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1 Abstract

INTRODUCTION
Selenium is a metalloid of considerable environmental importance and constitutes an essential 
component of all living systems including single cellular prokaryotes (at trace levels) for synthesis  
of essential aminoacid I.e. selenocysteine and selenomethionine. (Wade et al. 1993, Chan et al.  
1998).  This element exemplifies  Paracelsus statement:    It  s  the dose that makes the poison  . 
Indeed, selenium has a very narrow margin between nutritionally optimum and potentially toxic 
dietary exposures for  humans and animals (Wilber, 1980,  Fordyce, 2013).  The recommended 
daily allowance (RDA) is 0.055 mg/day, whereas the tolerable upper intake level is 0.4 mg/day 
(Goldhaber, 2003; Lenz et al., 2008; Fordyce 2005; Prakash et al., 2010).
Selenium  occurs  in  different  oxidation  states  as  reduced  form  (selenide,  Se2-),  least  mobile 
elemental selenium (Se0) and water soluble selenite (SeO32-)/selenate (SeO42-) oxyanions. In soils, 
the identity and amounts of the various oxidation state species depend strongly on the redox-
potential conditions and pH, with the lower oxidation states predominating in anaerobic conditions 
and acidic soils, while the higher oxidation states are favoured in alkaline and aerobic conditions.  
Selenium toxicity  has  been postulated  to  be  a  direct  function  of  aqueous solubility/biological 
availability which is significantly influenced by the chemical forms and oxidative state. In general, 
the  Se0 is  least  toxic  among  all  the  characterized  oxidative  forms  because  of  its  low water  
solubility and low bioavailability (Neal, 1995; Jacobs, 1989; Mayland, 1994; Wilber 1980). 
Although such transformations can occur abiotically (Myneni et al., 1997; Zhang et al., 2005),  
Selenium  is  principally  cycled  through  biological  pathways.  Selenite  reducing  bacteria  are 
ubiquitous and occur in diverse terrestrial and aquatic environments (Narasingarao et al., 2007). 
Apparently, microorganisms that can reduce selenite (SeO32-)/selenate (SeO42-) are not restricted 
to any particular group/subgroup of prokaryotes and examples are found throughout the bacterial  
and  archaeal  domains  (Watts  et  al.  2003).  These  include Pseudomonas spp, Bacillus ssp. 
Tahuera  selenatis,  Rhodospirillum  rubrum  Rhodobacter  capsulatus  Citerobacter  spp, 
Enterobacter spp Sulfurodpirillum barnesii and others (Oremland et al. 1994; Sabaty et al. 2001; 
Watts et al. 2005; Narasingarao et al.2007, Kuroda et al. 2011, Woese et al., 1984, Zhang et al.,  
2005, Mishra et al., 2011). Evidence has been collected for microbial selenite reduction in both  
anaerobic and aerobic conditions and different microorganisms have been well characterized for  
their ability to reduce toxic selenate and selenite oxyanions into non-toxic elemental form Se0 

under aerobic and anaerobic conditions (Hunter et al., 2007; Lortie et al. 1992, Oremland et al., 
1994; Sabaty et al., 2001; De Gregorio et al., 2005). Bacterial reduction involves several different  
process. However, there has been much debate regarding the mechanisms by which selenite is 
reduced to  selenium in  bacterial  cells.  There are two  primary routes  for  selenium reduction:  
assimilative and dissimilative pathways (Lovley, 1993; Garbisu et al., 1995; Tomei et al, 1995; 
Turner  et  al.  1998).  Assimilatory reduction is  the process whereby selenite and selenate are 
reduced  to  organic  selenium  for  the  construction  of  organic  matter,  whereas  dissimilatory 
reduction generally refers to reduction of compounds as terminal electron acceptors in energy 
metabolism.  A third  mechanism  has  been  proposed  which  is  referred  to  as    detoxification 
mechanism  .  Different microorganisms like  Bacillus subtilis (Garbisu et al., 1995),  Desulfovibrio 
desulfuricans (Tomei et al, 1995), Stenotrophomonas malptophilia (De Gregorio et al., 2005) are 
capable of transforming the toxic selenium forms (selenite or selenate) into less toxic elemental 
selenium (Se0)  as  a  means of  detoxifying  their  environment  (Lovley,  1993).  It  is  known that 
biogenic  elemental  selenium  generally  does  not  form  large  crystals  but  rather  spherical 
nanoparticles  (Lenz  et  al.,  2008;  Lenz  et  al.,  2009;  Oremland  et  al.,  2004).  The  microbial  
synthesis of Se0 nanospheres results in unique, complex compacted nanostructural arrangements 
of  Se  atoms.  These  arrangements  probably  reflect  a  diversity  of  enzymes  involved  in  the 
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reduction that are subtly different in different microbes (Oremland et al. 2004; Yadav et al. 2008; 
Debieux et al., 2011; Butler et al., 2012; Dhanjal et al., 2010; Lenz et al,. 2011) .Moreover, the  
biodiversity of the microorganisms harbouring this oxyanion-reducing capability attracts  attention 
because of the possibility to the elucidation of new pathways or specific  novel enzymes with 
unique activities and potential biotechnological applications (Lampis et al., 2009). Nevertheless, 
the  reduction  mechanism  generally  referred  to  as  the  “detoxification  mechanism”  is  poorly 
understood. 

AIM OF THE PROJECT
The  purpose  of  my  PhD  work  is  understand  the  aerobic  reduction  mechanisms  in  the 
biogeochemical  cycle  of  selenium  and  to  shed  new  light  on  the  biological  “detoxification 
mechanism”.  Previous  research in  the Professor  Vallini's  laboratory have led to  isolation and 
characterization of  Stenotrophomonas maltophilia  SeITE02 an aerobic, non-fermentative Gram-
negative  bacterium  widespread  in  the  environment  and  isolated  from  rhizospheric  soil  of  a 
selenium hyperaccumulator plant, the legume Astragalus bisulcatus (Di  Gregorio et al.,  2005). 
Stenotrophomonas maltophilia SeITE02 is actually capable of growing in the presence of elevated 
concentrations (up to 50 mM) of selenium oxyanion, meanwhile reducing to the nontoxic insoluble 
elemental Se (Antonioli et al., 2007) forming a red precipitate which is due to the accumulation of 
elemental  selenium  nanospheres  during  selenite  reduction  (Di  Gregorio  et  al.  2005).  The 
microorganism has shown the  ability  to  carry  out  the reduction  in  aerobic  conditions  without 
affecting the energy metabolic machinery: also for this reason the strain SeITE02 is a good tool  
useful to clarify the biochemical mechanisms responsible for such a peculiar reduction activity in 
the “detoxification mechanism” (Antonioli et al. 2007). 
In the first  phase of  this  project,  strain SelTE02 was compared with other four  environmental 
strains  of  Stenotrophomonas  spp. isolated  from contaminated  soils.  The  strains  analyzed,  in 
addition to SelTE02, were: 

! A16: isolated from soil collected from the Ex-SLOI area in Trento-Nord and was obtained 
by enrichment cultures added with organic lead.

! AW, B, T: isolated from soil collected from Scarlino industrial site and were obtained by 
enrichment cultures added with arsenite. 

The purpose of this analysis was to evaluate if strains collected from various sites, contaminated 
with arsenite or organic lead, showed similar characteristic in comparison with the reference strain 
SelTe02, isolated from environmental rich in selenite. The physiological characterization of these 
five  Stenotrophomonas  strains  involved  the  measurement  of  LD50 (Lethal  Dose  50),  selenite 
reduction efficiency and elemental selenium production.
Furthermore, in order to investigate more in detail the selenite reduction process, we focused our  
attention on strain SelTE02 by measuring selenite reduction and elemental selenium production 
when Na2SeO3 was added at different time of culture growth. 
In the second part of this project, the production of EPS was evaluated in the Stenotrophomonas 
strains of this study, in order to identify some possible interaction between the selenite oxyanion 
and the expolisaccharides, with the aim of contributing to the elucidation of factors involved in the  
selenite  reduction.  Indeed,  extracellular  polymeric  substances  (EPS)  are  metabolic  products 
accumulating on the bacterial cell surface (Morgan et al., 1990) which are believed to protect  
bacterial  cells  from  desiccation,  heavy  metals,  organic  compounds  or  other  environmental  
stresses. (Hunga et al., 2005; Davey et al., 2000; Sutherland, 2001; Kazy, 2002).
In the last part of the work, in order to go deeper in the heart of the selenite reaction, proteomic 
analysis of the cytoplasmic protein fraction of Stenotrophomonas maltophilia strain SelTE02 was 
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carried out, in order to investigate the enzyme(s) involved in selenite reduction.
Among the suggestions arising from the proteomic analysis, the most interesting concerns the 
identification of an enzyme involved in the mercury cycle. This finding has opened the way to new 
research that explores the possible interaction between mercury and mechanism for the reduction 
of selenite. 
Finally,  the  whole  genome  of  Stenotrophomonas  maltophilia SeITE02  was  performed  and 
analysed to detect  known enzymes correlated with selenite reduction and with the proteomic 
results.
METHODS
To develop the project different approaches were used.
!" With microbiological  and physiological  tools:  comparing  Stenotrophomonas maltophilia 

SeITE02 with other selenite reduction strains; 
" measuring selenite reduction and selenium production in different growth conditions

" investigating the possible role in the selenite reduction of microbial products such as 
EPSs

#" With  TEM  (Transmission  Electron  Microscopy)  to  see  the  selenium  nanoparticles 
formation  with  the  aim  to  improve  and  implement  the  understanding  of  the  catalytic 
mechanism at different time of the growth phase.

$" With proteomic and biochemical  methods to go deeper to the heart  of  the enzymatic 
mechanism in  order  to  recognize  the  proteins  expressed  and/or  activated  during  the 
selenite reaction. 

%" With genetical techniques: in order to support the biochemical results through the analysis 
of the DNA sequence.

RESULTS
Chapter 1

All strains used in this work were isolated in the laboratory of Professor Vallini.
The genetic characterization of all strains is not entirely finished; moreover, the strain SeITE02 is 
completely  sequenzed  and  the  analysis  of  the  sequence  is  still  in  progress  (Bertolini  et  al. 
submitted work). Anyway, the position of the strains in a phylogenetic tree, based on the V6-V8 
hypervariable region of 16S rDNA gene sequence, is in a cluster of Stenotrophomonas.
The strain SelTE02 was compared with other four environmental strains of  Stenotrophomonas 
spp. isolated from contaminated soils. 

Fig. 1: Bacterial growth of Stenotrophomonas sp. A16 strain in presence of 2mM selenite
All the strains analyzed were able to grow in presence of all the selenite concentrations assayed. 
The isolated bacteria were orange to red when supplemented with selenite, which was due to the 
accumulation of elemental selenium and was an indication that the oxyanion had been reduced 
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(Fig 1). The median lethal dose, LD50, for the five  Stenotrophomonas strains was measured in 
order to determine the bacterial  selenite resistance. A16 strain resulted as the most resistant 
bacterial strain to selenite, among those analyzed: the strain showed a selenite LD50 value of 
20mM. On the other hand, the strains that showed the lowest oxyanion tolerance were B and  
SelTE02, with a selenite LD50 of 8mM.
Selenite reduction efficiency of the five Stenotrophomonas strains was evaluated in a liquid rich 
medium at a 0,5mM concentration of Na2SeO3.
Data  obtained  indicate  that  SelTE02  was  the  most  efficient  bacterial  isolate,  among  those 
analyzed, in selenite reduction. This strain completely reduced the oxyanion within 54 hours. The 
strain A16 showed a similar reduction efficiency, compared to SelTE02, for the first 48 hours. 
Also the elemental  selenium was analyzed. The isolate that  produced the highest amount of 
elemental  selenium was  strain  SelTE02:  this  finding  fit  together  with  the  previous  result  on 
selenite reduction.
Interesting,  the  elemental  selenium production  by  this  isolate  did  not  start  within  6  hours  of  
inoculation, while selenite consume starts immediately and ,after six hours, only 87,78% of initial  
selenite has been detected. This gap between the selenite consume and the elemental selenium 
production was found in all the strains analyzed and the results are summarized in the following 
table (Tab 1):

&'()*+ ,-./0-)1'2(-#%-3 ,-./0-)1'2(-%4-3 ,-./0-)1'2(-5#-3

&26789# $$:5! ##:;% 4:!
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Tab. 1: Percent of gap between elemental selenium and selenite detected for every strains at 
different time

There are a number of characteristics that are common to each one of the five strains: 
-elemental selenium production rate is always lower than selenite consumption rate; 
-the maximum gap between elemental selenium production and selenite consumption is at 24 
hours (except for strain A16), during early stationary phase. 
- then, the gap decrease to reach a value that is always lower than 10% after 72 hours.
In order to better understand the selenite reduction process and to investigate in details the gap 
between selenite reduction and elemental selenium production, 0,5mM Na2SeO3 was added at 
different time of culture growth of strain SelTE02. This strain was selected because it was the 
most efficient isolate in terms of both elemental selenium production and selenite reduction. 
Selenite was amended at different growth phases:
Selenite consume and elemental selenium production were measured.
The results indicate that both selenite reduction and elemental  selenium production efficiency 
increase when 0,5 mM Na2SeO3 was added after the beginning of the microbial growth cycle. In 
particular, when Na2SeO3 was added after 6h from the beginning of culture growth (b), the isolate 
reduce completely the selenite in the medium after 30 hours of culture growth.  However, the 
highest selenite reduction efficiency were observed when Na2SeO3 was added after 24 and 48 
hours of culture growth: selenite amended was reduced within 6 hours from Na2SeO3 addition. 
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When selenite was added at the beginning of the experiment, the complete selenite reduction 
was observed only after 54 hours of culture growth. 
We can explain this behavior considering that there is an elevate number of bacterial cells already 
in the culture when we added selenite in the stationary phase, if compared with the beginning of 
the culture.  In addition,  also bacterial  growth phase seems to be a factor  that  influence both  
reactions rates. As a matter of fact, when bacterial cells were in stationary phase (addition after 24 
and 48 hours), the efficiency of the two reactions was higher if compared with bacterial cells in 
Lag phase (addition after  0 and 6 hours) and in exponential  phase (addition after 14 and 20  
hours).  The  different  rate  between  the  elemental  selenium  production  compared  to  the 
disappearance of selenite related to the number of microbial cells confirms the different catalysis 
rate of the cells depending on the growth phases. The cells show higher rate after 24 hours, in the 
stationary phase; the slower speedy is shown in the early exponential phase, after 6 hours and 
after 14 hours. 
The effect of selenite induction on oxyanion reduction efficiency, was evaluated for all strains of  
this work. Cultures of the five isolates, after preinduction with 0,2mM selenite, were set up in 
presence of 0,5mM Na2SeO3 
For each one of the five strains under analysis an increase of selenite reduction efficiency has 
been observed: in particular, this efficiency gain is pronounced after 24 hours of cell growth, when 
coltures enter  stationary phase.  Those results  indicate  the potential  activation of  an adaptive 
response  to  selenite  toxicity  after  pre-induction.  This  observation  could  suggest  that,  in  our  
strains, the reduction of selenite to elemental selenium consist in a detoxification mechanism. 
Anyway, the induction effect is not enough to explain the delay in the catalytic activity of the cells, 
more apparent in the early exponential phase. It is known that the selenite reduction is leading to 
the  formation  of  Se  nanostructured  particles  (SeNPs)  which  are  deposited  inside  the  cell 
(cytoplasmic), within the periplasm or extracellular.
In order to go deeper into this biochemical mechanism and to clarify the dynamics of the selenium 
nanoparticles formation,  a study with the electron microscope (TEM) has been set up for the 
SeITE02 strain.  The  work  was carried  out  at  the  Exeter  University  under  the  supervision  of 
Professor Butler and with the technical and scientific support of Dr. Micaroni. The images of time 
course  show  the  presence  of  extremely  rare  Se  particles  before  11h from the  culture  start,  
according with the biochemical findings. The number of selenium nanoparticles increase over time 
and the pictures show that reach a maximum number already at 24 h of the growth, in the early 
stationary  phase.  Moreover  the  analysis  by  TEM also  indicated  Se nanoparticles  have  been 
always displayed on the outer part of the cells. The microbial cells appears unable to accumulate 
the Se nanoparticles inside in the cells (Fig. 2).

Fig.  2:  Transmission electron micrographs of  cells  of  SEITE02 
strain grown 24 h with 0.5 mM Na2SeO3 . 
Scale bar, 1µm. 

This results confirm the gap found with the biochemical analysis, showing a delay in the start of 
the Se-nanoparticles formation.
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Chapter 2
The production of EPS was evaluated in the strains of this study, in order to identify some possible 
interaction between the selenite oxyanion and the expolisaccharides, with the aim of contributing 
to the elucidation of factors involved in the selenite reduction.
First, EPS production of the five strains with increasing of the selenite concentrations (0.2, 0.5,  
2mM) was measured. A significant and regular increase in the production of exopolysaccharides 
correlated with the selenite concentration was detected for each one of the strains analyzed. A16 
strain was the most highest EPS producing strain. On the other hand, strains B and SelTE02 were 
the  lowest  EPS-producing  isolates.  Anyway,  even  the  strains  producing  low  amount  of 
exopolysaccharides,  when  exposed  to  selenium  oxyanion,  show  a  clear  increase  of  the 
production. The positive  correlation between EPS-production and the exposition to increasing 
concentration of selenite oxyanion has led to consider a potential relationship between resistance 
to selenite and EPS production. Strain A16, the more resistant strain, was also the higher EPS-
producing isolate,  while SelTE02 and B, the more sensitive isolates, produced low amount of 
exopolysaccharides.  AW and  T  strains  show  similar  resistance  and  similar  amounts  of  EPS 
produced. The results are summarized in the Tab. 2.
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7)O"-#P-LD50 and EPS production in the five Stenotrophomonas strains.

The correlation between EPS production and selenite resistance in the Stenotrophomonas strains 
of  this  work suggested to investigate the capability  of  the EPS extracts  to reduce selenite  in 
aerobic environment. 
An “in vitro” assay was set up in 96 well plate and the EPSs extracts of all strains were incubated 
at pH 6.3 in presence of Na2SeO3 and in reduction conditions with NADH as electron donor. After 
12 hours a red precipitate was formed indicating the elemental selenium formation as result of the 
selenite reduction thanks the EPS extract activity. The red precipitate was observed in each one of  
the well with EPS extract of A16, SeITE02 and AW strains showing the ability of this EPS to carry 
out the selenite reduction in aerobic conditions. The EPS extracts of strain B and T did not show 
any activity. To test the nature of the activity reduction highlighted in the assay, the samples of  
active EPSs extracts were subjected to heat treatment for 20 min at 100 ° C.
The  reduction  activity  was  also  identified  with  these  extracts,  though  with  lower  intensity.  In 
conclusion,the EPSs catalytic  activity  is  probably  not  enzymatic,  but  can not  be excluded an 
enzymatic activity in the EPS. 
Interesting, the strain B forms EPS unable to produce red elemental selenium in vitro:  anyway, 
the strain is able to produce EPS and the correlation between EPS and resistance is clear for this 
strain.  In  this  strain  nanoparticles  are detected inside the cells  and seems that  the selenium 
nanoparticles are growing in the cells. For this reason it could be hypothesized a selenite reducing 
mechanism exclusively inside the cell and the EPS could contribute to protect cells from hostile 
environments binding a significant amounts of toxic selenite. In fact, in order to cope with metal 
exposure, strains have evolved several metal tolerance strategies. Intracellular metal tolerance 
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mechanisms include efflux, complexation, or reduction of metal ions to a non-toxic form; chelation 
of metal ions by certain extracellular polymeric substances provide extracellular protection (Joshi 
et al., 2009). At the same time, the presence of the EPS can strongly contributes to reducing the 
effect of metals (Hou et al., 2013).

Chapter 3
In the last part of this work, with the aim to go deeper in the heart of thee enzymatic selenite  
oxyanions  reduction  in  aerobic  environmental,  the  proteome of  Stenotrophomonas maltophilia 
SelTE02 was analyzed. 
The  protein  extracts  were  analyzed  in  one-dimensional  electrophoresis  using  nondenaturing 
conditions  to  retain  the  enzymes native  state  and  therefor  theirs  activity.  Indeed,  in  order  to  
identify the enzyme(s) involved in the SeO32- reduction, the native gel was used for a zymogram 
and incubated in presence of selenite and in reduction conditions with NADH as electron donor. 
The sites able to carry out the SeO32- reduction were visualized on the gel with a brown/bordeaux 
bands,  showing the enzymes activity able to form red elemental  selenium nanoparticles.  The 
red/orange band of the gel, about 2 by 5 mm in size, was cut from the gel and digest for the 
proteomic analysis. The proteins identified from the active bands were different depending on the 
presence of selenite in growth medium of the cells. The reducing enzyme mercuric reductase from 
Acidithiobacillus caldus  SM-1 was identified  in the protein  extract  from the  cell  grown on the 
medium with selenite. Mercuric reductase MerA is a flavoprotein that catalyzes the two-electron 
reduction of mercuric ions to elemental mercury using NADPH as an electron donor (Fox et al., 
1982).The  peptide  identified  belong  to  the  acidophile  Gram negative  Acidithiobacillus  caldus: 
however  it  shows  99%  sequence  identity  with  the  mercuric  reductase  belonging  to 
Stenotrophomonas maltophilia K279a. This protein has a molecular weight of 58,32 kDa, that is 
consistent with the height of the selenite-reducing band seen on the gel. In many study in scientific  
literature,  several Stenotrophomonas  maltophilia strains  had  shown  high  resistance  to  Hg(II) 
(Holmes et al., 2009). Diverse microbes can reduce ionic Hg(II) in aqueous to elemental Hg(0) 
(Osborn et  al.,  1997).  Moreover, mercury has been known for  it  s  extremely high affinity with 
elemental selenium, with the consequential formation of HgSe (Johnson et al., 2008)
The results  from proteomic analysis  and the relationship between mercury and selenium well 
described  in  the  scientific  literature  encouraged  further  investigation  to  investigate  the 
interference, if any, of mercury with selenite reduction mechanisms, object of the present work.
For this part of work strain SeITE02 and strain A16 were chosen because of their different yield in  
the production of EPS the different resistance and efficiency against the selenite. 
With the aim to identified the connection between mercury and selenite reduction, in the 96 well 
plate the protein extract of the strains was tested for the ability to carry out the selenite reduction 
using NADH as electron donor and in the presence of increasing concentrations of mercury from 
10µM to 10 mM . We found that concentrations of HgCl2 between 100 µM and 1mM completely 
inhibit  the  reduction  activity,  showing  an  interaction  between  mercury  and  selenite  reduction 
activity,  in  both  A16  and  SeITE02 strain.The  inhibition  activity  decreases  reducing  the  HgCl2 

concentration, confirming “in vitro” an implication of mercury in the selenite reduction activity. 
In order to found the HgCl2 resistance of both strains,  bacterial  cultures of SeITE02 and A16 
strains have been set up in the presence of HgCl2.
Both A16 and SeITE02 strains tolerated concentration lower than 50 µM of HgCl2 but the growth 
of the strain SeITE02 is completely inhibited when HgCl2 was added in concentration equivalent or 
higher than 50 µM; in opposite when the medium was added with 50 µM of HgCl2  the growth of 
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A16 showed a very long lag phase, after that the microorganisms reached levels of standard 
growth. The completely growth was inhibited for the strains A16 by 100 µM of HgCl2 .
The selenite reduction and selenium formation were evaluated for A16 and SeITE strains in the 
presence of mercury in a liquid  rich medium at 0.5 mM concentration of Na2SeO3.and 1 µM HgCl2 

For each one of the two strains under analysis a decrease of selenite reduction efficiency has  
been observed in the presence of HgCl2. Moreover, strain SeITE02 is unable to completely reduce 
the selenite in the medium after more than 100 hours, when the reduction is completely after 52 
hours without mercury. Mercury seems to affect the selenium formation for both strains, but the 
influence seems to  be more important  for  the strain  SeITE02.  Even so,  the efficiency  of  the 
selenite reduction decrease for both the strains in presence of 1µM HgCl2 confirming what has 
been shown in the 96 well plate assay. To evaluate the influences of HgCl2 on the rate of the 
reduction catalysis, we compared the velocity of elemental selenium formation in the presence 
and in the absence of mercury; the same was made with selenite reduction rate. The rates of both 
selenite reduction and selenium formation decreased when mercury was added at the cultures of 
SeITE02 strain. The influence of HgCl2 was more important on the selenium formation.
In order to distinguish the impact of mercury on cellular activity compared to the activity of the 
catalytic reduction, 1 µM HgCl2  was added to the culture cells 24 hour after the inoculum, when 
the cells are already in the exponential phase. The results indicate that the selenite reduction 
seems to be negatively affected by the presence of mercury regardless of the growth, suggesting 
an interaction between mercury and the enzymatic machinery in both SeITE02 and A16 strain. 

ANALYSIS OF THE STENOTROPHOMONAS MALTOPHILIA SEITE02 DNA SEQUENCE 
The  draft  genome of  Stenotrophomonas   SeITE02  strain  was  completely  sequenced.  Whole 
genome sequencing resulted in 711,594 sequence reads (179 Mb). The genome is 4,557,111 bp 
in length (GC-content: 66.4%). The genome was analyzed to detect known selenate and selenite 
reductases.  The  absence  of  any  known  selenate  reductase  (SerABC,  SrdBCA,  YnfE,  YgfK) 
(Schröder et al., 1997; Kuroda et al., 2011; Bebien et al., 2002) is consistent with the inability of S. 
maltophilia SeITE02  to  reduce/respire  selenate.  Early  work  by  DeMoll-Decker  and  Macy 
suggested that  T. selenatis uses a nitrite  reductase to  reduce selenite  (DeMoll-Decker et  al., 
1993), and this is of the NirS-type. We have not been able to find this type of nitrite reductase in 
the reported genome. We did however identify a glutathione reductase, thioredoxin reductase and 
NADH: flavin oxidoreductase (OYE family), all of which have been reported to reduce selenite 
(Hunter, 2014). We can’t find the mercuric reductase (MerA) but there are three copies of gene for 
mercury  resistance  (MerC).  Anyway, the  proteomic  results  are  very  encouraging  and  can  be 
mached with the analysis sequence. In particular, the uniques peptides identified with proteomic 
analysis could be the key to explore the DNA sequence in order to found the enzyme responseble 
of this enigmatic detossification reduction.

Nucleotide sequence accession numbers. The draft genome sequence of S. maltophilia SeITE02 
has  been  deposited  at  EMBL-EBI  under  accession  numbers  CBXW010000001  through 
CBXW010000063. (Bertolini et al., submitted).
The S. maltophilia SeITE02 genoma sequence was carried out at the Exeter University under the 
supervision of Professor Butler and with the technical and scientific support of Professor Mark van 
der Giezen. 
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CONCLUSION
In this study the mechanism of the selenite reduction in aerobic condition was investigated using 
five  Stenotrophomonas  spp  strains  able  to  catalyze  the  selenite  reduction  forming  Selenium 
nanoparticles.
Selenite reduction efficiency and elemental selenium production were measured: strain SelTE02 
showed the best performance. In addition, in each one of the strains, we observed a gap between 
selenite reduction and elemental selenium production. In particular, elemental selenium production 
rate is always lower than selenite consumption rate. The gap decrease for all strains to reach a  
value  that  is  always  lower  than  10% after  72  hours.  In  order  to  further  understand  the  gap 
previously highlighted, it was analyzed selenite reduction and elemental selenium production in 
strain SelTE02, when the oxyanion is amended to the medium in different phases of cell growth. 
The cells number justifies the clear efficiency increase in both selenite consumption and elemental 
selenium  production  but  in  addition,  also  bacterial  growth  phase  seems  to  be  a  factor  that 
influence both reactions rates.
The different rate between the elemental selenium production compared to the disappearance of 
selenite related to the number of microbial cells confirms the different catalysis rate of the cells 
depending on the growth phases. The cells show higher rate after 24 hours,  in the stationary 
phase; the slower speedy is shown in the early exponential phase, after 6 hours and after 14  
hours.  To shed  a  light  on  the  disparity  between  selenite  reduction  and  elemental  selenium 
formation it could be useful to understand if the strains are capable of producing also volatile  
selenium compounds  as  final  products  of  selenite  reduction  reaction.  In  fact,  it  s  possible  to 
measure the volatile organoselenium concentration with a gas chromatography analysis of the 
headspace of the culture (Burra et al., 2010).
To go deeper in the comprehension of elemental selenium formation, a study with the electron 
microscope (TEM) has been set up for the  Stenotrophomonas maltophilia SeITE02 strain.The 
images of time course show the presence of extremely rare Se particles before 11h from the 
culture start, according with the biochemical findings. Moreover, the TEM analysis indicate the 
presence of the selenium nanoparticles only in the external part of the cells, suggesting that the 
nanoparticles are probably form outside the cell.
The effect of selenite induction on oxyanion reduction efficiency was also evaluated in cultures of 
the five isolates, after preinduction with 0,2mM selenite. The rates of reduction under induced 
condition were found to be faster than the un-induced condition for each one of the strains. Those 
results could indicate the potential activation of an adaptive response to selenite toxicity after pre-
induction and suggest that, in our strains, the reduction of selenite to elemental selenium consist  
in a detoxification mechanism. 

Selenite tolerance and esopolisaccharides (EPS) production were investigated. Strain A16, the 
most  tolerant  to  selenite,  is  also  the  strain  that  produces  the  highest  amount  of 
exopolysaccharides, while strain SelTE02, the less tolerant isolate, is the strain that produces the 
lowest quantity of EPS. The positive correlation between the production of EPS and the selenite 
resistance was confirmed from the analysis  of  the value.  The data corroborate  an interaction 
between the production of EPS and resistance of all strains to selenite oxyanions.
The EPS role in the reduction was performed with EPSs extract from the five strains: a selenite  
reduction assay was carried out and the EPSs reduction activity has been highlighted 
The extracts show different behaviors in the test regarding the ability to reduce selenite to red 
elemental nanoparticles, indicating a different nature of EPS. A16, SeITE02 and AW strains show 
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the ability of this EPS to carrie out the selenite reduction in aerobic conditions. The EPS extracts 
of strain B and T did not show any activity. 
Interesting, in the strain B the selenium nanoparticles are inside the cells and very rarely can be 
detected out of the cells. In opposite, the nanoparticles of SeITE02 strain are visualized always 
out of the cells. 
For  the strain  SeITE02 at  least  two different  reduction mechanisms it  could  be postulated to 
reduce the toxic selenite oxianions to non toxic elemental selenium: inside the cell by the cellular 
enzymatic machinery and an ancillary catalytic activity implemented by the EPS outside of the 
cells.
A more detailed characterization of the EPSs is needed to clarify the mechanism of catalysis 
implemented by these compounds:  in  particular it  s  possible to visualize EPS production with 
Confocal  Laser  Scanning  Microscopy  (CLSM)  by  staining  cell  suspension  with  lectin  PHA-L 
conjugates (Alexa Fluor 594-conjugated; Molecular Probe, Invitrogen) (Dhanjal et al., 2011).

A proteomic analysis of the cytoplasmic fractions of strain SelTE02, grown in different conditions, 
was performed.
From  the  digestion  of  the  active  bands cut  from  the  zymogram  gels,  the  reducing  enzyme 
mercuric reductase was identified in the protein extract samples obtained from the cells grown on 
medium added  with  selenite: this  finding  supports  the  hypothesis  that  the  enzyme  mercuric 
reductase could be involved in selenite reduction pathway. Although the biochemical mechanism 
of reduction of mercury may seem to be incompatible with the reduction mechanism of selenite, 
several  works  report  interactions  between  mercury  and  selenite  reduction, in  particular  the 
production of HgSe nanoparticles, when the strains are exposed to both selenium and mercury, 
investigated with electron microscopy analysis (Jiang et al., 2012). therefore, we started to explore 
the correlation, if any, between the selenite reduction mechanism and mercury.
For this part of work strain SeITE02 and strain A16 were chosen because of their different yield in  
the production of EPS the different resistance and efficiency against the selenite.
Increasing concentrations of  HgCl2 between 100 µM and 1mM completely  inhibit  the selenite 
reduction  activity  in  the  in  vitro assay,  showing  an  interaction  between mercury  and selenite 
reduction activity, in both A16 and SeITE02 strain.
Moreover, both A16 and SeITE02 strains tolerated concentration lower than 50 µM of HgCl2 but 
the growth of the strain SeITE02 is completely inhibited when HgCl2 was added in concentration 
equivalent or higher than 50 µM; in opposite when the medium was added with 50 µM of HgCl2 

the growth of A16 showed a very long lag phase, after that the microorganisms reached levels of  
standard growth. The different behavior of the two lines could be related to the different EPS 
production by the  bacterial strains, higher by A16 strain. 
Selenite reduction efficiency and elemental selenium formation of the two bacterial strains were 
evaluated in a liquid rich medium added with 0,5mM Na2SeO3.and 1 µM HgCl2 

The rates of both selenite reduction and selenium formation decreased when mercury was added 
at the cultures of SeITE02 strain. The influence of HgCl2 was more important on the selenium 
formation. Moreover,  strain SeITE02 is unable to completely reduce the selenite in the medium 
after  more than 100 hours,  when the reduction is completely after  52 hours without mercury. 
Mercury seems to affect the selenium formation for both strains, but the influence seems to be 
more important for the strain SeITE02. Even so, the efficiency of the selenite reduction decrease 
for both the strains in presence of 1µM HgCl2 confirming the interaction shown in the 96 well plate 
assay. 
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To distinguish the impact of mercury on cellular activity compared to the activity of the catalytic  
reduction, 1 µM HgCl2  was added to the culture cells 24 hour after the inoculum, when the cells  
are already in the exponential phase: the results illustrated that mercury affects the growth but 
inhibited  the  reduction  assay,  for  both  strain,  A16  and  SeITE02.  This  confirm  an  interaction 
between mercury and selenite reduction.

