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Abstract

Background: Listeria monocytogerissa food-borne pathogen that causes infections with a high-mortality rate|and

has served as an invaluable model for intracellular parasitism. Here, we report complete genome sequencsgs for two
L. monocytogenasrains belonging to serotype 4a (L99) and 4b (CLIP80459), and transcriptomes of represeptative
strains from lineages I, I, and Ill, thereby permitting in-depth comparison of genome- and transcriptome -based
data from three lineages &f monocytogenelsineage lll, represented by the 4a L99 genome is known to contain
strains less virulent for humans.

Results:The genome analysis of the weakly pathogenic L99 serotype 4a provides extensive evidence of virllence
gene decay, including loss of several important surface proteins. The 4b CLIP80459 genome, unlike the previously
sequenced 4b F2365 genome harbours an ini@&invasion gene. These lineage | strains are characterized by the
lack of prophage genes, as they share only a single prophage locus with_othenocytogenggnomes 1/2a
EGD-e and 4a L99. Comparative transcriptome analysis during intracellular growth uncovered adaptive exgression
level differences in lineages I, Il and IListerianotable amongst which was a strong intracellular induction of
flagellar genes in strain 4a L99 compared to the other lineages. Furthermore, extensive differences between strains
are manifest at levels of metabolic flux control and phosphorylated sugar uptake. Intriguingly, prophage gene
expression was found to be a hallmark of intracellular gene expression. Deletion mutants in the single shargd
prophage locus of lineage Il strain EGD-e 1/2alntlaeoperon, revealed severe attenuation of virulence in a murine
infection model.

Conclusion:Comparative genomics and transcriptome analysis nfonocytogenagrains from three lineages
implicate prophage genes in intracellular adaptation and indicate that gene loss and decay may have led tg the
emergence of attenuated lineages.

