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Exploring the ability of genetically modified rhizobia 

to produce nanoparticles to combat heavy metal 

stress. 
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5.1 Introduction 

5.1.1 Heavy metal bioremediation by microorganisms 

The development of novel technologies and approaches to combat the issue of heavy metal 

contamination using environmentally friendly techniques, broadly categorised as 

bioremediation, is the focus of research on a global scale. Heavy metals from the soil and water 

are bioremediated by microorganisms such fungi, bacteria, and viruses. To combat the presence 

of heavy metals in their environment, bacteria have a variety of methods including extracellular 

barriers, efflux pumps, intracellular/extracellular sequestration, and reduction of metal ions.1 

Many genera of soil bacteria and Plant growth promoting bacteria (PGPB) such as 

Mesorhizobium, Sinorhizobium and Bradyrhizobium have shown their ability to tolerate the 

presence of heavy metals like Cd, Co, Fe, Ni, Zn and Cu 2in their environment. The remarkable 

ability of bacteria to reduce the metal ions thus converting them into less toxic forms is the best 

candidate for metal nanoparticle synthesis.3 

5.1.2 Biosynthesis of nanoparticles by microorganisms 

Wild type as well as genetically modified bacteria have a potential to produce varieties of metal 

nanoparticles in invitro conditions.3,4 Also, Escherichia coli (MTCC10312) showed 

extracellular5 production of cadmium sulphide quantum dots. Also, a cyanobacteria 

Oscillatoria limnetica has been shown to produce silver nanoparticles.6 Not only wild type but 

genetically modified bacteria could be a good tool to manufacture nanoparticles in invitro 

conditions. It was reported that genetically modified Escherichia coli over expressing 

glutathione synthetase showed augmented biosynthesis of cadmium sulphide nanoparticles. 

7Also, Escherichia coli expressing Candida albicans Metallothionine gene and Rhizobium 

tropici Phytochelatin synthetase gene showed enhanced production of silver nanoparticles8 and 

selenium nanoparticles9 respectively.  Biogenic nanomaterial have unique physical and 

chemical properties and they are used in varieties of industries such as electronic, chemical, 

photonics, energy and medical.10 It is clear that microbe-based nanoparticles production could 

be cheaper and environment friendly. Also, their unique properties allow its traditional as well 

as novel application in a wide spectrum of Industries.11 Genetically modified Escherichia coli 

strain coexpressing Metallothionine and Phytochelatin synthetase been reported to produce 33 

inorganic nanoparticles (20 single element and 13 multi-element), 12 which is way more than 

capacity of a synthetic reaction to produce that many inorganic nanoparticles in a single 

reaction. Additionally, the ease to genetically manipulate the microbes makes it a best 
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candidate for enhanced production of nanoparticles in a way which consumes very less amount 

of energy thus contributing less in carbon foot print addition to our environment. Phytochelatin 

as well as Metallothionine have been extensively expressed/coexpressed/overexpressed for 

biosynthesis of nanoparticles such as PCS and ghs1 genes of Schizosaccharomyces pombe 

overexpressed in E. coli for CdS nanoparticles synthesis.13 Also enhanced production of 

glutathione by Escherichia coli showed intracellular production of CdTe quantum dots.14 The 

probable mechanism of thiol containing proteins, amino acids and short peptides is to from 

metal thiolate conjugate with the heavy metals, which can be explained by nRSH + Mn+ ↔ 

(RS)n-M + nH+ equation.15 

5.1.3 Rationale behind the objective 

We have shown that the PGPR’s used in this study can produce glutathione and the 

heterologous expression of E. coli DH10B ybdk gene in the rhizobium can accumulate more 

glutathione in GMO bacteria compared to its wildtype counterpart (Chapter 3). These GMO 

bacteria has also been successful in alleviating heavy metal induced stress in fenugreek 

seedlings compare wild type bacteria (Chapter 4). Various PGPR’s including rhizobium are 

capable of biosynthesizing nanoparticles due to their ability to produce glutathione, 

metallothionine and phytochelatins (5.1.2). This study compares the ability of GMO and wild 

type bacteria to produce heavy metal nanoparticles. We hypothesized that; various metal 

sequestration mechanisms present in bacteria (5.1.1) and enhanced levels of glutathione will 

enable them to sequester heavy metals and trap them, which will reduce the availability of 

heavy metals for plants, thus alleviating the heavy metal induced stress. Therefore, this chapter 

describes and discusses the invitro experiments which can prove the ability of GMO and WT 

bacteria to biosynthesize nanoparticles. 