The draft genome of Stenotrophomonas  SeITE02 strain was completely sequenced. The genome 
was  analysed  to  detect  known  selenate  and  selenite  reductases.A glutathione  reductase, 
thioredoxin reductase and NADH: flavin oxidoreductase (OYE family), were identified, all of which 
have been reported to reduce selenite (Hunter, 2014).  For the moment, through the analysis of 
sequencing data, we were unable to identify the gene of mercuric reductase (MerA) but we have  
detected three copies of gene for mercury resistance (MerC).
The proteomic results are very encouraging and they can be used to perfom a targeted sequence 
analysis.  In  particular,  the  peptides  sequenced by  MS/MS could  provide  a  help  in  the  deep 
analysis  of  sequencing  data  in  order  to  identify  the  enzyme  responsible  of  this  enigmatic 
"detossification reduction".
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1.1 SELENIUM IN THE ENVIRONMENT 

Selenium is a chemical element with symbol Se and atomic number 34. It was discovered in 1817 
by Jöns Jacob Berzelius, a Swedish chemist, after analyzing an impurity that was contaminating 
the sulfuric acid (H2SO4) being produced at a particular factory in Sweden. Originally believing the 
material was tellurium, Berzelius realized that it was actually a previously unknown element. To 
this  new substance  was  given  the  name Selenium,  term  that  derives  from the  Greek  word 
       (Sele  ne  ), meaning   Moon   (Weeks, 1968)
Selenium is a metalloid, since it shows intermediate properties between metals and non-metals 
and belongs to the group VI A of the Periodic Table (Fig. 1 and Table 1). Elements of this group 
are called chalcogens: this terms was coined by the German chemist Willhelm Blitz and derives 
from the Greek word chalcos, meaning “ore formers”, since they are be found in copper ores 
(Fischer, 2001). 

Fig. 1: The Periodic Table of the elements: Selenium (Se) is a chalcogen positioned between 
sulfur and tellurium.

Selenium belongs to the oxygen group closely allied in chemical and physical properties with the  
elements sulfur and tellurium.
The chemical behavior of selenium resembles that of sulfur and like sulfur (Table 2). In chemical 
activity and physical properties it resembles sulfur and tellurium. Selenium appears in a number 
of allotropic forms: the most popular are a red amorphous powder, a red crystalline material, and 
a gray crystalline metallike form called metallic selenium. This last form conducts electricity better 
in the light than in the dark and is used in photocells. Selenium burns in air and is uneffected by 
water, but dissolves in concentrated nitric acid and alkalis.

18



2. Introduction

Element name Selenium 
Atomic number 34
Periodic table group IV A
Atomic mass 78.96
Density 4808 kg m-3

Melting point 220°C
Boiling point 685°C
Natural Isotopes: Abundance:

74 Se 0.87%
76 Se 9.02%
77 Se 7.58%
78 Se 23.52%
80 Se 49.82%
82 Se 9.19%

Tab. 1: Physical properties of Selenium (From Jacobs 1989, US. EPA 2002): Selenium has the 
characteristics  of  both metals  and nonmetals  and is,  therefore,  considered by many to  be a  
metalloid.

Oxidative state Chemical form
Se2- Selenide (Se2-, HSe-, H2Seaq )
Se0 Elemental selenium (Se0)
Se4+ Selenite (SeO32- ,HSeO3-,H2SeO3aq- )  
Se6+ Selenate (SeO42- , HSeO42-,H2SeO3aq- ) 
Organic Se Selenomethionine, Selenocysteine

Tab 2: Cemical forms of Selenium in the Environment. Table modified from Jacobs (1989), Neal 
(1995) and Fordyce (2005).

As  summarized  in  the  table  2,  selenium exists  in  four  oxidation  states,  Se-2 (selenide),  Se0 

(elemental  Se),  Se+4 (selenite)  and  Se+6 (selenate),  and  is  highly  mobile  under  oxidizing 
conditions, although its solubility decreases with decreasing pH (Gondi et al., 1992). Elemental 
selenium exists in several allotropic forms, although three are generally recognized. Amorphous 
selenium is either red (in powder form) or black (in vitreous form) (Fig. 3). On the other hand, 
crystalline monoclinic selenium is deep red; crystalline hexagonal selenium, which is the most  
stable variety, is a metallic gray (Zannoni et al., 2007).

Fig.  2:  Allotropic  forms  of  amorphous  elemental 
selenium: black in vitreous form red in powder form.
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Selenium occurs naturally in the environment. It is released through both natural processes and 
human activities. Well fertilized agricultural soil generally has about 400 mg/ton since the element 
is naturally present in phosphate fertilizers ans is often added as a trace nutrient. In its natural 
form as an element selenium cannot be created and destroyed, but  selenium does have the 
ability to change form.
At  the  global  scale,  selenium is  constantly  recycled in  the environment  via  the atmospheric, 
marine and terrestrial systems. Estimates of selenium flux indicate that anthropogenic activity is a 
major source of selenium release in the cycle, whereas the marine system constitutes the main 
natural  pathway  (Haygarth,  1994).Selenium  cycling  through  the  atmosphere  is  significant 
because of the rapidity of transport but the terrestrial system is most important in terms of animal 
and human health  because of  the direct  links with  agricultural  activities  and the food chain. 
Selenium is dispersed from the rocks through the food chain via complex biogeochemical cycling 
processes including weathering to form soils, rock-water interactions and biological activity (Fig. 
3).

Fig. 3: Simplified schematic diagram of the cycling of the selenium from the environment to man. 
( Fordyce F. , 2005)

As a result,  selenium is  not  distributed evenly  across the planet,  rather  concentrations differ 
markedly depending on local conditions. The following sections of this chapter provide a brief 
summary of  anthropogenic  sources of  the element  before going on to discuss the important  
aspects of selenium in the natural biogeochemical cycle.

1.1.1 Man-made Sources of Selenium

Following its discovery in 1817, little industrial application was made of selenium until the early  
20th century when it  began to be used as a red pigment and improver in glass and ceramic 
manufacture, however it was not until the invention of the photocopier in the 1930s that demand 
for the element significantly increased due to its photoelectric and semi-conductor properties.  
Today selenium is widely used in a number of industries and the demand of the metalloid has  
been stronger, because of its particular chemicals and physicals properties. (Table 3). Significant 
inputs occurs also from different sources, like fossil  fuel combustion, sewage, and agricultural 
inputs  such  as  fertilizers  and  lime.  Annually,  fluxes  of  selenium to  soils  from anthropogenic  
activities are greater than those from all natural sources combined (Haygarth et al., 1993). It is  
estimated that 76000 – 88000 tonnes year-1 of selenium are released globally from anthropogenic 

20



2. Introduction

activity, compared to natural releases of 4500 tonnes year-1 giving a biospheric enrichment factor 
value of 17. This value is significantly higher than 1 indicating the important influence of man in  
the cycling of selenium (Nriagu, 1988).
Since extraction of this metalloid from coal is a difficult and expensive process, world production 
of selenium is still mainly a byproduct of copper processing (Jorgenson, 2002). Selenium has, 
nowadays, many commercial uses. The demand of this elements grew rapidly during the First  
World War, owing to the application of selenium as a replacement for manganese dioxide as a de- 
colorizer  in  clear  glass  (Brown,  1998).  The  most  common  industrial  selenium  compound  is 
selenium dioxide (SeO2): it  s generally prepared by the dehydratation of selenous acid. Selenium 
dioxide is used in alloy with other metals, in the production of photographic cells, low voltage  
rectifiers, as a vulcanizing agent for rubber and as de-colorizer in glass manufacturing: in small 
amounts it counteracts the blue color of the glass, due to the presence of small quantities of 
cobalt impurities (Barceloux, 1999). As an essential element, selenium is used, in trace amounts, 
as additive to animal feeds to prevent certain diseases in livestock. It  s added also to fertilizers to 
correct soil deficiencies.

Table 3: Industrial uses of Selenium (modified from Fordysel 2005)

1.2 SELENIUM IS ALL AROUND US

From the descriptions  above,  it  is  clear  that  selenium is  present  in  varying quantities  in  the 
environment all around us as a result of natural and man-made processes. Animals and humans 
are exposed to environmental selenium via dermal contact, the inhalation of the air we breathe 
and via ingestion of water and of food and animals in the diet grown on soils containing selenium.

1.2.1 Selenium in soil 

It is clear that man-made sources of selenium have a major impact upon the selenium cycle, but  
despite this, the natural environment is still a very important source and pathway of selenium in 
animal and human exposure requires careful consideration in selenium-related studies. Selenium 
is among the rarer elements on the surface of this planet, composing approximately 90 parts per  
billion of the crust of Earth. It is occasionally found uncombined, accompanying native sulfur, but 
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is more often found in combination with heavy metals (copper, mercury, lead, or silver) in a few 
minerals. Selenium is widely diffused on earth s crust: globally, the element s concentration in soil 
lie within the range 0.01-2.0 mg/kg, with an overall mean of 0.4 mg/kg (Fordyce, 2005). Much 
greater concentrations (up to 1200 mg/kg) are found in soil's derived from seleniferous parent  
materials,  like  sandstones,  limestones,  slate,  shales  and  coal  series  formed  in  Cretaceous, 
Jurassic, Triassic, Carboniferous, Ordovician and Permian periods (Fairweather-Tait et al., 2011). 
Soils with an elevate concentration of selenium are spread in various regions of the planet, like 
United States, Canada, South America, Russia and China. However there are also large areas of  
the world that can be characterize as Se-deficient, like China or Eastern Siberia (Hartikainen,  
2005). Notable inputs of selenium to soil, other than parent geology, include deposition of Se 
originating from volcanic activity, sea spray, weathering of rocks and recycling via biotic-cycling. 
Although the underlying geology is the primary control on selenium concentrations in soils, the 
mobility  and  uptake  of  selenium  into  plants  and  animals,  known  as  the  bioavailability,  is 
determined by a number of bio-physio-chemical parameters. These include the prevailing pH and 
redox  conditions;  the  chemical  form  or  speciation  of  selenium;  soil  texture  and  mineralogy;  
organic matter content and the presence of competitive ions. An understanding of these controls 
is essential to the prediction and remediation of health risks from selenium as, even soils that 
contain adequate total selenium concentrations can result in selenium deficiency if the element is 
not in readily bioavailable form.
The principal controls on the chemical form of selenium in soils are the pH and redox conditions  
(Figure  4).  Under  most  natural  redox  conditions,  selenite  (Se4+)  and  selenate  (Se6+)  are  the 
predominant inorganic phases with selenite the more stable form. Selenite is adsorbed by ligand 
exchange  onto  soil  particle  surfaces  with  greater  affinity  than  selenate,  this  process  is  pH 
dependent and adsorption increases with decreasing pH. In acid and neutral soils, selenite forms 
very insoluble iron oxide and oxyhydroxide complexes such as Fe2(OH)4 SeO32-. The low solubility 
coupled with  stronger adsorption makes selenite  less bioavailable than selenate.  In  contrast,  
selenate,  the most common oxidation state in neutral  and alkaline soils,  is generally soluble, 
mobile and readily available for plant uptake. For example, experiments have shown that addition 
of selenate to soils results in ten times more plant uptake than addition of the same amount of  
selenium as selenite (Jacobs et al., 1989; Neal, 1995, Fordyce, 2005). Elemental selenium(Se0), 
selenides  (Se2- )  and  selenium-sulfide  salts  tend  to  exist  in  reducing,  acid  and  organic-rich 
environments only. The low solubility and oxidation potential  of  these element species,  make 
them largely unavailable to plants and animals.
The  bioavailability  of  the  different  selenium  species  in  soils  is  summarized  in  Figure  4  In  
summary, selenate is more mobile, soluble and less well adsorbed than selenite thus selenium is  
much  more  bioavailable  under  oxidizing  alkaline  conditions  and  much  less  bioavailable  in 
reducing acid conditions (Figure 4) (Jacobs et al., 1989; Neal et al., 1995).
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Fig. 4: Schematic diagram showing the main controls on the chemical speciation of selenium in 
soils (Fordyce, 2005)

1.2.2 Selenium in water 

The cycling of selenium from the land to the aqueous environment is still poorly understood. The 
average concentration of selenium in seawater is estimated at 0.09  g/L (Cutter et al., 1984).
It is estimated that the annual global flux of selenium from land to the oceans is 14 000 tonnes  
year-1 via surface and groundwaters, which represent a major pathway of selenium loss from land 
in the selenium cycle (Nriagu et al., 1989). Approximately 85% of the selenium in most rivers is 
thought to be in particulate rather than aqueous form, however, the cycling of selenium from the 
land  to  the  aqueous  environment  is  poorly  understood  and  requires  further  investigation 
(Haygarth, 1994). In general, ground waters contain higher selenium concentration than surface 
waters due to greater contact times for rock-water interactions (Hem et al, 1992). Ground waters  
with elevate concentration of selenium have been reported in Montana (United States) (1000  g/L) 
and  in  China  (275  g /L)  (Jacobs et  al.,  1989).  Concentration of  up  to  2000  g/L  have  been 
reported in saline lake waters in United Sates, Venezuela and Pakistan (Afzal et al., 2000). As 
with soils, under most pH and red-ox conditions, SeO32- and SeO42- are the most common 
forms of selenium in water, with several forms of Se2- also being present (Cutter et al., 1984).

1.3 SELENIUM DEFICIENCY AND TOXICITY

Selenium has been called an “essential toxin,” as it is required for certain cell processes and 
enzymes, but it becomes deleterious at greater doses. Indeed, this element has a very narrow 
margin between nutritionally  optimum and potentially toxic dietary exposures for  humans and 
animals. The recommended daily allowance (RDA) is 0.055 mg/day, whereas the tolerable upper 
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intake level is 0.4 mg/day (Wilber, 1980; Goldhaber et al.,2003; Lenz et al., 2008; Fordyce, 2005; 
Prakash et al., 2010) (Tab 4).

Tab 4: Effect of daily intakes of selenium 

1.3.1 Selenium deficiency 

In  1957,  the  german  biochemist  Klaus  Schwarz  published  a  paper  that  changed  the  public 
conception of selenium (Schwarz and Foltz, 1957). Schwarz established selenium as an essential 
element for life. He was concerned about problems of liver necrosis in laboratory rats fed on a 
diet containing torula yeast as source of protein. The torula yeast was deficient in selenium and 
when it was substituted with baker s yeast the problem disappeared (Oldfield, 2001). This study 
led  shortly  to  selenium being  recognized  as  an  essential  trace  mineral  nutrient  (McCoy and 
Weswig, 1969). Subsequent studies with domestic animals showed that selenium deficiency was 
the main cause of several metabolic diseases, such as   white muscle disease   and   illthrift    in 
calves, liver damages in pigs (Moir et al., 1970) and exudative diathesis in chicks. Low-selenium 
pastures containing 0.008 – 0.030 mg kg-1 are associated with a condition called ‘ill  thrift’  in 
lambs and cattle from New Zealand. The disease is characterized by subclinical growth deficits,  
clinical unthriftyness, rapid weight loss and sometimes death but can be prevented by selenium 
supplementation giving  marked increases in  growth and wool  yields (Levander,  1986;  WHO, 
1987).
In  1973  selenium  was  identified  as  an  essential  component  of  the  anti-  oxidative  enzyme 
glutathione  peroxidase  (GSH-Px)  (Rotruck  et  al.,  1973):  this  enzyme  can  reduce  hydrogen 
peroxide to harmless products. Nowadays, approximately 20 essential selenoproteins containing 
selenocysteine  have  been  identified  in  microbes,  animals,  and  humans,  many  of  which  are 
involved in red-ox reactions, acting as components of the catalytic cycle (WHO 1996) (Rayman, 
2000). 
Although many of the in vivo function of selenium are still poorly understood, deficient dietary 
intakes  have a marked effect  also on humans health:  the element  has  been implicated in  a 
number of diseases (WHO, 1996). Keshan disease is an endemic cardiomyopathy that mainly 
affects children and women, observed in selenium-deficient areas of China (Ge et al., 1993). The 
selenium concentrations in topsoil of affected areas are typically below 0.125 mg/kg, whereas the  
concentration in areas without disease is 0.224 mg/ kg (Tan et al., 2002).
Another disease, found in China, Mongolia, Siberia and North Korea, is Kashin-Beck disease, an  
endemic,  degenerative  osteoarthropathy  that  is  present  in  selenium-deficient  areas.  In  the 
Kashin-Beck endemic areas the levels of selenium in both soil and human biological samples are  
much lower  than that  in  areas  without  disease:  the average hair  selenium concentrations  in 
residents  of  endemic areas were 1.19±0.34 nmol/g  compared with  4.81±2.27 nmol/g  in  non-
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endemic areas (Ge et al., 1993).

1.3.2 Selenium toxicity 

Although much less common than selenium deficiency, selenium toxicity can affect individuals as 
a result  of over-supplementation,  accidental  or deliberate ingestion of  very high doses (Lech, 
2002), or through high levels in the food supply. The symptoms of selenium toxicity were probably 
described for the first time long before the discovery of the element: Marco Polo, during his travel  
in China in 13th century, recorded the presence of certain poisonous plants that  had serious 
effects  on the livestock  that  ate  them (Oldfield,  2002).  It  is  likely  that  these plants  were Se 
accumulators, whose existence as such was not recognized until the end of the 1930s (Beath et 
al., 1934) (Trelease et al., 1938). Selenium toxicity strongly depends on his chemical form: in 
animals,  selenite  and  selenocysteine  are  slightly  more  toxic  compared  with  selenate, 
selenomethionine and organic selenium compounds (dimethyl selenide, trimethylselenonium ion, 
selenoethers, selenobetaine) (Barceloux, 1999). The most toxic form of selenium is selenious 
acid: ingestion of this compound often causes fatalities as a result of refractory hypotension from 
direct   myocardial depression and from peripheral vasodilation. The characteristic symptoms of 
selenium poisoning are the garlic odor, caused by to exhalation of dimethylselenide. In animals, 
chronic  selenium intoxication  is  more  common  and  leads  to  two  conditions  known  as  alkali  
disease and blind staggers in grazing animals.  Alkali  disease occurs after ingestion of  plants 
containing 5-40 mg/kg over weeks or months. In addition to alkali disease and blind staggers,  
high  selenium  intakes  in  pigs,  sheep,  and  cattle  have  been  shown  to  interfere  with  fetal 
development.  Blood  selenium  levels  of  >2  mg/L  in  cattle  and  >0.6-0.7  mg/L  in  sheep  are 
associated with selenosis (Levander, 1986). The most extensively examined case of selenium 
contamination  on  wildlife  has  been  the  incident  in  the  National  Wildlife  Refuge  Kesterson 
Reservoir,  California,  USA  (Hamilton,  2004).  In  this  case,  marine  sedimentary  rocks  and 
seleniferous soils provided selenium rich irrigation water. Following concentration by evaporation, 
drainage  water  entered  a  series  of  ponds  within  the  wildlife  refuge  at  an  average  selenium 
concentration of 300  g/L. Selenium contamination resulted in grave consequences for fish and 
water bird populations: a study of nesting birds found developmental abnormalities in 20% of all 
investigated nests,  while more than 40% of the nests  contained one or  more dead embryos 
(Ohlendorf, 2002). In humans, selenium toxicity is far less widespread than selenium deficiency. 
The  ingestion  of  selenious  acid  is  fataI  to  humans,  preceded  by  stupor,  hypertension,  and 
respiratory depression, whereas the toxicity of methylated selenium compounds depends not only 
on the dose administered, but also on the previous level of selenium intake (Fordyce, 2005).
Selenium toxicity related to mineral supplement intake has also been reported in the USA. In 
1984, 12 cases of selenosis due to intakes over 77 days of tablets labeled to contain 0.15 – 0.17 
mg selenium, but  which actually  were found to contain 27 – 31 mg selenium were reported. 
Patients suffered nausea, vomiting, nail damage, hair loss, fatigue, irritability, abdominal cramps, 
watery diarrhea, skin irritation and garlic breath and had blood serum levels of 0.528 mg L-1  
(WHO, 1987). The US-EPA recommend an upper limit of mineral supplementation of selenium of 
0.1  mg  kg-1.  Indeed,  a  whole  list  of  symptoms  have  been  implicated  in  elevated  selenium 
exposure including severe irritations of respiratory system, metallic taste in mouth, tingling and 
inflammation of the nose, fluid on the lungs, pneumonia, the typical garlic odor of breath and 
sweat  due  to  dimethylselenide  excretion,  discoloration  of  the  skin,  dermatitis,  pathological 
deformation and loss of nails, loss of hair, excessive tooth decay and discoloration, lack of mental 
alertness  and listlessness,  peripheral  neuropathy and gastric  disorders.  The links with  dental 
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health are somewhat equivocal and many of the studies indicating a possible link with selenium 
failed to take account of other factors such as the fluoride status of the areas of study (WHO, 
1987). In China, an outbreak of endemic human selenosis was reported in Enshi District, Hubei  
Province during the 1960s. It was identified that the period of peak prevalence of selenosis was  
due to drought causing failure of the rice crop, leading to consumption of alternative crops, with 
higher selenium content (Bellinger et al., 2009). No incidences of selenium toxicity have been 
reported in recent years and it is no longer considered a public health problem in China (Fordyce,  
2007).

1.3.3 Mechanisms of selenium toxicity 

There are many proposed mechanisms by which selenium and its derivatives cause toxicity in 
eukaryotic cells. This metalloid can undergo red-ox reaction with thiols (Klassen et al., 1985),  
which can compromise the functionality of several proteins (Hartwig et al., 2002). By reacting with 
thiols, and glutathione in particular, selenium initiates the production of reactive oxygen species 
(ROS),  such  as  superoxide  anion  (O2•-)and  hydrogen  peroxide  (H2O2).  Selenium compounds 
show different abilities to generate superoxide in vitro.
Inorganic forms of selenium react with tissue thiols, such as glutathione (Garberg et al., 1999) to  
form seleno-trisulphides that react with other thiols to generate oxygen free radicals by red-ox 
catalysis (Seko et al., 1989). Selenite reacts with glutathione and causes toxicity by the formation  
of  superoxide  and  elemental  selenium  (Spallholz,  1994)  according  to  the  following  reaction 
scheme (Shen et al., 1999).

Fig. 5: Reaction proposed on selenium toxicity mechanism (Shen et al. 1999)

Another mechanism by which selenium and its derivatives may exert their toxicity in eukaryotic 
cells is through selenium substitution for sulfur in methionine, forming selenomethionine, which 
may be mis-incorporated into proteins. This interaction could explain the teratogenic action of  
these compounds (Combs et al., 1984) and the damage to keratin-containing proteins in adults  
exposed to high levels of selenium in their diet (Fan et al., 1990). Superoxide production may be 
the major mechanism of selenium toxicity under aerobic conditions in prokaryotic cells as well 
(Kessi  et  al.,  2004):  selenite  is  the  only  compound  that  induces  both  iron  and  manganese 
superoxide dismutases (SodB and SodA) in Escherichia coli (Be  bien et al., 2002). Another study 
that  also  suggests  that  free  radicals  formation  might  be  involved  in  selenite  toxicity  was 
conducted on a mutant strain of Salmonella typhimurium, which is able to over-express oxidative 
stress proteins such as catalase and superoxide dismutase (SOD): this strain is significantly more 
resistant to selenite toxicity than the wild type (Kramer et al., 1988). The effect of the oxyanion on  
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the proteomic response of the microorganism strengthens the hypothesis that selenium toxicity 
involves several molecular circuits and it is not directed to a specific and single target (Zannoni et  
al., 2007).

1.3.4 Selenium and Cancer

In  the  1969  studies  from  Shamberger  and  Frost  revealed  an  inverse  relationship  between 
selenium in crops and human blood versus cancer incidence in USA and Canada (Shamberger 
and Frost 1969): the potential anti-carcinogenic effect of selenium has generated a great deal of 
interest in medical science. Many studies to examine the links between selenium and cancer in 
animal  experiments  and  humans  have  been  carried  out,  however,  to  date,  the  results  are 
equivocal. There is some evidence to suggest that selenium is protective against cancer due to its 
anti-oxidant properties, the ability to counteract heavy metal toxicity, to induce cell death to inhibit 
cell growth and to inhibit nucleic acids and protein synthesis (WHO, 1996; WHO, 1987; Clark et  
al.,  1996; Varo et  al.,  1998).  However other  studies have shown that  selenium may promote 
cancer based on the pro-oxidant mutagenic and immunosuppressive actions of some selenium 
compounds. For example, the supplementation of sodium selenate, sodium selenite and organic- 
selenium have been shown to reduce the incidence of several tumor types in laboratory animals 
but selenium-sulfide has been shown to be carcinogenic in animals and has been classified as a  
Group B2 compound - possible human carcinogen (WHO, 1987; WHO, 1996; US-EPA, 2002a, 
Vinceti et al., 2001). Decades of research clearly demonstrate that selenium compounds inhibit  
the  growth  of  malignant  cells  in  diverse  experimental  model  systems.  However,  the  growth-
modulating and cytotoxic mechanisms are diverse and far from clear. Lately, a remarkable tumour 
selective  cytotoxicity  of  selenium  compounds  has  been  shown,  indicating  the  potential  of 
selenium  in  the  treatment  of  cancer.  Of  particular  interest  are  the  redox-active  selenium 
compounds  exhibiting  cytotoxic  potential  to  tumour  cells.  These  selenium  compounds  elicit 
complex patterns of pharmacodynamics and pharmacokinetics, leading to cell death pathways 
that  differ  among  compounds.  Modern  oncology  often  focuses  on  targeted  ligand-based 
therapeutic strategies that are specific to their molecular targets. These drugs are initially efficient,  
but the tumour cells often rapidly develop resistance against these drugs. In contrast, certain 
redox-active  selenium  compounds  induce  complex  cascades  of  pro-death  signalling  at 
pharmacological concentrations with superior tumour specificity. The target molecules are often 
the ones that are important for the survival of cancer cells and often implicated in drug resistance. 
Therefore, the chemotherapeutic applications of selenium offer great possibilities of multi-target 
attacks on tumour cells (Wallenberg et al. 2014)
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1.4 BIOGEOCHEMICAL CYCLE OF SELENIUM

As  a  valence-variable  element,  selenium  can  exist  in  environments  in  multiple  organic  and 
inorganic  forms,  including  ionic  selenate  or  selenite,  solid-state  Se(0),  and 
selenocysteine/selenoproteins (Zannoni et al. 2008).

Fig. 6: The selenium cycle (Stolz et al. 2006)

Over the past two decades, the finer aspects of a selenium biochemical cycle have begun to  
emerge  Selenium is principally cycled through biological pathways, with a series of reaction, like 
reduction or oxidation, that are biological in nature: this reactions change the oxidation state of 
the element and therefore its chemical properties (Lortie et al., 1992).
Various  microorganisms  are  capable  of  mediating  a  number  of  transformations  of  inorganic 
selenium  compounds.  In  nature  the  following  transformations  occur:  reduction,  oxidation, 
methylation and demethylation.

1.4.1 Reduction 

Biological  systems  can  catalyze  the  reduction  of  selenium  under  normal  environmental 
conditions.  Anaerobic  and  aerobic  bacteria,  algae,  fungi,  and plants  have all  been shown to 
mediate these reactions (Masschelyn et al., 1993). Selenate can be reduced to selenite, and both 
selenate and selenite can be reduced to elemental selenium or alkyl selenides. 
Selenite  and  selenite  are  highly  soluble  and mobile  and are more toxic  than other  forms of 
selenium (Doran et al.,1982; Frankenberger et al.,1998; Jayaweera et al., 1996). The lifetime of 
selenite in soils is closely associated with the microbial activity (Frankenberger et al., 2001, Losi, 
et al., 1997). In particular, the process of selenite reduction to Se(0) is of great significance for its  
bioremediation and geochemical cycles (Jayaweera et al., 1996) 
Alkyl selenides, such as dimethyl selenide and dimethyl diselenide, are also highly volatile and 
only  poorly  soluble.  There  are  two  primary  routes  for  selenium  reduction:  assimilative  and 
dissimilative pathways. Assimilatory reduction is the process whereby selenite and selenate are 
reduced  to  organic  selenium  for  the  construction  of  organic  matter,  whereas  dissimilatory 
reduction generally refers to reduction of compounds as terminal electron acceptors in energy 
metabolism. 
Some microorganisms, like Bacillus subtilis (Garbisu et al., 1995) or Desulfovibrio desulfuricans 
(Tomei et al, 1995), are able to transform the toxic selenium forms (selenite or selenate) into less 
toxic ones (elemental or methylated forms) as a means of detoxifying their environment (Lovley, 
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1993). These reactions, in particular dissimilative reduction, follow another mechanism that has 
been proposed as   detoxification mechanism   (Garbisu et al. 1995) and have been encouraged 
for  selenium  remediation  by  creating  conditions  favorable  to  microbial  growth,  constructing 
wetlands,  and  applying  selenium-bearing  wastes  or  waters  to  plant-soil  systems,  a  process 
known as phytoremediation (Zhang et  al.,  2003).  There is  a  great  interest  in  using resistant  
rhizosphere bacteria in conjunction with plant life as low cost treatments to reduce contamination  
in selenium contaminated soils (Di Gregorio et al., 2005; Vallini et al., 2005).   

1.4.1.1 Assimilatory reduction 

During assimilatory reduction SeO32- or SeO42- are transported into the cell and reduced to Se2- to 
be  incorporated  into  selenoaminoacids  (selenomethionine  and  selenocysteine)  and  then  in 
essential  cellular  proteins.  However,  with  excessive  amounts  of  selenium,  the  cells  begin  to 
incorporate selenium rather than their macronutrient, sulfur, leading to a breakdown in cellular  
metabolism.  Due to  the  similarities  in  the chemical  properties of  selenium and sulfur,  it  was 
proposed that the two elements were assimilated through the same pathway (Stadtman, 1974).  
However, many studies suggest that there may be an alternative uptake pathway as inhibitors of 
the pathway of sulfur incorporation do not completely stop selenite assimilation (Brown et al., 
1982).  In  the  form  of  selenide,  selenium  can  be  incorporated  into  the  free-amino  acid 
selenocysteine  by  the  enzyme  O-acetylserine  (thiol)-lyase  or  modified  to  give  the  specific  
aminoacyltRNASec. The free amino acid is not directly ligated to tRNA but can be esterified to 
tRNACys and inserted randomly into proteins in place of cysteine (Kaiser et al., 1975). The effect  
of this replacement is dangerous for the cells as it can alter enzyme activities. Selenocysteine is  
incorporated  into  the  polypeptide  chains  in  response  to  the  UGA  codon.  Though  UGA  is 
universally  recognized  as  a  stop  codon,  it  can  lead  to  selenocysteine  incorporation  into 
polypeptide chains (Stolz et al., 2006).
A treatment system based on assimilatory reduction would provide a poor removal efficiency, 
because microorganisms will only assimilate the amount of selenium required for the construction 
of organic matter: for this reason, nowadays, assimilatory reaction is not used in treatment system 
for contaminated soils.

1.4.1.2 Reduction in anaerobic condition: dissimilatory reduction

The dissimilatory reduction of Se(VI) via Se(IV) to Se(0) has been shown to be a significant and 
rapid  environmental  process.  While  Se(IV)  reduction  to  Se(0)  also  occurs  in  nature,  many 
selenite-respiring bacteria  are  known (Switzer  et  al.,  1998;  Takai  et  al.,  2002),  although this 
mechanism of reduction is still poorly understood. Various mechanisms have been proposed to 
explain the biological dissimilatory reduction of selenite (SeO32-) or selenate (SeO42-) to elemental 
selenium (Se0), although none is without controversy (Kessi et al.,  2004; Kessi 2006).
The first mention of an organism capable of generating energy from selenium was a short note by 
Lipman  and  Waxman  (Lipman,1923)  published  in  Science  in  1923.  The  promised  follow-up 
publication with the description of the organism, however, never materialized. 
The oxidation of  selenium to selenite by a heterotrophic organism,  Bacillus megaterium,  was 
described in 1981 (Sarathchandra et al., 1981).
A number of Bacillus spp., among many other genera of bacteria, are capable of respiring with 
selenate, arsenate, nitrate, and other species of oxyanions as terminal electron acceptors under 
anaerobic condition. In particular, a specie of the genus Bacillus was identified for which the name 
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Bacillus  selenatarsenatis  sp.  was  proposed.  This  microorganism is  a  facultatively  anaerobic, 
selenate-  and  arsenate-reducing  bacterium  and  was  isolated  from  a  selenium-contaminated 
sediment obtained from an effluent drain of a glass-manufacturing plant in Japan. The bacterium 
was  capable  of  respiring  with  selenate,  arsenate  and  nitrate  as  terminal  electron  acceptors 
(Yamamura et al., 2007).  Bacillus selenatarsenatis  has also been used in a bioreactor to treat 
synthetic wastewater containing selenium, but a long retention time (95 h) was necessary for 
complete removal of selenium from the aqueous phase (Fujita et al., 2002). Other species of the 
genus  Bacillus  that  are  capable  of  respiring  selenium  and  arsenic  oxyanions  are  Bacillus 
arsenicoselenatis and Bacillus selenitireducens, isolated from Mono Lake, California, an alkaline 
and hyper- saline soda lake (Switzer-Blum et al., 1998).
Thauera  selenatis, a  bacterium  of  the  subclass  of  the   - Proteobacteria,  was  isolated  from 
selenate-contaminated  waste  water  in  the  San Joaquin  Valley,  California,  USA (Macy  et  al., 
1989). This bacterium conserves energy via respiration, using oxygen as the terminal electron 
acceptor or, in anaerobiosis, selenate and nitrate. Thauera selenatis is the first organism founded 
able to reduce selenate using acetate, as source of both electrons and carbon. It was suggested  
that  the reaction might  be catalysed by a  periplasmic  dissimilatory  nitrite  reductase (DeMoll-
Decker et al., 1993). However, the selenate reductase activity was detected in the periplasmic 
space, whereas nitrate reductase activity was found in the cytoplasmic membrane: this suggests 
that the reduction of selenate and nitrate is catalyzed by two independent enzymes (Rech et al.,  
1992): afterwards, the enzyme selenate reductase had been purify and characterize (Schro  der et 
al., 1997). This enzyme is a type II periplasmic molybdoenzyme, composed of three subunits, 
SerA (96kDa), SerB (40kDa), SerC (23kDa) (Dridge et al., 2007).
The gene encoding an additional protein has been sequenced, suggesting a specifc chaperone 
assembly component (SerD) (Kraft T., 2000). The SerC subunit is a b-type cytochrome subunit 
and the presence of conserved cysteine rich motifs in SerB suggests the coordination of iron-
sulphur clusters.  The enzyme contains molybdenum, iron and acid-labile sulphur and has an 
apparent  Km  for  selenate  of  16  WM.  The  enzyme is  very  substrate  specifc,  reducing  only 
selenate to selenite. Alternative substrates like nitrate, chlorate or sulphate were not reduced by 
SerABC when benzyl viologen was used as the artifcial electron donor (Schroder et al., 1997). 
Moreover, recently was isolated a Clostridium, a paddy soil facultative anaerobic strain (Bao et al. 
2013)  that  was  found  to  reduce  selenium oxyanions.  The  Clostridium sp.  BXM can  reduce 
selenium fixing CO2 at the same time showing the ability to use selenium oxianions as electron 
acceptor ( Bao P, 2013).

