CS �iF::Tn5 were classi�ed into four
subcategories: “lipid transport and metabolism”; “coenzyme transport and metabolism”; “carbohydrate
transport and metabolism”; and “nucleotide transport and metabolism”(Figure 4 and Table S1). In the last
group, (“poorly characterized”), 24.44% (11/45) of the proteins were from the CS �iF::Tn5 strain, and
2.70% (1/37) of the proteins were from the CS WT strain (Figure 4 and Table S1). In summary, “cell
motility” and “signal transduction mechanisms” were the subcategories that included most of the
exclusive proteins from the CS WT strain. The “cell wall membrane biogenesis”, “intracellular tra�cking,
secretion, and vesicular transport”, “replication, recombination, and repair”, “nucleotide transport and
metabolism”, “carbohydrate transport and metabolism”, “coenzyme transport and metabolism” and “lipid
transport and metabolism” subcategories included most of the exclusive proteins from the CS �iF::Tn5
strain (Figure 3 and Table S1).

On the other hand, 6.92% (25/361) of the proteins showed signi�cant differences in expression
(permutation base FDR £ 0.05) between the CS �iF::Tn5 and WT strains. According to the protein
abundance pro�le of the CS WT strain, the proteins identi�ed were grouped into the following
subcategories: “translation, ribosomal structures and biogenesis” (A7MKJ3, A7MFP6, and A7MQP6);
“energy production and conversion” (A7MMX2, A7MQR1, A7MM92, A7MNF6, and A7MMH9), “amino acid
transport and metabolism” (A7ML85, A7MQX4, A7MGY5, A7MMT9, and A7MQM1), “inorganic ion
transport and metabolism” (A7MEV4), “lipid transport and metabolism” (A7ML71 and A7MHD9), “defense
mechanisms” (A7MRK3, A7MRQ5, A7MGV6, A7MMP3, A7MEY6, and A7MHV5) and “general function
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prediction only” (A7MNX3 and A7MI30) (Figure 4 and Table S1). Interestingly, the Cpa (A7MRQ5) protein
was identi�ed as more abundant in the CS WT strain compare to CS �iF::Tn5 strain.

Tn5 insertion in the �iF gene enhanced bacterial adherence to N1E-115 cells

The insertional mutation generated in the �iF gene of the CS WT strain allowed us to investigate changes
in bacterial adhesion as a function of the loss of �agella. A quantitative analysis of adherence assays
using neuronal cells derived from N1E-115 cells showed that the CS WT strain showed an adherence
value of 14.5×106 CFU/mL and the non-motile CS �iF::Tn5 strain an adherence value of 31.3×106

CFU/mL. Similarly, our data revealed a 2.1-fold, signi�cant increase in the adherence levels of the CS
�iF::Tn5 strain compared to the adherence levels of the CS WT strain (p=0.0001) (Figure 5).  

Tn5 insertion into the �iF gene decreased bacterial invasion of N1E-115 cells

Invasion assays to N1E-115 cells were performed to explore other virulence-related function of �agella of
the CS WT strain. A frequency invasion of 0.17% was observed for the CS WT strain and 0.001% with
p=0.01 for the CS �iF::Tn5 strain (Figure 5).

Discussion
Chemotaxis and motility by �agella are pathogenic attributes that contribute to bio�lm formation,
adherence, and invasion in several pathogens; in addition, �agella stimulate the secretion of effector
molecules and modulation of the immune system [18-20]. Flagellar motility plays an important role in the
pathogenesis of Helicobacter pylori, Pseudomonas aeruginosa, Vibrio cholerae, Salmonella species, and
E. coli [18, 21-22]. The main advantage of bacterial �agella is the ability to direct bacterial movement to a
speci�c colonization site in the host [23].