Keywords: Listeria monocytogenémeage, Comparative genomics, Gene decay, Comparative transcriptomicp
Flagella, Prophage, Monocin, Isogenic deletion mutants, Murine infection
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Background originally isolated from food by Kampelmacher in 1950s in
Listeria monocytogends a Gram-positive, motile, non- the Netherlands. This strain is attenuated in its virulence
sporulating, rod shaped bacterium. It is the causativeproperties and exhibits a restricted ability to grow within
agent of listeriosis, a food-borne disease, which afflictghe liver and spleen of infected mice [18]. The availability
both humans and animals. There are only eight specieof the complete genome of. monocytogendsGD-e sero-
in the entire genus,L. monocytogened.. marthii, L. type 1/2a has permitted analysis of the intracellular gene
innocua, L. seeligeriL. welshimerj L. ivanovii, L. grayi expression profile of this strain [19-21].
and L. rocourtiae L. monocytogeneand L. ivanovii are The genome sequences of strains 4a L99 and 4b
the pathogenic species while the others are apathogeni€LIP80459 presented in this work provide a unique oppor-
[1,2]. In the genusListeria, non-pathogenic species have tunity to delineate specific adaptations of these lineage
been hypothesized to have evolved through genomeepresentives both at the genomic and at the transcrip-
reduction from pathogenic progenitor strains [3]L. tional level.
monocytogenes able to invade and replicate in both
phagocytic and non-phagocytic cells. The infectious lifeResults
cycle has been elucidated in detail, and several virulencgeneral features of complete genomes of three lineages
factors, essential for each stage of infection have beegf . Monocytogenes
identified [4,5]. Pathogenic listeriae encode severalrhe overall features of the completely sequenced circular
virulence factors that are localized in a virulence genegenomes of L. monocytogeneda L99 L. monocytogenes
cluster (gq or Listeria pathogenicityisland-1 (LIPI-1) in  4h CLIP80459). monocytogene2a EGD-e L. monocy-
the genome. However, a number of genes required fofpogenesab F2365 andL. innocua 6a CLIP11262 are
virulence are not localized in this cluster, inClUding the given in Table 1. Computationa| multi-virulence-locus
two internalins inlA and inIB. These encode proteins sequence typing (MVLST) [22] analysis showed that
that are expressed on the surface of the bacterium andstrain 4b CLIP80459 belongs to epidemic clone ECIl and
facilitate the entry of the bacterium into the eukaryotic strain 4b F2365 to epidemic clone ECI as previously
cell and their incorporation into a membrane-bound reported by Nelson and colleagues [15], respectively. The
vacuole [6,7]. Further pathogenicity islands present in|_monocytogenegenomes are remarkably syntenic: gen-
the genus Listeria code for multlple internalins and ome size, G+ C content, percentage Coding and average
additional hemolysin genes in speciésivanovii (LIPI-2)  |ength of protein-coding genes are similar among all four
[8] and a subset of strains of lineage I (LIPI-3) [9]. strains (which was previously reported for other listerial
Within the four lineages ofL. monocytogenestrains genomes) [14,15]. All fourL. monocytogenegenomes
are generally classified by serotyping or MLST [10,11], oharbour 67 tRNA genes and contain six complete copies
which 1/2a, 1/2b and 4b are most commonly associatedof rRNA operons (16 S-23 S-5 S), of which two are
with human listerial infections [2,12] The first outbreak located on the nght and four on the left rep”chore. The
of L. monocytogenesas described for the strain EGD-e, chromosomes of 4a L99 and 4b CLIP80459 are devoid of
a serotype 1/2a strain of lineage II, following an epidemicmopile genetic elements and harbour no plasmid
in rabbits and guinea pigs in 1926 by E.G.D. Murray e observed four different prophage regions in the
[13]. This strain has become a modelsteria strain, and  genome of the 4a L99 and only one in the 4b CLIP80459
was the first listerial strain to be completely sequencedstrain (see prophage region Il).. monocytogene4a L99
along with the non-pathogenic Listeria innocua 6a prophage | is located at position 71438 bpno4a_0064
CLIP11262 [14]. Subsequently, the first genome of a 4hmoga_0115, prophage Il at kmoda_0148moda 0153,
serotype strain (F2365) of lineage | was completelyprophage-remnantimaDC; 4b CIIP80459 Lm4b_00117b-
sequenced [14,15]. It was isolated from Jalisco cheesem4b00134 or monocin region), prophage Il at
during a listeriosis outbreak in California in 1985 and 1224779 bp Ifno4a_1223mo4a 1293 and prophage IV
mainly associated with pregnancy-related cases. Howevest 2668913 bp Ino4a_2599imo4a_2658. Two prophage
it has been recently shown that this strain contains non- regions, | and Ill, are located adjacent to tRNABrophage
sense and frameshift mutations in several genes. Owing tegion | is flanked bytRNA™* and prophage region Il is
a frameshift ininIB, F2365 is severely compromised in inserted within the region between the gene foRNA"®
Caco-2 invasion assays [16]. and ydel compared toL. monocytogenes/2a EGD-e. At
Here we report thus the genome sequence of a clinicathis very chromosomal location inL. welshimeri 6b
isolate of the 4b serotype of lineage I, the monocytogenes SLCC5334 there is an insertion of a prophage [3,23,24],
4b strain CLIP80459 that was isolated in a clinicalwhile L. ivanovii harbours the species-specifitisteria
outbreak of listeriosis in France affecting 42 persons [17]pathogenicity island 2 (LIPI-2), which contains a sphingo-
We also present the complete genome sequencinglof myelinase C (SmcL) and also a cluster of internalin genes
monocytogenestrain 4a L99 of lineage Ill. L99 was [8]. These findings confirm previous observations [3]
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Table 1 General features of L. monocytogenesl/2a EGD-e,L. monocytogenesda L99, L. monocytogenesdb CLIP80459,L.
monocytogenes4b F2365 and L. innocua6a CLIP11262

L. monocytogenes L. monocytogeneglb L. monocytogeneslbL. monocytogened/2a L. innocu&®a

4a 199 CLIP80459 F2365 EGD-e CLIP11262
Size of chromosome [bp] 2979198 2912690 2905187 2944528 3011208
G + C content [%] 38.2 38.1 38.0 38.0 374
G + C content of protein-coding 38.7 38.5 38.5 38.4 37.8
genes [%]
Protein-coding genes 2925 (1) 2790 (24) 2821 (26) 2855 (9) 2981 (13)
(pseudogenes)
Average length of 301 311 303 306 300
protein-coding genes [aa]
Number of rRNA operons 6 6 6 6 6
(16 S-23S-5S)
Number of tRNA genes 67 67 67 67 66
Percentage coding 88.9 89.4 88.4 89.2 89.2
Number of prophages (genes) 4 (191) 1(16) 1(16) 2 (79) 6 (322)
Plasmid 0 0 0 0 1
Number of strain-specific genes* 111 49 105 120 89
Number of orthologous genes* 2623 2725 2699 2656 2570
Number of transposons 0 0 0 1 0

*Prophage genes excepted.

