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Abstract of thesis presented to the Senate of Universiti Putra Malaysia in fulfilment 
of the requirement for the degree of Master of Science

IDENTIFICATION AND CHARACTERIZATION OF IRON ACQUISITION 
SYSTEMS IN Stenotrophomonas maltophilia

By

KALIDASAN VASODAVAN

April 2017

Chair: Associate Professor Vasantha Kumari Neela, PhD
Faculty: Medicine and Health Sciences

Iron plays an essential role in bacterial pathogenesis most importantly shaping host-
pathogen interactions. Host intracellular iron concentration not only serves as a signal 
for regulating the expression of iron acquisition systems in bacteria but also induce the 
secretion of a number of toxins and virulence factors in most pathogenic species. On 
the other hand, iron acquisition systems also act as candidates for prophylactics and 
therapeutics. A recently emerged environmental origin Gram-negative nosocomial 
pathogen Stenotrophomonas maltophilia, which is resistant to most antimicrobial 
agents pose major public health problems particularly among severely debilitated and 
immunocompromised individuals. Iron has shown to regulate biofilm formation, 
oxidative stress response and several pathogenic mechanisms in S. maltophilia. The 
present study is aimed at identifying various iron acquisition systems and iron source 
utilized during iron starvation in S. maltophilia.

The complete genome K279a, R551-3, D457 and JV3 were annotated through “Rapid 
Annotations using Subsystems Technology” (RAST) to identify putative iron 
acquisition systems. Polymerase chain reaction (PCR) assay was used to screen 
different targets involved in the iron acquisition systems. In order to investigate the
effect of iron depletion and iron repletion on various genotypic and phenotypic 
properties of S. maltophilia, the isolates were subjected to iron starvation by growing 
in brain heart infusion (BHI) broth supplemented with the iron chelator, 100 μM 2,2’-
dipyridyl (BHI-DIP) while for iron-repleted condition, BHI-DIP was supplemented 
with 100 μM FeCl3. The iron acquisition genes expression under different iron
conditions was investigated using NanoString Technologies. The production of 
siderophore in S. maltophilia was assessed by using “CAS agar diffusion (CASAD)” 
and FeCl3 test. The spectrophotometric colorimetric assays such as Atkin’s assay and 
Arnow’s assay were performed in order to detect the chemical nature of siderophore. 
Utilization of hemin, hemoglobin, transferrin and lactoferrin during iron depletion in 
S. maltophilia was measured by growth kinetics.
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The annotation of the complete genome K279a, R551-3, D457 and JV3 using RAST 
identified two putative subsystems involved in iron acquisition such as “Iron 
siderophore sensor & receptor system” and “Heme, hemin uptake and utilization 
systems/hemin transport system”. Further molecular screening of each target revealed
the clinical isolates contain complete putative targets in comparison with 
environmental isolates. The gene expression showed significant expression for FeSR, 
HmuT, Hup, ETFb, TonB and Fur under iron-depleted condition. S. maltophilia were 
found to produce catechol-type siderophores and utilized hemin, hemoglobin,
transferrin and lactoferrin as iron sources. 

In conclusion, the data in this research put together gives preliminary information on 
the iron acquisition systems and iron source utilized by S. maltophilia recommending 
further investigation in understanding their roles in pathogenesis, drug and vaccine 
development.  
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Abstrak tesis yang dikemukakan kepada Senat Universiti Putra Malaysia
sebagai memenuhi keperluan untuk ijazah Master Sains

PENGENALPASTIAN DAN PENCIRIAN SISTEM PEMEROLEHAN ZAT 
BESI DALAM Stenotrophomonas maltophilia

Oleh

KALIDASAN VASODAVAN

April 2017

Pengerusi: Profesor Madya Vasantha Kumari Neela, PhD
Fakulti: Perubatan dan Sains Kesihatan

Zat besi memainkan peranan penting dalam patogenesis bakteria terutamanya dalam 
membentuk interaksi perumah-patogen. Kepekatan zat besi intrasel perumah bukan 
sahaja berfungsi sebagai isyarat bagi pengawalaturan ekspresi sistem pemerolehan zat 
besi dalam bakteria, tetapi juga mendorong rembesan beberapa toksin dan faktor 
virulens dalam kebanyakan spesis patogenik. Di samping itu, sistem pemerolehan zat 
besi juga bertindak sebagai calon untuk profilaksis dan terapeutik. Kemunculan 
Stenotrophomonas maltophilia asalan alam sekitar Gram negatif patogen nosokomial, 
yang mempunyai kerintangan terhadap kebanyakan ejen antimikrob menimbulkan 
masalah kepada kesihatan awam khususnya dalam kalangan individu yang lemah dan 
terimunokompromi. Zat besi berfungsi dalam mengawalatur pembentukan biofilem, 
tindak balas tekanan oksidatif dan beberapa mekanisme patogenik dalam S. 
maltophilia. Kajian ini bertujuan untuk mengenal pasti pelbagai sistem pemerolehan 
dan sumber zat besi yang digunakan semasa kekurangan zat besi dalam S. maltophilia.