In this study, 953 clones were obtained by transposition-mediated random mutagenesis, and a single non-
motile clone was identi�ed, whose insertion site was mapped within the �iF gene. Several studies, have
shown that random mutagenesis by transposition (EZ-Tn5TM <Kan-2>Tnp TransposomeTM) is an e�cient
system to generate mutants, allowing the easy identi�cation of their phenotype and mapping [24-27].
This mutation system has shown a high e�ciency ratio in other bacteria, such as E. coli 105 > Salmonella
enterica serovar Typhimurium 104 > Proteus vulgaris 103 > Pseudomonas spp. 102 [28].

The �agella consist of a moving rotor and stationary stator. The rotor includes a cytoplasmic C ring (FliG,
FliM, and FliN proteins) bound to the membrane MS ring (FliF protein), the periplasmic rod, and external
hook. These three structures component bound assemble the basal body with a long external helical
�lament. In the inner membrane, the stationary elements include to the MotA/MotB protein complexes, or
stators, which conduct protons to power motor rotation. MotA interacts with FliG positioned at the C ring
top [29]. The FliF protein forms a two-ring-shaped structure called the MS ring, which is one of the initial
steps of �agellar assembly. During this process, the C-ring and ATPase are recruited in the cytosol for the
assembly of a secretion complex that contains a highly organized central pore that facilitates export of
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the hook protein and other �agellar components to the extracellular space. In addition, several highly
organized proteins make up the type-three secretion system, some of which also participate as accessory
molecules that control the assembly of the �agellar �lament [30]. The MS ring consists of 26 FliF protein
repetitions and therefore, a deletion in the �iF gene affects the �agellar assembly and bacterial motility as
reported for Salmonella typhimurium, Caulobacter crescentus, Vibrio alginolyticus, and Listeria
monocytogenes [29, 31-34].

To determine what types of proteins were expressed, a proteomic analysis of total membrane proteins
extracted from CS �iF::Tn5 and CS WT strains was performed. Several speci�c proteins of the CS �iF::Tn5
strain were not identi�ed in the CS WT strain, and these proteins are of unknown function in the
pathogenesis of other bacteria. In addition, extracellular structures involved in polysaccharide and
extracellular polysaccharide process were identi�ed exclusively in this mutant. The production of an
extracellular polysaccharide matrix and cellulose promote bio�lm formation and bacterial aggregation
[35-36]. The polysaccharide can also provide diverse bene�ts to the bacteria within the bio�lm, including
adhesion to biotic surfaces, environmental protection, and structural integrity [37]. The relevance of this
extracellular matrix is fundamental to the successful adaptation of bacteria to a speci�c host [37].
According to these data, the extracellular structures identi�ed in the mutant strain by proteomic analysis
might contribute to biotic or abiotic adherence. Protein A7MMS1 (ESA_01908) identi�ed in the mutant
strain is homologous to the putative virulence factor SrfB of Salmonella typhimurium and is one of the
proteins activated by the global signal transduction/regulatory system SsrA/B. The activated genes of
pathogenicity island-2 and at least ten additional genes (e.g., the srfB gene) are involved in bacterial
virulence [38]. Despite observing high levels of adhesion of the mutant strain, we did not �nd a signi�cant
increase in its invasion capacity; however, it is necessary to carry out further studies to determine if other
virulence proteins were attenuated by the mutation of the �iF gene affecting the invasion process.

On other hand, CS WT proteins have been mainly associated with �agellum-dependent motility,
chemotaxis, and proteins related to the signal transduction mechanism (methyl-accepting chemotaxis
protein, CheY-like receiver, and CheZ). Recently, a comparative transcriptomic analysis showed equal
expression levels of seven �agellar genes (�gB, �gL, �iT, �iD, �gN, �iR, and �gK) between two C. sakazakii
strains (virulent G362 and attenuated L3101 strains). In contrast, other studies described an upregulation
of chemotaxis proteins, outer membrane proteins, lipoproteins, and regulation factors in the C. sakazakii
virulent G362 strain. Interestingly, in the C. sakazakii-attenuated L3101 strain, upregulation of �iC was
observed [39].

