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Summary and thesis outline 

The generation of a specific kind of nanoparticles named quantum dots (QDs) has 

emerged as a relevant tool for being used in a broad range of applications of high 

economic, technological, and biological values. The manufacture of these nanoparticles 

is carried out mainly by chemical methods of high cost, resulting in nanoparticles with 

high toxicity, which limits their applications. Thus, the biosynthesis of QDs, mainly 

produced by microorganisms, such as bacteria, emerges as an eco-friendly and 

inexpensive methodology. Some bacteria can release hydrogen sulfide (H2S) for trapping 

exogenous cadmium, generating cadmium sulfide QDs (QDs CdS) by intra-or 

extracellular biosynthesis via cysteine desulfhydrase. However, not all bacteria respond 

to this mechanism, suggesting that there could be other volatile sulfur compounds that 

might be involved in the biosynthesis of CdS QDs, which have not been studied to date.  

In Chapter I, we present a general introduction of this Doctoral Thesis, indicating the 

hypothesis and goals of this study.  

In Chapter II, we study the role of volatile sulfur compounds (VSCs) released by 

Pseudomonas sp. GC01 in the biosynthesis extracellular of CdS QDs. Here, we assessed 

the biosynthesis of nanoparticles under several sulfur sources (sulfate, sulfite, thiosulfate, 

sulfide, cysteine, and methionine). Extracellular biosynthesis was observed only in 

cultures amended with cysteine (Cys) and methionine (Met), while intracellular 

biosynthesis occurred in all sulfur sources tested. Various methodologies for the 

characterization of extracellular QDs were applied, and the result showed cubic 

nanocrystals of CdS with diameters between 2 and 16 nm. The link of the CdS 

nanoparticles biosynthesis with volatiles compounds production in Pseudomonas sp. 

GC01 was evaluated by measuring VSCs under biosynthesis conditions (with Cadmium) 
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and using two mutants of the Antarctic strain Pseudomonas deceptionensis M1T: megL-  

and mddA-  unable to produce MeSH from Met and generate DMS from MeSH, 

respectively. The results revealed that Pseudomonas sp. GC01 produced hydrogen sulfide 

(H2S), methanethiol (MeSH) and dimethyl sulfide (DMS) in the presence of sulfate, Met 

or Cys. While dimethyl disulfide (DMDS) only was detected in the presence of Met. 

MeSH was the main VSC generated and also was the only for which the concentration 

decreased in presence of cadmium for all the sulfur sources tested. The DMS role on Cds 

QDs biosynthesis was discarded due to the QDs production in the mddA- strain. No QDs 

biosynthesis was observed in the megL- strain, confirming the importance of MeSH in 

QD biosynthesis. 

In Chapter III, we analyzed the genome of Pseudomonas sp. GC01 to searching genes 

associated with cadmium-resistance and sulfur metabolic pathways allowing explain the 

extracellular biosynthesis. The analysis was performed through genome sequencing of 

Pseudomonas sp. GC01 and comparative genetics using the genome sequence of 27 

Pseudomonas. The general results showed a sequence with an identity of 99 % with 

Pseudomonas sp. Lz4W and P. fragi P121, both strains isolated from Antarctic and Arctic 

samples, respectively. Five genes involved in cadmium-resistance were found in 

Pseudomonas sp. GC01. Two genes, cadR, and czcR, code for regulatory elements 

involved in metal-resistance, while the other three genes belong to P‐type ATPases (cadA, 

zntA, and pbrA) implicated in Cd efflux, which could favor the extracellular biosynthesis 

of CdS QDs. 

Additionally, Pseudomonas sp. GC01 displays genes involved in sulfate assimilation, 

cysteine/methionine synthesis, and VSCs catabolic pathways, highlighting the absence of 

the genes E4.4.1.11 and megL (coding methionine gamma-lyase) for MeSH generation 

because of Pseudomonas sp. GC01 produced high levels of these VSCs and was linked 
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with extracellular biosynthesis of nanoparticles using Met. Moreover, the metC gene 

(coding cystathionine beta-lyase) that produces MeSH from Met in bacteria was present 

in Pseudomonas sp. GC01 being able to fulfill this function.  

Finally, overall results are discussed in Chapter IV, concluding the following: (1) 

Pseudomonas sp. GC01 biosynthesize extracellular CdS QDs through generating volatile 

sulfur compounds H2S and MeSH from Cys and Met, respectively, (2) three P‐type 

ATPases (cadA, zntA, and pbrA) involved in Cd efflux could contribute to the 

extracellular biosynthesis of CdS QDs in Pseudomonas sp. GC01, and (3) the enzyme 

cystathionine beta-lyase (metC) is presented as the main candidate to produce both H2S 

and MeSH to the extracellular biosynthesis of CdS QDs from Cys and Met in 

Pseudomonas sp. GC01.   
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1.1 General Introduction 

Nanotechnology is a multi-disciplinary science field researching the nanoscale 

matter (size range 1 - 100 nm) manipulation to design and synthesize nanoparticles with 

an extensive range of applications (Sanchez and Sobolev, 2010; Solomon, 2018; Gour 

and Jain, 2019; Khan and Lee, 2020). One of the main groups of nanoparticles widely 

exploited for their dynamic applications in numerous science and technology areas is 

semiconductor nanocrystals or Quantum Dots (QDs) (Bajorowicz et al., 2018; Fontes and 

Santos, 2020). 

QDs are considered bimetallic structures with a diameter range of 1 – 20 nm 

generally formed by elements in group 12-16 (IIB-VIA) (CdSe, CdS, ZnS), 13-15 (IIIA-

VA) (GaN, GaP, InP), and 14-16 (IVA-VIA) (PbSe, PbS) (Mal et al., 2016; Jadhav et al., 

2017; McHugh et al., 2018; Rengers et al., 2019; Gholami et al., 2020). These 

nanocrystals possess unique electrical and optical properties dependent on size and 

composition, such as highly photo-stability, broad absorption, narrow and size-tunable 

light emission, long fluorescence lifetime, and high quantum yield (Zhou and Ghosh, 

2007; McHugh et al., 2018; Rengers et al., 2019; Cotta, 2020). The remarkable properties 

of QDs can apply in biomedicine and imaging, photovoltaics, optoelectronics, molecules 

quantification, and catalysis, among others (Faraon et al., 2007; Nozik et al., 2010; Durán-

Toro et al., 2014; Nguyen et al., 2015; Wagner et al., 2019; Muthalif et al., 2019; Cotta, 

2020).  

Various approaches have been developed for QDs synthesis, including chemical, 

biological, and hybrid methods (Bajorowicz et al., 2018; Yang et al., 2017; Karimi et al., 

2019; Mahle et al., 2020). Nevertheless, the biological synthesis or biosynthesis of QDs 

using microorganisms has emerged as a safe, cost effective, highly biocompatible, 

sustainable, and green alternative to classical production methods (Qin et al., 2018; Sekar 
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and Parvathi, 2019; Iravani and Varma, 2020; Khan and Lee, 2020). Bacterial 

biosynthesis of cadmium-based QDs has attracted growing interest due to their simplicity 

and the characteristic optical properties of the nanoparticles produced, becoming one of 

the most studied biosynthesis in recent years (Plaza et al., 2016; Ulloa et al., 2016; Yang 

et al., 2016; Oliva-Arancibia et al., 2017). The capacity to produce intra- and extracellular 

cadmium sulfide (CdS) nanoparticles has been reported in numerous bacterial genus such 

as Klebsiella (Holmes et al. 1997), Rhodopseudomonas (Bai et al. 2009), Escherichia (Mi 

et al. 2011; Venegas et al., 2017; Shivashankarappa and Konasur, 2020), 

Stenotrophomonas (Yang et al., 2015), Acidithiobacillus (Ulloa et al., 2016), 

Halobacillus (Bruna et al., 2019), Idiomarina (Ma et al., 2020), and Pseudomonas (Oliva-

Arancibia et al., 2017; Gallardo et al., 2014; Plaza et al., 2016; Mahle et al., 2020; 

Gallardo-Benavente et al., 2019; Ashengroph et al., 2020), among others. However, 

despite the increasing knowledge generated during the last 10 years, the cellular 

mechanism involved in the biosynthesis of CdS QDs is still unknown. In general, the CdS 

QD biosynthesis involves cadmium ion (Cd2+) addition into the system to react with 

sulfide anion (S2-) generate by the bacterial metabolism to form nanoparticles (Bai et al., 

2009a; Gallardo et al., 2014; Yang et al., 2016; Mahle et al., 2020).   

Cadmium (Cd) is a heavy metal highly toxic for most organisms and with 

unknown cellular role. Cadmium toxicity in bacterial cells has been speculated to be 

associated with oxidative stress and damage to different cellular biomolecules such as 

lipids, proteins, and nucleic acids (Naz et al., 2005; Khan et al., 2015; Abbas et al., 2018; 

Abdelbary et al., 2019; Qin et al., 2019). Some bacteria have the ability to hydrogen 

sulfide (H2S) generates to trap Cd and formed less toxic and insoluble metal-sulfide 

precipitates as a detoxifying strategy using cysteine desulfhydrase enzymatic activity 

(Holmes et al., 1997; Ma et al., 2020). This capacity has been widely explored and used 
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in the CdS nanoparticle biosynthesis during the last years (Bai et al., 2009b; Yang et al., 

2015; Ulloa et al., 2016; Bruna et al., 2019; Ma et al., 2020). Biosynthesis methods 

described to date have been mainly associated with sulfur-containing molecules such as 

peptides, glutathione, cysteine, and H2S (Monrás et al., 2012; Yang et al., 2016; Ma et al., 

2020). To date, H2S is the only volatile sulfur compound (VSCs) produced by bacterial 

related to QDs biosynthesis. However, the role of other VSCs such as dimethylsulfide 

(DMS), dimethyldisulfide (DMDS), and methanethiol (MeSH) (Schulz and Dickschat, 

2007) produced from bacterial metabolism in CdS QDs biosynthesis has not been studied 

yet. 
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1.2 Hypothesis and research objectives  

 

1.2.1 Hypothesis 

Based on the previous background, we addressed the following hypothesis: 

 The biosynthesis of CdS QDs by Pseudomonas spp. is favored by the production of 

other volatile organic sulfur compounds (VOSCs) than H2S. 

 

1.2.2 Research objectives 

 

1.2.2.1 General objective 

 To evaluate the role of volatile sulfur compounds (VSCs) released from Pseudomonas 

spp. in the biosynthesis of CdS QDs. 

 

1.2.2.2 Specific objectives 

1 To select the bacteria capable of producing CdS QDs under different sulfur sources. 

 

2 To evaluate the VSCs production of the selected bacteria in presence and absence of 

cadmium through of the characterization of their volatiles profiles.  

 

3 To identify the VSCs associated with the production of CdS QDs.  

 

4 To propose a possible biosynthetic pathway of CdS QDs in bacteria by the action of 

VSCs. 
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Abstract 

Previously we reported the biosynthesis of intracellular cadmium sulfide quantum 

dots (CdS QDs) at low temperatures by the Antarctic strain Pseudomonas fragi GC01. 

Here we studied the role of volatile sulfur compounds (VSCs) in the biosynthesis of CdS 

QDs by P. fragi GC01. The biosynthesis of nanoparticles was evaluated in the presence 

of sulfate, sulfite, thiosulfate, sulfide, cysteine and methionine as sole sulfur sources. 

Intracellular biosynthesis occurred with all sulfur sources tested. However, extracellular 

biosynthesis was observed only in cultures amended with cysteine (Cys) and methionine 

(Met). Extracellular nanoparticles were characterized by dynamic light scattering, 

absorption and emission spectra, energy dispersive X-ray, atomic force microscopy, 

transmission electron microscopy, X-ray diffraction and X-ray photoelectron 

spectroscopy. Purified QDs correspond to cubic nanocrystals of CdS with sizes between 

2 and 16 nm. The analysis of VSCs revealed that P. fragi GC01 produced hydrogen 

sulfide (H2S), methanethiol (MeSH) and dimethyl sulfide (DMS) in the presence of 

sulfate, Met or Cys. Dimethyl disulfide (DMDS) was only detected in the presence of 

Met. Interestingly, MeSH was the main VSC produced in this condition. In addition, 

MeSH was the only VSC for which the concentration decreased in the presence of 

cadmium (Cd) of all the sulfur sources tested, suggesting that this gas interacts with Cd 

to form nanoparticles. The role of MeSH and DMS on Cds QDs biosynthesis was 

evaluated in two mutants of the Antarctic strain Pseudomonas deceptionensis M1T: megL- 

(unable to produce MeSH from Met) and mddA- (unable to generate DMS from MeSH). 

No biosynthesis of QDs was observed in the megL- strain, confirming the importance of 

MeSH in QD biosynthesis. In addition, the production of QDs in the mddA- strain was 

not affected, indicating that DMS is not a substrate for the biosynthesis of nanoparticles. 

Here, we confirm a link between MeSH production and CdS QDs biosynthesis when Met 
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is used as sole sulfur source. This work represents the first report that directly associates 

the production of MeSH with the bacterial synthesis of QDs, thus revealing the 

importance of different VSCs in the biological generation of metal sulfide nanostructures.  

Keywords: Antarctic bacteria, quantum dot, nanoparticle biosynthesis, volatile sulfur 

compounds, cadmium sulfide.  

 

2.1 Introduction 

Nanotechnology is the study, understanding, control and restructuring of matter in 

the scale of nanometers (size range 1 - 100 nm) to create materials with new properties 

and functions that remarkably differ from their bulk counterpart (Sanchez and Sobolev, 

2010). Nanoscience research and its applications, developed in recent decades, has 

significantly affected a number of areas, such as information technology, agriculture, 

energy, environmental science, medicine and food safety, among others (Solomon, 2018). 

Consequently, there is a growing need to develop nanoparticles by using new, cheaper, 

reliable and eco-friendly synthesis methods that do not involve toxic chemicals. To 

achieve this, research on the use of natural sources such as biological systems becomes 

essential. Biological production or biosynthesis of metal nanoparticles has been widely 

studied through the use of microorganisms, such as fungi, yeast and bacteria (Wu et al., 

2015; Chakraborty et al., 2018; Qin et al., 2018). Due to the convenience of this method, 

a cost-effective, environmentally friendly and highly biocompatible alternative based on 

the use of bacterial cells has emerged (Monrás et al., 2012). 

Bacteria of the Pseudomonas genus have been employed as cell factories to produce 

different types of metal nanoparticles. In fact, several Pseudomonas strains have been 

reported to produce extracellular gold (Au) and silver (Ag) nanoparticles (Kumar and 
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Mamidyala, 2011; Baker et al., 2015; Ali et al., 2016; Jo et al., 2016). In addition, some 

Pseudomonas species can also synthesize a specific type of nanoparticles termed quantum 

dots (QDs) constituted of cadmium selenide (CdSe) (Ayano et al., 2015) or cadmium 

sulfide (CdS) (Oliva-Arancibia et al., 2017; Gallardo et al., 2014; Plaza et al., 2016).  

