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ABSTRACT

Acinetobacter baumannii and Stenotrophomonas maltophilia are
opportunistic pathogens responsable for several hospital-acquired infections.
We performed Extensive comparative analyses were performed in silico to
elucidate the cromosomal organization of both species, and identify core and
variable genome component in each. In the case of S. maltophilia, the genomes
of strains isolated from the blood of a cancer patient (K279a strain) and the
poplar Populus trichocarpa (R551-3 strain) have been compared. The analyzed
chromosomes exhibit extensive synteny and 3620 homologous genes are
located at the same relative position in the two strains. However, the R551-3
and the K279a chromosomes vary significantly, as they contain 13% and 19%
of specific DNAs sequences, respectively. This DNA fraction is largely
represented by unrelated foreign DNA segments or genomic islands (GEIs),
which vary in size from 3 to 70 kb. Similar work was done by comparing of the
genomes of seven clinical isolates of A. baumannii. The analyzed DNAs also
showed extensive synteny. We have identified 3068 conserved coding regions
in all isolates, and 63 variable genomic loci containing GEIs ranging in size
from 4 0 126 kb. GEls found in A. baumannii and S. maltophilia GEls are,

except for some resistance islands, unrelated.



BACKGROUND

1.1. Dynamic organization of microbial genomes

The first bacterial genome to be completed was that of Haemophilus
influenzae, sequenced by a team at The Institute for Genomic Research in
1995. In a few vyears, the complete sequence of genomes of different
pathogenic bacteria were subsequently reported. At the moment, the number of
wholly sequenced genomes approaches 2000, and the advent of ultra-high
throughput next generation sequencing technologies tremendously increased
the number of bacterial genomes sequenced. Large-scale sequencing made
available whole genome sequences of many strains of the same bacterial
species.

Comparative analyses carried out with multiple genomes of one species have
revealed extensive, unexpected intra-species diversity of Streptococcus
agalactiae (Tettelin et al.,2005) and Haemophilus influenzae (Hogg et al.,
2007) genomes allowed to separate genes of both species into two main
categories. Some genes are shared by all the strains of the species analyzed,
and constitute the so called core genome. Other genes are present in some
isolates, but not in anothers, and make up the dispensable or variable genome
component. The sum of core and dispensable genes makes up in turn the so
called pan-genome, which represents the full species gene repertoire. The size
of pangenome and core genomes is closely correlated. Thus for example, the
analysis of 61 E. coli genomes brought to a pangenome made up by
approximatively 16000 genes, and a core genome restricted to less than 1000
genes (Lukjancenko et al., 2010; Fig. 1).

The dispensable genome contributes to the species diversity and provides

functions that are not essential to its basic life-style, but confer selective
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advantages such as niche adaptation, antibiotic resistance, the ability to
colonize new hosts (Dobrindt et al., 2004).

Many dispensable genes have been acquired by horizontal gene transfer
(HGT), a process in which DNA segments which may vary in size from 1 to
100 kb, or more, can be transferred from one species to another, and be
incorporated in the recipient genome.
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Fig. 1: Pan- and core genome plot of the genomes of E. coli. The blue pan-
genome curve connects the cumulative number of gene families present in the
analyzed genomes. The red core genome curve connects the conserved number
of gene families. The gray bars show the numbers of novel gene families
identified in each genome.



Mobile genetic entities, known as genomic (GEIs) or pathogenic (PAISs) islands
are typical dispensable genome components acquired via HGT. The size and
coding capacity of GEIs or PAls may eventually be remodeled by a variety of
mutations and rearrangements (Fig. 2). Most GEls are relatively large
segments of DNA and may be recognized by nucleotide composition (e.g. GC
content) that usually differ from the rest of the chromosome. Genomic islands
are often inserted at tRNA genes and are flanked by 16-30 bp direct repeats
(DR), that arise by the duplication of the integration site. DRs may act as
recognition sequences for GEIs enzymatic excision (Juhas et al. 2009). Genes
encoding integrases, enzymes involved in GEI transfer, are often found in
genomic islands (Fig. 3).

Depending on the functions they encode and the advantages they may confer to
the host genome, GEIs can be distinguished in pathogenicity, symbiosis,
fitness, metabolic or resistance islands. GEIs might provide a selective
advantage under specific growth conditions as they can enhance adaptability

and competitiveness within a niche.
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Fig. 2: Evolution of bacterial variants by acquisition and loss of genitic
information. Gene acquisition by horizontal transfer between different
species, which involves mobile genetic elements, such as plasmids, genomic
islands (GEISs), increases the versatility and adaptability of the recipient. This is
common in extracellular bacteria, such as facultative pathogens and symbionts,
and the acquisition of genes in this way allows bacteria to adapt to a new or
changing environment. In addition to these processes, point mutations and
genetic rearrangements constantly contribute to evolution of new gene variants
in all types of bacteria. HGT, horizontal gene transfer.
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Fig. 3: General features of GEIs: Schematic model of a genomic island of
bacteria (upper part). The formerly transferred DNA block is linked to a tRNA
gene and flanked by direct repeats (DR). The guanine plus cytosine (G+C)
content of the genomic island is different from that of the core genome (lower
part). Other abbreviations: int, integrase gene; abc, def and ghi, genes encoding
specific functions; IS, insertion sequence element; bp, base pair.



1.2. Stenotrophomonas maltophilia

Stenotrophomonas maltophilia is an aerobic, non-fermentative Gram-
negative bacterium widespread in the environment. This species constitutes
one of the dominant rhizosphere inhabitants. S. maltophilia is able to degrade
xenobiotic compounds, as detoxify high molecular weight polycyclic aromatic
hydrocarbons, and is therefore considered with interest for its potential use in
bioremediation (Page et al., 2008). S. maltophilia is also increasingly described
as an important nosocomial pathogen in debilitated and immunodeficient
patients and has been associated with a broad spectrum of clinical syndromes,
e.g. bacteraemia, endocarditis, respiratory tract infections (Looney, 2005).
Over the last decade, S. maltophilia has been frequently isolated from cystic
fibrosis patients (Denton and Kerr, 1998), and turned out to be a serious
pathogen in cancer patients (Safdar and Rolston, 2007). S. maltophilia displays
intrinsic resistance to many antibiotics, making selection of optimal therapy
difficult. Several factors confer S. maltophilia a role as emerging pathogen,
most notably the ability to elaborate a wide range of extracellular enzymes,
such as lipases, fibrolysin, and proteases, potentially involved in the
colonization process (Denton and Kerr, 1998), the ability to adhere to and form
biofilm on epithelial cells (Di Bonaventura et al., 2007), and the ability to
stimulate factors involved in the inflammatory process (Waters et al., 2007).

1.3. S. maltophilia genomes

The complete nucleotide sequence of the genome of K279a, a S.
maltophilia strain isolated from the blood of a cancer patient, has been
determined (Crossman et al., 2008). The whole nucleotide sequence of R551-3,
a S. maltophilia strain isolated from the poplar Populus trichocarpa, has been
completed at the DOE Joint Genome Institute (Lucas et al., 2008). Evaluating
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peculiarities of the genetic organization of Stenotrophomonas chromosomes is
an essential step to shed light on unexplored aspects of S. maltophilia, with
special emphasis on the possible correlation between pathogenic traits and
specific genes or gene clusters. In this thesis, results emerging from various
comparisons of the K279a and R551-3 DNA are reported.

1.4. Acinetobacter baumannii

The genus Acinetobacter comprises 26 species with valid names and
nine genomic species with provisional designations that were defined by DNA-
DNA hybridization. Acinetobacter baumannii, is the species that is more
frequently isolated in hospitalized patients, especially in intensive-care-unit
(ICU) wards. The capability to survive in dry conditions and resistance to
disinfectants and antimicrobial agents contribute to the selection of A.
baumannii in the hospital setting (Dijkshoorn et al., 2007).

Epidemics caused by multidrug-resistant (MDR) strains of A. baumannii were
reported in several hospitals worldwide and shown to be caused by A.
baumannii strains resistant to all classes of antimicrobials including
carbapenems (Durante-Mangoni and Zarrilli, 2011). Outbreaks were caused by
clusters of highly similar A. baumannii strains that were assigned by several
genotypic methods to three main international clonal lineages referred to as
international clones I, 1l and Il respectively (Diancourt et al., 2010). The
predominance of international clone Il lineage world-wide and the occurrence
of hospital outbreaks caused by MDR strains belonging to novel genotypes not
related to the three main clonal complexes have been reported during the last

few years (Diancourt et al., 2010).
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1.5. A. baumannnii genomes

The draft genome sequences of three A. baumannii strains, 3990, 4190
and 39009, respectively assigned to ST (sequence types) 2, 25 and 78, which are
representative of the most frequent genotypes responsible for epidemics
occurred in Mediterranean hospitals have been recently reported. The genomes
of the 3990, 4190 and 3909 strains have been compared to the genomes of four
wholly sequenced MDR A. baumannii strains, two assigned to ST1 (AB0057
and AYE strains) one each to ST2 (ACICU strain) and ST77 (ATCC17978

strain).

12



AIMS OF THE STUDY

Taking into account the degree of genetic variation exhibited by
isolates of different pathogens, decypher the complexity of bacterial species,
comparative analyses carried out on multiple genomes are needed to
distinguish the core and variable genome components, and define at the
molecular level the basic organization of a given species.

Considering the interest paid to S. maltophilia and A. baumannii as pathogens
associated with nosocomial infections, genomic comparative analyses have
been performed. The overall scaffold of the S. maltophilia chromosome has
been defined by whole comparison of the coding regions of a clinical and an
environmental strain of S. maltophlia isolates. More accurate work done by the
comparison of the gene products encoded by the genomes of seven clinical
MDR isolates of A. baumannii helped to elucidate the basic organization of the
A. baumannii chromosome. The two lines of research brought to the

identification of hundred of mobile genetic regions or GEls.
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MATERIALS AND METHODS

3.1. Insilico analyses

a) S. maltophilia genomes. The whole genomes of the S. maltophilia
strains K279a (EMBL/GeneBank access no. AM743169) and R551-3 (NCBI,
locus CP001111) were aligned by using mVISTA, a set of programs for
comparing DNA sequences from 2 or more species and visualizing the
obtained alignments (Frazer et al., 2004;
http://genome.lbl.gov/vista/index.shtml). EMBL/GeneBank and NCBI gene
annotations were integrated with annotations available at the KEGG resource
(Kyoto Encyclopedia of Genes and Genomes, http://www.genome.jp/kegg).

b) A. baumannii genomes. Comparative genome analysis were
performed on whole genome sequences of A. baumannii strains AB0057
(GenBank:NC_011586) (Adams et al.,2008), ACICU (GenBank:NC_010611)
(lacono et al., 2008), ATCC17978 (GenBank:NC_009085) (Smith et al., 2007)
and AYE (GenBank:NC_010410) (Vallenet et al., 2008) and draft genome
sequences of A. baumannii strains ST2 3990 (GenBank:AEQOY00000000),
ST25 4190 (GenBank:AEPA00000000) and ST78 3909
(GenBank:AEOZ00000000)  strains  (Zarrilli et al.,, 2011). The
GenBank:CP000521 file, which contains 436 hypothetical proteins putatively
encoded by ATCC17978 early annotated as AS1, but not included in the
GenBank:NC_009085 file, was also used for comparisons. Gene products
putatively encoded by the ST25 4190, ST78 3909 and ST2 3990 strains were
identified using XxBASE2, comparing the draft genome sequences to the
genome of the A. baumannii strain AB0057 used as reference template (Zarrilli
et al., 2011). Predicted ORFs were subsequently compared to the gene
products of the wholly sequenced A. baumannii AB0057, ACICU, ATCC and
ABAYE strains using MAUVE (Darling et al., 2010). Homologies under
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looked by MAUVE were detected by BLAST and tBLASTn analyses. Gene
products encoded by aligned coding regions exhibited at least 50% identity.

3.2. S. maltophilia strains and DNA analyses

The S. maltophilia clinical strains used in this study were obtained from
the Bambino Gesu Hospital (Rome, Italy) and from the University Federico 1l
Hospital (Naples, Italy) and have been described previously (Di Bonaventura et
al., 2007). The K279a strain (Crossman et al., 2008) was a kind gift of M.B.
Avison (University of Bristol, UK), while the LMG strains were purchased at
the LMG/BMCC collection. The S. maltophilia strains analyzed in this study
are listed in Table 1. All strains were routinely grown in brain heart infusion at
37 °C, except for the environmental strains (LMG959, LMG10871,
LMG10879, LMG11104, and LMG11108) which were grown at 30 °C.
Genomic DNA was extracted by routine procedure.
PCR amplifications. PCR reactions were carried out by incubating 20 ng of
DNA with 160 ng of each primer in the presence of dXTPs (200 nM), 1.5 mM
MgCI2, and the Tag DNA polymerase Recombinant (Invitrogen). Samples
were incubated first at 95 °C for 5 min. The amplification programme included
1 min at 95 °C, 1 min at the annealing temperature, and 1 min at 72 °C for a
total of 30 cycles. At the end of the cycle, samples were kept at 72 °C for 7 min
before harvesting. PCR products were electrophoresed on 1.5-2% agarose gels
in 0.5X TBE buffer (45 mM Tris pH 8, 45 mM borate, 0.5 mM EDTA) at 120
V (constant voltage). The 100-bp ladder (Fermentas) was used as molecular
weight marker. Primers measured all 25 nt, and annealing temperatures varied
from 57 to 64 °C.
Slot-blot hybridizations. One microgram of DNA from each strain was loaded

onto Hybond filters and cross-linked by UV treatment. The filters were
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hybridized to 32P-radiolabelled PCR products amplified from orfs belonging to
specific GEls.
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Source, origin, and reference of the S. maltophilia strains
analyzed
strain name  source location reference
92 bronchial aspirate (ICU) UFH, Naples Roscetto et al. 2008
262 bronchial aspirate (CF) UFH, Naples Roscetto et al. 2008
527 pharyngeal swab (H) UFH, Naples Roscetto et al. 2008
528 bronchial aspirate (ICU) UFH, Naples Roscetto et al. 2008
545 bronchial aspirate (CF) UFH, Naples Roscetto et al. 2008
549 bronchial aspirate (ICU) UFH, Naples Roscetto et al. 2008
571 bronchial aspirate (ICU) UFH, Naples Roscetto et al. 2008
598 pharyngeal swab (H) UFH, Naples Roscetto et al. 2008
616 pharyngeal swab (H) UFH, Naples Roscetto et al. 2008
707 bronchial aspirate (CF) UFH, Naples Roscetto et al. 2008
714 pharyngeal swab (H) UFH, Naples Roscetto et al. 2008
915 bronchial aspirate (ICU) UFH, Naples Roscetto et al. 2008
916 bronchial aspirate (ICU) UFH, Naples Roscetto et al. 2008
1019 bronchial aspirate (ICU) UFH, Naples Roscetto et al. 2008
1029 bronchial aspirate (ICU) UFH, Naples Roscetto et al. 2008
1039 bronchial aspirate (ICU) UFH, Naples Roscetto et al. 2008
1053 urine (Icv) UFH, Naples Roscetto et al. 2008
1054 bronchial aspirate (ICU) UFH, Naples Roscetto et al. 2008
OBGTC3 pharyngeal swab (CF) BGH, Rome Roscetto et al. 2008
OBGTC9 bronchial aspirate (CF) BGH, Rome Di Bonaventura et al. 2007
OBGTC13  bronchial aspirate (CF) BGH, Rome Roscetto et al. 2008
OBGTC10 bronchial aspirate (CF) BGH, Rome Di Bonaventura et al. 2007
OBGTC16 pharyngeal swab (CF) BGH, Rome Di Bonaventura et al. 2007
OBGTC20 bronchial aspirate (CF) BGH, Rome Di Bonaventura et al. 2007
OBGTC22 bronchial aspirate (CF) BGH, Rome Roscetto et al. 2008
OBGTC26 pharyngeal swab (CF) BGH, Rome Di Bonaventura et al. 2007
OBGTC28  bronchial aspirate (CF) BGH, Rome Di Bonaventura et al. 2007
OBGTC29 bronchial aspirate (CF) BGH, Rome Di Bonaventura et al. 2007
OBGTC30 bronchial aspirate (CF) BGH, Rome Roscetto et al. 2008
STM2 emocolture (H) BGH, Rome Roscetto et al. 2008
K279 emocolture ©) BOU, Bristol Crossman et al. 2008
LMG959 rice paddy Japan Hauben et al. 1999
LMG10879 rice paddy Hauben et al. 1999
LMG10871 soil Hauben et al. 1999
LMG11104 Cichorium intybus, France Hauben et al. 1999
LMG11108 Triticum, roots France Hauben et al. 1999
LMG10851 human, blood culture Belgium Hauben et al. 1999
LMG10853 sputum Belgium Hauben et al. 1999
LMG10873 Case of conjunctivitis Hauben et al. 1999
LMG10874 Human, blood culture Hauben et al. 1999
LMG10889 Hauben et al. 1999
LMG10991 leg, pus Belgium Hauben et al. 1999

Table 1: CF, cystic fibrosis; ICU, intensive care unit; H, haematology; C,
cancer; UHF, University Federico Il hospital; BGH, Bambino Gesu Hospital;
BOU, Bristol oncology unit; LMG, Laboratorium voor Microbiologie Gent
culture collection, Belgium.
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RESULTS AND DISCUSSION

4.1. Core and variable genome components in S. maltophilia

The chromosomes of S. maltophilia K279a and R551-3 strains have the
same GC content (67%), but differ significantly in length, since K279a DNA
measures 4,851,126 bp, and R551-3 DNA 4,573,969 bp. However, the 2
chromosomes share a common scaffold, as they are widely collinear, and can
be easily aligned throughout their lengths (Fig. 4). Differences between the
genomes of the 2 strains are correlated primarily to specific DNA sequences
present exclusively in K279a. Accordingly, the number of potential gene
products is higher in K279a (4386 annotated orfs) than in R551-3 (4041
annotated orfs). Nonetheless, several DNA segments are unique to the R551-3
genome. Sequence alignments allowed to build up a comparative map of S.
maltophilia orfs, and to easily identify strain-specific gene products. Orfs
annotated as hypothetical proteins shorter than 100 aminoacids were not
considered for comparisons.

Alignment of K279a and R551-3 genomes. VISTA plots showing similarity of
K279a vs. R551-3 (A) and R551-3 vs. K279a (B) DNAs. The percent identity
of the aligned genomes is shown.

Sequence alignments allowed to identify about 200 regions in which shared
chromosome synteny is interrupted in one strain, or in both. A major source of
variation between the 2 S. maltophilia chromosomes is represented by a
multitude of strain-specific genomic islands (GEIs), ranging in size from
approximately 3 to 70 kb. Routinely, islands denote chromosomal DNA
regions, plausibly acquired by horizontal gene transfer (HGT), larger than 10
kb, smaller regions being referred to as islets (Dobrindt et al., 2004). For sake
of simplicity, as already done in other genome comparisons (see Myers et al.,
2006), all DNA segments >3 kb present in only one of the 2 strains were

18



referred to as islands. S. maltophilia GEIs were marked by a K or R to
designate K279a or R551-3 DNA, respectively, and numbered progressively
according to chromosome position. Fourty-one GEIs have been identified in
K279a, and 36 in R551-3 DNA. Size, orfs, GC content, and chromosomal
location of all GEls are shown in Fig. 5. In both strains, half of GEIs measure
less than 5 kb. Of the remaining islands, most measure more than 15 kb in
K279a, but only 4 exceed such size in R551-3. On the whole, K and R GEls
constitute 12.1% and 6.6% of the genome and encode 597 and 249 orfs,
respectively. GEls often have a GC content different from bulk chromosomal
value (Dobrindt et al., 2004). The GC content of many GEls is lower than the
average 66.7% value of S. maltophilia DNA. Values range between 63 and
66% in 16 K-GEls and 15 R-GEls and are lower than 63% in 16 K-GEls and 7
R-GElIs. Nine islands were inserted at the same relative chromosomal position
in the 2 strains (Fig. 5). At least in one case, this is correlated to the use of the

same chromosomal entry site.
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Fig 4: Alignment of K279a and R551-3 genomes. VISTA plots showing
similarity of K279a vs. R551-3 (A) and R551-3 vs. K279a (B) DNAs. The
percent identity of the aligned genomes is shown.
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GC % ORFs Size (kb) Size (kb) ORFs GC %