Our comparative proteomic analysis data showed that the CS WT and CS �iF::Tn5 strains shared 361
proteins, and 25 of them were described as the most abundant. From the 25 proteins identi�ed, 16
proteins were associated with different biological processes described in the CS WT strain, including
identifying Cpa (the proteolysis outer membrane peptidase omptin) as the most abundant protein
compared to C. sakazakii ATCC BAA-894 �iF::Tn5. The Cpa protein has been considered an important
virulence factor involved in serum resistance as well as in the spread and invasion of C. sakazakii [13].
The identi�cation of the Cpa protein in our study is a relevant �nding that could help to explain the



Page 8/25

invasion frequency observed in the CS WT strain when infecting HT-29 cells (data not shown) and N1E-
115 cells. In addition, the seven proteins associated with “stress response”, “ion transport”, and
“lipopolysaccharide production” were identi�ed in the CS �iF::Tn5 strain and are related to the adhesion
process on biotic and abiotic surfaces.

The protein A7MRA4 (ESA_pESA2p06588) identi�ed in this study (data not shown) has been associated
with the type IV secretory pathway and is homologous to the type IV secretory system VirB11. The type IV
secretion system is used to translocate substrates of DNA and protein to other cells through contact-
dependent mechanisms to other cells. The VirB11 protein is an ATPase, and VirB6, VirB4, and VirB8, make
up the inner membrane complex. The type IV secretion pathway is required for delivery of T-DNA and
effector proteins during plant infection by Agrobacterium tumefaciens [40, 41]. The type IV secretion
system and putative factor SrfB need to be studied further to better understand the pathogenesis of CS
WT.

Several studies have shown adherence to epithelial cells as the �rst step in bacterial pathogenesis in
bacterial pathogens [42]. C. sakazakii also produces virulence factors that contribute to adherence to
HEp-2, CaCo-2, human brain microvascular endothelial cells (HBMECs), and IEC-6 cells. The adherence
e�ciency of C. sakazakii is dependent on the cell line [9, 43-45].

Our data showed that the lack of �agella in the CS �iF::Tn5 strain increase the adherence levels to N1E-
115 cells relative to the CS WT strain. In contrast, other authors have described that the lack of �agella
(deletion of the �gJ gene) in the C. sakazakii ES5 strain negatively affects its ability to adhere to Caco-2
intestinal cells [14]. The �agellum �lament (>10 mm of length) of S. typhimurium is responsible for
motility and adherence, including the �agellar cap protein FliD, which is involved in the adherence process
[20, 46]. In other pathogens, the deletion of genes coding for the structural proteins of the bacterial
�agella may lead to a signi�cant loss in the ability to colonize to the host [47-49]. In agreement with our
results, compared with the CS WT strain, mutants of the major �agellar structural subunit FliC and FliD
proteins from Clostridium di�cile contribute adherence increases to Caco-2 cells. An in vivo model of
hamster infection showed mutant strains were more virulent than wild-type strains [50]. These data
suggest that �agellar absence or motility repression also might enhance virulence as an adaptive
strategy in the pathogenicity of C. di�cile [50].

On the other hand, the invasion frequencies obtained from the CS �iF::Tn5 strain in N1E-115 cells showed
non-signi�cant values, contrary to the adherence values. Interestingly, the CS WT strain displayed higher
adherence and invasion frequencies for infection of N1E-115 cells. Additionally, invasion frequency of
0.7% for Cronobacter species in HBMEC, 0.03% in CECs (circulating endothelial cells, 0.04%, in IECs
(intestinal epithelial cells), 0.2% in CHO (Chinese hamster ovary) cells, and 0.3% in HUVECs (primary
human umbilical vein endothelial cells) have been described [51]. In summary, the invasion frequency is
dependent on the bacterial strain and the cell line [44, 51, 52]. Flagellar proteins expressed only in the
highly invasive C. malonaticus strains maintain a strong correlation with their motility ability and
signi�cantly promote bacterial invasion [53]. Interestingly, a signi�cant increase (p=0.0004) was observed
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in CS WT strain adherence to N1E-115 cells. Our results suggest that N1E-115 neuroblastoma cells are
highly permissive to infection by the CS WT strain, which may be mediated by speci�c receptors
recognized by the �agella or other outer membrane proteins.

