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ABSTRACT 
 
The recent application of biologically synthesized magnetic nanoparticles for various biomedical, 
pharmaceutical and environmental achievements spotlight the importance of discovery of 
new  magnetotactic bacteria (MTB). Previously, Pseudomonas aeruginosa Kb1was isolated from 
Egyptian habitat and confirmed as MTB. The current work aimed at optimization the growth 
condition of this isolate to improve growth, Fe uptake and magnetosome synthesis. The effect of 
culture media, Fe sources, Ferric citrate concentrations, carbon sources and nitrogen source were 
examined. Some environmental parameters (pH, temperature, incubation period and agitation) were 
optimized for growth and Fe uptake by P. aeruginosa kb1. The optimized condition was followed to 
grow and synthesis magnetosomes by P. aeruginosa kb1in batch experiment. The results shown that 
M3 medium generated in the current study improved growth rate and Fe uptake by locally isolated 
novel MTB P. aeruginosa compared to other growth media known for popular MTB. Ferric citrate at 
9.0 mg Fe L-1 enhance growth and Fe uptake. P. aeruginosa kb1 showed no appeared difference 
correlated with carbon and nitrogen sources. Increasing incubation temperature from 25 ºC to 30 ºC 
increased growth (OD600) and Fe uptake by 40.38 and 8.14 %, respectively. The growth and Fe uptake 
by P. aeruginosa kb1 were optimum in static culture and at pH 7. Growing P. aeruginosa kb1in batch 
experiment under optimized conditions increased magnetosome number per cell and resulted in 
synthesized magnetic nanoparticles sized from 30 to70 nm. P. aeruginosa kb1could introduce a 
considerable candidate for magnetic nanoparticles production for various applications.    
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Introduction 
 

Magnetotactic bacteria (MTB) are a group of aquatic prokaryotic microorganisms which their 
mobility direction affected by the geomagnetic field of the earth as well as any other external 
magnetic field (Bazylinski and Frankel, 2004). Although cells’ magnetotactic behavior that revealed 
by these microorganisms as well as their dominancy, it is a phylogenetically, physiologically and 
morphologically diverse group of bacteria.   

MTBs found to be abundant in various ecosystems. MTBs are recognized to mostly exist in the 
oxic-anoxic interface in water columns or sediments of aquatic environments and it found to inhabit 
soils at different temperatures or pH values (Bazylinski and Lefèvre, 2013). Despite their relatively 
ubiquitous distribution, only a very few MTB are could be isolated in pure culture, and most of them 
were difficult to grow because of their fastidious lifestyle (Bazylinski and Schübbe, 2007). 

Although it was almost certain that the shape and characteristics of mature magnetosomes 
formed inside MTB is not affected by environmental parameters, several recent studies exhibited and 
documented the effect of numerous environmental factors including pH, temperature, static or 
dynamic settings, availability of nutrient, iron concentrations and the effect of exposure to external 
magnetic fields on the biosynthesis of magnetite magnetosomes in MTB (Moisescu et al., 2014). 
However, besides biological and genetic control, it has also been demonstrated that the formation of 
magnetosome is very sensitive to changes in the chemical and physical conditions of the growth 
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solution such as concentrations of iron, oxygen, nitrogen and carbon concentrations as well as pH and 
temperature (Bazylinski and Schübbe, 2007). Additionally, environmental key-parameters including 
iron bioavailability, pH and temperature have been suggested to influence the cell physiology 
affecting physical and microstructural properties of the biogenic magnetosomes even further 
experimental studies is still required (Faivre et al., 2008).  These factors have been evaluated by 
Moisescu et al., (2011) who, for the first time, distinguished the effect of environmental parameters 
on the occurrence of magnetic nanoparticles and on the growth of MTB in natural ecosystems.  In 
addition to iron, which is important as nutrient (Faivre et al., 2008), other types of essential elements 
such as carbon, hydrogen, oxygen, and nitrogen are required and are affecting the growth and activity 
of MTB (Naresh et al., 2012). Other nutritional organic compounds as polypeptone, yeast extract and 
l-cysteine have been presented by Yang et al. (2001) to significantly improve both bacterial growth 
and nanomagnetite crystal production.  