1.4.1.3 Reduction in aerobic conditions: “detoxification reduction”

In aerobic conditions, the reduction of selenate and selenite to elemental selenium doesn t occur 
to  support  microbial  growth  and  has  no  apparent  respiratory  function  therefore  has  been 
hypothesized that this reduction occurs to detoxify the microbial environment (Lovley, 1993).
Many bacterial strains capable of reducing both selenate and selenite under aerobic conditions 
have been reported.  Aerobic selenate- and selenite-reducing bacteria have some advantages 
regarding their application in wastewater treatment, including the selenate reduction not inhibited 
by oxygen. Moreover, the selenite  reduction is  not  the rate-limiting step for  soluble selenium 
removal and more vigorous growth in aerobic conditions increases cell production.(Lovley, 1993).
Among the different groups of bacteria, the Gram + bacteria are well represented in the saline 
habitat and the Bacillus sp. and Micrococcus sp. are dominant (Zahran et al., 1992). Two halo-
tolerant  Bacillus megaterium strains, isolated from Bhitarkanika mangrove soil,  are capable of 
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reducing selenite to elemental selenium in aerobic conditions. The reaction occurs even in the 
presence of  high salt  concentrations.  The most  important  parameters influencing the selenite 
microbial reduction and bacterial growth are selenite, pH and salt concentration (Mishra et al.,  
2011). In the last years different groups have isolated other strains, belonging to genus Bacillus, 
able to reduce oxyanions in aerobic conditions: Bacillus cereus CM100B (Dhanjal and Cameotra, 
2010), Bacillus sp. AR-6 (Prakash et al., 2010), Bacillus sp. NS3 (Prakash et al., 2009), Bacillus 
sp. STG-83 (Soudi et al., 2009). Stenotrophomonas maltophilia was isolated from a seleniferous 
agricultural evaporation pond sediment collected in the Tulare Lake Drainage District, California 
(Dungan et al., 2003). This bacterium, resisting to multiple microbial agents, can tolerate high 
levels of toxic metals, such as cadmium, lead, selenium and tellurium (Pages et al., 2008). The 
organism is capable of reducing selenate and selenite to elemental selenium and volatilizing it.  
Live  cultures  with  selenium began to  turn  red upon reaching stationary  phase indicating the 
presence of extracellular amorphous elemental selenium (Dungan et al., 2003).
A strain of  Pseudomonas stutzeri  was capable of reducing both selenite and selenate ions to 
elemental selenium at initial concentrations of both anions of up to 48.1 mM. Optimal metalloids 
reduction occurred under aerobic conditions between pH 7.0 and 9.0 and at temperatures of 25 to 
35°C. The reduction of oxyanions by this strain was unaffected by either nitrite or nitrate. There is 
no evidence for dissimilatory selenium reduction in this isolate, hence the reductive pathway in 
this case may function as a system for the detoxification of selenium oxyanions (Lortie et al.,  
1992).  The  strain  Pseudomonas  stutzeri  NT-I,  isolated  from  the  drainage  wastewater  of  a 
selenium refinery  plant,  is  able  to  reduce  selenate  to  elemental  selenium without  prolonged 
accumulation  of  selenite  under  aerobic  conditions  (Kuroda  et  al.,  2011).  This  strain  reduced 
selenate under both aerobic and anaerobic conditions: under aerobiosis it was able to reduce 
selenate completely at high concentrations (up to 10mM) and selenite almost completely (up to  
9mM).  Compared with  aerobic  conditions,  strain NT-I  reduced selenate (SeO42-)  more rapidly 
under  anaerobic  conditions.  By  contrast,  selenite  (SeO32-)  reduction  was completely  inhibited 
under  anaerobiosis.  Therefore,  the sequential  reduction  of  selenate  and selenite  occurs only 
under aerobic  conditions.  Another  mechanism for  metalloid reduction in  aerobic  conditions in 
Pseudomonas  stutzeri involves  siderophores–ironspecific  (Fe3+) chelators  produced  by 
microorganisms  under  nutrient-limited  conditions  as  part  of  an  iron  acquisition  system.  The 
chelator  PDTC,  which  is  produced  by  the   -  Proteobacteria Pseudomonas  stutzeri  and 
Pseudomonas putida, has an ability to bind a many metals,  including many transition metals, 
lanthanides and actinides (Cortese et al., 2002). A broad range of toxic metals form insoluble  
precipitates  with  PDTC,  including  toxic  selenium and  tellurium oxyanions.  In  a  study  it  was 
proposed that selenite may be reduced and bound by PDTC or its hydrolysis product, dipicolinic  
acid (DPA) (Zawadzka et al., 2006).
Pseudomonas aeruginosa strain JS-11 was isolated from wheat rhizosphere and its capacity of 
reducing of SeO32- to Se0 in aerobic conditions. The bacteria exhibited significant tolerance to 
selenite (SeO32-) up to 100 mM concentration (Dwivedi S., 2013).
The Enterobacter cloacae strain SLD1a-1, isolated from the San Luis Drain in San Joaquin Valley, 
was  reported  to  reduce  selenate  to  elemental  selenium  under  aerobic  cultivation  (Losi  et  
al.,1997).  The  overall  reduction  of  selenate  to  elemental  selenium by  Enterobacter  cloacae 
SLD1a-1 is a two-step process, where selenate is first reduced to selenite and further reduced to 
elemental selenium: this two reaction are catalyzed by separate and distinct enzymatic systems 
(Ma et al, 2007). However, selenate reduction by this strain starts after complete depletion of  
dissolved  oxygen  in  the  broth,  suggesting  that  selenate  reduction  occurs  during  anaerobic 
respiration. This is consistent with the results of a genetic study into this strain which revealed  
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that  selenate  reduction  is  related  to  the  transcription  factor  FNR  (Yee  et  al.,  2007),  which 
generally  activates global  expression of  genes for  anaerobic  growth when oxygen levels  are 
depleted (Unden et al., 1995).
Se resistance of indigenous aerobic microbes in Se rich sediments of the Punjab region in India 
and biotransformation of selenite to non toxic elemental Se (0) were investigated from Bajaj and  
co-autors. From the mixed microbial culture that was enriched in the presence of Se, four strains 
of bacteria were isolated and identified: two Duganella sp. and the two Agrobacterium sp. isolates 
were capable of producing exogenous Se (0) nanoparticles by reducing Se (IV) under aerobic 
conditions ( Bajaj M., 2012).

1.4.1.4 Reduction microbial process of selenite

The reduction processes by which the microbial reduction of selenite is accomplished are poorly 
understood. Selenite can be chemically reduced by thiols via the Painter reaction (Seko et al., 
1997; Tomei et al., 1962;Turner et al., 1998) but often enzymatic reduction is implicated. Several  
different enzymes may be involved in the reduction of  SeO32-.(Pierru et  al.,  2006) In  Bacillus 
selenitireducens an  arsenate  reductase  and  in Clostridium pasteurianum a  hydrogenase  are 
thought  to  function  in  SeO32-  reduction  (Afkar  et  al.,  2003;  Yanke  et  al.,  1995).  In  Thauera 
selenatis and Rhizobium sullae  SeO32-reduction is attributed to nitrite reductases (Basaglia et al., 
2007; DeMoll-Decker et al., 1993) and Aeromonas salmonicida mutants with decreased abilities 
to reduce SeO32- also had reduced abilities to reduce nitrate to nitrous oxide suggesting a linkage 
between denitrification and SeO32-  reduction (Hunter et al., 2006). In contrast,  Escherichia coli 
mutants with a defective nitrite reductase were still able to accumulate Se0  (Bebien et al., 2002) 
and  SeO32- reductase  activities  detected  in Tetrathiobacter kashmirensis  and  Pseudomonas 
seleniipraecipitans  were  clearly  different  from  the  enzymatic  activities  that  reduced  nitrate, 
selenate, or nitrite (Hunter et al., 2008; Hunter et al., 2009). 
As purple non-sulfur bacteria have been shown to be highly tolerant to transition metal oxyanions  
(Moore et al., 1992), the mechanism of reduction of selenite was investigated in Rhodospirillum 
rubrum  and  in  Rhodobacter  capsulatus,  two  microorganisms  that  belong  to  the  class  of  !- 
proteobacteria (Woese et al., 1984). The involvement of nitrite reductase and sulfite reductase in 
the reduction of selenite in these bacteria was investigated: the reduction of selenite was not 
concomitant  with  that  of  either  sulfite  or  nitrite in  Rhodospirillum rubrum,  suggesting that  the 
reduction pathways operate independently. In Rhodobacter capsulatus, strong interactions were 
observed  between  the  nitrite  reduction  and  selenite  reduction  pathways.  However,  in  both 
organisms, selenite reduction took place in growth phase and stationary phase, indicating that 
selenite metabolism is constitutively expressed. In contrast, neither nitrite nor sulfite was reduced 
in stationary phase, suggesting that the metabolism of both ions is induced, which implies that  
identical reduction pathways for selenite and nitrite or selenite and sulfite are excluded (Kessi,  
2006).
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1.4.1.5 Glutatione-selenium interaction in the reduction 

The  intracellular  selenite  reduction  is  usually  driven  by  reduced  thiols,  e.g.,  glutathione,  in 
microorganisms  (Kessi,  et  al.,  2004;  Kessi  .2006).  Selenite  reacts  with  glutathione  to  form 
selenodiglutathione  (GS-Se-SG),  which  can  be  further  reduced  by  NADPH  to  unstable 
selenopersulfide (GS-Se2) in the presence of glutathione reductase. Then, dismutation of GS-Se2 

will produce GSH and Se(0). In addition to the thiol groups, terminal reductases for anaerobic  
respiration in some micro- organisms may also reduce selenite as they are redox-reactive in cells.
The likely first step in the biochemical mechanism for generating elemental selenium in bacterial 
cultures involves the reaction between selenium oxyanions and reduced thiols, followed by the 
subsequent action of glutathione reductase and/or thioredoxin reductase. In a chemical approach, 
Painter observed the high reactivity of selenite with thiol groups. He demonstrate the formation of  
selenotrisulfides  (RS-Se-SR)  (Painter,  1941).  Ganther  studied  the  reaction  of  selenite  with 
glutathione (GSH),  the most  abundant  thiol  found in  the eukaryotic  cells,  cyanobacteria,  and 
many groups of proteobacteria. He showed that the selenodiglutathione (GS-Se-SG) is a very  
good substrate for glutathione reductase, with Km and Vmax values comparable with those of 
glutathione itself. Ganther also proposed that the unstable selenopersulfide of glutathione (GS- 
Se) dismutates into elemental selenium and reduced glutathione (Ganther, 1971)

1.4.1.6 Selenium Nanoparticles formation

The ability to reduce selenite and selenate into elemental selenium through both enzymatic or 
non enzymatic mechanisms, lead to the green synthesis of Se nanostructured particles (SeNPs) 
(Fig. 7).

Fig.  7:  Selenium  nanoparticles:  ESEM-EDX  and  TEM-EDX  observations.  Microscopic 
observations  (A&B)  and  representative  energy-dispersive  X-ray  spectra  of  electron-dense 
particles (C) of S. maltophilia Sm777 cells grown with selenite (10 mM). Arrows on micrographs 
indicate the presence of intracellularly localized electron-dense particles of Se and arrows on 
spectra indicate metal-specific peak detected. (Pages et al., 2008).

Among the various morphologies of elemental Se, amorphous selenium nano- particles were  the 
most  interesting  and  promising  for  different  applications.  Amorphous  selenium  nanoparticles 
possess unique photoelectric, semiconducting and X-ray-sensing properties. These nanoparticles 
also  show  biological  activity  and  good  adsorptive  ability  due  to  interaction  between  the 
nanoparticles and NH, C = O, COO_ and C-N groups of proteins (Zhang et al., 2004). Selenium 
nanoparticles  have  also  been developed  for  applications  in  medical  diagnostics  (Yost  et  al., 
1990).
Most of the studies on the biogenesis of Se-NPs are based on anaerobic systems. However, 

33



2. Introduction

anaerobic conditions have limitations, such as culture conditions and isolate characteristics that 
make optimization of processes an arduous challenge (Prakash et al., 2009). There are also few 
reports  in  literature  on  the  aerobic  formation  of  Se-NPs  by  microorganisms  such  as 
Pseudomonas aeruginosa, Bacillus sp. and Enterobacter cloacae (Tejo et al., 2009; Yadav et al., 
2008; Losi et al., 1998).
Bacterial synthesis of metallic nanoparticles is often achieved by a reduction step followed by a 
precipitation step with the latest composed of two parts: nucleation and crystal growth. To date,  
only the reduction step has been studied extensively and the biological processes responsible for 
nucleation and crystal growth are not fully understood (Dobias et al., 2011).
 Microbes  produce  inorganic  materials  either  intra-  or  extra-cellularly  often  in  nanoscale 
dimensions with precise morphology: microbial detoxification can be made either by extracellular 
biomineralization,  biosorption,  complexation  or  precipitation  or  intracellular  bioaccumulation. 
Microbial  synthesis  of  metal  nanoparticles  depends  up  on  the  localization  of  the  reductive 
components of the cell. When the cell wall reductive enzymes or soluble secreted enzymes are 
involved in the reductive process of metal ions then it is obvious to find the metal nanoparticles 
extracellularly. 
The  extracellular  production  of  nanoparticles  has  wider  applications  in  optoelectronics, 
electronics, bioimaging and in sensor technology than intracellular accumulation: this is because, 
in order to release the intracellularly synthesized nanoparticles, additional processing steps such 
as  ultrasound treatment  or  reaction  with  suitable  detergents  are  required  (Narayanan et  al., 
2010). Few selenite- and selenate-respiring bacteria such as  Sulfurospirillum barnesii,  Bacillus 
selenitireducens  and  Selenihalanaerobacter  shriftii  synthesized  extracellularly  stable  uniform 
nanospheres of diameter 300nm of elemental selenium Se0 with monoclinic crystalline structures. 
These bacteria have also produced small amounts of Se0 intracellularly (Oremland et al., 2004) 
The three organisms used toxic selenium oxyanions as the electron acceptors during anaerobic 
respiration  which  resulted  in  the  formation  of  stable,  uniform  nanospheres  of  selenium.  A 
facultative anaerobic bacterium, Enterobacter cloacea SLD1a-1 (Losi et al., 1997), a purple non-
sulfur bacterium,  Rhodospirullum rubrum in oxic and anoxic condition (Kessi et al.,  1999) and 
Desulfovibrio  desulfuricans (Tomei  et  al.,  1995)  have  been  found  to  bioreduce  selenite  to 
selenium both inside and outside the cell with various morphologies like spherical, fibrillar and 
granular structure or with small atomic aggregates.
Selenium-tolerant aerobic microorganisms may provide an opportunity to overcome the limitations 
in the biosynthetic anaerobic processes. The generation of selenium nanospheres by soil bacteria 
Pseudomonas aeruginosa (Yadav et al., 2008) and Bacillus cereus (Dhanjal et al., 2010) under 
aerobic  conditions  has  been  reported.  Pseudomonas  aeruginosa SNT1,  isolated  from 
rhizospheric  seleniferous  soil  biosynthesized  nanostructured  selenium  by  biotransforming 
selenium oxyanions to spherical amorphous allotrophic elemental red selenium both intracellularly 
and  extracellularly  in  aerobic  conditions.  The  analysis  was  carried  out  by  processing  the 
microorganism biomass and subjecting the sample to atomic force microscopy (AFM) and Rieger-
Flux (XRD) examination (Yadav et al., 2008). In Bacillus cereus strain CM100B Environmental 
Scanning Electron Microscopic (ESEM) study of  bacterial  culture,  obtained from the selenite-  
supplemented inoculum, revealed spherical structures associated with the cellular biomass. In 
Atomic  Force  Microscopic  (AFM)  imaging  nanospheres  of  diameter  ranging from 150-200nm 
were observed in the extracellular medium. Scanning electron microscopy (SEM) also showed 
spherical  nanospheres  of  size  ranging  from  150-200nm  scattered  around  the  cells  as  free 
deposits and also present as aggregates attached to bacterial  cell  mass. Thus, this strain is  
capable of reducing the toxic selenite ions aerobically with concomitant generation of selenium 
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nanospheres in the culture medium (Dhanjal et al., 2010). 
In the laboratory of Professor Vallini was isolated a new specie and characterized. On the basis of 
phenotypic and molecular traits the strain is belonging to the species Bacillus mycoides. Under 
aerobic conditions, the strain was able to reduce SeO32-  to elemental selenium forming SeNPs 
both extracellularly or intracellularly. It is proposed that selenite was enzimatically reduced to Se0 

through redox reactions by proteins released from bacterial cells. Sulfhydryl groups on peptides 
excreted outside the cells may also react directly with selenite. Moreover, membrane reductases 
and the intracellular synthesis of low molecular weight thiols such as bacillithiols may also play a 
role in SeO32- reduction (Lampis S. et al., 2014). Formation of SeNPs seems to be the result of an 
Ostwald ripening mechanism (Zhang et al., 2011)

1.4.2 Selenium oxidation

Re-oxidation  of  elemental  selenium  to  selenite  or  selenate  by  microorganisms  is  another 
important  step toward a better understanding of  the biogeochemical  cycle of  selenium in the 
environment.  Nevertheless,  very  little  attention  has  been paid  to  this  topic.  The  oxidation  of 
selenium  to  selenite  by  a  heterotrophic  organism,  Bacillus  megaterium, a  Gram-positive 
bacterium isolated from soil, was reported. Small amounts of abiotic selenate production from 
selenite have also been noted (Sarathchandra et al., 1981). The oxidation is a slow process in 
soils at physiological pH and dark conditions: the reaction is carried out by at least two different 
classes  of  microorganisms.  The  first  class  includes  heterotrophic  microorganisms  such  as 
Leptothrix strain MNB-1 or Bacillus megaterium: the mechanism for their oxidation is still unknown 
but it appears to be constitutive. The second class includes bacteria of the aerobic sulfur cycle, 
like Thiobacilli, which carry out the oxidation of elemental selenium with enzymes that are used 
for generating energy from reducing sulfur compounds (Dowdle et al., 1998).

1.4.3 Selenium methylation and demethylation  

Studies on microbial selenium methylation and demethylation are also few in number, the former 
process  being  studied  as  a  means to  remove selenium from contaminated  agricultural  soils 
(Dungan et al., 1999; Gadd et al., 1993;  McCarty et al., 1993; Ranjard et al., 2003 ). 

1.4.3.1 Selenium methylation

A common biological response to selenium exposure is methylation. It was observed that upon 
selenium exposure, a garlic-like odour emanated from its acquisition: this odour originates from 
methylated  derivatives  of  the  chalcogens.  The  most  commonly  detected  organoselenium 
compounds  in  environmental  samples  and  as  microbial  products  are  dimethyl  selenide 
(CH3SeCH3, DMSe), dimethyl selenenyl sulfide (CH3SeSCH3, DMSeS), and dimethyl diselenide 
(CH3SeSeCH3,  DMDSe)  (Amouroux  et  al.,  1998).  Less  common  are  the  more  reduced  and 
reactive hydrogen selenide (H2Se) and methane selenol  (CH3SeH) (Doran et  al.,  1977).  The 
methylation of Se is thought to occur through a form of the Challenger mechanism. This includes  
a series of reduction methylation steps mainly observed when S-adenosylmethionine is available 
as a donor for the metyl group. In this mechanism, the selenium atom is methylated and reduced 
to form volatile dimethyl selenide (Fig.8) (Challenger, 1945).
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Fig. 8: Methilation mechanism proposed from Challenger (1945)

Afterwards,  a  variation  of  Challenger  mechanism  was  proposed.  Dimethyldiselenide  and 
dimethylselenone was identified, in addition to DMSe, as products from soil and sewage sludge 
amended with  either  SeO32- or  Se0:  for  this  reason a  new methylation  pathway  was studied 
(Reamer et al., 1980).
Later, another mechanism for the same process was suggested. In this pathway selenite is first  
reduced to elemental selenium and then further reduced to selenide, which is methylated to form 
dimethyl selenide (Fig. 9) (Doran, 1982).

Fig. 9: Methylation mechanism proposed from Doran(1982)

Evidence for this mechanism comes from the commonly observed elemental selenium in bacterial 
cultures doped with oxidized selenium salts (Eriksen, 1999). Microbial biomethylation of selenium 
is widespread occurring with bacteria and fungi: molecular analysis of freshwater environments 
suggested that selenium methylation activity was carried out by species of  - Proteobacteria : 
some examples are Pseudomonas spp. (Favre-Bonte S. 2005),  Pseudomonas aeruginosa VS7 
(Chasteen, 1990), Enterobacter cloacae SLS1a-1 (Dungan et al., 2000) Rhodobacter sphaeroides 
(Van Fleet-Stalder et al., 2000) and Penicillium citrinum (Chasteen et al., 1990).

36



2. Introduction

1.4.3.2 Selenium demethylation

Demethylation is a chemical process to remove a methyl group (CH3) from a molecule. A common 
way of demethylation is the replacement of the methyl group by an hydrogen atom, resulting in a  
net loss of one carbon and two hydrogen atoms. Very little information is available with respect to 
microorganisms  capable  of  demethylating  selenium  volatile  compounds.  Two  Pseudomonas 
strains, isolated from a seleniferous clay, were able to utilize dimethylselenide as carbon source.  
In the same study, there were also 30 isolated strains of Xanthomonas and Corynebacterium able 
to grow on dimethyldiselenide as the sole carbon source (Doran et al., 1977) Demethylation of 
dimethyl  selenide  in  anoxic  sediments  is  carried  out  by  methylotrophic  methanogens  via 
pathways established for growth on the analogous compound dimethyl sulfide (Zehr et al., 1987). 
Access to selenium is essential for organisms depending on selenium- containing enzymes in 
their central metabolism. This is the case for Methanococcus voltae, a methanogenic archaea. 
Demethylation  of  dimethyl  selenide  in  anoxic  sediments  is  carried  out  by  methylotrophic 
methanogens via pathways established for growth on the analogous compound dimethyl sulfide 
(Kiene et al., 1986, Oremland, 1986). In this microorganism, a gene group probably involved in 
the demethylation of dimethylselenide was discovered, the expression of which is induced upon 
selenium  deprivation.  This  inducible  demethylation  of  dimethylselenide  constitutes  a  novel, 
alternative  adaptation  strategy  of  Methanococcus  voltae to  selenium  limitation  (Niess  et  al., 
2004).
The  demethylation of  dimethylselenide  could  occur  also  as  a  result  of  fortuitous  metabolism 
(Dagley, 1984). Analysis of Arlington sandy loam confirm this hypothesis. The study revealed that  
organic  amendments,  such  as  casein  and  gluten,  were  found  to  inhibit  the  degradation  of 
dimethylselenide: microorganisms appear to utilize the added carbon sources more readily than 
DMSe  (Dungan  et  al.,  2002).  Demethylation  of  volatile  selenium  compounds  could  be 
implemented  as a  remediation  technique to  increase the efficiency  of  biological  treatment  of  
selenium-contaminated areas, but further investigation are needed to determine the magnitude of 
demethylation reactions in seleniferous environments.
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1.5 MICROBIAL EXOPOLISACCHARIDES (EPS)

Bacteria have evolved the capacity to adapt to any environmental condition. Structural matrices 
such as exopolysaccharides (EPS) are exposed at the cell surface and contribute to modulate 
this versatile behaviour  (Romero 2013). A wide range of bacteria synthesizes and secretes EPS 
which are involved in the tolerance to environmental stresses like the presence of metals and non 
metals (Pereira et.al.  2009).  The precise role of  the exopolysaccharide in exopolysaccharide-
producing  bacteria,  evident  in  different  ecological  niches,  is  dependent  on  the  natural  
environment of the microorganism. Most of the functions ascribed to exopolysaccharide are of a  
protective nature.
Bacterial EPSs are biopolymers that are secreted by the cells, (Fig. 10) and form a capsule that 
remains associated with the cell  surface, or a slime that  is loosely bound to the cell  surface  
(Rehm, 2009).

Fig. 10: Simplified schematic diagram summarizing the biosynthetic EPS formation in bacterial  
Gram-negative bacteria. ATP hydrolysis is used to gain energy to drive the substrate against its 
concentration gradient (Modified from Freitas 2011; Schaechter 2004).

These biopolymers are mainly composed of carbohydrates, with glucose, galactose and mannose 
being the most common monomers.  Other  neutral  sugars (e.g.  rhamnose and fucose),  some 
uronic acids (mainly glucuronic and galacturonic acids) and aminosugars (N-acetylamino sugars) 
are also frequently present. Although most bacterial EPSs are composed of repeating units with 
varying sizes and degrees of ramification (Fig. 11) , some have irregular structures (e.g. bacterial  
alginates). Given the diversity of sugar components, there is a wide range of possible molecular  
structures.  Moreover,  this  variability  is  increased  by  the  different  glycosyl  linkages  and 
configurations that  are also possible (Ullrich  et  al.,  2009;  Kumar et  al.,  2007).  In  addition to 
carbohydrates,  bacterial  EPS  might  contain  several  organic  ester-linked  substituents  and 
pyruvate ketals.  The presence of  some of  these acyl  groups confers on the EPS an anionic 
character, increases its lipophilicity, and affects its capacity to interact with other polysaccharides 
and  cations.  The  properties  of  bacterial  EPS  are  determined  by  its  chemical  composition, 
molecular structure, average molecular weight, and distribution. Owing to their high number of 
negative charges,  EPS provide binding sites for  charged particles or  molecules,  in particular  
metal cations (De Philippis et.al., 2007). In particular, EPS have ionizable functional groups like 
carboxyl,  acetate,  hydroxyl,  amine,  phosphate,  and  more  rarely  sulfate  groups,  which  are 
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potential binding sites for the sequestration of heavy metals (Liu et al., 2002).

Fig.  11:  The chemical  structures  of  the exopolysaccharide (EPS)  repeating  units:  Rhizobium 
leguminosarum bv. Trifolii. Abbreviations: Glc, glucose, GlcA, glucuronic acid, Gal, galactose, and 
Ac, acetyl  (Skorupska et al. 2006).

Studies on interactions between metals  and EPS produced by bacteria have established the 
phenomenon of biosorption as one of the vital processes in bioremediation of toxic heavy metal 
contaminated waste water systems, the components of EPS as a whole playing the central role.  
One of the modern approaches for bioremediation of heavy metals is based on the ability of 
microorganisms to  effectively  catalyze changes in  the  oxidation states of  metals  that  in  turn 
influence  their  solubility.  Certain  heavy  metals  like,  Cr,  Mo,  Se,  U,  Au  can  be  immobilized 
following enzymatic reduction of these elements into an insoluble lower redox state (Paul 2008; 
Deschatre et al., 2013). Under oxidizing conditions, they occur as highly soluble and mobile ions, 
however,  under  reducing  conditions  they  usually  form  insoluble  phases.  The  ability  of  the 
extracellular polymeric substances to bind and possibly reduce heavy metals may represent a 
novel feature in some organisms. (Paul, 2008; Hou et al., 2013). EPS of Shewanella oneidensis 
MR-1  bind  and  reduce  metals  in  association  with  specific  lipoproteins,  however,  the  exact 
ultrastructure, composition, and mechanisms of cellular and extracellular components involved in 
metal  reduction  and  precipitation  are  not  completely  understood  (Dohnalkova  et  al.,  2005). 
Pseudomonas putida  cultured  as  unsaturated  biofilm  on  membranes overlaying  iron-deficient 
solid media either containing potassium dichromate or dichromate coated hematite demonstrated 
enzymatic reduction of Cr(VI) and extracellular DNA binding of Cr(III) (Priester, 2006).
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1.6 STENOTROPHOMONAS GENUS

The genus  Stenotrophomonas,  which is  phylogenetically placed in the Gammaproteobacteria, 
was  first  described  with  the  type  species  Stenotrophomonas  maltophilia1.  This  species  was 
originally  named  Pseudomonas  maltophilia  by  Hugh  and  Ryschenko  in  1961,  but  was  later 
transferred to the genus  Xanthomonas (Swings et al., 1981)  before it was given its own genus 
(Palleroni et al., 1983). The genus name (from the Greek ‘stenos’, meaning nar- row, ‘trophus’,  
meaning  one  who  feeds  and  ‘monas’,  meaning  unit)  was  intended  to  highlight  the  limited 
nutritional range of the bacterium1. However, several studies subsequently demonstrated that the 
genus is capable of great metabolic versatility and intraspecific heterogeneity (Berg et. al. 1999;  
Nesme et al. 1995; Ryan et al., 2009)(FIG. 12). 

Fig.  12:  Biotechnological  uses of  Stenotrophomonas spp.:  Stenotrophomonas spp.have many 
traits that could be used in different biotechnological processes. Some Stenotrophomonas spp. 
can produce antimicrobial compounds that protect plants, as well as generate factors that can 
promote plant growth. Also, many Stenotrophomonas spp. have a high level of intrinsic resistance 
to heavy metals and antibiotics and have been shown to degrade a wide range of compounds,  
including  pollutants,  and  could  potentially  be  used  in  bioremediation  and  phytoremediation. 
Stenotrophomonas maltophilia is also known to cause human disease as a result of its ability to 
colonize immunocompromised patients, and has been shown to be virulent in a nematode model.
(Ryan et al., 2009)
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At the time of writing, the genus comprises 12 recognized species summarized in the follow table 

!"#$%#& '#(#)#*$#&

S.maltophilia, Palleroni et al. 1993
S.rizophila Wolf et al., 2002
S. africana Drancourt M et al. 1997
S.nitritireducens Finkmann et al., 2000 
S.acidaminiphila Assih et al., 2002
S.koreensis Yang et al., 2006
S.chelatiphaga Kaparullina et al., 2009
S.terrae Heylen et al., 2007
S.humi Heylen et al., 2007
S. daejeonensis Lee et al., 2011
S. ginsengisoli Kim et al., 2010
S. pavanii Ramos et al., 2011

Tab. 5: Stenotrophomonas spp  currently identified.