In Salmonella and Bacillus subtilis, a �iF gene mutation represses the �agellin production and only is
transcribed after the full assembly of the basal body. In contrast, in Bacillus thuringiensis, inactivation of
the gene �hA encoding a protein of the �agellar type III export apparatus, induce the accumulation of
intracellular �agellin and the �aA expression. In Listeria monocytogenes, the �aA gene is expressed but
�agellin is not detected in �iF mutants, contrary to B. subtilis and B. thuringiensis. Our results suggesting
that the lack of FliF prevents �agellin export, and likely the non-exported product is rapidly degraded in
the bacterial cytoplasm of C. sakazakii [29].

Conclusions
Proteome analyzed showed a major number of motility cells proteins in CS WT and an increases in the
number of proteins associated to metabolism in CS �iF::Tn5, our data suggest that �agella are required to
promote invasion into N1E-115 cells but not the adherence process.

Methods
Bacterial strains and culture conditions

The bacterial strains used in this study are listed in Table 1. Bacteria were grown in Luria Bertani (LB)
broth (DIBICO; CDMX, México) overnight at 37ºC, under aerobic conditions, and constant shaking for the
different assays. Routinely, LB agar was used for bacterial isolation and when needed, ampicillin (Sigma-
Aldrich; MI, USA), and/or kanamycin (Amresco; OH, USA) were used at 100 mg/mL and 50 mg/mL,
respectively.

Construction of the transposon mutant library

Transposon libraries were constructed using an EZ-Tn5<KAN-2>Tnp Transposome kit (Epicentre; WI, USA).
Brie�y, C. sakazakii ATCC BAA-894 (CS WT) was grown in LB broth at 37ºC until reaching middle-log
phase and then was diluted 1:100 in this medium to obtain an optical density of 0.6 at 600 nm
(OD600nm). The bacteria were harvested by centrifugation, washed three times with MilliQâ ultrapure

water, and resuspended in 100 mL of ice-cold 10% glycerol in MilliQâ ultrapure water. Competent cells
(100 mL) were electroporated with 1 μL of EZ-Tn5TM<KAN-2> Tnp TransposomeTM at 1800 V/5 msec
using an ECM 399 electroporation system (BTX Harvard apparatus; MA, USA). The cells were recovered in
1 mL of SOC medium (Super Optimal Broth) with 20 mM glucose and then incubated at 37ºC with
shaking (200 rev min-1) for 4 h. The bacterial culture was diluted 1:100 in SOC medium, and a 100 μL
aliquot was spread onto LB agar plates with 50 mg/mL kanamycin and incubated overnight at 37°C.
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Selected kanamycin-resistant strains that were considered non-motile and stored in LB broth with 7.5%
glycerol including 50 mg/mL kanamycin.

Screening of non-motile strains by motility assays

The non-motility of kanamycin-resistant strains generated by transposon mutagenesis was con�rmed
when one colony was spotted into the center of each well in 48-well microplates with 0.3% LB agar
supplemented with 50 μg/mL kanamycin (Corning Life Sciences; NY, USA). The microplates were
incubated overnight at 37°C, and the absence of turbidity absence was a parameter to con�rm the
motility loss. Non-motile kanamycin-resistant strains were selected and used for the further assays
included in this study.

Visualization of C. sakazakii strains by electron microscopy

The presence or absence of �agella around bacterial cells was visualized by transmission electron
microscopy (TEM). CS WT and the non-motile kanamycin-resistant mutant strains were grown overnight
in LB broth at 37ºC and one drop of the bacterial culture was placed on a 200 mesh formvar-carbon-
coated grid (Electron Microscopy Sciences, London) for 5 min [15]. Excess liquid was wiped off, and the
grid with bacteria was negatively stained with 1% sodium phosphotungstic acid (pH 7.2) (MP
Biomedicals; OH, USA) for 5 min. The samples were washed three times with distilled water and
visualized under a JEM-1010 microscope (JEOL; Tokyo, Japan).