Genom lengkap K279a, R551-3, D457 dan JV3 telah dianotasi menggunakan “Rapid 
Annotation using Subsystems Technology (RAST)” untuk meramal sistem 
pemerolehan zat besi. Asai reaksi rantai polimerase (PCR) telah digunakan untuk 
menyaring sistem pemerolehan zat besi. Untuk menyiasat kesan kekurangan dan 
berlebihan zat besi pada pelbagai sifat genotip dan fenotip S. maltophilia, isolat 
tertakluk kepada kekurangan zat besi dengan membiak dalam kaldu penginfusan otak-
jantung (BHI) ditambah dengan pengkelat zat besi, sebanyak 100 μM 2,2'-dipyridyl 
(BHI-DIP), manakala bagi keadaan zat besi berlebihan, BHI-DIP telah ditambah 
dengan 100 μM FeCl3. Ekspresi gen pemerolehan zat besi dalam keadaan zat besi yang 
berbeza dikaji melalui “NanoString Technologies”. Penghasilan siderofor dalam S.
maltophilia dinilai dengan menggunakan "peresapan CAS agar (CASAD)" dan ujian 
FeCl3. Asai kolorimetri spektrofotometri seperti Atkin dan Arnow telah dijalankan 
untuk mengesan sifat kimia siderofor. Penggunaan hemin, hemoglobin, transferin dan 
laktoferin semasa susutan zat besi diukur melalui kinetik pertumbuhan
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Anotasi genom lengkap K279a, R551-3, D457 dan JV3 menggunakan RAST 
mengenal pasti dua subsistem yang berkemungkinan terlibat dalam sistem 
pemerolehan zat besi seperti “Iron siderophore sensor & receptor system” dan “Heme, 
hemin uptake and utilization systems/hemin transport system”. Saringan molekul bagi 
setiap sasaran menunjukkan, pencilan klinikal mengandungi kesemua sasaran ramalan 
berbanding dengan pencilan alam sekitar. Ekspresi gen menunjukkan ekspresi 
signifikan bagi FeSR, HmuT, Hup, ETFb, TonB dan Fur dalam keadaan kekurangan 
zat besi. S. maltophilia didapati menghasilkan siderofor jenis katekol dan 
menggunakan hemin, hemoglobin, transferin dan laktoferin sebagai sumber zat besi.

Kesimpulannya, kesemua data dalam kajian ini memberikan maklumat awal mengenai 
sistem pemerolehan dan sumber zat besi yang digunakan oleh S. maltophilia yang 
mencadangkan siasatan lanjutan dalam memahami peranan mereka dalam patogenesis,
perkembangan ubatan dan vaksin.
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CHAPTER 1

INTRODUCTION

Iron (Fe) is a precious element for most microorganisms and also required for host 
metabolism and other important functions (Cairo et al. 2006). For bacteria, 
approximately 10-16 to 10-17 molar of iron are required per cell to support their 
biological functions (Braun 2001; Schaible and Kaufmann 2004). Iron is essential in 
the preservation of cellular morphology, DNA and RNA biosynthesis, cellular growth
and proliferation, catalysis of tricarboxylic acid cycle (TCA), electron transport chain 
(ETC), oxidative phosphorylation, nitrogen fixation and many more. Various 
metabolic products such as porphyrins, toxins, vitamins, cytochromes, siderophores, 
aromatic compounds, etc. are produced when iron concentration varies. Peroxidase, 
catalases and superoxide dismutase that are capable of scavenging the harmful radicals 
also contain iron in order to maintain the cellular physiology (Messenger and Barclay 
1983).

In general, the mammalian hosts acquire iron exclusively from dietary intake, whereby 
approximately 1 to 2 mg of iron will be absorbed from the duodenum and bound to 
transferrin (Tf), the primary plasma iron carrier protein (Andrews and Schmidt 2007; 
Dunn et al. 2007). On an average, the human adult contains approximately 3 to 4 g of 
iron and the largest pool is held within circulating erythrocytes (1800 mg), followed 
by tissues predominately the liver (1000 mg), reticuloendothelial cells (200 to 1000 
mg), bone marrow (300 mg) and myoglobin (300 mg) (Hentze et al. 2004; Drygalski 
and Adamson 2013). However, in a higher cellular concentration, iron is potentially 
toxic when it reacts with oxygen, releasing the reactive oxygen species (ROS) via the 
Fenton and Haber-Weiss reaction. These free radicals are further capable of damaging 
membrane lipids, proteins and DNA of the cell (Wooldridge and Williams 1993; 
Krewulak and Vogel 2008).