Core and specific genes were analyzed using orthologous pairs excluding prophage genes as described previglsly [

indicating that tRNAs represent genetic*anchoring (SNPs). Even in the comparison of the two closely related
element$ for the uptake of listerial prophage DNA by 4b genomes, two LPXTG-motif containing proteins were
transduction processes andhiis contributing to evolution- identified as encoding a large number of SNPs. One of
ary genome diversity of listeriae. Pseudogenes were detectédese,Im4b_01142shares substantial similarity to interna-
for both 4b F2365 (24 pseudogenes) and 4b CLIP80459 (2fins. Comparison of the 4a L99 and the 1/2a EGD-e
pseudogenes) genomes respectively, which is a highgrenomes reflected larger evolutionary divergence, but once
number compared to that seen ih.. monocytogene¥/2a  again involved surface proteins, such as the LPXTG-motif
EGD-e (9 pseudogenes),. monocytogeneda L99 (one containing protein Imo1799 internalin Imo0409 (inlF),
pseudogene) ant. innocua(13 pseudogenes). autolysinlmo1215 as well as proteins involved in surface
When comparing the two L. monocytogenesdb antigen biosynthesis likdmo2552 (murZ) and Imo2549
genomes (CLIP80459 and F2365) 115 genes are specifigtcA). Further analysis identified genes that are most
for strain 4b CLIP80459 with respect to strain 4b F2365.divergent in the three lineages and classification of the
The dominant functions encoded by these genes aremost divergent orthologous gene groups was performed
related to sugar metabolism as they comprise five PTSAdditional file 1: Table S1). Thus, distribution of SNPs in
systems and five sugar permeases or sugar transporterkisteria suggests considerable evolutionary adaptation
Furthermore, four transcriptional regulators and four among surface-associated genes.
surface anchored proteins are specific to 4b CLIP80459
indicating differences in regulation, sugar metabolism Comparison of the virulence genes cluster of lineage |, Il
and surface characteristics between the two strains. Ofnd lil
the 146 genes found to be specific for strain 4b F2365All genes of the virulence gene cluster are present in the
the majority were of unknown function, apart from a four studied strains [27]. We performed a nucleotide
PTS system and a specific surface protein. Most interestsequence alignment of the entire virulence genes cluster,
ingly, inIB although it is reported to be important for using the EGD-e sequence as a reference. As shown in
virulence ofL. monocytogendsas a frameshift mutation Figure 2 we identified a truncation in thectA sequence
in this strain [15]. of the 4b and the 4a genomes. In addition, a small
When comparing the genomes of different lineages attruncation upstream thempl gene and a truncation of a
the nucleotide sequence level a number of genomic differ-short repeat region distal to the PrfA binding box ahpl
ences were revealed (Figure 1). Surface proteins showeadlas present in the 4a genome. However, the PrfA
the highest number of single nucleotide polymorphisms binding site was not affected. Moreover, the alignment
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Figure 1 Comparative SNP analysis of five listerial strain§rom outside to inside: genome bf monocytogend$2a EGD-e colored accordin
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Figure 2 Alignment of the virulence gene cluster of representatives of three L. monocytogenedineages L. monocytogend¢2a EGD-e wag

used as reference genome. Nucleotide sequence identity of compared genomes is visualized. The top panel indicates location and direction of
virulence genes.
A\

identity decreased slightly in the latter half of the cluster, 1/2a EGD-e. A comparable situation was identified for
with differences most prominently visible in the regions internalin F [27], however deletion mutants have not
containing Imo0207 and Imo0209 Imo0207 encodes a been shown to be reduced in invasion into non-phago-
lipoprotein and was identified as one of the most diver- cytic cells [36]. Apart from the absence of these charac-
gent genes of the LIPI-1 when comparing three lineages.terized internalin genes, several other internalin-like
Interestingly, both the L. monocytogenedb strains genes [nol1666 Imo2470and Imo2821, Additional file 4:
(CLIP80459 and F2365), and thke. monocytogeneda Table S4) are present in the 1/2a EGD-e and 4b
L99 strain, have an identical repeat truncation in the genomes, but are absent from the 4a L99 genome. In
ActA protein compared to ActA of the 1/2a EGD-e addition, we analysed the repertoire of genes encoding
(Additional file 2: Table S2 Additional file 3: Table S3). surface proteins for recently published 4a genomes of
Such truncations inactA have been reported previously strain HCC23 [37] and M7 [38] as well as 4c FSL J2-071
for strain 4a L99 and affect the speed of movement of(Listeria monocytogeneSequencing Project, Broad Insti-
intracellular bacteria [28]. We surveyed sequencadtA  tute of Harvard and MIT; http://www.broad.mit.edu)
alleles present in GenBank and discovered that the(Additional files 4: Table S4, Additional file 6: Table S6
truncation in the ActA protein is far more frequent in 1/2b  Additional file 7: Table S7 Additional file 8: Table S8
and 4b strains (77% and 51% respectively) than in 1/2&dditional file 9: Table S9 Additional file 10: Table S10