Immunoblotting assays

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed as described by
Laemmli [54]. Bacterial suspensions were adjusted to an absorbance of 1.0 at OD600; the pellet was
separated by spinning at 4,000 x g for 5 min and then mixed with 100 µL of SDS-PAGE sample buffer (4%
w/v SDS, 10% v/v β-mercaptoethanol, 0.125 mM Tris-HCl pH 6.8, 20% v/v glycerol, and 0.0025% w/v
bromophenol blue) 1X and heated at 90°C for 5 min prior to electrophoresis. Twenty-�ve-microliter
aliquots from whole-cell extracts (equal cell numbers) were loaded for 12% SDS-PAGE and run at 100 V
for 2 h at room temperature. The proteins were immobilized onto a nitrocellulose membrane and
incubated using blocking buffer [TBS containing 0.1% (v/v) Tween 20 and 5% skim milk], reacted for 1 h
with rabbit anti-FliC antibodies at a dilution of 1:1,500, washed 3 times with TBS-Tween 0.1%, and then
incubated for 1 h with alkaline phosphatase-conjugated goat anti-rabbit antibody at a 1:20,000 dilution
(Sigma Aldrich; MO, USA). The membrane was washed and exposed to 5-bromo-4-chloro-3-indolyl-
phosphate/nitro blue tetrazolium (BCIP/NBT) (Merck Millipore; MA, USA).

Identi�cation of transposon insertion sites

Random ampli�cation of transposon ends (RATE)-PCR was performed using primer Tn5PCRF (5′-
GCTGAGTTGAAGGATCAGATC-3′) or Tn5PCRR (5′-CGAGCAAGACGTTCCCGTTG-3′). The ampli�cation
was carried out with the following thermal cycles: 1 min at 94ºC; 20 cycles of 94ºC for 30 s, 50ºC for 30 s,
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72ºC for 3 min; 30 cycles of 94ºC for 30 s, 30ºC for 30 s, 72ºC for 2 min; 30 cycles of 94ºC for 30 s, 50ºC
for 30 s, 72ºC for 2 min; and 72ºC for 7 min, as previously described (Álvarez-Ordóñez et al., 2014b). The
reaction was performed using Platinum® Taq DNA Polymerase High Fidelity (Invitrogen; CA, USA). The
PCR products were puri�ed with Zymoclean Gel DNA Recovery (Zymo Research; CA, USA), cloned into the
pJET1.2/blunt vector (Thermo Scienti�c; CA, USA) and transformed into Escherichia coli BL21. DNA
sequencing was carried out with BigDye® terminator v1.1 cycle sequencing (Applied Biosystems;
California, USA) using 100 ng of reverse primer and 500 ng of puri�ed DNA template (Table 2). The
products were precipitated (EDTA 125 mM and absolute ethanol) and sequenced using an ABI Prism 377
sequencer (Applied Biosystems; California, USA). The data generated from DNA sequencing were
analyzed and compared with a reference nucleotide sequence database in NCBI for bacteria using BLAST
and aligned via multiple sequence alignment with hierarchical clustering [55].