5.2 Materials and methods 

5.2.1 Biosynthesis of Cadmium sulphide nanoparticles and glutathione estimation 

Bacteria M1; Pseudomonas fluorescence (NAIMCC B-00342), M2; Sinorhizobium fredii NGR 

234, M3; Sinorhizobium fredii NGR 234 (pPAT), M4; Sinorhizobium meliloti (NIAMCC B-

00836), M5; Sinorhizobium meliloti (NIAMCC B-00836) (pPAT) were grown in 100 ml flask 

containing 50 ml nutrient media (King’s B for Pseudomonas and YEM for rhizobia) in an 

incubator shaker at 120 rpm and 28 °C for more than 48 hours. Cell suspension was centrifuged, 

cell biomass was discarded and the supernatant was collected for biosynthesis of cadmium 



Genetic modification strategies in Rhizobia to combat abiotic stress in legumes 

 

Page 118 
 

sulphide nanoparticles. 1 ml supernatant was aliquoted for glutathione estimation. The 

supernatant was treated with 20% w/v TCA solution (final concentration of TCA is 5% in the 

mixture) to precipitate all the proteins. Precipitates were removed by centrifugation at 13000 g 

for 15 minutes and supernatant was collected (whole process was done in dark condition at 0 

°C) and stored at -80 °C for glutathione analysis. Glutathione was estimated from the 

supernatant by a colorimetric method which measures GSH before and after the reduction of 

GSSG to GSH by NaBH4.
16 And for biosynthesis of nanoparticles, Cadmium chloride (0.25 

M) and sodium sulphide (0.25 M) in 1:1 ratio was allowed to react in a separate flask, which 

forms an orange-yellow precipitates of Cadmium sulphide immediately. Equal volume (50 ml) 

of bacterial supernatant and cadmium sulphide suspension were allowed to react in a flask 

which was heated in a water bath at 60 °C for 10 minutes until the formation of fluffy orange 

yellow deposits at the bottom of flask, which indicated the formation of nanoparticles. The 

suspension was allowed to cool down and was incubated at room temperature for 14 hours and 

was observed for the formation of coalescent orange-yellow crystals. The crystals accumulated 

at the bottom were collected by discarding the suspension. The crystals were washed with 

acetone followed by sterile distilled water and air dried at 45 °C. They were stored at 4 °C for 

further use.5 

5.2.2 Characterization of cadmium sulphide nanoparticles 

First step of the characterization was to study the morphology of the nanoparticles, which was 

done by observing the nanoparticles crystals under the scanning electron microscope (Sigma 

VP SEM/Carl Zeiss NTS) and the micrographs were recorded.5,17 FTIR spectrometry was 

performed by Bruker Alpha 2 spectrophotometer within the infrared range of 500- 3500 cm-1, 

to have a better understanding of the functional groups attached to the nanoparticles.18 Finally 

powder XRD was performed by XPERT PRO XRD machine to get a clear cut understanding 

about its crystalline structure. The intensities were recorded in a range of 10-80 ° 2θ angle.5 

 

 

 

 

 



Genetic modification strategies in Rhizobia to combat abiotic stress in legumes 

 

Page 119 
 

5.3 Results and Discussion 

5.3.1 Glutathione estimation from supernatant 

Bacteria M1; Pseudomonas fluorescence (NAIMCC B-00342), M2; Sinorhizobium fredii NGR 

234, M3; Sinorhizobium fredii NGR 234 (pPAT), M4; Sinorhizobium meliloti (NIAMCC B-