59 17-40 253 Kol ROI 5.0 72-75 67
64 56-69 9.6 K02 RO2a 17,1 112-114 66
65 175-180 39 K03 RO2b 4 116-118 68
66 214-217 3.1 K04 RO3 159 368-377 63
67 259-261 28 K035 RO4 11,7 490-497 o4
66 271-274 28 K06 ROS 4.5 510-515 63
64 285-331 352 KO7 RO6 31 619-621 66
65 336-340 3.2 KO8 RO7 8.7 917-921 67
58 351-355 4.0 K09 ROS 10,6 10341040 59
57 493497 6,6 K10 ROY 29 1052-1054 66
62 618-631 164 Klla RI0O 3.0 1057-1060 67
62 635-644 99 Klib R11 94 1481-1486 66
64 732-737 78 K12 R12 69 I1581-1586 o4
53 1011-1013 3.0 K13 RI13 4.6 1673-1676 48
68 1211-1219 7.4 Kid R14 13,6 1965-1976 61
63 1282-1336 43,1 K15 R15a 3.7 2005-2008 65
62 1389-1401 23.0 K16 R15b 225 2010-2027 64
59 1657-1664 43 K17 RI16 14,5 20442055 65
64 1665-1670 28 K17* R17 8.5 2094-2105 66
67 1678-1681 3.0 KI& RIS 4.0 2109-2111 65
62 1844-1903 520 K19 RI19 6.2 2121-2126 68
65 1905-1980 57.0 K20 R20 50 2268-2270 64
52 2074-2077A 3.6 K21 R21 3,2 2341-2343 67
67 2085-2088 34 K22 R22 74 2462-2469 65
66 2380-23383 56 K23 R23 422 2480-2530 63
60 2387-2420 23.0 K24 R24 36 2765-2768 67
62 2428-2494 67.7 K25 R25 10,0 2845-2849 66
66 2524-2553 20,0 K26 R26 84 3168-3174 39
65 2563-2581 22,1 K27 R27 39 3488-3490 68
67 2636-2641 55 K23 R28 5.0 3539-3543 67
67  2686-2690 4.1 K29 R29 6.1 3550-3554 68
69 2756-2761 12,1 K30 R30 10,0 3566-3570 56
55  3032-3043 12,2 K3l R31 Fud. 3610-3613 67
62 3045-3086 377 K32 R32 28 3622-3624 67
64  4146-4148 34 K33 R33 36 3667-366Y 67
60 4161-4164 3R K34 R34 35 3809-3811 67
69 4224-4227 39 K35
61 4423-4430 8.4 K36
64 44444453 17,7 K37
63 4540-4543 32 K3%
67  4629-4631 44 K39
70
] K279a
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Fig 5: K279a and R551-3 GEls. Size, orfs interval and G+C content of
each GEI are shown. Islands inserted at the same relative chromosomal
position in the 2 strains are connected by lines. Islands potentially encoding
one or more integrases are marked by a triangle. The chromosomal distribution
of GEls is diagrammed at the bottom. The height of the lines denotes GEI size.
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4.2. S. maltophilia GEIs boundaries

Sequence alignments provided unequivocal information on the ends of
GEls in a few cases only. Consequently, the length of most GEls is
underestimated, the start/stop codons of terminal orfs arbitrarily functioning as
provisional GEI ends. However, the ends of 8 GEIs were exactly defined by
sequence comparisons. Relatively to the mode of integration, the 8 GElIs can be
sorted into 2 groups (Fig. 6). The first one includes K01, K02, and R19, which
are not flanked by duplication of bases at the insertion site. The second group
includes K07, K17, K20, K32, and R23. All these GEls are integrated within
tRNA or tm-RNA sequences, which are a preferential GEI target (Mantri and
Williams, 2004). The termini of the 5 GEls are flanked by target site
duplications (TSDs) 14-53 bp long, in which segments of both target
tRNA/tm-RNA and flanking DNA are duplicated. TSDs flank K20, but not the
adjacent K19 island, which plausibly also used the tm-RNA as insertion target.
The lack of TSDs has been observed for GEls inserted at the tm-RNA locus
(Williams, 2003).
Many large islands potentially encode integrases or functionally related
enzymes. Both K32 and R23 are inserted at the serine tRNA (Fig. 6), but
encode non-homologous integrases (orfs 3086 and 2480, respectively). K24
and R14 are inserted at the same relative chromosomal position. While actual
boundaries have not been defined, it is plausible that also the integration of
these 2 GEls had been mediated by non-homologous proteins. These may
correspond to one of the 2 gene products (orfs 2416 and 2417) encoded by
Sm3, an insertion sequence located at one terminus of K24, and one of the 2
R14 integrases (orfs 1971 and 1972).
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no target site duplications

KOl 16017-41601
ATCGGTGAATCCGTACCGCGGTTGTGAGCAT [gatate //gtgtt] GCTGCTCCTACTGCTTCGCGCGCCCCTCGCA

K@2 60294-70902
GGCGTGCAGGTCGGTGTGGCAGACGCCACAG [ctgee // cacag] GCCTCGATCCTGACCAGCACCTCGLCCGLCC

R19 2377995-2384559
GATACGGAGCACAAGGACGCCGCTTGACCGG [tagat // tttgg] TAGCTGCCCACCTTGGTGGGCACCGATGGAA

tRNA/tmRNA targets

K@7 299849-335431 (thr-tRNA, 47-53 bp TSD)
AACMCCCATWMW
ATTCGGATAAGCGGCACCAT [ttcag // cagtt] CAACTATCTTGTAAACAGTAGGTCATCCGTTCGATTCGGATA
AGCGGCACCATCCCCATGA

K17 1720094-1724413 (cys-tRNA, 48 bp TSD)

TcccGCGCAGTACGTTggLs1gA155LA5A5I5ﬁLIAIQ£A£s5sAIIs£AAAIccGIIIAQAG:EEIICGAII::G:II
GAGGCCTCCA [attga // aggtg] CGGATTGCAAATCCGTTTACAGCGGTTCGATTCCGCTTGAGGCCTCCATTTG
AAGAGCCCTGACTCCGGCCAGGGETTTTTTTGCGG

K20 1945413-2002722 (tmRNA, 34 bp TSD)
GGTGGAGGTGGGCGGAATTGAACCGCCGTCCGAAGGCACTCCATCCCCAGCACTACATGCTTAGCTCACCGTTGGATCTC

GTCCCCGAACAGCACGGCGTGCAAAGCGCATCCGGGAACCAGCCTGTTOTGTTCTAGTGCCGGACTGACAGGCAGCCACC
CAGCGCGATTCCATGATAGTGACTCTACACCGCGAGCATGGACACAAGCGGTTTCGAGGCTTAGGCCTTAAGCGGCCAGA
GCGTAGTTGTCGTCOTTGGCAACTAGAGTTTTGCAGCTGGATTTACGAGGAAAGCTACCCCCTCGGCATGCGCCAGGCGA
CTTCACAACCCCCGTCGAAACCAATGCACCCCCGGTTTCTTCAAGTGCTGCAAGG [ctttt // gggga] CAATGCA
CCCCCGGTTTCT -ACAGTGCTGCAAGGTACAGGGCCG

K32 3089420-3127152 (ser-tRNA, 18 bp TSD)
TTGCGATTATTTGGCGGAGAGAGTGGGA [cttcc // aagga] TTGGCGGAGAGAGTGGGATTCGAACCCACGGAAG
GITTAACCCTTCGCCGGTTTTCAAGACCGGTGCCTTAAACCGCTCGGCCATCTCTCCAATCGGGTCCC

R23 2782893-2825334 (ser-tRNA, 14 bp TSD)
CTGAACATCTTGGCGGAGAGAGTG [tctga // aagac] TGGCGGAGAGAGTGGGATTCGAACCCACGGAAGGTTTA
ACCCTTCGCCOGTTTTCAAGACCGGTGCCTTAAACCGLTCGGCCATCTCTCCATCGGGTCCCG

Fig. 6: GEls target sites. Sequences at the boundaries of specific GEls are
shown. GEI chromosomal coordinates and TSD lengths are shown. Islands are
in brackets, and only the 5 terminal nucleotides at either side are shown in

lowercase letters. tRNA and tm-RNA targets are underlined, TSDs are
highlighted.
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4.3. S. maltophilia GEIs gene products

The content of GEls is highly variable. About 1/2 of island-encoded
proteins to which a function could be assigned is represented by molecules
mediating interactions with the environment. Gene products of interest
encoded by GEls are listed in Table 2 and are briefly discussed here.

(i) Metal resistance genes. S. maltophilia hosts several operons involved in
import, storage, and efflux of metals. Some of these gene clusters are
conserved at the same relative chromosomal position in the 2 strains, others are
found in K279a only, on specific GEIs. As summarized in Table 2, KO1 and
K25 carry czc (cobalt—zinc—cadmium resistance) genes, K25 carries also genes
involved in copper metabolism and homoeostasis (cop and cus operons), and
K03 arsenic-resistance genes (ars operon). Mercury resistance genes are
present in K279a but not in R551-3, and are located on K24.

(i)  T1SS (type | secretion system). Type | pili consist of a rod composed
by a major fimbrial protein and 2 or more ancillary proteins. Such structures
are assembled and secreted by the chaperon/usher pathway (Nishiyama et al.,
2008). T1SS genes are conserved at 2 sites in K279a and R551-3. A third,
K279a-specific cluster, is encoded by K12,

(ili)  T4SS (type IV secretion system). T4SS genes conserved in K279a and
R551-3 are in the same order (virD4, B8, B9, B10, B11, B1, B2, B3, B4, B6)
of X. axonopodis T4SS genes (Alegria et al., 2005). A second, K279a-specific
TA4SS cluster is encoded by K15. Here, genes are in the same order (virD4,
B11, B2, B3, B4, B5, B6, B8, B9, B10) of T4SS genes encoded by the PA7
strain of Pseudomonas aeruginosa (orfs 3708-3697). The relatedness of the 2
T4SS gene clusters is reinforced by the observation that the hypothetical
proteins which separate VirB11 and VirD4 encoded by PA7 (orf 3707) and
K279a (orf 1292) genomes are homologous.

(iv)  Filamentous haemagglutinin (FHA) genes. FHA is a major colonization
factor in Bordetella pertussis (Locht et al., 1993), and FHA proteins have been
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found in species as diverse as Clostridium perfringens (Myers et al., 2006) and
Moraxella catarrhalis (Balder et al., 2007). FHAs are encoded along with
transporter proteins (Jacob-Dubuisson et al., 2001). Three fha and related
transporter genes are found in S. maltophilia, and all are encoded by GEls
(K16, K37, R02a). The 3 FHAs vary in size, and this is correlated, as shown
for other FHAs (Kajava et al., 2001), to the number of repeats fitting the
consensus LDNGGGX13-22.

(v) LPS genes. Variation at the interstrain level is common in LPS
biosynthetic gene clusters inserted between the conserved metB and etfA loci in
bacteria (Patil et al., 2007). Alternative LPS gene sets, both carried by GEls,
are found in K279a and R551-3. K11 includes 2 gene clusters, K11a and K11b.
The former contains genes playing a role in the O-chain synthesis found also in
R0O4. K11b contains 7 genes known as pmrIHFJLMK or arnABCDEFT,
encoding proteins which act in a coordinate manner to ultimately modify the
lipid A by the addition of 4-amino-4-deoxy-L-arabinose. This modification
causes resistance to polymyxin and cationic antimicrobial peptides (Yan et al.,
2007). The genes separating K11a and K11b (orfs 632—634) are homologous to
genes located downstream from R04 (orfs 498-500). This suggests that K11
derives from R04 by the acquisition of K11b genes.

Additional proteins of interest potentially encoded by genomic islands are the
homologue of McrBC (K10), a restriction endonuclease which cuts DNA
containing modified cytosines (Panne et al., 2001), the Ssu proteins (K27),
involved in organosulfur metabolism (Kahnert et al.,, 2000), several
hypothetical proteins, all encoded by K26, which feature the BLUF (for
sensors of blue-light using FAD) domain, a novel FAD-binding domain
plausibly involved in sensory transduction in microorganisms (Gomelsky and
Klug, 2002). Finally, K30 includes a cluster of genes involved in glycogen
biosynthesis and catabolism. The glg gene products have a role in the

formation of biofilms (Jackson et al., 2002) and capsular layers (Sambou et al.,
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2008), and hence may be catalogued as potential pathogenic genetic

determinants.

S. maltophilia GEls potential gene products
Gene Chromosome
GElIl orfs
S orfs
K279a Rb551-3 K279a R551-3
cze 2697-2699 2169-2171  KO1 (0036-0038), ]
4606-4608 3956-3958 K25 (2457-2461)
3691b2-3692  3105-3106
COP 2691-2692 21632164 <25 (2440-2449) ;
cus 2693-2694 2165-2166 K25 (2433-2434) -
ars 2421-2425 1977-1981 KO3 (0176-0179) -
mer - - K24 (2409-2412) -
0706-0709 0561-0564
T18S 1508-1512 1267-1271 K12 (0732-0736) i
T4SS  2997-3008 2439-2451 K15 (1283-1293) -
K16 (1389-1390)
fha - - K37 (4452-4453) R02a (0112-0113)
) ) K1la (0618-0631) ]
LPS K11b (0636-0642) R04 (0490-0497)
mcrBC - - K10 (0497) -
ssu - - K27 (2572-2574) -
BLUF - - K26 (2528,2535,2541) -
glg - - K30 (2756-2761) -

Table 2: S. maltophilia GEls potential gene products.
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4.4. S. maltophilia GEIls and prophages

Five GEls (K02, K07, K19, K20, and R23) encode mostly phage-
related products. Homology searches enabled to correlate 2 of these islands to
known prophages.

KO7. This island encodes several phage-like products, including an integrase
(orf 56) which is highly homologous (54% identity) to the analogous protein
encoded by Xcc37 K, a 37,309-bp island identified in Xanthomonas campestris
(Mantri and Williams, 2004). KO7 and Xcc37 K are comparable in size and are
closely related (Fig. 7A). Comparisons carried out at the prophage database
(http://bicmku.in:8082/prophagedb) revealed that Xcc37 K indeed corresponds
to the X. campestris P-like prophage PH138. K07 is also highly related to the
P. aeruginosa cytotoxin-converting P2-like phage CTX (Nakayama et al.,
1999). K07 and CTX share a common structural scaffold, but the 2 phages
diverge because each carries a specific set of genes at one end. K07 plausibly
corresponds to the ‘phage II cluster’ described by Crossman et al. (2008).

K19. K19 and K20 are closely located GEls, spanning together a 109-kb
chromosome segment, and plausibly correspond to the region defined as
‘phage I cluster’ by Crossman et al. (2008). Both GEls potentially encode
phage-like products but can be distinguished as individual entities, because
they are separated by the tm-RNA target (residues 1945038-1945390). K19
exhibited significant homology to a 41-kb prophage-like sequence identified in
the Minibacterium massiliensis genome (residues 3029900-3070592, see
Audic et al., 2007). K19 and M. massiliensis sequences are largely collinear
(Fig. 7B), but diverge because K19 carries 10 kb of non-phage DNA at the 5’

end side.
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Fig. 7: Phage GEls. Dot plot alignments of the nucleotide sequences of K07
and Xcc37 K islands (panel A), and K19 and a M. massiliensis prophage (panel
B), are shown. Sizes are in nt.
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4.5. S. maltophilia Solo ORFs

At a first glance, K279a and R551-3 genomes are collinear throughout
and differ because equipped with alternative sets of GEls. A closer look at the
chromosome backbone, however, revealed that the genome of each strain is
punctuated by ‘solo’ orfs, for which homologous potential gene products could
not be identified at the corresponding chromosomal position in the other strain.
172 and 160 orfs, measuring 1-3 kb, are scattered along the genomes of K279a
and R551-3, respectively. Most are single, many come in pairs, a few in small
clusters (3—4 orfs) not catalogued as GEls because of their small size. The
origin of these orfs is unclear. Some are found at positions marked in the other
strain by GEls, and may plausibly represent sequences removed upon island
insertion. Others are found only in one strain because of mutations affecting
homologous sequences in the other strain. Orf 3990 in K279a and orf 3400 in
R551-3 are encoded by homologous DNA segments, but differ because
translated from initiating GTG and ATG triplets on different frames. About
60% of strain-specific orfs is constituted, in both genomes, by hypothetical
proteins. Interestingly, membrane proteins account for 15% of the ‘solo’ orfs in

K279a, but only for 6% in R551-3.

4.6. GEls in the S. maltophilia population

To check whether islands identified in K279a are present in the
population, the DNAs of 41 S. maltophilia strains were analyzed by PCR and
dot-blot hybridizations. (Fig. 8). The distribution of GEIs greatly varied among
strains, the degree of conservation ranging from zero to 90%. Strains may be
tentatively assigned to 3 groups. 13/41 strains contain the largest number (7—
10) of tested islands, 21/41 strains contain 1-6 islands, and 7 carry no islands.
GEls were distributed apparently at random. However, it can be noticed that
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K11, K15, K16, K23, K25, and K32 are over-represented, K07, K19, K20, and
K24 are under-represented.

GEls
1 7 11b 15 16 19 20 23 24 25 32

K279a
OBGTC3
OBGTC13
OBGTCY
OBGTC10
545
OBGTC30
LMG10873
LMG10991
OBGTCI16
OBGTC22
714
OBGTC20
527
528
OBGTC2Y
LMG10851
OBGTC28
915
1019
1053
571
LMG10879
LMGI11104
OBGTC26

LMG11108
616
549

STM2
92
LMG10871
LMG959
707
1054

LMG10853

LMG10874

LMG10889

NOoNOaAmmAacANmONOANNmmAaANAOOCaANONOOaNNONOaNONNn

Fig. 8: Distribution of GEls among S. maltophilia isolates. One microgram
of total DNA from the indicated strains was hybridized to 32-P radiolabelled,
300-600 bp island-specific DNA probes. Probes were amplified from K279a
orfs 32 (K01), 285 (K07), 638 (K11b), 1290 (K15), 1389 (K16), 1901 (K19),
1906 (K20), 2382 (K23), 2412 (K24), 2447 (K25), 3086 (K32). C, clinical
isolates; E, environmental isolates.
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4.7. The A. baumannii chromosome

Making use of the Mauve software (Darling et al., 2010), the proteins
putatively encoded by the draft genomes of the A. baumannii strains 3990,
3909 and 4190 (Zarrilli et al., 2011) were compared to the ORFs encoded by
the wholly sequenced genomes of the A. baumannii AB0057 and AYE strains
assigned to ST1, ACICU strain assigned to ST2, ATCC17978 strain assigned
to ST77 (lacono et al., 2008; Adams et al., 2008).

A. baumannii genomes exhibit extensive synteny. Sequence comparisons
revealed that 3068 coding regions are conserved, at the same chromosomal
position, in the compared A. baumannii genomes. Genes encoding proteins
shown or hypothesized to be important for pathogenicity are conserved in the
analyzed strains at the same relative chromosomal position (Table 3). The set
includes OmpA, the outer membrane protein which has role in biofilm
formation (Gaddy et al., 2009) and induces, when secreted, death of epithelial
and dendritic cells (Lee et al., 2010), the DD-endopeptidase, which contributes
to the resistance of A. baumannii to bactericidal activity presumably by
remodelling the cell surface (Russo et al., 2009), phospholipase D, an enzyme
crucial for proliferation in human serum (Jacobs et al., 2010), proteins
involved in the formation of capsule (Russo et al., 2010), type | pili (Tomaras
et al., 2003), and iron metabolism (Zimbler et al., 2009). According to the
published annotation, OmpA, DD-endopeptidase, phospholipase D, and many
other deduced gene products are smaller in ATCC 17978 as compared to their
orthologs. Size differences do not denote allelic variation, but are determined
by the criteria adopted to select the initiating methionine in ATCC17978
ORFs.

Multidrug resistance is a key feature of A. baumannii and several genes have a
role in establishing a MDR phenotype. Genes encoding efflux pumps and
resistance proteins shown or hypothesized (Coyne et al., 2011) to be involved

in the process are conserved in all strains (not shown). In contrast, genes
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encoding drug-inactivating and drug-resistant enzymes reside in accessory
DNA regions which are present only in some strains, in specific genomic
islands (see below).

Shared synteny lets to represent the A. baumannii chromosomes as "4 Mb long
DNA segments homologous to each other throughout their lengths (Fig. 9).
DNA tracts, ranging in size from 4 to 126 kb, are present in one or more
strains, but missing or replaced by alternative DNA segments in others (see
vertical bars in Fig. 9). Some of these regions correspond to DNA sequences
earlier suspected to be mobile because found in A. baumannii but not in A.
baylyi DNA or vice versa (Smith et al., 2007). Specific 15-36 kb regions are
missing in all strains but AB0057 (see triangles in Fig. 9), and may therefore
plausibly correspond to strain-specific deletions. Many of the accessory
genomic DNA segments exhibit characteristic features of genomic islands,
such as the presence of insertion sequences at one end, a GC content different
from the bulk chromosome, insertion within tRNA or non-coding RNA genes,
target site duplications (TSDs) at the ends formed upon genome integration
(Dobrindt et al., 2004). For sake of simplicity, all the accessory DNA regions
have been called GEnomic Islands (GEIs). GEls found at the 63 variable loci
identified in the A. baumannii genomes, and some of their properties, are
diagrammatically reported in Fig. 10. In text and figures individual GEls are
referred by the locus number and the strain acronym used in Fig. 10. Core and
accessory chromosomal DNAs are fully conserved in ACICU and 3990 strains.
Because of this, only the ACICU GEls are shown in Fig. 10. In draft genomes
some GEIls reside in different contigs. The colinearity of the contigs and the
GEI DNA content of the corresponding chromosomal regions were assessed by
sequencing PCR products bridging contigs ends.

A close look at A. baumannii chromosomes further identified about one
hundred DNA regions encoding 1-2 ORFs smaller than 4 kb conserved in one

or more strains, but missing, or replaced by non homologous DNA of
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comparable length in others. These smaller accessory regions correspond to the
“solo” ORFs described in S. maltophilia genomes.