Extraction and processing of proteins

Non-motile (CS �iF::Tn5) and C. sakazakii WT (CS WT) strains were grown in N1E-115 preconditioned
media overnight at 37°C with shaking and total membrane proteins were obtained using sucrose gradient
centrifugation, as described by Thein et al, [56]. The samples were treated with 50 µg of total proteins;
dissolved in 1% SDS (Sigma-Aldrich, MI, USA), 50 mM NH4HCO3 (Sigma-Aldrich, MI, USA), and 10 mM
dithiothreitol (DTT; Sigma-Aldrich, MI, USA); and incubated at 40°C for 30 min. Subsequently, the proteins
were alkylated with 20 mM iodoacetamide (Sigma-Aldrich, MI, USA) and 30 mM Tris-HCl pH 8.6
(Promega, WI, USA) for 30 min at room temperature in the dark. Proteins were precipitated with 9 volumes
of ethanol (Sigma-Aldrich, MI, USA) at -20°C overnight and centrifuged at 20,000 x g for 10 min at 4°C; the
supernatant was discarded, and the pellet was washed three times with 90% cold ethanol and then dried.
The pellets were solubilized in 50 mM NH4HCO3 and 50 mM guanidine hydrochloride (Sigma-Aldrich, MI
USA) and then digested overnight with 1 µg of mass spectrometry grade trypsin (Promega, WI, USA) at
37°C. Peptides were desalted with Sep-Pak tC18 cartridges (Waters, MA, USA), dried in a SpeedVac
concentrator (Thermo Scienti�c, MA, USA), and stored at -80°C. The samples were reconstituted in 50 µL
of 0.1% formic acid, centrifuged at 20, 000 x g at 4°C for 5 min and injected on a C18 Nano HPLC column
for peptide separation.

Nano�ow liquid ehromatography (Nano LC)-quadrupole time-of �ght tandem mass

Spectrometry (QTOF) analysis

The peptide solutions (5 µL) were loaded into a Thermo UltiMate 3000 HPLC system (Thermo Scienti�c,
MA, USA) using a 5-µ-pre-column/peptide trap (300 µm i.d. x 5 mm, 100 Å, Thermo Scienti�c) and an
Acclaim PepMap RSLC C18 (3 µm, 100 Å, 75 µm i.d. x 15 cm, nanoViper) separation column.
Chromatographic runs were performed at a constant �ow of 250 nL/min of a mixture of 0.1% (v/v)
formic acid/water (Buffer A, from a Milli-Q system; MA, USA) and 0.1% (v/v) formic acid/acetonitrile
(Buffer B, HPLC grade from Sigma-Aldrich; MA, USA) in a linear gradient of 200 min from 1-30% B. The
gradient was increased to 90% B at 210 min and held there for 8 min, after which the percentage of B was
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returned to 1% for column re-equilibration. Electrospray ionization of the eluted peptides was performed
with a CaptiveSpray source (Bruker; MA, USA) assisted by a �ow of nitrogen boiled on acetonitrile (0.2
bar), and the mass spectra were acquired with a quadrupole time-of-�ight mass spectrometer (Impact II,
Bruker). Positive ions were analyzed over an m/z range of 300-2200. Prior to every six injections,
calibration was performed with ESI-TOF Tuning Mix (Sigma-Aldrich, MI, USA). MS/MS fragmentation was
performed for ions with a signal higher than 5000 counts, applying a cycle time of 3 s and excluding +1
charged ions. Exclusion was active after one spectrum for 2 min, unless the precursor intensity was more
than three times higher than that in the previous scan. The collision energy depended on the precursor ion
charge and mass (e.g., at 700 m/z, 33eV and 27 eV were used for 2+ and 3+ ions, respectively, whereas at
1100 m/z, 65 eV and 55 eV were used for 2+ and 3+ ions).

Database search and analysis of proteomic data

Protein identi�cation was performed by processing the raw �les with the Datanalysis-o-TOF-Default script
from the Bruker Compass Datanalysis software (version 4.2 SR2, Bruker; MA, USA). The resultant .xml
�les were then analyzed in the ProteinScape software (version 3.1, Bruker; MA, USA) using Mascot 2.4.1
(Matrix Science; London, UK) with the following parameters: trypsin as the digestion enzyme with two
miscleavages allowed, carbamidomethyl Cys as a �xed modi�cation and oxidation on Met as variable
modi�cation. Monoisotopic peptide masses were searched with 7-ppm peptide mass tolerance and 0.05
Da fragment mass tolerance. The false discovery rate (FDR) was set to 1%, and peptide decoy and
percolator options were active. The C. sakazakii strain ATCC BAA-894 UniProt reviewed and unreviewed
databases were used. Proteins with Mascot scores > 13 and at least two peptides per protein were
considered positive hits. Only proteins common to at least two analytical replicates were considered
successful identi�cations.