Stenotrophomonas dokdonensis was described in 2006 (Yoon et al., 2006) but was transferred in 
2008 to the genus Pseudoxanthomonas (Lee et al., 2008).
Members of  the genus  Stenotrophomonas have the following characteristics:  they are Gram-
negative,  non-spore-forming, motile or  non-motile rods,  are positive for catalase and glucose 
fermentation,  contain  iso-C15 :  0  as the predominant  cellular  fatty  acid and have DNA G+C 
contents in the range 64.0–69.1 mol%. Species of the genus  Stenotrophomonas  are common 
inhabitants of a wide variety of natural and artificial environments and geographical regions. In 
particular, the type strains of the above- mentioned species were isolated from soil, compost, 
plant rhizosphere, an anaerobic sludge blanket reactor, an ammonia-supplied bio-filter and the 
pleural fluid of a patient with oral carcinoma (Lee et al., 2011). 
Stenotrophomonas  species  have an important  ecological  role  in  the  element  cycle  in  nature 
(Ikemoto et al., 1980): their biotechnological importance is partly due to its potential plant growth-
promoting effects and applications in the biological control of diseases in plants (Nakayama et al., 
1999).  Additionally, six  environmental  species  are  allocated to  the genus:  Stenotrophomonas 
nitritireducens,a N2O-producing bacterium isolated from ammonia-supplied biofilters (Finkmann et 
al., 2000), Stenotrophomonas rhizophila, a plant-associated species displaying antifungal activity 
(Wolf  et  al.,  2002), Stenotrophomonas  acidaminiphila,  isolated  from  a  laboratory-scale 
methanogenic  reactor  treating  industrial  wastewater  (Assih  et  al.,  2002),  Stenotrophomonas 
koreensis,  isolated  from  compost  (Yang  et  al.,  2006),  and Stenotrophomonas  terrae and 
Stenotrophomonas  humi, nitrate-reducing  species  isolated  from  soil  samples  (Heylen  et  al., 
2007). 
Strains of the most predominant species,  Stenotrophomonas maltophilia, have an extraordinary 
range of activities that include beneficial effects for plant growth and health, the breakdown of 
natural  and  man-made  pollutants  that  are  central  to  bioremediation  and  phytoremediation 
strategies and the production of biomolecules of economic value, as well as detrimental effects,  
such as multidrug resistance, in human pathogenic strains (Ryan et al. 2009).
Recent  interest  has  also focused on the  use  of  the  specie  Stenotrophomonas maltophilia in 
decontamination of polluted soils (bioremediation) because of  its ability to degrade xenobiotic  
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compounds  (Binks  et  al.,  1995),  to  detoxify  high  molecular  weight  polycyclic  aromatic 
hydrocarbons  (Juhasz  et  al.,  2000).  The  type  species,  Stenotrophomonas  maltophilia,  is  an 
important  cause  of  nosocomial  infections  and  is  commonly  found  in  a  wide  range  of 
environmental  niches  (Palleroni  et  al.,  1993).  It  has  been  lately  described  in  endophytic 
association  with  some  agronomic  species  as  exerting  beneficial  effects  on  growth  (nitrogen 
fixation, phytohormone induction) and anti-fungal activity (Wolf et al., 2002; Vega et al., 2005; 
Idris et al., 2009).
This bacterium has also an intrinsic resistance to many antibiotics and an high tolerance towards 
a wide range of toxic oxyanions and metals: in particular,  Stenotrophomonas maltophilia strain 
Sm777 is  capable to tolerate  high concentrations of  both selenite and tellurite  (Pages et  al.,  
2008), strain JD1 grow in presence of 300mg/l of hexavalent chromium (Morel et al., 2009) and 
strain  ORO2  tolerate  a  concentration  of  0.22mM  of  HgCl2 (Holmes  et  al.,  2009). 
Stenotrophomonas  maltophilia strain  SelTE02,  a  strain  isolated  form the  rhizospheric  soil  of 
Astragalus bisulcatus,  selenium hyperaccumulator  legume,  was able to tolerate concentration 
high as 50mM of selenite (Di Gregorio et al., 2005). In addition, this strain was also capable of 
reducing  selenite  to  elemental  selenium,  accumulating  elemental  non  toxic  red  selenium 
precipitate. Those characteristic suggested that this strain could be usable for bioremediation of 
selenite-contaminated environments. The specific mechanism responsible for selenite reduction 
to elemental selenium has yet to be elucidated: however, there is evidence that glutathione could 
play a role on selenite reduction (Antonioli et al., 2007).
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Selenium (Se) is a naturally occurring metalloid element, which is essential to human and other  
animal health in trace amounts but is harmful in excess (Barceloux, 1999).Of all the elements,  
selenium has one of the narrowest ranges between dietary deficiency (<40  g  day 1) and toxic 
levels  (>400  g  day 1)  (WHO 1996),  which makes it  necessary to carefully  control  intakes by 
humans and other animals, hence, the importance of understanding the relationships between 
environmental exposure and health. Because diet is the most important source of selenium in 
humans,  understanding  the  biogeochemical  controls  on  the  distribution  and  mobility  of 
environmental selenium is key to the assessment of selenium-related health risks (Raab, 2000). 
High selenium concentrations  are  associated  with  some phosphatic  rocks,  organic-rich  black 
shales,  coals,  and  sulfide  mineralization,  and  with  anthropogenic  sources  of  industrial  and 
agricultural  activities  (Fernandez-Martez  et  al.,  2009;  Vinceti  et  al,  2001).  However,  health 
outcomes are not only dependent on the total selenium content of rocks and soils but also on the 
amount  of  selenium  taken  up  into  plants  and  animals—the  bioavailable  selenium.  In  the 
environment,  Selenium occurs  in  a  variety  of  oxidation  state:  in  particular  the  water  soluble 
oxyanions selenite (SeO32-)  and selenate (SeO42-)  are the predominant Se species in aerobic 
environment and they are also the forms with the highest toxicity level  (Zannoni et al.,  2008;  
Shrift, 1964). Among these, selenite is the most toxic inorganic selenium. (Frankenberger et al., 
1998;  Jayaweera  et  al.,1996)  The  lifetime of  selenite  in  soils  is  closely  associated  with  the 
microbial activity. In particular, the process of selenite reduction to Se(0) is of great significance  
for its bioremediation and geochemical cycles (Jayaweera et al., 1996; Ma et al., 2007; Weres et  
al., 1986). A wide variety of microorganisms can reduce selenite to elemental selenium in aerobic  
and anaerobic condition (Li et al., 2013; Hunter et al., 2008; Hunter et al., 2007; Mishra et al.,  
2011; Blum et al., 1998; Lortie et al., 1992).
In a few microorganisms the reduction of SeO32- can even serve as a respiratory process; though, 
in the majority of microorganisms studied SeO32- reduction has no apparent respiratory function 
(Pierru et al., 2006). In biotic reduction pathways, several types of bacteria have been reported to  
play a role in the detoxification of Se by reducing selenate or selenite to elemental Se (Ike et al., 
2000;  Tomei  et  al.,  1995).Neverthlesses,  the  reduction  aerobic  processes  indicated  as 
“detoxification reduction” by which the microbial reduction of selenite is accomplished are poorly 
understood. 
Aim  of  this  work  is  entire  in  the  understanding  of  the  aerobic  reduction  mechanisms  in  the 
biogeochemical  cycle  of  selenium and  to  shed  a  new  light  on  the  biological  “detoxification 
mechanism” activated by Stenotrophomonas spp strains, improving the knowledges of genetics 
and biochemistry involved in the selenium pathway of this microorganism.
In  the  present  work, Stenotrophomonas  maltophilia  SelTE02,  a  strain  isolated  from  the 
rhizosphere of the selenium hyperaccumulator  Astragalus bisulcatus, was analyzed. The strain 
was capable of reducing selenite to elemental selenium in aerobic conditions: this ability offers 
the possibility of exploitation of this strain in remediation protocols for the treatment of selenium-
bearing wastewaters (Di Gregorio et al., 2005). In the first phase of this project, strain SelTE02 
was compared with other four environmental strains of  Stenotrophomonas maltophilia isolated 
from contaminated soils. The strains analyzed, in addition to SelTE02, were: - A16: isolated from 
soil  collected from the Ex-SLOI area in Trento-Nord and was obtained by enrichment cultures  
added with organic lead. - AW, B, T: isolated from soil collected from Scarlino industrial site and 
were obtained by enrichment cultures added with arsenite. The purpose of this analysis was to 
evaluate  if  strains  collected  from  various  sites,  contaminated  with  arsenite  or  organic  lead,  
showed similar characteristic in comparison with the reference strain SelTe02. The physiological 
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characterization of these five Stenotrophomonas spp. strains involved the measurement of LD50 

(lethal dose 50), selenite reduction efficiency and elemental selenium production. The selenium 
nanoparticles formation was investigated with using Transmission Electron Microscope (TEM). 
Furthermore, in order to investigate more in detail the selenite reduction process, we focused our  
attention on strain SelTE02 by measuring selenite reduction and elemental selenium production 
when Na2SeO3 was added at different time of culture growth. 
In the second part of the work, the esopolisaccharides (EPS) production and the correlation with 
the selenite reduction were investigated in the five strains. 
In the last part of the work, in order to go deeper in the heart of the selenite reaction, proteomic 
analysis of the cytoplasmic protein fraction of Stenotrophomonas maltophilia strain SelTE02 was 
carried out, to investigate the enzyme(s) involved in the selenite reduction: the most interesting 
suggestion, arising from the proteomic analysis, concerns the identification of an enzyme involved 
in the mercury cycle. This finding has opened the way to new research that explores the possible 
interaction between mercury and mechanism for the reduction of selenite. 
Finally,  the  whole  genome  of  Stenotrophomonas  maltophilia SeITE02  was  performed  and 
analyzed to detect  known enzymes correlated with selenite reduction and with the proteomic 
results.
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2.1 CHEMICALS, SOLUTIONS AND CULTURE MEDIA

Chemicals purchased from Sigma-Aldrich (Milan, Italy) were all analytical grade. Nutrient Broth, 
Yeast Extract and Bacteriological Agar were supplied by Oxoid Italia S.p.A (Garbagnate Milanese, 
Italy).

2.1.1 Growth media
All  cultural  media,  except  when  specified  otherwise,  were  arranged  by  weighting  different 
powdered  components  and  mixing  them  in  appropriated  volume  of  bi-distilled  water.  pH  of 
solutions was adjusted as specified by producers with solutions 2M of NaOH or HCl and sterilized 
by autoclaving at 121°C for 15 minutes under a pressure of 105 kPa.
Solid  media  were  obtained  by  adding  Technical  Agar  n°  3  (Oxoid)  at  1.2  %  before  the 
sterilizatutes.

Nutrient Broth
peptone 5g/L
meat extract 1g/L
yeast extract 2g/L
NaCl 5g/L
pH6,8-7,2

Nutrient Agar
Nutrient Broth 13,0 g/L
Bacteriological Agar 12 g/L

Minimal defined Medium (DM)
3 g/l NH4NO3,
2.2 g/l Na2HPO4,
0.8 g/l KH2PO4

and the appropriate source of carbon in concentration 0,1%.
After sterilization in autoclave, filtered Wolfe’s mineral solution (10 ml/l) and Vitamin solution (1 
ml/l) were added.

Luria Bertani (LB)
10 g/l tryptone,
5 g/l yeast extract,
10 g/l NaCl.

SOC broth
10 g/l tryptone,
5 g/l yeast extract,
0.5 g/l NaCl,
10 ml/l KCl 250 mM,
5 ml/l MgCl2 2M,
5 ml/l glucose 1M.
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2.1.2 Solutions

Tris-Acetate EDTA 50X (TAE): 242 g tris base, 57.1 ml glacial CH3COOH, 100 ml 0.5 M EDTA 
(pH 8). The volume of the solution was adjusted to 1 liter with deionised H2O.
Tris-Borate EDTA 10X (TBE): 54 g tris base, 27.5 g H3BO3 (boric acid), 20 ml 0.5 M EDTA (pH 
8). The volume of the solution was adjusted to 1 liter with deionised H2O.
Selenite  and  selenate  solutions: Na2SeO3,  and  Na2SeO4 were  prepared  as  100mM  stock 
solutions in deionized water and sterilized by filtration with 0,2  m  Millipore filters.
Nitrite  solution:  NaNO2,  was  prepared  as  100mM  stock  solutions  in  deionized  water  and 
sterilized by filtration with 0,2  m  Millipore filters.
Sulfite solution:  NaSO3, and Na2SeO4 were prepared as 100mM stock solutions in deionized 
water and sterilized by filtration with 0,2  m  Millipore filters.
Mercuric solution: HgCl2 was prepared as 1mM stock solution in deionized water and sterilized 
by filtration with 0,2  m  Millipore filters.

All chemicals were purchased from Sigma-Aldrich (Milan, Italy).

2.2 MICROBIOLOGICAL METHODS

2.2.1 Bacterial strains

The strains used in the present work are the follow:
! Stenotrophomonas maltophilia strain SelTE02, which has been isolated from rhizospheric 

soil of a selenium hyperaccumulator plant, the legume Astragalus bisulcatus (Di Gregorio 
et al., 2005).

! Stenotrophomonas maltophilia strain  A16,  which has been isolated from soil  collected 
from  the  Ex-SLOI  area  in  Trento-Nord  and  was  obtained  by  enrichment  cultures  in 
presence of organic lead (Ferrari, 2010). -

! Stenotrophomonas sp. strains  AW,  B,  T,  isolated  from  soil  collected  from  Scarlino 
industrial site and obtained by enrichment cultures in presence of arsenite (PhD work-
Chiara Santi, 2013).

2.2.2. Microbial growth estimation

All microbiological tests were carried out in 250-ml Erlenmeyer flasks containing 100 ml of growth 
medium incubated at 27°C on an orbital shaker (200 rpm). Each flask was inoculated with aliquots 
from stationary-phase cultures of  every strain to reach a final  optical  density of  0.01.  Culture 
samples collected at different time were analyzed for bacterial  growth, residual selenite in the 
medium, and formation of elemental Se .
At each sampling time, 1 ml of suspension was removed to measure cell growth by OD600 by 
spectrophotometric analysis according to the method described by Cummings et al., (1999).
Cell growth was evaluated by counting the colony forming units (CFU) on agarised Nutrient Broth 
plates seeded with aliquots of bacterial cultures.

48



4. Materials and methods

All analyses were performed in triplicate. Bacterial growth was checked in presence of Na2SeO3 , 
NaNO2, NaSO3 andHgCl2.
Control cultures were incubated in Nutrient Broth.

2.2.3 Determination of the LD50

LD50 is an abbreviation for "Lethal Dose, 50%" or median lethal dose. It is the amount of the 
substance required to kill 50% of the test population. LD50 was determined for every strains by 
selenite, nitrite, sulfite and mercury. Each one of the five strains  (SeITE02, A16, AW, B, T) was 
inoculated in a tube with 4ml of Nutrient broth in agitation at 27°C for 48 hours. Cell growth was 
evaluated  by  counting  the  colony  forming  units  (CFU)  on  agarised  Nutrient  Broth  plates 
supplemented with an increasing concentration of selenite, nitrite or sulphite (final concentrations 
were 5, 8, 19, 13, 15, 20mM) seeded with appropriate dilutions of bacterial cultures. The plates  
were incubated at 27°C for 48 hours. All analyses were performed in triplicate.

2.2.4 MIC (Minimum inhibitory concentration) determination

Minimum inhibitory concentration (MIC) for Na2SeO3,- NaNO2, NaSO3 and HgCl2 was determined 
either on Nutrient Broth or DM agarised plates. Microbial cells were checked for their viability after 
5 days of incubation on plates containing increasing concentrations of the inhibitors.

2.3 EVALUATION OF SELENITE REDUCTION EFFICIENCY AND 
ELEMENTAL SELENIUM PRODUCTION

Selenite reduction capability and elemental selenium production were determined for each one of  
the five strains in rich growth medium (Nutrient Broth) respectively in 100ml and 300ml flasks. 
Tests were carried out with or without preinduction.
The preinduced coltures were obtained growing bacterial cells until stationary phase in presence 
of 0,2mM Na2SeO3.
Both selenite and elemental selenium content were measured.

2.3.1 Selenite quantification

Selenite contents were determined spectrophotometrically using a colorimetric method based on 
the formation of a piazselenol complex with diaminonaphthalene, as described by Kessi et al. 
(1999). First, 10 ml of 0.1 M HCl, 0.5 ml of 0.1 M EDTA, 0.5 ml of 0.1 M NaF, and 0.5 ml of 0.1 M 
disodium oxalate were mixed in a 50 ml glass bottle. A 50 to 250  l  sample containing 100 to 200 
nmol of selenite was added, and then 2.5 ml of 0.1% 2,3-diaminonaphthalene in 0.1 M HCl was 
amended.  The  bottles  were  incubated  at  40°C  for  40  minutes  and  then  cooled  to  room 
temperature.  The  selenium-2,3-diaminonaphthalene  complex  was  extracted  with  6  ml  of 
cyclohexane by shaking the bottles vigorously for about 1 minute. The absorbance at 377nm of 
the organic phase was determined using a spectrophotometer UNICAM Uv/Vis. Calibration curves 
were  obtained  with  samples  containing  0-200  nmol  sodium  selenite  and  exhibited  linearity 
between absorption and selenite concentration (R2=0.999).

49



4. Materials and methods

2.3.2 Elemental selenium quantification

To measure the production of elemental selenium the method described by Biswas et al. (2011) 
was used. A standard for elemental selenium was constructed by reducing selenite to amorphous 
red Se0. Hydroxylamine was selected as agent to reduce selenite (Woolfolk and Whiteley, 1962) 
because the end product of hydroxylamine oxidation would not interfere with the assay system.

2H+ + SeO32- + 2NH2OH   N2O + Se0+ 4H2O
Fig. 13: Selenite reduction by hydroxylamine.

To prepare the Se0 standard, aliquots of a 0.1M sodium selenite solution were placed in test tubes 
to produce a range of 1 to 10  m ol selenite per tube. To each tube containing selenite, 25  m ol of 
HN2OH·HCl (Sigma-Aldrich) was added: this concentration of hydroxylamine ensured quantitative 
reduction of SeO32- to Se0. The tubes were gently mixed, not vortexed, and after 1 hour, the 
intensity  of  the  red-brown  selenium  solution  was  measured  at  490nm.  To establish  the  Se0 

standard, average values of triplicate samples were used. Calibration curves exhibited linearity 
between absorption and selenite concentration (R2=0,997).
In  order  to  determine  the  amount  of  selenium produced the  bacterial  culture  along  with  the 
insoluble red elemental selenium was gently mixed and 50 ml were transferred to polycarbonate 
centrifuge  tubes.  After  centrifugation  at  5000g,  bacterial  cells  and  elemental  selenium  were 
collected as a pellet. To remove non- metabolized selenite, pellets were washed twice with 10 ml 
of 1M NaCl. This high salt concentration of NaCl was employed because 1M NaCl was effective in 
collection of colloidal elemental sulfur (Roy et al., 1970). The red colloidal selenium in the pellet  
was dissolved in 10 ml of 1M Na2S and after centrifugation to remove bacterial cells, absorption of 
the red-brown solution was measured at 490nm.

2.4 EXOPOLYSACCHARIDES (EPS) EXTRACTION 
QUANTIFICATION AND ANALYSIS

2.4.1 Exopolysaccharides extraction
The method used in this work was a modification of the protocol developed by Del Gallo and 
Haegi (1990). Experiments were done using 250ml flasks, each containing 100ml of Nutrient Broth 
with an increasing selenite concentration (0.2, 0.5, 2mM), inoculated with the bacterial cultures. 
After 5 days growth, bacterial cultures were centrifuged at 12000rpm for 30 minutes at 4°C. The 
supernatants were collected, filtered through a 0,45  m  membrane and precipitated overnight with 
three  volume of  cold  ethanol  at  -20°C.  The  precipitated  polysaccharides  were  centrifuged  at 
10000 rpm for 30 minutes at 4°C and resuspended in twice-distilled water.

2.4.2 Protein quantification

Total  proteins  content  was  measured  as  described  in  Bradford,  1976.  The  dye  reagent  was 
prepared by diluting 1  part  Dye Reagent  Concentrated (Bio-Rad Protein  Assay Dye Reagent 
Concentrate) with 4 parts DDI water. Five dilutions of BSA (bovine serum albumin) were prepared 
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as protein standard at concentration of 0.05, 0.08, 0.1, 0.3, 0.5 mg/ml to obtain the calibration  
curve.
Test was carried out in the 96 well-plate: 10  L  of each sample and standard solution was pipetted 
in microplate tiler wells and 200  L of diluted dye reagent were added to each well; sample and 
reagent were mixed and incubated at room temperature for at least 5 minutes. Absorbance was 
measured at 595nm (Microplate reader model 680, Bio-Rad). All EPS samples were assayed in  
duplicate. The calibration curve exhibits linearity between BSA concentrations and absorbance 
measured, with R2=0,987.

2.4.3 Carbohydrate quantification

Carbohydrate concentration in EPS sample was determine using the phenol- sulfuric acid method 
(Dubois et al., 1956). The method could be applied to reducing and nonreducing sugars and to 
many classes of carbohydrates including oligosaccharides and is based on the absorbance at 
490nm of a colored aromatic complex formed between phenol and the carbohydrate. Briefly, in 
order  to  obtain  the calibration curve,  four  dilutions of  glucose was prepared as carbohydrate 
standard at concentration of 0.1, 0.2, 0.3, 0.4 mg/ ml. In a 10mL test tube, previously washed with 
distilled water 100  L  of each EPS sample was then pipetted. 4% phenol followed by 2.5ml 96% 
sulfuric acid were added. The solutions were then transfered from the test tubes to the cuvettes 
and the absorbance at 490nm was measured by using a spectrophotometer UNICAM Uv/Vis. All 
EPS  sample  were  assayed  in  duplicate.  The  calibration  curve  exhibits  linearity  between 
carbohydrates standard and absorbance measured, with R2=0,988.

2.5.3 Selenate reduction test in vitro

To test  the  EPS ability  to  reduce  selenite  to  elemental  selenium,  10  L  of  each  sample  and 
standard solution were pipetted in microplate tiler wells (Microplate reader model 680, Bio-Rad).; 
200  L  of diluted dye reagent were added to each well.  Sample and reagent were mixed and 
incubated at room temperature overnights. All EPS samples were assayed in duplicate. Control 
well without EPS extract was incubated to check abiotic transformation of selenite.
Enzymatic  activities  were  noticed  from  the  appearance  of  a  red-precipitate  in  the  well  for 
elemental selenium reduced.

2.5 PROTEOMIC ANALYSIS

2.5.1. Preparation of Cell-Free Extract

Cells were grown in 1,000-ml flasks containing 300-ml of Nutrient growth media supplemented 
with 18mM NaNO3 or 2mM Na2SeO3.
After  48-72 hours,  the bacterial  cells  were harvested by centrifugationat 10,000 g for  10 min 
(Sorvall T21 Centrifuge) and were washed twice with 50 ml of physiological solution (0.9% NaCl), 
pelleted  again  and  subjected  to  periplasmic  protein  solubilization  as  previously  described  by 
Osborn and Munson (Osborn and Munson, 1974). The cells were suspended in an ice-cold buffer 
solution containing 30mM Tris-HCl pH 8.0 and 30% sucrose; after 5 min lysozyme was added to a 
final concentration of 0.4 g/L. The solution was kept in ice for another 2 minutes, after that 3  
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volumes of an ice-cold solution of 15mM EDTA pH 8.0 were slowly added in an interval of 10 
minutes.  Eventually,  the  spheroplasts  were  pelleted  by  centrifuging  (Sorvall  RC-5C  Plus 
Superspeed Centrifuge)  at 25,000g for 20 minutes and then suspended in 10ml of a solution 
containing 50mM NaCl and one tablet  of Complete protease inhibitor (Complete mini®, Roche), 
while the supernatant, which contained the periplasmic protein fraction, was recovered, filtered 
(0.2  m  Millipore) and immediately frozen in liquid nitrogen and stored at -20°C. The spheroplasts 
disruption was achieved by means of a sonicator equipped with a steel tip (Hielscher UP50H), by 
repeating 7 sonication cycles (40 seconds sonication alternated with 40 seconds of rest in ice), 
while keeping the samples always in ice. After sonication, the solution was centrifuged (Beckman 
Coulter Optima L-90K) at 200,000 g for 75 minutes. The soluble cytoplasmic proteins present in  
the  supernatant  were  recovered,  filtered  and  immediately  frozen  in  liquid  nitrogen,  while  the 
membranes fragments,  visible  as  a  brown pellet  at  the bottom of  the centrifuge tubes,  were 
solubilized in 10 ml of a 50mM phosphate buffer solution pH 7.4 containing 0.5% Triton X-100,  
frozen and stored at -20°C and were resuspended in 10 ml of ice-cold 25 mM Tris and 192 mM 
glycine buffer (pH 8.3).

2.5.2. Protein quantification and concentration

Protein concentration was determined using Bradford Protein Assay, as described in section 2.4.2 
The suspensions were concentrated approximately fivefold on a 5 kD molecular weight cutoff filter 
(VIVASPIN 6-Sartorius stedium) spun at 10,000 g (Sorvall super T21) for 3 h. These procedures 
were modified from Hunter [9]. The final concentration of the samples was 6mg/ml.

2.5.3. One-Dimensional Native Gel Electrophoresis

Proteins  in  the  concentrate  samples  were  separated  on  an  gradient  6-13  %  nondenaturing 
polyacrylamide  electrophoresis  gel  (Invitrogen,  Carlsbad,  CA,  USA).  The  amount  of  sample 
loaded into a well was 180  g, that corresponds to a volume of 30  L. Protein samples were diluted 
two-fold in native sample buffer and the final volume loaded per lane was 60  L.  15  L  of Native 
MarkTM  Unstained  Protein  Standard  were  also  loaded  and  run  together  with  the  samples. 
Concentrations and volumes of buffers and gels used are listed in the following tables

Volumes 6% Reagents Volumes13%
3,45 ml Acrylamide-bis-acrylamide 40% 9,48 ml
4,6 ml Buffer Tris 5x 4,6 ml

/ Glicerolo 4,6 ml
14,95 ml H20 6,32 ml

9,2 µl Temed 9,2 µl
30µl APS 40% 30 µl

Tab 6: Running gel.

52



4. Materials and methods

Reagentes Volumes
Acrylamide-bis-acrylamide 40% T, 2.6% C 1,5 ml
Buffer 4X Tris HCl pH 6.8 (0,5 M) 3 ml
H2O 10,5 ml
Temed 6  l
APS 20  l

Tab 7: Stacking Gel

Running buffer:
• glycine (0,192M) 14,4g
• Tris HCL (0,025M) 3g
• deionized water up to 1L

Native sample buffer: •
 Tris HCl (pH 6,8) 2,5ml
• glycerol (20%) 2ml
• Bromophenol blue
• deionized water up to 10mL

Electrophoretic migration was carried out at 100mA for 60 minutes and then at 300mA for 4 hours.
After electrophoresis, gels or excised gel lanes were transferred to zymogram buffer.

2.5.4 Zymogram

A zymogram test was performed to show the catalytic activity of the extracted protein solutions.  
Following electrophoresis, gels was incubated on Petri plates with McIlvaine buffer (pH 6.0-6.6) 
containing 1mM NADH and 100mM Na2SeO3. The pH of McIlvaine buffer was regulated by using 
0,1M citric acid (C6H8O7) and 0,2M disodium phosphate (Na2HPO4).
Enzymatic  activities  were noticed from the appearance of  a red-band for  elemental  selenium 
reduced.

2.5.5 In-Gel Digestion

Spots were carefully cut out from stained gels and subjected to in-gel trypsin digestion. Briefly,  
spots were destained (by vortexing 1x15 minutes 300  L  wash in 50mM NH4HCO3 1x15 minutes 
300  L  wash  in  50% 50mM  NH4HCO3 (v/v),  50%  acetonitrile;  1  x  5  minutes  wash  in  100% 
acetonitrile), and dried at 37°C (about 30 min). Afterwards, spots were reduced by rehydrating a 
destained, dried gel band with 10mM DTT in 100mM NH4HCO3. The solution was incubated at 
room temperature for 30 minutes to denature the proteins and reduce any disulfide bonds. The 
free cysteines were alkylated by addition of 100mM iodoacetamide (IAA) in 100mM NH4HCO3 and 
incubation in the dark for 30 minutes. 100  L  of acetonitrile were then added to dehydrate gel 
pieces. The gel pieces were then swollen in 10  L  of a digestion buffer containing 50mM NH4HCO3 

and 12.5 ng/  L  of trypsin (modified porcine trypsin, sequencing grade, Promega, Madison, WI). 
After 20 minutes 30  L  of 50mM NH4HCO3 were added to the gel pieces and digestion allowed to 
preceed at 37°C overnight. The supernatants were collected and peptides were extracted in an 
ultrasonic bath for 10 minutes (twice 100  L  50% acetonitrile, 50% H2O with 1%formic acid v/v; 
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once 50  L  of acetonitrile). All the supernatants coming from the different steps were collected in 
the same tube. Tryptic peptides were dried by vacuum centrifugation.

2.5.6 Peptide sequencing by nano HPLC-ESI-MS/MS

Peptide  mixtures  were  separated  by  using  a  nanoflow-HPLC  system  (1200  series  Agilent 
Technologies, CA). A sample volume of 5  L  was loaded by the auto-sampler onto a 2 cm fused 
silica pre-column (75  m  I.D.; 375  m  O.D.) at a flow rate of 10  L/min. Sequential elution of 
peptides was accomplished by using a flow rate of 250nl/min and a linear gradient from Solution A 
(2% acetonitrile; 0.1% formic acid) to 50% of Solution B (98% acetonitrile; 0.1% formic acid) in 40 
minutes over the pre-column in-line with a homemade 15 cm resolving column (75  m  I.D.; 375 
 m  O.D.; Zorbax 300-SB C18, Agilent Technologies, CA). Peptides were eluted directly into a ion 
Trap (model Esquire 6000, Bruker-Daltonik, Germany). Capillary voltage was 1.5-2 kV and a dry 
gas flow rate of 10 L/min was used with a temperature of 200°C. The scan range used was from 
300 to 1800 m/z. Protein identification was performed by searching in the National Center for 
Biotechnology Information non-redundant database (NCBInr) using the Mascot program (http:// 
www.matrixscience.com). The following parameters were adopted for database searches: partial 
oxidation of methionines, peptide Mass Tolerance ± 1.2 Da, Fragment Mass Tolerance ± 0.9 Da, 
missed cleavages 1. For positive identification, the score of the result of [-10 x Log(P)] had to be 
over the significance threshold level (p < 0.05).

2.6. GENETICAL ANALYSIS

2.6.1 Genomic DNA extraction with the bead-beater method

Microbial  genomic DNA of  the analyzed strains was extracted following the protocol  of  bead-
beater method. One axenic colony was inoculated in a tube with 4 ml of rich growth broth at 27 °C 
in agitation over-night. 2 ml of the liquid culture was centrifuged at 8000 rpm for 10 min and the 
supernatant was discharged. 0.2 ml of extraction buffer (1% SDS, 0.02 g/ml Triton X-100, 0.1 M 
NaCl, 5 mM EDTA), 0.3 g of glass beads (diameter 0.4-0.5 mm sterilized in autoclave) and 0.2 ml 
of Phenol:Chloroform:Isoamyl Alcohol 24:25:1 (saturate with 10 mM Tris, 1 mM EDTA, pH 8.0) 
were added and the microtubes were vortexed for 2 min. Afterwards the samples were centrifuged 
at 10.000 rpm for 5 min. The watery phase was transferred in a clean microtube, isopropanol 1:1  
was added and the samples were incubated for 5 min at room temperature. Then the samples 
were centrifuged at 10.000 rpm for 5 min and the supernatant was discharged. The pellet was  
washed with ethanol 70%, centrifuged at 10.000 rpm for 5 min and the supernatant removed. 
Finally, the pellet was air-dried and resuspended in 50   l of deionised water. To determine the 
quality and quantity of DNA extracted, 5  l of genomic DNA were loaded 1% (wt/vol) agarose gel 
containing 0.5  g/ml ofEurosafe nucleic acid strain (EuroClone), and run in TAE 1X buffer at 100 V 
for 20 min. 
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2.6.4 Sequence and statistical analysis

Genome sequencing was performed using an Illumina MiSeq.
Reads were quality-trimmed using Trimmomatic v0.30 (Lohse et al., 2012), followed by Scythe 
v0.992beta  (https://github.com/vsbuffalo/scythe)  and  assembled  using  A5  (Tritt  et  al.,  2012). 
Scaffolds were annotated using Prokka 1.7 (Seemann et al.,  2014) and RAST 4 (Aziz et  al.,  
2008). was denatured and diluted to 5 pM before 250bp paired-end sequencing on a MiSeq using 
v2 reagents.
The resulting fastq data was then filtered using the fastq-mcf command from the EA-Utils suite to  
remove adaptor sequences and low quality bases. The following parameters were used -q 20 -l 35 
-p 15 -m 3. The BWA mem algorithm was used with default parameters to align the reads to the 
reference  genome  Stenotrophomonas_maltophilia_JV3_uid72473.  Currently  the  algorithm  is 
unpublished, but performs better on the longer MiSeq reads than the original BWA algorithm (Li H. 
and Durbin R. (2009) Fast and accurate short read alignment with Burrows-Wheeler Transform. 
Bioinformatics, 25:1754-60. ) 
The DNA sequence was performed at the Exeter University with the supervision of Professor 
Butler and scientific support of Professor Van Giezen.

2.7. TRANSMISSION ELECTRON MICROSCOPY (TEM) ANALYSIS

Selenium Nanoparticles size and formation were also determined through transmission electron 
microscopy (TEM) analysis starting from samples of microbial cultures grown either in Nutrient 
Broth or in Nutrient Broth amended with 0.5 mM Na2SeO3, respectively. 
The  bacteria  were  fixed  with  paraformaldheyde (EM grade)  4% + glutaraldheyde (EM grade, 
TAAB,  England)  2% in  cacodylic  buffer  0.1  M pH 7.2  for  30 min,  than  for  further  30 min  in  
paraformaldheyde (EM grade) 4% alone in the same buffer. The cell  were spin down using a 
banch centrifuge at 6000 rpm for 10-20 min.
Then the cells were washed 3 times in cacodylic buffer 0.1 M pH 7.2 10 min each. The cells were 
incubated in Osmium tetroxide (TAAB) 1% in cacodylic buffer 0.1 M pH 7.2 for 1 h in the dark (to  
counter-fix the membranes).
The cells were then washed in distilled water  3 times, 10 min each. Uranyl  Acetate (SIGMA, 
England) 1% in water was added for 1 h.
After wash with distilled water 3 times 5 min each, the cells were dehydrated in water/ethanol 
series 1o min each  50, 70, 90, and 100% 10 min each. Then Propilene Oxide 10 min 2 times.
After that the cells were incubated in Propilene Oxide: TAAB LV Resin(TAAB, England) 2:1, 1:1,  
1:2 for 1 h each, and than in pure resin TAAB LV Resin for a further 1 h. The cells with fresh resin 
were moved for 24 h in a owen at 65ºC. Once the cells included into the resin block thin (70 nm)  
sections have been cut with PowerTome Ultramicrotome (RMC, UK) were collected onto Formvar-
coated copper slot grids and post-stained [with aqueous uranyl acetate or Reynold’s lead citrate 
(EMS)]  to  enhance  contrast/visualization.  Thin  sections  were  surveyed  using  a  JEOL  1014 
electron microscope (JEOL,  Japan) operated at  80 kV to assess the quality  of  ultrastructural  
preservation, collect sets of 2D images.
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Chapter 1
EVALUATION OF THE DYNAMIC IN THE SELENITE REDUCTION 
AND ELEMENTAL SELENIUM PRODUCTION

4.1 IDENTIFICATION AND PHILOGENETICAL ANALYSIS OF THE 
BACTERIA STRAINS

All the bacteria used in this work are isolated and identified in the laboratory of Professor Vallini.
The strain Stenotrophomonas maltophilia SeITE02 was compared with other four environmental 
strains isolated from contaminated soils and able to reduce selenite to elemental selenium in 
aerobic condition.
This  bacterial  strain  SeITE02  has  been  obtained  in  pure  culture  through  enrichment  of  soil 
samples from the rhizosphere of the selenium hyperacculmulator Astragalus bisulcatus (Neuhierl 
et al., 1996) and it is related with capability of reducing SeIV to Se0 in oxic conditions (Di Gregorio 
et al. 2005).
The strains analyzed, in addition to SeITE02, were:
-  A16:  isolated  from  soil  collected  from  the  Ex-SLOI  area  in  Trento-Nord  and  obtained  by 
enrichment cultures added with organic lead.
-AW, B, T: isolated from soil collected from Scarlino industrial site and obtained by enrichment 
cultures added with arsenite.
The purpose of this analysis was to evaluate if strains collected from various sites, contaminated  
with  arsenite  or  organic  lead,  showed similar  characteristic  in  comparison with  the reference 
strain SeITe02.
The genetic characterization of all strains is not entirely finished; moreover, the strain SeITE02 is 
completely  sequenzed and  the  analysis  of  the  sequence  is  still  in  progress  (Bertolini  et  al., 
submitted).  Anyway,  the  position  of  the  strains  in  a  phylogenetic  tree,  based  on  the  V6-V8 
hypervariable region of 16S rDNA gene sequence, is in a cluster of Stenotrophomonas (Fig. 14). 