Quantum dots (QDs) or semiconductor nanocrystals are bimetallic structures that 

generally contain II–VI or III–V elements such as CdS, CdSe, ZnS, ZnTe, CdTe, InP or 

GaAs (McHugh et al., 2018; Jadhav et al., 2017; Mal et al., 2016). The size and 

composition of the nanoparticles are responsible for their unique physical, chemical and 

optical properties, which arise through quantum confinement effect (Rengers et al., 2019; 

Alivisatos, 1996). The remarkable properties of QDs, such as broad absorption, narrow 

and size-dependent emission spectra, resistance to photobleaching, strong luminescence 

and long luminescent lifetimes (Zhou and Ghosh, 2007; Alivisatos, 1996) allow their use 

in a number of technology-based applications of high economic, technological and 

biological value as for example optoelectronics (Faraon et al., 2007), solar cells (Nozik 

et al., 2010), imaging techniques (Wagner et al., 2019) and quantification of different 

molecules (Durán-Toro et al., 2014; Nguyen et al., 2015), among others. 

Bacterial biosynthesis of cadmium-based QDs has been extensively studied in the 

past few years through the biological production of both intra- and extracellular 

nanoparticles (Plaza et al., 2016; Ulloa et al., 2016; Yang et al., 2016; Oliva-Arancibia et 

al., 2017), as well as to study the development of other nanoparticles and the mechanisms 

associated with biosynthesis (Venegas et al., 2017). However, the mechanism involved 

in Cd-based QDs biosynthesis is still unknown. Overall, to carry out the biosynthesis of 

CdS nanoparticles, cadmium ion (Cd2+) should be added into the system to react with 

sulfide anion (S2-) provided exogenously or by the bacterial metabolism, in order to form 

the nanocrystal (Bai et al., 2009a; Gallardo et al., 2014; Yang et al., 2016).  
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Some bacteria are capable of releasing hydrogen sulfide (H2S) as a strategy to trap 

exogenous cadmium (Cd) to form less toxic insoluble metal-sulfides (Holmes et al., 

1997). This ability has been widely used in the biosynthesis of QDs during the last years 

(Bai et al., 2009b). In general, the biosynthesis of CdS QDs has been associated with 

sulfur-containing molecules such as glutathione, peptides, Cys and H2S (Monrás et al., 

2012; Yang et al., 2016). However, the role of other volatile sulfur compounds (VSCs) 

produced from bacterial metabolism in QDs biosynthesis, such as dimethylsulfide 

(DMS), dimethyldisulfide (DMDS) and methanethiol (MeSH) (Schulz and Dickschat, 

2007), has not been studied yet. 

Recently, intracellular biosynthesis of CdS QDs has been reported at low 

temperatures (15°C) using Antarctic bacteria from the Pseudomonas genus. 

Nanoparticles synthesis was performed in the presence of CdCl2 without any additional 

sulfur sources. The mechanism of CdS formation was attributed to the production of 

sulfide from H2S by Cys desulfhydrase in all strains tested except for Pseudomonas fragi 

GC01 strain (Gallardo et al., 2014). In this work, we study the link between the production 

of VSCs and the biosynthesis of CdS nanoparticles in Pseudomonas fragi GC01. We also 

carry out for the first time the biosynthesis of QDs in bacteria using Cys and Met as sole 

sulfur sources. 

 

2.2 Material and Methods  

2.2.1 Bacterial strains and culturing  

Strains used in this work were P. fragi GC01 (Gallardo et al., 2014); Pseudomonas 

deceptionensis M1T wild type, P. deceptionensis M1T megL-,  P. deceptionensis M1T 

mddA- (Carrión et al., 2011, 2015). Bacterial strains were grown in Luria Bertani (LB; 
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complete) medium (Sambrook and Russell, 2001) for 24 h or in M9 (minimal) medium 

(Sambrook and Russell, 2001) for 48 h (stationary phase culture) at 28°C. P. 

deceptionensis M1T megL and mddA mutants were grown in media containing kanamycin 

(20 µg mL-1) and spectinomycin (800 µg ml-1), or gentamicin (5µg mL-1), respectively.  

2.2.2 Evaluation of CdS QDs biosynthesis 

Nanoparticles biosynthesis by bacteria was performed following the protocol 

described by Monrás et al. (2012) and Gallardo et al. (2014). Briefly, bacteria were grown 

in M9 minimal medium supplemented with 0.25 mM of six different sulfur sources 

[sulfate (MgSO4), sulfite (Na2SO3), thiosulfate (Na2O3S2], sulfide (Na2S), Met and Cys) 

for 48 h. Then, cultures were centrifuged at 10,000 rpm for 5 min (Himac CT15E 

centrifuge). Bacterial pellets were resuspended in CdCl2 (10 µg mL-1) and incubated at 

28°C for another 48 h before assaying the production of nanoparticles. Nanoparticles 

formation was assessed using a short-wave UV-transilluminator at λexcitation= 360 nm. 

Analysis were done with three biological replicates and samples with no CdCl2 added 

were included as a control. 

2.2.3 Sulfide detection assay  

The production of H2S was evaluated using lead acetate-soaked papers, as 

described by Shatalin et al. (2011). The assay was performed using 1 mL of bacterial 

cultures in microcentrifuge tubes and a lead acetate paper attached under the cap. Briefly, 

bacterial strains were grown on M9 minimal medium at 28°C until reaching an OD600∼ 

0.8. Then, cultures were washed with fresh M9 medium with no sulfur sources. Bacterial 

pellets were resuspended and inoculated into M9 medium containing sulfate, sulfite, 

thiosulfate, sulfide, Met and Cys (0.5 mM) as sole sulfur sources in the presence or 

absence of CdCl2 (10 µg mL-1). Tubes were covered with a paper embedded in lead 
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acetate (100 mM) and incubated at 28°C for 2 h before detecting sulfides as described in 

Gallardo et al. (2014). Controls consisted of samples incubated with no sulfur sources.  

2.2.4 Evaluation of extracellular biosynthesis of CdS QDs  

The study of extracellular biosynthesis of nanoparticles was carried out following 

the protocol described by Monrás et al. (2012) and Gallardo et al. (2014) with some 

modifications. Briefly, cells were grown for 48 h in M9 medium at 28°C. Then, cultures 

were centrifuged at 10,000 rpm for 5 min (Himac CT15E centrifuge) and bacterial pellets 

were resuspended in fresh M9 medium supplemented with  CdCl2 (20 µg mL-1) and a 

sulfur source such as Cys (0.1-2 mM), SO4
2-, SO3

2-, S2O3
2- or Met (0.25-50 mM). After 

0.5-2 h of incubation with Cys and 72 h with the others sulfur sources at 28°C, cells were 

centrifuged for 5 min at 10,000 rpm. Fluorescence of the supernatant was measured using 

a short-wave UV-transilluminator at λexcitation= 360 nm. Cultures of bacterial strains were 

set up in triplicate and samples with no CdCl2 were used as controls.  

2.2.5 Purification of biosynthesized CdS nanoparticles 

P. fragi GC01 was grown in M9 medium at 28°C in the presence of Cys (2 mM) 

or Met (40 mM) as sole sulfur sources to study the production of extracellular QDs. 10 

mL of culture were taken after 1, 2 and 3 h incubation with Cys and after 72 h incubation 

with Met. Samples were then centrifuged 15 min at 6,000 rpm (PrO-Research K241R 

centrifuge) before collecting the fluorescent supernatants. Supernatants were filtered 

through 0.2 μm filters (BioLab) to remove cellular debris. Filtered supernatant was then 

concentrated to 100 μL using a 10 KDa membrane (Amicon). Concentrated nanoparticles 

suspension was lyophilized overnight and stored at 4°C until use.   
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2.2.6 Characterization of CdS nanoparticles  

2.2.6.1 Absorption and fluorescence spectroscopy 

Absorbance and fluorescence spectra of purified nanoparticles were determined 

with a multiplate reader Synergy H1 M (Biotek). Measurements were performed at room 

temperature and absorbance spectra were recorded in the range of 300 to 700 nm, whereas 

emission spectra were obtained using λexcitation= 360 nm and recorded in the range of 390 

to 700 nm (Gallardo et al., 2014; Plaza et al., 2016). 

2.2.6.2 Quantum yield (QY) determination 

The quantum yield (QY) of purified CdS QDs was determined following the 

protocol described by (Venegas et al., 2017; Bruna et al., 2019). Briefly, the fluorescence 

of 2 samples of QDs with different absorbances (between 0.01 and 0.1) was determined 

after excitation at 360 nm. The procedure was applied for yellow and red nanoparticles 

(obtained from Cys and Met, respectively) dissolved in water and as reference fluorescein 

dissolved in ethanol (QY = 0.97). Emission spectra were measured to obtain the 

integrated fluorescence intensity (IFI, is defined as the area of the fluorescence spectrum) 

and this value was plotted versus the absorbance of the solution. The slope of both curves 

(m) and the refractive index of the solvents (n) (water: 1.333 and ethanol: 1.335) were 

used to calculate the QY of CdS QDs considering fluorescein as reference (R). The 

following equation was used:  

QYNPs = QYR[mNPs/mR][n2 NPs/n2
R] 

2.2.6.3 Dynamic light scattering (DLS) measurements 

The hydrodynamic size, zeta potential and polydispersity index (PDI, which is an 

indicative of size heterogeneity) were evaluated by dynamic light scattering (DLS) using 
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the Zetasizer Nano ZS (Malvern Instruments Co, UK). Polystyrene cuvettes with a path 

length of 10 mm at 25°C and a refraction index of 2.6 were used.   

2.2.6.4 Atomic Force Microscopy (AFM) 

Atomic force microscopy (AFM) images of nanoparticles were obtained using an 

AFM/SPM Series 5500 dynamics microscope (Agilent Technologies). Nanoparticles 

were measured using non-contact mode probe of 4 nm thickness, 125 μm in length, 30 

μm frequency of 320 kHz resonance and a force constant of 42 N/m. Samples were 1/100 

diluted and drop-casted over a silicon substrate before determining the average size of the 

nanoparticles at solid state using the WSxM 5.0 software, by automatically counting an 

average number of 40 particles per image for each CdS sample (Horcas et al., 2007).  

2.2.6.5 Transmission Electron Microscopy (TEM) 

The TEM analysis of nanoparticles was performed at the Center for the 

Development of Nanoscience and Nanotechnology (CEDENNA), using a HITACHI HT 

7700 transmission electron microscope, operating with a Tungsten filament at an 

accelerating voltage of 120 kV, allowing a resolution of 0.2 nm. Samples (powder) were 

dispersed in distilled water using an ultrasonic bath and deposited on a copper TEM grid 

(200 mesh) coated with Formvar/carbon. Water was subsequently evaporated at room 

temperature.  

2.2.6.6 Energy dispersive X-ray (EDX)  

The elemental composition of the synthesized nanoparticles was determined with 

a scanning electron microscope (JSM-6010LA) operating with high vacuum, at an 

accelerating voltage of 20 kV and coupled to an energy-dispersive X-ray spectroscope 

(EDS, JEOL, JSM-6010LA). 
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2.2.6.7 X-ray diffraction (XRD) 

X-ray diffraction (XRD) measurements were performed using a STADI-P (Stoe®, 

Darmstadt, Germany) diffractometer coupled to a Mythen 1K (Dectris®, Baden, 

Switzerland) detector that collected X-rays photons. Data were recorded at room 

temperature with powdered samples, in the 2θ range from 5.0° to 64.265°, 50 kV, 40 mA 

and using MoKα1 (λ = 0.7093 Å). Peaks were identified using published and standardized 

structures from Inorganic Crystal Structure Database (ICSD). 

2.2.6.8 X-ray photoelectron spectroscopy (XPS)   

X-ray photoelectron spectroscopy (XPS) measurements were performed using an 

X-ray photoelectron spectrometer (Thermo K-alpha spectromether, MA, USA) with a 72 

W monochromated Al K-alpha+ source (E= 1486.6 eV) using 3000 eV, medium current, 

a spot size of 400 µm and 10 nm depth. Analyses were performed in two different points 

of powdered samples and the elemental composition was analysed using CasaXPS 

software.  

2.2.7 Assays of microbial H2S, MeSH, DMS and DMDS production  

To measure H2S, MeSH, DMS and DMDS production, Pseudomonas strains were 

grown overnight at 28°C in M9 minimal medium. Cultures were then adjusted to an 

OD600=0.3 and diluted 10-fold into 2 mL vials containing 300 µL of M9 medium 

supplemented with 0.25, 0.5, 1, 2 and 4 mM sulfate, Cys and Met as sole sulfur sources. 

Samples were incubated at 28 °C for 48 h before measuring VSCs by gas chromatography 

using a flame photometric detector (Agilent 7890A GC fitted with a 7693 autosampler) 

and a HPINNOWax 30 m x 0.320 mm capillary column (Agilent Technologies J&W 

Scientific). An eight-point calibration curve of H2S, MeSH, DMS and DMDS standards 

were used as described in Carrión et al. (2015). Protein content in the cells was determined 



Chapter II: Volatile Mediated Quantum Dots Biosynthesis 

17 

 

by the Bradford method (BioRad). Production of H2S, MeSH, DMS and DMS was 

expressed as mmol per mg protein. 

To estimate the production of VSCs under nanoparticles biosynthesis conditions, 

cells were adjusted to an OD600=0.8 and inoculated into 300 µL of M9 medium 

supplemented with 2 mM sulfate, Cys or Met in the presence or absence of CdCl2 (20 µg 

mL-1). Samples were then incubated for 1, 24 and 48h at 28°C in 2 mL sealed vials before 

quantifying the VSCs produced by gas chromatography as above.     

2.2.8 Data Analysis  

Standard deviation (SD) of the results were expressed as mean (±). Statistical 

analysis of VSCs production was carried out using GraphPad Prism 6.0 (GraphPad 

Software, Inc.). Error bars represent SD (n=3). Student’s t-test were performed 

considering p < 0.05. Statistical significance was indicated as follows: ∗p < 0.05, ∗∗p 

<0.01 and ∗∗∗p <0.001; ns, not significant. 

 

2.3 Results 

2.3.1 QDs biosynthesis and hydrogen sulfide production 

P. fragi GC01 was able to use SO4
2-, SO3

2-, S2-, S2O3
2-, Met and Cys as sole sulfur 

sources, although maximal growth was obtained with the former (data not shown). This 

suggests that these molecules could act as substrates to generate the S2- required for the 

synthesis of CdS nanoparticles. To further investigate this hypothesis, the ability of P. 

fragi GC01 to biosynthesize CdS QDs from different S-containing molecules was 

evaluated. After 48 h exposure to biosynthetic conditions (0.25 mM sulfur source and 10 

µg mL-1 CdCl2), P. fragi GC01 cell pellets showed fluorescence when excited with UV 
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light (λ=360 nm) (Figure 1A). As previously reported, the generation of fluorescent 

pellets in cells exposed to Cd is an evidence of intracellular production of CdS QDs 

(Monrás et al., 2012; Gallardo et al., 2014; Plaza et al., 2016).  A slightly fluorescent 

supernatant was only observed in presence of Cys, indicating that extracellular QDs 

biosynthesis occurred. Also, this result suggest that no VSCs involved in the extracellular 

production of CdS are generated by cells under the other conditions tested (Figure 1B). 

In general, most biosynthesis methods described to date require sulfur-containing 

molecules with high affinity for Cd2+ such as antioxidant thiols or the VSC H2S (Holmes 

et al., 1997;Bai et al., 2009; Monrás et al., 2012; Gallardo et al., 2014). However, as 

reported in our previous work, QDs biosynthesis by P. fragi GC01 on LB media was not 

directly related to the production of H2S (Gallardo et al., 2014). Based on this, we studied 

the production of H2S by P. fragi GC01 and obtained results revealed that no H2S is 

generated when SO4
2-, SO3

2-, S2O3
2-, Met or Cys are used as sulfur sources (Figure 1C). 