In previous study several magnetotactic bacteria have been isolated from Egyptian habitats and 
their magnetotactic behavior was confirmed (Kabary et al., 2016). One isolated was identified as P. 
aeruginosa reporting the first record of magnetosome biosynthesis by this bacterial type according to 
our knowledge and its magnetotactic ability was characterized (Kabary et al., 2017). While the 
formation of magnetic nanoparticles by P. aeruginosa has never been studied, the current study aims 
at examine the effect of several environmental factors on the growth and Fe utilization as an indicator 
formagnetosome formation. The optimization of growth conditions and magnetosome 
biomineralization by P. aeruginosa are the general aim of this study.  
 
Material and method 
 
Microorganisms 

Pseudomonas aeruginosa Kb1 (KT962901.1.), which was previously isolated from sludge 
sample and  was characterized as MTB (Kabary et al., 2016), was studied to optimize their growth 
and Fe consumption.  

       
Media and growth condition  

The basic growth medium used for the selection, growing and preservation of P. aeruginosa 
Kb1isolate was the modified Minimal Salt Medium (MSM) containing (L-1): 3.0g peptone; 0.1g yeast 
extract; 0.15g KH2PO4; 0.1g MgSO4.7H2O; 0.4g NH4Cl; 134 µl of 2M ferric citrate L-1 (15 ppm Fe); 1 
ml Trace elements solution(Pfennig, 1974); as described by Schlegel et al. (1961). This medium was 
used for maintaining and preparing the inoculums for different studies. For inoculum preparation, 
MSM medium was dispensed into 30 ml closed bottles filled up to 90% of its capacity with medium. 
The bottles were then autoclaved at 121°C for 20 min. Then the prepared medium was inoculated with 
a loopful of bacteria and incubated on an orbital incubator shaker MAXQ481HP (Thermo Scientific, 
USA) at 30ºC with 120 rpm for 24 hours.  

 
Effect of different media on P.aeruginosa Kb1 growth and iron uptake 

 Different media were tested for growing P. aeruginosa to find the optimal growth medium to 
provide the highest biomass yield and iron uptake. Five different media were examined in order to 
compare their biomass yield against MSM as a control. These media were: the previously descried 
MSM medium, TNB (Kundu and Kulkarni, 2010), Magnetospirillum gryphiswaldense medium (MM) 
(Schultheiss and Schuler, 2003), M2 medium (Moisescu et al., 2011). Another two mixed media (M3 
and M4) were generated by modifying M2 and MSM, respectively. M3 medium was obtained by 
replacing NaNO3 by  NH4Cl and omitting resazurin form M2 medium, while MSM medium was 
modified by substituting NaNO3 by NH4Cl to produce M4 medium. Each medium was prepared in 30 
ml tightly closed bottles in duplicates and the pH was adjusted to 6.8-7.0, then autoclaved at 121°C 
for 20 minutes.  

Each medium was inoculated with 1% overnight grown inocula (described above) and 
incubated at 30°C with shaking at 120 rpm. Periodical samples were taken aseptically each 24 hours 
after incubation and OD600nm was determined. Growth curve was plotted based on samples OD 
readings. The remaining iron content in culture media after incubation was determined. The selection 
of the appropriate medium was based on the highest biomass yield and iron uptake.  
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Effect of nutrients source on cell density and iron uptake  
To evaluate the effect of different iron sources, P. aeruginosa kb1strain was grown in M3 

medium with replacing iron source by 10 ppm Fe from each of FeSO4, Fe2(SO4)3, FeCl3, K4[Fe(CN)6] 
3H2O and C6H5FeO7 at pH 7.0 and 30°C for 3 days under static condition. When the iron citrate 
surpassed other iron sources in Fe uptake and cultural OD, another experiment was carried out in M3 
using different ferric citrate concentrations in the range of 5.60-11.20 mg Fe L-1 (50, 60, 70, 80, 90, 
100 µl of 2 M ferric citrate L-1). Moreover, sodium lactate and sodium pyruvate (25, 27, 30, and 35 
mmolL-1) were utilized to evaluate the effect of carbon sources, while NH4Cl and NaNO3 (at the rate 
of 0.2, 0.3, 0.4, 0.5 gL-1) were evaluated as N-sources. The experiments were accomplished with a 
constant Fe+3 concentration (80 mlL-1) in the form of ferric citrate 2M, pH 7.0 and 30°C for 3 days in 
static incubator. The cultural OD600 and iron content were analyzed before and after the incubation 
period. Control bottles were  prepared as other treatments without bacterial inoculation. 