Fig. 14:  Neighbour-joining phylogenetic tree based on the sequence of the V6-V8 region within 
rRNA gene of Stenotrophomonas sp. B, T, A16, AW and SelTE02 and related strains. Bootstrap  
values are given at  branch nodes and are based on 500 replicates.  The scale bar  indicates 
0.0005 substitutions per nucleotide position.
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All  the  bacterial  strains  resulted  to  be  related  to Stenotrophomonas  genus,  with  an  identity 
percentage higher than 99% with an identity percentage higher than 99%.
The bacterial strain B showed an high identity also with Stenotrophomonas rhizophila species, all 
other bacteria are related with Stenotrophomonas maltophilia species
The  genus  Stenotrophomonas is  phylogenetically  placed  in  the  Gammaproteobacteria  and 
currently comprises 12 species, listed in Table 5 in the introduction of this work; they are Gram- 
negative,  non-spore-forming, motile or  non-motile rods,  are positive for catalase and glucose 
fermentation, contain iso-C15.
Stenotrophomonas species have an important ecological role in the element cycle in nature: their 
biotechnological  importance  is  partly  due  to  its  potential  plant  growth-promoting  effects  and 
applications in the biological control of diseases in plants (Nakayama et al., 1999, Antonioli et al.  
2007).

4.2 DETERMINATION OF THE 50% LETHAL DOSE FOR SELENITE

All the strains are able to grow in the presence of all the selenite concentrations assayed (from 
5mM to 20mM). The isolated bacteria were orange to red when supplemented with selenite, which 
was due to the accumulation of elemental selenium and was an indication that the oxyanion had 
been reduced (Fig. 15).

Fig. 15: Bacterial growth of strains A 16, AW, B, T and SeITE02 in presence of 0.2 mM Selenite .

The  median  lethal  dose,  LD50,  is  the  concentration  of  a  contaminant  required  to  kill  half  the 
member of a tested population after a specified test (Trevan, 1927). This assay could be used to  
determine  bacteria  resistance  towards  contaminants:  therefore,  to  investigate  the  toxicity  of  
selenite, we have measured the specific oxyanion LD50 value for our strains. To determine LD50 
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value, we tested the resistance of our strains to increasing selenite concentrations: the results are 
showed in the tables below (Tab.8).

!"#$
%& !"'()*%++ ,- ,./ ( 0

* 5,01±0,19 * 109 9,88±0,23 * 109 1,12±0,12 * 109 2,02±0,12 * 109 6,98±0,09 * 109

1+23 4,76±0,29 * 109 8,85±0,39 * 109 1,01±0,14 * 109 1,98±0,08 * 109 5,44±0,13 * 109

4+23 2,56±0,11 * 109  7,97±0,09 * 109 1,03±0,18 * 109 1,67±0,19 * 109 3,68±0,21 * 109

.*+23 5,61±0,17 * 108 7,12±0,22 * 109 9,87±0,22 * 108 1,23±0,09 * 109 2,44±0,31 * 109

.$+23 1,13±0,31 * 108 5,23±0,15 * 109 7,78±0,31 * 108 1,01±0,14 * 109 8,89±0,31 * 108

.1+23 6,81±0,18 * 108 4,88±0,31 * 109 6,79±0,17 * 108 6,03±0,24 * 108 1,22±0,19 * 108

%*+23 2,24±0,32 * 108  2,01±0,29 *109 5,45±0,31 * 108 1,12±0,18 * 108 5,22±0,22 * 107

Tab 8: Bacterial growth, measured as CFUmM/ml, of bacterial strains incubated in presence of 
increasing selenite concentrations in solid medium.

!"'()*%++ 0 ( ,- ,+./

561* 8 mM 8 mM 13 mM 15mM 20 mM

Tab 9: Selenite LD50 values of bacterial strains.

A16 resulted as the most resistant bacterial strain to selenite, among those analyzed: a decrease  
in CFU/ml was observed starting from the concentration of 15mM and the strain shows a selenite 
LD50 value of 20mM. AW also resulted high resistant to selenite. However, a sensible decrease in 
CFU/ml was observed starting from the concentration of 10mM. This strain shows a selenite LD50 

value of 15mM. On the other hand, the strains that showed the lowest oxyanion tolerance were B 
and SelTE02, with a selenite LD50 of 8mM. In particular strain SelTE02 showed a growth decrease 
of about 1 Log CFU/ml after exposure to 10mM selenite. Finally, strain T show a selenite LD50 

value of 13mM and a sensible decrease in CFU/ml from the concentration of 10mM. Those levels 
of  resistance,  in  particular  strain  A16  LD50,  are  higher  than  tolerance  levels  reported  in  the 
scientific  literature for others selenite resistant bacterial strains: for example minimum inhibitory 
concentration (MIC) value ranging from about 2 and 16mM of selenite have been determined in 
similar growth condition for selenite resistant bacteria, such as  Rhodospirillum rubrum (Kessi et 
al., 1999) or Rhizobium selenireducens (Hunter et al., 2007). However, a variety of bacteria with 
higher level of selenite tolerance have been isolated and characterized by several groups. For 
instance,  Pseudomonas  sp. CA5, a strain isolated from a contaminated soil  in California, was 
highly resistant to the toxic effect of selenite: oxyanion concentrations of 100mM inhibited the 
growth by 57% and the MIC exceeded 150mM (Hunter et al., 2007). Another strain with an high 
level of selenite tolerance was a  Rhizonium leguminosarum bv. viceae, isolated form the plant 
Vicia faba. This strain has a MIC for selenite of 200mM (Kinkle et al., 1994).
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4.3 EVALUATION OF SELENITE REDUCTION EFFICIENCY AND 
ELEMENTAL SELENIUM PRODUCTION 

4.3.1. Evaluation of the selenite reduction efficiency

Selenite reduction efficiency of the five bacterial strains was evaluated in a liquid rich medium at 
0,5mM concentration of Na2SeO3. Data obtained (Fig. 16) indicate that SeITE02 was the most 
efficient  bacterial  isolate,  among those analyzed,  in  selenite  reduction.  This  strain  completely 
reduced the oxyanion within 54 hours. The efficiency of selenite reduction was 12,22%, 52,71% 
and 84,56%, respectively, in 6 hours, 24 hours and 48 hours. The decrease started already in the 
early exponential phase: the strain reduced more than 10% of the initial amount of selenite within 
6 hours of  incubation.  The reaction reached the maximum rate  between the late  exponential  
phase  and  the  beginning  of  the  stationary  phase  of  the  culture:  At  24  hours  the  selenite  
concentration corresponded to the 50% of the initial amount of the oxyanion. After 24 hours, the 
reaction rate decreased, until  the remaining selenite in the culture was completely reduced to 
elemental selenium. The strain A16 showed a similar reduction efficiency, compared to SeITE02,  
for  the  first  48  hours.  The  efficiency  of  selenite  reduction  was  9,40%,  48,40% and  76,66%, 
respectively, after 6 hours, 24 hours and 48 hours. However, at 72 hours, 15,35% of selenite was  
still detected in the culture. 

Fig. 16: Selenite reduction by the five strains under study.

All the strains grown in the presence of selenite turned red as growth progressed, suggesting that 
selenite was being converted to the red form of the elemental selenium. 
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Tab 10: Percentage values of selenite content in the medium, after the bacterial growth of strains 
SeITE02, A16, AW, B and T.

Data obtained indicate that SelTE02 is the most efficient bacterial isolate, among those analyzed, 
in selenite reduction. This strain completely reduced the oxyanion within 72 hours. The efficiency  
of selenite reduction was 12,22%, 52,71% and 79,52%, respectively, in 6 hours, 24 hours and 48 
hours. The reductive reaction started already in the early exponential phase: the strain reduced 
more than 10% of the initial amount of selenite within 6 hours of incubation. The reaction reach  
the maximum rate between the late exponential phase and the beginning of the stationary phase 
of the culture: at 24 hours the selenite concentration correspond to the 50% of the initial amount of 
the  oxyanion.  Then the  reaction  rate  decrease,  until  the  remaining  selenite  in  the  culture  is 
completely reduced to elemental selenium. Among others strains, A16 shows a similar reduction 
efficiency, compared to SelTE02, for the first 48 hours. The efficiency of selenite reduction was 
9,40%, 48,40% and 76,66%, respectively, after 6 hours, 24 hours and 48 hours. However, at 72 
hours, 15,35% of selenite is still detected in the culture. On the other hand, strain AW and B show 
a reduction  efficiency  slightly  lower  if  compared  to  SelTE02,  even  in  the  early  phase  of  the 
reduction process. The efficiencies of selenite reduction were different between the two strains 
only after 24 hours, when strain AW reduced 40,64% of initial selenite and strain B only 24,38%. 
After 72 hours, they reduced respectively 70,65% and 71,23% of the initial selenite. Lastly, strain 
T showed the worse performance. It shows, from the beginning of the culture, a slower reduction  
rate if compared with the other strains and reduced only the 55% of the selenite initially amended 
within 72 hours of growth. Previous studies with several microorganisms have given comparable 
results. A study on another strain of  Stenotrophomonas maltophilia, isolated from a seleniferous 
pond sediment collected in the Tulare Lake Drainage Distrinct in California, shows that the isolate 
is  capable  of  rapidly  removing  selenite  from solution  by  reducing  the  oxyanion  to  elemental 
selenium. Overall 99,8% of selenite was removed after 36 hours of culture growth, but it appears 
that the reduction reaction is only taking place under microaerophilic conditions (Dungan et al.,  
2003) Different strains of  Bacillus sp., isolated from polluted soil samples in Pakistan, have the 
ability to detoxify toxic selenite present in industrial effluent into less toxic elemental selenium. In  
this study several conditions over a wide range of pH and temperature value were tested. The 
reduction was monitored after 24,48 and 96 hours of growth incubation: on average 65-85% of  
selenite amended was reduced after 96 hours with the majority of the strains, starting from a 
concentration of 500 !g/ml. Maximum reduction was observed with Bacillus pumilus strain CrK08, 
with a reduction of 98% of selenite after 144 hours (Ikram et al., 2010). A strain of Rhodospirillum 
rubrum was capable of complete reducing selenite starting from a concentration of 0,5 and 1,0 
mM of the oxyanion. In this strain the reductive reaction starts at 50 hours and ends at 65 or 85 
hours respectively  for  1,0 and 0,5 mM of  selenite  (Kessi  et  al.,  1999).  In  another  study with 
Shewanella sp. HN-41, the isolate reduces only 75% of initial 0,5mM selenite at the highest initial  
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biomass concentration (OD 0,1) (Tam et al.,  2009).  Enterobacter sp. AR-4,  Bacillus sp. AR-6, 
Delftia tsuruhatensis AR-7 were characterized and tested on reduction efficiency. These strains 
could  tolerate  up  to  500mM selenite  and  could  reduce  100% of  the  initial  amount  of  50mM 
selenite within 12 hours in aerobic conditions (Prakash et al., 2010).

4.3.2. Evaluation of elemental selenium production in the five strains

In  order  to  evaluate  the  elemental  selenium production  and  to  compare  this  production  with 
selenite  consume,  cultures  of  the  isolates  were  set  up  in  presence  of  0,5mM Na2SeO3 and 
elemental selenium was measured. 
All the cultures grown in presence of selenite turned red as growth progressed, suggesting that 
selenite was being converted to the red form of elemental selenium. Selenium particles that were 
released into the medium clumped together with cell debris forming red precipitates that tended to 
attach  to  the  glass  surface.  To measure  the  production  of  elemental  selenium  the  method 
described by Biswas et al. (2011) was used. A standard for elemental selenium was constructed 
by reducing selenite to amorphous because the end product of hydroxylamine oxidation would not 
interfere with the assay system.
The results are shown in Fig. 17 and Tab 16.

Fig. 17: Elemental selenium detection by the five strains under study.

Tab 11: Percentage values of selenite reduced to elemental selenium, after the bacterial growth of 
strains SeITE02, A16, AW, B and T.
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Despite the importance of Se0 in the selenium cycle and the bacterial production or utilization of 
Se0, it has been difficult to measure elemental selenium directly. For this reason, only a small 
amount of data regarding the quantification of Se0 production are found in scientific  literature. 
Moraxella bovis, an highly resistant strain to both oxyanions of selenium, produced a considerable 
quantity  of  selenium:  in  media  containing  6mM of  selenite,  after  three  days  of  incubation  it 
produced 0,14  µmol/ml, to reach a value higher than 0,48  µmol/ml after 7 days (Biswas et al., 
2011). Those data are calculated with the same method used in our study: the production of  
elemental  selenium of  the five  Stenotrophomonas strains  after  three  days  is  higher  than  the 
production reported for Moraxella bovis. In other laboratory experiments, elemental selenium has 
been determined with several different methods: after oxidation of Se0 to selenate using perchloric 
acid  with  the  resulting  selenate  measured  by  fluorimetry  (Watkinson,  1960),  using 
spectrophotometry  (Bem,  1981),  atomic  fluorescence  spectrophotometry  (Chen  et  al.,  2006), 
atomic  absorption  spectrophotometry  (Dhanjal  et  al.,  2010),  or  high  performance  liquid 
chromatography (Dowdle et al., 1998). However, all these methods are designed to detect trace 
levels  of  selenium and involve  hazardous chemical  reagents:  for  these  reasons they  are not 
suitable for the quantification of elemental selenium production from bacteria.

4.3.3  Correlation between the selenite  reduction and elemental  selenium 
production

The results above show that the isolate producing the highest amount of elemental selenium was 
strain SeITE02: this finding fits with the previous result on selenite reduction. 
Interestingly, the elemental  selenium production by this isolate did not  start  within 6 hours of  
inoculation, while selenite consume starts immediately and ,after six hours, only 87,78% of initial  
selenite has been detected (Fig. 18).

Fig. 18: Time course of elemental selenium production and selenite reduction by 
strain SelTE02.

The difference between selenite reduced and elemental selenium produced increase to a value of 
33,71% after 24 h of cell growth: at this time 52,71% of initial selenite has been consumed, while 
elemental selenium production correspond to 19,04% of the initial oxyanion. This gap decreased 
to reach 8,1% after 72 hours, when all selenite is consumed. The amount of elemental selenium 
produced by strain SeITE 02 after  72 h was 0,41 micromlo/ml:  the initial  amount  of  selenite 
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amended to the culture medium was 0,5  m ol/ml.
The strains B and AW show a quit similar trend (Fig. 19 and 20):

Fig. 19: Time course of elemental selenium production and selenite reduction by 
strain B.

Fig. 20 Time course of elemental selenium production and selenite reduction by strain AW

Elemental selenium production starts only after six hours of culture growth for these strains too. 
The  gap  between  selenite  consumption  and  elemental  selenium  production  has  a  value  of 
21,68%, 17,70% and 5,47% after 24, 48 and 72%. The amount of elemental selenium produced 
by these two strains after 72 hours was 0,33  m ol/ml for strain B and 0,34  m ol/ml for strain AW.
Even for  A16,  the  production  of  elemental  selenium started  after  6  hours  of  culture  growth.  
However, in this strain the gap between selenite consumption and elemental selenium production 
didn t decrease after 24 hours. As a matter of fact, the gap has a value of 31,92% after 24 hours 
and increase to a value of 32,65% after 48 hours. At 72 hours the gap value decrease to 2,21%.  
The amount of elemental selenium produced by this strain after 72 hours was 0,39  m ol/ml (Fig. 
21).
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Fig. 21: Time course of elemental selenium production and selenite reduction by 
strain A16.

Strain T is the isolate that produced the lowest amount of elemental selenium between the five 
strains under analysis: it produced 0,28 !mol/ml of elemental selenium. The strain showed also the 
lowest gap values: 9,52%, 1,58% and 0,96% after 24, 48 and 72 hours.

Fig. 22: Time course of elemental selenium production and selenite reduction by 
strain T

The results are summarized in the following Tables: and graph (Tab. 12 , 13 and Fig. 23).
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Tab. 12: µmol/mol of Na2SeO3 and elemental selenium.
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Tab. 13: Percent of gap between elemental selenium and selenite detected for every strains at 
different time.
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Fig. 23: Parallel of the time course of elemental selenium production and selenite reduction  in all  
strains. The arrows show the gap between the elemental selenium formation and the selenite 
disappearance. At the end of the reaction the gap is nearly completely close in all strains.

There are a number of characteristics that are common to each one of the five strains: 
-elemental selenium production rate is always lower than selenite consumption rate; 
-the maximum gap between elemental  selenium production and selenite consumption is at 24 
hours (except for strain A16), during early stationary phase. 
-the gap decrease to reach a value that is always lower than 10% after 72 hours.
In  particular,  in  the  SelTE02  strain,  the  difference  between  selenite  reduced  and  elemental  
selenium produced increases to a value of 33,71% after 24 hours of cell growth: at this time, 
52,71% of initial selenite has been consumed, while elemental selenium production correspond to 
19,04% of the initial oxyanion. This gap decreased to reach a value of 22,94% after 48 hours and 
8,1% after 72 hours.
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4.3.4  Evaluation  of  the  dynamics  of  selenite  reduction  efficiency  and 
elemental selenium production in the strain SeITE02

In order to better understand the selenite reduction process and to investigate in details the gap 
between selenite reduction and elemental selenium production, 0,5mM Na2SeO3 was added at 
different times of culture growth of strains SeITE02.
The strain  SeITE02 was selected  because  it  was  the most  efficient  isolate  in  terms of  both 
elemental selenium production and selenite reduction. 

Selenite was amended (Fig. 24): 
(a) at the beginning  
(b) after 6 hours, at the early exponential growth phase; 
(c) after 14 hours, during exponential growth phase; 
(d) after 20 hours, at the late exponential growth phase; 
(e) after 24 hours, at the early stationary phase; 
(f) after 48 hours, at the late stationary phase.

Fig. 24: Representation of Na2SeO3 amendments at different time of SelTE02 growth.

The Fig. 25 shows the selenite reduction and elemental selenium formation course is compared 
with the growth curve of SeITE02 strain, for every selenite addition time.
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Fig: 25: Time course of selenite reduction and elemental selenium production when Na2SeO3 is 
amended at different time of cell growth.

As we can see from the graphs (Fig.  25,  26 and 27),  both selenite reduction and elemental 
selenium production efficiency increase when 0,5 mM Na2SeO3 was added after the beginning of 
the microbial growth cycle. In particular, when Na2SeO3 was added after 6h from the beginning of 
culture growth (b), the isolate reduce completely the selenite in the medium after 30 hours of 
culture growth. However, the highest selenite reduction efficiency were observed when Na2SeO3 

was added after 24 and 48 hours of culture growth: selenite amended was reduced within 6 hours 
from  Na2SeO3 addition.  When  selenite  was  added  at  the  beginning  of  the  experiment,  the 
complete selenite reduction was observed only after 54 hours of culture growth. 
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Tab.  14:  Time  passed  to  reach  100%  selenite  consumption  and  80%  elemental  selenium 
production after Na2SeO3 addition.

We can explain this behavior considering that there is an elevate number of bacterial cells already 
in the culture when we added selenite in the stationary phase, if compared with the beginning of 
the culture. As a matter of fact, if we add selenite at time 0, we have only 107 cells, while if we add 
selenite  when  the  culture  is  already  in  the  stationary  phase  we  have  about  1010 cells:  this 
difference of 3 Log CFU could justify the clear efficiency increase in both selenite consumption 
and elemental selenium production. In addition, also bacterial growth phase seems to be a factor  
that influence both reactions rates. As a matter of fact, when bacterial cells were in stationary 
phase (addition after 24 and 48 hours), the efficiency of the two reactions was higher if compared 
with bacterial cells in Lag phase (addition after 0 and 6 hours) and in exponential phase (addition 
after 14 and 20 hours).
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4. Results and discussion: chapter 1

4.3.5 Evaluation of the rate of selenite reduction efficiency and elemental 
selenium production in the strain SeITE02

To better display the disparity between selenite reduction and elemental selenium production, in 
the follow graphs has been shown at every amendments time:

a) Selenate added at the starting point;

b) Selenate added after 6 h;

c) Selenate added after 14 h;
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d) Selenite added after 20 h;

e) Selenite added after 24 h;

f) Selenite added after 48 h;

Fig. 28: Time course of selenite reduction and elemental selenium production when Na2SeO3  is 
amendedat at different time of cell growth; elemental selenium, selenite reduced and selenite in 
the medium in nanomoli/ml; 

From the graphs (Fig. 28), we can observe that the gap between selenite reduction and elemental 
selenium production is clear in each one of the conditions analyzed. In particular, the disparity  
reach a maximum and then decrease  when the cultures  are  in  late  stationary  phase.  When 
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selenite is amended after 14 hours, the gap reach the maximum after 24 hours of culture growth. 
If selenite is added after 6, 20 and 24 hours the disparity is maximum after 30 hours of culture 
growth, while when selenite is added after 48 hours the gap is maximum after 54 hours of growth. 
At the end of the experiment, usually 460-470 nmol/ml of elemental selenium are produced, a 
value that correspond to 80% of initial selenite amended.
In order to quantify the disparity between selenite reduction and elemental selenium production, 
we calculated the two rates and compared the results.

Fig. 29: Rates of selenite reduction and elemental selenium formation when Na2SeO3 is added at 
different times of culture growth.

The rates of both selenite decrease and elemental selenium production increased when selenite 
was added after the beginning of the culture growth: both rates reach a maximum if  Na2SeO3 is 
added after 24 hours with a value of 85,814 nmol/(ml x h) and 62,917 nmol/(ml x h) respectively 
for  selenite  consumption  and  selenium production  and  then  remain  stable  when  Na2SeO3 is 
added after 48 hours. Rates had both their minimum value when selenite is added at the begging 
of culture growth. To evaluate the variation in efficiency of the two reactions, we calculated the  
difference between the rate of selenite decrease and elemental selenium production: the obtained 
results are illustrated in the following table (Tab. 15).

(:2"+*+ ,@7"8+/+B ,@7"8+.AB ,@7"8+%*B ,@7"8+%A+B ,@7"8+A4+B

;2='?W2'XBY $FA4 AFA. %4FAG %/F%A %%F$$ %%F.C

Tab. 15: (Nanomol selenite reducted-nanomol selenium producted)/ (mlxh) at different growth time 
The results are show in the following graph (Fig.30). 
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The minimum disparity  between the two rates  is  detected when  Na2SeO3  is  amended at  the 
beginning of the culture growth, with a value of 3,59 nmol/(ml / h). The maximum is reached if  
Na2SeO3 is added after  14 hours with a value of  29,609 nmol/(ml x h):  the gap then slightly 
decreased to 26,131, 22, 897, 22, 237 when Na2SeO3 is amended to the culture after 20, 24, 48 
hours of growth. Those results indicate that the maximum disparity between selenite reduction 
and elemental  selenium rates is  reached when the culture enter  in  the exponential  phase of  
growth and then slightly decreased when stationary phase begin. 
The rate of selenite decrease and elemental selenium production was correlated with number of 
the cells at the different time: 

(:2"+*+ ,@7"8+/+B ,@7"8+.AB ,@7"8+%*B ,@7"8+%A+B ,@7"8+A4+B

;2='?W2'XBY $FA4 AFA. %4FAG %/F%A %%F$$ %%F.C

5=L+O"'' .*$ .*C .*4 .*G .*.* .*.*

Z97"N + ;2='?

W2'XBY[O"''M

$FA4+[.*&$ AFA.[.*&C %F41[.*&C %F/%[.*&C %F%$[.*&G %F%%[.*&.*

Table. 16: Rate of the difference between selenite decrease and elemental selenium production 
correlated with number of the cells at the different time.

The different rate between the elemental selenium production compared to the disappearance of 
selenite related to the number of microbial cells confirms the different catalysis rate of the cells 
depending on the growth phases. The cells show higher rate after 24 hours, in the stationary 
phase; the slower speedy is shown in the early exponential phase, after 6 hours and after 14 
hours.
In scientific  literature, there are some other works in which the gap between selenite reduction 
and elemental selenium production is highlighted.
In particular, in a strain of Rhodospirillum rubrum, turbidity measurements (400nm) of the reaction 
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mixtures at different times showed that precipitation of Se0 particles started after the initiation of 
selenite reduction. The selenium particle obtained in the bacterial process showed similarities with 
the particles obtained by an abiotic  process  with  glutathione (Kessi  et  al.,  2004).  As already 
discussed in  the  introduction,  GSH has been proposed to  be implicated  in  bacterial  selenite 
reduction, based on the formation of selenodiglutathione (GS-Se-GS), which is then reduced to 
elemental selenium by glutathione reductase (Ganther, 1971).In previous studies on our strain, 
Stenotrophomonas  maltophilia  SeITE02,  various  evidence  of  GSH  involvement  in  selenite 
reduction have been collected. Firstly, the inhibition of GSH synthesis delays the reduction of the 
oxyanions to the stationary phase, Moreover, NADPH, the natural electron donor of glutathione 
reductase, works better than NADH during selenite reduction. Lastly, proteomics data indicate that 
two different enzymes involved in biosynthetic pathway of glutathione have been found to be up-
regulated when culture are exposed to the oxyanion (Antonioli et al., 2007). The lag time analyzed 
in this section could be another evidence of the involvement of glutathione in selenite reduction 
process of strain SelTE02.
Moreover, in the laboratory of Profesor Vallini  it  was isolated a new bacteria,  phylogenetically 
close to  B. mycoides. This strain in liquid cultures was capable of reducing 0.5 and 2.0 mM of 
Na2SeO3 within 12 and 24 hours, respectively. The resultant Se0 aggregated to form nanoparticles 
and the ammount of Se0 measured was equivalent to the ammount of selenium originally added 
as selenite to the growth medium, but Aadelay of more than 24 hours was observed between the 
depletion of Na2SeO3 and the detection of Selenium nanoparticles (Lampis et al., In press).

4.4  EFFECT  OF  SELENITE  INDUCTION  ON  THE  SELENITE 
REDUCTION EFFICIENCY 

In order to evaluate the effect of selenite induction on oxyanion reduction efficiency, cultures of the 
five isolates, after preinduction with 0,2mM selenite, were set up in presence of 0,5mM Na2SeO3 

(Fig. 31).

Fig. 31: Time course of 0,5mM selenite reduction by the five strains under study, pretreated  with 
0,2mM selenite.
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The rates  of  reduction under  induced condition were found to be faster  than the un-induced 
condition for each one of  the strains. However, the induction effect  is more marked on some 
strains. 

Fig.  32:  Time  course  of  selenite  reduction  of  strain  SelTe02,  pretreated  or  not  with  0,2mM 
Na2SeO3

In strain SelTE02, (Fig. 32) pre-incubation with 0,2mM Na2SeO3 didn t  significantly affect 0,5mM 
selenite reduction during the first 24 hours: the strains reduced respectively 41,18% and 47,29% 
in  induced and  un-induced condition.  However,  after  48 hours,  pretreated  strain  was able  to 
completely  reduce  0,5mM selenite,  while  un-induced strain  reduced only  79,52% of  selenite. 
These  results  indicate  that  the  pre-induction  increase  the  efficiency  of  selenite  reduction  in 
particular during stationary phase.
The strain AW showed a similar pattern (Fig. 33).

Fig 33: Time course of selenite reduction of strain AW, pretreated or not with 0,2mM Na2SeO3
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Even for strain AW the effect of pre-induction is more marked during stationary phase: as a matter  
of fact, the gap between induced and un-induced selenite reduction percentage is 6,10% at 24 
hours and then the value increase to 17,67% after 48 hours.

Fig. 34: Time course of selenite reduction of strain A16 pretreated or not with 0,2mM  Na2SeO3

Results obtained indicate that  the selenite reduction efficiency of  strain A16 seems to be not 
greatly affected by pre-induction with 0,2mM Na2SeO3. After pre-induction, we have an increase of 
selenite reduction efficiency of a maximum of 7,82% after 48 hours.

Fig. 35: Time course of selenite reduction of strain B pretreated or not with 0,2mM Na2SeO3

Strains B shows a similar trend after pre-induction. Pre- induction effect was already definite after  
24 hours when the increase in  selenite reduction efficiency was 14,99%. After  48 hours,  the 
increase of efficiency reached a value of 25,44%. 
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Fig. 36: Time course of selenite reduction of strain T pretreated or not with 0,2mM Na2SeO3

Strains T shows a similar trend of strain B after pre-induction. After 24 hours: the increase in 
selenite reduction efficiency was 12,18% and after 48 hours, the increase of efficiency reached a 
26,20%. 
For each one of the five strains under analysis an increase of selenite reduction efficiency has 
been observed: in particular, this efficiency gain is pronounced after 24 hours of cell growth, when 
coltures enter  stationary phase.  Those results  indicate  the potential  activation of  an adaptive 
response  to  selenite  toxicity  after  pre-induction.  This  observation  could  suggest  that,  in  our  
strains, the reduction of selenite to elemental selenium consist in a detoxification mechanism. A 
similar  behavior,  following  pre-induction  with  selenite,  is  reported  in  Enterobacter sp.  AR-4, 
Bacillus sp. AR-6 and Delftia tsuruhatensis AR-7. In these strains the rates of reduction under un-
induced condition were found to be 25% slower than the induced condition.  This  increase in 
reduction efficiency in induced isolates is however detectable already after 4 hours, when the 
culture is still in exponential phase of growth. In this work, the adaptive responses are associated 
with alteration of cell morphology and change in total cellular fatty acid composition (Prakash et 
al., 2010).
Anyway, the induction effect is not enough to explain the delay in the catalytic activity of the cells, 
more apparent in the early exponential phase. Therefor, this finding is an important step in the 
comprehension of reduction mechanism in aerobic condition.

4.5  SELENIUM  NANOPARTICLES  BIOGENESIS  ANALYSIS  BY 
TEM (TRANSMISION ELECTRON MICROSCOPY) 

The  biochemical  studies  of  the  reduction  mechanism from selenite  to  elemental  selenium in 
aerobic conditions have identified the presence of a gap between the disappearance of selenite  
and the formation of elemental selenium detected in the strains grown in the presence of selenite.  
This gap has been confirmed with a more detailed study for the strain SeITE02 and has been 
highlighted  a  different  rate  of  elemental  selenium  formation  at  several  growth  phase  of  the 
microorganism. 
It is known that the selenite reduction is leading to the formation of Se nanostructured particles 
(SeNPs) which are deposited inside the cell (cytoplasmic), within the periplasm or extracellularly 
(Yamada et a., 1997; Debieux et al.  2011; Dhanjal et al., 2010; Oremland et al., 2004; Kessi et  
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al.,1999). The SeNPs can be detected by TEM analysis.
In order to go deeper into this biochemical mechanism and to clarify the dynamics of the selenium 
nanoparticles formation,  a study with the electron microscope (TEM) has been set up for the 
SeITE02 strain.  The  work  was carried  out  at  the  Exeter  University  under  the  supervision  of 
Professor Butler and with the technical and scientific support of Dr. Micaroni. The microbial cells 
were grown in the presence of 0.5 mM selenite and fixed at different times of the growth phase, 
with the aim of seeing the SeNPs. Cell samples were taken at time points selected to represent 
early (9h and 13 h), mid exponential (16 h ), late exponential (21 h), early (24 h) and late (48 h) 
stationary phases (Tab. 17). 
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Tab. 17: Time point of the cells sample selected for the TEM analysis.