00836), M5; Sinorhizobium meliloti (NIAMCC B-00836) (pPAT) were able to excrete 

glutathione after 48 hours of growth in the liquid media, as shown in Table 5.  M5 was able to 

excrete highest levels of glutathione after 48 hours, followed by M3, M4, M2 and M1 in 

decreasing order. The amount of glutathione excreted depends upon the bacterial species, its 

growth rate in a particular medium and growth conditions. It was observed that M3 (GMO) 

secreted 23 folds more glutathione compared to M2 (Wild type counterpart), while M5 (GMO) 

secreted 19.80 folds more glutathione compared to M4 (Wild type counterpart). Under normal 

conditions intracellular GSH can get converted to GSSG, which is a reversible enzymatic 

reaction. Intracellular GSH/GSSG ratio is always high in an actively growing cell, 19 while it 

is low in dying/stationary phase. This experiment summarizes the levels of extracellular 

glutathione. It was observed that the amount of the oxidized glutathione was significantly 

higher than reduced glutathione for M1-M5, which could be due to an absence of glutathione 

reductase enzyme,20 as it is present inside the bacteria 21 and not in the growth media. 

Estimation of glutathione is performed from the growth media in the stationary phase (< 48 

hr). It is known that bacteria in stationary phase produces toxin and ROS which significantly 

raises the oxidative stress.22 Besides this the culture volume and vessel also contribute to the 

oxidative stress.23  Excess oxidative stress might have converted entire secreted GSH to GSSG 

24 in the media, and it is also known that extracellular glutathione is very important for 

neutralizing potential toxic electrophiles25 and ROS generated in the growth media. In growing 

aerobic culture GSH is subjected to constant transmembrane circulation between the cells and 

the medium.25 But in the late stationary phase cells change its shape and transport is affected 

as the membrane fluidity also reduces, which could be the reason behind high extracellular 

GSSG compared to GSH. 22 But overall, the concentration glutathione has been significantly 

high in the media of M3 and M5, which infers to the successful heterologous expression of 

ybdK gene in rhizobia. Besides this it is also reported that, L. lactis containing plasmid with 

gshA and gshB genes was reported to synthesize 140 mM glutathione and these results are the 

explanation to our results which reports high glutathione levels on transformation of rhizobia 

with ybdK gene, which has a similar function as gshA gene.  
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Table 5.1 Estimation of extracellular glutathione from nutrient media after 48 hours. 

Data represents mean ± SD (n=3), and p<0.05 were considered to be statistically 

significant.  

 

5.3.2 Cadmium sulphide (CdS) nanoparticles biosynthesis 

In the first step of reaction the fluffy cadmium sulphide precipitates are formed (5.2.1), and in 

the second step bacterial supernatant is mixed in it and heated at 60 °C for 10 minutes. Bacterial 

supernatant has carbohydrates, amino acids, proteins and other toxins released by the bacteria. 

Besides this it also contained more oxidized glutathione (GSSG) compared to the reduced 

glutathione (GSH). Owing to their surfactant like properties and the additional heat (60 °C,10 

minutes) it dispersed the agglomerated CdS precipitates into very small particles on mixing 

with supernatant. Cadmium sulphide nanoparticles are known to possess an excellent 

photoreduction capability which can donate electrons when irradiated with light and reduce the 

oxidized compound. 26,27 This is known as a photocatalytic property and only CdS 

nanoparticles are capable of photoexcitation in a visible light 28 as the band gap energy of bulk 

CdS is around 2.4eV, which corresponds to the wavelength of 516 nm (i.e., visible range). 

Although all this depends on the particle size. Cadmium sulphide particles on coming in contact 

with GSSG might have reduced it to GSH as the reaction was happening in a glass beaker in 

an aerobic condition under the light and heated in water bath at 60 °C for 10 minutes. As the 

turnover number of the CdS nanoparticles were estimated around 47500 in a study,26 we can 

postulate that a very small number of CdS particles would have reduced very high 

concentration of GSSG and other disulphide bond bearing compounds present in the 

supernatant on light irradiation. Following the formation of reduced glutathione (GSH), it 

would have capped CdS particles, stabilized it, and formed the nanoparticles. 29 There could be 

multiple possible explanations behind the formation of stabilized crystals (quantum 

Organism Corresponding 

OD600 at 50 hr 

Total glutathione 

(mM) 

Oxidized 

glutathione 

(mM) 

Reduced glutathione 

(mM) 