strains (7.5%). and Additional file 11: Figure S1). We confirmed by
comparative genomics that these 4a genomes lack a simi-
Loss of surface proteins in lineage Il lar number of surface proteins (Additional files 4: Table

Several genes encoding internalin-like proteins areS4, Additional file 6: Table S6 Additional file 7: Table S7
absent in theL. monocytogene4a L99 genome in com- Additional file 8: Table S8 Additional file 9: Table S9
parison to the 1/2a EGD-e and the 4b strains (Additional Additional file 10: Table S10 and Additional file 11:
file 4: Table S4) as previously reported for lineage llIFigure S1). These findings were independently verified by
strains [27,29]. The entiranlGHE cluster [30] is absent additional PCR analysis to confirm the absence of genes
in the 4a L99 genome (Additional file 5: Table S5) encoding surface proteins for four 4a strains and three 4c
[27,30]. The corresponding loci in both 4b genomes arestrains, respectively. Half of the inspected chromosomal
identical to each other, but different to strain 1/2a EGD- loci differed by PCR analysis among 4a and 4c genomes
e. Another PrfA-independent internalin (InlJ) that has (Additional file 11: Figure S1). Some non-internalin like
been shown to be specifically expressed only in vivo [31Fell-wall proteins that have been shown to be important
is also absent from the 4a L99 genome. Similarly, Inter-for invasion are also absent, eauto a GW-motif contain-
nalin C [27], involved in cell-to-cell spread and innate ing (Additional file 6: Table S6), PrfA-independent, surface
immune response in the vertebrate host [32-35], isautolysin. Previous studies revealed an essential role for
absent in 4a L99 but is conserved in both 4b strains andauto in the entry into non-phagocytic eukaryotic cells [39].
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The vip gene product, a PrfA-dependent LPXTG protein A-C). It is not known whether the CRISPR system is

(Additional file 7: Table S7), described as a receptor for thefunctional in the 4a L99 genome. However, by sequence

eukaryotic Gp96 surface protein and important for late similarity searches using the spacers to detect possible

stages of infection [40], is also absent from the 4a L9%rophage DNA traces, we were able to identify the PSA

genome. In addition to these missing genes, Inll is slightlyprophage that is known to infect serotype 4 strains.

truncated. However Ami (Additional file 6: Table S6), an Assuming a functional CRISPR system in 4a L99 suggests

important listerial adhesion protein seems to be present ina resistance to the PSA bacteriophage (Additional file 13:

a shorter version in both 4b strains [41,42], whereasFigure S3).

the number of lipoproteins (Additional file 8: Table S8),

LysM- and (Additional file 9: Table S9) NLPC/P60-motif Gene duplications in the Listeriagenomes expand

containing proteins (Additional file 10: Table S10) was metabolic systems

comparable among the four strains under study. We found substantial evidence for a minimum of 231 to
Overall, in comparison to 1/2a EGD-e and the two 4b a maximum of 296 gene duplications in thdisteria

genomes, 4a L99 strain has lost a number of crucialgenomes (Additional file 14: Figure S4 and Additional

determinants required for listerial invasion. The selectivefile 15: Figure S5). It is evident that the majority of these

loss of genes primarily responsible for the first steps ofduplications are ancient events as they are shared among

infection may contribute to the poor invasion ability and all species and the number of gene pairs with a very high

the attenuated nature of the 4a L99 strain. percentage identity is very low (1-12% per strain).
Functional classification of the duplicated genes revealed