As expected, H2S was only observed when P. fragi GC01 cultures were exposed to S2-, 

probably as consequence of the volatilization of sulfide from the medium as consequence 

of bacterial activity. 

 

Figure 1. Biosynthesis of CdS QDs by P. fragi CG01 and hydrogen sulfide (H2S) 

production in the presence of different sulfur sources at 28°C. (A) Fluorescence of 
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bacterial pellets exposed to biosynthesis conditions (CdCl2 10 µg mL-1) using 0.25 mM 

SO4
2-, SO3

2-, S2O3
2-, S2-, Met or Cys as sole sulfur sources after 48 h incubation. (B) 

Fluorescence of bacterial supernatant after UV light exposure. P. fragi CG01 was exposed 

to biosynthesis conditions with SO4
2-, SO3

2-, S2O3
2-, S2-, Met or Cys as sole sulfur sources 

at 0.5 mM for 2 h. (C) Production of H2S by P. fragi CG01 was observed as a dark 

precipitate on white papers treated with a lead acetate solution. Cells were grown with 

0.5 mM of SO4
2-, SO3

2-, S2O3
2-, S2-, Met or Cys as sole sulfur sources for 2 h in minimal 

medium, in the presence or absence of CdCl2 (10 µg mL-1).  

2.3.2 Extracellular biosynthesis of CdS QDs 

Based on the result obtained regarding the effect of Cys in the extracellular 

biosynthesis of CdS QDs by P. fragi GC01 (Figure 1B), we decided to evaluate new 

biosynthesis conditions. Extracellular biosynthesis of CdS QDs was observed in the 

presence of CdCl2 (20 µg mL-1) and Cys at concentrations ranging from 0.1 to 2 mM 

(Figure 2A). The intensity of the fluorescence in the supernatants indicated that the best 

condition for extracellular CdS QDs biosynthesis was 2 mM Cys and 20 µg mL-1 CdCl2 

(Figure 2A). Using this condition, we evaluated the biosynthesis of QDs by P. fragi GC01 

at different times to study the generation of different emission colours, a unique 

characteristic of QDs associated with the time-dependent nanocrystal growth (Bruna et 

al., 2019; Ulloa et al., 2016; Venegas et al., 2017). Green, yellow and orange fluorescence 

colours were observed in culture supernatants of P. fragi GC01, confirming the 

extracellular generation of CdS QDs under this condition (Figure 2B).  
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Figure 2. Fluorescence of P. fragi CG01 supernatants under biosynthesis conditions 

(CdCl2 20 µg mL-1) after UV light exposure as indication of extracellular biosynthesis of 

Cds QDs. (A) Biosynthesis in minimal medium from various Cys concentrations in the 

presence or absence of CdCl2 (20 µg mL-1) after 2 h of incubation. (B) Fluorescence of 

bacterial supernatants of cells exposed to biosynthesis conditions (Cys 2 mM and CdCl2 

20 µg mL-1) at different incubation times. (C) Fluorescence of bacterial supernatant of P. 

fragi CG01 grown in minimal medium with various concentrations of Met in the presence 

or absence of CdCl2 (20 µg mL-1) for 72 h. 

In addition, we evaluated the effect of SO4
2-, SO3

2-, S2O3
2- or Met on the 

extracellular QDs biosynthesis by P. fragi GC01 in the presence of CdCl2 (20 µg mL-1) 

and using different concentrations of the S-sources (0.25-50 mM). Fluorescence was only 

observed in the supernatants of cultures incubated with 40 and 50 mM Met. Supernatants 

of these cultures were red after 72 h incubation (Figure 2C). However, fluorescent 

bacterial pellets were observed at all Met concentrations tested, suggesting the formation 

of intracellular QDs under these conditions (Figure 2C).  

2.3.3 Characterization of biosynthesized CdS QDs  

QDs produced in supernatants of P. fragi GC01 cultures exposed to Cys and Met 

were purified and characterized. Specifically, the stability (based on the zeta potential) 
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and the average hydrodynamic size of biosynthesized QDs was assessed by DLS. 

Biosynthesized QDs obtained with Cys had PDI values ranging from 0.50 to 0.53 and an 

average zeta potential (mean ± standard deviation) from -20.67 ± 0.64 mV to -15.70 ± 

3.18, whereas nanoparticles synthesized using Met as sole sulfur source presented a PDI 

of 0.38 ± 0.04 and a zeta potential of -33.57 ± 2.76 mV. Moreover, the average 

nanocrystal size was below 36 nm in biosynthesis conditions with Cys (2 mM) and Met 

(40 mM) (Table 1). 

Table 1. Particle size, PDI and Zeta potential of CdS QDs biosynthesized by P. fragi 

GC01 at different incubation times with cysteine (Cys) and after 72h incubation using 

methionine (Met) as sole sulfur source. Data are presented as mean ± standard deviation.  

Nanoparticles Particle Size 

(nm) 

Polydispersity index 

(PDI) 

Zeta Potential 

(mV) 

Cys - 1h (green) 
35.48 ± 4.96 0.53 ± 0.02 -15.70 ± 3.18 

Cys - 2h (yellow) 
24.40 ± 5.09 0.52 ± 0.01 -20.23 ± 3.94 

Cys - 3h (orange) 
27.39 ± 2.72 0.50 ± 0.05 -20.67 ± 0.64 

Met - 72h (red) 
27.71 ± 3.02  0.38 ± 0.04 -33.57 ± 2.76  

 

In addition to the hydrodynamic size, a quantitative size analysis of the 

biosynthesized CdS QDs was implemented with atomic force microscopy (AFM) and 

transmission electron microscopy (TEM). The AFM topological images of nanoparticles 

synthesized with Cys and Met as sole sulfur source were analysed (Figure 3E, F). This 

technique allowed us to evaluate the average size of biosynthesized nanoparticles in solid-

state. The average diameters of QDs produced in the presence of Cys were 28.45 ± 0.87 

nm, 15.28 ± 1.26 nm and 17.04 ± 1.53 nm for green, yellow and orange nanoparticles 

respectively (Figure 3A, B, C), while the average diameter of QDs obtained with Met was 
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22.70 ± 0.73 nm (Figure 3D). The QDs with green fluorescence colour, corresponding to 

the nanoparticles obtained after 1 h of synthesis (Figure 3A) were larger than the rest of 

the QDs, despite being obtained in a shorter time of synthesis and their fluorescence 

colour corresponding to smaller nanoparticle sizes. This could be due to the high 

polydispersity index (PDI) of the biosynthesized nanoparticles (Table 1) probably as 

consequence of the organic cover, in addition to the low stability of the green 

nanoparticles, causing their agglomeration. TEM analysis of CdS nanoparticles revealed 

that the nanoparticles produced by P. fragi GC01 had a spherical-like morphology with a 

homogenous size distribution (Figure 4). TEM images determined that the average size 

of QDs produced in presence of Cys were 2.31 ± 0.51, 2.59 ± 0.71 and 2.59 ± 0.78 nm 

for green, yellow and orange fluorescent nanoparticles, respectively (Figure 4A, B, C). 

The diameter of QDs prepared with Met was ∼ 16 nm, and showed the presence of planes, 

evincing the presence of a crystalline structure (Figure 4D). The small size of the 

nanoparticles obtained with Cys (∼ 2 nm) did not show clear differences between green, 

yellow and orange nanoparticles. However, TEM analysis confirmed the formation of 

QD-type nanoparticles with a size below 20 nm (Rengers et al., 2019).   
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Figure 3. Characterization of CdS nanoparticles biosynthesized by P. fragi GC01 by 

AFM. AFM histogram of average solid-state size of nanoparticles synthesized from Cys 

showed (A) green, (B) yellow and (C) orange fluorescence. (D) AFM histogram of 

average solid-state size of nanoparticles synthesized with Met. 2D AFM topographical 

image of CdS nanoparticles synthesized with Cys for 3h (orange) (E) and Met after 72 h 

(F).  
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Figure 4. TEM image of CdS QDs biosynthesized with Cys or Met (inset: size 

histogram). QDs produced in presence of Cys and exhibiting (A) green (B) yellow and 

(C) orange fluorescence were evaluated. (D) CdS QDs biosynthesized with Met.    

X-ray diffraction (XRD) measurements were performed to evaluate the crystal 

nature of CdS QDs. Figure 5A and 5B show the XRD patterns for CdS nanoparticles 

prepared with Cys and Met. Three characteristic peaks were observed at 12.85°, 21.06º 

and 32.69°, respectively (111, 220 and 311 planes, indexed as cubic CdS). Bai et al. 

(2009) obtained similar results for CdS nanoparticles synthesized by Rhodobacter 

sphaeroides and Rhodopseudomonas palustris (Bai et al., 2009b, 2009a). Additionally, 

defined peaks were observed for CdS nanoparticles obtained with Cys (Figure 5A). 
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Conversely, nanoparticles produced in the presence of Met displayed broader peaks, 

indicating defects in the crystal and a larger quantity of amorphous material, suggesting 

a thicker organic coating (Figure 5B). This could be consequence of high amounts of 

organic molecules attached to the nanoparticle surface, resulting in a crystal-amorphous 

interfacial effect (Muntaz Begum et al., 2016).  

 

 

Figure 5. X-ray diffraction and X-ray photoelectron spectroscopy of QDs biosynthesized 

by P. fragi GC01. XRD pattern of CdS nanoparticles synthesized in cultures in the 

presence of (A) Cys and (B) Met as sole sulfur sources. (C) XPS spectra of Cd 3d region 

of CdS QDs obtained with Cys.    

X-ray photoelectron spectroscopy (XPS) is a measurement of the surface of the 

sample, able to access only 10 nm depth. Spectra of CdS QDs produced from Cys and 

Met was evaluated with this technique. Survey spectra of CdS nanoparticles 

biosynthesized with Cys presented C 1s, Cd 3d, Na 1s, O 1s, P 2p and S 2p (Figure 

S1.1A). Cd 3d deconvoluted peaks (Figure 5C) indicated binding energies of 412 and 405 

eV, corresponding to Cd3/2 and Cd5/2 as reported by Marusak et al., (2016) and Richards 

et al., (2016). Survey spectra of CdS obtained from Met contained similar elements, but 

it was not possible to identify Cd 3d peaks (Figure S1.1B). This is probably due to the 
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thick organic surface coating, which avoids Cd detection by XPS. Despite XPS did not 

allow the identification of Cd in QDs biosynthesized in presence of Met, XRD confirmed 

the formation of cubic CdS QDs and indicated the presence of amorphous coating on 

nanoparticles synthesised from Met (Figure 5B).  

Spectroscopic properties of nanoparticles produced by P. fragi GC01 after 1 and 

2 h of incubation under biosynthesis conditions with Cys (green and yellow nanoparticles, 

respectively) and after 72 h of incubation with Met (red nanoparticles), were evaluated. 

The absorbance spectra of the purified nanoparticles fractions showed a peak with 

maximum absorption at 360 nm for green nanoparticles, 370 nm for yellow nanoparticles 

and 380 nm for red nanoparticles (Figure 6A). This is in agreement with previous reports 

of biosynthesized CdS nanoparticles (Mi et al., 2011; Yang et al., 2015;Plaza et al., 2016; 

Bruna et al., 2019). Regarding the emission spectra of purified samples, emission peaks 

between 470-530 nm, 490-550 nm and 550-620 nm were determined for green, yellow 

and red nanoparticles respectively (Figure 6B). As expected, different emission spectra 

were observed for Cys green (1 h) and yellow (2 h) CdS QDs, with maximum 

fluorescence peaks at 500 and 530 nm, respectively (Figure 6B). Additionally, red 

nanoparticles (Met 72 h) showed an emission spectrum with maximum fluorescence 

peaks at 570 nm (Figure 6B). The quantum yields (QY) of the CdS QDs biosynthesized 

from Cys and Met was obtained by comparison with the QY of fluorescein in ethanol 

(standard). The quantum yield for the CdS QDs with Cys (2 h) and Met (72 h) were 

21.04% and 7.81%, respectively.  

The composition of biosynthesized nanoparticles was determined by EDS. QDs 

obtained after 3 h (orange) of biosynthesis with Cys (Figure S1.2) showed Cd and sulfur 

(S) elements signals. In addition, signals corresponding to oxygen (O) and carbon (C) 

were also detected, probably as part of the organic cover of QDs. It should be noted that 
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C signal could come from both the coating of the nanoparticle or from the carbon tape 

used in the SEM sample holder. This result was observed in all the nanoparticles 

biosynthesized in presence of Cys (Figure S1.2).  

 

Figure 6. Optical properties of CdS QDs biosynthesized by P. fragi GC01. (A) UV-vis 

absorption spectra of purified QDs and (B) fluorescence emission spectra (λexcitation= 360 

nm). 

2.3.4 Production of VSCs by P. fragi GC01 

P. fragi GC01 was able to produce intracellular CdS QDs when grown on different 

sulfur compounds and extracellular QDs when Cys and Met were used as sole sulfur 

sources (see above). However, it was not possible to relate the formation of CdS 

nanoparticles to the production of H2S under the conditions tested. Therefore, to elucidate 

the source of S-2 involved in QDs biosynthesis by P. fragi GC01, we analysed the VSCs 

produced by this strain. Specifically, the ability of P. fragi GC01 to release H2S, MeSH, 

DMS and DMDS was evaluated when SO4
2-, Cys or Met were used as sole sulfur source 

for bacterial growth and CdS biosynthesis. As shown in Figure 7A, P. fragi GC01 

produced H2S, MeSH and DMS in the presence of SO4
2-, Cys and Met, with 

concentrations of MeSH between 2 to 600-fold and 6 to 28-fold higher than those of H2S 

and DMS, respectively. Moreover, cells grown with sulfate or Cys produced low levels 
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of VSCs even at high concentrations of substrate (below 42 mmol per mg protein) 

(Figures 7A). Finally, maximal formation of DMS and MeSH was observed when Met 

was used as sole sulfur source (190 and 5400 mmol per mg protein) and this was the only 

condition in which DMDS was detected (Figure 7A).   

 

Figure 7. VSCs produced by P. fragi GC01 from SO4
2-, Cys and Met under biosynthesis 

conditions (A) VSCs production from sulfur sources with concentrations ranging from 0 

to 4 mM after 48 h of incubation.  (B) VSCs production under biosynthesis conditions 

with different sulfur sources in the presence or absence of CdCl2 (20 µg mL-1) after 48 h. 

Results represent the average of three biological replicates with their respective standard 

deviations. Student’s t-test (P<0.05): Comparison between treatments with and without 

cadmium (Cd). Statistically significant differences are shown as: ***P < 0.001, **P < 

0.01, *P < 0.05.  

The production of VSCs by P. fragi GC01 under QDs biosynthesis conditions 

(presence of sulfur source 2 mM and 20 µg mL-1 CdCl2) after 48 h of incubation was also 
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tested (Figure 7B). This selection was based on the ability to biosynthesize extracellular 

QDs when this strain was supplemented with Cys (2 mM) after 1 h, and intracellular 

biosynthesis from Met and SO4
2- (2 mM) after 48 h. Low levels of H2S were determined 

in all sulfur sources analysed, and a decrease in H2S was observed after Cd-exposure 

(biosynthesis conditions) when Cys was used as sulfur source (Figure 7B). MeSH 

production from all sulfur compounds decreased in presence of Cd, suggesting that this 

gas could be a source of S2- that interacts with Cd2+. In addition, DMS levels decreased 

in incubations with Cd and the sulfur sources Cys or Met. Finally, there were no 

statistically significant differences (ns, P > 0.05) in DMDS production were determined 

between treatments with and without Cd (Figure 7B). These results suggest that H2S and 

MeSH are involved in the generation of CdS QDs providing directly or indirectly the S2- 

that interacts with Cd2+ to form the nanocrystal seed. 