3900 I A [ B | I N N I | |
4190 I | | AI [N 11 | |
3990 L1 I . 1| [ - | 11 =1
A
ACICU I 1 I | | | [N I . L1l | 1
A
ABOOST L1 I | | I I O I | |
ATCC17978 |- 50 el Y Y RO I | - |-
A A
AYE L1 I I [ 11 I 1 I O O | | | |
A
T T T T
1 2 3 4 (Mb)

Fig. 9: Comparison of A. baumannii genomes. The seven A. baumannii
genomes analyzed have been aligned. Accessory regions are denoted by
vertical bars. Strain-specific deletions are marked by triangles.
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3909 4190 ACICU AB0057 ATCC17978 AYE
8778 sT25 abe abn ach al

locus features
01 [ETI2] = [E157] EEECT] O-antigen biosynthesis
02 [ETid Gles] [ETHa] EEGEE] [(Eosl a, vgr proteins

03 1=z cre genes

04 ‘EaTiEz + EElGsd) +EElez7)* *Eios) Bl E6 )* resistance to drugs/metals
05 [ - | resistance to drugs/metals
06 [hEs [IEs fatty acids biosynthesis
07 == ‘Ie31r vgr proteins

08 ‘=Ll ‘Cz=ar *[I233)° resistance to drugs/metals
09 |- T | folP, umuDC, T4SS genes
10 [ET=3 ' +[EZ3] +EEZ3]

1 1233

12 [ 20 | CP11

13 +[J224] +[ElEs] <[22 « =5 [ziz a.RM system; CP2

14 +CIs4] +[Ta3] +[Ta3] heme oxygenase

15 [1=3] vgr proteins

16 *[Haad* b R by S G e

17 tea171] o x| +EE 2] a. resistance to drugs/metals; b, vgr proteins
18 f12E” N P ‘EEz T

19 [E123] ([E158 EGZ] EEEE a, curdi protein; b, vgr proteins

20 [Ea CIE3 sulfonate-sulfur metabolism

21 fC 1] tartrate metabolism

22 B I PN o of B XS CP1 (abn) CP5 (acb)

23 phenol metabolism

24 ‘BT # cPa

25 [E153] + BElEs] - EEliis +[EIG3]  a. naphtalene metabolism; b, vgr proteins
26 [EIea [ETes] EEEE] EET] a FHA

27 | — vgr proteins

28 EEE] [E153] < EEE) ¢« [E155] ¢« EEEE]

29 - T2 ETas]

30 | — | chiorocatechol metabolism

31 rEEEE cPi4

32 [Tss] CIs&8] CIss8] I=8 multidrug transport system

33 o] [EEH254] a. transport genes

34 Bk EOEs] BEa] (G151 EEs) «Ts]

35 '

3¢ 1771 CIzz1 1z | — | fhuBCD membrane permease complex
37 a, naphtalene metabolism; b, RTX-like toxin
38 ‘ ‘ +[EOZ3] a.RM system; ¢, FHA

39 ET7] EGe] [ET7]

40

41 Chz3] I3 aphA

42 ‘[OOes’ ‘L] ‘== CP1 (ST78,abc) CP9 (acb)

43 JEEE) ¢ a, phenylpropionic acid metabolism
44 [Taz] CI=s] CI==) type1 fimbriae

45 cP10

a6 - salycliate metabolism

a7 [ B [ 1137 [E1iz7 a. fatty acids metabolism

48 CTa5) -

49 [CTs3 FHA

50 1Rz +[EE3] cPé

51 Te5] CTe5] Ric genes

52 L1499 CP3

53 CP12

54 GRS G s ‘Enr ) fCehes’

55 BN PX 5 TS [E181] CRISP/cas system

56 g T X CP13

57 13 enterobactin synthesis

58 [ET56] 2] + EEEE) ¢« e

59 =2 CcP3

60 :[ETi7] EEes]+[ETiT]+ + EE1E] +CaTi7] O-antigen biosynthesis

61 JETET ‘G cP?

62 *Taasr resistance to drugs/metals

63 +E 13l EEES]) +EES] resistance to drugs/metals

Fig. 10: Variable regions in A. baumannii genomes. A chart of the genomic
islands (GEls) depicted as bars in figure 9 is displayed. Each line corresponds
to a chromosomal locus. Different GEIs inserted at the same locus in different
strains are marked by different colours and lower case letters. Sizes of GEls are
given in kb. Black boxes within GEIs denote mobile sequences, down and up
arrows to the left indicate that the GEI G+C content is lower than 36% or
higher than 42%, respectively. Dots flanking GEIs denote TSDs. The strain
names and relative acronyms used throughout the text are given at the top.
Acronyms below complete genomes are those used at Kyoto Encyclopaedia of
Genes and Genomes (KEGG).
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Gene products involved in pathogenicity in A.baumannii genomes
Gene products Strains

ABO0057 AYE 3990 ACICU 4190 ATCC17978 3909

capsule formation

tyrosine kinase Ptk 91 3818 936 71 3295 49 2600
Tyrosine phosphatase Ptp 92 3817 935 72 3296 50 2601
type | pili formation

CsuE 2565 1324 787 2414 3382 2213 744

CsuD 2566 1323 786 2415 3383 2214 745

CsuC 2567 1322 785 2416 3384 2215 746

CsuB 2568 1321 784 2417 3385 2216 747

CsuA 2569 1320 783 2418 3386 2217 748

CsuA/B 2570 1319 782 2420 3387 2218 3415

iron metabolism

nonribosomal peptide synthetase BasD 2811 1095 2421 2579 tblastn 2383 1389
nonribosomal peptide synthetase BasC 2812 1094 2420 2580 3813 2384 tblastn
ferric acinetobactin receptor 2813 1093 2419 2581 3814 2385 3376

ferric acinetobactin transport system

: S : 2814 1092 2418 2582 3815 2386 3375
periplasmic binding protein
arric acinetoba}ctip transpo_rt system ATP- 2815 1091 2417 2583 3816 2387 3374
binding protein
ferric acinetobactin transport system 2816 1090 2416 2584 3817 2388 3373
permease
ferric acinetobactin transport system 2817 1089 2415 2585 3818 2389 3372
permease
hemin utilization
dsiopolymer transport protein ExoD/TolR 1827 2051 351 1629 227 1063 1994
siopolymer transport protein ExoD/TolR 1828 2050 352 1630 228 1064 1993
biopolymer transport protein 1829 2049 353 1631 229 1065 1992
TonB family protein 1830 2047 354 1632 2233‘1 3708* 1991
TonB-dependent receptor 1831 2046 355 1633 232 1606, 1607 1990, 1989
heme-binding protein A 1832 2045 358 1634 234 1608 1987
heme-binding protein A 1833 2044 359 1635 235 1609 1986
Zn-dependent oligopeptidase 1834 2043 360 1636 236 1610 1985
ABC-type dipeptide/oligopeptide/nickel 1835 2042 361 1637 237, 1611 1984
transport system permease component 238
ABC-type dipeptide/oligopeptide/nickel 1836 2041 362 1638 239 1612 1983
transport system permease component
glutathione import ATP-binding protein 1837 2040 363 1639 3719 1613 1982

GsiA

Table 3: * The asterisk indicates one of the 436 proteins putatively encoded by
ATCC17978 not included in the GenBank:NC_009085 file. tblastn refer to
unannotated 4190 and 3909 proteins identified by tblastn searches.
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4.8. Categories of genomic islands of A. baumannii

Some islands are strain-specific; others are completely or partially
conserved in more than one strain. Non homologous islands are inserted at the
same locus in different strains, and some loci are extremely heterogeneous,
featuring up to 4-5 alternative islands. Some islands are composite, and
changes in their organization among strains are correlated to changes in the
number and association of specific DNA segment.

On the basis of the putative gene products, GEls can be broadly sorted into a
few categories. Properties and overall organization of relevant GEls are below

discussed.

4.8.1. Resistance islands

Many of the accessory drug resistance determinants found in AB0057
and AYE are encoded by genes located within G4aby, G4abn and G5abn,
which correspond to the resistance regions previously described as AbaR1,
AbaR3, and AbaR4 (Adams et al., 2008), respectively. G4aby and G4abn are
both inserted in the comM gene, and result from the association of the 16 kb
Tn6019 transposon with multiple antibiotic resistance regions (MARR), which
are delimited by Tn6018 elements (Post et al., 2010). Tn6019 features genes
involved in transposition (tniA, tniB), an arsenate resistance operon, a universal
stress protein gene (uspA), and a sulphate permease gene (sup). MARR are
inserted within uspA and vary in length and composition (Post et al., 2010).
The Gdabc island of the ACICU genome corresponds to the AbaR2 region
(Post et al., 2010), which carries few resistance genes and lacks Tn6019
sequences (Fig. 11A). G4ST78 is similarly inserted in the comM gene, and
features genes homologous to tniA and tniB (38-40% identity of the gene
products), but lacks resistance genes and encodes a set of hypothetical proteins
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(Fig. 11A). G4 is missing in strain 4190. However, resistance genes are
scattered in different GEls of this strain (Fig. 11B). The aadAl (streptomycin
3"-adenylyltransferase) gene, flanked by satR (streptothricin acetyltransferase)
and dhfr (dihydrofolate reductase) genes are found in G63ST25. Genes
involved in resistance to mercury (merRCAD cluster) are located in G17ST25,
and a 4.5 kb DNA segment containing feoAB (ferrous iron transport operon),
czc (tricomponent proton/cation antiporter efflux system) and ars (arsenite
transporters) genes are found in G8ST25, next to the cus (copper resistance)
genes conserved in all G8 (Fig. 11B). The G62acb region also contains cus, feo
and czc genes involved in heavy metal resistance. These genes differ in
sequence and overall arrangement from G8ST25 homologs. This supports the
notion that the set of accessory genes had been independently acquired by the
strains 4190 and ATCC17978.

Additional resistance genes found in GEls include an aminoglycoside
phosphotransferase gene (G41ST25, G41labc), a dihydropteroate synthase gene
(G9ach), and an ABC-type multidrug transport system, conserved in all the
G32 islands.
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by a dotted line. B) Resistance genes in other GEls.
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4.8.2. Surface components and transport systems

GEI-1 and GEI-60 host genes involved in cell envelope. Heterogeneity
among A. baumannii strains at the level of O-antigen biosynthetic genes was
already noticed (Adams et al., 2008), and is correlated to the presence of
alternative glycosylases. The G44 island, present in all strains but ACICU,
3990 and 4190, is a four gene operon involved in the assembly of fimbriae
(type | pili) by the chaperone/usher pathway (Nuccio et Baumler, 2007).
G44aby corresponds to the surface adhesion protein region annotated as Cus1R
in the AYE genome (Vallenet et al., 2008). G19ST25 and G19ST78 are related
islands which both carry an operon encoding three hypothetical lipoproteins.
Of these, one exhibits homology to CsgG, the key factor in the secretion of
curli, the proteinaceous component having a role in host cell adhesion and
biofilm formation in many Enterobacteriaceae (Barnhart et Chapman, 2006).
Purified CsgG forms ring-shaped complexes analogous to those formed by
outer membrane channel-forming proteins (Barnhart et Chapman, 2006). The
CsgG-like protein, in association with the two co-expressed lipoproteins, may
influence the permeability of the outer membrane of A. baumannii.
Filamentous haemagglutinin (FHA) is a major virulence factor in Bordetella
pertussis (Locht et al., 1993). fhaB and fhaC genes, respectively encoding the
haemagglutinin and the transporter protein, have been identified in many
pathogens (Rocco et al., 2009). fhaBC gene clusters are found at the same loci
in strains 4190 and 3909 (islands G26ST25, G26ST78, G49ST25 and
G49ST78), and strains ACICU and 3990(islands G38abc and G38ST2). The
transporter proteins are highly conserved in the four clusters, whereas FHAs
vary in length (1834 to 4812 amino acids), mostly because of changes in the
number and organization of body sequence repeats (Locht et al., 1993). A 3216
amino acids long calcium binding hemolysin protein, unrelated to FHAS, is
encoded by G18ach.
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Cyclopropane fatty acids (CFA) are phospholipids found in the bacterial
membranes in the late exponential and early stationary phases of cell growth
(Zhang et Rock, 2008), which derive from the corresponding unsaturated fatty
acid (UFA) phospholipids. The synthesis of CFA is catalyzed by the enzyme
CFA synthase, the substitution of a saturated by an unsaturated fatty acid by
the enzyme delta-9 acyl-lipid desaturase. CFA synthase and delta-9 acyl-lipid
desaturase are both encoded by G47abn and G47aby.

G33ST25 is a large island which encodes four different transport and
translocation systems: i) Tat (twin-arginine translocation) proteins, involved in
the translocation of folded proteins to the cell envelope or the extracellular
space ii) a TonB/ExbBD complex iii) a Opp (oligopeptide transport proteins)
complex iv) a sulfur utilization system, made by a FMNH2-dependent
sulfonatase and three ABC-type transporters, which resemble the products of
the E. coli ssu gene cluster (van der Ploeg et al., 1999). Two unlinked copies of
the sulfonatase gene are also present. Genes involved in the capture and
intracellular transport of iron are found in different islands. G57abc carries a
gene cluster involved in the synthesis of the high-affinity siderophore
enterobactin. Heme oxygenase is an alternative to siderophores to capture iron
from the environment (Frankenberg-Dinkel, 2004). G14, an island which is
conserved in 4190, ACICU and ABO0057, carries an operon encoding a heme
oxygenase, an outer membrane and a TonB family protein. The presence of a
flanking fecIR gene cluster suggests that heme internalization may be regulated
by the Fec transduction system (Braun et al., 2006). The fhuBCD genes, which
catalyze the internalization of iron I1l hydroxamate compounds, are located on
G36, an island conserve in all strains but AB0057 and AYE.
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4.8.3. Metabolic islands

Many GEls carry genes encoding proteins involved in specific
metabolic pathways. G23ST25 carries a mph (multi component phenol
hydroxylase) gene complex, involved in the conversion of phenol to cathecol,
flanked by a sigma54-dependent activator gene. It has been shown that the
expression of mph gene complex described in Acinetobacter sp. PHAE-2 is
dependent on the alternative sigma factor RpoN (Xu et al., 2003). G37ST25
carries nag genes, involved in the metabolism of naphthalene. In Ralstonia
(Zhou et al., 2001), nag genes are arranged in two separate clusters, involved
in the conversion of naphthalene to gentisate (nagAGHBFCQED genes), and
gentisate to pyruvate and fumarate (naglKL genes), respectively. In G37ST25
naglKL genes and nagGH, encoding the salicylate 5-hydroxylase, are linked,
and flanked by benzoate transport genes.

G43ST25 carries genes involved in the catabolism of 3HPP (3-
hydroxyphenylpropionic acid) and PP (phenylpropionic acid). In E. coli, the
dioxygenase complex (hcaEFCD genes), and the dihydrodiol dehydrogenase
(hcaB gene) oxidize PP (phenylpropionic acid) and CI (cinnamic acid) to
DHPP (2,3-dihydroxyphenylpropionate) and DHCI (2,3-dihydroxycinnamic
acid), respectively. These substrates are subsequently converted to citric acid
cycle intermediates by the mhp genes products (Diaz et al., 2001). The hca and
mhp genes, separated in E. coli, are linked and interspersed with additional
genes in G43ST25. G21ST25 potentially encodes 4 proteins (tartrate
dehydratase subunits alpha and beta, a MFS transporter and a transcriptional
regulator) possibly involved in the metabolism of tartrate. Proteins exhibiting
homology to the dienelactone hydrolase, an enzyme which plays a crucial role
in the degradation of chloro-aromatic compounds, are encoded by the islands
G30ST25, G34abn and G34aby. G46ST25 is made by an operon including the
salicylate 1-monooxygenase (salA), a benzoate transporter (benK) and the salA

regulator (salR) genes. A salicylate 1-monooxygenase is also encoded by
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G25ST25. The genes fabA, fabB, fabG, fabF, acpP, psIB, acsA, involved in the
biosynthesis of fatty acids (Zhang et Rock, 2008) are conserved in all A.
baumannii strains, at separate loci. Orthologues of all these genes are clustered
in G6abc and G6acb.

4.8.4. Phage islands

Many variable genomic regions are relatively large (19 to 82 kb) DNA
blocks which potentially encode typical phage products. These regions have all
been classified as cryptic prophages (CPs; see Fig. 10). Three to six CPs were
identified in each strain. Six of the different 14 CPs identified are present in
two or more strains, the remaining 8 are strain-specific. CPs characteristically
carries at one end an integrase gene, and many are sharply defined by flanking
TSDs induced upon insertion. CPs are poorly related to each other, and even
CPs of the same type differ in size and coding ability. Ten of 14 CPs were
assigned to four groups on the basis of sequence homologies. CPs found at the
same locus encode identical or highly homologous (> 80% identity) integrases.
CP1 encode different integrases, which are homologous to CP5- or CP9-
encoded enzymes. This explains why CP1 and CP5 in ABO0057 and
ATCC17978 (G22abn and GZ22ach, respectively), and CP1 in 3909 and
ACICU (G42ST78 and G42abc), and CP9 in ATCC 17978 (G42ach), are
inserted at the same locus. CP3 are integrated at different sites of the AB0057
genome (G52abn and G59abn), but the target in both is an arg-tRNA gene.
Remnants of prophage sequences are found in G33abn and G33aby. These
islands share the G33abc backbone, but contain also large DNA segments,
reiterated in a head-to-tail configuration, in which genes encoding phage and
hypothetical proteins are variously interleaved. G33abn and G33aby
hypothetical gene products exhibit poor homology to all CPs gene products,
and therefore were not included among CPs.
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Phages may acquire ORFs named morons (Hendrix et al., 2000) by lateral gene
transfer. The PapS reductase (3'-phosphoadenosine 5'-phosphosulfate
sulfotransferase) encoded by CP13 (G56abc), the toxin-antitoxin (TA) system
encoded by CP1 (G42abc and G42ST78), the proofreading 3'-5' exonuclease
epsilon subunit of the DNA polymerase Il in the above mentioned CPs, the
umuDC gene products, which are the components of the error-prone DNA
polymerase V, again in CP1 (G22abn and G42ST78) and CP5 (G22abc) can all
be considered morons. Not surprisingly, these enzymes are frequently
associated with mobile genome elements (Permina et al., 2002). Unlinked
umuD and umuC genes are conserved in all A. baumannii strains.

G9acb also contains an umuDC cluster. This 126 kb region, found only in the
ATCC 17978 strain, is a composite genomic island, carrying at one end a
dihydropteroate synthase gene, at the other a DNA mismatch repair enzyme.
G9acb carries a complete set of type IV secretion system (T4SS) genes,
arranged in the same order in which T4SS homologs are found on the 153 Kb
plasmid of Yersinia pseudotuberculosis 1P31758 strain (Eppinger et al., 2007).
Because umuDC genes are carried by this plasmid, one may hypothesize that
raises G9acb had been imported from Yersinia. In addition, a G9acb gene
cluster, including an integrase, a DNA helicase and a TrbL/VirB6 conjugal
transfer protein is highly homologous to a gene cluster from Enterobacter

cloacae.

4.8.5. Additional islands

G3ST25 carries a cre genes cluster. In E. coli the cre locus includes a

response regulator (creB) a sensor kinase (creC) and an inner membrane

protein (creD). The corresponding two-component regulatory system CreB-

CreC controls the expression of a variety of genes, among which the creD
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regulator. Overexpression of CreBC causes modification of the envelope,
inducing the colicin E2 tolerance phenotype (Cariss et al., 2010).

G51ST25 and G51acb carry the rtcA and rntZ genes, encoding the RNA 3'-
terminal phosphate cyclase and the RNAseZ, respectively. The cyclase
catalyzes the ATP-dependent conversion of the 3'-phosphate to the 2', 3'-cyclic
phosphodiester at the end of various RNA substrates (Genschik et al., 1998);
RNAseZ is responsible for the maturation of the 3'-end of a large family of
transfer RNAs (Redko et al., 2007). In E. coli the 3'-terminal phosphate cyclase
rtcA gene forms an operon with the upstream rtcB gene. Expression of rtcAB is
regulated by rtcR, a gene positioned upstream of rtcAB, but transcribed in the
opposite direction, encoding a sigma54-dependent regulator (Genschik et al.,
1998). rtcBA and rtcR genes are conserved in both G51ST25 and G5lach
islands, separated by rntZ. Interestingly, only rntZ is present at the
corresponding chromosomal position in strains lacking G51.

In type I restriction systems the three subunits S, M and R, which may variably
associate to form a modification methylase or a restriction endonuclease, are
encoded by hsd (host specificity of DNA) genes. Alternative hsd genes reside
in G13ST25 and G13ST78. The former are clustered in one operon, whereas
hsdSM and hsdR genes in G13ST78 are at distance, as frequently found in
other species.

Homologs of a cytosine DNA methyltransferase and a restriction
endonuclease, which may constitute a type Il restriction modification system,
are encoded by genes residing in G38ST78.

The G55 islands found in strains 4190, AB0057 and AYE are closely related,
and all include a CRISPR (Clustered Regularly Interspaced Short Palindromic
Repeats) block, flanked by a cas (CRISPR-associated) gene cluster. CRISPRs
are repeated DNA sequence blocks found in the genomes of approximately
40% of bacteria, often next to a cluster of cas genes. The CRISPR/Cas system
provides a form of acquired immunity against exogenous DNA, foreign DNA
sequences being first integrated at the CRISPR locus and eventually degraded
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by Cas proteins (Horvath et Barrangou, 2010). Horizontal transfer of CRISPRs
and associated genes among prokaryotes is documented (Godde et Bickerton,
2006).