Decay of phage genes in theL. Monocytogenegta L99 that many of these have important implications in

strain metabolic pathways, like the pentose phosphate pathway,

The 1/2a EGD-e genome contains 79 prophage genes ifructose and mannose metabolism, carbon fixation,

two different loci, the 4a L99 genome includes 193 phageglycolysis and pyruvate metabolism.

genes at four loci, while the 4b genomes encode with 16, While several duplicated genes could be mapped to

for the smallest number of prophage genes limited to acentral metabolic pathways from the KEGG database,

single locus (also called the monocin-locus) at the samehis was not possible for horizontally transferred genes

position in the chromosomes. (Additional file 16 Figure S6 and Additional file 17:
This monocin locus, a cryptic prophage region, is Figure S7). However, not all duplicated genes seem to have

conserved in allL. monocytogenelineages and includes arisen from true duplications, but some may have been

the Ima genes [43]. Although previously thought to be spe- transferred horizontally, like some PTS system genes that

cific to L. monocytogene# was shown thatmaDCBAis are L. monocytogene&GD-e strain-specific genes. The

also present in several apathogenic innocua strains. number of genes classified into known metabolic pathways

However, not all genes of the operon are present inlall or systems was significantly higher for duplicated genes,

monocytogenestrains. The 4a L99 genome lackmaA  while several horizontally transferred genes could not be

and ImaB (Additional file 12: Figure S2). The entire locus mapped.

in 1/2a EGD-e and the two 4b genomes has 16 genes, but

only five of these genes are present in the 4a L99 genomesomparative intracellular transcriptomics of four L.

ImaA and ImaB are absent inL. welshimeri Interestingly, Monocytogenesstrains of the three major lineages

the structure of this prophage locus in strain 4a L99 and Comparative transcriptome analysis dfisteria monocy-

other lineage Il strains is more similar td.. welshimeri togenesstrains of the two major lineages revealed differ-

than to other pathogenic listeriae (Additional file 12: ences in virulence, cell wall, and stress response [44].

Figure S2). Here we performed intracellular gene expression
analyses using whole genome microarrays between four
The CRISPR system dfisteria L. monocytogenestrains belonging to the three major

The L. monocytogeneta L99 genome was found to con- lineages to investigate eventual differences. P388D1
tain two adjacent CRISPR loci (I and II) with CRISPR murine macrophages were infected and total RNA was
repeats (Figure 3A and 3B). Both loci contain sequencessolated four hours post infection and hybridized to
of length 35 bp separated by repeat sequences of lengthioarrays.

29 bp. However, they differ considerably in the number In order to determine the core intracellular response
of repeat copies (6 in locus |, and 29 in locus Il, respect-of L. monocytogenege created a dataset of core-syntenic
ively). While locus | is highly conserved in the 4b strains,homologous genes for all four genomes and the expres-
1/2a EGD-e andL. innocug locus Il was exclusively sion data for these genes were compared. We found that
present in 4a genomes of L99, HCC23, M7, but notin all strains studied the entire virulence genes cluster,
in another lineage 11l genome of 4c FSL J2-071 (Figure 3prfA, plcA, hly, mpl, actA, plcB and orfX) was highly
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Figure 3 Overview of CRISPR (clustered regularly interspaced short palindromic repeats) loci lnmonocytogenel/’2a EGD-4,.
monocytogene$a L99].. monocytogends: HCC23,. monocytogends: M7 L. monocytogends FSL J2-0711, monocytogendd CLIP80458,
monocytogeneth F2365 andl.. innocu®a CLIP1126@\): CRISPR locus | is shown for all five listeriae, black boxes indicate complete CRISPR
repeats, red boxes represent incomplete or truncated (*) CRISPR repeasgiees were found to be associated with this locus. Flanking
genes are conserved in 1/2a EGD-e and both 4b genomes. Comparison of the intergenic sequences with the 4a L99 genome revealed a
sequence footprint of decaying repeat elements (2 repeat copies in both 4b genomes, and 1 kopyatua 6&€LIP11262), indicating loss of
the CRISPR repeats. (B): Locus Il shows 29 copies of repeats and is associated wiabgenesalas2cas3casb5and cas6caslis partially
detectable, but seems to be truncated. {C)nnocu&a CLIP11262 harbours the CRISPR locus Il at position 2.77 Mb in the genome, whi¢h is
neighboured by a singleas2gene. No other CRISPR repeats norcasgene homologs were found in the 4b genomes.