2.3.5 VSCs catabolic pathways associated to biosynthesis of CdS QDs in 

Pseudomonas deceptionensis 

P. deceptionensis M1T was used to study the possible relationship between 

nanoparticles biosynthesis and VSCs catabolism, since its genome has been sequenced 

and the pathways of DMS and MeSH production elucidated (Carrión et al., 2015). 

Specifically, Carrión et al. (2015) showed that MeSH was synthesized in this strain from 

Met in a reaction catalysed by methionine gamma lyase (encoded by megL). In turn, 

MeSH was converted into DMS via a methyltransferase termed MddA. P. deceptionensis 

M1T wild type, P. deceptionensis M1T megL- (unable to produce MeSH from Met) and P. 

deceptionensis M1T mddA- (unable to synthesize DMS from MeSH) (Carrión et al., 2015) 

were used to study the production of extra- and intracellular nanoparticles in the presence 

of Cys or Met, using the same conditions as in P. fragi GC01 (Cys or Met 2 mM and 

CdCl2 20 μg mL- 1). Extracellular biosynthesis was detected in the three P. deceptionensis 
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M1T strains after 1 h incubation with Cys (Figure S1.3A). As expected, all the strains 

produced H2S, although lower concentrations were observed in the presence of Cd2+ 

(Figure S1.3B). These results suggest that QDs production is mediated by H2S as it has 

been reported in other bacterial strains ( Bai et al., 2009a; Ulloa et al., 2016; Bruna et al., 

2019). Finally, P. deceptionensis M1T produced higher levels of H2S than P. fragi GC01 

(Figure S1.3B and Figure S1.3), a phenomenon that could be explained by the presence 

of Cys desulfhydrase, which converts Cys into H2S.  

 

Figure 8. Biosynthesis of CdS QDs by P. deceptionensis M1T strains in the presence of 

Met as sole sulfur source. Fluorescence of supernatants of P. deceptionensis M1T strains 

under biosynthesis conditions after UV light exposure. Bacterial strains were grown in 

M9 medium with 2mM Met, in presence or absence of CdCl2 20 µg mL-1 for 48 h.   

The results shown in Figure 8 suggest that QDs biosynthesis from Met is mainly 

associated to the production of MeSH in P. deceptionensis M1T wild type and mddA- 

strains. In support of this hypothesis, P. deceptionensis M1T megL-, which does not 

produce MeSH from Met (Carrión et al., 2015), did not generate fluorescent nanoparticles 

or pellets under biosynthesis conditions (Figure 8). Finally, P. deceptionensis M1T mddA- 

, although does not synthetize DMS, was able to produce CdS QDs in the presence of 

Met, discarding DMS as a substrate for nanoparticle biosynthesis (Figure 8). 
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2.4 Discussion   

The use of bacteria as cell factories to produce nanoparticles with great economic 

and technological value has increased in the past few years as a safe and eco-friendly 

alternative, but it also provides the possibility to manufacture nanoparticles with new 

properties and applications. In a previous work, we reported the use of different Antarctic 

Pseudomonas spp., resistant to oxidative stress, to biosynthesize CdS QDs (Gallardo et 

al., 2014). The synthesis of CdS QDs was intracellular and it was performed at low 

temperatures (15°C). However, it was not possible to associate the CdS nanoparticles 

biosynthesis in P. fragi GC01 to the use of sulfur-containing molecules with affinity to 

Cd as precursor to their biosynthesis, such as antioxidant thiols and volatile sulfur 

compounds as H2S (Holmes et al., 1997;Bai et al., 2009; Monrás et al., 2012; Gallardo et 

al., 2014). Consequently, we decided to study the ability of P. fragi GC01 to use different 

sulfur sources to grow, to biosynthesize CdS QDs and to produce VSCs.  

In this work, we study the link between CdS QDs biosynthesis and production of 

VSCs from different sulfur sources, focusing on Cys and Met, in P. fragi GC01. We 

showed that this strain can grow on a wide variety of sulfur sources such as sulfate, sulfite, 

sulfide, thiosulfate, Met and Cys, as well as produce intracellular nanoparticles from 

them. Sulfur is an essential element for cell growth, but it can only be assimilated as S2- 

in its fully reduced state. The sulfur required by bacteria can be obtained in both inorganic 

and organic forms (Kertesz, 2001). Inorganic sulfate is the most abundant sulfur source 

in the environment and the main metabolic pathway by which bacteria assimilate this 

element (Kertesz, 2001). Sulfate assimilation occurs by active transportation of the 

substrate into the cell by an ABC-type transporter and is subsequently reduced to S2- 

before being assimilated into organic material (Kertesz, 2000, 2004). However, bacteria 

can also use other inorganic sulfur sources to grow such as sulfite, thiosulfate and sulfide. 
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Sulfite and sulfide can enter the sulfate assimilation pathway, where sulfite is reduced to 

sulfide by the enzyme sulfite reductase (Kredich, 2008). Moreover, thiosulfate is 

incorporated into Pseudomonas cells through an ABC-type transporter for 

sulfate/thiosulfate (Kertesz, 2004) and can be assimilated after being reduced to sulfide 

by the enzyme thiosulfate reductase (Barton et al., 2017). In addition, Cys can be 

assimilated directly by bacteria via a transsulfuration pathway with subsequent formation 

of Met, or can be used by cysteine desulfhydrase to produce sulfide (Awano et al., 2003, 

2005). Finally, Met can be used as sole sulfur source by some bacteria. Met may be 

provided to the cells by desulfurization to yield inorganic sulfate or by a reverse 

transsulfuration pathway, which converts Met to Cys. This pathway has been reported in 

bacteria from the Pseudomonas genus (Vermeij and Kertesz, 1999). 

In the study of the intracellular biosynthesis of CdS nanoparticles from different 

sulfur sources by P. fragi GC01, Cd+2 was exogenously provided as a substrate, with 

bacterial metabolism being responsible for providing the S-2 needed for the formation of 

CdS QDs. However, several metabolic pathways can be involved in the synthesis of CdS 

QDs through the generation of S-2, due to its incorporation into organic material as the 

final product of sulfur assimilation metabolism in bacteria (Kertesz, 2001, 2004; Awano 

et al., 2005; Kredich, 2008; Barton et al., 2017). No H2S was produced by P. fragi GC01 

at detectable levels under any condition tested. Although H2S could be formed at 

concentrations below of detection limit, it is also possible that the absence of this VSC in 

P. fragi GC01 samples could be due to the lack or reduced activity of enzymes involved 

in the reduction of sulfur compounds to sulfide.    

Conversely, extracellular biosynthesis of CdS QDs was only observed when Cys 

and Met were used as sole sulfur sources. The nanoparticles obtained with Cys showed 

several fluorescent colours of the supernatants (between green and orange) depending on 
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the incubation time and Cys concentrations. This optical property is a unique and 

characteristic phenomenon of QDs, which emit different colours of fluorescence 

according to the nanocrystal size (Yang et al., 2016; Ulloa et al., 2018; Bruna et al., 2019). 

Nevertheless, the optical properties of fluorescence emission also can be affected by the 

surface defects decorating the nanoparticles as has been reported by Bruna et al. (2019) 

in the biosynthesis of QDs of CdS by halophilic bacteria. Additionally, bacterial 

supernatants incubated with Met showed red fluorescence, the colour of which did not 

vary over time. This observation strongly suggests that the nanoparticles produced by the 

extracellular biosynthesis of CdS QDs, when using Met as the sole sulfur source, could 

have different properties from the nanoparticles produced from Cys either because the S2- 

as precursor of the QDs biosynthesis could be provided by different bacterial metabolic 

pathways or because other reduced sulfur anions are involved in CdS QDs biosynthesis 

when interacting with Cd.  

Therefore, in this study we have established that P. fragi GC01 biosynthesize CdS 

QDs from Cys and Met through several characterization methods. CdS nanoparticles 

produced by this Antarctic strain showed a zeta potential value (lower than -20 mV) 

indicative of high stability in aqueous solutions, with nanocrystals produced with Met 

being the most stable (Kuznetsova and Rempel, 2015). The average size of the 

nanoparticles produced with Cys (∼ 2 nm) and Met (∼ 16 nm), determined from TEM 

images, were consistent with the size of QDs biosynthesized by other microorganisms 

(Bruna et al., 2019; Wang et al., 2018; Al-Shalabi and Doran, 2016; Tandon and Vats, 

2016; Wu et al., 2015; Syed and Ahmad, 2013; Chen et al., 2009; Khachatryan et al., 

2009). TEM as a technique for characterizing nanomaterials enables the visualization of 

the shape and size of the nanoparticles by providing direct images of nanomaterials at a 

spatial resolution (Lina et al., 2014). The results obtained with TEM showed mainly the 
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diameter of the core (Kale et al., 2013), which explains the great discrepancy in the 

particle sizes observed between TEM (size < 17 nm), AFM (size in the range of 15 -29 

nm) and DLS (size in the range of 24 -36 nm), because the latter two techniques might be 

considering the organic layer of the nanoparticles as well as presenting a greater 

aggregation of particles in the samples. In this context, the average hydrodynamic size of 

the nanoparticles estimated by DLS was larger than in AFM. DLS is based on the particle 

behavior in aqueous medium and hydrodynamic size is measured through Brownian 

motion, which considers both the size of the particle and the solvation layer, resulting in 

larger average diameters. On the other hand, AFM is commonly used to determine particle 

size distribution in solid state by the interaction between the sample and tip, where the tip 

is either repelled or attracted. Thus, AFM average diameter tends to present lower values 

when compared to DLS, as it represents only the particle size and does not consider the 

solvating layer (Hoo et al., 2008). The elemental analysis, the crystalline shape and 

surface composition of the nanoparticles by EDS, XRD and XPS confirm the formation 

of CdS QDs. Specifically, EDS analysis of the nanoparticles obtained from Cys showed 

signals associated to Cd and S elements, while the XRD taken from the nanoparticles 

synthesized from Cys and Met as sole sulfur source, indicated the formation of cubic 

nanocrystals of CdS, which are related to the diffraction of the crystalline planes (111), 

(220) and (311). The same XRD pattern has been reported for the CdS QDs obtained via 

chemical (Waly et al., 2017; Bharti et al., 2018; Wang et al., 2018) and biological 

synthesis (Sankhla et al., 2016; Chakraborty et al., 2018). XPS analysis was developed in 

the 1960 by Siegbanh’s research group and, since then, it has been widely used to 

determine the chemical composition and state of elements present on a sample surface 

(Siegbahn et al., 1967). To perform the measurements, an external X-ray beam is injected, 

commonly reaching 10 nm depth on the sample. The incident X-ray is able to eject 
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electrons from core levels (1s, 2s, 2p…) and these photoelectrons have characteristic 

Kinect energies, which enables the differentiation of each element and their respective 

chemical state (Baer and Engelhard, 2010). In this work, the XPS analysis was carried 

out to study the surface composition of the nanocrystals. The XPS analysis of the surface 

composition of the nanocrystals produced with Cys and Met, presented signals in the C 

1s, Cd 3d, Na 1s, O 1s, P 2p and S 2p region. The presence of N and S suggest that Cys 

and Met are part of the organic coating of the QDs surface, indicating that these sulfur 

compounds could be stabilising the QDs.  The Cd 3d spectrum deconvoluted peaks 

indicated binding energies of 412 and 405 eV, corresponding to Cd3/2 and Cd5/2 

respectively (Marusak et al., 2016; Richards et al., 2016). Furthermore, the intensity ratio 

of Cd3/2 and Cd5/2 peaks was 2:3, confirming that Cd was obtained in the state of Cd2+, 

which is in accordance to what it has been previously reported for CdS QDs (Bag et al., 

2017). It was not possible to identify the Cd 3d peaks in the spectra of CdS QDs produced 

using Met, despite similar elements have been observed on the surface composition of the 

nanocrystals. This could be due to the different organic compounds of a thick (> 10 nm) 

surface coating of the nanoparticle produced with Met, whereby, the Cd may not be 

detected in this technique. Additionally, the presence of an amorphous coating on the 

nanoparticles obtained with Met was also determined by XRD (Muntaz Begum et al., 

2016), technique that confirmed the formation of cubic CdS QDs.   

The absorbance spectra of green and yellow CdS nanoparticles produced with Cys 

and red nanoparticles from Met synthesized by P. fragi GC01 showed peaks at 360, 370 

nm and 380, respectively. This is in agreement with the typical characteristic of CdS QDs, 

a plasmon resonance absorption with maximum absorption below 400 nm (Liu et al., 

2014), in comparison with the absorption of bulk CdS nanoparticles at 515 nm (Song et 

al., 2014). The corresponding fluorescence emission peaks were observed at 500, 530 and 
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570 nm for green, yellow and red nanoparticles, respectively. Both peaks (absorbance and 

fluorescence) of QDs obtained from Cys progressively shifted to longer wavelengths over 

time, changing from green (1 h) to yellow (2 h) fluorescence colour. This phenomenon 

can be explained by the different sizes of the purified nanoparticles (Yang et al., 

2015;Dunleavy et al., 2016). The absorbance and fluorescence properties are in 

agreement with previous reports of biological synthesis of CdS nanoparticles, were the 

nanoparticles display maximal absorbance peaks between 360-380 nm and fluorescence 

emission peaks between 470-600 nm (Gallardo et al., 2014; Yang et al., 2015; Dunleavy 

et al., 2016; Plaza et al., 2016; Ulloa et al., 2016; Venegas et al., 2017; Glatstein et al., 

2018). In addition, the quantum yield for both nanoparticles solutions obtained from Cys 

(yellow) and Met (red) were of 21.04% and 7.81%, respectively. Interestingly, a high 

quantum yield (21.04%) was determined in QDs produced from Cys (Venegas et al., 

2017; Bruna et al., 2019) in comparison to those generated from biosynthesis with Met. 

These results could be due to the size differences observed beween nanoparticles where 

the nanoparticles obtained from Cys (yellow) have a size of ∼ 2 nm and the nanoparticles 

from Met (red) have a size of ∼ 16 nm. Nevertheless, quantum yield (7.81%) determined 

in QDs produced from Met are high when compared other reported biological syntheses 

( Yang et al., 2015; Jang et al., 2015; Al-Shalabi and Doran, 2016). 

In this study, we have also shown that P. fragi GC01 can produce H2S, MeSH and 

DMS in presence of SO4
2-, Cys and Met. However, DMDS was only detected when Met 

was used as sole sulfur source. It has been reported that many bacterial strains from 

different environments can release VSCs such as H2S, MeSH, DMS, DMDS among 

others, as a result of a sulfur assimilation process involved in the synthesis of amino acids 

or from biological degradation of sulfur-containing compounds (Lomans et al., 2002; 

Schulz and Dickschat, 2007; Korpi et al., 2009). Specifically, Met yielded the highest 
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concentrations of MeSH and DMS, although generated low concentrations of DMDS and 

H2S. MeSH is the main VSCs released by P. fragi GC01 from all sulfur sources tested. 