The results are show in the following time course (Fig.37):
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 T1: 9 h after inoculum                                             T2: 11 h after inoculum

 T3: 13 h after inoculum     T4: 16 h after inoculum

 T5: 21 h after inoculum      T6: 24 h after inoculum

T7: 34 h after inoculum

Fig.37:  Physiological  analysis  of  Se-nanosphere 
production  using  TEM:  Transmission  electron 
micrographs of time point; cells of SEITE02 strain 
grown with 0.5 mM Na2SeO3. Scale bar, 1µm. 
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The images of time course show the presence of extremely rare Se particles before 11h from the 
culture  start.  It  is  also  evident  that  cells  during  this  growth  phase  start  to  produce  Se 
nanoparticles, but it was impossible to detect selenium nanoparticles before 9h after the inoculum,  
according with the biochemical findings. The number of selenium nanoparticles increase over time 
and the pictures show that reach a maximum number already at 24 h of the growth, in the early  
stationary  phase.  However,  the  size  of  the  particles  increased after  24  hours  and this  could 
explain the biochemical value also increasing after 24 h from the inoculum. TEM images also 
showed the formation of selenium particles in the nanometric range associated with the external 
walls  of  the cells.  Moreover  the analysis  by TEM also indicated Se nanoparticles have been 
always displayed on the outer part of the cells. The dimension of the Se-nanosphere are different  
and depend on the growth phase of the cells: it seems that the nanospfere do not increase the 
size over time, but only in the stationary phase. The microbial cells appears unable to accumulate 
the Se nanoparticles  inside in the cells:  in  fact,  the particles of  selenium are visualized only 
outside the cells and are detected inside the cells only in ghost cells, probably lysed cells.
This TEM results support the gap between the elemental selenium formation and the selenite 
reduction found with the biochemical analysis, showing a delay in the start of the Se-nanoparticles 
formation.
The majority of studies on the biogenesis of selenium nanoparticles have focused on anaerobic 
systems.  The  biogenesis  of  selenium nanostructures  during  the  dissimilatory  respiration  was 
reported  by  Oremland et  al.  (Oremland  et  al.,  1994)  during  the  dissimilatory  respiration.  Se0 

particles formed by the Se-respiring bacteria  Sulfurospirillum barnesii, Bacillus selenitireducens 
and Selenihalanaerobacter shriftii are structurally unique compared to elemental selenium formed 
by  chemical  synthesis.  The  three  anaerobes  used  toxic  selenium  oxyions  as  the  electron 
acceptors  during  anaerobic  respiration  which  resulted  in  the  formation  of  stable,  uniform 
nanospheres of selenium (diameter ~ 300 nm). 
Very  few  studies  have  reported  the  aerobic  formation  of  selenium  nano-particles  by 
microorganisms.  The  generation  of  selenium  nanospheres  by  soil  bacteria Pseudomonas 
aeruginosa  and  Bacillus  sp. under aerobic conditions has recently  been reported (Tejo et  al., 
2009; Yadav et al., 2010). S. Dhanjal and Cameotra (2010) proposed a mechanism of biogenesis 
of  selenium (Se0)  nanospheres  in  aerobic  condition,  showing  the  formation  of  red  elemental 
selenium in membrane fraction after 3-4 h of incubation; prolonged incubation of 12 h resulted in  
formation of red elemental selenium in soluble fraction. 
A new  strain  was  isolatedI  in  the  Vallini's  laboratory.  The  strain  was  correlatd  with  Bacillus 
mycoides strain SeITE01 and was isolated from selenium hyperaccumulator legume Astragalus 
bisulcatus. Strain SeITE01 has the ability to induce the formation of amorphous Se0 nanoparticles 
under aerobic conditions as a consequence of the reduction of selenite. Not only extracellular but  
also intracellular elemental selenium production was detected, although accumulation of SeNPs 
was mostly observed outside the bacterial cell. The authors suggested the formation of a selenium 
intermediate to explain the extracellular nanoparticles formation (Lampis et al., in press).
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CHAPTER 2
THE EXOPOLYSACCHARIDES (EPS) ROLE IN THE SELENITE 
REDUCTION

4.6 WHY EXOPOLYSACCHARIDE ? 

Extracellular polymeric substances (EPS) are metabolic products accumulating on the bacterial 
cell  surface (Morgan et al.,  1990). Polysaccharides are believed to protect bacterial cells from 
desiccation, heavy metals, organic compounds or other environmental stresses, including host-
immune responses, and to produce biofilms, thus to enhance the chances of the cells to colonize 
special  ecological  niches  (Hunga  et  al.,  2005;  Davey  et  al.,  2000;  Sutherland,  2001;  Kazy, 
2002).They form a protective layer for the cells against the harsh external environment, and also 
serve as carbon and energy reserves during starvation. EPS are composed of a variety of organic  
substances (Frølund et al., 1996). Carbohydrate was identified as the predominant constituent in 
the  EPS of  many pure  cultures  (Cescutti  et  al.,  1999;  Sutherland  et  al.,1996)  in  addition  to 
substantial amounts of humic substance (Dignac et al., 1998). In the same study, Dignac et al.  
show that protein was also an important constituent in EPS, possibly due to the large quantities of 
exoenzymes entrapped in the EPS (Dignac et al., 1998). 
Being  polyanionic  in  nature,  EPS  forms  complexes  with  metal  cations  resulting  in  metal 
immobilization within  the exopolymeric  matrix.  These complexes generally  result  from electro- 
static interactions between the metal ligands and negatively charged components of biopolymers. 
Moreover, enzymatic activities in EPS also assist detoxification of heavy metals by transformation 
and subsequent precipitation in the polymeric mass (Pal et al., 2008).
EPS produced by two mucoid clinical isolates of  S. maltophilia obtained from two cystic fibrosis 
patients  were  completely  characterised,  mainly  by means of  ESI-MS and NMR spectroscopy 
(Cescutti et al., 2011). 
For this reasons the production of EPS was evaluated in the strains of this study, in order to 
identify some possible interaction between the selenite oxyanion and the expolisaccharides, with 
the aim of contributing to the elucidation of factors involved in the selenite reduction.

4.7 EXOPOLYSACCHARIDES (EPS) QUANTIFICATION

To evaluate  the  exopolysaccharides  production  and  the  possible  interaction  with  the  selenite 
oxyanion  we  measured  EPS  production  of  the  five  strains  with  increasing  of  the  selenite  
concentrations (0.2, 0.5, 2mM) and the control colture (CTR) was without selenite. The EPSs were 
extracted with a modification of the protocol developed by Del Gallo and Haegi (Del Gallo et al.,  
1990) and the concentration of the protein and carbohydrate were determined.
A significant  and regular  increase in the production of  exopolysaccharides correlated with the 
selenite concentration was detected for each one of the strains analyzed (Fig. 38).
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Fig. 38 (a), (b), (c): Effect of selenite concentrations on EPS production of Stenotrophomonas sp. 
strains A16 (a), B (b) SeITE02 (c). Data are presented as the means and standard deviations 
compiled from 3 replications of the experiment. Proteins are indicated in blue, carbohydrates are 
indicated in green.
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Fig.  38  (d),  (e):  Effect  of  selenite  concentrations  on  EPS  production  of Stenotrophomonas 
maltophilia strain AW (d) and T (e). Data are presented as the means and standard deviations  
compiled from 3 replications of the experiment. Proteins are indicated in blue, carbohydrates are 
indicated in green.

A16  strain  was  the  most  highest  EPS  producing  strain:  it  produces  227,25±19,02  mg/L  of 
exopolysaccharides in the control culture (without selenite) and a maximum of 308,58±25,31 mg/L 
when exposed to a 2mM concentration of selenite. 
On  the  other  hand,  strains  B  and  SelTE02  were  the  lowest  EPS-producing  isolates,  with  a 
production of 129,2±5,71 and 134,21±4,32 mg/L respectively in the control culture, 179,67±8,99 
and 185,89±7,66 mg/L when exposed to the higher selenite concentration (Fig. 38 (c)and. (b)).
Anyway,  even  the  strains  producing  low  amount  of  exopolysaccharides,  when  exposed  to 
selenium oxyanion, show a clear increase of the production.
Strains AW and T showed a similar exopolysaccharides production and the same increase of EPS 
production when exposed to selenite (Fig.38 (d) and (e)).
In scientific literature, the correlation between EPS-production and the exposition to a heavy metal  
oxyanion is documented in a study investigating the effect of Ce3+ on soluble microbial product 
(SMP) production in a UASB reactor, it  was found that  Ce3+ concentration of  1 mg/L led the 
increase in SMP production, partly attributed to the release of EPS (Fu et al., 2011). Moreover, the 
EPS production  with  cyanobacteria  exposed  or  not  to  cadmiun(II),  where  analyzed  with  two 
different strains:  Synechocystis sp. BASO670 and  Synechocystis sp.  BASO672 (Ozturk et  al., 
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2009). For both strains, EPS production increased following exposure to 15 and 35 ppm Cd(II): 
this data agree with our findings. 

4.8  CORRELATION  BETWEEN  EPS  PRODUCTION  AND  THE 
SELENITE BACTERIA RESISTANCE

The positive correlation between EPS-production and the exposition to increasing concentration of 
selenite oxyanion has led to consider a potential relationship between resistance to selenite and 
EPS production.
In the follow table (Tab. 18) the EPS production in the control culture was compared with LD50 

value for our five strains.
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Tab. 18: LD50 and EPS production.

Strain A16, the more resistant strain, was also the higher EPS-producing isolate, while SelTE02 
and B, the more sensitive isolates, produced low amount of exopolysaccharides. AW and T strains 
show similar resistance and similar amounts of EPS produced. 
The data of EPSs amounts and LD50  were analyzed to uniquely define the relationship between 
the values: the results are shown in the following table and chart Fig. 39.

Fig. 39: Correlation between EPS production and LD50 of the five strains. 
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Tab. 19: Analysis of the data (EPS and LD 50) -GraphPad Prism-Version 5.0

The positive correlation between the production of EPS and the selenite resistance is evident from 
the graph and it is confirmed from the analysis of the value (Tab. 19). The data corroborate an 
interaction between the production of EPS and resistance of all strains to selenite oxyanions. The 
results  might be useful  for  understanding the roles of  EPS in bacterial  self-protection against 
selenite oxianions. 
The correlation between EPS and resistance is well documented in literature. Microbial production 
of  extracellular  polymeric  substances  is  generally  associated  with  their  metal  resistance  and 
tolerance, and the nature of EPS are important elements of heavy metal resistance (Chien et al., 
2013).The results are in agreement with those presented in the study of Ozturk et al. (2009) where 
a positive correlation between Cd(II) toxicity and EPS production was stressed: the Cd(II) tolerant 
isolate  (Synechocystis  sp.  BASO670)  produced  high  amount  of  EPS,  the  sensitive  isolate 
(Synechocystis sp. BASO672) produced low amount of EPS. Moreover,the adsorption of metals 
onto bacterial surface by EPS could protect the cells against the inhibition of metals (Salehizadeh 
et al., 2003; Kantar et al., 2011). Dhanjal et al., (2011) indicate , even for the strains considered in  
the present study, a positive correlation existing between EPS production and tolerance to the 
selenium oxyanion tested in  Bacillus sp strain JS-2. G.-P. Sheng et al. (2013) investigated the 
interactions between metals (Ca2+ and Hg2+) and extracellular polymeric substances (EPS) using a 
combination of zeta potential measurement and 3-dimensional excitation emission matrix (EEM) 
fluorescence spectroscopy with parallel factor (PARAFAC) analysis. The results show the binding 
of Ca2+  to EPS was mainly through electrostatic interactions, whereas Hg2+  was bound to EPS 
mainly  through complexation suggesting that  the binding mechanisms between Ca2+  and EPS 
were different from those between Hg2+ and EPS (Sheng et al., 2013).
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4.8 SELENiTE REDUCTION IN VITRO ASSAY 

The correlation between EPS production and selenite resistance in the Stenotrophomonas strain 
of  this  work suggested to investigate the capability  of  the EPS extracts  to reduce selenite  in 
aerobic environment. 
An “in vitro” assay was set up in 96 well plate and the EPSs extracts of all strains were incubated 
at pH 6.3 in presence of Na2SeO3 and in reduction conditions with NADH as electron donor. After 
12 hours a red precipitate was formed indicating the elemental selenium formation as result of the 
selenite reduction thanks the EPS extract  activity. As positive control  was used native protein 
extract of SeITE02 strain, able to reduce selenite to elemental selenium forming a red precipitate. 
All experiments are made in two replicates.
The results are shown in the following picture (Fig. 40). 

Fig.  40: Selenite reduction assay in 96 well plate: K- indicates wells without EPS extract;  K+  
indicates  the  positive  control  with  native  protein  extract  of  SeITE02.  EPS extract  of  different 
strains are indicated only with the strain name. 

The extracts show different behaviors in the test regarding the ability to reduce selenite to red 
elemental  nanoparticles,  indicating  a  different  nature  of  EPS.  In  fact,  microbial  production  of 
extracellular  polymeric  substances  is  generally  associated  with  their  metal  resistance  and 
tolerance, but the nature of EPS are important elements of metal resistance (Chien et al., 2013) . 
The red precipitate was observed in each one of the well with EPS extract of A16, SeITE02 and  
AW strains showing the ability of this EPS to carry out the selenite reduction in aerobic conditions.  
The EPS extracts of strain B and T did not show any activity. 
The reduction activities detected in the EPS of SeITE02, AW and A16 are consistent with the  
chemical  nature  of  the  released  extracellular  compounds,  which  contain  large  amounts  of 
siderophores and exoproteins rich in metal binding groups (Hou et al., 2013; Slaveykova et al.,  
2010; Sheng et al., 2010). These characteristics directly affect the interactions between the ion 
and EPS matrix.  Moreover, due to the presence of charged moieties, EPS ideally serves as a 
natural  ligand  source,  providing  binding  sites  for  other  charged  particles/molecules  including 
metals (Hunga et al., 2005; Davey et al., 2000; Sutherland et al., 2001; Kazy et al., 2002).
It  could  be  postulated  the  presence  of  a  non-enzymatic  mechanism  to  reduce  selenite  to 
elemental selenium by EPSs for the strains showing active EPS extract.
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To test the nature of the activity reduction highlighted in the assay, the samples of active EPSs 
extracts were subjected to heat treatment for 20 min at 100 ° C.
The  reduction  activity  was  also  identified  with  these  extracts,  though  with  lower  intensity.  In 
conclusion, the EPSs of three different strains A 16, SeITE02 and AW show the ability to reduce 
selenite oxianions to elemental selenium in aerobic condition forming a red precipitate. The EPSs 
catalytic activity is probably not enzymatic, but can not be excluded an enzimatic activity in the 
EPS. In fact, Dignac et al. found that protein was also an important constituent in EPS, possibly  
due to the large quantities of exoenzymes entrapped in the EPS (Dignac et al., 1998).
The strains B and T don't point out a red precipitate in the in vitro selenite assay, but they show 
the  same  correlation  between  EPS  and  LD50.  Microorganisms  reside  in  heavy  metal  rich 
environments, like strain B and T isolated from contaminated industrial sites, usually developed 
various mechanisms for heavy metals resistance and detoxification (Cao et al., 2008; Silver et al.,  
2005;  Harrison  et  al.,  2007).  Microbial  EPS  is  crucial  to  the  formation  of  biofilm  and  cell 
aggregates, which contribute to protect cells from hostile environments and can bind significant 
amounts  of  heavy  metals  (Pal  et  al.,  2008;  Gutnick  et  al.,  2007).  It  is  suggested  that  the 
complexation or sequestration of heavy metals and retarding their diffusion into the cells may be 
responsible for protecting cells from heavy metal toxicity (Teitze et al., 2003; Gutnick, 2000,) and 
this hypothesis could be postulated for B and T strains.
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4.9  EXOPOLISACCHARIDES  CONTRIBUTE  IN  THE  SELENIUM 
NANOPARTICLES FORMATION?

In the last paragraph it was shown the ability of AW, A16 and SeITE02 EPSs extracts to form red  
nanoparticles of selenium in aerobic condition. The selenium nanoparticles of SeITE02 are show 
in the following pictures.

Fig. 41: TEM Picture of SeITE02 growth 20 h in nutrient medium supplemented of selenite. The 
bar indicates 1µm.

The nanoparticles of SeITE02 are visualized always out of the cells. Moreover, it seems that the  
particles grow externally to the cell and never inside the cells. 
Conversely, the EPS extract of B does not show reduction activity in the selenite assay. In the  
following picture we can see the selenium nanoparticles in B strain after 24 hour of grow in the  
medium supplemented with selenite. 

Fig.  42:  TEM Picture of  B strain  growth 20 h in  medium supplemented of  selenite.  The  bar  
indicates 0.5 µm.
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Interesting in the strain B the selenium nanoparticles are inside the cells and very rarely can be  
detected out of the cells. For this reason it could be hypothesized different mechanisms in the 
reduction and formation of nanoparticles in the two strains.
For  the strain  SeITE02 at  least  two different  reduction mechanisms it  could  be postulated to 
reduce the toxic selenite oxianions to non toxic elemental selenium: inside the cell by the cellular 
enzymatic machinery and an ancillary catalytic activity implemented by the EPS outside of the 
cells. Most of the studies on the biogenesis of selenium nanoparticles (Se-NPs) are based on 
anaerobic systems and hypotized the se-nanoparticles biogenesis inside in the cells (Dridge et al.,  
2010; Butler et al., 2011) However, there are also few reports in literature on the aerobic formation 
of Se-NPs by microorganisms such as Pseudomonas aeruginosa,  Bacillus sp. and Enterobacter 
cloacae  (Tejo et al., 2009; Yadav et al., 2008; Losi et a., 1997; Dwivedi et al., 2013). Possible  
mechanisms of Se0 precipitation and SeNP assembly are suggested for the selenite reducing 
bacterial  strain  Bacillus mycoides isolated in the laboratory of Professor Vallini.  Under aerobic 
conditions,  the  formation  of  SeNPs  were  observed  both  extracellularly  or  intracellularly  and 
selenite  is  proposed  to  be  enzimatically  reduced to  Se0 through redox  reactions  by  proteins 
released from bacterial cells. Sulfhydryl groups on peptides excreted outside the cells may also 
react directly with selenite (Lampis et al., 2014 in press).
The strain B forms EPS unable to produce red elemental selenium in vitro:  anyway, the strain is 
able to produce EPS and the correlation between EPS and resistance is clear for this strain too. In 
this strain nanoparticles are detected inside the cells and seems that the selenium nanoparticles 
are growing in the cells. For this reason it could be hypothesized a selenite reducing mechanism 
exclusively inside the cell and the EPS could contribute to protect cells from hostile environments 
binding a significant  amounts of  toxic  selenite.  In  fact,  in order  to cope with metal  exposure, 
strains have evolved several metal tolerance strategies. Intracellular metal tolerance mechanisms 
include efflux, complexation, or reduction of metal ions to a non-toxic form; chelation of metal ions  
by certain extracellular polymeric substances provide extracellular protection (Joshi et al., 2009). 
At the same time, the presence of the EPS can strongly contributes to reducing the effect of  
metals (Hou et al., 2013).
Anyway, analytical investigations to understand more specifically the composition of EPS extracts 
are needed to clarify this point. 
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CHAPTER 3
SURVEY ON POTENTIAL ENZYMES INVOLVED IN THE SELENITE 
REDUCTION

Many microorganisms in diverse groups within the bacterial and archaea domains reduce selenite 
(SeO3-2) to elemental selenium (Se0) (Kessi et al., 2006; Watts et al., 2003; Hunter et al., 2008) but 
the enzymes associated with this reduction process are poorly understood. With the aim to go 
deeper in the heart of the enzymatic selenite oxyanions reduction in aerobic environmental, the 
proteome of  Stenotrophomonas maltophilia SelTE02 was analyzed. Strain SeITE02 was chosen 
for  this  part  of  the  study  because  it  showed  the  highest  efficiency  in  the  selenite  reduction 
comparing with the other strains of this work.

4.10 PROTEOMIC ANALYSIS

4.10.1 Protein extraction

In  order  to  investigate  the  enzymes  responsible  for  selenite  reduction Stenotrophomonas 
maltophilia SeITE02 cells were grown aerobically in two conditions:
(1) In nutrient medium (N)
(2) In nutrient medium added with 2mM selenite (SeO32-)
As selenite reduction was observed in previous study in particular in presence of the cytoplasm 
fraction and since prefractionation of complex sample is highly recommended prior to the analysis 
(Antonioli et al., 2007), it was decided to focus the attention on this protein fraction. 
The  soluble  cytoplasmic  proteins  in  the  supernatant  were  obtained  and  quantified  with  the 
Bradford  protein  assay (Bradford,  1976):  from 300 ml  of  bacterial  cultivation it  was  achieved 
approximately 10 ml of protein extract with concentration in average 2 mg/ml. 

4.10.2 Native zimography

The  crude  enzymes  from  cultures  of  the  strain  SelTE02  in  exponential  growth  phase  were 
investigated using zymogram analysis for the detection of the enzymatic activity.
The  protein  extracts  were  analyzed  in  one-dimensional  electrophoresis  using  nondenaturing 
conditions  to  retain  the  enzymes native  state  and  therefor  theirs  activity.  Indeed,  in  order  to  
identify the enzyme(s) involved in the SeO32- reduction, the native gel was used for a zymogram 
and incubated in presence of selenite, in reduction conditions with NADH as electron donor. The 
sites able to carry out the SeO32- reduction were visualized on the gel with a brown/bordeaux 
bands, showing the enzymes activity able to form red elemental selenium nanoparticles. 
As we can see from the native zymography (Fig. 43), a red band was observed in each one of the  
cytoplasmic protein fraction from the two different conditions: the red color indicates the ability of 
the  cytoplasmic  protein  fraction  to  reduce  selenite  to  elemental  selenium,  when  NADH  was 
present as electron donor. The shape, the migration and the intensity of the selenite-reducing 
bands is similar between the three protein sample analyzed. The reduction activity was detected 
at a migration point in the gel similar to the 66 kDa band of the native marker. This information on  
protein molecular weight is only an indication and it is not very accurate as a matter of fact, in 
native conditions, the migration of a protein or of a protein complex is not affected only by protein 
weight, but also by protein charge.
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Fig. 43: Native zymography of cytoplasm fraction for selenite reduction and correspondonding 
Comassie-stained gradient gel 6%-13%.
N:  protein extract from Stenotrophomonas maltophilia SelTE02 strain grown in Nutrient 
Se:  protein extract from Stenotrophomonas maltophilia SelTE02 strain grown in Nutrient 
added with 2mM selenite. Se
M: Native marker

The red/orange bands of the gel, about 2 by 5 mm in size, indicating the presence of a reductase 
able to use NADH as an electron donor to reduce SeO3-2 to Se0,  were cut  from the gel and 
digested for the proteomic analysis.
Native gel electrophoresis of protein extracts from a variety of strains wich revealed protein bands 
that  reduced selenite to elemental  red selenium is reported in scientific  literature.  In  Thauera 
selenatis a trimeric complex with a molecular weight of 180kDa was purificated: the complex is  
composed by  three subunits,  96kDa,  40kDa,  23kDa respectively  in  size (Dridge et  al.,  2007; 
Debieux at al., 2011). Other proteins that reduced selenite to elemental selenium were revealed at  
molecular weight of 100 and 45kDa in Rhizobium sp. strain B1 (Hunter et al., 2007), 55kDa in 
Azospira  oryzae (Hunter,  2007),  90kDa in  Tetrathiobacter  kashmirensis (Hunter  et  al.,  2008), 
115kDa in Pseudomonas sp. strain CA5 (Hunter et al., 2009).

4.10.3 Proteomics of the NADH-Dependent Selenite Reducing Activity

The  NADH-dependent  bands  of  SeO3-2 reducing  activity  cut  from  the  gel  were  digest  and 
separately analyzed for peptides by MS/MS spectrometry. By using MS/MS we identified in the 
cells grown without selenite a Zn-dependent alcohol dehydrogenase from Xanthomonas gardneri  
(Tab. 20), while in the cells grown with selenite we identified the mercuric reductase enzyme 
from Acidithiobacillus caldus SM-1. The analysis were repeated on different bands showing SeO3-2 

reducing  activity  on  the  zymogram and  obtained  from protein  extract  from cell  grown in  the 
presence of selenite: the results were confirmed, showing three unique peptides that identified the 
mercuric reductase with very hight score. The results are summarized in Tab. 20.
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Protein name Spot 
name

NCBI
acc. #

No. of 
peptide

s 
identifie

d

Mascot 
score b)

Mr. (Da) 
exp./theor

.

pI theor. Sequence 
Coverage 

c) (%)

Zn-dependent 
alcohol 
dehydrogenase 
[Xanthomonas 
gardneri ATCC 
19865]

N gi|
325920772

2 83 35736 AMGLNV
AAVDVDD

AK

mercuric 
reductase 
[Acidithiobacillus 
caldus SM-1]

Sea gi|
340781800

5 116 58324 5.73 LGAQVTV
LAR
(1%)

mercuric 
reductase 
[Acidithiobacillus 
caldus SM-1]

Seb gi|
340781800

3 94 58324 5.73 LGAQVTV
LAR
(1%)

Tab.20: Proteins identified by in gel-digestion and MS/MS analysis of active bands of zymogram 
gels; 
a) Spot names refer to those in Fig. 43.
b) Score is –106log(p), where p is the probability that the observed match is a random event, 
based on the NCBI database using the MASCOT searching program as MS/MS data.
c) Amino acid sequence coverage for the identified protein.
pI  indicates  the  isoelectric  point;  Individual  ions  scores  >  63  indicate  identity  or  extensive 
homology (p<0.05). Protein scores are derived from ions scores as a non-probabilistic basis for  
ranking protein hits.

To conclude, proteins identified from the active bands were different depending on the presence of 
selenite in growth medium of  the cells.  The enzyme mercuric reductase was identified in the 
samples obtained from cell grown in the presence of selenite.
Mercuric reductase MerA is a flavoprotein that catalyzes the two-electron reduction of mercuric 
ions to elemental mercury using NADPH as an electron donor (Fox et al., 1982). 
The peptide identified belong to the acidophile Gram negative Acidithiobacillus caldus: however it 
shows  99%  sequence  identity  with  the  mercuric  reductase  belonging  to  Stenotrophomonas 
maltophilia K279a. This protein has a molecular weight of 58,32 kDa, that is consistent with the 
weight of the selenite-reducing band seen on the gel. The enzyme belongs to the pyridine nucle- 
otide disulfide oxidoreductase family and its core domain shares significant sequence homology in 
the  redox-  active  disulfide/dithiol  active  site  and  the  NAD(P)H  and  FAD  binding  sites  with  
glutathione reductase, try-panthione reductase and lipoamide dehydrogenase (LPD) (Barkay et. 
al.,  2010).  The catalytic  action of  mercuric  reductase depends from metallochaperone-like  N-
terminal domains (NmerA) that can transfer Hg2+ to the catalytic core domain (Core) for reduction 
to Hg0 (Johs et al., 2011) Fig. 44.
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Fig. 44(a) Pathway for Hg2+-ligand exchange and reduction in MerA. Cysteine residues of NmerA 
(red), the active site of one monomer (blue), and the C-terminus of the complementing monomer 
(green) involved in Hg2+ exchange and reduction to Hg0 at one of the MerA dimer active sites are 
shown (Johs et al., 2011).
.
The protein MerA is able to transfer 2 e electron reducing the more oxidate state Hg2+ to elemental 
Hg0. The selenite reduction of  SeO3-2 (Se+4) to elemental selenium (Se0) involves 4 e- : for this 
reason the  catalytic  site  of  Mer  A protein  seems to  be  unsuitable  to  reduce  selenite  Se4+  to 
elemental selenium Se0. Although the biochemical mechanism of reduction of Mer A may seem to 
be incompatible with the reduction mechanism selenite, several works report interactions between 
mercury and selenite reduction.
In many study in scientific  literature, several Stenotrophomonas maltophilia strains had shown 
high resistance to Hg(II): in particular, Stenotrophomonas maltophilia strain ORO2 showed a MIC 
for Hg(II) of 0,250mM (Holmes et al., 2008), while Stenotrophomonas maltophilia Sm777 tolerate 
up to 0,05mM Hg(II) (Pages et al., 200). Diverse microbes can reduce ionic Hg(II) in aqueous to 
elemental Hg(0) (Osborn et al., 1997). Mercury has been known for it  s extremely high affinity with 
elemental selenium, with the consequential formation of HgSe (Johnson et al., 2008), that could 
reduce the mobility, bioavailability and toxicity of Hg in the environment. For instance, Shewanella 
putrefaciens  strain  200  is  capable  of  reducing  supplemented  Hg(II)  to  Hg(0),  which  is  then 
captured by preformed  - Se nanospheres to form stable HgSe nanoparticles.  Bacterium cells 
were inoculated in aerobic conditions in a medium amended with 100  M  selenite, in order to allow 
the formation of Se-nanoparticles. After 12 hours of incubation, 200  M  Hg(II) was added to the 
bacterial culture medium: within 4 hours incubation, the immobilization of Hg(II), mostly due to the 
capture of Hg(0) into the  - Se nanospheres, was observed (Jiang et al.,  2012). This reaction 
between the biogenic Hg(0)  and  - Se nanospheres and the consequential  formation of  HgSe 
nanoparticles showed great potential for removal of both Se and Hg under aerobic or anaerobic 
conditions: the formation of HgSe likely reduced the amount of Hg avaible for methylation, leading 
to less methylmercury (MeHg) accumulation in aquatic food chain. Furthermore, in a strain of  
Pseudomonas fluorescens it has been found that Se and Hg together are less toxic to the bacteria 
compared to Se and Hg separately (Belzile et al., 2006). In this strain Hg-Se compound could be 
formed in many ways,  following several  reactions like reduction,  oxidation and decomposition 
(Yang et al., 2011).
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The results  from proteomic analysis  and the relationship between mercury and selenium well 
described  in  the  scientific  literature,  were  intriguing  and  promising.  In  fact  these  results 
encouraged  further  investigation:  to  identify  the  presence  of  mercury  reductase  gene  in  the 
SeITE02 sequence and to investigate the interference, if any, of mercury with selenite reduction 
mechanisms, object of the present work.
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4.11  RELATIONSHIP  BETWEEN  MERCURY  AND  SELENITE 
REDUCTASE REACTION

4.12.1 Interaction mercury and selenite reduction: “in vitro” assay

To what extent will these reactions occur in a bacterial system in the presence of both mercury 
and  selenium.  The  results  of  proteomic  analyzes  gave  us  the  starting  point  for  deepen  the 
relationship between mercury and mechanism of selenite reduction.
For this part of work strain SeITE02 and strain A16 were chosen because of their different yield in  
the production of EPS the different resistance and efficiency against the selenite. Actually A16 
strain was used to compare the results of SeITE02 with an other strain and A16 was the best  
candidate thanks the very high production in EPS that are related with the heavy metal resistance.
With the aim to identified the connection between mercury and selenite reduction, in the 96 well 
plate the protein extract of the strains was tested for the ability to carry out the selenite reduction 
using NADH as electron donor and in the presence of increasing concentrations of mercury from 
10µM to 10 mM .
The results are displayed in Fig. 45.

Fig.45: Selenite reduction assay in 96 well plates: protein extracts from A 16 (A and B line) and 
from SeITE02 (C and D line); the concentration of Na2SeO3 was 5mM in every well; 
lane 1: Na2SeO3

lane 2: Na2SeO3 +10 µM HgCl2; 
lane 3: Na2SeO3 + 100 µM HgCl2 ;
lane 4: Na2SeO3 + 1 mM HgCl2. 

The red precipitated in the well indicate the ability of the protein extract to reduce selenite to 
elemental selenium forming red Selenium-nanoparticles.
As  we  can  see,  concentrations  of  HgCl2 between  100  µM  and  1mM  completely  inhibit  the 
reduction activity, showing an interaction between mercury and selenite reduction activity, in both 
A16 and SeITE02 strain.
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The  inhibition  activity  decreases  reducing  the  HgCl2 concentration,  confirming  “in  vitro”  an 
implication of mercury in the selenite reduction activity. 
However, it is known from the literature that the antagonism between Hg and Se has become one  
of the most prominent examples of interactions between elements and support our finding (Cuvin-
Aralar et al., 1991; Yang et al., 2008). Some proposed mechanisms of protection include possible  
competition for binding sites between Hg and Se (Lucu et al., 1981; Burk et al., 1974; Suzuki et  
al., 1998; Yoneda et al., 1997), redistribution of Hg in the presence of Se (Chen et al., 1974), the 
formation of Hg–Se compounds (Gailer et al., 2000; Yang et al., 2011), the conversion of toxic 
forms to less toxic forms of Hg (Norseth et al., 1970), and the prevention of oxidative damage from 
Hg by Se through an increased activity of glutathione peroxidase (Hirota et al., 1980; Ralston et 
al., 2010). An antagonistic effect between Se and Hg in Hg bioaccumulation along aquatic food 
chains has been proposed by several researchers (Turner et al., 1983; Björnberg et al., 1988) and 
was further demonstrated by studies of other research group (Chen et al., 2001; Belzile et al.,  
2006; Belzile et al., 2009; Yang et al.,  2010). Negative correlations between concentrations of  
MetilHg in fish and aquatic organisms and total Se in lake water were reported (Belzile et al.,  
2006).

4.11.2 Growth of A16 and SeITE02 strains in the presence of HgCl2

To deepen the study of relationship between mercury and selenite reduction mechanism, bacterial 
cultures of SeITE02 and A16 strains have been set up in the presence of HgCl2. in order to found 
the HgCl2 resistance of both strains.
The growth observed in presence of different concentration of HgCl2 is shown in the next figures 
(Fig. 46).

Fig. 46: Growth of A16 and SeITE02 strains in the presence of different HgCl2  concentration.
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Both A16 and SeITE02 strains tolerated concentration lower than 50 µM of HgCl2 but the growth 
of the strain SeITE02 is completely inhibited when HgCl2 was added in concentration equivalent or 
higher than 50 µM; in opposite when the medium was added with 50 µM of HgCl2  the growth of 
A16 showed a very long lag phase, after that the microorganisms reached levels of standard 
growth. The completely growth was inhibited for the strains A16 by 100 µM of HgCl2 .
The different behavior of the two lines could be related to the different EPS production by the  
bacterial strains: in fact A16 is able to produce almost double amount of EPS in compare with  
SeITE02.  Different  studies  reveal  that  EPS have  a  high  capacity  to  bind  with  heavy  metals  
(Wingender  et  al.,  1999;  Liu  et  al.,  2002)  and the adsorption  of  heavy  metals  onto  bacterial  
surface by EPS protect the cells against the inhibition of heavy metals (Salehizadeh et al., 2003; 
Kantar et al., 2011). Moreover, the interactions between metals Hg2+ and extracellular polymeric 
substances (EPS) were investigated and well established using a combination of zeta potential 
measurement  and  3-dimensional  excitation  emission  matrix  (EEM)  fluorescence  spectroscopy 
with parallel factor (PARAFAC) (Sheng et al. 2013).

4.11.3  Evaluation of  HgCl2  influence  on  selenite  reduction efficiency  and 
elemental selenium production

Selenite reduction efficiency of the two bacterial strains was evaluated in a liquid rich medium 
added with 0,5mM Na2SeO3.and 1 µM HgCl2 ( Fig. 47).