 
Effect of different environmental factors on cell density and iron uptake 

M3 medium, as it showed the highest biomass and the highest Fe uptake by the isolated P. 
aeruginosa, was used to evaluate the effect of environmental factors.  M3 mediums contains (gL-1): 
KH2PO4, 0.15; NH4Cl, 0.40; MgSO4.7H2O, 0.10; Sodium thioglycolate, 0.5; Soybean peptone, 3.0; 
Yeast extract, 0.10; HEPES, 2.38g; 1M Dithiothreitol (DTT), 1ml and EDTA Trace Element Solution, 
1ml (Widdel and Bak, 1992). For studying all parameters, a 1% of P. aeruginosa inculum at mid-
exponential phase was cultured in freshly prepared M3 medium. A100 µM/l of initial dissolved Fe+3 

(ferric citrate), constant temperature (30 ± 0.5◦C), pH 7.0 for 24h in static state were established as 
growth conditions except when each parameter was examined.The experiments was carried out to 
evaluate the effect of pH (5.0, 6.0, 7.0, 8.0, 9.0), temperature (from 25 ◦C to 45 ◦C  with 5 degrees 
intervals), incubation period (1-5 days) and agitation rate (Static, 80, 100, 120 rpm) on cells density 
and iron uptake. A control treatment was running under same conditions but without bacterial 
inoculation. The remaining iron content in growth media was determined after each experiment. 

  
Analytical methods 

In all experiments the Fe concentration in the fresh media and after incubation was analyzed after 
centrifugation at 10.000 rpm for 5 minutes. The concentration of remaining Fe was determined using 
a PerkinElmer atomic absorption spectrometer (Aanalyst 400, USA). Additionally, the bacterial 
growth was determined spectophotometerically OD600 (SHIMADZU UV-2401PC, Japan) before and 
after the incubation period. 

 
Magnetosomes production and characterization 

A batch experiments was carried using M3 medium, prepared in 5 litres tightly closed bottles, 
containing KH2PO4: 0.75g, MgSO4.7H2O: 0.5g, NH4Cl: 2.0g, Hepes: 11.9g, yeast extract: 0.5g, 
EDTA trace element solution: 5ml, peptone: 15g, sodium pyruvate: 15g and sodium thioglycolate: 
2.5g.  The pH of the medial was adjusted to 6.8-7 then autoclaved at 121°C for 30 minute. After 
cooling, filter sterile 400µl of 2M ferric citrate (45 ppm) and 5ml of 1mol DTT were added then the 
bottle was inoculated and mixed before incubated at 30°C in static incubator for 7 days. The produced 
magnetosomes were extracted, weighed and imaged by TEM microscope as previously described 
(Kabary et al., 2017). 

 
Results and Discussion  
 
Effect of different cultural media  

The growth rate and Fe uptake by P. aeruginosa kb1 strain was evaluated on different growth 
media that commonly used for cultivation and studying of MTB (MSM, M1, M2 and TBN). Another 
two media (M3 and M4) were obtained by modifying M2 and MSM. The bacterial growth expressed 
as culture density (OD600) and the remaining Fe in the culture media were plotted against medium 
type in Figure (1). The remaining Fe concentration and cultural density varied according to culture 
media type.  The obtained data revealed that P. aeruginosa grown in M3 medium displayed the 
highest Fe uptake (53.33%), although the relatively low cultural density (OD600=0.15). Although TBN 
medium encouraged the growth rate of P. aeruginosa, the iron removal percentage was the lowest. 
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The effect of cultivation media on microbial processes is unadoptable phenomena. Using NH4Cl and 
excluding resazurin form M2 improver the Fe uptake and the growth rate of P. aeruginosa kb1 strain. 
On contrary to this result, Heyen and Schüler (2003) reported that nitrate is more optimum for 
Magnetospirllium sp. magnetosomes formation than ammonia. This results may owe to the different 
requirement for P. aeruginosa than Magnetospirllium sp. during its growth and Fe mineralization.  