Gram-negative bacteria contain a variety of genes encoding proteins enriched
in dipeptide motifs (valine-glycine repeats) hence called Vgr. Islands encoding
Vgr-like proteins are found inserted at eight genome variable loci (loci 2, 7, 15,
17, 19, 25, 27 of Fig. 10). Vgr proteins are associated with ligand-binding
proteins at the bacterial surface, and are involved in biofilm formation and
swarming and swimming motility in Burholderia (Bernier et Sokol, 2011).
Intriguingly, Vgr proteins, along with Hcp (hemolysin co-regulated) proteins,
are components of the type VI (T6SS) secretion apparatus, a transport system
extensively conserved among Gram-negative bacteria (Bingle et al., 2008).
Secreted Vgr proteins assemble a cell-puncturing device analogous to phage
tail spikes to deliver effector proteins, and are also able to covalently cross-link
host cell actin contributing to T6SS pathogenicity (Pukatzki et al., 2007). A

T6SS gene cluster is conserved in all the analyzed A. baumannii strains.
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CONCLUSION

The comparison of the whole DNA sequences of different strains of S.
maltophilia and A. baumannii provided valuable informations on the nature of
genomic variation in either species. The information gleaned from this study
helped to build chromosomes scaffolds to be exploited to rapidly evaluate the
degree of genomic variations in clinical isolates. Changes in island profiling
will be useful in genomic epidemiology studies. Analysis carried out on novel
sequenced genomes will help to define more rigorously the core genome
component in both species, and hopefully link the presence of specific islands

to selective pathogenic traits.
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Abstract

The whole DNA sequences of 2 Stenotrophortonas maltophilfie strains isolated from the blood of a cancer patient
(K279a) and the poplar Populus frickocarpe (R351-3) have been compared. The 2 chromosomes exhibit extensive
synteny, but each iz punctuated by about 40 genomic islands (GEls), which vary in size from 3 to 70 kb, and may
encode up to about 30 proteins. A large set of smaller DMNA sequences, encoding strain-specific *solo’ orfs, contributes
to genetic heterogeneity in a significant manner. 5. maltophiie GEE potentially encode several proteins mediating
imteractions with the environment such as trarsmembrane proteins, haemagghitinins, components of type [ and IV
secretion systems, and effux proteins having a role in metal and for drug resisance. The presence of specific GEls in the
5. maltophilie population was monitored by PCR and slot-blot analyses Data suggest that some islands ame present at
sites different from those identified in K27% and that alternative izlands may be ntegrated at mapped sites.

i AW Elsevier GmbH. All rights reserved.

Keywords: Cenomic slands; Honamial gene transler

important nosocomial pathogen in debilitated and
immunodeficient patients and has been associated with
a bmad spectrum of clincal syndromes, eg. hacteraemia,

Introduc tion

Stenorraphontonss maltophifia is an aerobic, non-
fermentative Gram-negative bacterium widespread in
the environment. Thiz species comstitutes one of the
dominant rhizosphere inhabitants. 5 maltophilia is able
to degrade xenobiotic compounds as detowify high
molocular weight polycyclic aromatic hydmocarbons,
and is therefore considered with interest for its potential
use in bioremediation (Antonioli et al., 2007, Page et al.,
20E). 5 makophiliz & also increasingly described as an
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endocarditis, respiratory tmct infectons  (Semol,
2004 Looney, 2005). Owver the last decade, 5. mualrophilie
has been frequently izolated from cystic fibrosis patients
({Denton and Kerr, 1998; [ Bonaventura et al., 20407),
and turned out to be a serious pathogen in cancer
patients (Safdar and Rolston, 2007). 5 maltophili
displays intrinsic resistance to many antibiotics, making
sglection of optimal therapy difficult. Several factors
confer 5. makophilia a role as emerging pathogen, most
notably the ability to elaborate a wide range of
extracellular enzymes, such as lipases, fibrolysin, and
proteases, potentially involved in the colonization
process { Denton and Kerr, 1998), the ahility to adhere
toand form biofilm on epithelial cells (i Bonaventura
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et al, 27, and the ability to stimulate factors involved
in the inflammatory process (Waters et al., 2007).

The complete nuclkeotide sequence of the genome of
K2IT9a, a 5 meltophiliz grain solated from the blood
of a cancer patient, has been recently determined
{Crossman et al., 2008). The analysiz of K27% genome
has allowed to comelate the typical multi-drug resistance
{MDE) of the bacterium to the oocurrence of several
regstance-nodulation-division (RND) efflu pumps, as
well as to the presence of erzymes playing a mle in drug
regstance, among which 2 beta-lactamases and various
aminoglycoside phosphotransferases (Crosaman et al.,
2008). Xanthomonas are the closest sequenced relatives
of 5 maltophillz (Palleroni and Bmadbury, 1993).
Comparing K279 and X compesris B4 DNA
sequences revedled that several genes encoding transport
or adhesion proteins am missing in X campestris 8004,
bt failed to identify the acquisition or the loss of large
genetic islands (Crosman et al., 200E).

The whol nuoclectide sequenmce of R351-3, a
5. maltophiliy strain isolated from the poplar Popalus
trckocarpa, has been recently completad at the DDOE
Joint Genome Institute (Lucas et al, 200E), and its
genome has been compared to the genomes of other
endophytic bacteria with the aim to start deciphering the
mechanizms which underlie the promotion of plant
growth (Taghavi et al., 2009). Evaluating paculiarities of
the genetic organization of Skemefrophomomas chromo-
somes s an essential step to shed light on unexplored
aspects of 5 maltophdis, with special emphasis on the
possible correlation  between pathogenic traits and
specific genes or gene chisters. A close look at the
5 maltophilis K279 genome has recently led us to set
up a rapid PCR-based typing protocol for an efficient
chssification of clinical 5. malophilie isolates (Roscetto
et al, 2008). In this mamiscript, results emerging from
various comparisons of the K27% and R351-3 DNA are
reported.

Materiaks and methods

In silico analyses

The whole genomes of the 5 maltophiis strains
K21 (EMBL/GeneBank access no. AMTI 1) and
R551-3 (MNCBI, locus CPD1111) were aligned by using
mYISTA, a set of programs for comparing DINA
saquences from 2 or more species and visualizing the
obtained alignments (Frazer et al., 2004; http: ) genomse.
1bl.gov vista index.shtm1). EMBL /Gene Bank and NCBI
gene amnotations wene integrated with annotations
available at the KEGG msounce (Kyoto Encydopedia
of Gemnes and Genomes, httpy www genome.jpkeze).
5. maltophiiz 18 families were defined on the basis of
BLAST analyses carded out against saquences deposited
at the IS database (www iz biotoul fr/is. html).

Bacterial strains and genomic DNA exiraction

The 5 maltaphilla clinical strains used in this study
were obtained from the Bambino Gesl Hospital (Fome,
Ttaly) and from the University Federico 11 Hospital
{Maples, Ttaly) and have heen described previously (Di
Bonaventura et al., 2007; Roscetto et al., 2008). K279
strain {Crossman et al., 2008) was a kind gift of M.B.
Avison (University of Bristol, UK), while the LMG
strains were purchased at the LMG/BMCC collection.
The 5 maolophiliz strains analyzed in this study are
listed in Supplemental Table 1. Al strains were routinely
grown in brain heart infusion at 37°C, except for
the envimommental strains (LMG959, LMGI0ETI,
LMGI0ET?, LMG 11104, and LMG11108) which were
grown at 3°C. Genomic DMNA was extracted as
described (De Gregorio et al., 2006).

PCR amplifications. PCE. reactions were carded out
by incubating 2ng of DMNA with 160 ng of each primer
in the presence of dXTPs (200 nM}, 1.5 mM MgCly, and
the Tag DMA polymerase Becombinant (Invitrogen).
Samples were incubated first at 25°C for Smin. The
amplification programme included 1min at 95°C, | min
at the annealing temperature, and 1 min at 72°C for a
total of 30 cycles. At the end of the cycle, samples were
kept at 72°C for Tmin before harvesting. PCR products
were electrophomesed on 1.5-2% agarcse gels in 0.5X
TBE tuffer (45mM Tris pH 8, 45mM borate, 0.5mM
EDTA) at 120V (constant voltage). The 100-bp ladder
{Fermentas) was used as molecular weight marker.
Primeers measured all 25nt, and annealing temperatures
varied from 57 to &4 5C. Primer sequences are availahle
upon request.

Slot-blot hybrdizations. One microgram of DNA
from each strain was loaded onto Hybond filters and
crigs-linked by UV treatment as described (Venditti
et al., 207). The fikers were hybridized to 32P-
radiolabelled PCR products amplified from orfs belong-
ing to specific GEls.

Results

The chromosomes of 5. maliophilis K279 and R 551-
3 strains have the same GC content (67%), but differ
significantly in length, since K279 DMNA measures
4,851,126bp, and R351-3 DN A 4,573, %69bp. However,
the 2 chromosomes share a common scaffold, as they
are widely collinear, and can be easily aligned through-
out their lengths (Fig. 1). Differences between the
genomes of the 2 strains are correlated primarily to
spacific DINA sequences present exclusively in K27%a.
Accordingly, the number of potential gene products is
higher in K279 (4386 annotated orfs) than in R351-3
(4041 annotated orfs). MNonetheles, several DNA
segments are unique to the B351-3 genome. Sequence
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Fig. 1. Alignment of K27% and R551-3 genomes. VISTA plots showing similanty of K27% vs. R551-3 (A) and RS551-3 vi. K2Ma
(B) DNAs. The percent dentity of the aligned genomes is shown.

alignments allowed to build up a comparative map of S.
maltophilia orfs, and to easily identify strain-specific
gene products. Orfs annotated as hypothetical proteins
shorter than 100 amincacids were not considered for
comparsons.

Large DNA insertions

Sequence alignments allowed to identify about 200
regions in which shared chromosome synteny is inter-
rupted in one strain, or in both. A major source of
variation between the 2 S. maltophilia chromosomes is
represented by a multitude of strain-specific genomic
islands (GEL), ranging in size from approximately 3 to
T0kb. Routinely, islinds denote chromosomal DNA
regions, plausibly acquired by horizontal gene transfer
(HGT), larger than 10 kb, smaller regions being referred
to as iskets (Hacker and Carniel, 2001; Dobrindt et al.,
2004). For sake of simplicity, as already donein genome
comparisons (see Myers et al., 2006), all DNA segments

>3 kb present in only one of the 2 strains were referred
toas islands. §. maltophilia GEls were marked by a K or
R to designate K27%9a or R551-3 DNA, respectively, and
numbered progressively according to chromosome
position. Fourty-one GEls have been identified in
K279a, and 36 in R551-3 DNA. Size, orfs, GC content,
and chromosomal location of all GEls are shown in
Fig. 2; chromosome coordinates and orf products are
reported in Supplemental Tablk 2. In both strains, half
of GEIs measure less than 5kb. Of the remaining
islands, most measure more than 15kb in K279a, but
only 4 exceed such size in R551-3. On the whole, K and
R GEIs constitute 12.1% and 6.6% of the genome and
encode 597 and 249 orfs, respectively. GEls often have a
GC content different from bulk chromosomal value
(Dobrindt et al., 2004). The GC content of many GEls is
lower than the average 66.7% value of S. maltophilia
DNA. Values range between 63 and 66% in 16 K-GEE
and 15 R-GEIs and are lower than 63% in 16 K-GEE
and 7 R-GEls. Nine islands were inserted at the same
relative chromosomal position in the 2 strains (Fig. 2).
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At least in one case, this is correlated to the use of the
same chromosomal entry site.

GEIs boundaries

Sequence alignments provided unequivocal informa-
tion on the ends of GElzs in a few cases only.
Comsequently, the length of most GEls is underesti-
mated, the start/stop codons of terminal orfs arbitrarily
functioning as provisional GEI ends (see Supplemental
Tahle ). Howewer, the ends of 8 GEls were exactly
defined by sequence comparisons Relatively to the
mode of integration, the 8 GEIls can be sorted into 2
groups (Fig. 3). The fist one includes K01, K02, and
R19, which are not flanked by duplication of bases at
the insertion site. The second group includes K07, K17,
K20, K32, and RI3. All these GEIs are integrated
within tRNA or tm-BEMA sequences, which are a
preferential (GEI target (Williams, 2002, Mantri and

no target site duplicotions

K27 16217 41681

Williams, 304). The termini of the 5 GEIs are flanked
by target site duplications (TSDs) 14-53bp long, in
which ssgments of both target tRNA/tm-BNA and
flanking DMNA are duplicated. TSDs flank K20, but not
the adjacent K19 idand, which plausbly alzo used the
tm-BEMA as insertion target. The lack of TSDs has been
observed for GEls inserted at the tm-BENA loos
{Williams, J3).

Many large islands potentially encode integrases or
functionally related erzymes. Both K32 and R23 are
imnserted at the serine tRMA (Fig. 3), but encode non-
homologous integrases (orfs 3086 and 2480, respec-
tively). K24 and R14 are inserted at the same relative
chromosomal podton While actual boundardes have
not been defined, it & plausible that also the integration
of these 2 (GEIs had been mediated by non-homaologous
proteins. These may correspond to one of the 2 gene
products {orfs 2416 and 2417) encoded by Sm3, an
imsertion sequence located at one termimis of K24, and
one of the 2 R14 integrases (orfs 1971 and 1972).
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GEls gene products

The content of (3EIs is highly variable. About 1,2 of
island-encoded proteins to which a function could be
assigned & represented by molecules mediating interac-
tions with the environment. Gene products of interest
encoded by GEIs are listed in Table 1 and are briefly
discussed here.

(i) Metal resistance gemes. 5. maliophiis hosts several
operons involved in import, storage, and efffux of
metals. Some of these gene clusters are conserved at
the same relative chromoszomal position in the 2
strains, others are found in K27% only, on specific
GEls. As summarized in Table 1, K01 and K25
carry ez¢ (cobalt—zinc-cadmium resistance) genes,
K25 carries also genes involved in copper metabo-
lism and homoeostasis (cop and cus operons), and
K03 arsenic-resistance genes (ars operon). Mercury
resistance genes are present in K27% but not in
R.551-3, and are located on K24,

(ii) TISS (type | secretion system). Type I pili consist of
a mod composed by a major fimbrial protein and 2
or mom ancllary proteins. Such structumes are
assembled and secreted by the chaperonusher
pathway (MNishiyama et al., 2008). T1SS genes are
comserved at 2 sites in K279 and R551-3. A third,
E2T9a-specific custer, & encoded by K12

(i) T455 (iype IV secretion system). T455 genes
comserved in K279 and R551-3 are in the same
onder (viFD4, BE, B9, B10, B11, B1, B2, B3, B4, B6)
of X axonopodis T4SS genes (da Silva et al., 2002;

Table L. GEIl potential gene products.

Alegria et al., 2005). A second, K279a-pecific T4SS
cluster is encoded by K15, Here, genes are in the
same order (vir D4, B11, B2, B3, B4, B3, BS, BS,
B2, B10) of T458 genes encoded by the PAT strain
of Prawdomonas aeruginose (ofs 3T08-3697). The
relatedness of the 2 T458 gene cdusters i reinforced
by the observation that the hypothetical proteins
which separate VirBl1 and VirDd encoded by PAT
{orf 3707) and K279 (orf 1292) genomes are
homologous.

{iv) Filamentous haemagglotinin (FHA) genes. FHA & a
major colonization factor in Bordetells pertussis
{Locht et al., 1993), and FHA pmteins have been
found in species as diverse as  Clstridion
perfringens (Myers et al., 2006) and Moraxells
carardalls (Balder et al, 2007). FHAs are encoded
along with tramsporter proteins (Jacob-Dubuisson
et al., 21} Three fe and related transporter genes
are found in 5. mabopkiie, and all are encoded by
GEls (K 16, K37, R02a). The 3 FHAs vary in size,
and this is correlated, as shown for other FHAs
(Kajava et al., 2001), to the number of repeats
fitting the consensus LDMNGGG X, 3 ».

{¥) LPS genes. Variation at the interstrain level is
common in LPS biosynthetic gene clusters inserted
between the consrved merfB and etfA lod in
bacteria (Patil et al., 2007). Alternative LPS gene
zets, hoth carried by GEE, are found in K279 and
R3551-3. K1l ichudes 2 gene chisters, K1la and
Kllb. The former contains genes playing a role in
the O-chain synthesiz found ako in R4, Kl1lb
containg 7 genes known as perlHFILME or

Cienes Chromosome orfs GEI orfs
(™ RE51-3 Cdeal™ RE51-3
eze 2697269 N&-2171 KO (0036-0038), -
A6iHe-4608 563958 K25 (2457-2461)
cop 360123602 053106 K25 (2440-2449) -
2691-2692 N63-2164
aux 26032694 2652166 K25 (M433-2434) -
arx 2421-2475 19771981 K3 (0176-0179) -
mer - - K24 (M09-2417) -
Ti%S 0060709 05610564 K12 (0732-0736) -
15051512 1267-1271
Tas8 20073008 24302451 K15 (1283-1203) -
ha - - K 16 (138091 300) Ri2a (0112-0113)
K37 (4452-4453)
LPS - - K 11 (0461 %-0631) RO (04900497
K 11 (06360643
mer B - - K 10 (0497) -
P - - K27 (2572-2574) -
BLUF - - K26 (2528, 2535, 2541) -
gly - - K30 (2756-2761) -
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arnABCDEFT, encoding proteins which act in a
coordinate manner to ultimately modify the Tpid A
by the addition of 4-amino-4-deoxy-L-arabinose.
Thiz modification causes resistance to polymyxin
and cationic antimicrobial peptides (Yan et al.,
20T). The genes separating Klla and E11b {orfs
632-4634) are homologows to genes located down-
stream from R4 (orfs 4985000 . This suggests that
K11 derives from R4 by the acquisition of K11b
genes.

Additional proteins of interest potentially encodad by
genomic izlands are the homologue of MerBC (K10), a
restriction endormuclease which cuts DMA containing
modified cytosines (Panne et al., 2001}, the Ssu proteins
(E27), invalved in organosulfur metabolism (Kahnert
et al, 20dd)), several hypothetical proteins, all encoded
by K26, which feature the BLUF {for sensors of blue-
light using FAD) domain, a novel FAD-hinding domain
plausibly involved in sensory trarsduction in micno-
organisms (Gomekky and Klug, 2002). Finally, K30
inchides a chlister of genes involved in  glycogen
biosynthesiz and catabolism. The gly gene products
have a mole in the formation of biofilms (Jackson et al.,
2002) and capsular layers (Sambou et al, 2008), and
hence may be catalogued as potential pathogenic genetic
determinants.

GEls and prophages

Five GEIs (K02, K07, K19, K1, and R23) encode
mostly phage-related products. Homology searches
emabled to correlate 2 of these klands to known
prophages.

KO7. This island encodes several phage-like products,
inchuding an integrase {orf 56) which is highly homo-
logous (54% identity) to the analogous protein encoded
by Xeoc3TK, a 3730%-bp island identified in
X compestriz (Mantri and Williams, 2004). K07 and
Moc3TK are comparable in sze and are closely related
(Fig. 4a). Comparzons carried out at the prophage
datahase (http://bicmkwin 82 /prophagedt) revealed
that XecdTK indeed corresponds to the X campestris
P-like prophage PHI38. K07 is also highly related to the
P. aeruginosa cytotoxin-converting P2-like phage CTX
(Makayama et al., 1999). K0T and CTX share a common
structural scaffold, but the 2 phages diverge because
each carries a specific set of genes at ome end KO7
plausibly corresponds to the ‘phage 11 cluster” described
by Crosman et al. (2008).

K19, K19 and K20 are closely located GEls, spanning
together a ~108-kb chromosome segment, and plansbly
correspond to the region defined as ‘phage 1 cluster” by
Crossman et al. (2008). Both GEls potentially encode
phage-like products but can be distinguished as individ-
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Fig. 4 Phage GEL. Dot plt alinments of the nucleotide
seduences of K0T and Xae37 K islands {panel A), and K19 and
a M. mad lensis prophage (panel B), ans shown. Stres are mnl.

ual entities, because they are separated by the tm-REMNA
target (residues 1,945 038-194539). K19 exhibited
significant homology to a 41-kb prophage-like sequence
identified in the Minibacterion masdlionsl genome
(mesidues 3,029 900-3,070,592, see Andic et al, JWT).
K19 and M. massillensis sequences are largely collinear
{Fig. 4b), but diverge because K 19 carfies ~10kb of
non-phage DMA at the 5 end side.

Insertion sequences

In addition to integrases, (GEls encode a variety of
transpozases and transposition-related proteins. Mem-
bers of 3 major 1S families (1583, 15481, and IS110) are
present in K27%a and R551-3 genomes. Comparative
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Table L 5. malophilia inseriion sequences.

MName Family Related ISs Copy number
R551-3 K2Ma
Sml 153 15X (X compestris) - 4
Sm2 I5Xae3 (X, axonopodiv) - 4
5Sm3 151404 (X campertrir) - 1
Smd 15Ps19 (P. stutzeri) - 1
SmS 1542000 (A zoarcus sp. EbMNI) - 1
Smb 15Psy9 (P. syringae) 3 4
Sm7 15481 15Ben?l (B cemoceparia) 3 5
SmE 15110 15Beenf (B cenocepacia) 1 12
Em9 15621 (E mof HS) 7 -

analyses, carried out at the ISfinder database, allowed to
sont the 32 and 16 complete 185, respectively, found in
K279 and R551-3 into 9 sub-families (Table 2). Some
15z am found in K279 only, remarkably all in GEIs.
The 4 Sml elements are nserted in K01, K235, K31, and
K32, the 4 Sm? elements in K10, K17, K19, and K25
Sm3, Smd, and Sm3 are single-copy 15, The first 2 are
found, next to each other, at one end of K24, Sm3 is
inserted in K19.

Strain-specific orfs not encoded by GEIs

At a first glance, K27%a and RS551-3 genomes are
collimear throughout and differ because equipped with
alternative sets of GEE. A closer look at the chromosome
backbone, however, mevealed that the gnome of each
strain i punctuated by ‘solo’ orfs, for which homalogous
potential gene products could not be identified at the
corresponding chromosomal position in the other strain
(see Supplemental Table 3). 172 and 160 orfs, measuring
1-3kh, are scattered along the genomes of K27a and
F.351-3, respectively. Most are single, many come in pairs,
a few in small clusters (34 orfs) not catalogued as GER
because of their small size. The orign of these orfs iz
unclear. Some are found at positions marked in the other
strain by GEE, and may plausibly mepresent sequences
removed upon island insertion. Others are found only in
one srain because of mutatons affecting homaologous
sequences in the other strain. Orf 3990 in K.27%a and orf
3400 in R551-3 am encoded by homologous DMNA
segmeents, Wt differ bacause tramslated from initiating
GTG and ATG triplets on different frames. Abowut 60%
of strain-specific orfs is constituted, in both genomes, by
hypothetical proteins. Interestingly, membrane proteins
accmmt for 15% of the *solo” orfs in K279a, but anly for
6% in R551-3.