Fig. 47: Liquid culture of strains A16 and SeITE02 in presence of 0,5mM Na2SeO3.and 1 µM HgCl2 

.            a) after 24 h growth; b) after 48 h growth 
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As we can see, after 24 h strain SeITE02 does not show red color in the liquid culture, indicating 
that  the red elemental  selenium production is not  already started.  In contra,  strain A16 liquid 
culture show an orange color, showing the start of the selenite reduction in this culture. After 48  
hours,  both  the  strain  show consistent  and  comparable  red  color  indicating  the  reduction  of 
selenite in the presence of non growth-inhibiting HgCl2 .  Anyway, the presence of mercury in the 
medium affect the selenite reduction in both strains but the Hg2+ interference is more evident for 
SeITE02 strain. 
The selenite reduction and selenium formation were evaluated for A16 and SeITE strains in the 
presence of mercury in a liquid  rich medium at 0.5 mM concentration of Na2SeO3.and 1 µM HgCl2 

The results are show in the following graphs:

Fig. 48: A16 strain: rate of selenite reduction and elemental selenium in bleu and red respectively;  
the growth curve is in green; the cells are grown on medium added with 0,5mM Na 2SeO3.and 1 
µM HgCl2 ...

Fig.  49:  SeITE02  strain:  rate  of  selenite  reduction  and  elemental  selenium  in  bleu  and  red 
respectively;  the growth curve is in green; the cells are grown on medium added with 0,5mM 
Na2SeO3.and 1 µM HgCl2 

The  effects  of  mercury  on  the  selenite  reduction  and  elemental  selenium  formation  were 
compared in the following charts.
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Fig. 50: Selenite reduction and selenium formation with and without 1 µM HgCl2 in the medium for 
both A16 and SeIte02 strains.

For each one of the two strains under analysis a decrease of selenite reduction efficiency has  
been observed in the presence of HgCl2. Moreover, strain SeITE02 is unable to completely reduce 
the selenite in the medium after more than 100 hours, when the reduction is completely after 52 
hours without mercury; anyway, the selenite reduction curve is similar in both the strain when 
HgCl2 was added at the medium.
Mercury seems to affect the selenium formation for both strains, but the influence seems to be 
more important for the strain SeITE02. Even so, the efficiency of the selenite reduction decrease 
for both the strains in presence of 1µM HgCl2 confirming what has been shown in the 96 well plate 
assay.
To evaluate  the influences of  HgCl2 on the rate  of  the reduction catalysis,  we compared the 
velocity of elemental selenium formation in the presence and in the absence of mercury; the same 
was made with selenite reduction rate. The results that we are found are illustrated in the following 
graph.
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Fig.50: Rates of the elemental selenium production and selenite reduction in both strains A16 and 
SeITE02 in the presence and in the absence of mercury.

The rates of both selenite reduction and selenium formation decreased when mercury was added 
at the cultures of SeITE02 strain. The influence of HgCl2 was more important on the selenium 
formation.It is difficult to explain this difference, because the selenite reduction mechanism is not 
completely clear, but it could be suppose that mercury affects the elemental selenium formation at  
the enzymatic level, inside in the cells and not with the help of EPS out of the cells. In fact, the  
SeITE02 is not very good EPS producer, conversely the A16 strain. In fact the catalysis rates in 
A16 are not very affected and this could be explain with EPS that wrap around the cells defending 
against the heavy metals.
Again, this results could be given by the consequence that mercury has on cells. In vitro studies 
(Carvalho et al.,  L 2008)  have shown that  mercury compounds inhibit  the thioredoxin system 
which is of vital importance for key cellular processes such as redox balance, cellular signaling,  
protein repair, and regulation of the cellular cycle and their inhibition leads to the activation of the 
ASK1 and p38-mediated apoptosis (Rana et al., 2008; Conrad et al.,. 2009.; Lillig et al., 2007). 
The  inhibition  of  these  enzymes occurs  by  binding  to  their  active  site.  TrxR was particularly 
sensitive to mercurials, which was attributed to the presence of the Sec residue in its active site 
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(Carvalho et al., 2011). The in vivo effects of MeHg on the thioredoxin system in the brain and liver 
of juvenile sea breams and confirmed the higher vulnerability of TrxR to this compound (Branco, 
2011). The hypothesis of the Sec residue in TrxR being a main  target for mercury compounds 
was  further  reinforced  by  the  observation  that  glutathione  reductase  (GR;  EC  1.8.1.7; 
glutathione:NADP+oxidoreductase) activity—which is a homologous enzyme to TrxR but lacks the 
Sec residue in the active site—was not affected by MeHg (Branco, 2011).

4.11.3 Evaluation of HgCl2 influence on selenite reduction machinery

Does the mercury affects the selenite reduction efficiency because affects the growth of the cells,  
or the inhibition of mercury is on the enzymatic reduction machinery? In order to distinguish the 
impact of mercury on cellular activity compared to the activity of the catalytic reduction, 1  µM 
HgCl2  was added to the culture cells 24 hour after the inoculum, when the cells are already in the 
exponential phase.
In the follow graph the results of this experiments carried out with SeITE02 cells.

Fig. 51: Growth and rate of the selenite reduction and selenium production of SEITE02 strain in 
the presence of selenite with(red) and without HgCl2 (blue); 
In the first chart, HgCl2 was added with the inoculum; in the second chart mercury was added after 
24 hours growth.

In the second chart the reduction of selenite shows a slowdown in comparison to the reduction of  
selenite in medium mercury-free. Thus, the selenite reduction seems to be negatively affected by 
the presence of mercury regardless of the growth, suggesting an interaction between mercury and 
the enzymatic machinery in SeITE02 strain.
The same experiment was set up with A16 and all results are shown in the following figure:
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Fig. 52: Growth and rate of the selenite reduction and selenium production of A16 strain in the  
presence of selenite with(red) and without HgCl2 (blue); 
In the first chart, HgCl2  was added at the starting point; in the second chart mercury was added 
after 24 hours growth.

In the A16 strain the effect of the mercury on the catalysis of selenium seems to be less important,  
but it is present both for cells grown on mercury that for cells in which mercury was added after 24 
hours.
The results illustrated that mercury affects the growth but inhibited the reduction assay, for both 
strain, A16 and SeITE02. This confirm an interaction between mercury and selenite reduction.
This remarks agree with the work presented by Hoang-Yen T. Truong et co-autors. (Truong et al.,  
2013) They observed that in a culture containing both Se and Hg in the medium, D. desulfuricans 
can still convert Se(IV) to Se(0) as a mean of detoxification. However, the culture appearance was 
also altered, which was indicated by a dark gray color rather than a light pink appearance. This is  
a clear indication that other biological processes might have been involved in a medium with the 
coexistence of the two elements.
Selenium and mercuric chloride interactions regarding effects on cell growth and cell death have 
been studied in human K-562 cells (Frisk et al., 2003). 
A study on the assimilation and detoxification of selenium and mercury and on the interaction 
between these two elements was conducted on Pseudomonas fluorescens by Nelson Belzile et al. 
(Belzile et al., 2006). They suggested that the biological pathway for the detoxification of Se was  
modified when Hg was present. 
Further analysis will be needed to delve into the different reaction mechanisms that include the 
selenite and mercury. First of all, the comprehension of the inhibition that plays the mercury, but  
also its interaction between mercury and EPS and the possibility to develop another strategy using 
the biotechnological potential of microorganisms to detoxify its environment.
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4.12  ANALYSIS OF THE STENOTROPHOMONAS MALTOPHILIA 
SEITE02 DNA SEQUENCE 

The  draft  genome of  Stenotrophomonas   SeITE02  strain  was  completely  sequenced.  Whole 
genome sequencing was performed using an Illumina MiSeq and resulted in 711,594 sequence 
reads  (179  Mb).  Reads  were  quality-trimmed  using  Trimmomatic  v0.30  (Lohse  et  al.,  2012), 
followed by Scythe v0.992beta (https://github.com/vsbuffalo/scythe) and assembled using A5 (Tritt 
et al., 2012). Scaffolds were annotated using Prokka 1.7 (Seemann et al., 2014) and RAST 4 
(Aziz et al., 2008). The genome is 4,557,111 bp in length (GC-content: 66.4%) with an average 
coverage of 34-fold distributed over 63 scaffolds and contains 4,101 genes (4,032 coding genes 
and 69 noncoding RNAs: 4 rRNAs and 65 tRNAs). The genome was analyzed to detect known 
selenate  and  selenite  reductases.  The  absence  of  any  known  selenate  reductase  (SerABC, 
SrdBCA, YnfE, YgfK) (Schröder et al., 1997; Kuroda et al., 2011; Bebien et al., 2002) is consistent  
with the inability  of  S. maltophilia SeITE02 to reduce/respire  selenate.  Early  work by DeMoll-
Decker and Macy suggested that T. selenatis uses a nitrite reductase to reduce selenite (DeMoll-
Decker et al., 1993), and this is of the NirS-type. We have not been able to find this type of nitrite 
reductase in the reported genome. We did however identify a glutathione reductase, thioredoxin 
reductase and NADH: flavin oxidoreductase (OYE family),  all  of  which have been reported to 
reduce selenite (Hunter, 2014). We can’t find the mercuric reductase (MerA) but there are three 
copies of gene for mercury resistance (MerC). Indeed, mercuric reductase (MerA) is central to the 
mercury (Hg) resistance (mer) system, catalyzing the reduction of ionic Hg to volatile Hg(0).A total 
of 213 merA homologues were identified in sequence databases, the majority of which belonged 
to microbial lineages that occupy oxic environments. MerA (Barklay et al.,  2010). 

Fig.  53:  The distribution  and diversity  of  MerA and  mer  operons  in  phyla  representing major 
lineages in the tree of life. 
Gray lineages : MerA found in at least one strain representing the lineage; 
Black lineage: MerA not present. 
Closed triangles: full-length MerA; open triangles: core MerA (see text). 
Operonic  structures  are  presented  next  to  phylum/class  names  and  colour  patterns  of  ORF 
indicate  gene  designation.  ORF  in  parenthesis  is  only  present  in  some  operons  of  strains 
belonging to the phylum/class. The red arrow leading from the Aquificae to the Archaea shows an 
HGT event as suggested by the MerA phylogeny (Barklay et al. 2010).
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The gene encoding mercuric reductase merA is part of the Hg resistance (mer) operon, which is  
wide  spread  among  both  Bacteria  and  Archaea  (Barkay  et  al.,  2003;  Barkay  et  al.,  2010; 
Simbahan et  al.,  2005),  allowing these  organisms to  survive  in  the presence of  elevated Hg 
concentrations (Barkay et al., 2003,;Barkay et al., 2005). To date, functional mer operons have 
been  characterized  in  mesophilic  Actinobacteria,  in  Firmicutes,  among  the  Beta-  and 
Gammaproteobacteria (Barkay  et al., 2010) and in one thermophilic bacterium representing an 
early bacterial lineage, Thermus thermophilus HB27 (Wang Y et al., 2009) (Fig.53). 
For the moment, through the analysis of sequencing data, we were unable to identify the gene of  
mercuric reductase (MerA) but we have detected three copies of gene for mercury resistance 
(MerC).
The proteomic results are very encouraging and they can be used to perfom a targeted sequence 
analysis.  In  particular,  the  peptides  sequenced by  MS/MS could  provide  a  help  in  the  deep 
analysis  of  sequencing  data  in  order  to  identify  the  enzyme  responsible  of  this  enigmatic 
"detossification reduction".

Nucleotide sequence accession numbers. The draft genome sequence of S. maltophilia SeITE02 
has  been  deposited  at  EMBL-EBI  under  accession  numbers  CBXW010000001  through 
CBXW010000063. (Bertolini et al., submitted).
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Selenium is of considerable environmental importance as it is essential at low concentrations but 
toxic at high concentrations for animals and human, with a relatively small difference between 
these values (Fordyce,  2005).  It  occurs in different  forms: as red amorphous selenium (Se0), 
highly  water  soluble  selenate  (SeO42-)  and selenite  (SeO32-),  and as  gaseous selenide (Se2-). 
Amongst its various forms, the SeO32- is highly toxic, which adversely affect the cellular respiration 
and antioxidant system causes protein inactivation and DNA repair inhibition (Dong et al., 2003;  
Eustice et al.,1981; Turner, et al. 1998). The SeO32- reducing bacteria are ubiquitous in diverse 
terrestrial and aquatic environments (Narasingarao et al., 2007). The ability to reduce the toxic  
SeO42- and SeO32-  species into  non-toxic  elemental  form Se0 has been demonstrated  under 
aerobic and anaerobic conditions (Narasingarao, et al. 2007; Lortie et al., 1992; Oremland et al.,  
1994; Sabaty et  al.,  2001).  Earlier  studies have suggested that  SeO32- reduction in anaerobic 
condition may involves the periplasmic nitrite reductase (Sabaty, et al. 2001; DeMoll-Decker et al. 
1993)  in  Thauera  selenatis  (Bledsoe  et  al.,  1999) and  Rhizobium selenitireducens strain  B1 
(Euzeby, et al. 2008; Hunter, et al. 2007; Hunter, 2008) , nitrate reductase in E. coli (Avazeri et al., 
1997), hydrogenase I in Clostridium pasteurianum (Yanke et al., 1995) and arsenate reductase in 
Bacillus selenitireducens (Afkar et al., 2003) or some of the non-enzymatic reactions (Tomei et al.,  
1992). Lortie et al. (Lortie et al., 1992) have reported aerobic reduction of  SeO 42   and SeO32- to 
Se0 by a Pseudomonas stutzeri isolate. There are also some reports in literature on the aerobic 
SeO32-  reduction to form Se-NPs by microorganisms such as Pseudomonas aeruginosa, Bacillus 
sp. and Enterobacter cloacae (Tejo et al.,2009;Yadav et al. 2008; Losi et al. 1997, Dwivedi et al. 
2013; Lampis et al., 2014). However, the reduction of SeO32- to Se0, which is a common feature of 
many diverse microorganisms, is still not well understood. 

In this study the mechanism of the selenite reduction in aerobic condition was investigated using 
five  Stenotrophomonas  spp  strains  able  to  catalyze  the  selenite  reduction  forming  Selenium 
nanoparticles: The strains used in the present work are the following Stenotrophomonas spp.: 
-strain SelTE02, which has been isolated from rhizospheric soil of a selenium hyperaccumulator  
plant, the legume Astragalus bisulcatus (Di Gregorio et al., 2005). 
-strain A16, which has been isolated from soil collected from the Ex-SLOI area in Trento-Nord and  
was obtained by enrichment cultures in presence of organic lead (Ferrari, 2010). 
-strains AW, B, T, that have been isolated from soil  collected from Scarlino industrial site and 
obtained by enrichment cultures in presence of arsenite.

Selenite reduction efficiency and elemental selenium production were measured: strain SelTE02 
showed the best performance. In addition, in each one of the strains, we observed a gap between 
selenite reduction and elemental selenium production. In particular, elemental selenium production 
rate is always lower than selenite consumption rate and the maximum gap between elemental 
selenium production and selenite consumption is at 24 hours (except for strain A16), during early 
stationary phase. The gap decrease for all strains to reach a value that is always lower than 10%  
after 72 hours. In the SelTE02 strain, the most efficiency strain, the difference between selenite 
reduced and elemental selenium produced increases to a value of 33,71% after 24 hours of cell 
growth:  at  this  time, 52,71% of initial  selenite  has been consumed,  while elemental  selenium 
production correspond to 19,04% of the initial oxyanion. This gap decreased to reach a value of 
22,94% after 48 hours and 8,1% after 72 hours.
In order to further understand the gap previously highlighted, it was analyzed selenite reduction 
and elemental  selenium production in strain SelTE02,  when the oxyanion is  amended to the 
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medium in different phases of cell growth. The cells number justifies the clear efficiency increase 
in both selenite consumption and elemental selenium production but in addition, also bacterial  
growth phase seems to be a factor that influence both reactions rates. As a matter of fact, when 
bacterial cells were in stationary phase, the efficiency of the two reactions was higher if compared 
with bacterial cells in Lag phase and in exponential phase. From this study we observed that the 
disparity between the two reactions is clear in each one of the conditions analyzed. In order to 
quantify the disparity between selenite reduction and elemental selenium production, the rates of 
the reactions were calculated and the results were compared It was confirmed that the efficiency  
is  higher  in  the  late  exponential  phase  and  in  the  stationary  phase.Tthe  maximum disparity 
between selenite reduction and elemental selenium rates is reached when the culture enter in the 
exponential phase of growth and then slightly decreased when stationary phase begin. 
The different rate between the elemental selenium production compared to the disappearance of 
selenite related to the number of microbial cells confirms the different catalysis rate of the cells 
depending on the growth phases. The cells show higher rate after 24 hours, in the stationary 
phase; the slower speedy is shown in the early exponential phase, after 6 hours and after 14 
hours.  Anyway, further analysis are necessary to shed a light on the disparity between selenite 
reduction and elemental selenium formation: in particular, it could be useful to understand if the 
strains are capable of producing also volatile selenium compounds as final products of selenite 
reduction reaction. In fact, it  s possible to measure the volatile organoselenium concentration with 
a gas chromatography analysis of the headspace of the culture (Burra et al., 2010).
To go deeper in  the comprehension of  elemental  selenium formation,  a transmission electron 
microscopy study (TEM) has been set up for the Stenotrophomonas maltophilia SeITE02 strain. 
The pictures of the time course confirm the delay in the selenium production, which is detected in  
the middle exponential phase, at least 9 h after the inoculum. The images of time course show the 
presence of  extremely rare Se particles before 11h from the culture start,  according with  the 
biochemical findings. The number of selenium nanoparticles increase over time and the pictures 
show that reach a maximum number already at 24 h of the growth, in the early stationary phase. 
Moreover,  the  TEM analysis  indicate  the  presence  of  the  selenium nanoparticles  only  in  the 
external part of the cells, suggesting that the nanoparticles are probably form outside the cell.
The effect of selenite induction on oxyanion reduction efficiency was also evaluated in cultures of 
the five isolates, after preinduction with 0,2mM selenite. The rates of reduction under induced 
condition were found to be faster than the un-induced condition for each one of the strains. Those 
results could indicate the potential activation of an adaptive response to selenite toxicity after pre-
induction. This observation could suggest that, in our strains, the reduction of selenite to elemental 
selenium consist in a detoxification mechanism. 

Selenite tolerance and esopolisaccharides (EPS) production were investigated. Strain A16, the 
most  tolerant  to  selenite,  is  also  the  strain  that  produces  the  highest  amount  of 
exopolysaccharides, while strain SelTE02, the less tolerant isolate, is the strain that produces the 
lowest  quantity  of  EPS.  Moreover,  a  significant  and  regular  increase  in  the  production  of  
exopolysaccharides correlated with the selenite concentration in the growth medium was detected 
for each one of the strains analyzed. The positive correlation between the production of EPS and 
the selenite resistance was confirmed from the analysis of the value. The data corroborate an 
interaction between the production of EPS and resistance of all strains to selenite oxyanions.
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The EPS role in the reduction was performed with EPSs extract from the five strains: a selenite  
reduction assay was carried out in the 96 well-plate and the EPSs reduction activity has been 
highlighted because the red selenium precipitate in the well with EPSs extract. 
The extracts show different behaviors in the test regarding the ability to reduce selenite to red 
elemental  nanoparticles,  indicating  a  different  nature  of  EPS.  In  fact,  microbial  production  of 
extracellular  polymeric  substances  is  generally  associated  with  their  metal  resistance  and 
tolerance, but the nature of EPS are important elements of metal resistance (Chien et al., 2013) . 
The red precipitate was observed in each one of the well with EPS extract of A16, SeITE02 and  
AW  strains  showing  the  ability  of  this  EPS  to  carrie  out  the  selenite  reduction  in  aerobic 
conditions. The EPS extracts of strain B and T did not show any activity. 
Interesting, in the strain B the selenium nanoparticles are inside the cells and very rarely can be 
detected out of the cells. In opposite, the nanoparticles of SeITE02 strain are visualized always 
out of the cells. Moreover, it seems that the particles grow externally to the cell and never inside 
the cells. For this reason it  could be hypothesized different mechanisms in the reduction and 
formation of nanoparticles in the two strains.
For  the strain  SeITE02 at  least  two different  reduction mechanisms it  could  be postulated to 
reduce the toxic selenite oxianions to non toxic elemental selenium: inside the cell by the cellular 
enzymatic machinery and an ancillary catalytic activity implemented by the EPS outside of the 
cells.
The  strain  B  forms  EPS unable  to  form  red  elemental  selenium  in  vitro:  but  the  correlation 
between EPS and resistance is clear for this strain too. In this strain nanoparticles are detected 
inside the cells  and seems that  the selenium nanoparticles are growing in  the cells.  For  this 
reason it could be hypothesized a selenite reducing mechanism exclusively inside the cell and the 
EPS could  contribute  to  protect  cells  from hostile  environments  maybe  binding  a  significant  
amounts of toxic selenite.  In fact,  in order to cope with metal  exposure,  strains have evolved 
several  metal  tolerance  strategies.  Intracellular  metal  tolerance  mechanisms  include  efflux, 
complexation, or reduction of metal ions to a non-toxic form; chelation of metal ions by certain 
extracellular polymeric substances provide extracellular protection (Joshi et al. 2009). At the same 
time, the presence of the EPS can strongly contributes to reducing the effect of metals (H. Hou et  
al. 2013).
A more detailed characterization of the EPSs is needed to clarify the mechanism of catalysis 
implemented by these compounds:  in  particular it  s  possible to visualize EPS production with 
Confocal  Laser  Scanning  Microscopy  (CLSM)  by  staining  cell  suspension  with  lectin  PHA-L 
conjugates (Alexa Fluor 594-conjugated; Molecular Probe, Invitrogen) (Dhanjal et al., 2011).

A proteomic  analysis  of  the  cytoplasmic  fractions  of  strain  SelTE02,  grown with  and  without 
selenite in the medium, was performed. A mono-dimensional analysis was carried out, afterwards 
a zymography on gel  was performed,  to identify  the bands that  reduce selenite to elemental  
selenium.
From  the  digestion  of  the  active  bands cut  from  the  zymogram  gels,  the  reducing  enzyme 
mercuric reductase was identified with very hight score and in different protein samples. Therefor 
we  made  the  hypothesis  that  the  enzyme  mercuric  reductase  could  be  involved  in  selenite 
reduction pathway. Although the biochemical mechanism of reduction of Mer A may seem to be 
incompatible with the reduction mechanism selenite, several works report interactions between 
mercury and selenite  reduction, in  particular  the production of  HgSe nanoparticles,  when the 
strains are exposed to both selenium and mercury, investigated with electron microscopy analysis 
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(Jiang et al., 2012). therefore, we started to explore the correlation, if any, between the selenite 
reduction mechanism and mercury.
For this part of work strain SeITE02 and strain A16 were chosen because of their different yield in  
the production of EPS the different resistance and efficiency against the selenite.
Increasing concentrations of  HgCl2 between 100 µM and 1mM completely  inhibit  the selenite 
reduction  activity  in  the  in  vitro assay,  showing  an  interaction  between mercury  and selenite 
reduction activity, in both A16 and SeITE02 strain.
Moreover, both A16 and SeITE02 strains tolerated concentration lower than 50 µM of HgCl2 but 
the growth of the strain SeITE02 is completely inhibited when HgCl2 was added in concentration 
equivalent or higher than 50 µM; in opposite when the medium was added with 50 µM of HgCl2 

the growth of A16 showed a very long lag phase, after that the microorganisms reached levels of  
standard growth. The different behavior of the two lines could be related to the different EPS 
production by the  bacterial strains, higher by A16 strain. 
Selenite reduction efficiency and elemental selenium formation of the two bacterial strains were 
evaluated in a liquid rich medium added with 0,5mM Na2SeO3.and 1 µM HgCl2 

The rates of both selenite reduction and selenium formation decreased when mercury was added 
at the cultures of SeITE02 strain. The influence of HgCl2 was more important on the selenium 
formation.  In particular, for each one of the two strains under analysis a decrease of  selenite 
reduction efficiency has been observed in the presence of HgCl2. Moreover,  strain SeITE02 is 
unable to completely reduce the selenite in the medium after more than 100 hours, when the 
reduction is completely after 52 hours without mercury; anyway, the selenite reduction curve is 
similar in both the strain when HgCl2 was added at the medium.  Mercury seems to affect the 
selenium formation for both strains, but the influence seems to be more important for the strain 
SeITE02.  Even  so,  the  efficiency  of  the  selenite  reduction  decrease  for  both  the  strains  in 
presence of 1µM HgCl2 confirming the interaction shown in the 96 well plate assay. 
To distinguish the impact of mercury on cellular activity compared to the activity of the catalytic  
reduction, 1 µM HgCl2  was added to the culture cells 24 hour after the inoculum, when the cells  
are already in the exponential phase: the results illustrated that mercury affects the growth but 
inhibited  the  reduction  assay,  for  both  strain,  A16  and  SeITE02.  This  confirm  an  interaction 
between mercury and selenite reduction.

The genome of Stenotrophomonas SeITE02 strain was completely sequenced. The genome was 
analysed to detect known selenate and selenite reductases. The absence of any known selenate 
reductase (SerABC, SrdBCA, YnfE, YgfK) (Schröder et al., 1997; Kuroda et al., 2011; Bebien et 
al.,  2002) is consistent with the inability of  S. maltophilia SeITE02 to reduce/respire selenate. 
However  it  were  identified  a  glutathione  reductase,  thioredoxin  reductase  and  NADH:  flavin 
oxidoreductase (OYE family), all of which have been reported to reduce selenite (Hunter, 2014). 
Three copies of gene for mercury resistance (MerC) were identified, but the mercuric reductase 
(MerA) was not detected. The whole sequence of Stenotrophomonas maltophilia SeITE02 strain 
provides the opportunity to investigate and compare more thoroughly the outcome of proteomic 
analysis. The proteomic results are very encouraging and they can be used to perfom a targeted 
sequence analysis. In particular, the peptides sequenced by MS/MS could provide a help in the 
deep analysis of sequencing data in order to identify the enzyme responsible of this enigmatic 
"detossification reduction".
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Delayed formation of zero-valent selenium
nanoparticles by Bacillus mycoides SeITE01 as a
consequence of selenite reduction under aerobic
conditions
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Abstract

Background: Selenite (SeO3
2!) oxyanion shows severe toxicity to biota. Different bacterial strains exist that are

capable of reducing SeO3
2! to non-toxic elemental selenium (Se0), with the formation of Se nanoparticles (SeNPs).

These SeNPs might be exploited for technological applications due to their physico-chemical and biological
characteristics. The present paper discusses the reduction of selenite to SeNPs by a strain of Bacillus sp., SeITE01,
isolated from the rhizosphere of the Se-hyperaccumulator legume Astragalus bisulcatus.

Results: Use of 16S rRNA and GyrB gene sequence analysis positioned SeITE01 phylogenetically close to B. mycoides. On
agarized medium, this strain showed rhizoid growth whilst, in liquid cultures, it was capable of reducing 0.5 and 2.0 mM
SeO3

2! within 12 and 24 hours, respectively. The resultant Se0 aggregated to form nanoparticles and the amount of Se0

measured was equivalent to the amount of selenium originally added as selenite to the growth medium. A delay of
more than 24 hours was observed between the depletion of SeO3

2 and the detection of SeNPs. Nearly spherical-shaped
SeNPs were mostly found in the extracellular environment whilst rarely in the cytoplasmic compartment. Size of SeNPs
ranged from 50 to 400 nm in diameter, with dimensions greatly influenced by the incubation times. Different SeITE01
protein fractions were assayed for SeO3

2! reductase capability, revealing that enzymatic activity was mainly associated
with the membrane fraction. Reduction of SeO3

2! was also detected in the supernatant of bacterial cultures upon NADH
addition.

Conclusions: The selenite reducing bacterial strain SeITE01 was attributed to the species Bacillus mycoides on the basis
of phenotypic and molecular traits. Under aerobic conditions, the formation of SeNPs were observed both extracellularly
or intracellullarly. Possible mechanisms of Se0 precipitation and SeNPs assembly are suggested. SeO3

2! is proposed to be
enzimatically reduced to Se0 through redox reactions by proteins released from bacterial cells. Sulfhydryl groups on
peptides excreted outside the cells may also react directly with selenite. Furthermore, membrane reductases and the
intracellular synthesis of low molecular weight thiols such as bacillithiols may also play a role in SeO3

2! reduction.
Formation of SeNPs seems to be the result of an Ostwald ripening mechanism.

Keywords: Bacillithiol, Bacillus mycoides SeITE01, Extracellular precipitation, Intracellular deposition, Ostwald ripening
mechanism, Redox regulation, Selenite reduction, TEM analysis, Xenobiotic detoxification, Zero-valent selenium
nanoparticles
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Background
Although selenium can be considered an essential micro-
nutrient for living systems at low concentrations, it be-
comes toxic at greater doses and the range between dietary
deficiency (< 40 !g day!1) and excess (> 400 !g day!1) is
fairly narrow [1]. Selenium generally occurs in relatively
low amounts in geological raw materials (e.g. native rocks
and ores), soils and sediments, but its contents in coals
and crude oils can reach hundreds of mg kg!1 in certain
cases [2]. Concentrations in soils and sediments vary
geographically, depending on the parent rock, ranging
from 0.01 mg kg!1 in deficient areas to 1200 mg kg!1 in
organic rich soils in toxic areas [3]. Therefore, selenium
contamination represents an important public health
concern and requires remediation initiatives especially
in those geographic locations where agricultural irriga-
tion drainage waters transport significant amounts of Se
by leaching seleniferous soils. Furthermore, industrial
activities such as oil refining, phosphate and metal ore
mining and coal fire-based power production can all
contribute to the dispersion of selenium in the environ-
ment. Se is also used extensively in both the electronics
and glass industry and is added to animal feeds and food
supplements. Other applications are in photocopying,
in metal alloys for batteries, in vulcanized rubber manu-
facturing, in production of pigments, ceramics, plastics
and lubricants, and in formulation of specific commod-
ities such as anti-dandruff shampoos [4]; all of which
ensure possible routes for the mobilization of selenium
in the biosphere. Selenium occurs in four valence states:
selenate (Se6+), selenite (Se4+), selenide (Se2!), and elemen-
tal selenium (Se0), and can form compounds with oxygen,
sulfur, metals, and/or halogens [5]. The environmental fate
and the toxicity of selenium strongly depend on its chem-
ical speciation, with water soluble, oxidized forms (oxya-
nions) selenite (SeO3

2!) and selenate (SeO4
2!) showing

severe toxicity to biota [5,6]. Microorganisms play a major
role in the biogeochemical cycle of selenium in the envir-
onment [7]. Certain strains, that are resistant to selenium
oxyanions and reduce selenite and/or selenate to the less
available elemental selenium or to methylated Se forms
[8], may be potentially used for the bioremediation of con-
taminated soils, sediments, industrial effluents, and agri-
cultural drainage waters. It is worth noting that a large
number of bacterial species, residing in diverse terres-
trial and aquatic environments, possess the ability to re-
duce selenite and selenate into elemental selenium. This
can occur through both enzymatic or non enzymatic
mechanisms, leading to the formation of Se nanostruc-
tured particles (SeNPs) which are deposited inside the
cell (cytoplasmic), within the periplasm or extracellu-
larly [9-14]. Evidence exists that the microbial reduction of
selenite occurs under both anaerobic and aerobic condi-
tions. However, to date, anaerobic respiration is considered

the most likely mechanism for selenite transformation
to Se0 by means of dissimilative metabolism [15-18].
Anaerobic respiration of selenite has also been shown
to involve selenite and/or selenate reductases, nitrite re-
ductases and sulfite reductases [11,18-20]. Furthermore,
the involvement of thiol-containing proteins such as
glutathione has even been identified in some Gram
negative bacteria capable of anaerobic reduction of Se03

2!

to amorphous Se0 nanoparticles [21].
These particular SeNPs display special physical char-

acteristics such as photoelectric, semiconducting and
X-ray-sensing properties [22] which make them attract-
ive for possible nano-technological applications. They
also possess adsorptive ability, antioxidant functions and
due to their high surface area-to-volume ratio, a marked
biological reactivity [23]; including anti-hydroxyl radical
efficacy, a protective effect against DNA oxidation [24]
and anti-microbial activity. Indeed, SeNPs have been
found to strongly inhibit growth of Staphylococcus aureus,
a key bacterial pathogen commonly occurring in human
infections [25]. However, concern is now growing for the
environmental impact of nanoparticle synthesis based on
physico-chemical methods that require for high pressures
and temperatures, are energy consuming, use toxic chemi-
cals, and generate hazardous by-products. Consequently,
applications using biological systems such as microbial
cultures for the production of metal nanoparticles, includ-
ing SeNPs, are becoming increasingly a realistic perspec-
tive. In the present paper the reduction of selenite by a
strain of Bacillus sp. (previously classified as Bacillus
mycoides SeITE01 [26]) has been investigated. This strain
has been shown to be highly resistant to selenite (up to
25 mM) and able to transform this oxyanion into elem-
ental SeNPs. In particular, a detailed comparison is
given between the dynamics of disappearance of selenite
from the growth medium and the appearance of SeNPs.
Evidence is also provided for the SeNPs formation to be
mainly in the extracellular environment. Based on the find-
ings of microscopic analyses, coupled with biochemical
and metabolic assays, hypotheses are advanced about pos-
sible mechanisms of reduction of selenite by B. mycoides
SeITE01, compatible with the appearance of Se0 nanoparti-
cles both inside or outside the bacterial cell.