 

 
  Fig. 1: Growth rate and Fe uptake by P. aeroginosa in different growth media. Error bars represent 

±sd. 
 
Effect of different iron sources  

Iron is a major factor affecting the synthetic of magnetic nanoparticles by MTB. The medium 
content of Fe(III) deposited directly inside the cells forming  magnetosomes (Moisescu et al., 2011). 
Although magnetotactic bacteria can use various iron compounds as iron source, the relationship 
between growth of MTB and iron uptake remains unillustrated. We employed several ferric 
compounds including ferric sulfate (Fe2(SO4)3), ferric chloride (FeCl3), potassium ferricyanide 
(K4[Fe(CN)6] 3H2O) and ferric citrate (C6H5FeO7) and ferrous sulfate (FeSO4) as iron sources to 
compare their effects on growth and iron uptake by P. aeroginosa. The results showed that bacterial 
growth and iron uptake varied according to the type of iron source. Similar to previously known 
MTB, P. aeroginosa kb1 preferably utilized ferric citrate as iron source. Ferric citrate dramatically 
enhanced growth rates and iron uptake. Ferric chloride also slightly improved the bacterial growth and 
iron uptake (Fig. 2). However, potassium ferrocyanide and ferrous sulfate were less suitable as iron 
sources for bacterial growth and iron uptake by P. aeruginosa. In accordance with our results, several 
reports revealed the suitability of ferric citrate as iron source for growing and magnetosome 
production by MTB (Heyen and Schüler, 2003; Liu et al., 2008; Sakaguchi et al. 1996). Moreover, 
Ghazvini et al., (2014) who cited the superiority of ferric citrate over different source of iron, which 
could explained as it found to be easy to prepare. Through using citrate source of iron precipitation 
problems could be avoided (Schüler, 2007). 

   
 Effect of ferric citrate concentrations 

As ferric citrate displayed a relative improvement in growth and Fe uptake by the MTB P. 
aeruginosa kb1, the effect of its concentrations in the medium on the growth of and iron uptake was 
investigated. Increasing ferric citrate concentrations from 5.6-9.0 ppm relatively increased the cultural 
OD600, while the higher application rates adversely the growth of P. aeruginosa kb1. The highest 
ferric ion uptake and cell biomass occurred at 80 μl/l (9.0 mg Fe l-1) ferric citrate (Fig. 3). The decline 
in growth rate at higher Fe concentration might reflect its deleterious effect bacterial growth (Silva et 
al. 2013) while the decrease in growth biomass with at low Fe concentrations could couple with 
insufficient existence of Fe. The required concentration of iron source varied according to bacterial 
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type (Ali et al., 2017). While Heyen and Schüler (2003) reported the 60 µM ferric citrate (3.35 mg Fe 
l-1) was optimum for Magnetospirillum sp., ferric citrate in the range of 100–150 μM (5.58-8.38 mg 
Fe l-1) was used for Desulfovibrio magneticus RS-l (Sakaguchi et al., 1969). Furthermore, 
Magnetospirillum magneticum AMB-1, requerd 7.20 mg ferric citrate per liter to optimized growth 
and magnetosome production (Schüler, 2007). 

 

 
Fig. 2: Effect of iron sources on culture density and Fe uptake by P. aeruginosa grown M3 medium. 

The control is uninoculated . Error bars represent ±sd. 
 

   

 
Fig. 3: Effect of different ferric cetrate concentrations on culture density and Fe uptake by P. 

aeruginosa grown M3 medium. Error bars represent ±sd. 
 