GEls in the 5 malrophilia population

To check whether islinds identified in K279 are
present in the population, the DMNAs of 41 5. meltophill

strains were analyzed by PCR and dot-blot hybridiza-
tions. PCR experiments were designed to test whether 2
islands selected by chance, K01 and K32, occupy the
chromosomal site identified n K279 also in other
strains To this end, island chromozome junctions were
amplified with specific L (left) and R (right) in-out
primer pairs (Fig. 5A). According to this scheme,
products of amplification obtained with primers
Lin and Rin denote the absence of the idand. Data
support the notion that K01 is present in & strains
at the same position found in K27% DMA (amplimers
obtained with both left and right primer pairs) but is
either missing or inserted in another location in 21
strains Sequence analyses confirmed that PCR products
obtained with Lin and Rin primers indeed comesponded
to chromosomal empty sites. OFf the memaining
DM As analyzed, 5 yielded PCR products corresponding
to only one island/chromosome junction, 7 could not
be amplified by PCR. Different results were obtained
for K32, The sland & present only in 2 strains, and
PCR products comesponding to only one island/
chromosome junction were detected in 13 DNAs. In
contrast to KO0L, chromoszomal empty sites were not
detected, and 26 strains were negative to PCR (Fig. 5A).
Sequence heterogensity may account for the inability to
amplify some DMNA regions, and also explain why only
one iland chromosome junction was detected in some
straina. To circumvent the problem, islands were monitored
by dot-hlot analyses (Fig. 5B). The disritution of GEls
greatly vaded among strains, the degmree of conservation
rangng from zero to 0%, Strains may be tentatively
asggned to 3 groups. 1341 strains contain the largest
mumber {7-10) of tested islands, 21/41 strains contain 1-6
idands, and 7 camy no idands GEE were distributed
apparently at mndom. However, it can be noticed that K11,
K15, K16, K23, K25, and K32 are over-representad, K0T,
K19, K20, and KM are under-represen tod.

Discrepancies can be noticed by companng slat blot
and PCR data. According to hybridization data, the
DMAs of strains 8, OBTGC29, 545, and LMG10851
contain K01 sequences. In contrast, ‘empty site’
products denoting the absence of K01 were obtained
by PCR for all of them. This suggests that K01 is
located in the 4 strairs at a novel site. For 7 strains
negative for K01 at the blot level (108, OBGTCIZ,
OBGTCIE, STM2, LMGI0ET?, LMGI1104, and
LMGI0ES), chromosomal empty sites weme not de-
tected by PCR. Though not proven, data support the
hypothesis that in these strains K01 is mplaced by one
{or more) alternative GEIE).

Discussion

The results of whaole-genome comparative analyses
reported in this work add knowledge to an earlier report
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microgram of total DN A from the indicated strains was hybridized to 32 radiolabeied, 300-600 bp isbind-specific DNA probes.
Probes were amphfied from K279 orfs 32 (K01), 265 (K07, 638 (K11h), 1290 (K15), 1349 (K 16), 1901 (K19), 1906 (K20), 2362

(K23), 2412 (K24), 2447 (K25), 3086 (K 32). C, clinies]

focused on the organization of K279 DNA (Crossman
et al, 2f), and st the base fora start-up definition of
the core genome component of 5 makophiie. In the
light of results obtained by different typing procedures,
5. mualtophilia & hypothesized to be extremely hetero-
gensows at the genetic level (Hauben et al, 1999, Coenye
et al, AMM). Data shown here comoborate in part such
opinion. Strains isolated from different environments,
which likely epitomize 5 malkophilie causing infection
to men (K27%a) or living in the wild (R3551-3), share

: E, emitr

 wokates

extensive chromosomal synteny, and their DM As can be
easly aligned throughout their lengths The absence of
major mearrangements (loss/acquisition of very large
DMA mgions, strmin-specific dissemination of mobile
DMA elements) suggests that the set of pathogenic
gene products andlor programmes crucial to infect
plants or men may substantially be conserved in
5. maltophillz cells from different habitats. At once,
whaole-genome comparisons lighted up a high degree of
genetic heterogeneity, and let to define, ~206 sites {for
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each strain) in which chromosome collineanty is
interrupted.

A main source of variation is represented by the
presence/absence of specific GEls. The chromosome of
gither strain is punctuated by ~<0 GEI: MNone is
common to K279 and R551-3, but some carry genes
having the same function. Large sets of strain-specific
sequences smaller than GEls also contribute to genetic
heterogeneity. Altogether, strain-specific orfs represent
=<17.5 and 10.1% of the potential gene products of
KI™a and R551-3, respectively. Accordingly, the
number of potential gene products encoded by both
strains & approximately 3630, Thus 5 meltophili
strains ame less heterogeneows than E. eoll strains at
the genome level. The pathogenic CFTO73 and EDL933
and the apathogenic MG1655 E colfl strains share only
39.2% of the proteins (Welch et al., 2002), and strain-
specific orfs represent 231 and 172% of the potential
gene products encoded by the wropathogenmic 336 and
MIG1655 strains, respectively (Breuszldewicz et al., J006).

Many GE proteins mediste interactions with the
environment. Some may assist in the colonization and
survival of 5 maltephiliz in the host, and contribute to
pathogenicity. Several proteins involved in import,
storage, and efflux of metak are encoded by K279
islands Compared to R.551-3, K279 has an additional
cluster of T158 (island K12) and T45S (iland K135)
genes By looking at two-partner secretion systems,
R551-3 DMA contains one fhe operon (island RO2A),
K217a 1 (islands K16 and K37). & & difficult, however,
to correlate these findings to the pathogenic potential of
K. 2Ma. Moreover, proteins having a role in the life cycle
of 5 meltephiliz as a pathogen may not be encoded by
(GEls. In this respect, it is worth noting that membrane
proteins encoded by ‘solo’ orfs are twice a2 much
abundant in K279 than R351-3.

In contrast to what was observed in many species, 153
contribute to genetic variation of 5 mabophii to a
limited extent. Many 15: hawe been likely imported by
HGT, because found within or at the border of specific
GEls Consaquently, islands containing Smil (B01, K25,
K31, K32) and Sm2 (K10, K17, K19, K25) elements may
have been acquired from X campestris or X, axonopodis,
which feature 155 homologous to Sml and Sm? (Table 2).
The zame holds for KM, which contains Smed, a IS
homologous to the X compestriz 151404 element.

Large GEls plausibly arose by step-wise acquisition
of DMA segments in different species prior to he
inserted into the 5. malophilie chromosome.

In addition to Sm2, K19 contains a prophage likely
imported from M. massiffensiz. The latter, in turn, is
interrupted by Sm3, an insertion element homaologows to
185 found in Azoarcs sp. The K01 region spanning cze
and flanking genes (orfs 33-38) & homologous to a
strain-specific DNA segment of the P. seruginose PAL4
strain (PA14 orfs 30980-31,040; see Lee et al., 2006).

Based on both gene order and sequence homologies, we
suggest that the T455 genes found in K135 also derive
from P aeniginosa.

The degree of conservation of virulence chromosomal
regions among P aengirosa straing recoversd from
environmental or clinical soumes may significantly vary
(Finman et al, 24} Several 5 maltophillr isolates
differ from K27%a for the lack of a few GEls. OBGTC?
and OBGTC10 lack K24 and K25 The 2 clones are
indistinguishable from K279 when tested by MLYA-
like analyses, but display a PFGE profile quite different
from K279a (Roscetto et al., 2008). These obaervations
suggest that both strains may camy GEI: missing
in K279 Seven strains (LMG%9 LMGI0ETI,
LMGI0853, LMG10874, LMGI0889, 707, 1054) were
negative to all (GEI probes. OF these, the first 2 are
environmental, the others are clinical kolates. All
acconding to different genotyping protocols, belong to
different subgroups { Hauben etal., 1999; Roscetto etal.,
2008). Thus environmental and clinical izolates may
retain, or lack, specific GEE, and analyses performed do
not alow to draw correlations between types of isolates
and GEI subsets DMNA amplification and hybridization
data suggest that specific islands may be present in some
izolates at sites different from those mapped in K279 as
well that nowvel islands may be integrated at known sites.

A deeper knowledge of the genome organization of
5. maltopkilia could contribute to a better understanding
of the rapid adaptation of this bacteriom to the human
host, making it an emergent pathogen in nosocomial
infections. Bt will be of interest to ascertain whether
strains izolated from different patient cohorts may fit
subgroups displaying specific GEI pmofilks and to
evaluate whether the genome of S maltophilia clinical
izolates has been remodelled by the acquisition of DMNA
blocks from coinfecting pathogenic bacteria.
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Introduction

Sterotrophomonas maltophilia i a nonfermentative Gram-
negative bacterium that is ublquitous in nature. It constitu-
tes one of the dominant thizosphere inhabitan ts (Ryan & al,
200%; Taghavi et al., 2009), but is alo ncreasingly being
described a8 an important nosocomial pathogen in debdli-
tated and immuncdeficient patients, and has been asso-
ciated with a broad spectrum of clinical syndmmes. It has
been isolated fraquently from cystic fibrosis patients, and
has emerged a5 a seriows pathogen in cancer patients
[ Lossney et al., 2009 ). Stenotrophomonas maltopholia displays
an intrinsic resistance to many antibiotics, making the
selection of optimal therapy difficult (Crossman ef al,
2008). Whether the bacterium is a mere coloniter or an
infectious agent often remuing unresolved, and virulence
factors are still d1- defined. The chromosomes of the dlinical
K279 (Crossman ef al, 2008) and the emvimamental R551-
3 [ Taghawi er al, 2009) strains exhibit extensive syn teny, but
by about 40 diflerent GELs or genomic
islands | Roseo etal, 2009). Whether pathogenicity may be

each i
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Abstract

The genome of Stenofrophomonas malfoplilia s peppered with palindromic
elements called SMAG (Stenotrophomonas maltophilia GTAG) because they carry
at ome terminius the tetranucleotide GTAG. The repeats are species- specific variants
of the superfamily of repetitive extragenic palindromes (REPs), DNA sequen s
spread in the intergenic space in many prokaryotic genomes. The genomic
organtzation and the functional festures of SMAG elements are described herein,
Atotal of 1650 SMAG elements were identified in the genome of the 5. maltophilia
K27%a strain, The elements are 22-25bp in size, and @n besorted into five distinct
major subfamilies because they have different stem and loop sequences. One fifth
of the SMAG family is comprised of single units, 2/5 of elements located at a dose
distance from each other and 25 of elements grouped in tandem armys of variabe
lengthe Altogeaher, SMAGS and intermingled DNA oorupy 1 3% of the intergenic
space, and make up 14% of the chromosome, Hundreds of genes are immediately
flanked by SMAGs, and the level of expression of many may be influened by the
folding of the repeats in the mENA. Expression analyses suggested that SMAGs
function as RMNA control sequences, either stabiiring upstream transerips or
Favoring their degradation,

asmociated in part with the maintenance of specific GELs in
the & maltophidia populstion remaing to be established.
Sterotrophomonas maltophili is extremely hetengeneos
at the genetic level [Coenye efal, 2004; Kaiser et al, 209,
‘We described a procedure to obtain a mpid genotyping of
& maltophiba isolates hosed on the messurement of length
variations of genomic regions marked by armys of palin-
dromic sequences (Roscetto ot al., 2008, In this paper, we
describe the organization and the features of this peculiar
dass of repeats, called SMAG [ Sterotrophomons maltophila
GTAG), because they carry at ome termimes the tetramscles-
tide GTAG. SMAGE are species-specific members of the
supefamily of repetitive extragenic palindmmes (REPs),
sequences described eadier in Eshenidia b and other
Enterobacteriacaie (Higgins et al, 1988; Vemalovie et al,
1991; Bachellier o al, 1999) and later on in other prokar-
yotes [ Arnda-Olmedo & al, 2002 Fel o al., 2005; Tobes &
Pareja, 2005; Tobes & Ramos, 2005). SMAGs constitute the
bigest family of REPs described so far. A look 2t the
structure and organization of SMAG dements provides
information on the proceses underlying the expansionand
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remodeling of REP families, and the funcional mole that
REPs may play.

Materials and methods

I silieo analyses

Searches were ared out on the g ofthe &
straing K27%  (htpe/iwwwenchd al monih govisscoor e NC_01
0%3) and R551-3 (httpfwww.ndbi ol i gow/mscoons
NC_011071) and the 50 contigs of the strain SEAL (hitpe)
mﬁﬂnﬁwwmml The
Kzﬂzpﬂmﬂ:mdﬂﬁnmﬂsqlm un'na'l}ie
form=furrmee). Initial searches were 1.!!118, & a
query the saquene: deaibal in Rosetto er al. (2008), and
sdecting homologous sequences contaning up to fur mis-
matches. Sequendce variants were subsajuenty used as queries
for refined searche. Regions of interest in the R551-3 and
Sﬂ]lmmﬂnﬂiﬁeﬂhm

frexphr
;

Bacterial strains and PCR analyses

mﬂdqﬁue @ucm wene sanched in the DMA of 25
5. maltophidia strxins (92, 262, 517, 545, 549, 594, 616, T07,
714, 915 1019, 1029, 1033, 1054, STM2, OBGTOS,
OBGTC13, OBGTC 1S, OBGTC22, OBGTC2E, OBGTCIS,
OBGTC3, LMG59, LMG10851 and LMGI0871) by PCR
and amalyses. The straing and PCR conditions were
describad previously (Roscetto et al, HH8).

RMA analyses

Reverse transcriptase PCR (RT-PCR) analyses were carried
out by revemse transcribing total & maltophila RNA by
random priming, and amplifying the resulting cDNA wsing
pairs of genespecific oligonudeotides s described [De
Grqm'l'udnl.. 2005). ENA:puu’becﬁmmldpﬁmﬁm—
::'Immr:mﬁn’hdmﬂadﬂcﬁbd [DcGrq,u’.'ndnL
Zﬂtﬁlﬂmmquﬂm of all ﬂtepuirm:tmdmmdﬂﬂe
LM PepLest,

Results

The SMAG family

A thorough analysis of the chrmosome of the 5. maltophiia
K.27% strain revealad that the SMAG family & much wider
than postulated initally (Roscetto of al, 2008). K27% DNA
hosts 1650 SMAG repeats, all constituted Irp a !b:m—]uup
:qm[SLS]Hﬂd.ﬂmcid:.brﬂuhu Jentide

E Rocm et ad.
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Fig. 1. The 3MAG GBmily (@) The commus squencs of e five
sub fmiles of 3MAG repeats dentified in the K278 genome, and the
relativeabundance of each subfamily, are shown. Sequen esare acmond-
ing o the B mdes A, adeosme; C, cytidne; G, guanosing
Ltymdne; H AorCor TO AorGarRE, Gor M Aord; N, any
bme B A or &5 6o (Y, C o L Compementary msdues are
wndedined. ) Abundance of 280851 0 AG-S Ul wih 2em, one
arwo msmaches.

have been assigned to five major subfamilies (Fig 1a). The
large SMAG-1 subfamily inchsdes all the repeats wsed fr
genotyping (Roscetto o al, 2008). SMAG-1 to SMAG-4
repeats have Bbp sems and SMAG-5 repeats have 9bp
stems. The 5. maltophili genome contains hundreds of
DNﬁmﬂmFﬂrrﬂrﬁmﬂse@m“&
:hminﬁ&]ahﬂdﬂm]un‘bﬂ]ﬁbpmpwm.m’
containing more than two mismatches [n the slection
scheme :dup'bucl.GT ]:m':r.inswzl alliowed, because SMAGS
may fold into secondary structures at the DMA as at the
RMA level In most repeats, stem sequences are fully
wnp]uncm:rr [Eg 1b)L. An ut\ep'l:itm 15 SMAG-2 writs,
nmqnfuﬂﬁd\}n\!mﬁﬂ\mwmmim[n
50% of the stems with ene mismatch, the first base pair &
mustated. The folding abiity of these elements is therefisre
imnpaired only slightly.

Genomic organization of SMAG repeats
Only 20% of the SMAG family is um‘m"nedtﬂ':u]im

dmh.hllﬂtr\epﬂh mw@dﬁmaﬁwmm
ents, described below.

GTAG. The genomic coordinates of all SMAGs are reported
inﬂu&wﬁﬁ%hﬂmﬂnﬁﬂefp].ﬂudﬂmm
Ii-e:m‘bed.tmﬂbeb:n'sufdmgaint}ummﬂhmp
residises, into 40 variants. For the sake of simplicity, they

Jcusivi | coom plkahonn o B0 o v ! B, Meticrondd g | S s
Pkl s by B sl Pristlic Py Ll s i e ool sl (oo vl v

Dimers > 1/3 of the SMAG family is comprised of
elements located at a chose distane [{]ll}lq:!] from each
other. On the basis of their rdative position, these elements
form head-head (HH) or head-tail (HT) or tai-tail (TT)
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el |
o ]
v el

Homodimers
200 N Heterodimers

SMAG copy nushar

HH ™ HT

Fiig- 2. SMAG dmers. The Sree clhsses of SMAG dmers, and the S5
poentally formed by allerratve dldng of HH and TT dmars are
depicted. The sbundanoe of HH, TT and HT homadime s and hdemn-
dimersis shown.

dimers. Dimers range in size from 47 to 142 bp, the majority
of them being ~70-20bp in size. Paired repeats belong to
the sme (homodimens) or different (hetemadimers) sub-
families In total, 228 HH, 55 HT and 26 TT dimens were
identified in the K272 chomosome (Fig. 2). HH homo-
dimens represent the most abundant category of paired
elements. The differences among dimer categories shown in
Fig. 2 are statistically significant (3° =534, F=215x 1077,
hmﬁdﬂuﬂwemﬂm HH, TT and HT dimers is that
repeats of the first two classes may fold, rather than into
separate 515, intoa large ome (Fig. 2). Acoording to analyses
carred out at the sroin web server [ Zuker, 2003), 7% of
HH dimers may fold imto large SLSe, with dG values rnging
from — 50t — 7l keal mol ™" In none of the three dases of
heterodimers awuld a preferential combination of specific
subfamilies repeats be observed. In terms of homodimers,
HH dimers are predominantly amprised of SMAG-1,
SMAG-2 and SMAG-3 sequences. In contrast, TT dimers
are predominantly comprised of SMAG-4 (Fig. 3.

Spacer sequences that separate dimer repeats are pooddy
homolegows. An exception is the spacers of SMAG-3 HH
homodimers, most of which (30/40) ft the consensus
sequence nnCGOGOGCAGOGOGGN s — wGAAGAGT.

Trimers at B6 boci in the K279 genome, groups of three
repeats can be found at a dose distance from each other.
Taking into account the rebitive position of each element,
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trimers can be viewed as dimers flanked by solo repeats.
Pventy-eight timers inchade SMAGs from one subfamily,
58 SMAGS belonging to two or three subdimilies.

Clisters 456 elements are clustered at 64 loci at a
10-150 by distance from each other. Large dustess may
inclisde up to 22 repeats, and contain elements from differ-
ent subfamiies. Mot chetess contain -8 SMAGs, are
wmprised of repeats of one subfimily and result from
tamben :rnpﬂ:'ﬁﬂﬁm of SMAG: [mmn.tr: or dimers),
tigether with streiches of flanking DNA of variable lengthe.

Interspersion of SMAGS with coding sequences
Many SMAG monomers, dimers and trimers are at a dose
distance from genes. We found 307 SMAGs located 1-20bp
from ORF stop codons, and 99 that ovedap ORF stop
adons. MNine of the ovedapping repeats encode a few
aminoacids and the stop adon; all the others provide only
the stop codon, the terminal GTAG motif functiening 25 a
UAG transbiticnal stop signal Curouwsly, the stop asdons of
the convergently oriented ORE Smit0783-Smitl784 and
Smbtd 197-5mlt4198, are contributed by inted eaved SMAG
dimers. The same holds for ORFs Smlt1380-5mt1381 and
Smlt) 188-5ml 101 82, the stop codons of each being amtrib.
uted by intedesved SMAG trimers. Some SMAGs located
between wnvergently oriented ORFs are at a dose distance
from the stop codons of both, Accordingly, the mumber of
the ORFs immed istely flanked by SMAGs i higher than the
number of repeats (501 va. 4061 By contrast, we fvund only
B1 SMAGs located 1-50bp from ORF stop codons, and 16
that ovedap ORF start codons and encode 4-29 aminoadds.
About 13 of the OREs flanked 5' by SMAGs (26/97) carries
SMAG sequences also at the 3’ end. K279a ORFs at a dose
distance from SMAGs are listed in Tabe 52

Thinty SMAGs are entirely located within ORFs. These
repeats can be sorted into two main groups. Sisteen out of
30 lie within ORFs encoding small hypothetical proteins
that do not echdbit significant homology to ORFs encoded
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by either the 5. malophiia R551-3 or other prokaryotic
B .md'r}nni' "'.dunmunq:mdw:uﬂmﬁc
gene product. Similar concusions were reached for shaort
OFFs interrupted by REPs in Preudomonas syringae | Tobes
& Pareja, 2005). The remaining 14 repeats are found at the
same relative genome coondinates in the RS551-3 DMA
However, only six interrupted ORFs are conserved in the
two straing, SMAGs within ORFsare listed in Table 53,
On the whole, intergenic SMAGs are found ot 747 kel OF
these, 370 separate unidirectonally transcribad ORFs, 343
transcribed OFFs and only 34 divergently
transcribed OREs.