Met has been described as a major precursor of VSCs biosynthesis, especially of MeSH 

( Vermeij and Kertesz, 1999; Lu et al., 2013; Carrión et al., 2015), which, in turn, is a 

precursor of DMS and DMDS (Lu et al., 2013). The formation of MeSH from Met is 

catalyzed by methionine ɣ-lyase (Vermeij and Kertesz, 1999). Additionally, MeSH can 

be produced by methylation of H2S in a reaction catalyzed by a thiol S-methyltransferase 

enzyme. On the other hand, the production of DMS by methylation of MeSH is mediated 

by the methyltransferase MddA, which uses S-adenosyl-L-methionine (Ado-Met) as 

methyl donor (Carrión et al., 2015). However, DMDS can be produced by chemical 

oxidation of MeSH (Chin and Lindsay, 1994; Lu et al., 2013). Besides, Cys has been 

described as the main precursor of H2S, through a reaction catalyzed mainly by Cys 

desulfhydrase (Awano et al., 2003, 2005). Additionally, Cys can be incorporated into the 

cell directly via trans-sulfuration to form Met, which in turn is the precursor of the rest of 

the volatiles detected (Vermeij and Kertesz, 1999). When SO4
2- is used as sole sulfur 

source, it is reduced to sulfide (S-2), which leads to the production of Cys and Met 

(Kertesz, 2004). 

VSCs production by P. fragi GC01 under biosynthesis conditions (presence of 

Cd+2) with Cys and Met was tested. The main results obtained showed a significant 

statistical decrease of H2S between the treatment with and without Cd in presence of Cys 

(P < 0.05). By the other hand, the production of MeSH significatively decreased when 

Cd+2 (CdCl2) was added in presence of all sulfur sources tested (P< 0.05). Although the 

production of several VSCs has been reported in bacteria, only H2S has been associated 

with the biosynthesis of CdS nanoparticles (Bai et al., 2009a; Gallardo et al., 2014; Yang 

et al., 2016). The production of VSCs by P. fragi GC01 under biosynthesis conditions 
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showed higher H2S and MeSH production from Cys and Met. In addition, a statistically 

significant reduction of both VSCs (P < 0.05) was observed when samples were treated 

with Cd. Decreased H2S production in the Cd treatment suggests that the production of 

QDs is mediated by H2S, as it has been previously reported in other bacteria (Bai et al., 

2009a; Yang et al., 2015). In general, different authors have suggested that the mechanism 

of cadmium-based nanoparticles formation was the generation of H2S (as sulfide source) 

from Cys in a reaction mediated by Cys desulfhydrase (Bai et al., 2009a; Holmes et al., 

1997) or cystathionine γ-lyase (Dunleavy et al., 2016). Both enzymes catalyze the 

formation of pyruvate, ammonia and hydrogen sulfide from Cys. Therefore, the 

fluorescence in the bacterial supernatant indicated extracellular CdS QDs formation by 

the reaction of Cd2+ added into the system with S2- provided by the bacterial metabolism, 

likely through the H2S production as a result of enzymatic degradation of Cys (Bai et al., 

2009a; Yang et al., 2016). In addition to be a sulfur source, the amino acid Cys could also 

act as a capping agent in CdS nanoparticles formation (Dunleavy et al., 2016). 

The importance of Met in biosynthesis of CdS QDs and the role of VSCs catabolic 

pathways was studied using different strains of P. deceptionensis M1T.  Carrión et al. 

(2015) described a novel pathway of DMS production from MeSH, which in turn is a 

product of Met catabolism. Intracellular biosynthesis of CdS QDs was observed in all P. 

deceptionensis M1T strains except for P. deceptionensis M1T megL-, which cannot form 

MeSH from Met. In addition, the fact that deceptionensis M1T mddA- was able to 

synthesize nanoparticles, discards DMS as a substrate in this process, since this strain 

cannot produce DMS from MeSH. These results strongly suggest that MeSH could act as 

a source of S2- to synthesize CdS QDs when Met is added to the medium as sole sulfur 

source. 

 



Chapter II: Volatile Mediated Quantum Dots Biosynthesis 

39 

 

2.5 Conclusion  

In conclusion, here we establish that P. fragi GC01 is able to biosynthesize 

extracellular CdS QDs in the presence of the amino acids Cys and Met. The bioproduction 

of these nanoparticles is linked to the ability of this strain to form the volatile sulfur 

compounds H2S and MeSH from Cys and Met, respectively. Both VSCs produced by P. 

fragi GC01 act as a source of S2- in the biosynthesis of CdS QDs. Interestingly, the 

biosynthesis of Cd-based nanoparticles from Met has not been previously described, nor 

the participation of volatile organic compounds such as MeSH in the biosynthesis 

process. Therefore, this study constitutes the first report correlating the production of the 

VSC MeSH and the biosynthesis of CdS QDs.   
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Abstract  

Here, we present the draft genome sequence of Pseudomonas sp. GC01, a cadmium-

resistant Antarctic bacterium capable of biosynthesizing CdS fluorescent nanoparticles 

(quantum dots, QDs) employing a unique mechanism involving the production of 

methanethiol (MeSH) from methionine (Met). To explore the molecular/metabolic 

components involved in QDs biosynthesis, we conducted a comparative genomic 

analysis, searching for the genes related to cadmium resistance and sulfur metabolic 

pathways. The genome of Pseudomonas sp. GC01 has a 4,706,645 bp size with a 58.61% 

G+C content. Pseudomonas sp. GC01 possesses five genes related to cadmium 

transport/resistance, with three P-type ATPases (cadA, zntA, and pbrA) involved in Cd-

secretion that could contribute to the extracellular biosynthesis of CdS QDs. 

Furthermore, it exhibits genes involved in sulfate assimilation, cysteine/methionine 

synthesis, and volatile sulfur compounds catabolic pathways. Regarding MeSH 

production from Met, Pseudomonas sp. GC01 lacks the genes E4.4.1.11 and megL for 

MeSH generation. Interestingly, despite the absence of these genes, Pseudomonas sp. 

GC01 produces high levels of MeSH. This is probably associated with the metC gene 

that also produces MeSH from Met in bacteria. This work is the first report of the 

potential genes involved in Cd resistance, sulfur metabolism, and the process of MeSH-

dependent CdS QDs bioproduction in Pseudomonas spp. strains. 

Keywords: Antarctic bacteria; nanoparticle biosynthesis; comparative genomics; 

volatile sulfur compounds. 
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3.1 Introduction  

Antarctica is one of the most extreme ecosystems for the development of life on 

earth (Cary et al., 2010). The harsh conditions that characterize this environment include; 

low temperatures, high dehydration rates, high radiation, and low nutrients availability 

(Wasley et al., 2006). However, many microorganisms have adapted to colonize this 

environment by developing unique strategies to survive under these conditions. Because 

of this, the Antarctic continent is of great interest as a source of biodiversity and, 

therefore, of new biotechnological and bioactive compounds, such as enzymes, proteins, 

and secondary metabolites (Nichols et al., 2002; Romoli et al., 2011; Papaleo et al., 2012). 

In this context, the use of Antarctic microorganisms as bio-factories for the production of 

metal-based nanocrystals or quantum dots (QDs) has been explored during the last years 

(Gallardo et al., 2014; Plaza et al., 2016; Gallardo-Benavente et al., 2019).  

 QDs are fluorescent semiconductor nanoparticles generally composed of CdS, 

CdSe, ZnS, ZnTe, CdTe, InP, CuInS2, or GaAs, with size below 20 nm (Mal et al., 2016; 

Jadhav et al., 2017; McHugh et al., 2018; Rengers et al., 2019). These nanoparticles 

exhibit outstanding characteristics, including broad absorption, size-dependent emission 

color, narrow emission profile, resistance to photobleaching, strong luminescence, and 

long luminescent lifetimes (Alivisatos, 1996; Zhou and Ghosh, 2007; Rengers et al., 

2019). Remarkable properties of QDs are associated with the size and composition of 

nanocrystals (McHugh et al., 2018; Rengers et al., 2019). They can be effectively tapped 

for several applications like imaging techniques (Wagner et al., 2019), solar cells (Nozik 

et al., 2010; Muthalif et al., 2019), optoelectronics (Faraon et al., 2007), and quantification 

of different molecules (Durán-Toro et al., 2014; Nguyen et al., 2015), among others. 
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 The biosynthesis or biological production of QDs using microorganisms has 

emerged as an eco-friendly, cost effective, and highly biocompatible alternative (Monrás 

et al., 2012; Qin et al., 2018). Bacterial biosynthesis of cadmium-based QDs has been 

extensively studied during the last years because of their simplicity and the distinctive 

optical properties of the nanoparticles produced (Plaza et al., 2016; Ulloa et al., 2016; 

Yang et al., 2016; Oliva-Arancibia et al., 2017). Most biosynthesis methods described to 

date have been associated with sulfur-containing molecules such as peptides, antioxidant 

thiols, and hydrogen sulfide (H2S). In general, H2S has been reported as a source of sulfide 

anion (S2−) that interacts with cadmium ion (Cd2+) for the formation of CdS QDs (Holmes 

et al., 1997; Bai et al., 2009b; Monrás et al., 2012; Yang et al., 2016). Nevertheless, 

despite the knowledge generated during the last years, the mechanism involved in CdS 

nanoparticle biosynthesis is still unclear.  

 Pseudomonas is a genus of bacteria known for its metabolic versatility and 

capacity to inhabit a wide range of environments, including the Antarctica (Kim and Park, 

2014; Peix et al., 2018; Ali et al. 2019). Recent research has reported that Antarctic 

bacteria from the Pseudomonas genus can biosynthesize CdS nanoparticles at low 

temperatures (15 ºC) (Gallardo et al., 2014). Pseudomonas sp. GC01, previously reported 

as Pseudomonas fragi GC01 (Gallardo et al., 2014), is a psychrotolerant bacterial strain 

isolated from Deception Island (South Shetland archipelago, Antarctica), highly resistant 

to cadmium (Minimal inhibitory concentration [MIC] 1.8 mM CdCl2), and with the 

ability to biosynthesize CdS QDs (Gallardo et al., 2014; Gallardo-Benavente et al., 

2019). Pseudomonas sp. GC01 strain can biosynthesize QDs inside cells in the presence 

of sulfate, sulfite, thiosulfate, cysteine (Cys), and methionine (Met) as sole sulfur sources. 

On the other hand, extracellular biosynthesis of CdS QDs only occurs in the presence of 

Cys and Met. Interestingly, this bacterium biosynthesizes CdS QDs through a novel 
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mechanism that use methanethiol (MeSH) instead of H2S as a sulfur source for 

nanocrystal formation (Gallardo-Benavente et al., 2019). In this work, we studied the 

genome of Pseudomonas sp. GC01 to understand the molecular and metabolic 

components involved in their unique mechanism to biosynthesize CdS QDs through a 

comparative genomic analysis.  

 

3.2 Material and methods 

3.2.1 Bacterial isolation and growth conditions 

The Pseudomonas sp. GC01 strain used in this work was isolated from a soil sample 

obtained from Deception Island in the South Shetland archipelago, Antarctica 

(S62◦58006.2” W60◦42032.5”), during the 48th Chilean Antarctic Expedition (ECA) 

organized by the Chilean Antarctic Institute (INACH), and previously identified as 

Pseudomonas fragi GC01 (Gallardo et al., 2014). The cells were grown in Luria Bertani 

(LB) medium (Sambrook and Russell, 2001) at 15°C.  

3.2.2 DNA extraction, sequencing and assembly 

DNA was isolated with the Genomic DNA kit (UltraClean Microbial DNA 

Isolation Kit, Mo Bio Laboratories, Inc, Carlsbad, CA, USA) according to the 

manufacturer’s instructions. Following, genomic libraries were constructed using the 

NanoTru‐Seq DNA kit (for a pair-ended with an insert size average of 420pb). Next, 1.6 

pM of the libraries were loaded and the run was performed in a MiSeq platform 

(Illumina). Resulting reads were filtered and trimmed by using Trimmomatic v0.30 

(Bolger AM, 2014), with filters of quality (Q<30), length (<100), ambiguities (0Ns), and 

adapters were cut. Moreover, the filtered reads were de-novo assembled using the SPAdes 

v3.7 software (Gurevich A, et al, 2012). Hence, assembly quality and 
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completeness/contamination were evaluated using the Quast v5.0.2 (Gurevich et al., 

2013) and CheckM v1.1.2 (Parks, 2015) softwares, respectively. The complete genome 

sequence of P. fragi strain GC01 has been deposited in GenBank under the accession 

number JABEMH000000000.1 (BioProject: PRJNA629082). 

3.2.3 Genome functional description 

Functional assignations of the assembled genome were made through annotation 

with Prokka v1.13.3 (Seemann, 2014) and EggNOG Mapper v2.0.1 (Huerta-Cepas et al., 

2017) software’s. EggNOG orthologues prediction was inferred with the diamond 

mapping strategy and the orthologues selected was restricted to one to one annotation. 

Chromosome topology was drawn using DNAPlotter v18.0.0 (Carver et al., 2009). 

Moreover, the Clusters of orthologous groups (COG) classification of Pseudomonas sp. 

CG01 predicted proteins was visualized through the ggplot2 R package (Wickham, 2009). 

3.2.4 Pseudomonas genomic dataset 

A total of 28 Pseudomonas strains (including Pseudomonas sp. CG01) were used 

for comparative analyses. The other 27 genomes were extracted from the GenBank 

(Supplementary Table S2.1), selected trying to capture: considerable diversity, cold 

environment origin, and the presence of interest phenotypic capacities (as production of 

volatile sulphur compounds). All 28 genomes were re-annotated with Prokka v1.13.3 

(Seemann, 2014) and EggNOG mapper v2.0.1 (Huerta-Cepas et al., 2017) to have a 

comparable set. 

3.2.5 Genetic relationships and Pan-genome analysis 

For whole-genome comparisons, average nucleotide identity (ANI) was calculated 

for the dataset, in an all against all pairwise manner using pyani (Python3 module: 

Pritchard, 2016), with a BLASTn approach (Altschul et al., 1990). The results were 
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visualized using pheatmap v1.0.12 R packages (Kolde, 2015). Moreover, the pan genome 

was calculated, defining the compartments by clustering the proteins families into 

ortholog groups based on their sequence similarity using GET_HOMOLOGUES 

(Contreras-Moreira and Vinuesa, 2013) with orthoMCL v1.4 (Li et al., 2003) algorithm. 

The core genome was composed by the protein clusters present in ≥ 26 (of the 28) 

genomes. The accessory genome was composed by those protein clusters present in ≤ 3 

genomes and the clusters present in between 4 and 25 genomes were classified as 

disposable genome. Moreover, starting with the alignment of the core-genome clusters, a 

phylogenetic reconstruction was calculated using the PARS program from the PHYLIP 

v3.6 package to produce a parsimony tree, which was visualized using FigTree v1.4.3. 