J

induced within the infected host cells. Furthermore genespentose phosphate pathway was utilized by all listeriae,
known to be important for bacterial survival, such dgpt, possibly to generate NADPH for countering oxidative
clpE bIEA and two LRR domain-containing proteins stress in intracellular conditions. The upregulation of
(Imo0514andImo2445 were upregulated in all strains. genes of the pentose phosphate pathway has been shown
Interestingly, three mannose transporting PTS systemspreviously [19,20,46] and it has been speculated that it is
(Imo0021-Imo0024 Imo0781-Imo0784 Imo1997-Imo200p  important for generation of erythrose-4-phosphate for
two fructose specific systemdnfo2335and Imo2733, two aromatic amino acid biosynthesis or for generation of
galacitol specific systemdnfo0503 Imo0507 Imo0508and  pentose sugars. Accordingly; we observed a downregula-
Im02665-Imo266Y, two beta-glucoside systems (the partial tion of several genes involved in pyrimidine and purine
systemImo0373-Imo0374and Imo0874-lmo087§H and two  biosynthesis from pentose sugars (ellgo1463 Imol1497
cellobiose specific systems (the partial systtno0901and Imol565 Imo1832 Imol836 Imo1856 Imol1l929
Imo0914Imo091§ were commonly upregulated in all Imo02154 Imo2155 Imo2390andImo2559.
strains. These possibly represent the most frequently used Downregulated genes included thagr locus (mo0048-
substrates of listeriae in the cytosol. Only one mannosdmo005]) as demonstrated previously [20,46] and several
specific PTS system]njo0096Imo0099 is downregulated genes of the tryptophan biosynthesis operotmpA, trpB,
by all studied strains (Additional file 18 Figure S8 andtrpF and trpD), and some tRNA synthetase geneie$f
Additional file 19: Text S1). valS glySand glyQ. Diminished energy generation was
Most surprisingly, allListeria strains studied expressed indicated by decreased expression of the cytochrome
the genes of thdma operon and surrounding prophage genes clustercytABCD With respect to the pentose
genes of the monocin locus, including a conserved holinphosphate pathway, we detected downregulation of the
(Imo0112 Imo0113 Imo0115 Imo0116 Imo012§ during phosphoribosyl pyrophosphate synthetagerg, Imo0199
intracellular growth. However, the functions of several of gene, which is required for the production of PRPP
these genes are not defined. The only locus that is(phosphoribosyl pyrophosphate) that links the pentose
conserved in all three lineages (albeit with somephosphate pathway to the biosynthesis of purines and
deletions in 4a L99) is the monocitma locus. ThelmaA  pyrimidines. While several genes of the glycolytic
gene product has been shown to provoke a delayed typeperon, and several individual genes were downregulated
hypersensitivity reaction in mice immune td. monocyto- by 1/2a EGD-e, 4b CLIP80459 strain or 4a L99, the 4b
geneslt is also secreted at 20°C but much less [45] at 37F2365 strain showed increased expression (Additional
C. The lma operon produces two transcripts, a 2100 bp file 20: Text S2).
ImaDCBA transcript expressed both at 20°C and 37°C,
and a 1050 bplmaBA transcript induced at lower Differences in flagellin expression are the most prominent
temperatures [43]. Additional prophage genes were highlydifferences among strains
expressed in the individual strains (Figure 4). TakenTo address the observation that strain 4b CLIP80459
together, high intracellular prophage gene expressiongrows more efficiently inside the host than strain 4b
despite several differences in prophage gene content, is2365, we performed a direct comparison of the
one of the most striking observations across alisteria  transcriptome data derived from these two strains. Most
lineages. important differences were found in the regulation of
All strains showed induction of the eut operon flagellar genes. While intracellular bacteria of strain 4b
suggesting that ethanolamine may be used as a carbop2365 upregulated a substantial number of flagellar
and nitrogen source in intracellular conditions. The zinc genes, includingfliS, flil, flhA, fliF, filE, figB, flgC, flgG,
transporters were also commonly upregulated indicatingfliD as well as the transcriptional regulatordegU
a role of zinc in intracellular survival as well as the (Imo2519, in the 4b strain CLIP80459 onlyfliR was
spermidine/putrescine ABC transporter0tB, potCand upregulated. When comparing the intracellular tran-
potD). Furthermore, the non-oxidative branch of the scriptome of strain 4a L99 to the 1/2a and 4b strains the
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