M1 0.75 3.42 ± 0.39 2.15 ± 0.22 1.27 ± 0.37 

M2 1.28 4.07 ± 0.001 3.3 ± 0.03 0.74 ± 0.02 

M3 1.25 94.2 ± 0.03 93.8 ± 0.03 0.38 ± 0.02 

M4 1.40 5.12 ± 0.30 3.50 ± 0.42 1.62 ± 0.15 

M5 1.47 101.39 ± 4.93 100.37 ± 4.98 1.01 ± 0.35 
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dots/nanoparticles) in this reaction, but this is our probable explanation. Nano particles 

deposited at the bottom of the beaker (Figure 5.1) were collected by carefully by discarding the 

supernatant followed by their washing and weighing. Total mass of nanoparticles collected 

after the reaction is mentioned in Table 5.2.  

 

Figure 5.1 Biosynthesized nanoparticles deposited at the bottom of the beaker. 

 

Table 5.2 Mass of cadmium sulphide crystals formed from 50 ml supernatant. Data 

represents mean ± SD (n=3), and p<0.05 were considered to be statistically significant. 

Organism Weight of nanoparticles 

(g) 

M1 2.037 ± 0.006 

M2 2.009 ± 0.001 

M3 2.059 ± 0.001 

M4 2.027 ± 0.004 

M5 2.183 ± 0.031 

 

It was observed that M3 produced 2.42% more CdS nanoparticles compared to M2 while M5 

produced 7.15% more CdS nanoparticles compared to M4. Overall M5 produced highest 

number of nanoparticles followed by M3, M1, M4 and M2 in decreasing order (Table 5.2).  
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5.3.3. Characterization of Cadmium sulphide nanoparticles 

It was observed that the nanoparticles produced by GMO rhizobium were darker compared to 

the nanoparticles produced by wildtype rhizobium (Figure 5.2). In a study it was observed that 

the CdS nanoparticles with glutathione/thiol capping appeared darker in colour compared to 

the uncapped CdS nanoparticles.30 

 

 

Figure 5.2 Nanoparticles collected after airdrying process 

These results are in accordance to our findings where the nanoparticles produced by M3 and 

M5 are darked than the nanoparticles produced by M2 and M4 respectively, which correlates 

with the amount of glutathione excreted by GMO rhizobium and its counterpart wildtype 

rhizobium (Table 5.1). GMO rhizobium secreted more glutathione outside thus were able to 

produce more nanoparticles and consecutively their nanoparticles were darker in colour 

compared to the nanoparticles produced by WT rhizobium (Figure 5.1).  
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Figure 5.3 FTIR of CdS nanoparticles produced by a) M1 b) M2 c) M3 d) M4 e) M5 bacteria to 

analyse the molecules attached to its surface. 
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FTIR was performed to get an idea about the functional groups of the molecules attached to 

the surface of nanoparticles, to confirm the presence of glutathione on them (Figure 5.3.a-e). 

The FTIR analysis detected multiple transmittance peaks in the range of 3500 cm-1 to 500 cm-

1 as shown in Figure 5.3. From the figure it is evident that in all the samples two prominent 

peaks are obtained in the range of 1600-1700 cm-1 and 3200-3700 cm-1. The former range 

corresponds to the stretching vibration of the C=O bond and the N-H bond in the amide 

functional group of glutathione and other protein. Therefore, the peak observed around 1629 

cm-1 is likely an amide I band.31 The broad and intense peak in the range of 3200-3700 cm-1 

could be the combination of two ranges, which includes amide A band 32 which has a range of 

about 3200-3400 cm-1 in which the N-H stretching vibrations have a primary contribution and 

another range is of about 3300-3700 cm-1 which corresponds to the O-H stretching vibrations. 