3.2.6 Phenotype Gene Search  

To identify metal resistance/tolerance genes (especially bivalent cations) and their 

distribution among the genomes set, a BLASTp approach was used. In addition, the 

BacMet: Metal Resistance Experimental Database v2.0 (Pal et al., 2014) was targeted 

with the 28 Pseudomonas genomes, considering e-value (<1E−03), query coverage 

(>75%), and identity (>70%) filters. Besides, a second database of Cadmium Resistance 

Genes Database was constructed for this research-based in literature evidence 

(Supplementary Table S2.2). On the other hand, the genes related to the interest pathways 

were extracted from each genome using the KEGG identifiers (from the EggNOG 

annotations). Following, sulfur metabolism (map00920) and cysteine/methionine 

metabolism (ko00270) were converted to KEGG molecular networks using KEGG 

Mapper (Kanehisa, 2019). Finally, results were visualized using the ggplot2 R package 

(Wickham, 2009). 
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3.3 Results and Discussion  

3.3.1 Genomic features of Antarctic Pseudomonas sp. GC01 

 The draft genome sequence of Pseudomonas sp. GC01 was obtained by Illumina 

sequencing and the assembly was deposited in GenBank (accession number 

JABEMH000000000.1). The size of Pseudomonas sp. GC01 genome was 4,706,645 bp 

with a guanine-cytosine (GC) content of 58.6%. The genome annotation yielded 4875 

predicted coding sequences (CDSs, including 2411 hypothetical proteins), 49 

transference RNA (tRNA), and three ribosomal RNA (rRNA) genes on 2004 contigs 

(N50: 3572 bp; Figure 1a). The functional classification of CDSs was performed based 

on clusters of orthologous groups of proteins (COGs) (Tatusov et al., 2000). From the 

total number of CDSs (4875) found in Pseudomonas sp. GC01, 3961 (81.3%) of them 

were classified in COGs functional categories, of which 721 were functionally unknown 

(COG S) (Figure 1b); leaving 914 that could not be classified. The largest COG categories 

were Transcription (COG K) with 366 CDSs corresponding to 9.2% of the total, followed 

by Amino acid transport, and metabolism (COG E), Inorganic ion transport (COG P) and 

metabolism, and Cell wall/membrane/envelope biogenesis (COG M) with 8.8% (350 

CDSs), 7.9% (316 CDSs) and 6.9% (274 CDSs) respectively (Figure 1b). 
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Figure 1. Genome characteristics of Pseudomonas sp. GC01. (a) Complete chromosome 

map of Pseudomonas sp. GC01. The chromosome map comprises six circles. The dark-

blue and light-blue circles show the positions of protein-coding genes on the plus and 

minus strands. The black bars on the third circle represent tRNA genes. The green bars 

on the fourth circle represent rRNA genes. The pink/red circle shows the GC content. The 

purple/yellow circle shows the GC skew. (b) Distribution of COG categories on the 
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Pseudomonas sp. GC01 predicted proteins. The figure shows the number of CDSs 

assigned in each COG category depicted by color. 

3.3.2 Genetic relationships and Pan-genome analysis  

Comparative genome analysis of Pseudomonas sp. GC01 was performed in relation 

to 27 Pseudomonas genome sequences available in GenBank (Supplementary Table 

S2.1). The selection criteria of the Pseudomonas strains were mainly cold environment 

origin and Blast sequence similarity with Pseudomonas sp. GC01. Pseudomonas strains 

with interest phenotypic characteristics such as VSC production (P. deceptionensis 

species; Carrion et al., 2015; Gallardo-Benavente et al., 2019) and the reference strain P. 

aeruginosa PAO1 (Stover et al., 2000; Klockgether et al., 2010) were also included in the 

study.  

Genome similarity of the 28 Pseudomonas strains studied was determined by 

average nucleotide identity (ANI) analysis (Pritchard et al., 2016). The ANI values ranged 

from 75.3% to 99.9%, indicating high diversity between the entire genomes set evaluated 

(Figure 2). A 99% sequence identity was determined between Pseudomonas sp. GC01, 

Pseudomonas sp. Lz4W (Pandiyan and Ray, 2013), and P. fragi P121 (Yanzhen et al., 

2016), suggesting that these strains belong to the same species. However, it is interesting 

that the P. fragi P121 strain did not group with the other two P. fragi strains included in 

the dataset, only sharing 85% identity with both strains. Moreover, the Pseudomonas sp. 

GC01 also closely resembles Pseudomonas sp. L.10.10 (See-Too et al., 2016) with a 91% 

sequence identity, followed by an 85% sequence identity to P. fragi DBC (Singha et al., 

2017) and two strains of P. deceptionensis LMG25555 and DSM26521 (Carrión et al., 

2011; von Neubeck et al., 2016). Interestingly, the strains with the higher similarity to 

Pseudomonas sp. GC01 were isolated from cold environments, such as the Arctic (P. 

fragi P121; Yanzhen et al., 2016) and Antarctica (Pseudomonas sp. Lz4W, Pseudomonas 
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sp. L.10.10, and P. deceptionensis LMG25555; Carrión et al., 2011; Pandiyan and Ray, 

2013; See-Too et al., 2016). The P. aeruginosa strains were also the most divergent and 

ancestral branch among the set. 

 

Figure 2. Heatmap displaying relationships (hierarchical clustering) between the 28 

Pseudomonas strains based on ANI analysis. The color gradients show the percentage of 

identity shared by each pair of genomes, from lowest (blue) to highest (red). 
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The phylogenomic results further confirms the segregation of the Pseudomonas 

strains in several divergent modules (Figure 3a), where P. aeruginosa strains are the most 

distant and ancient of the set. The Pseudomonas sp. GC01 strain shares a clade with the 

P. fragi P121, P. sp. Lz4W and P. sp. L.10.10 strains, inside a branch mostly composed 

by strains from cold environments (Pandiyan and Ray, 2013; See-Too et al., 2016; 

Yanzhen et al., 2016). A Pan-genome analysis was performed to determine if the 

phenotypic differences could arise from the genotypic diversity between the 

Pseudomonas set. The pan-genome was composed of 17,751 clusters with only 2,024 

clusters (11.4%) belonging to the core-genome compartment (Figure 3b), a result that 

supports the high diversity previously established between these 28 genomes. Further, 

considering an average of 4,933 proteins coded in each genome of the 28 strains, the core 

compartment (2,024 clusters) represent approximately 42% of the total genome 

(Supplementary Table S2.3). While the accessory genome size ranged from 180 to 2,736 

clusters among the strains (Figure 3b). Particularly, the accessory genome of 

Pseudomonas sp. GC01 is composed by 271 clusters, 24 of them exclusively found on 

this strain (22 hypothetical proteins and two possible related to stress response: the SOS 

response associated protein UmuD and a FAD-dependent oxidoreductase). Moreover, our 

data shows that there is a significant fraction of the Pseudomonas sp. GC01 genome 

which we cannot discard as the possible origin of the particular capacities displayed by 

the strain. Therefore, with the improvement of bioinformatic tools and databases 

enrichment these mysteries will be cleared up over time (da Costa et al., 2018). 
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Figure 3. Phylogeny and Pan-genome of 28 Pseudomonas strains. (a) Circular 

phylogenetic tree showing the relationships between all Pseudomonas strains inference 

based on Core-genome sequences alignment. (b) Flower diagram representing the amount 

of core and accessory clusters for each Pseudomonas strain considered in the Pan-

genome. 

3.3.3 Comparative overview of metal-resistance genes on Pseudomonas strains 

Cadmium is a heavy metal with no cellular role and highly toxic for most 

organisms. Cadmium toxicity is associated with oxidative stress and damage to different 

cellular biomolecules such as lipids, proteins, and nucleic acids (Naz et al., 2005; Khan 

et al., 2015; Abbas et al., 2018; Abdelbary et al., 2019; Qin et al., 2019).  Pseudomonas 

sp. GC01 is a Cd-resistance (1.8 mM CdCl2) strain that biosynthesize CdS QDs when 

exposed to this metal (Gallardo et al., 2014; Gallardo-Benavente et al., 2019). However, 

the genes involved in Cd+2 tolerance/response and the implication of them in the 

biosynthesis of nanoparticles are still unknown. Based on these, we performed a 

bioinformatic search of metal resistance genes focusing on Cd-resistance markers in all 

28 Pseudomonas genomes, using the BacMet database (Pal et al., 2014) and the UniProt 

entries for a more specific search.   
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Pseudomonas genomes revealed 72 genes involved in the resistance to multidrug, 

oxidative stress and metal(loid), among others (Figure 4). 47 genes are involved in the 

uptake, tolerance, or detoxification of metal(loid)s such as arsenic (As), antimony (Sb), 

zinc (Zn), iron (Fe), copper (Cu), magnesium (Mg), manganese (Mn), chromium (Cr), 

tellurium (Te), selenium (Se), silver (Ag), cobalt (Co), lead (Pb), mercury (Hg), nickel 

(Ni), and Cd (Figure 4). Four of these genes, actP, copR, oscA, and ruvB, were present in 

all Pseudomonas strains, while other five genes; arsB, cadR, recG, sodA, and sodB, were 

absent only in one or two strains of the dataset (Figure 4). P. aeruginosa PAO1 (fpvA and 

PA0320), P. protegens UCT (merA, merD, merE, merP, merR, merT and pitA) and 

Pseudomonas sp. GC01 (mgtA) presented exclusive metal(loid) resistance genes (Figure 

4), according to the BacMet database. 
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Figure 4. Heatmap of the metal-resistance genes present on the 28 Pseudomonas 

genomes. The scale shows the copy number of each gene in the corresponding genome, 

the metal(loid)/compound associated with the gene, and the database used. 
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In general, the analysis of the 28 Pseudomonas strains indicated the presence of 

at least one gene related to cadmium in each genome, and a total of thirteen genes when 

all genomes were considered (cadA, zntA, pbrA, cadR, czcR, czcS, czcA, czcB, czrA, czrB, 

czrC, fpvA, and PA0320; Figure 4, 5). Most of these genes correspond to classic genomic 

determinants involved in cadmium response (Wang and Crowley, 2005; Abdelbary et al., 

2019) that code for bivalent cation transport pumps and regulatory systems (Figure 5) 

(Stafford et al., 1999; Nies, 2016; Qin et al., 2019).   

 

Figure 5. Schematic representation of the cadmium-resistance mechanisms based on the 

Pseudomonas genomes results. Proteins names in blue are those found in the genome of 

Pseudomonas sp. GC01.  

Five genes associated with Cd-response were determined in the genome of 

Pseudomonas sp. GC01 (Figures 4, 5). Three of these code for the PIB2-type ATPases 

(TC 3.A.3) cadA (Cd2+ and Zn2+), zntA (Zn2+, Cd2+, and Pb2+), and pbrA (Pb2+, Zn2+, and 

Cd2+), which are primarily involved in cadmium, zinc, and lead transport from the 

cytoplasm to the periplasm (Scherer and Nies, 2009; Nies, 2016; Vidhyaparkavi et al., 
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2017; Qin et al., 2019; Mazhar et al., 2020) (Figure 5). The other two genes, cadR and 

czcR, code for regulatory elements involved in metal-resistance (Figure 5). cadR encodes 

a cadmium-induced transcriptional regulatory protein involved in Cd2+ resistance in 

several bacteria, including Pseudomonas strains (Permina et al., 2006; Prabhakaran et al., 

2018; Cayron et al., 2020). While CzcR has been described as a DNA binding heavy metal 

response regulator, part of the czcRS two-component system, involved in Cd2+, Zn2+, and 

Co2+ resistance (Perron et al., 2004; Liu et al., 2015; Pal et al., 2017; Orellana-Saez et al., 

2019, Mazhar et al., 2020). The five genes present in Pseudomonas sp. GC01 were found 

in most Pseudomonas strains; cadA and czcR in 22 strains, zntA and cadR in 26 strains, 

and pbrA only in 3 strains (Figure 4).  

Regarding the Cd2+ resistance genes czcA, czcB, czcS, czrA, czrB, czrC, fpvA, and 

PA0320, none of them was found in the genome of Pseudomonas sp. GC01 (Figure 4). 

czcA and czcB (Cd2+, Zn2+, and Co2+), as well as czrA, czrB, and czrC (Cd2+, and Zn2+), 

are members of the RND family (Resistance Nodulation and cell Division, TC_2.A.6.3) 

of heavy metal efflux, that are involved in the export of Cd+2 from the periplasm to the 

extracellular space (Hassan et al., 1999; Hu and Zhao, 2007; Valencia et al., 2013; Chong 

et al., 2016; Chellaiah, 2018; Abdelbary et al., 2019). The czc family is one of the best 

characterized RND efflux outer membrane proteins involved in Cd2+ resistance present 

in many Gram-negative bacteria including Pseudomonas (Perron et al., 2004; Liu et al., 

2015; Khan et al., 2015; Choudhary and Sar, 2016; Pal et al., 2017). However, czcA and 

czcB were absent in 12 and 26 Pseudomonas genomes, respectively, including 

Pseudomonas sp. GC01 (Figure 4). The genes involved in the czr efflux system were 

absent in 13 (czrA) and 26 (czrB, and czrC) Pseudomonas strains (Figure 4). Additionally, 

the regulatory gene czcS (part of the two-component-regulatory systems czcRS) was 

present in 8 Pseudomonas strains (Figure 4). This gene encodes a heavy metal sensor 
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histidine kinase involved in Cd2+, Zn2+, and Co2+ homeostasis in bacteria (Liu et al., 2015; 

Mazhar et al., 2020). On the other hand, the gene PA0320 has been associated with Cd2+ 

resistance by favoring the tolerance to reactive oxygen species (ROS; Fukushima et al., 

2012). The fpvA gene (Fe3+, Mn2+, Co2+, Zn2+, Ni2+, Cu2+, and Cd2+) codes for an outer 

membrane transporter and receptor of the siderophore pyoverdine (PVD), involved in iron 

uptake with a broad specificity for PVD–metal complexes in P. aeruginosa (Braud et al., 

2009; Hannauer et al., 2012). These last two genes were only found in P. aeruginosa 

PAO1 (Figure 4). 

According to the results obtained, the absence of czcA, czcB, czrA, czrB, and czrC 

in Pseudomonas sp. GC01 denies the possibility of their participation in the Cd2+ transport 

process required for the extracellular biosynthesis of CdS. However, Pseudomonas sp. 

GC01 contains other genes involved in the cadmium response (Figure 4) that could 

participate in the biosynthesis of CdS QDs. Pseudomonas sp. GC01 cadA, zntA, and pbrA 

genes are candidates for Cd2+ efflux, favoring the extracellular interaction of metal ions 

with sulfur-containing molecules such as H2S or MeSH to form the CdS nanoparticles. 

These genes represent three potential targets probably involved in CdS nanoparticle 

formation in Pseudomonas sp. GC01. However, the most novel characteristic of CdS 

biosynthesis in this bacterium is their capacity to synthesize nanoparticles in presence of 

different sulfur sources, particularly Met.  

3.3.4 Comparative analysis of genes involved in Sulfur metabolism  

Since the Pseudomonas sp. GC01 can biosynthesize CdS QDs from several sulfur 

sources, and sulfur is a vital element in the formation of these nanoparticles, we searched 

for genes involved in sulfur metabolic pathways. To carry out this, we use data available 

in the KEGG database related to sulfur metabolism (map00920) and cysteine/methionine 

metabolism (ko00270). A set of 91 genes were found in the 28 Pseudomonas genomes, 
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39 belonging to sulfur metabolism, 52 to cysteine/methionine metabolism, and seven 

shared in both metabolisms (Figure 6). The genome sequences revealed the presence of 

numerous common genes encoding proteins related to sulfur transport, sulfate/sulfur 

assimilation, Cys and Met synthesis/degradation, and VSCs catabolic pathways, among 

others. These results are consistent with the ability of bacteria of the Pseudomonas genus 

to use a wide variety of organic and inorganic sulfur sources to growth (Vermeij and 

Kertesz, 1999; Kertesz, 2004).  
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Figure 6. Heatmap of the sulfur metabolic genes present in the 28 Pseudomonas genomes 

analyzed. (a) Sulfur metabolism genes. (b) Cysteine and methionine metabolism genes. 