Results and discussion
Taxonomic identification of the strain SeITE01
The bacterial strain SeITE01 was isolated from the rhizo-
sphere of the Se-hyperaccumulator plant Astragalus bisul-
catus grown on a Se-polluted soil through enrichment
cultures spiked with 2.0 mM sodium selenite, as described
previously [26]. It was originally hypothesized that strain
SeITE01 belonged to the Bacillus mycoides species on the
basis of partial 16S rRNA gene sequence. In the present
work, a combined approach using both gene sequencing
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analysis and evaluation of morphological traits has pro-
vided strain SeITE01 with a definitive taxonomic position.
Sequencing of the whole 16S rRNA gene confirmed

that strain SeITE01 can be associated to the Bacillus
cereus group which includes B. cereus, B. thuringensis, B.
anthracis, B. mycoides, B. pseudomycoides, B. cytotoxicus
and B. wheihenstephanensis [27]. Similarity values for 16S
rRNA gene obtained through EZ-Taxon server [28] pro-
vided strain SeITE01 identity percentages of 99.53 and
99.40% with B. thuringensis and B. mycoides respectively;
99.31% with B. wheihenstephanensis; 99.27% with B. cereus
and B. anthracis, and 98.58% with B. pseudomycoides.
Neighbor-joining (N-J) phylogenetic tree showed that
SeITE01 is very close to B. mycoides and B. wheihenste-
phanensis since they formed a separate cluster (Figure 1).

These high similarity values are not surprising due to the
very close relatedness among species within the B. cereus
group which only differ from each other by zero through
nine nucleotides in 16S rRNA gene sequences [29]. Thus,
the mere analysis of ribosomal genes is not enough to de-
finitively establish the attribution of the strain SeITE01 to
any given species. For this reason, partial sequencing of
GyrB gene [30], coding for the subunit B of the gyrase en-
zyme, was performed allowing the confirmation of a close
connection of SeITE01 with B. mycoides and B. wheihen-
stephanensis on the basis of the N-J philogenetic tree
(Figure 2).
Phenotypic analysis of the bacterial growth showed that

SeITE01 spreads on Nutrient agarized plates with thin,
branching projections (rhizoid growth) (Figure 3). This

Figure 1 Neighbour-joining tree inferred through MEGA 5.0 software [61] based on the sequences of 16S rRNA gene, showing the
phylogenetic relationship of strain SeITE01 and related species. Bootstrap values are shown for nodes that had >50% support in a bootstrap
analysis of 1000 replicates. The scale bars indicate the number of substitutions per nucleotide position.
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elaborated chiral colony pattern was first described as a
typical trait of Bacillus mycoides species by Flügge in
1886. The author called the species “mycoides” just due to
fungal-like growth of these rod shaped bacteria on agar
plates with filaments of chained cells projecting radially
and turning left or right [31]. Interestingly, this phenotypic
trait is however absent in B. wheihenstephanensis [32].
Thus, on the basis of such molecular and phenotypic fea-
tures, the strain SeITE01 can be taxonomically positioned
at the branch tip of the B. mycoides species.
B. mycoides is a common soil bacterium, occurring in

the rhizosphere of different plant species. A number of
studies report on the contribution of this bacterial species
to the Induced Systemic Resistance (ISR) in plants even
by PGP (plant growth promoting) traits [33]. In general,
Bacillus has been recognized for its biotechnological ap-
plications at an industrial scale. Recent investigations
have shown the potential of Bacillus species to generate
biofuels (e.g. hydrogen), biopolymers (e.g. polyhydroxyalk-
anoates), and bioactive molecules (e.g. acyl-homoserine
lactonases) [34]. Moreover, several strains of Bacillus sp.

have been considered for bioremediation due to their de-
gradative efficiency toward toxic organic compounds and
their capacity of reducing oxyanions such as selenate and
selenite to elemental selenium with formation of Se0 nano-
particles (SeNPs) [11,12,16,35-37].

Testing for selenite reduction and elemental selenium
formation by the strain SeITE01
The capability of SeITE01 to transform selenite to elemen-
tal selenium was tested in liquid rich medium (Nutrient
Broth) at 0.5 and 2.0 mM concentration of Na2SeO3

(Figure 4). Selenite concentration in the growth medium,
elemental selenium content, and bacterial growth were all
measured.
Due to the reduction of selenite, strain SeITE01 dis-

played a progressive depletion of the SeO3
2! initially

added to the culture medium (Figure 4). Reduction of sel-
enite was observed within 12 and 24 hours, when 0.5 and
2.0 mM SeO3

2! were supplied, respectively. At both selen-
ite concentrations tested, the reduction process started
concomitantly with the onset of the microbial growth. No

Figure 2 Neighbor-joining tree inferred through MEGA 5.0 software [61] based on the sequences of GyrB gene, showing the
phylogenetic relationship of strain SeITE01 and related species. Bootstrap values are shown for nodes that had >50% support in a bootstrap
analysis of 1000 replicates. The scale bars indicate the number of substitutions per nucleotide position.

Figure 3 Growth of Bacillus SeITE01 on agarized medium in absence (A) and presence (B) of 2.0 mM selenite.
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lag phase was observed thus suggesting a constitutive re-
duction pathway. In the presence of 0.5 mM SeO3

2!, the
total amount of selenite initially added to the cultures was
exhausted during the exponential phase of growth. By
contrast, when 2.0 mM SeO3

2! was supplied, only 25% of
the initial selenite content was reduced during the expo-
nential phase, the remaining selenite being depleted dur-
ing the stationary phase.
SeO3

2! negatively affected the growth dynamics of
SeITE01 and final cell yield (Figure 4). At the begin-
ning of the stationary phase no significant differences
were observed on cell concentrations between selenite-
supplemented cultures compared with controls. Neverthe-
less, the stationary phase was reached by SeITE01 more
rapidly with SeO3

2! in the medium than in cultures
without selenite. In particular, for cultures with no sel-
enite added, the stationary phase was reached after
about 24 hours, whereas in cultures containing SeO3

2!

the stationary phase was attained after only 6–10 hours
of growth. When selenium was added as 0.5 mM SeO3

2!,
stationary phase was prolonged up to the 20th hour with
values comparable to those seen with control cultures.
After 20 hours of incubation, a decrease in cell growth
was observed corresponding to a reduction of about 0.1
Log units in the final cell yield with respect to control
experiments. In cultures spiked with 2.0 mM SeO3

2!, a
decrease in cell growth was recorded just after 6 hours
of incubation. These culture conditions also resulted in
a lower final cell yield (1 unit Log) when compared to
controls. Therefore, it seems clear that selenite exerts
a toxic effect on the growth of SeITE01 with toxicity
dependent on SeO3

2! concentration. These data sug-
gested that rate and efficiency of selenite reduction are
most likely related to both the initial selenite concen-
tration and the total number of bacterial cells, rather
than to the bacterial growth phase.

Reduction and consequent depletion of SeO3
2! were

accompanied by the appearance of a bright red color in
the growth medium. This characteristic red color was
due to excitation of the surface plasmon vibrations of
the monoclinic selenium (m-Se) particles [38]. Despite
the reduction process running parallel to the microbial
growth, red color in cell suspensions appeared later. In
particular, bacterial cultures turned red after 6 and
9 hours from the start of the growth assays when sup-
plied with 0.5, and 2.0 mM SeO3

2!, respectively.
These results were in agreement with elemental selen-

ium levels measured in bacterial cultures. In the presence
of 0.5 mM SeO3

2!, although the initial amount of selenite
was completely depleted after 12 hours of incubation, only
~25% of it was transformed into detectable Se0. Moreover,
after 24 and 72 hours of incubation, only ~50% and ~90%
of initial selenite was respectively converted into elemental
selenium. Similar results were observed when 2.0 mM
selenite was added to the cultures. While the whole initial
SeO3

2! content was completely reduced within 24 hours
of growth, only about 50% of it was transformed into Se0

and about 88% of selenite resulted in the formation of
Se0 after 72 hours. Thus, at both selenite concentrations
tested, Se0 bioprecipitation was delayed in respect to sel-
enite depletion in the culture medium.
This indicated that SeO3

2!, before ultimate reduction
to Se0, is likely transformed to an intermediate Se reduced
form. This phenomenon has been previously observed
also by Van Fleet-Stalder and co-workers [39] while
studying a Rhodobacter sphaeroides strain capable of
reducing selenite to red elemental selenium. These au-
thors demonstrated that their bacterial strain metabo-
lized selenite into approximately 60% RSeR and 40%
Se0 when it was supplied with low selenite concen-
tration (10 !M) but produced almost 100% Se0 after
exposure to 1.0 mM selenite.
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Again, Sarret and colleagues demonstrated that selenite
addition into cultures of Ralstonia metallidurans CH34
was followed by a lag of slow uptake, during which the
bacteria contained Se0 and alkyl selenide in equivalent
proportions [40]. Subsequently, selenite uptake strongly
increased and Se0 resulted as the predominant transform-
ation product, suggesting an activation of selenite trans-
port and reduction systems after several hours of contact.
The authors indicated that two reactions took place in
R. metallidurans CH34: an assimilatory pathway leading
to alkyl selenide and a detoxification pathway leading
to Se0. The identification of a SAM dependent methyl-
transferase (SefB) in an operon adjacent to the SeNP
assembly protein SefA in T. selenatis has also sug-
gested a link between both reductive and alkyl-selenide
dependent selenite detoxification [14]. Moreover, Kessi
and Hanselmann, while investigating the possible involve-
ment of the Painter type reaction in selenite reduction to
elemental selenium in Rhodospirillum rubrum and Escher-
ichia coli, hypothesized at first a quick formation of a
selenium-digluthathione intermediate followed by elemen-
tal selenium production [21].

Localization of Se0 nanoparticles in SeITE01 cultures
TEM analysis (Figure 5) revealed the presence of extra-
cellular electron-dense particles after 12 (Figure 5A) and
24 (Figure 5B) hours of SeITE01 incubation in cultures
supplemented with 2.0 mM selenite. Only in very few cases,
particles of the same aspect could be observed in the cyto-
plasm. Electron-dense granules were not detected in cell
cultures which had not received SeO3

2! (data not shown).
These nanoparticles seemed to be embedded in an extra-
cellular matrix probably formed by components actively
secreted or leaked out of damaged cells. However, spoiled
cells or cell-like structures lacking internal organization
were rarely identified in specimens examined by TEM.
EDX spectra of these nanospheres clearly indicated the

presence of selenium, as the specific absorption peaks at
1.37, 11.22, and 12.49 keV were recorded (Figure 5C, D).
Cu and Ni peaks could be associated with the TEM grid,
whereas O and C peaks are most likely from cell compo-
nents. The lack of peaks corresponding to other metals
signified that selenium occurred in its elemental state
(Se0) rather than as a metal selenide. Exposure of SeITE01
cultures to 2 mM SeO3

2! also induced formation of white
granules of polyhydroxybutyrate possibly connected to
stress conditions (Figure 5B and C) and caused a slight
increase (1.5 time on average) of the bacterial cell length
(data not shown).
SEM-EDX analysis carried out at different incubation

times on cultures grown on 2.0 mM SeO3
2!, confirmed

the presence of extracellular Se0 nanospheres during early
phases of the bacterial growth (after 6 hours of incubation)
(Figure 6). Given that it is unlikely that particles of the size

observed could be transported first through the plasma
membrane with a vesicle-mediated excretion mechanism
and then through the thick peptidoglican wall. It is there-
fore reasonable to infer that the reduction of selenite pri-
marily occurs in the extracellular environment. However
an ancillary mechanism of selenite reduction seems to
exist, involving elemental selenium formation within the
cell, either in the periplasm or in the cytoplasm, as con-
firmed by TEM analysis.
SeNPs appeared spherical or oblong in shape and de-

cidedly dishomogeneous in terms of size. Both number
and dimensions of these particles rose by increasing in-
cubation time. Figure 6B shows that SeNPs possess an
average diameter of 50–100 nm after 6 hours of incuba-
tion, coinciding with the exponential phase of bacterial
growth, while in the late stationary phase (after 48 hours
of growth) their dimensions range from 50 to 400 nm
(Figures 5 and 6). This suggests that small nanoparticles,
produced early in the growth phase, can behave as seeds of
nucleation for further growth through a maturing process
resembling the Ostwald ripening phenomenon [38].
Results in agreement with those here presented have

been described for other bacterial strains able to induce
the formation of Se0 nanoparticles by selenite reduction.
Bacillus subtilis, Pantoea agglomerans UC-32 and She-
wanella sp. HN-41 all have shown to produce SeNPs
of size and shape depending on time of incubation
[38,41,42]. Further characterization of the selenium nano-
spheres formed by strain SeITE01 was also carried out
using UV-Visible absorption spectroscopy (Figure 7).
SeNPs were analyzed at three different incubation times,
6, 24 and 48 hours. All spectra presented a recurrent ab-
sorption peak at 280 nm probably due to the presence
of aromatic amino acids, thus indicating possible adhe-
sion of proteinaceous material on the surface of SeNPs.
These data are consistent with the previously recog-
nized occurrence of peptides and proteins associated to
SeNPs of bacterial origin [14,43,44]. In particular, Lenz
and co-workers showed that selenium nanoparticles can
be coupled with a variety of high-affinity proteins. For in-
stance, they demonstrated that a protein (RarA) next to a
metalloid reductase was associated with Se-nanoparticles
formed by Sulfurospirillum barnesii SES-3 [44]. The
work of Debieux et al., [14] has also identified a secreted
protein (SefA) from T. selenatis that has been demon-
strated to stabilize the formation of SeNPs during selen-
ate respiration.

Mechanism of SeO3
2! reduction and Se0 formation in

Bacillus mycoides SeITE01
Various enzymatic systems have been proposed to explain
the reduction of selenite in bacteria. In Thauera selenatis,
the reaction might be catalyzed by a periplasmic dissimila-
tory nitrite reductase [45,46] or by intracellular thiols (like
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glutathione) [14]. In the case of Enterobacter cloacae re-
duction of SeO3

2! seems to rely on a nitrite reductase or
may be carried out by intracellular glutathione [13,20]. A
periplasmic reducing activity was proposed for the dis-
similatory reduction of selenite by Bacillus selenitireducens
[16]. Where enzymatic activity has been demonstrated to
play a role in selenite reduction, it is mainly associated
with bacterial strains capable of reducing selenium oxya-
nions under anaerobic conditions. In some cases, the over-
expression of a single enzyme capable of reducing selenite
has been ruled out. For example, in Rhodobacter sphaer-
oides the involvement of some chaperones, an elongation
factor, and some enzymes associated with oxidative stress

reactions was demonstrated [47]. Similar results were
obtained by Antonioli and colleagues [48] through the
proteomic analysis of soluble protein fractions in cells
of Stenotrophomonas maltophilia SeITE02 grown in the
presence of selenite.
Indeed, selenite can be reduced to elemental selenium

by reaction with reactive thiol groups of proteins/pep-
tides in the so called “Painter-type” reaction, which has
been suggested as a general microbial detoxification
reaction to oxyanions [49]. Kessi and Hanselmann [21] in-
vestigated the possible role of glutathione (GSH)/gluta-
thione reductase (GR) system in the formation of Se0

nanoparticles from SeO3
2!. In their experiments using the

Figure 5 TEM micrographs and EDAX spectra of B. mycoides SeITE01 cultures grown in presence of 2 mM SeO3
2! registered at

different incubation times. 12 (A and B) and 24 (C and D) hours. Arrows point electron-dense particles (indicated by number 1 and 2), whose corre-
sponding EDAX spectra are given on the bottom of the micrographs (E and F).

Lampis et al. Microbial Cell Factories 2014, 13:35 Page 7 of 14
http://www.microbialcellfactories.com/content/13/1/35



phototrophic proteobacterium Rhodospirillum rubrum,
these authors showed that the rate of selenite reduction
declined when bacteria were synthesizing lower than
normal levels of glutathione, while in Rhodobacter
sphaeroides and Escherichia coli SeO3

2! reduction was
reported to induce glutathione reductase activity. Garbisu
and co-workers also observed a significant induction of
thioredoxin and thioredoxin reductase in Bacillus subtilis
exposed to millimolar concentrations of selenite [35]. This
detoxification mechanism was further supported in the
study by Lenz and co-workers [44], since peroxiredoxins
which contain catalytic cysteine-thiols were identified in
B. selenatarsenatis.

To clarify the mechanism of selenite reduction to elem-
ental selenium in B. mycoides SeITE01, a number of
SeO3

2!-reduction assays were carried out. On the basis
of electron microscopic analyses, which suggested that
SeNPs formation was occurring outside the cell, cell pro-
tein fractions (i.e. cytosolic and membrane-associated) and
supernatant from liquid cultures were analyzed for the
presence of selenite reducing activity. Moreover, to define
a possible role of exopolysaccharides (EPS) in the forma-
tion of SeNPs, a selenite reduction assay was also per-
formed on the EPS fraction extracted from SeITE01
bacterial cultures. As shown in Figure 8, selenite reduction
occurred mainly in the fraction of membrane-associated

Figure 6 SEM micrographs and EDAX spectra of B. mycoides SeITE01 cultures grown in absence (A), or in presence of 2.0 mM SeO3
2!,

at increasing incubation times: 6 (B), 24 (C), and 48 (D) hours, in panel (E) and (F) are shown EDAX spectra corresponding to control
and 24 hours SeITE01 culture, respectively. SE and BSE stand for Secondary Electrons and Back-Scattered Electrons signal, respectively.
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proteins after the addition of NADH, with only very little
activity detected in the cytosolic fraction. By contrast, no
reduction activity was found in the EPS fraction (data not
shown). SeO3

2! reduction was also observed in the
supernatant of SeITE01 cultures, although again only
after NADH addition. Boiling the supernatant samples
resulted in a complete loss of reduction activity, inferring
an enzymatic rather than chemical catalyzed reaction.
Therefore, based upon the combined evidence two differ-
ent mechanisms could account for the reduction of selen-
ite into SeNPs in Bacillus mycoides SeITE01. The main
mechanism is proposed to involve the action of pro-
teins/peptides, released by bacterial cells or activated at
the plasma membrane or wall surface. These proteins/

peptides may function as oxido-reductase enzymes or
proton antitransporters. SeO3

2! would be reduced to
form Se0 seeds by interacting with these proteins. Sequen-
tially, Se0 seeds would grow into large SeNPs by further
reduction of SeO3

2! and aggregation of Se atoms through
an Ostwald ripening mechanism [24]. Meanwhile, an an-
cillary mechanism consisting of the intracellular reduc-
tion of selenite and involving enzymatic membrane
activity may exist. In this case, SeNPs would grow inside
the cell and then leak out into the extracellular space
after cell lysis.
Data recorded on selenite depletion in SeITE01 cultures

clearly demonstrate that the reduction of SeO3
2! occurs

well before the appearance of Se0 nanoparticles. This
might provide further support for the hypothesis that
the formation mechanism of SeNPs is actually a two-
step reaction. Selenite is possibly first rapidly reduced
by thiol groups occurring in extracellular peptides or
proteins resulting in the formation of selenides. These
could then be hydrolyzed releasing nanometer-sized
particles of elemental selenium which undergo extra-
cellular precipitation.
Recently, Dwivedj and co-workers showed that Pseudo-

monas aeruginosa JS-11 was capable of synthesizing
SeNPs trough extracellular reduction of selenite [50]. As
for the strain SeITE01, a selenite reduction activity was
observed in the spent medium of P. aeruginosa JS-11 and
the involvement of NADH and NADPH dependent reduc-
tases as well as of the metabolite phenazine !1-carboxylic
acid (PCA) released by strain JS-11 in the supernatant has

Figure 8 Selenite reduction assay carried out on protein fractions (shown at the top) and on supernatant, boiled and not boiled,
(shown at the bottom) of SeITE01 liquid cultures. All tests were done in duplicate (indicated by roman numbers), with addition of 2.0 mM
SeO3

2! and 2.0 mM NADH. Three negative controls were set up: without protein fractions or supernatant, without selenite, without NADH.
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been suggested. It is finally worth noting that a chromate
reductase has been described as secreted enzymatic pro-
tein in Bacillus amyloliquefaciens [51]. In this case, the
microbial cells do relay on a specific extracellular mechan-
ism to face metal toxicity. Even more lately, a protein
showing NADH-dependent reductase activity capable of
converting SeO3

2! to Se0 has been described in cell-free
extracts of Rhizobium selenitireducens [52].
However, additional experiments are needed to better

understand both the nature and the release mechanism
of such extracellular reductases in B. mycoides SeITE01.

Conclusions
In conclusion, the bacterial strain SeITE01 isolated from
the rhizosphere of the selenium hyperaccumulator legume
Astragalus bisulcatus grown in a Se contaminated soil has
been taxonomically attributed to the species Bacillus
mycoides on the basis of phenotypic and molecular traits.
It has the ability to induce the formation of amorphous
Se0 nanoparticles under aerobic conditions as a conse-
quence of the reduction of selenite. Not only extracellular
but also intracellular elemental selenium production was
detected, although accumulation of SeNPs was mostly ob-
served outside the bacterial cell. The size of SeNPs was

dependent on the incubation times, showing a direct rela-
tionship between incubation time and the nanoparticle
size. Increasing the incubation time increases the size of
SeNPs observed. Based on the results, a tentative explan-
ation for the process of SeNPs formation can be given
(Figure 9). It is proposed that SeO3

2! ions are reduced into
Se0 by the concourse of enzymatic proteins released by
the bacterium and may also react directly with sulfhy-
dryl groups on thiols of peptides released by Bacillus
cells. Furthermore, membrane reductases may play a role
in SeO3

2! reduction. Selenite ions once reduced form Se
nuclei which, subsequently, grow into the large SeNPs by
further reduction of SeO3

2! ions and an aggregation of
these Se atoms, involving an Ostwald ripening mechanism
[24]. Small SeNPs are then consumed for the growth of
larger ones according to the Gibbs–Thomson Law [53].
As mentioned previously, SeITE01 cultures grown in the
presence of selenite demonstrated the presence – although
sporadic – of spherical intracellular deposits of SeNPs by
TEM analysis. In this regard, bacillithiol (BSH) has been
identified as a major low-molecular-weight (LMW) thiol
playing a significant role in the cytosolic thiol redox chem-
istry of low G +C Gram-positive bacteria such Bacillus
sp., concomitantly with the functions of other LMW thiols
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Figure 9 Hypothesis of SeNPs formation in Bacillus mycoides SeITE01. A - Synoptic schematization of proposed biogenesis mechanisms of
zero-valent selenium nanoparticles in Bacillus mycoides SeITE01. (1) Cytosolic precipitation of SeO3

2! as Se0 nanoparticles due either to the pos-
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(e.g. cysteine residues) or Trx/TrxRed pathways [54]. BSH-
synthesizing bacteria may contain enzymes analogous
to those found in GSH-containing bacterial species,
with bacilliredoxin (Brx) instead of glutaredoxin (Grx).
Although the reductase system capable of maintaining
BSH in the reduced state is not fully understood so far
in Bacillus sp., the involvement of Brx-like proteins in a
pathway analogous to that observed with GSH in Gram-
negative bacteria may therefore be claimed in the strain
SeITE01 for a complementary detoxification of selenite
through reduction to Se0 with later intracellular precipita-
tion in form of SeNPs [55,56]. Finally, although the forma-
tion of a selenium intermediate is only presumptive in this
study, it has been previously suggested [14,21,39,40] as
discussed above. Therefore, additional studies have to
be made to identify the possible intermediates in Bacil-
lus mycoides SeITE01.

Methods
Chemicals, culture media and solutions
Chemicals purchased from Sigma-Aldrich (Milan, Italy)
were all analytical grade. Nutrient Broth, and Bacteriological
Agar were furnished by Oxoid Italia Spa (Garbagnate
Milanese, Italy). Na2SeO3 was prepared as a 100 mM stock
solution in deionized water and sterilized by filtration.

Bacterial strain SeITE01 and culture conditions
Bacterial strain SeITE01 was obtained by means of enrich-
ment cultures supplied with selenite 2.0 mM from the
rhizosphere of the selenium hyperaccumulator plant
Astragalus bisulcatus, grown on a Se-polluted soil [26].
After isolation, the strain was maintained in Nutrient
medium added with 2.0 mM selenite. Storage was in
30% glycerol at !80°C.

Taxonomical analyses
Total DNA was isolated from 18-h bacterial cultures
grown on Nutrient medium by using the NucleoSpin
Tissue Kit (Clontech) according to manufacturer’s in-
structions. 16S rRNA and GyrB genes were amplified
through PCR using respectively F8/R11 [57] and BMSH-
F/BMSH-R [30] primer sets. Conditions for 16S rRNA gene
amplification were as follow: 95°C for 5 min, then 30 cycles
of 95°C for 1 min, 50°C for 1 min, 72°C for 2 min, with a
final extension step at 72°C for 5 min. The PCR program
for GyrB gene amplification was as reported in [30].
PCR products were cloned into pGEM-T vector through

the Easy T-Vector System (Promega, Italy), following the
manufacturer’s instructions and then sequenced on both
strands (Primm, Italy). Identification of phylogenetic
neighbors for 16S rRNA gene sequence was initially car-
ried out by BLAST [58] and megaBLAST [59] programs
against the database of type strains with validly published
prokaryotic names [28]. The fifty sequences with the

highest scores were then selected for the calculation of
pairwise sequence similarity using global alignment al-
gorithm, which was implemented at the EzTaxon server
(http://eztaxon-e.ezbiocloud.net/ezt_identify; [28]). GyrB se-
quence was searched for similarity through megaBLAST
[60] relying on the NCBI database. The 16S rRNA and
GyrB gene sequences were registered as accession
KF280239 and KF280240 in the GenBank database.
Multiple nucleotide sequences alignments were con-

structed using CLUSTAL_W 1.83 [60]. Phylogenetic trees
were obtained using neighbor-joining algorithms within
MEGA version 5.0 software package [61] with 1000 data
sets examined by bootstrapping. Missing nucleotides at
both the beginning and the end of the sequences were
deleted before construction of the trees.

Evaluation of reduction efficiency by strain SeITE01 at
increasing SeO3

2! concentrations
Efficiency of selenite reduction was determined for SeITE01
in rich growth medium (Nutrient Broth). All microbio-
logical tests were carried out in 250-ml Erlenmeyer
flasks containing 100 ml of growth medium incubated
at 28°C on an orbital shaker (200 rpm). Each flask was
inoculated with aliquots from stationary-phase cultures
of the strain SeITE01 to reach a final optical density of
0.01. Assays were performed in the presence of two dif-
ferent Na2SeO3 concentrations, namely 0.5 or 2.0 mM.
Culture samples collected at different times during dif-
ferent tests were analyzed for bacterial growth, residual
selenite in the medium, and formation of elemental Se.

Microbial growth estimation
Bacterial growth was evaluated by counting the colony
forming units (CFU) on agarised Nutrient Broth plates
seeded with aliquots of bacterial cultures. All analyses
were performed in triplicate. Bacterial growth in pres-
ence of SeO3

2! was checked vs. control cultures incu-
bated in Nutrient Broth with no Na2SeO3 added.

SeO3
2! content determination

SeO3
2! concentration in culture medium was measured

spectrophotometrically by using the method described
by [10]. This method was carried out as follow: first
10 ml of 0.1 M HCl, 0.5 ml of 0.1 M EDTA, 0.5 ml of
0.1 M NaF, and 0.5 ml of 0.1 M of disodium oxalate
were mixed in a 50 ml glass bottle. A 50- to 250-!l sam-
ple containing 100 to 200 nmol of selenite was added,
and then 2.5 ml of 0.1% 2,3-diaminonaphthalene in
0.1 M HCl was amended. The bottles were incubated at
40°C for 40 min and then cooled to room temperature.
The selenium-2,3-diaminonaphthalene complex was
extracted with 6 ml of cyclohexane by shaking the bot-
tles vigorously for about 1 min. The absorbance at
377 nm of the organic phase was determined by using
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a spectrophotometer He"ios #, Unicam. Sterile cultures
were also tested for SeO3

2! concentration as negative con-
trols. All manipulations were done in the dark.
Calibration curves were performed by using 0, 50, 100,

150 and 200 nmol of selenite in Nutrient broth.

Se0 content determination
Se0 concentration was measured spectrophotometrically
by using the method described in [62]. A standard for
elemental selenium was prepared by reducing selenite to
amorphous red Se0 as follows: aliquots of a 0.1 M so-
dium selenite solution were placed in test tubes to give a
range of 1 to 10 !mol selenite per tube. 25 !mol of
HN2OH · HCl (Sigma-Aldrich) were then added to each
tube containing selenite. This concentration of hydroxyl-
amine ensured quantitative reduction of SeO3

2! to Se0.
The tubes were gently mixed and after 1 hour, the inten-
sity of the red-brown selenium solution was measured at
490 nm. To establish the Se0 standard, average values of
triplicate samples were used. In order to determine the
amount of selenium produced by SeITE01 strain, the
bacterial culture along with the insoluble red elemental
selenium was gently mixed and 10 ml was transferred to
polycarbonate centrifuge tubes. After centrifugation at
5000 ! g, bacterial cells and elemental selenium were
collected as a pellet. Cells disruption was achieved by
means of a sonicator equipped with a steel tip (Hielscher
UP50H), by repeating 7 sonication cycles (40 seconds son-
ication alternated with 40 seconds of rest in ice), while
keeping the samples always in ice. Once sonicated, pellets
were washed twice with 10 ml of 1 M NaCl to remove
non-metabolized selenite. The red colloidal selenium in
the pellet was dissolved in 10 ml of 1 M Na2S and after
centrifugation to remove bacterial cells, absorption of the
red-brown solution was measured at 490 nm.

Electron microscopy analysis
Cell size and shape were identified through transmission
electron microscopy (TEM) or scanning electron mi-
croscopy (SEM) starting from samples of bacterial cul-
tures grown either in Nutrient Broth or in Nutrient
Broth supplied with 2.0 mM Na2SeO3, respectively.

TEM analyses
To obtain thin sections for electron microscopy analysis,
bacterial cells were embedded in Epon-araldite resin
after fixation with 2.5% paraformaldehyde + 2.5% glutar-
aldehyde in cacodylate buffer (0.1 M cacodylate, pH 7.2)
and post-fixation with 1% OsO4 + 0.15% ruthenium red
in cacodylate buffer as previously reported in [63]. Sec-
tions were prepared by means of a Reichert Ultracut
S ultramicrotome (Leica) equipped with a diamond knife.
Uranyl acetate and lead citrate were used as contrast
agents.

SEM analyses
Bacterial cells analyzed through scanning electron mi-
croscopy underwent the same fixation and post-fixation
procedure as it has been described for TEM prepara-
tions. Once fixed, cells were dehydrated with increasing
ethanol concentrations and dried through the critical
point method by using liquid CO2. Cells were mounted on
metallic specimens stubs and sputter-coated with carbon
(MED 010 Balzers) then directly observed through the
electron microscope.
TEM observations were carried out with a high reso-

lution electron microscope Jeol JSM 5200. Whereas
Energy-dispersive X-ray (EDX) analyses were performed
with a high resolution electron microscope (JEOL JEM
2010) operated at high accelerating voltage (200 kV)
and equipped with an Inca 100 Link analysis system.
SEM observations has been done using mainly the back-
scattered electron (BSE) emission mode with XL30 ESEM
(FEI-Philips) equipped with an EDAX micro-analytical
system.

Analysis of Se nanoparticles (SeNPs)
Recovery of selenium nanoparticles from the culturing
medium
Experiments were done using 250 ml flasks, each con-
taining 100 ml of Nutrient Broth with a selenite con-
centration of 2 mM. After 24 and 48 hours of growth,
the culture broth was centrifuged at 10020 ! g at 4°C
for 10 min. The pellet was discarded and the cell-free
medium was centrifuged at 41410 ! g at 4°C for 30 min.
The supernatant was discarded and the pellet with the
selenium-containing particles was re-suspended in water.
The suspension was washed twice by repeating the two
centrifugation steps.

UV–visible spectral analysis
Absorbance was measured using double beam UV–Vis
spectrophotometer at wavelengths between 275 to 800 nm.
The SeNPs dispersed in deionised Milli-Q water were
stored at room temperature.

Selenite reduction activity assays
To check the selenite reduction activity by SeITE01 bac-
terial cultures reduction activity assays were carried out
starting from different cell protein components (i.e. cyto-
solic and membrane-associated) as well as exopolysacchar-
ide (EPS) fraction, and supernatant of SeITE01 liquid
culture.

Protein extraction
SeITE01 cultures were grown up to log phase (18 hours of
incubation) and centrifuged at 39100 ! g (Hermle centri-
fuge, Z36HK) for 10 min at 4°C to obtain the cell pellet.
Pellet was washed twice with 10 mM Tris-Cl (pH 7.5) and
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re-suspended in the same buffer for sonication. After son-
ication, the cell lysate was centrifuged at 22540 ! g for
40 min to separate the soluble and membrane fractions.
Total protein content was estimated by Bradford method
using BSA as standard.

EPS extraction
A modification of the protocol developed by [64] was
adopted. After 5 days of growth, bacterial cultures were
centrifuged at 12000 ! g for 30 min at 4°C. Then, the su-
pernatants were collected, filtered through a 0.45 !m
membrane and precipitated overnight with three volume
of cold ethanol at !20°C. The precipitated polysaccha-
rides were centrifuged at 10000 rpm for 30 min at 4°C
and resuspended in distilled water.

Supernatant preparation
Supernatant of SeITE01 cultures in Nutrient Broth medium
was collected at different times during the bacterial growth
curve, namely after 0, 6, 12, 18 and 24 hours of incubation.
Samples to be analyzed were recovered by an initial centri-
fugation at 5000 ! g followed by a filtration with 0.2 !m
disks. Heat treated samples were obtained after boiling at
121°C for 15 minutes.

SeO3
2! reducing activity assay

The activity assay to check selenite reduction was per-
formed as follow: 100 !L of proteins (2 mg mL!1) or EPS
(2 mg mL!1) or supernatant samples were collected in
0.2 mL tubes and then carefully transferred in a 96-well
microtitre plate. Subsequently, 88 !L of McIlvaine buffer,
10 !L of Na2SeO3

2! solution (final concentration 5.0 mM)
and 2 !L of NADH (final concentration 2.0 mM) was
added to each well. The mixture was then incubated at
room temperature for 24 hours. Formation of red colour
in the wells, indicating the production of elemental selen-
ium, was interpreted as positive result.
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