A comparison of the relative protein abundance (heat map) was made using the Label Free
Quanti�cation (LFQ) tool of MaxQuant software (version 1.5.8.3) and the Andromeda search engine
(version 1.5.6.0) loaded with the C. sakazakii ATCC BAA-894 UniProt databases mentioned above. The
search parameters were as follows: carbamidomethyl cysteine as a �xed modi�cation, N-terminal
acetylation and methionine oxidation as variable modi�cations, two missed cleavages of the protease
trypsin allowed, Bruker Q-TOF as the analyzer, peptide mass tolerance of 0.07 Da, MS/MS mass tolerance
of 40 ppm, and an FDR of 1% at the protein level. Perseus software (version 1.5.8.4) was used to combine
the MaxQuant results from three analytical replicates of each sample. Only those proteins identi�ed in the
three analytical replicates of both strains were considered for calculations in the fold change. A protein
was considered differentially expressed if the fold change was higher than 1.5, if the difference was
statistically signi�cant (FDR=0.05, permutation based-FDR, Q<0.015, Student´s t-test) and if the protein
was identi�ed based on a minimum of one peptide. The percentage of overlap at the protein level in the
triplicate HPLC runs was higher than 93%, and that of the two biological replicates was 80%. To assess
the reproducibility of the LFQ analysis, the scatter plot and the correlation coe�cient calculation were
performed based on the LFQ intensities. The average Pearson correlation coe�cient of the technical
replicates was of 0.91±0.03.
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Adherence assays

Mouse neuroblastoma (N1E-115 ATCCÒCRL-2263; Manassas, USA) cells were cultured in Dulbecco’s
Modi�ed Eagle Medium (DMEM) high glucose 4.5 g/L from GIBCO (Thermo Scienti�c; MA, USA) and
supplemented with 10% fetal bovine serum (FBS) from GIBCO (Thermo Scienti�c; MA, USA). N1E-115 cell
differentiation was performed after induction with DMEM high glucose medium supplemented with 2%
FBS and 1.25% dimethyl sulfoxide (DMSO) (Sigma-Aldrich; MI, USA) for 5 days. Brie�y, cell monolayers at
70-80% con�uence in 24-well plates containing 1 mL of DMEM were infected at an MOI of 100:1 and
incubated at 37°C and 5% CO2 for 4 h according to the method of Cruz et al. [44]. Initially, the non-motile
(generated in this study) and WT CS strains were cultured overnight in LB at 37°C. The non-attached
bacteria were removed, and the bacteria attached to the cell monolayers were removed by adding 1 mL of
0.1% Triton X-100 (Amresco, OH, USA). The bacterial cells that adhered to N1E-115 monolayers were
collected, and serial dilutions were plated onto LB agar plates to determine the number of colony forming
units (CFU)/mL. The adherence assays were performed three times in triplicate on different days, and the
data are expressed as the mean of the averages.

Invasion assays

To perform invasion assays, N1E-115 cell monolayers were prepared and infected according to the
procedure described in the adherence assay section. The infected cells monolayers were washed with 1X
PBS and incubated with DMEM supplemented with 300 µg/mL lysozyme (Sigma-Aldrich, MI, USA) and
100 µg/mL gentamicin (Sigma-Aldrich; MI, USA) for 2 h at 37°C and 5% CO2. The infected cell
monolayers were washed three times with 1X PBS, detached with 1 mL of 0.1% Triton X-100, and plated
onto LB agar plates. The invasion frequency was calculated as the number of surviving bacteria after
treatment with gentamycin and lysozyme divided by the total number of bacteria without treatment with
these antibiotics [57]. The invasion assays were performed three times in triplicate on different days, and
the data are expressed as the means of the averages.