The heat scale shows the copy number of each gene in the corresponding genome. 

Sulfur is an essential element required for cell growth in all bacteria (Kertesz, 

2001). It is also an essential component in CdS nanoparticle biosynthesis (Holmes et al., 

1997; Bai et al., 2009a; Gallardo et al., 2014; Yang et al., 2016). The Pseudomonas sp. 
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GC01 strain can use several sulfur sources such as sulfate, sulfite, thiosulfate, Cys, and 

Met to grow and biosynthesize CdS QDs (Gallardo-Benavente et al., 2019). However, the 

extracellular biosynthesis mechanism of CdS nanoparticles has been linked to the ability 

of this strain to release H2S and MeSH in the presence of Cys and Met, respectively 

(Gallardo-Benavente et al., 2019).  

Sulfate assimilation in bacteria proceeds by a sequence of similar reactions 

involving the uptake and activation of sulfate, followed by stepwise reduction to sulfide 

(Kertesz, 2000, 2004). The Pseudomonas genome sequences revealed that sulfate 

assimilation begins with the active uptake of sulfate by ABC-type transport for 

sulfate/thiosulfate (encoded by cysA [EC: 3.6.3.25], cysP, cysU, and cysW in all strains, 

and by cysP and cysU in Pseudomonas sp. GC01) (Figure 7). Subsequently, sulfate is 

transformed to adenosine-5′-phosphosulphate (APS) catalyzed by ATP sulfurylase (EC: 

2.7.7.4) encoded by cysN, cysD, and cysNC in the Pseudomonas strains (Kertesz, 2004), 

and sat genes, which were present only in four strains (Figure 6a). Then APS can be 

reduced to sulfite directly through APS reductase cysH (EC: 1.8.4.10, present in all 

strains), or indirectly via 3′-phosphoadenosine-5′-phosphosulfate (PAPS) that uses APS 

kinase cysC (EC: 2.7.1.25), followed by PAPS reductase (cysH, EC: 1.8.4.8, found in 11 

Pseudomonas strains) (Figure 6a). Obtained sulfite is then reduced to generate sulfide by 

sulfite reductase encoded by cysI, cysJ (EC: 1.8.1.2), and sir (EC: 1.8.7.1, found in 19 

strains including Pseudomonas sp. GC01), before being assimilated into organic material 

(Figure 6a, 7) (Kertesz, 2004; Kredich, 2008; Seiflein and Lawrence, 2001). 
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Figure 7. Sulfur metabolic pathways present in the genome of Pseudomonas sp. GC01. 

The schematic representation of protein identified in the genome of Pseudomonas sp. 

GC01 involved in sulfur assimilation, cysteine and methionine synthesis, and volatile 

sulfur compounds catabolic pathways. Protein names in red were not found in this strain 

but present in other Pseudomonas strains. 

Regarding the use of sulfite and thiosulfate as inorganic sulfur sources by bacteria, 

sulfite can enter the sulfate assimilation pathway, where sulfite is reduced to sulfide by 

the enzyme sulfite reductase cysI, cysJ, and sir (Kredich, 2008). Thiosulfate can be 

incorporated through ABC-type transporters (sulfate/thiosulfate, described above) and 

reduced to sulfite by thiosulfate sulfurtransferase (EC: 2.8.1.1; Kawano et al., 2017) 

encoded by seeA and glpE (the latter absent only in Pseudomonas sp. GC01) before being 

assimilated as sulfide via the sulfate assimilation pathway (Figure 6a, 7). Additionally, 
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14 strains of Pseudomonas (not including Pseudomonas sp. GC01) contain in their 

genomes the thiosulfate reductase enzyme (phsA, EC: 1.8.5.5) that catalyzes the reduction 

of thiosulfate to sulfide (Figure 6a, 7; Clark and Barrett, 1987; Stoffels et al., 2012). The 

sulfide generated by the different inorganic sulfur sources is incorporated into cells as 

cysteine by the action of the enzymes cysteine synthase cysk and cysM (EC: 2.5.1.47 and 

EC: 2.5.1.144;Lewis et al., 2013) that catalyzes the addition of sulfide into O-acetyl-

serine (Figure 6a-b, 7). Cys then works as the sulfur group donor, either directly or 

indirectly, for the synthesis of all other sulfur-bearing molecules in the cell, such as 

thiamine, glutathione, coenzyme A, and Met (Seiflein and Lawrence, 2001; Wada and 

Takagi, 2006).  

Some bacteria belonging to the Pseudomonas genus can assimilate sulfur from 

reduced sulfur molecules such as the amino acids Cys and Met (Vermeij and Kertesz 

1999). Generally, this metabolism is associated with internal recycling processes 

developed by bacteria to maximize available nutrients (Seiflein and Lawrence, 2006). Cys 

as a sole sulfur source can be assimilated directly via the transsulfuration pathway that 

converts Cys to Met (Figure 7; Vermeij and Kertesz, 1999; Wüthrich et al., 2018). This 

pathway was observed in all Pseudomonas genomes analyzed and produces 

homocysteine by the action of cystathionine gamma-synthetase (metB, EC: 2.5.1.48) and 

cystathionine beta-lyase (EC: 4.4.1.13) encoded by metC and patB (in 9 strains; Figure 

6b) (Zdych et al., 1995; Auger et al., 2005; Miyamoto et al., 2018). Subsequently, 

homocysteine is methylated to produce Met by methionine synthases encoded by metE or 

metH (EC: 2.1.1.14 or EC: 2.1.1.13; Alaminos and Ramos, 2001) present in all strains, 

and by homocysteine S-methyltransferase (mmuH, EC: 2.1.1.13; Li et al., 2016) 

determined in 12 Pseudomonas strains (Figure 6b, 7).  
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On the other hand, Cys also may break down to release sulfide in bacteria through 

the enzyme cysteine desulfhydrase (EC: 4.4.1.15; Awano et al., 2003, 2005; Yu et al., 

2007; Oguri et al., 2012). The gene encoding this enzyme (dcyD) was found in 16 strains, 

not including P. aeruginosa, P. deceptionensis, Pseudomonas sp. Lz4W, Pseudomonas 

fragi P121, and Pseudomonas sp. GC01 strains, among others (Figure 6b). Low H2S 

production in the presence of Cys and other sulfur sources had been reported in 

Pseudomonas sp. GC01 by Gallardo-Benavente et al., (2019). This report is concordant 

with the absence of dcyD in this strain. Along with the presence of the enzyme sulfide: 

quinine oxidoreductase encoded by sqr (EC: 1.8.5.4, present in 15 strains; Figure 6a), 

whose function is to oxidize sulfide to polysulfide or sulfite and thiosulfate in 

heterotrophic bacteria as P. aeruginosa PAO1 (Xia et al., 2017), diminishing the sulfide 

released by bacteria. Therefore, the dcyD absence in Pseudomonas sp. GC01 suggests 

that sulfide production from Cys may be catalyzed by enzymes with lower cysteine 

desulfhydrase activity present in their genome as cysteine synthases (cysK) and 

cystathionine beta-lyase (metC) (Figure 7; Awano et al., 2003, 2005). 

The sulfide produced by the sulfate assimilation pathway or by Cys degradation 

can be used by Pseudomonas strains to yield Met through both transsulfuration (described 

above) and direct sulfhydrylation pathways. Direct sulfhydrylation pathway has been 

described as the main Met synthesis pathway in Pseudomonas genus (Kertesz, 2004), and 

the critical gene (metZ) was present in all genomes analyzed (Figure 6b, 7). Previous to 

Met formation, this pathway involves the direct formation of homocysteine catalyzed by 

the enzyme O-succinylhomoserine sulfhydrylase (metZ, EC:2.5.1.-) using O-succinyl-

homoserine as substrate (Figure 6b), or the synthesis of homocysteine using O-acetyl-

homoserine and sulfide (present in 8 strains) catalyzed by the O-acetyl-L-homoserine 

sulfhydrolase (metY, EC: 2.5.1.49) (Vermeij and Kertesz, 1999; Alaminos and Ramos, 
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2001; Kertesz, 2004; Perumal et al., 2008; Shim et al., 2016; Wüthrich et al., 2018; 

Kulikova et al., 2019).   

Regarding the metabolic pathways associated with Met as a sole sulfur source for 

bacterial growth, the Pseudomonas genomes showed two metabolic pathways that allow 

conversion of this amino acid to Cys for cell growth. In the first pathway, Met may be 

desulfurized to produce sulfite entering in the synthetic pathway of Cys through the 

sulfate assimilation (Vermeij and Kertesz 1999). The formation of MeSH from Met 

degradation catalyzed by enzyme methionine gamma-lyase (EC: 4.4.1.11) has been 

reported in Pseudomonas (Fukumoto et al., 2012; Carrion et al., 2015; El-Sayed et al., 

2017). The genes coding for this enzyme, megL and EC4.4.1.11, were found in 19 and 20 

of the Pseudomonas genomes analyzed, respectively (Figure 6b). Despite the ability of 

Pseudomonas sp. GC01 to produce high concentrations of MeSH from Met, these genes 

were absent in their genome (Gallardo-Benavente et al., 2019). This result suggests that 

MeSH production in Pseudomonas sp. GC01 is catalyzed by an enzyme different from 

methionine gamma-lyase. In this context, the enzyme cystathionine beta-lyase (metC) has 

been described in some bacteria with the ability to produce MeSH from Met (Dias and 

Weimer, 1998; Lee et al., 2007; Schulz and Dickschat, 2007; Veselova et al., 2019) and 

is presented as the principal candidate to carry out this function in the Pseudomonas sp. 

GC01 (Figure 7). Once MeSH is formed, this sulfur volatile is methylated by the enzyme 

methanethiol S-methyltransferase (mddA, EC: 2.1.1.334) to produce dimethylsulfide 

(DMS) (Carrión et al., 2015), and then DMS is oxidized to dimethylsulfone (Endoh et al., 

2003). Dimethylsulfone is converted to methane-sulfonate and sulfite by the action of the 

enzymes dimethylsulfone monooxygenase (sfnG, EC: 1.14.14.35), FMN reductase (ssuE, 

EC 1.5.1.38), and alkanesulfonate monooxygenase (ssuD, EC: 1.14.14.5; Endoh et al., 

2003). Finally, sulfite produced can enter the sulfate assimilation pathway for Cys 
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biosynthesis (Figure 7) (Vermeij and Kertesz, 1999; Endoh et al., 2003). Two key 

members of Met desulfurization to sulfite are mddA and sfnG genes, which were absent 

in 17 and 5 Pseudomonas strains analyzed, respectively (Figure 6a). Therefore, this result 

showed the presence of this pathway in 9 bacterial strains, including Pseudomonas sp. 

GC01 (Figure 6a, 7).  

The second pathway that converts Met to Cys in bacteria involves methionine 

recycling and homocysteine conversion to Cys by reverse transsulfuration or sulfide 

formation (Figure 7; Vermeij and Kertesz 1999; Kertesz, 2004, Hullo et al., 2007). In 

general, Met is used by S-adenosylmethionine synthase (metK, EC: 2.5.1.16), present in 

all genomes, for the synthesis of the universal methyl donor S-adenosyl-methionine 

(SAM) (Kertesz, 2004; Wüthrich et al., 2018). Subsequently, SAM is regenerated or 

recycled to Met via the formation of homocysteine by the action of methyltransferases 

(encoded by dmc [EC: 2.1.1.37, cytosine-specific methyltransferases] in 18 strains) and 

homocysteine adenosylhomocysteine ahcY (EC: 3.3.1.1) (Figure 6b, 7). Then, Cys is 

formed by the reverse transsulfuration pathway via cystathionine by the enzymes 

cystathionine beta-synthase (CBS, EC: 4.2.1.22) and cystathionine gamma-lyase (CTH or 

mccB, EC: 4.4.1.1) in 12 strains (Figure 6b, 7). While in 17 Pseudomonas strains, 

homocysteine desulfhydrase mccB (EC: 4.4.1.2) produces sulfide from homocysteine, 

which enters the Cys biosynthesis pathway via sulfate assimilation route (Figure 7). 

Pseudomonas sp. GC01 lacks CBS, CTH, and mccB genes, suggesting that Met is used as 

a sulfur source in this bacterium by Met desulfurization pathway via Dimethylsulfone. 

However, we cannot discard that other still unknown genes or pathways could be involved 

in this prosses.  

In general, no significant discrepancies were observed between the 28 

Pseudomonas genomes analyzed. From a total of 84 genes observed, 33 genes were 
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absent in some of the bacterial strains (Figure 6), probably due to the genomic diversity 

between the strains (Figures 2, 3). Nevertheless, sulfur is an essential element for bacterial 

growth. Therefore, sulfur metabolism pathways are remarkably similar between different 

organisms (Kertesz, 2001, 2004). Bacterial assimilation of sulfur into organic molecules 

is varied, and the sulfur metabolic pathways depend on the sulfur source used and the 

genomic potential of each bacteria. The genes involved in sulfate assimilation pathways, 

transsulfuration, direct sulfhydrylation, methionine salvage, reverse transsulfuration, 

VSCs catabolic pathways, among others described in this work, were found in the 

Pseudomonas strains analyzed (Figure 7). 

Extracellular biosynthesis of CdS QDs in bacteria has been mainly associated with 

H2S (Bai et al., 2009a; Yang et al., 2016) and recently has been linked with MeSH 

production in Pseudomonas sp. GC01 (Gallardo-Benavente et al., 2019). When Cys is 

used as sulfur source, the mechanism of CdS nanoparticles involves H2S generation (as 

sulfide source) mediated by cysteine desulfhydrase (dcyD) or cystathionine gamma-lyase 

(CTH or mccB) (Holmes et al., 1997; Bai et al., 2009a; Dunleavy et al., 2016). 

Interestingly, Pseudomonas sp. GC01 biosynthesizes CdS nanoparticles from Cys, 

despite lacking these genes. Therefore, it is believed that cysK (cysteine synthases) and 

metC (cystathionine beta-lyase) would participate in H2S production in this strain.  

Regarding the CdS QD biosynthesis associated with the production of MeSH in 

bacteria, Gallardo-Benavente et al. (2019) proposed a relationship between CdS 

nanoparticle biosynthesis and MeSH production in Pseudomonas sp. GC01, which also 

was linked to the activity of methionine gamma-lyase in P. deceptionensis M1T (Gallardo-

Benavente et al., 2019). However, megL and EC4.4.1.11 genes that encodes this enzyme 

are absent in Pseudomonas sp. GC01 genome. This is puzzling particularly considering 

the high MeSH production and the ability to produce CdS QDs in presence of Met 
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previously reported in this strain (Gallardo-Benavente et al., 2019). Accordingly, once 

again, metC appears as the main candidate to carry out this function due to their ability to 

produce MeSH from Met in bacteria (Dias and Weimer, 1998; Lee et al., 2007; Schulz 

and Dickschat, 2007; Veselova et al., 2019).  

 

3.4 Conclusion    

Our findings confirm the presence of three Cd efflux P‐type ATPases transporters 

(cadA, zntA, and pbrA) in the genome of Pseudomonas sp. GC01. The identification of 

these Cd2+ transport genes provides evidence about the detoxification mechanisms of 

cadmium in this strain which could contribute to the extracellular biosynthesis of CdS 

QDs (Figure 8).   