Effect of different carbon sources with different concentrations  

Optimum growth of P. aeruginosa kb1 and its Fe uptake were studied utilizing either lactate or 
pyruvate as the sole source of carbon. Although there were no big differences in cultural OD600 when 
sodium lactate was utilized as sole carbon source, the remaining Fe content changed according to 
lactate concentrations. The lowest remaining Fe using sodium lactate was recorded when 25 mmolL-1 
was applied indicating the highest Fe uptake (Fig.4a).  On the other hand, the highest growth rate 
utilizing sodium pyruvate was obtained at the lowest application rate (25 mmolL-1) showing sharp 
decrees in cultural OD with any further increase in pyruvate concentration. The Fe uptake in case of 
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using pyruvate varied according to its concentration similar to lactate signifying the importance of not 
only type of carbon source but also its concentrations. The Fe uptake was peaked when pyruvate was 
added to the growth medium at concentration of 35 mmolL-1, even though this concentration did not 
displayed high growth rate (Fig.4b). Previously, Sakaguchi et al., (1996) found pyruvate particularly 
better carbon source, and it was optimized at concentration over 1.5 mM to improve growth and 
magnetotactic activity of Desulfovibrio magneticus RS-l. Additionally Moisescu et al., (2011) used 
medium contained 27 mM sodium pyruvate as the sole carbon source to grow and adapt MTB  
Magnetospirillum gryphiswaldense. In accordance with our results, Heyen and Schuler (2003) 
revealed that using lactate or pyruvate as the sole source of carbon in concentrations higher than 27 
mM for growing Magnetospirillum sp. did not intensify  the cell yield. 

 

 

 
Fig. 4: Effect of different concentrations of carbon sources (a) sodium lactate and (b) sodium 

pyrovate on culture density and Fe uptake by P. aeruginosa grown M3 medium. Error bars 
represent ±sd. 

 
Effect of nitrogen source and concentration 
 

Both of ammonium and nitrate could serve as sole nitrogen source for growth of P. aeruginosa. 
The influences of ammonium chloride and sodium nitrate concentrations on growth and iron uptake 
by P. aeruginosa was investigated by using different concentrations in the range of 0.2 to 0.5 gL-1 
(Fig. 5 a & b). No clear pattern was noted for the response of growth (culture OD600) and Fe uptake by 
P. aeruginosa to different types and rate of nitrogen sources. As seen from Figure (5 a & b), the 
highest culture densities were determined at lower N content (0.2 gL-1) of both nitrogen sources 
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(NH4Cl and NaNO3). Furthermore, the differences in Fe uptake affected by changing nitrogen sources 
and rates were relatively low. However, the highest mineralization rates of Fe from the medium 
(46.25 and 45.10 %) were achieved when 0.4 gL-1 NH4Cl and 0.2 gL-1 NaNO3 were applied, 
respectively.  

Although sodium nitrate could serve as a good nitrogen source for both growth and iron uptake, 
the iron consumption of the cellular biomass in the case of 0.4 gL-1 of ammonium chloride was higher 
than for sodium nitrate. 

 

 

 
Fig. 5: Effect of different concentrations of nitrogen sources (a) ammonium chloride and (b)  sodium 

nitrate on culture density and Fe uptake by P. aeruginosa grown M3 medium. Error bars 
represent ±sd. 

 
Effect of environmental factors (temperature, pH, agitation rate and incubation period 

Enveronmemntal aprameters including tempratutre are amonge the main influncers on growth 
and biomeneralization process. Optimum temperature required for the growth of P. aeruginosa was 
estimated by incubating under different ranges of temperatures (25, 30, 40 and 50 °C). The effect of 
temperature on growth and iron uptake by P. aeruginosa was graphically presented in Figure (6a). 
The growth measured as optical density at 600 nm showed that the optimum temperature for P. 
aeruginosa was 30 °C (Fig. 6a). The data showed that, the OD600 increased by 40.38% with increasing 
of incubation temperature from 25 to 30°C. Bacterial growth decreased significantly (90.41%) when 
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the temperature reached 40 °C, while no growth was detected at 50 °C. The iron uptake was coupled 
with bacterial growth. The remaining Fe content in the culture medium was the lowest when P. 
aeruginosa was grown at 30 °C indicating the highest Fe uptake under this condition showing 30.10% 
removal of initial Fe concentration. The low Fe removal rate at 25 and 40 °C could be explained by 
the low growth rate.  Several research works reported that most known cultured MTB are mesophile 
and cannot grow well or synthesized MNP in high temperature degrees, over 30 °C (Ghazvini et al., 
2014; Lefevre et al., 2010; Yan et al., 2012).    