Statistical analysis

Statistical signi�cance (p<0.05) was determined using Student’s t-test for adherence and invasion
assays.

Abbreviations
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Strain Characteristics

C. sakazakii

ATCC BAA-

894

Wild-type strain, motile, producer of yellow pigment.

E. coli BL21 High transformation efficiency, cloning and propagation of plasmid, stable replication. F-

mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 nupG recA1 araD139 Δ(ara-leu)7697

alE15 galK16 rpsL(StrR) endA1 λ-.

C. sakazakii

ATCC BAA-

894 fliF::Tn5

Non-motile, KmR, producer of yellow pigment, fliF-.

 

 

Table 2. Primers used in this study.
Primers Sequences (5’-3’) References

Tn5PCRF GCTGAGTTGAAGGATCAGATC Alvarez-Ordóñez et al. (2014b)

Tn5PCRR CGAGCAAGACGTTTCCCGTTG Alvarez-Ordóñez et al. (2014b)

pJET1.2 F CGACTCACTATAGGGAGAGCGGC Thermo Scientific

pJET1.2 R AAGAACATCGATTTTCCATGGCAG Thermo Scientific

fliF F TCAGCGCGAGCGGCTTGCCGTTGCCC This study

fliF R CGGAGGGCGGGGTCTCGACAGC This study

Figures
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Figure 1

CS WT non-motile strain selection. (A) Visualization from the CS WT strain on LB 0.3% agar. (B)
Visualization of the lack of motility in the CS �iF::Tn5 strain grown on LB 0.3% agar. (C) TEM micrograph
showing the �agella of the CS WT strain after negative staining and visualized at a magni�cation of
10,000 x. (D) TEM micrograph showing the lack of �agella in the CS �iF::Tn5 strain after negative
staining and visualization at a magni�cation of 15,700 x. (E) Depolymerization of puri�ed �agella from
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the CS WT strain in 12% SDS-PAGE gels (MW: molecular weight, kDa) and a 28-kDa protein
corresponding to the structural �agellin (FliC) when reacted with rabbit anti-FliC antibodies. (F)
Identi�cation of the Tn5 insertion site in the CS WT strain �iF gene when a 1% agarose gel was stained
with ethidium bromide (MW: molecular weight, 1 kb). Lane 1and 2: �iF gene of CS WT. Lane 3: �iF gene
of the non-motile CS WT strain.

Figure 2
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Puri�ed total membrane proteins from the CS WT and CS �iF::Tn5 strains. (A) 12% SDS-PAGE analysis
showing the pro�le of total membrane proteins after staining with Coomassie Brilliant Blue R-250. LMW:
low molecular weight. (B) Venn diagram proteomes showing the total membrane proteins expressed by
the CS WT and CS �iF::Tn5 strains.

Figure 3

Proteomic pro�les and functional categorization of proteins of the CS WT and CS �iF::Tn5 strains. The
identi�ed proteins from the proteomic analysis were classi�ed into four categories: “cellular processes
and signalling”, “information storage and processing”, “metabolism” and “poorly characterized”. Solid
bars represent the CS WT strain, and the bars with boxes represent the CS �iF::Tn5 strain.
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Figure 4

Heat map of the relative abundance of total membrane proteins expressed by the CS WT and CS �iF::Tn5
strains. The 25 proteins in the heat map for which the two sample Student´s t-test showed statistical
signi�cance were analyzed with an unsupervised hierarchical clustering of the log2 transformed and z-
score normalized LFQi. Numbers in parenthesis represent the fold change dividing the average non-
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transformed LFQi detected in proteins of CS WT/CS �iF::Tn5 and negative numbers represent CS �iF::Tn5
/CS WT.

Figure 5

In�uence of the �agella-producing CS WT strain in adherence and invasion. Quantitative analysis showed
signi�cant increases (p=0.0001) in the adherence to N1E-115 cells of the CS �iF::Tn5 strain relative to the
CS WT strain. The lack of �agella signi�cantly reduces (p=0.01) the invasion into N1E-115 cells.
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