Conservation of SMAG sequences in other
5. maltophills strains
The size of repeated DNA families may vary among isolates.
To gain a rough estimate of the size of SMAG families
scattered in the other two sequencel 5§ maltophalia gen-
omes, repeats perfectly matching the 40 SMAG sequence
variants found in K279 [MA were searched in R551-3 and
SKAL4 DMAs. The rdative abundance of the five SMAG
subfimilies i comparable in the thre genomes However,
their sives varied, SMAG-2 elements being more abundant
in R551-3 and SKAl4 and SMAG-3 lﬂr‘ pu‘ﬂ‘hu‘n.n‘nmm
K27% DNA (Fg 4). The degree of conservation of SMAG
sequences was checked by direct sequence comparisons.
SMAG-3 dimers were anahwed i R551-3. [hmers were
comserved in 10 regions, mising in nine and replaced in
13 by SMAG] or SMAG2 Sejlaences (monomers or
dimen). Fifty KI7% intergenic regions containing SMAG-1
HH dimers were also checdked in R551-3 DNA. Most
(91%) of the K27% SMAG1 fit the consensus
WECOGGOCgAGGOOGOCW, and have been called 2
W E273a ERALY

W 551-3

100%
EDW
(121
A0%

el

EMAZ-1 SMAC-Z EMAGC-3 BMAC-4 SMAC-3

Fig. 4. %ize varatons of SMAG subbimilies in Senatmphoman = mal-

tophili genomes. The height of staded e denotes e dmersion of
each subfamiyin thethee squenced 5. madinphiia genomes.
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units, and only 4% fit the consensus OGCOGGGCeat(GC
COGGOG, and have been called B units (lowercae letters
denate koop sequences). Consequently, most (BR/99) K279
SMAG-1 HH dimers are comprised of @ units. o dimers
were comserved in 32/50 regions. Yet, the significant differ-
ence in spacer sequences makes it likely that some KI79a
dimens had been neplaced by homologous dimers in R551.3
DMNA or vice versa, @ dimers were replaced by single B
repeats in four regions, il HH dimers in five regions, B TT
dimers in three regions and an SMAG-5 TT dimer in one
region, SMAG sequences were not found in five regions. In
three of them, 40-90-bp-long tracts with an almost perfect
dyad symmetry were fund.

The changes observed arise from a recsmbination plau-
sibly driven by the terminal GTAG sequences. The presence
at several sites of ether alternative SMAGs or unrelated
palindmamic sequences suggests that the functional rde
plaved by SMAG repeats & primarily asociated with their
alality to fold into seamndary strsctiones.

RMA analyses of SMAG-containing selected lod
The pattern of chmmosomal imtr:ptm'tm g gests that
many SMAG sequences may be passively transcribed into
mBRNA. Folding of these repeats imto RNA hairpins may
influence the level of expression of flanking genes To
:'mem'pu this issue, 14/50 K27% choomosomal rq;m'u
containing SMAGs inserted between unidirationally tran-
scribed genes, and located at a short distance from both,
were selectal, and their lengths were measured in 25
5. maltophilia strains by PCR. The sizes of the amplimers
suggested that SMAG sequences were conserved in most of
the anahyred regions. Only two SMAG-negative regions were
identified in two different strains, 545 and STM2, and the
lack of SMAG DNA was confirmed by sequence analysis.
Transcripts spanning the selected genes were detected by RT-
PCR, and SMAG-negative regions functioned as a control
The detection of K279 tramcripts encompassing both
OFFs in each pair ensured that ORFs and imtedeaved
SMAGs are transcribed fom the same promoter (Fig 51
For both gene paim, upstream tramseripts sccumulated =t
higherlevels than downstream transcripts in K279, but not
in the straing 545 and STM2 lacking SMAG sajuences
(Fig. 5). The 4076/4075 cDNA ratio did not change in strain
1029, in which ORFs are separated by a SMAG monomer
(Fig. 5h). This suggests that, in a given ENA context, SMAG
maonamers and dimers function ax RNA stahilizers with the
same efficiency We abo analyzed a trimeric SMAG repeat
]uﬂmdlbpmmﬁmﬂtem]ﬁ:ﬂam‘lﬂu
response regulator genes of the smeS-smeR two-component
systemn (ORFs 4477 and 4478), and 13bp upstream of ORF
4479, which encode a protan. The short
distances suggest that the SMAG trimer & cotrmnscribed
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Fig. 5. ENAexpresion of genesflanioed by SMaGs Total BMAs( 200ng)
derved fom the K279, STMZ, 545 and 105 Stenorophamonas
mattophila stars were renarse Tamsmbed wEng a mixtue of mndom
heamers as prmes. Tarempts homobgous o OFFs 3592 and 3591
[(a]and OFFs 2078 and 2075 [ih) ] were measured by B1ACE using pars
of gene-spedfic digonudentdes. lames a and b show e macion
product oblined afer 24 and 27 amplficton ocles, mspectwely
Ampimes were detacied only when samples wee inoiated wh
reverse tarsTiphse (5T-+Hanes) befoe FCR. The 911 and 102540p
amplimes n e sl avtoadogams in e left sde of (a) and
() comespond 10 EXI7 S ramcnps paning MAG and flanking OFFs
datecied with prmars 1 and £ (0FFs 3592 and 3591)and 5 and 8 (0FFs
4076 and £075) after 35 PCR oydes. Single and doubie heimpins ndicate
E88/G mon omess and dimess, and dotted ines indicate SMAG-nogative:
imtargenic mgions. (FFs 3597 and 3591 enmde the ademdosuccnate
symietase and a puatve tarsmembran e protein, and ae & adistance:
of 1 and 3bp from 8445 sequenoes, respectely The fwo (FFs are the
last o dstrors of anoperon ako indudn gO@Fs 598, 3595, 3534 and
3593 (FFs 200 and 2075 corespond to e heat shod poieins M
and Hsll, and ame ata distance of Zand 5 bp fom 2MAG sequenoes,

respec iy

with flanking ORFs. We faled to identify strains lacking
SMAG sequences in this region that awuld function = a
control. RT-PCR experiments simiar to those shown in
Fig 5 revealed that downstream 4479 transeripts accumu-
lated at high levels, but 4478 trRnscrpts were
almost undetectable (Fig. 6al. To clarify the issue, ENAse
protection asays were carried out. Antisense RNAs of
different lengths spanning 4478 and 4479 ORFs protected

FENE Microkicl Le m30d (000 18110

anly 4479 transcripts { Fig. 6b). Intriguingly, protected bands
included the SMAG repeat labeled 25 ¢ in Fg 6 The same
result was obtained in RNA extension experiments, in which
bands of elongation extended over SMAG repeat ¢ only (Rg.
6c). We hypothesize that repeats a and b fold into one large
secondary structure, which & deaved, and this promodes
rapid 3'-5' degradation of upstream 478 transcripts.

Discussion

The number of praficted 5055 i significantly higher in
prolaryotic genomes existing in nature than in random
sequences of comparable GC content (Petrillo e al, 2006).
This implies that the ahdity of a variety of sequences to fld
into secondary structures is positively selected in prolano-
tic genomes and may have fin dional signifi cance. A fraction
of 5LSs is represented by REPs, sequences shown or
hypothesized to serve different functions. REPs are binding
sites for the integration host factor, 3 protein rajuired for
site-specific moombination and DMNA replication (Engel-
horn et al, 1995). BEPs are targets for the DNA gymme
(Espeli & Buoccard, 1997), and repests located between
anvergent genes may be a privilgged target for the enzyme,
in order to counteract the excess of positive supercoling
induced in the chromosome by DNA transcrption (Moulin
o al, 2005). As REMA elements, REPs may enhance the
stabdlity of 5 prosimal mRNA segments [Ehemici & Car-
jpousis, 2004). Finally, REPs induce innate immune system
stimulation via TLR9, and could play a key role in the
pathogenesis of Gram-negative septic shock [Magmesson
et al, 2007).

Tishees & Rames | 2005 ) established that, for a palindromis
wmwbeunn"]ﬂ'ﬂ]a R.EP. ﬂﬂfiﬂwrgcﬁ'btﬁ:
shassld be met: () be extragenic, (b) range in size from 21 to
65bp and (c) constitute = 0.5% of the total intergenic
space. SMAGSs meet all these criteda, and wnstitute the
largest set of REPs described so far. SMAGs correspond to
the repests identified by Mumvar o al (2010). SMAGs can be
sorted into five distinet subfamilies, and come in different
genomic formats. Single units make wp only U5 of the
SMAG Bamily. The remaining elements are organized as
dimers or are growuped in tandem amays of variable lengths.
Alogether, SMAGs and intermingled DNA ocaipy 13% of
the overall intergenic space, and make wp L4&% of the total
dhmamisame

SMAG families residing in the emvironmental R551-3and
SKAL4 & maltoplalia strains are comparshle in size to the
repeat family bund in K272 Yet, the sies of some
subfamilies vary, and K27% & enrched in SMAG-3. Most
SM A3 are organtred as HH dimers that feature conserved
spacers, and may thus represent a relativel y young sequence
Eimily vadant. Changes in the abundance and chromoesomal
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RT-PCH RHAs: protaectica Primar extension
a b a b 1 2 3 4 5 &
S0
4078 .--
434— .
o P a3 1337
i Fig. & Cleavage of SMAG FNA. () Tamsopts
comepondngto OFF £479{ down) and ORF24TE
RT- RT+ 104— fupl acarmulated inK 278 aells were datecied as
= -— inFig. & (b Antisrse FNA pobe A and B
." ames 1 and &) were Fybrdized 1o 30 g of
234 B Stenatrophomon e matnphils €279 fanes 2
13— : and 5) or yeast (Janes 3 and &) BNA_T1
- - Eb— EMAge- remtart ENA hybrids wese: electo phar
155— esed on a6 % polaoyiamide-8 i uea gel
I—l—l i) A prrnes oo emplern antasy 1o OFF £279 was
Probe A ProbeE Fybridized 10 10y of EZP9aEMA. Armealed
primer moieteswens exdended by evems
RNA protoctad L tmreriphse. and dongated producs were
~————————— HHA probe B elactrophonesed on a 6% polyacndamide-8 b

4————————— ENA probe A

wreagel. Major resction producks am masked

e e V) Vv by o b el o e
(e e 17U s ] e B e S ot
abe N cosisdtmph oresed DA moieou br size madoes

Elongatad DNA product A

distribution may make SMAG-3 sequences suitable for use
in acarate genotyping and epidemiological studies

Also, the ~ 500 REPs identifiad in the E ol MG1655 strain
have been sorted into subfamilies. Similar to SMAGs, single
REP:rqnennmﬂfMu&'iufmi}pﬂuuim-dunam
beu" 311:1131&] I VAT KsES unf‘umturn. all denotal as
bacteral al mosxic el [E.LME:&\'M:M
B:r_}zl]zru:d'_ 1999). BIME-1 and BIME-2
SMAG TTand HH dimers. However, HHdnn.e::mimmll}
times more abundant than TT dimers. In ontrast, BIME-1
(74 repeats) are three times muore sbundant than BIME-2 (24
repeats). Morsover, both BIME- 1 and BIME-2 are invarishly
comprised of elements from & ferent subBimilies | Bachdlier
et al, 199% see also hitpe/fwww pasteur frf rechencheunies/
potglrepetiindes hml). The prefominance of TT over HH
dimers, and the composite nature of dimers, & abo a
distinctive feature of the sbundant REP Gmiies found in
Peeudomonas putids | Aranda-Olmedo ef al, 2002) and B
syrimgae (Feil o al, 2005).

It has been hypothesized that REPs are mobilized by a
transposase of the 5200715605 family, and the correspond.-
:rggﬂm}nﬂbeenﬂummmhﬂmhdhrkﬂ:mmm
species (Numvar o al, 2000). Four genes ing this
transposase were identifiad in K27% DNA [ORFs 1101,
1152, 2816 and 4509), but only ORFs 1101 and 2816 are

Jcusivi | coom plkahonn o B0 o v ! B, Meticrondd g | S s
Pkl s by B sl Pristlic Py Ll s i e ool sl (oo vl v

SMAG sequences ane shown as n Fig. 5. Rled
cirdesindicate GTAG rmini

flanked by SMACGE. We believe that REFs are an ancient
component of the genomes of Proteobacteria, which have
been actively mobilized by transposition only early in their
history. According to this view, REPs dissppearal in time
from maost :?ﬂ:ie;. their dissemination b&g ﬁmﬂi’}p‘
detrimental to the cell, and have been maintined only in
species in which they could no longer tanspose. This
hypothess i supported by the observation that SMAG
sequences were found in none of the 41 species-specific
GEls, plausibly acquired by lateral gene transker, which
acmunt fr > 10% of the KX7% chmomosome (Rocoo
et al, 209). REPs are similardy restricted to core genome
r\eﬁthW[Tdﬂ&F‘:mja,ml[nmw
what was olwerved for REPs in other species (Tobes &
Pareja, 2006), SMAGs are not targeted by mobile DA
Huowever, it is worth noting that 3 K37% GEI encoding type
1 pili (Rosco et al, 2009) is flanked by SMAG-2 dimers.
About 17 of the ORFs of the K27% stain are flanked by
SMAGs in a distance range that makes the presence of
or terminator sequences unlikdy. It is pliusible

that mast of these elements are ransaibed into mRNA, and
that their folding inte RMA hairpins may influence the level
of expresion of flanking genes The number of genes
ially antrolled at the post-transcrptionsl level by
SMAGs may be higher than estimated, because many repeats
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ESfenoirophomonas madinphia REFs

are inserted either upstream (17 elements) or downstream
(150 elements) or within (4 elements) known or putative
OpPErons.

We analymd genes transcribed in the sme direction
intermingled with SMAG sequences, and Bund that the
repeats influence the segmental mBENA stability Both
mmmddimﬁnlcﬁmzﬁﬂimtﬁmn
bwun'ip‘l:. and work with omnp:n:‘ﬂ: d?u:i:nq' when
embedded in the sme RMA contest [F'g. 5). RHA expres-
sion data are in line with the results of in slico analyses,
indicating that some of the genes separated by HH dimers in
Km“im:@dﬁﬂimw!{ﬁ.wmﬁ
dimens of the same or different SMAG subfamilies in R551-3
DMA. This varied scenario shows that recsmbination may
extensively reshape SMAG-positive quucm without sub-
stantially :ba:ina'l‘}be:q,ullhn‘r mle of SMAGE. The dis-
tance between OFFs and SMAGE increased 10=15bp in
some B551-3 regions. This suggests that SMAGs may func-
Hon a2 ENA elements over a relatively flexble distance
interval Some SMACGs may Svor the degradation of up-
stream transcripts. This may comelate to the deavage of
large SL% formed by alternative folding of SMAG dimers
[F[g.ﬁ]_f]ﬂmm&kmﬁ}nh-ph:ﬁmrmdh
]ﬂﬂ—]?ﬂbpmpﬂhﬁnnﬂinﬁfm’.‘nr[&ﬁ'w’indn],
Zﬂtﬂ]mﬂl’lm::fnz[DcGﬂqniodan].deimzrh
cleaved by RMAse IIL Whether the hypothesized strctunes
may be formed, whether they are cut by specific endoribo-
nusclesses or are resistant to cleavage is likely determined by
the overall mRMA contest in which SMAG dimers are
embedded. Thomugh analyses may eventually establish
how SMAG sequences regulste the level of expression of
diﬁswn:mn&'&mﬂnnﬁn:ﬁnam

The dimensions and the complexity of the SMAG family
mﬂg&:ﬁkﬁﬁhmidﬂ]mﬁmﬁmwgﬁnhﬂmhdaemr
the wmiverse of small palindromic sequences, and clarify the
rodes that they may play in the lifestyle of the srganisms in
which they reside.
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Genome Sequences of Three Acinetobacter baumannii Strains Assigned
to the Multilocus Sequence Typing Genotypes ST2, ST25, and ST78"
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Aringtobacter bamwmannii is an emerging opportunistic Gram-negative pathogen responsible for hospital-

infections. A. banmaani

described in Enrope and worldwide were camsed by a limited

number of genotypic clasters of multidmg-resistant strains. Here, we report the availability of draft genome
sequences for three muoltidrog-resistant A. bommamenii strains assigned to multiloos sequence typing penotypes
BT1, 5T15, and ST78 that were more frequently isolated during ontbreaks ocourred in Greece, Italy, Lebanom,

and Turkey.

Acinerobacier bawmmnii is an emerging opportunistc patho-
gen, causing a variery of nosocomial infections (13). Cutbreaks.
of A. bawmmeni were caused by few genoaypic clusiers of
strains thar were initially named Enropean clones 1, 11, and 11T
and are now regarded as imernational (7, 10, 13) and referred
w oas §T1, $T2, and 5T3, respectively, according 1w muliilocus.
sequence ryping (7). Epidemiological snudies showed the prey-
alence of the imernational chone 11 ineage during the las: few
years (7, B, 10, 13), as well a5 the occurrence of epidemics
caused by mulidrug-resisiant serains belonging w novel geno-
ypes ST25 and STTE in several Mediterranean hospicals (8, 9).

The whole-genome sequences of st 5T1 (1, 2, 15) and in-
dividual 5T2, 5T3, and 5T77 A. baum@eii srains were avail-
abde w dace (2, 11, 14, 15). Here, we announce the availabiliy
of three drafi genome sequences for carbapenem-resisiam A.
bavrmmmii 5T2 serain 3000, ST7E serain 3009, and ST25 strain
4100, isolared during cross-ransmission episodes thar occurred
at the Monaldi Hospial, Naples, Ialy, during 2006, 2007, and
HNF, respectively (B, 0).

The genomes were sequenced vo at least 10-fold coverage
using 454 FLX Tianiom emPCR pyrosequencing (Roche) ac-
cording o the manufacerer’s recommendations. Draft ge-
nomes were assembled psing Newbler and auromaically anno-
wated using the xBASE2 bacierial genome annotation servioe
(4). The drafi genome sequences of the 5T2, ST25, and 5T78
surains, respectively. consimed of 96, 396, and 236 conugs,
comprised 4,015,011 bases, 4032291 bases, and 3,954 832
bases, and generared 3,806, 3.910, and 3,721 prowin coding
sequences by amomaed annowion against the A, bowmannii
ARDST genome. Comparaive analysis of the §T2, §T25, and
STT8 genomes with the ACICU, ABDOST. ABAYE, and
ATCC1IT78 genomes using Mauve software (6) idemified

* Correspanding author. Mailing address: Dipartiimento di Sciesre
Mediche Preventive, Usiversith di Napoli Federioo [ Via Passini 5,
BﬂIJ.I Mapoli, Ialy. Phome: 390817863026, Fax: 30-081-T463352

E-mail: rafrarmifonis it
¥ Published abead of print on 11 March 2011.

1,068 homologous proaein coding sequences an the same rela-
tive positions in the seven genomes. Simy-three DINA sep-
menis, ranging in size from 3 wo 126 kb, were present only in
some of the seven genomes and were either missing or re-
placed by nonhomobygous DINA sequences in others. Consis-
e with their close genetvic relatedness, both the ST2 3000 and
the ACICU swrain carried a 15.4-kb region containing antimi-
crobial resimance genes insened in the ATPase gene locus. Ax
the corresponding chromosomal location, a 127-kb region
Aanked by wansposases b devoid of ressiance genes was
identified in the STT8 but no in the ST25 surain.

Complere plasmid sequences for the T2, 5T25, and 5TT8
strains were obwained by comparing the DMA sequences of
contigs with those determined by a primer-walking rechnigue
on purified plasmid preparations. Genome annowations wene
manually verified and correcied using the Arnemis viewer (3).
The ST2 3000 sirain conm@mined mwo plasmids. pl-ABST2
(63,320 bp) carrying a complew ta locus and p2-ABST2
(21,846 bp) carrying one copy of the carbapenem-hydrobyzing
oxacillinase (CHIML) bla_ . . gene, homologows 1o plasmids
pACICUZ and pACICU1, respectively (11). The ST25 strain
contained owo distinct plasmids, p1-ABST2S (15,267 bp) and
p2-ABSTZS (8970 bp), thar both carried one copy of the
CHDL bla_, , - gene and were homologous w plasmids car-
rying the gene (3, 12). The single plasmid pl-
ABSTTE (26,411 bp) idemified in the 5TT8 mrain contained
one copy of the bla,, , ., gene and was homologous o plas-
mids p2-ABST2 and pACICUT (11).

Mucleotide sequence accession numbers. The drafi genome
sequences of strains Y090, 4190, and 39070 have been deposited
at GenBank under accession nombers AECQYDOD00000,
AEPADDO0000, and ABECZINNANNNN, respectivety.