The bacterial growth and iron uptake rates were monitored for a range of pH from 5 to 9 in 
order to evaluate how these key-parameters affect the biomineralization process of magnetosomes as 
well as the growth rate of P. aeruginosa cultures. The results showed that the optimum pH to grow up  
and utilize higher Fe  by P. aeruginosa was pH 7 (Fig. 6b). On the other hand, no growth or Fe uptake 
was found at higher pH (8 and 9). With decreasing cultural pH levels P. aeruginosa could grow but its 
Fe uptake was declines as well. These results indicate that P. aeruginosa behave similar to other 
known MTB regarding to the pH levels. Several previous reports illustrated that pH 7 was optimum 
for growth, Fe uptake and magnetosome formation by various MTB (Arakaki et al. 2003; Blakemore 
1975; Blakemore et al. 1979; Heyen and Schüler, 2003; Moisescu et al., 2011).   

The effects of agitation rate on the bacterial growth and iron uptake were investigated. Figure 
(6c) showed that the highest bacterial growth and iron uptake were obtained at static condition. While 
the bacterial growth and iron uptake was decreased when shaken at 80 and 100 rpm. These results 
could owe to the microaerobic condition that required by MTB for synthesis of magnetosomes. The 
commonly known MTB species display a microaerophilic or anaerobic respiration metabolic 
pathway. The influence of O2 concentration on growth and magnetosome formation by MTB is 
frequently reported as it can weaken the development of magnetosomes (Schüler and Baeuerlein, 
1998; Heyen and Schuler, 2003). Consequently, magnetosome biosynthesis is strictly correlated with 
low O2 concentrations (Moisescu et al., 2014).  

Furthermore, the number of cells increases slowly during a lag phase from 0-24 hrs, it then 
increases rapidly during an exponential phase from 24-72 hrs, while it remains nearly constant or 
decreases slightly during a stationary phase from 96-120 hrs (Fig. 6d). It was observed that Fe 
concentration declined after 72hrs of incubation coupled with increasing growth rate of P. aeruginosa 
then Fe concentration in the medium did not change significantly with increasing  incubation time 
(Fig. 6d). In this respect, Kim and Roh (2018) revealed that magnetosomes formation started after 24 
h and their amount increased after 48h, while the well-formed magnetosomes taken a week for 
development.  

 
Magnetosomes production under optimized conditions in batch experiments  

As a result of optimization of the growth and iron uptake conditions by P. aeruginosa, the 
cellular biomass reached about 2g/5l and the magnetosomes yield after extraction increases from 0.4 
mg l-1 to 10 mg l-1.  Figure (7) showed the number of magnetosomes before (A) and after (B) 
optimization process, as it greatly increased from 2 up to 20 magnetosomes per cell with size range of 
30-70 nm (average size 44nm). In previous study, we publicized the formation of quasi-spherical or 
cubical particles with nm size range of 30- 70 nm by P. aeruginosa locally isolated from Egyptian 
environment. The highest productivity of magnetosomes has been reported by using M. 
gryphiswaldense MSR-1. Heyen and Schüler (2003) have reported a cell yield of 0.4 g/L and a 
magnetosome productivity of 6.0 mg/L/day. While Naresh et al. (2012) have reported even a higher 
cell yield of 1.5 g/L with a magnetosome productivity of 9.0 mg/L/day by controlling dissolved 
oxygen levels. 
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Fig. 6: Effect of environmental factors (temperature (a), pH (b), agitation rate (c) and incubation 

period (d) on culture density and Fe uptake by P. aeruginosa grown M3 medium. Error bars 
represent ±sd. 
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Fig. 7: Magnetosomes number and maturity per cell before (A) and after (B) optimization process 

 
Conclusion  
 

It could conclude that M3 medium generated in the current study through modifying M2 
medium described by Moisescu et al., (2011) improved growth rate and Fe uptake by locally isolated 
novel MTB P. aeruginosa compared to other growth media known for popular MTB. Optimization of 
growth parameters indicated more suitability of ferric citrate and sodium pyruvate as iron and carbon 
sources while no sensible difference was found through changing N sources. Similar to several known 
MTB, P aeruginosa showed better growth and performance at neutral pH (7), 30 ºC and microaerobic 
(through incubation at static condition). Optimized growth condition in batch experiment improved 
growth and magnetosome production by P. aeruginosa kb1. The current study illustrated the 
importance of this isolate in biomineralization of iron to produce magnetic nanoparticles biologically 
as well as possibility for bioremediation of iron contaminates environments.      
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