Both peaks (amide I band and amide A band) indicates the characteristic functional groups of 

glutathione,33 which indicated the presence of glutathione in the sample. Only the peak around 

2600 cm-1 (represents SH stretch 33) was missing. This indicates that glutathione has conjugated 

with CdS nanoparticles by thiol group. Both GMO and wild type rhizobia synthesized and 

secreted glutathione in the growth media (Table 5.1). It was observed that the GMO rhizobium 

which secreted more glutathione showed a decrease in transmittance of amid I band in the FTIR 

spectra compared to compared to the FTIR spectra of the wild type rhizobium. The decrease in 

the transmittance correlates with the increase in the concentration of the functional group. This 

implies that more glutathione has surrounded/ capped CdS nanoparticles produced by GMO 

rhizobium in comparison to the CdS nanoparticles produced by wild type rhizobium. Amide I 

band in the FTIR spectra of CdS NPs produced by M3 (Figure 5.3.c) showed 53 % 

transmittance, while M2 (Figure 5.3.b) showed 93.5 % transmittance and the amide I band in 

the FTIIR spectra of CdS NPs produced by M5 (Figure 5.3.e) showed 8% transmittance, while 

M4 (Figure 5.3.d) showed 82.05 % transmittance. This proves that the rhizobium containing 

ybdK gene were able to synthesize more glutathione and secrete it out in the media. Thus, the 

rhizobium capable of secreting more glutathione is capable of making more nanoparticles and 

stabilizing them. In the entire study P. fluorescens is used as a positive control because this is 

the most common bacteria used in the majority of PGPR formulations. 34 

Visual examination of the SEM micrographs of the CdS nanoparticles produced by different 

bacteria revealed that the nanoparticles were in aggregates and they displayed variety of shapes 

(Figure 5.4.a-e).  Nanoparticles produced by GMO rhizobium (M5 and M3) were smaller (i.e., 

smaller aggregates) compared to nanoparticles produced by wild type rhizobia (M4 and M2).  
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Figure 5.4) SEM analysis of the CdS nanoparticles produced by a) M1 b) M2 c) M3 d) M4 e) M5 

 d) e) 
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Average size of aggregated nanoparticles produced by M5 was 626 nm, while the nanoparticle 

aggregates produced by M4 was 846 nm. Similarly, for M3 it was 343nm and for M2 it was 

909 nm. M1 was used as a positive control in our study. The average size of nanoparticle 

aggregate produced by M1 was 909.86 nm. Our results were in accordance to the results 

obtained by a study where E. coli growth medium was used to synthesis of CdS nanoparticles.5 

Previous studies reported that the microorganisms capable of producing more glutathione7 or 

phytochelatins 35 were able to produce relatively dispersed and smaller nanoparticles with tiny 

aggregates. Similar observations were recorded in this study. As shown in the Figure 5.4, M3 

and M5 nanoparticle aggregates (Figure 5.4.c and 5.4.e) were smaller compared to the 

nanoparticles produced by M2 and M4 (Figure 5.4.b and 5.4.d) respectively. This experiment 

proves that the PGPR used in the study are capable of invitro production of CdS nanoparticles 

and this also proves that the rhizobium containing ybdK gene were able to synthesize more 

glutathione and secrete it out in the media.  

For further confirmation of nanoparticles, XRD analysis was carried out which gave a proper 

understanding about the phase of nanoparticles. As shown in Figure 5.5.a - 5.5.e, the XRD 

pattern showed prominent peaks at 2θ values of 26°, 44° and 52° which corresponds to the 

reflection planes (111), (220) and (311) respectively, that indicates the cubic phase of the 

nanoparticles. The diffractogram of the sample reveals that all the peaks are in good agreement 

with the Joint committee on powder diffraction standard (JCPDS) data belonging to cubic CdS 

structure.36–41XRD data suggests that the material synthesized by the supernatant of bacteria 

are nanoparticles.  
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Figure 5.5) XRD analysis of the CdS nanoparticles produced by a) M1 b) M2 c) M3 d) M4 e) M5 
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5.4 Conclusion 

Cloning E. coli ybdK gene in rhizobium enables it to secrete more glutathione compared to its 

wildtype counterparts. The high glutathione levels helped GMO rhizobia to synthesize slightly 

more nanoparticles which were in smaller aggregates compared to the wild type. Summing this 

conclusion in an agricultural perspective, we can say that the GMO rhizobia will secret more 

glutathione compared to the wildtype rhizobia in soil. More glutathione in soil could neutralize 

more cadmium (heavy metal pollution). Smaller CdS aggregates produced by bacteria provide 

them higher surface to volume ration which ultimately increase the chances for nanoparticles 

to get modified by other microorganisms present in rhizosphere. This would facilitate the 

clearing and detoxification of nanoparticles.      
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