To successfully sustain an infection in the human host, the bacteria require a
continuous supply of iron. As the vertebrate host sequesters the free iron to prevent 
cellular damage by ROS, iron is largely bound to high-affinity proteins (Marx 2002; 
Braun and Hantke 2011). Consequently, the availability of free iron is greatly reduced 
and the bacterial pathogens encounter a period of iron starvation upon invading their 
hosts. Thus, to avoid invasion of pathogenic microorganisms, the host restrict access 
to the iron in a process called “nutritional immunity”. Therefore, it is important for 
pathogens to sense the restriction and in return maintain a controlled balance of uptake 
and acquisition to ensure initiation of bacterial pathogenesis (Skaar 2010).

The emergence of Stenotrophomonas maltophilia as a paradigm of multiple-drug-
resistant organisms (MDROs), an opportunistic pathogen with an environmental origin 
has all underscored the need for an investigation. The pathogen exhibits intrinsic and 
acquired resistance to a broad spectrum of antimicrobial agents and reveals high 
virulence in order to establish infections. Thus, this situation puts a greater risk among 
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patients with prolonged hospitalization, intensive care unit (ICU) admission, 
malignancy, immunosuppressed and exposed mucus membrane. Another greater 
challenge faced by the physician, infectious disease specialist, infection control unit as 
well as a microbiologist is the development of new strategies for the prevention of 
infections. S. maltophilia is known to be affecting various systems in the human host 
and competing with the host for nutrients, especially iron for its replication and 
multiplication which needs an immediate investigation (Senol 2004; Looney et al. 
2009).

Despite its clinical relevance, very little is known (Huang and Lee Wong 2007) and 
only a few preliminary iron studies have been reported in S. maltophilia (Chhibber et 
al. 2008; Mokracka et al. 2011; García et al. 2012). Iron levels in S. maltophilia play
an important role in biofilm formation, oxidative stress response, outer membrane 
proteins (OMPs) expression, diffusible signal factor (DSF) and other virulence profile 
(García et al. 2015). Genetic factors that possibly contribute to putative iron acquisition 
and mechanism of uptake by S. maltophilia is still unknown (Adamek et al. 2014).

In an earlier study, the virulence of uropathogenic mutant Escherichia coli strain 
CFT073 was affected, when the species was unable to synthesize the outer membrane 
receptor proteins (OMRPs) when tested in the mouse kidney model, like the ability to 
uptake iron was inhibited (Torres et al. 2001). Similarly, inhibition of biosynthesis of 
the iron chelator, siderophore, was achieved through the action of a small molecule, 
5’-O-(N-salicylsulfamoyl) adenosine (salicyl-AMS) among Mycobacterium 
tuberculosis and Yersinia pestis (Ferreras et al. 2005). Likewise, S. maltophilia still 
finds ways to acquire iron, it is crucial to inhibit the pathogen’s ability to uptake iron 
by understanding the potential mechanism(s) used to obtain these precious metal so 
that similar approaches could be applied in targeting the iron uptake.

Moreover, it was reported that some OMRPs for siderophore transport could bind and 
transport antibiotics. As S. maltophilia has an increased resistance to many 
antimicrobial agents, this “dual functions” could provide benefits in catering concerns 
toward resistance issues. Through the “Trojan Horse” strategy (Möllmann et al. 2009),
the iron transport abilities of siderophores has also shown to carry drugs into cells by 
preparing conjugates called sideromycins between siderophores and antimicrobial 
agents (Braun et al. 2001; Braun and Braun 2002; Nagoba and Vedpathak 2011; Ali 
and Vidhale 2013). Deferoxamine (brand name: Desferal®), a siderophore produced 
by Streptomyces pilosus have been found to be useful in the treatment of acute iron 
intoxication and chronic iron overload diseases such as hemochromatosis, sickle cell 
disease and thalassemia major (Piga et al. 2006; Brittenham 2011). Studying iron 
transport can also have agricultural implications. In agriculture, siderophore can be 
used as a biocontrol, biosensor, bioremediation, chelation agents,  weathering soil 
minerals and enhancing plant growth (Ahmed and Holmström 2014).

Therefore, the current study is aimed to identify and characterize iron acquisition 
systems in S. maltophilia that could provide fundamental information for drug target, 
drug delivery, therapeutic, diagnostic and agriculture approaches.  
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1.1 Hypothesis

S. maltophilia utilizes iron as their source of nutrient and uptake through siderophore-
and heme-mediated iron acquisition systems. The findings will be a baseline for 
understanding S. maltophilia pathogenesis, iron acquisition systems and type of iron 
sources utilized to be used as a drug target, for drug delivery, treatment and as a
vaccine candidate.

1.2 Objectives

1.2.1 General objective

To identify and investigate putative iron acquisition systems and iron source utilized 
by S. maltophilia isolates.

1.2.2 Specific objectives

1. To identify and screen putative targets related to iron acquisition systems in S.
maltophilia.

2. To investigate the iron acquisition genes expression in S. maltophilia under iron-
depleted and iron-repleted conditions.

3. To detect the production of siderophores in S. maltophilia grown under iron-
depleted and iron-repleted conditions and their chemical nature. 

4. To determine the iron source(s) used by S. maltophilia during iron depletion.
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