This wark was supparied im part by grants from Agesarin lislnss del
Farmaco, laly (AIFAZNT contraclt mo. FARMTXOFEK) and from
Ministero dell’ stnesane, dellUniversith ¢ dells Ricerm, Ialy (FRIN
08 1o KAL)

We thask people at the Birmingham Science City-funded 434 se-
guencing facility for genome sequencing.
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Genome organization of epidemic Acinetobacter

baumannii strains
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Abstract
Badeground: Acinetobacter baumannil = an oppaortunistic pathogen responsible for hospitalaoquired infections. A
baumannil epidemics desaibed world-wide were caussd by few genotypic clusters of strainz The ooourrence of
epidemics caussd by multi-drug resistant stmins a=igned to novel genotypes have been eported over the last
few years.
Results: In the pesent study, we comparsd whaole genome sequences of three A baumannil strains assigned to
genofypes 5T2, 5T25 and 5T78, representative of the most fequent genofypes responsible for epidemics in several
Mediteranean hospitals, and four complete genome sequences of A. baumannil strains assigned to genotypes 5T1,
5T2 and 5777 Comparatie gename arahsis showed edtensive symteny and identified 3068 coding regiors which
are carsered, at the ame chromasomal postion, in all A beumannil genomes. Genome alignments also
identified &3 DA megions, ranging in 52 from 4 o 126 kb, all defined as genomic islands, which were present in
some genames, but were efther mising or eplaced by nor-homalogous DNA sequences in others. Some Elands
are involved in resistance to dugs and meatals, athers camy genes encoding suface proteins or enzymes invohed
in specific metabolic pathways, and others comespond to prophage-like elements. Accessory DMA regiors encode
12 to 19% of the potential gene products of the analyzed stmins. The analysis of a collection of epidemic A
baumannil strains showed that some idands were restricted to specific genotypes.
Condusion: The definition of the genome components of A baumannil provides a scafiold to rapidly evaluate the
genomic organization of novel dinical A baumannil isolates. Thanges in island profiling will be wseful in genomic

epidemiology of A beumannil population

Bacdkground

The genus Acinatobacter comprises 26 species with valid
names and nine genomic species with provigonal desig-
nations that were defined by DNA-DNA hybridization
Acinetobacter bawmannli, A. pittd and A noocomialis
are the three species more frequenty associated with
human diseases [1-3]. A baumannil is the species that
is more frequently isolated in hospitalized patients, espe-
cially in intensive-care-unit (ICU) wards. The capability
to survive in dry conditions and resistance to disinfec-
tants and antimicrobial agents contdbute to the selec-
ton of A b ninii in the hospital setting [1,2].
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Epidemics caused by multidrug-resistant (MDR)
straing of 4. baumannil were mported in several hospi-
tals worldwide and shown to be caused by A bruwtann i
strains regstant to all dasses of antimicrobials induding
carbapenems, exhibiting vadable resistance to dfampicin
and tigecycline, but still susceptible to colistin [24].
Dutbreaks were caused by clusters of highly similar A,
bawnannii strains that were assigned by several genoty-
pic methods to three main intermational clonal lineages
initially named European dones I, IT and 11T [1,2,4-6]
and now are referred to as intemational dones I, 1T and
IIL regpectively [78]. The predominance of intemational
clone 1 lineage world-wide and the occurmence of hospi-
tal outhreaks caused by MDR strains belonging to novel
genotypes not related to the three main clonal com-
plexes have been reported during the last few years
[48-10].
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We have recently reported [11] the draft genome
sequences of three A. baumannii straing, 3900, 4190
and 3900, respectively assigned to 5T (sequence types)
2, 25 and 78, which are representative of the most fre-
quent genotypes responsible for epidemics occurred in
Mediterranean hospitals [9]. Here we compare the gen-
omes of the 3000, 4190 and 399 strains and the gen-
omes of four wholly sequenced MDR A. baumannii
straing, two assigned to 5T1, one each to 5T2 and 5T77.
Data helped to define core and auxiliary genome com-
ponents of the A, baunmannil genonmes.

Results

Features of the genome of 5T2 3990, 5T25 4190 and ST78
3909 strains

The draft genome sequences of the ST2 399, 5T25
4190 and ST78 3909 strains, isolated during cross-trans-
mission episodes occurred at the Monaldi Hospital,
Naples, Italy between 2006 and 2000, comprised
4,015,011 bases, 4,032,291 bases and 3,954,832 bases,
and generated 3,806, 3,910 and 3,721 protein coding
sequences by automated annotation A. baiwa n-
nii ABDOST genome, respectively [11]. The 5T25 4190
strain contained two plasmids, pl-ABST25 and p2-
ABST25, that both carry one copy of the carbapenem-
hydrolyring oxascllinase (CHDL) bl oy o2 2 gene which
encodes a protein identical but for a gngle amino-acid
substitution to the product of the bligygy oy gene. The
5T2 399 strain contained also two plasmids, p1-ABST2
carrying a complete fra locus, and p2-ABST2 carrying
one copy of the CHDL Blagx ass gene. pl-ABST2 and
Pp2-ABST2 were homologous to phsmids pACICUZ and
pACICU1L identified in the T2 ACICU strain [12],
respectively. While pl-ABST2 and pACICUR are al most
identical, p2-ABST2 shares only two thind of the coding
sequences with pACICUL The plasmid pl-ABST7S
identified in the STT8 3% strain shares approximately
B0% of the coding sequences, induding the blagy, ss
gene, with plsmid pACICU (Additional fles 1 and 2).
The different plasmids were dassified using the PCR-
typing procedure recently described [13]. A comserved
scaffold that includes four/five direct perfect repeats
that can be defined as “iterons™, and the gene encoding
the replicase repAcl belonging to the Rep-3 superfam-
ily and assigned to the GR2 homology group, was found
in plasmids pACICUL, p2ABST2, p2ABST2S and
pLABSTTE. The repAciX replicase (Rep-3 superfamily,
GR10 homolegy group) is encoded by plasmids
PACICUL and p2ABSTZ, the Aci6 replicase (GR&
homalogy group) by pACICU2 and plABST? plasmids.
A protein identical to the replicase encoded by plasmid
PMMA2L carrylng the Bacxa-ae gene [14], is encoded by
PLlABST25. While sharing common sequences, all plas-
mids exhibited a mosaic genetic structure that might
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have been generated by multiple recombimation events.
The hypothetical gene products encoded by the plas-
mids found in the A. baumannil strains 3990, 3909 and
4190 are lsted in Additional fle 2

The A banmanmil chromo some

Making use of the Mauve software [15], the proteins
putatively encoded by the draft genomes of the A bau-
mrarnil straing 3900 3909 and 4190 [11] were compared
to the ORFs encoded by the wholly sequenced genomes
of the A bawsannii ABMST and AYE strains assigned
to ST1, ACICU strain assigned to 5T2, ATCCI17978
strain assigned 1o ST77 [12,16-18].

A baumannii genomes exhibit extensive synteny.
Sequence comparisons revealed that 3068 coding
regions are comnserved, at the same chromosomal posi-
tion, in the compared A. baumannii genomes. A file
induding all conserved gene products is available upon
request Genes encoding proteins shown or hypothe-
sized to be important for pathogenicity are conserved in
the analyzed strains at the same relative chromosomal
position (Table 1). The set includes OmpA, the outer
membrane protein which has role in biofilm formation
[19] and induces, when secreted, death of epithelial and
dendritic cells [20], the DD-endopeptidase, which con-
tributes to the resigance of 4. banntannil to bactericidal
activity presumably by remodelling the cell surface [21],
phospholipase D, an enzyme crudal for proliferation in
human serum [22], proteins involved in the formation
of capsule [23], type [ pili [24], and iron metabolism
[25]. According to the published annotation, OmpA,
DD-endopeptidase, phospholipase D, and many other
deduced gene products are smaller in ATCC 17978
compared to their orthologs. Size differences do not
denote alleic varkton, but are determined by the cri-
teria adopted to select the initating methionine in
ATOC17978 ORFs.

Multidrug resistance is a key feature of A baunnannii
and several genes have a role in establishing a MDR
phenotype. Genes encoding eflux pumps and resistance
proteins shown or hypothesized [26] to be involved in
the process are conserved in all strains. In contrast,
genes encoding drug-inactivating and drug-resistant
enzymes reside in accessory DNA regions which are
present only in some straing {Table 2. Among these,
are worth of mention the extended spectrum beta-lacta-
mase VEB-1 gene, found in the AYE genome, the
blagyy s dass D beta-lactamase gene, found in the
ACICU and 3990 genomes, both assigned to 5T2 geno-
type, the CHDL genes blaqocs o found in the ABOOST
genome, blagy, s found in the plasmids of 3000,
ACICU and 3909 strains, and blaoxa-72 found in the
plasmids of 4190 strain, respectively. Promoter
sequences within flanking insertion sequences likely
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Table 1 Gene products involved in pathogenicdty in Abaumannd genomes
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influence the expression of many of these resistance
genes. Interestingly, the majority of the genomes har-
bowr mutations in gerd andlor parC genes.

Shared synieny lets to represent the A. bawmannii
chromosomes a8 ~4 Mb long DNA segments homolo-
gous to each other throughout their lengths (Figure 1).
DMNA tracts, ranging in size from 4 to 126 kb, are pre-
sent in one or more straing, but missng or replaced by
alternative DNA segments in others (see vertical bars in
Figure 1). Some of these regions correspond to DNA
sequences earlier suspected to be mobile because found
in A Baumsannii but not in A, bayly DMNA or vice versa
[17.27]. Specific 15-36 kb reglons are missing in all
straing but ABOOST (see tdangles in Figure 1), and may
therefore plausbly correspond to strain-specific dele-
tions. Many of the accessory genomic DNA segments
exhibit characteristic features of genomic islands, such

as the presence of insertion sequences at one end, a GC
content different from the bulk chromossme, imerton
within tRNA or non-coding RNA genes, target site
duplications {TSDs) at the ends formed upon genome
integration [28,29]. For sake of simplicity, all the acces-
sory DNA regions have been called GEnomic Islands
(GEIs). GEls found at the 63 vadable lod identified in
the A, baumannii genomes, and some of their proper-
ties, are diagrammatically reported in Figure 2. TSDs
flanking GEls am reported in Additional file 3, and GEI
gene products are listed in Additional fle 4. In text and
figures individual GEls are refemed by the locus number
and the strain acronym used in Figure 2. Core and
accessory chromoesomal DNAs are fully comserved in
ACICU and 3990 strains. Because of this, only the
ACICU GEls are shown in Figure 2. In draft genomes
some GEIs reside in different contigs. The colinearity of
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Table 2 Antimicrobial resistance gene products encoded by A bammannd genomes
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the contigs and the GEI DNA content of the corre-
sponding chromoesomal regions were assessed by
sequencing PCR products bridging contigs ends.

A cloge look at A. bawmannil chromosomes further
identified about one hundred DNA regions encoding 1-
2 ORFs smaller than 4 kb conserved in one or more
strains, but missing, or replaced by non homaologous
DMA of comparable length, in others. The potential
gene products encoded by these smaller accessory
regions, that we called wikrs (for micro-heterogeneity
regions), are reported in Additonal fle 5.

Categories of genomic islands

Some idands are strain-specific; others are completely or
partially conserved in more than one strain. Non homo-
logous islnds ame inserted at the same locus in different
strains, and some lod are extremely heterogeneous, fea-
turing up to 4-5 alternative islands. Some islands are
composite, and changes in their organization among
strains are correlated to changes in the number and
amociton of specific DNA segment. Thus, for example,
G547y can be viewed as made by ABC segments. Seg-
ments AB are missing in G54, segments AC in both
Gy, and Gy, and segment C is replaced by a
shorter DNA segment in G54, (see Additional file 4
for a direct G54 islands comparison). On the basis of
the putative gene products GEIs can be broadly sorted

into a few categodes. Properties and overall organization
of relevant GEls are below discussed.

Resistance islands

Many of the accessory drug resistance determimants of
Table 2 found in ABOOST and AYE are encoded by
genes located within Glwy, Glis and G5un, which cor-
respond to the resistance regions previcusly described as
AbaR 1, AbaR3, and AbaR4 [16.30], respectively. Glaey
and Gdapn are both inserted in the comM gene, and
result from the association of the 16 kb Tn6019 trans-
poson with multiple antibiotic resistance regions
(MARR), which are delimited by Trg018 elements [30].
Tne0d19 features genes involved in tmnsposition (fnid,
tniB), an arsenate resistance operon, a universal stress
protein gene (uspA), and a sulphate permease gene
(sup). MARR are inserted within wspA and vary in
length and compesition [30]. The Gd .. island of the
ACICL genome corresponds to the AbaR2 megion [30],
which carries few resistance genes and lacks Tn6019
sequences (Figure 3A). Gdsryy is similarly inserted in
the conM gene, and festures genes homologous to tvid
and il (38-30% identity of the gene products), but
lacks resistance genes and encodes a set of hypothetical
proteins (Figure 3A). G4 is missing in stmin 4190, How-
ever, resistance genes are scattered in different GEls of
this strain (Figure 3B). The aadAl (streptomycin 37-
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adenylytransferase) gene, lanked by satR (gtreptothrcin
acetyliransferase) and dhfr (dihydrofolate reductase)
genes are found in G635y Genes imvolved in resistance
to mercury (merBCAD duster) are located in G17grq
and a 45 kb DNA segment containing feoAB (ferrous
iron tansport opemn), ez (ricomponent proton/cation
antiporter efflux system) and ars (arsenite transgporters)
genes are found in GBsras next to the cus (copper resis-
tance) genes conserved in all GB (Figure 3B). The
Gél,s reglon also containg cus, feo and exe genes
imvolved in heavy metal resistance. These genes differ in
sequence and overall arangement from Gésris homo-
logs. This supports the noton that the set of accessory
genes had been independently acquired by the strains
4190 and ATCCITITR

Additional resistance genes found in GELs indude an
aminoglycoside phosphotransferase gene (Gdlgrae
Gl ) a dilydroptercate synthase gene (GY, ), and an
ABC-type multidreg trangport system, conserved in all
the G32 islands.

GEE encoding surface components and transport systems
GEI-1 and GEI-60 host genes imvolved in cell envelope
Heterogeneity among A baunannil strains at the level
of O-antigen biosynthetic genes was already noticed
(16), and is correlated to the presence of alternative gly-
cosylases. The G4 island, present in all strains but
ACICU, 3990 and 4190, is a four gene operon imvolved
in the assembly of fimbrise (type I pili) by the chaper-
one/usher pathway [31]. G, corresponds to the sur-
face adhedon protein mgion annotated a8 CuslR in the
AYE genome [18]. G19ras and G19s7rs are related
islands which both carry an operon encoding three
hypothetical lipoproteins. OF these, one exhibits homol-
ogy to CsgG, the key factor in the secretion of curli, the
proteinaceous component having a role in host cell
adhesion and bioflm bmaton in many Enterobacteria-
caqe [32]. Purified Csgl forms ring-shaped complexes
amalogous to those formed by outer membrane channe-
forming proteins [32]. The CapG-like protein, in associs-
tion with the two co-expressed lipoproteins, may influ-
ence the permeability of the outer membrane of A.
Bt iumnarn i

Filamentous haemagglutinin (FHA) is a major viru-
lence factor in Bordetella pertussis [33]. fal and fhaC
genes, mapectively encoding the haemagglutinin and the
transporter protein, have been identified in many patho-
gens [34]. fraBC gene dusters are found at the same
loci in straings 4190 and 3009 (ishinds G26erw, Glosrm.
Gd9zras and Gi9gro), and straing ACICU and 3990
(islands G38,,. and G3Byr,). The transporter proteins
are highly conserved in the four clusters, whereas FHAs
vary in length (1834 to 4812 amine acids), mostly
because of changes in the number and organization of
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body sequence repeats [33]. A 3216 amino acids long
calcium binding hemaolysin protein, unrelated to FHAS,
is encoded by G185

Cyclopropane fatty acids (CFA) are phosphaolipids
found in the bacterial membranes in the bte exponen-
tial and early stationary phases of cell growth [35],
which derive from the corresponding unsaturated fatty
add (UFA) phospholipids. The synthesis of CFA i cata-
lyzed by the enzyme CFA synthase, the substitution of a
saturated by an unsaturated fatty acid by the enzyme
delta-9 acyl-lipid desaturase. CFA synthase and delta-9
acyl-lipid desaturase are both encoded by G47,,,, and
G by

G33sras is a large island which encodes Bur different
transport and translocation systems: ) Tat (twin-argi-
nime trndocation) proteinsg, involved in the transloca-
tion of folded proteins to the cell envelope or the

extracellular space i) 2 TonB/ExbBD complex i) a Opp
(oligopeptide transport proteins) complex iv) a sulfur
utilization system, made by a FMMNH2-dependent sulib-
natase and three ABC-type transporters, which resemble
the products of the E cali ss gene cluster [36]. Two
unlinked copies of the sulforatase gene are also present
Genes involved in the capture and intracellular tramsport
of iron are found in different slands G57,,_ carrles a
gene duster immlved in the synthesis of the high-affinity
siderophore enterobactin. Heme oxygenase is an alterna-
tive to siderophores to capture iron from the environ-
ment [37]. G14, an islnd which is comserved in 4190,
ACICU and ABOOST, carries an operon encoding a
heme cxygenase, an outer membrane and a TonB famiy
protein. The presence of a flanking £clR gene duster
suggests that heme internalization may be regulated by
the Fec tramsduction system [38]. The fhaBCD genes,
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which catalyze the intermalization of iron IT hyd reoca-
mate compounds, are located on G36, an ishnd con-
serve in all strains but ABO0ST and AYE

Metabaolic islands

Many GEls carry genes encoding proteins involved in
specific metabolic pathways. G23s7as carries a mph
(multi component phenol hydroxylase) gene complex,
involved in the conversion of phenol to cathecol, Banked
by a sigma54-dependent activator gene. It has been
shown that the expression of mph gene complex
described in Acinetobacter sp. PHAE-2 is dependent on
the alterrative sigma factor RpolN [39]. G37sTs camies
nag genes, involved in the metabolism of naphthalene.
In Ralstonia [40], nag genes are arranged in two sepa-
rate dusters, imvolved in the conversion of maphthalene
to gentisate (nagd GHEFOQED genes), and gentisate to
pyruvate and fumarate (naglKL genes), respectively. In
G37gras nagliL genes and nagGH, encoding the salicy-
late 5-hydroxylase, are linked, and Ranked by berzoate
transport genes.

G357y carries genes imvolved in the catabolism of
3HPP (3-hydroxyphenylpropionic acid) and PP (phenyl-
propionic acid). In E. coll, the dicxygenase complex
(hea EFCD genes), and the dihydrodiol dehydrogenase
(heaB gene) axidize PP (phenylpropionic acid) and CI
(dnmamic acid) to DHPP (23-dilydroxyphenylpropio-
nate) and DHCI (23-dihydroxycinnamic acd), respec-
tively. These substrates are subsequenty converted to
citric acid cyde intermediates by the mip genes pro-
ducts [41]. The hea and mhp genes, separated in E coli,
are linked and interspersed with additional genes (see
Additional file 4) in Gd3ztas. G2lsras potentially
encodes 4 proteins (tartrate dehydmtase subunits alpha
and beta, a MFS tmmsporter and a tmnscrptional regu-
lator) possibly invelved in the metabolism of tartrate.
Proteins exhibiting homology to the dienelactone bydoo-
lase, an enzyme which plays a crucial mle in the degra-
dation of chlom-aromatic compounds, are encoded by
the islands G30gyy, G4y, and G4y, Gdbgras is
made by an operon induding the salicylate 1-monoomy-
genase (sald), a berzoate transporter (benK) and the
sal A regulstor (salf) genes. A salicylate 1-monooxygen-
ase s albo encoded by G551y The genes fabA, @bB,
fabG, EGBF, acpP, pdB, acsd, involved in the biosynthesis
of fatty acds [35] are conserved in all A. baumannii
straing, at separate loci. Orthologues of all these genes
am dustered in Go, and Go,p.

Phage islands

Many vadsble genomic regions are relatively large (19 to
82 kb) DNA Blocks which potentially encode typical
phage products. These regions have all been clasified a
cryptic prophages {CP; see Figure 2). Three to six CPs
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were identified in each strain Six of the different 14
CPs identified are present in two or mope straing, the
remaining B are strain-specific. CPs characteristically
carries at one end an integrase gene, and many are shar-
ply defined by fManking TSDs induced upon insertion.
CPs are poorly related to each other, and even CPs of
the same type differ in sze and coding ability. Ten of 14
CPs were assigned to four groups on the basis of
sequence homologies (Additional file 6). CPs found at
the same locus encode identical or highly homologous
(> 80% identity) integmses CP1 encode different inte-
grases, which are homologous to CP5- or CP9-encoded
enzymes. This explaing why CP1 and CP5 in ABMOST
and ATOC17978 (G2 and G20y, respectively), and
CP1 in 3909 and ACICU (G424 and G42,,. ), and
CP9in ATOC 17978 (G42,.), ame inserted at the same
locus. CP3 are integrated at different sites of the
ABOOST genome (G52, and G59,, ), but the target in
both is an arg-tRNA gene.

Remnants of prophage sequences are found in G33,,,
and G33,,, These islands share the G33,._ backbone,
but contain also large DNA segments, reiterated in a
head-to-tail configuration, in which genes encoding
phage and hypothetical proteins are variously inter-
leaved. G33,, and G33,.  hypothetical gene products
exhibit poor homology to all CPs gene products, and
therefore were not induded among CPs.

Phages may acquire ORFs named morons [42] by lat-
eral gene transfer. The PapS reductase (3'-phosphoade-
nogine 5'-phosphosulfate sulf otransferase) encoded by
CP13 (G56uc), the toxin-antitoxin (TA) system encoded
by CP1 (G424 and Gd2srrs), the proofreading 3-5
exonudease epsilon subunit of the DNA polymerase 111
in the above mentioned CPs, the wwmuDC gene products,
which are the components of the error-prone DNA
polymerase V, again in CP1 (G224n and Gié2grrs) and
CP5 (G22a.) can all be considered momns. Not surpris-
ingly, these enzymes are frequently associated with
mobile genome elements [43]. Unlinked wnmuD and
unC genes are conserved in all A bawwannil strains,
and an winDC cluster resides on the &4 Kb pACICU2
plasmid

Go, 5 also containg an wraDC cluster, This 126 kb
reglon, found only in the ATOC 17978 strin, is a com-
posite genomic island, carrying at one end a dilydrop-
tercate synthase gene, at the other a DNA mismatch
repair enzyme. G9,, carries a complete set of type IV
secretion system (T455) genes, arranged in the same
order in which T455 homologs are found on the 153 Kb
plasmid of Yersinia psendotuberculosis IP31758 stmin
[44]. Because umuDC genes are carried by this plasmid,
one may hypothesize that raises Glus had been
imported from Yemsinia. In addition, a G%a gene clus-
ter, including an integrase, a DNA helicase and a TrbL/
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VirB6 conjugal transfer protein i highly homologous to
a gene cluster from Enterobacter cloacae.

