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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 o 126 kb. GEIs found in A. baumannii and S. maltophilia GEIs are, 

except for some resistance islands, unrelated.  
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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 years, 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 

http://en.wikipedia.org/wiki/Haemophilus_influenzae
http://en.wikipedia.org/wiki/Haemophilus_influenzae
http://en.wikipedia.org/wiki/The_Institute_for_Genomic_Research
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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.  

 

 

 

 

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. 
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Mobile genetic entities, known as genomic (GEIs) or pathogenic (PAIs) islands 

are typical dispensable genome components acquired via HGT. The size and 

coding capacity of GEIs or PAIs may eventually be remodeled by a variety of 

mutations and rearrangements (Fig. 2). Most GEIs 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 (GEIs), 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. 
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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, II and III, respectively (Diancourt et al., 2010). The 

predominance of international clone II 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). 

 

 

 



 12 

1.5. A. baumannnii genomes 

 

The draft genome sequences of three A. baumannii strains, 3990, 4190 

and 3909, 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). 
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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 GEIs. 
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MATERIALS AND METHODS 

 

 

3.1. In silico 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) 

(Iacono 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:AEOY00000000), 

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 xBASE2, 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 Gesù Hospital (Rome, Italy) and from the University Federico II 

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 

MgCl2, and the Taq 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 GEIs. 
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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                      (ICU) 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 

OBGTC13 

bronchial aspirate (CF) 

bronchial aspirate (CF) 

BGH, Rome 

BGH, Rome 

Di Bonaventura et al. 2007 

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 

K279a emocolture            (C) 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 

LMG11108 

LMG10851 

LMG10853 

LMG10873 

LMG10874 

LMG10889 

LMG10991 

Cichorium intybus,  

Triticum, roots 

human, blood culture 

sputum 

Case of conjunctivitis 

Human, blood culture 

 

leg, pus 

France 

France 

Belgium 

Belgium 

 

 

  

Belgium 

Hauben et al. 1999 

Hauben et al. 1999 

Hauben et al. 1999 

Hauben et al. 1999 

Hauben et al. 1999 

Hauben et al. 1999 

Hauben et al. 1999 

Hauben et al. 1999 

 

Table 1: CF, cystic fibrosis; ICU, intensive care unit; H, haematology; C, 

cancer; UHF, University Federico II hospital; BGH, Bambino Gesù 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 
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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 GEIs 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 GEIs 

constitute 12.1% and 6.6% of the genome and encode 597 and 249 orfs, 

respectively. GEIs often have a GC content different from bulk chromosomal 

value (Dobrindt et al., 2004). The GC content of many GEIs is lower than the 

average 66.7% value of S. maltophilia DNA. Values range between 63 and 

66% in 16 K-GEIs and 15 R-GEIs and are lower than 63% in 16 K-GEIs and 7 

R-GEIs. 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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Fig 5: K279a and R551-3 GEIs. 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 GEIs 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 

GEIs in a few cases only. Consequently, the length of most GEIs 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 GEIs 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 GEIs are integrated within 

tRNA or tm-RNA sequences, which are a preferential GEI target (Mantri and 

Williams, 2004). The termini of the 5 GEIs 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 GEIs 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 GEIs 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). 

 



 23 

 

Fig. 6: GEIs target sites. Sequences at the boundaries of specific GEIs 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 GEIs 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 GEIs 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, K01 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. 

(ii)  T1SS (type I secretion system). Type I 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. 

(iii)  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 

T4SS 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 GEIs 

(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 GEIs, 

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 

R04. 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 GEIs potential gene products 

Gene

s 

  Chromosome 

orfs 
GEI orfs 

K279a R551-3 K279a R551-3 
     

czc 
2697-2699 2169-2171 K01 (0036-0038), 

K25 (2457-2461) 
- 

4606-4608 3956-3958 
     

cop 
3691b2-3692 3105-3106 

K25 (2440-2449) - 
2691-2692 2163-2164 

     

cus 2693-2694 2165-2166 K25 (2433-2434) - 

     

ars 2421-2425 1977-1981 K03 (0176-0179) - 

     

mer - - K24 (2409-2412) - 

     

T1SS 
0706-0709 0561-0564 

K12 (0732-0736) - 
1508-1512 1267-1271 

     

T4SS 2997-3008 2439-2451 K15 (1283-1293) - 

     

fha - - 
K16 (1389-1390) 

K37 (4452-4453) 
R02a (0112-0113) 

     

LPS - - 
K11a (0618-0631) 

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 GEIs potential gene products. 
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4.4. S. maltophilia GEIs and prophages 

 

Five GEIs (K02, K07, K19, K20, and R23) encode mostly phage-

related products. Homology searches enabled to correlate 2 of these islands to 

known prophages. 

K07. 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). K07 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 GEIs, spanning together a 109-kb 

chromosome segment, and plausibly correspond to the region defined as 

„phage I cluster‟ by Crossman et al. (2008). Both GEIs 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 GEIs. 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 GEIs. 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 GEIs because of their small size. The 

origin of these orfs is unclear. Some are found at positions marked in the other 

strain by GEIs, 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. GEIs 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. 

GEIs 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. 

 

 

Fig. 8: Distribution of GEIs 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 (Iacono 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 I 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). GEIs 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 GEIs 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 GEIs are shown in Fig. 10. In draft genomes 

some GEIs 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.  

 

 

 

 

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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Fig. 10: Variable regions in A. baumannii genomes. A chart of the genomic 

islands (GEIs) 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 GEIs 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   

  
 AB0057 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 I 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 

periplasmic binding protein 
2814 1092 2418 2582 3815 2386 3375 

ferric acinetobactin transport system ATP-

binding protein 
2815 1091 2417 2583 3816 2387 3374 

ferric acinetobactin transport system 

permease 
2816 1090 2416 2584 3817 2388 3373 

ferric acinetobactin transport system 

permease 
2817 1089 2415 2585 3818 2389 3372 

hemin utilization        

biopolymer transport protein ExbD/TolR 1827 2051 351 1629 227 1063 1994 

biopolymer transport protein ExbD/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 
230, 

231 
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 

transport system permease component 
1835 2042 361 1637 

237, 

238 
1611 1984 

ABC-type dipeptide/oligopeptide/nickel 

transport system permease component 
1836 2041 362 1638 239 1612 1983 

glutathione import ATP-binding protein 

GsiA 
1837 2040 363 1639 3719 1613 1982 

 
  

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, GEIs can be broadly sorted into a 

few categories. Properties and overall organization of relevant GEIs 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 G4abc 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 GEIs of this strain (Fig. 11B). The aadA1 (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 GEIs include an aminoglycoside 

phosphotransferase gene (G41ST25, G41abc), a dihydropteroate synthase gene 

(G9acb), and an ABC-type multidrug transport system, conserved in all the 

G32 islands. 
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Fig. 11: Resistance gene islands. A) Diagrammatic representation of G4 

islands. The structure of the resistance islands and gene symbols are as in 

reference 30. Grey boxes represent MARR. Deleted DNA in G4abc is marked 

by a dotted line. B) Resistance genes in other GEIs. 
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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 I pili) by the chaperone/usher pathway (Nuccio et Bäumler, 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 G18acb. 



 40 

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 AB0057, 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 III 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 GEIs 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 (nagIKL genes), respectively. In G37ST25 

nagIKL 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 (Díaz 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, pslB, 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 AB0057 and 

ATCC17978 (G22abn and G22acb, respectively), and CP1 in 3909 and 

ACICU (G42ST78 and G42abc), and CP9 in ATCC 17978 (G42acb), 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 III 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 IP31758 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 G51acb 

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 II 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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