Additional islands

Gigryg carries a ore genes duster. In E, coll the cre locus
includes a response regulator (creB) a sensor kinase
(ere() and an inner membmne protein (creD). The cor-
responding two-component regulatory system CreB-
CreC controls the expression of a variety of genes,
among which the creD regulator. Overexpression of
CreBC causes modification of the envelope, inducing
the colicin E2 tolerance phenotype [45].

G51sTas and G5 les carry the ricA and ratZ genes,
encoding the RNA 3'-terminal phosphate cyclase and
the RNAseZ, respectively. The cydase catalyzes the
ATP-dependent conversion of the 3'-phosphate to the
2, ¥ cydic phosphodiester at the end of vadouws RNA
substrates [46]; RNAseZ is responsible for the matura-
tion of the 3"-end of a large family of transfer RNAs
[47]. In E. coli the ¥'-terminal phosphate cydase ricA
gene forms an operon with the upstream ricE gene.
Expression of medl & regulated by ricR, a gene posi-
tioned upstream of ricAB, but transeribed in the oppo-
site direction, encoding a sigmaS4-dependent regulator
[46]. recBA and rtcR genes are conserved in both
GS5lgrys and G51,, ilands separated by rtZ Interest-
ingly, only rrtZ i present at the coresponding chromo-
somal position in #mins lacking G51.

In type I restriction systems the three subunits 5, M
and B, which may variably associate to form a modifica-
tion methylase or a restricion endonuclease, are
encoded by fsd (host specificity of DMNA) genes. Alter-
native ksl genes reside in G13sras and Gl3srrs. The
former are clustered in one operon, whereas fsdSM and
FesdR genes in G13s7rs are at distance, as frequently
found in other species.

Homologs of a cytosine DNA methyliansferase and a
restiction endonudease, which may constitute a type II
restriction modification system, are encoded by genes
residing in G3sry.

The G55 islands found in straing 4190, ABOST and
AYE are dosely related, and all indude a CRISPR (Clus-
tered Regularly Interspaced Short Palindromic Repeats)
blodk, fanked by a cas (CRISPR-associated) gene custer.
CRISPRs are repeated DMNA sequence blocks found in
the genomes of approximately 0% of bacteria, often
next to a duster of cas genes. The CRISPR/Cas system
provides a form of acquired immunity against exogen-
ous DNA, foreign DNA sequences being At integrated
at the CRISPR locus and eventually degraded by Cas
proteins [48]. Horizontal trander of CRISPRs and asso-
ciated genes among prokaryotes is documented [49.

Gram-negative bacteria contain a variety of genes
encoding proteing endched in dipeptide motifs (valine-
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glycine repeats) hence called Vgr. Islands encoding Vge-
like proteins are found inserted at eight genome vadable
loci {led 2, 7, 15, 17, 19, 25, 27 of Figure 2). Vgr pro-
teins are associated with ligand-binding proteins at the
bactedal surface [50], and are involved in biofilm froma-
tion and swarming and swimming motility in Burkol-
deria [51]. Intriguingly, Vgr proteins, along with Hep
(bemolysin co-regulated) proteins, are components of
the type VI (T6S55) secretion apparatus, a transport sys-
tem extensively conserved among Gram-negative bac-
teria [52]. Secreted Vgr proteins assemble a cell-
puncturing device amlogous to phage tail spikes to deli-
ver effector proteins, and are ako able to covalently
cross-link host cell actin contributing to TeSS patho-
genicity [53]. A TeSS gene clugter is conserved in all the
amalyzed A bawmannii strains.

A. baumannil GEIs in other species of the Acinetobacter
genus

Acinetobacter baylyl is a non-pathogenic nutritionally
versatile soil bactedum. The chromosome of the A, bay-
Iyi strain ADP1 carries metabolic genes involved in the
utilization of a large variety of compounds. Most of
these genes are clustered in five major catabolic idands,
grouped in the so called archipelago of catabolic diver-
sity [27]. The organization of the A. bayli and A bau-
mannii chromosomes is different, and most catabolic
iglands of A. bayly are conserved in all A, baumannid
straing, although ungrouped, at separate loci (Figure 4).
Interestingly, some archipelago genes were found in
Geras and Glosms, two accessory DNA megions sped-
fic of the A. baumannii strain 41%). Prompted by this
finding, we checked whether twenty GEIs, including
G33gras and Gdbgras, were present in A bayly (Gen-
Bank: NC_0{05%966), in the complete genome of the die-
sel-degrading Acinetobacter sp. strain DR1 (GenBank:
NC_01425%) [54] and in the nine draft genomes of the
Acinetobacter genus deposited at Genbank. GEIs encod-
ing filamentous haemagglutin and vgr-proteins, a8 those
corregponding to cryptic prophages were not seanched
because of their heterogeneity. The results of the survey
are summarized in Table 3. Seven ilands (GELs 14, 20,
21, 23, 19, 44, 51) are conserved in one or more gen-
omes, lanked at one or both sides by the same genes
found in A, bawsannii, but their dimensions vary, as
consequence of gainloss of DNA sgments. As expected
for mobile DNA, some slands were missing, and only
flanking genes could be identified (genomic empty
sites). Segments of Gl3graq and Gd357ag are spread
among non-baumannil Acinetobacter genomes, thus
suggesting that both GEls might result from multiple
recombination events. Recombination likely contrbuted
to the formation of the large DR1 island encompassing
genes found in G37sris and G37ape, Wo non-
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homologous GElIs encoding enzymes imvolved in
naphthalene degradation and a RTX-type toxin, Cur-
jously, the two A. bauwmannil islinds are separated in
the DR1 island by 10 kb DNA homelogous to fraBC
genes found in G348,

A high number of GEIs is conserved in the genome of
the Acinetobacter sp. strain DR1. Interestingly, dot plot
analyses showed that gene order is more similar
between A. bawsannil ABMGET d@rmin and Acimefobacter
gp. strain DR1 than between the same A bawsanmnil
strain and A. baylyi (Figure 5). According to rpoB
sequence amlyds, DR-1 stmin belongs to the A calooa-
catiens-A. baumannil complex, and iz closely related
(99.7% identity) to gen sp. "Between 1 and 3 [3].

Genomic regions in A boumannd strains of different

geno type

The distribution of 18 genomic islands in the A, bau-
mannil population was monitored by PCR analyses.
Coding DNA regions of 600-1500 bp, representative of
each GEL were amplified from the DMA of 23 A, bau-
mannil straing msodated with 21 epidemics that
occurmred in 14 hogpitals of the Mediterranean area from
1999 to 2009, including the sequenced 399 and 4190
strains wied a8 control. MNearly all the strains were repre-
sentative of crods-transmission episodes, and were Bo-
lated with identical PFGE types from more than two
patients of the same or different institutions [9]. Strains
belong to eight different 5Ts and 10/23 strains are ST
PCR data are summarized in Table 4. Taking into
account that negative data may denote partial island
deletion or polymorphism in sequences targeted by the
primers, the conservation of idands seems to vary signif-
icantly among the amalyzed straing. G43 and G51 had
been found in most strains but not in the two strains

assigned to ST78 and some strains asdgned to ST2 In
contrast, G18 is missing in all except one ST25 stmin
(4190), and G57 & found only in 3 grains of different
5Ts. GAT seems to be a marker of 5T1 strains, being
found in all 5 straing assigned to 5T1, as well in two
straing assigned to ST20, which is a single locus variant
of §T1. Similarly, G& and G11 seem to be markers of
5T2 strains, being Dund in all 10 $T2 strains. Interest-
ingly, the three islands are also present in the single
5T3 strain analyzed. G37 is also found in all 5T2 strains
and also in strains assigned to S5T3, 5T15 and STR4.
G32 & found in all but ot 5T1 and ST20 strains. All
the eleven islands found in the genome of the 4190
strain are conserved in the other two ST25 stmins ana-
lyzed, with the exception of G& and G63, both missing
in the 3890 strain. OF the eleven islands, two (G23 and
Gaa) are found only in the 3 §T25 strains, sie (G3, G8,
Gad, 43, G21, G51) are also present in strains asigned
to other 5Ts. Mo correlation was found between the pat-
tern of island distribution and PFGE profile among
straims.

Discussion
Diata reported are in line with the results of previous
analyses [16], indicating that the genomes of A bau-
mannii strains isolated from geographically different
regions are closely related and share the same overall
omganization. Shared synteny made possible to align the
seven A bausannii genomes throughowt, and obtain a
robust cheomess mal scafinld by which easily distinguish
core and accessory genome components in each strain
The 5T2 strains ACICU and 3990 exhibit 99.9%
sequence identity, and share the same core and variable
genome components. Mapped differences are restricted
to size changes of ~40 intergenic regions, which vary in
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the two straing because they contain a different mumber
of short sequence repeats. A major difference can be
ascribed to a > 36 kb CP3-like element, found in the
3900 strain only, the chromosomal location of which
has not yet been determined Two CP3-like prophages
specific of straing 3009 and 4190 have not yet been
mapped 2 well. The ACICL and 3990 gtminsg are how-
ever phenotypically distinguishable, since the his-leu
replacement at residue 535 of the beta subunit of the
RMA polymerase made the 399 strain not susceptible
to rifampicin (MIC > 500 mg/L). Sequence comparisons
revealed that 3068 coding regions are conserved, at the
same chromosomal position, in all A baumansii gen-
omes. Accessory coding reglons, induding both GEI-
and mhr-encoded ORFs, varies from 433 (3909 strain)
to 707 (ABODST strain). In estimating the number of
conserved coding regions, it was taken into account that
many correspond to a single ORF in one genome, but
to two or even three adjacent ORFs in others, and vice
versa. Likely most “double ORFs” are artifactual, since
mutations are known to be introdeced by PCR amplifi-
cation of DNA samples prior to sequencing. Accessory
DMA regions correspond to 12% of the 3009 genome,
19% of the ABS7 genome, and to 14-16% of all other
genomes amalysed Although closure of dmfi genomes
and addition of whaole genome sequences of other
strains may lead to the definition of a few additional
GEls, data dearly indicate that A, baumannii strains
exhibit less variation than E. coli strains, which may
share only 60-T0% of their coding capacity [55].

Many A, bawsnannii GEls have a role in drug resis-
tance, bicsynthesis of surface components, iron

metabolism, and this may confer advantage in the
course of an infection, since successful pathogens
encode multiple adhesing, are equipped to sequester
iron from the environment and can escape thempy. Less
clear is the advantage conferred to A bawnannii by
other islands. The functional role of the RMA 3-term-
inal phosphate cyclase, an enzyme conserved among
Bacteda, Archaea and Eucarya, encoded by G51lzras and
G5lac, is debated. The same holds for vgr-like proteins,
encoded by several GELs, though it is worth noting that
six of the ten genomic islands identified in the patho-
genic P. geruginosa PAD] strain [56] encode vgr-like
proteins. Some GEIs carry genes involved in lipid meta-
bolism. G47,,.,, and G47,,, carry genes controlling the
formation of CFA and UFA phospholipids. Cyelopropa-
nation plays a role in the pathogenesis of Mycobacter-
i tube realosis, a specific CFA synthase being required
to modify the alpha mycolates on the cell envelope, and
pathogenic E eoli strains have higher CFA contents and
are more resistant to acid shock than non-pathogenic
straing [57]. G, and G6,.. carry homologues of genes
imvolved in fatty acid metabolism (Fab genes) conserved
at multiple loci in &l A, bausannil strains. Additiomal
Fab genes may confer metabolic advantage, and is worth
noting that Fab and other GEI-6 genes reside in O1-47,
2 genomic island conserved in all O157:H7 E. coli
straing [58]. Fimally, Many GELs, most of which unique
to the 4190 strain, carry genes and for operons control-
ling specific metabolic pathways, such & naphthalene
and phenyl-propionic scdd degradation.

Several GEls correspond to eryptic prophages. OFf
these, a few may have conserved the abiity to replicate
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as phages upon appropriate stimull and CP3, CP¥ and
CP14 encode lysozyme However, none exhibited
homology to bacteriophages so far identified in A bau-
mannii [59,60]. Few CPs are decorated by morons,
accessory genes unnecessary for the virug which may be
helpful for the host bacteria when the prophage is inte-
grated in its genome. Advantage conferred by morons is
debated. PapS reductase functions in the assimilatory
sulphate reduction pathway, and could srve a5 a fitnes
factor under conditions of iron limitation [61], weeaDC
gene could convey a mutator phenotype on the host
[62]. As previously noted [16], the high variahility exhib-
ited by prophage sequences suggests recent insertion/
and or mpid loss, and a large pool of phage genomes.
Genotypic chamctedzation of A. baumtannii isclates
during outbreaks occurred in different geographical
locations showed the prevalence of dusters of highly
simdar strains [4,10]. Data presented suggest that strains
amigned to distinet genotypes according to MLST amaly-
sis may harbour specific GELs. However, varisb ity exists
in the distribution of other genomic regions between A.

bawnannii strains assigned to the same genotypes, thus
suggesting that hodzontal gene transfer and recombina-
tion may oocur between straing of different genotypes.

The identification of sequences homologous to several
GEls suggests that the genomes of non-baumannif Aci-
netobacter spp. may function as reservoirs of accessory
A. banmannii DNA. Bacteria of the genus Acinetobacter,
including A bawwanni isclates, are maturally com petent
[63] and have likely exchanged DNA in evolution. A few
GEls are perfectly conserved in different Acinetobacter
species, but many vary in size and content, and have
been plausibly remodelled both by recombination and
insertional events. Comparative analyses also demon-
strated a marked difference in the genome organization
of the non-bausta prii Acinatobacter sp. baylyi and DR1
relatively to A Baumanni.

Differences among A. baumannii genomes are also
correlated to large strain-specific deletions, which are
interestingly asociated to selective loss of function. The
3909 strain lacks puck and fen genes which emable the
growth on cis, cis-mucomate and tricarballylate as sole
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carbon sources [64,65]. The 4190 strain lacks fau genes,
needed to wilize taurine a5 a sulphur source in sulphate
starvation conditions [36], the AYE and ACICU strains
lack genes enabling growth on d-glucarate as sole car-
baon source [66], the ATCCI7978 lacks genes involved
in the metabolism of anthranilate, molybdate transport,
biosynthesis of the pyrrologuinoline quinone cofactor,
chaperone-usher pathway, growth on dicarboodic acids
as the only carbon source [67]. All these large deleted
regions can alternatively be viewed as GEIs conserved in
the population but missing in one or a few isolates.
Sequencing of additonal A. baumannii isclates will set
the issue.

Conclusions
The definition of the genome components of A bau-
marnil provides a scaffold to rapidly evaluste the geno-
mic arganization of novel dinical A baumannil isolates.
conserved from accessory components in
A. baurannii chromosomes is a functional framework
useful for further investigations on the biclogy and the
genetic oganization of this species. Changes in island
profiling will be wseful in genomic epidemiclogy of A.
bawmannii population. Data provided in this work will
facilitate comparisons of A baustannil olates, and help
to define the features of A baumannii a5 speces & to
pin down its pathogenic traits

Methods

A. baumanni strains

Comparative genome amlysis were performed on whole
genome sequences of A banman il straing ABMET [Gen-
Bank:NC _011586] [16], ACICU [GenBank:NC_010611]
[12], ATCC17978 [GenBank-NC_009085] [17] and AYE
[GenBank-NC_010410] [18] and draft genome sequences
of A. baumannii strains ST2 39 [GenBank:
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baumannii straing used in PCR analyses of GEls have
been previously described [10].

Genome analyses

Gene products putatively encoded by the 5T25 4190,
ST78 390% and 5T2 3990 strains were identified using
xBASEY, comparing the dmft genome sequences to the
genome of the A, baumannii strain ABOO5T used as
reference template [11]. The corresponding amino acid
sequences are listed in Additional fle 7. Predicted ORFs
were subsequently compared to the gene products of
the wholly sequenced A. bawmannii ABMST, ACICU,
ATCC and ABAYE ftmins using MAUVE [15]. Homolo-
gles under looked by MAUVE were detected by BLAST
and tBLASTn analyses. Gene products encoded by
aligned coding regions exhibited at least 50% identity.
rpoB gene sequence amalysis for genomic species identi-
fication was performed as previously described [3].

PCR analyses
The conservation of spedfic GEIs in a set of A, bau-
manrni straing was assessed by PCR amplification. PCR
reactions were carried out by incubating 20 ng of geno-
mic DNA with 160 ng of each primer in the presence of
dXTPs (200 manomoles), 1.5 mM magnesium chloride
and the Tag DNA polymerase Recombinant (Invitro-
gen). The sequences of the oligomers wsed as primers,
the experimental conditions, the length of the ampli-
meers, the coding regions amplified are all listed in Addi-
tional fle 8. PCR products were eectrophoresed on 1.5-
2% agarose geks in 0.5=TBE buffer (45 mM Tris pH 8,
45 mM Bomte, 0.5 mM EDTA) at 120 V (constant vol-
tage). The 100 bp ladder (Promega) was used a5 molecu-
lar weight mader.

The co-lnearity of contigs and the DNA content of
the corresponding chromesomal regions were assessed

AEOQYO00], ST25 4190 [GenBank-AEPA ]
and STTE 3909 [GenBank:AECQZOMMM00] strains [11].
The GenBank-CPM)521 file, which contains 436 hypothe-
tical proteins putatively encoded by ATCC17978 early
annotated as AS1, but not included in the GenBank:
NC_ 0085 file, was alko wsed for comparisons. The gen-
ome sequences of non-baumannii Acinetobacter species
A. baylyi ADP1 [GenBank:-NC_011586], Acinetobacter sp.
DR1 [GenBank:NC _014259], A calcoace ticus RUTHZ202
[GenBankACPKO0M0000], A hasnalyticns ATOC191%4
[GenBank-ADM TONMRMM0], A. folnsonii SHMG [Gen-
Bank: ACPLOODODOOO], A. jumii SH205 [GenBank:
ACPMOOOOO000], A, Iwoffii S5H145 [GenBank:
ACPNOOOOOON], A. radioresistens SKE2 [GenBank:
ACVROODOMMN], Acinatobacter gp. ATCCIT244 [Gen-
Bank: ABY M L An ialis RUH2624 [Gen-
Bank: ACQFMOM00] and A pittii SHO24 [GenBank:
ADCHOOMMMMM0] were aleo wsed for comparison The A,

by seq ing PCR products bridging contig ends.

Additional material

AddiSonal fle 1= Stuoums of plaomids kdentifled in ST2 3990,
SIS 4190 and ST78 3909 strains. the figue shows T doular raps
of plemids pLARRTZ, pIARRTZ, I ABSTZS, pIABSTS and pl AESTTE with
relevane fenwres OFF: and dieclon of S rareoiption o repne-endad
byamow-iaped bowes Fasmid does and rames of vadows fmwes ae
reporeed.

Addiional fle - Coding apacky of plasmids casried by stmins
3905 1990 and 4190 T mbie e OF: of plemics pl ASSTS,
FIAEETZ, pMAERTIS, pRARSTIS and pl AESTTE. Foaiton, rasmber of
aminG acids and putadve funciion ane repomed for each OFF.

Additonal ke 3= Target e duplications. sequences duplcied a S
ek of (F& upon genome Integra s are Iged In e @bie. B
cranges i left and Aght TE0s are mared according o U8 codes.
Fesidues mising In one TED ane In parersess. Fnown Qe genes ane
Indicred.

i

b 42 GEs ooy and ORFs contant & 63 shees
of ta EXCEL flle comespond o #e 63 genomic lod camying (BB showm
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-
In Fgune I The OFF numbed, e aming add landgeh and &
Fiymoedzad fundtion ame given Ineach et For deft genomes, S
oomemondineg condgs ane Indicred Tdendcal or cloeely relaned OFF s
presery i diferers GEs ae posfaned In e same ow and labeled by
e e colour o facliraee view: OFF dencwed as & wene idervfied by
ELASTh aralyses. Grey and cange harm denote deady boed OFF:
el oo g essed. Homoingous coding megions an: boed wihen a
dnge OFF In one smain comesponds I0 S0 oF mone condguous OFFs In
o

Adcitonal fls 52 Mo -hewrogeneity ragions. coding regions
et beoar I S comipaned A beremaoner garcrrees, dercasd In e
TS e (mic o e nganee iy ragione, and el Fypos el
furnction, ane lsed In e table Aol ragions pReenT B S ST
ok ane marked by difierert colowr damoes. mhs conmining wo of
e CFF: ane bopaed.

Additional fils & Cryplic prophages. ssucnes of oy prophages
ceraed in A basmonnl Qencmes. Fropinage Ty ane boed 1o
highiight sheir nedanediness as neswlsing from BALNVE allgremens. Difmens
P and CFZ ane dhown o lussote e degree of geretic varidion of A
toemani propage: families.
Adcitonadl fls 7: Gene producs putaBively snoodad by sirain
4190, 3909 and 3990 OFF; of smains 4190, 3909 and 3950 and Te
comesponding coneg rasmiber ane shown,
Additional file 5= Genom i reghons, ampiified genes, plmers,
amplicon sires and cpding condifons used In POR sursys (none;
e suficiendy desaibes dam)
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