The absence of megL and EC4.4.1.11 in Pseudomonas sp. GC01 genome discarded a role 

for the enzyme methionine gamma-lyase in the MeSH-dependent biosynthesis of QDs 

CdS. However, the metC gene (coding for cystathionine beta-lyase) involved in the 

transsulfuration pathway is the main candidate to produce MeSH from Met during the 

extracellular biosynthesis of CdS QDs in Pseudomonas sp. GC01 (Figure 8). In addition, 

H2S generation from Cys during the extracellular biosynthesis of CdS nanoparticles is 

most probably linked to cysK (cysteine synthases) and metC in Pseudomonas sp. GC01, 

since this strain lacks the gene dcyD coding for a cysteine desulfhydrase (Figure 8). 
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Figure 8. Schematic representation of the CdS QDs biosynthesis by Pseudomonas sp. 

GC01. The figure shows the proteins present in the Pseudomonas sp. GC01 genome 

involved in the biosynthesis of CdS nanoparticles when Cys (CysK and MetC) or Met 

(MetC) was used as the sulfur source as well as the Cd2+ efflux pumps CadA, ZntA, and 

PbrA. 

 Altogether, the results presented in this study constitute valuable information 

regarding the potential molecular mechanism involved in bacterial biosynthesis of CdS 

QDs based on H2S and MeSH generation, two processes scarcely known to date. 

Therefore, this genomic study constitutes the first report about genes potentially involved 

in CdS QDs bioproduction in Pseudomonas sp. strains and the first molecular approach 

to a bacterial mechanism of Cd-resistance and MeSH production in the Antarctic strain 

Pseudomonas sp. GC01. 
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4. General discussion, concluding remarks and future directions 

4.1 General discussion  

Biosynthesis o biological synthesis of CdS QDs using bacteria has been a topic of 

increasing interest in the past few years due to represent a simple, safe, inexpensive, and 

environmentally friendly alternative to manufacture nanocrystals with new properties and 

applications (Ulloa et al., 2016, 2018; Prasad et al., 2016; Sekar and Parvathi, 2019; Bruna 

et al., 2019 Iravani, and Varma, 2020; Khan and Lee, 2020). In general, using bacteria as 

cell factories to generate CdS QDs involves the action of biomolecules to reduce, 

stabilize, and capping agents (Monrás et al., 2012; Sankhla et al., 2016; Ma et al., 2020).   

However, cell behavior and the mechanism involved in the biosynthesis process have still 

not been determined. Despite this, most CdS biosynthesis methods described to date have 

been associated with the use of sulfur-containing molecules with affinity to Cd, such as 

peptides, thiols, and volatile sulfur compounds as H2S (Holmes et al., 1997; Bai et al., 

2009; Monrás et al., 2012; Gallardo et al., 2014). In previous work, we reported 

intracellular biosynthesis of CdS QDs at low temperatures (15°C) of different Antarctic 

Pseudomonas spp. Psychrotolerant, resistant to oxidative stress and cadmium (Gallardo 

et al., 2014). Nevertheless, it was not possible to establish a relation between CdS 

nanoparticles generation with sulfur-containing molecules with affinity to Cd as a 

substrate to CdS QDs biosynthesis in Pseudomonas sp. GC01 (Holmes et al., 1997; Bai 

et al., 2009; Monrás et al., 2012; Gallardo et al., 2014). Consequently, firstly we studied 

the ability of Pseudomonas sp. GC01 to use various sulfur sources to grow, biosynthesize 

CdS QDs, and produce volatile sulfur compounds (VSCs) (Chapter II).  

Our outcomes demonstrated that Pseudomonas sp. GC01 grows on a wide variety 

of sulfur sources such as sulfate, sulfite, sulfide, thiosulfate, Cys, and Met, and 
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biosynthesize CdS QDs from them. However, extracellular biosynthesis of nanoparticles 

was only observed when Cys and Met were used as sole sulfur sources. The Met 

supernatants showed red fluorescence, the color of which did not switch over time. In 

contrast, the supernatants obtained with Cys showed different fluorescent colors (between 

green and orange) depending on Cys concentrations and the incubation time (Figure 2A, 

B, Chapter II). This optical property is a phenomenon unique and characteristic of QDs, 

which emit different fluorescence  (different colours) depending on the nanoparticle size 

(Yang et al., 2016; Ulloa et al., 2018; Bruna et al., 2019). However, the fluorescence 

emission also can be affected by the surface defects of QDs (Bruna et al., 2019). The CdS 

nanoparticles produced showed high stability in aqueous solutions with a zeta potential 

value lower than -20 mV, where nanocrystals produced from Met being the most stable 

(Kuznetsova and Rempel, 2015). The electron microscopy images determined an average 

size of the CdS QDs produced with Cys (∼ 2 nm) and Met (∼ 16 nm). This result agrees 

with the reported of the size of QDs biosynthesized (Bruna et al., 2019; Wang et al., 2018; 

Al-Shalabi and Doran, 2016; Tandon and Vats, 2016; Wu et al., 2015; Syed and Ahmad, 

2013; Chen et al., 2009; Khachatryan et al., 2009). Energy dispersive X-ray (EDX), X-

ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS) analysis confirmed 

the formation of cubic nanocrystals of CdS with an organic layer (Waly et al., 2017; 

Bharti et al., 2018; Wang et al., 2018; Chakraborty et al., 2018; Sankhla et al., 2016; 

Muntaz Begum et al., 2016; Richards et al., 2016; Bag et al., 2017). Furthermore, the 

presence of N and S in the XPS analysis suggests that QDs surface are composite by Cys 

and Met as part of the organic coating, indicating that these amino acids could be 

stabilizing the nanocrystals. 

The absorbance and fluorescence properties of QDs produced with Cys (green and 

yellow), and Met (red) are in agreement with previous reports of nanoparticles 
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biosynthesized, were the CdS QDs display maximal absorbance peaks between 360-380 

nm and fluorescence emission peaks between 470-600 nm (Gallardo et al., 2014; Yang et 

al., 2015; Dunleavy et al., 2016; Plaza et al., 2016; Ulloa et al., 2016; Venegas et al., 

2017; Glatstein et al., 2018). CdS QDs biosynthesized with Cys (yellow) present higher 

quantum yield (QY) than biosynthesized with from Met (red), with 21.04% and 7.81%, 

respectively (Venegas et al., 2017; Bruna et al., 2019). This result is probably due to the 

size differences observed between nanoparticles (∼ 2 and 16 nm). Nevertheless, QY 

determined in QDs based on Met still are high compared to other biosynthesis reported 

(Yang et al., 2015; Jang et al., 2015; Al-Shalabi and Doran, 2016). The differences 

observed in the nanoparticle characterization between QDs produces with Cys and Met 

strongly suggest that nanoparticles produced by the extracellular biosynthesis of CdS QDs 

using Met having different properties from the nanoparticles produced by Cys. It is 

probably a result of the different sulfur sources used as sulfide precursors and the organic 

coating of the nanoparticles.   

The analysis of VSCs revealed that Pseudomonas sp. GC01 produces H2S, MeSH, 

and DMS in the presence of sulfate, Cys, and Met. At the same time, DMDS was only 

detected when Met was used as the sole sulfur source.  Interestingly, MeSH is the main 

VSCs released by Pseudomonas sp. GC01 from all sulfur sources tested in contrast with 

H2S, which presented a low production in all treatments. The release of VSCs such as 

H2S, MeSH, DMS, and DMDS has been informed in bacteria from different 

environments, as a result of sulfur assimilation for synthesis of amino acids  Cys and Met 

or by the degradation of sulfur-containing compounds (Lomans et al., 2002; Schulz and 

Dickschat, 2007; Korpi et al., 2009). Amino acid Met been described as the main 

precursor of VSCs biosynthesis due to acts as a substrate for MeSH production, which in 

turn, is a precursor of DMS and DMDS (Vermeij and Kertesz, 1999; Lu et al., 2013; 
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Carrión et al., 2015). While the amino acid Cys acts substrate in bacterial H2S production 

(Yang et al., 2015; Dunleavy et al., 2016). 

As expected, the VSCs production by Pseudomonas sp. GC01 under biosynthesis 

conditions (presence of Cd+2) with Cys and Met showed a higher production of H2S and 

MeSH, respectively, in comparison to the other volatiles.  Besides, a reduction (P < 0.05) 

of both VSCs was observed when samples were treated with Cd, strongly suggesting the 

use of these volatile compounds as S-source for the generation of CdS QDs when Cys or 

Met is used as a substrate.  In support of this, different authors have suggested the 

generation of H2S (as sulfide source) from Cys as a mechanism of cadmium-based 

nanocrystals formation in a reaction catalyzed by Cysteine desulfhydrase or cystathionine 

γ-lyase (Bai et al., 2009a; Holmes et al., 1997; Yang et al., 2015; Dunleavy et al., 2016). 

Also, the amino acid Cys has been suggested for acting as a capping agent in CdS QDs 

formation (Dunleavy et al., 2016). Nevertheless, the role of the MeSH as a sulfide source 

or Met as a sulfur substrate in the biosynthesis of CdS QDs has not been informed yet. 

Therefore, the role of the volatile MeSH and DMS on CdS QDs biosynthesis from 

Met was evaluated in two mutants of the Antarctic strain Pseudomonas deceptionensis 

M1T: megL- (unable to produce MeSH from Met) and mddA- (unable to generate DMS 

from MeSH) (Carrión et al., 2015). Our outcomes showed a positive biosynthesis of 

nanoparticles from mddA- strain discarding the role of DMS as a synthesis substrate. 

Surprisingly, the megL- strain was unable to biosynthesize CdS QDs. This finding 

strongly suggests that MeSH could act as a source of S2- to synthesize CdS QDs when 

Met is used as a sulfur source (Figure 8, Chapter II). 

Finally, to understand the molecular and metabolic components involved in the 

biosynthesis of CdS QDs described above, the genome analysis of Pseudomonas sp. 
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GC01 by comparative genomics was performed (Chapter III). Pseudomonas sp. GC01 is 

a Cd-resistance strain (1.8 mM CdCl2) that biosynthesizes CdS QDs when exposed to this 

metal (Gallardo et al., 2014). Based on this premise, cadmium-resistance genes were 

searched in their genome. The results showed the presence of genes cadR, and czcR which 

encode for regulatory elements implicate in metal-resistance, the transcriptional 

regulatory protein CadR associated to Cd2+ resistance and DNA binding heavy metal 

response regulator protein CzcR involved in Cd2+, Zn2+, and Co2+ resistance (Perron et 

al., 2004; Permina et al., 2006; Liu et al., 2015; Pal et al., 2017; Prabhakaran et al., 2018; 

Orellana-Saez et al., 2019; Cayron et al., 2020; Mazhar et al., 2020). Besides, three genes 

code for the PIB2-type ATPases cadA, zntA, and pbrA, primarily implicated in cadmium, 

zinc, and lead transport from the cytoplasm to the periplasm was found (Scherer and Nies, 

2009; Nies, 2016; Vidhyaparkavi et al., 2017; Qin et al., 2019; Mazhar et al., 2020). Our 

outcomes demonstrated that the genome of Pseudomonas sp. GC01 contains five genes 

potentially involved in cadmium-resistance, including three Cd2+ efflux proteins that 

could act as cellular detoxification mechanisms. Additionally, the capacity to produce 

extracellular CdS QDs displayed by Pseudomonas sp. GC01 could be favored the 

extracellular interaction of Cd2+ with H2S or MeSH released in biosynthesis conditions to 

form the CdS nanocrystals. 

Regarding genes involved in sulfur metabolism present in the genome of 

Pseudomonas ps. GC01, the results revealed numerous genes related to the assimilation 

of sulfate, sulfite, and thiosulfate (Figure 6 and 7, Chapter III). These genes are associated 

mainly with the sulfate assimilation pathway in Pseudomonas sp. GC01, which involves 

the uptake and activation of sulfate, followed by stepwise reduction to S2-, before being 

assimilated into organic material (Kertesz, 2000, 2004; Kredich, 2008; Seiflein and 

Lawrence, 2001), generating H2S from sulfite is the last step of this pathway, which 



Chapter IV: General discussion, concluding remarks and future directions 

 

79 

 

involved enzymes sulfite reductase (Kertesz, 2000, 2004; Kredich, 2008). Three sulfite 

reductase encoded by cysI, cysJ (EC: 1.8.1.2), and sir (EC: 1.8.7.1) were found in 

Pseudomonas sp. GC01. Besides, a thiosulfate sulfurtransferase (EC: 2.8.1.1; Kawano et 

al., 2017) encoded by seeA reducing thiosulfate to sulfite before entering the sulfate 

assimilation pathway. Sulfur is an essential element for cell growth, but it can only be 

assimilated as S2- in its fully reduced state. Therefore, inorganic sulfur assimilation 

implicates the cellular generation of H2S before their incorporation into organic material. 

Accordingly, Pseudomonas sp. GC01 could use the H2S produced as the substrate to 

intracellular biosynthesis of CdS QDs when sulfate, sulfite, and thiosulfate was used as 

the sole sulfur source.  

On the other hand, our results showed that Pseudomonas sp. GC01 uses the amino 

acids Cys and Met as a sulfur source to grow and extracellular biosynthesis of CdS QDs. 

The use of these amino acids by bacteria has been associated with internal recycling 

processes to maximize available nutrients (Seiflein and Lawrence 2006). Cys as a sole 

sulfur source can be assimilated directly via the transsulfuration pathway that converts 

Cys to Met (Vermeij and Kertesz, 1999; Wüthrich et al., 2018), or break down to release 

sulfide (H2S) through the enzyme cysteine desulfhydrase (EC: 4.4.1.15) (Awano et al., 

2003, 2005; Oguri et al., 2012). The sulfide produced by Cys degradation (or by sulfate 

assimilation pathway) can yield Met through direct sulfhydrylation pathway, which has 

been described as the main Met synthesis route in bacteria of the Pseudomonas genus 

(Kertesz, 2004). Both pathways (transsulfuration pathways and direct sulfhydrylation 

pathways) present in the genome of Pseudomonas sp. GC01 (Figure 7, Chapter III). 

Expectedly, due to low H2S production from Cys in Pseudomonas sp. GC01, the enzyme 

cysteine desulfhydrase (encode by dcyD), was absent from their genome. This result 

suggests that other enzymes with lower cysteine desulfhydrase activity as cysteine 
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synthases (EC: 2.5.1.47, cysK) and cystathionine beta-lyase (EC: 4.4.1.13, metC) present 

in the genome of Pseudomonas sp. GC01 could generate sulfide from Cys (Awano et al., 

2003, 2005). As mentioned above, extracellular biosynthesis of CdS QDs in bacteria has 

been mainly associated with H2S production from Cys by the action of enzymes cysteine 

desulfhydrase (dcyD) or cystathionine gamma-lyase (EC: 4.4.1.1, CTH or mccB) (Bai et 

al., 2009a; Yang et al., 2016). Interestingly, Pseudomonas sp. GC01 biosynthesizes QDs 

of CdS from Cys, despite the lack of these genes. Therefore, one attractive via of sulfide 

generation for the biosynthesis of CdS nanoparticles based on Cys are the enzymes 

cysteine synthases (cysK) and cystathionine beta-lyase (MetC). In support of this, 

recently, cystathionine beta-lyase has been associated with H2S production from Cys and 

precipitation of CdS nanoparticles (Ma et al., 2020).   

Regarding the use of Met as a sole sulfur source for bacterial growth, the genome 

results of Pseudomonas sp. GC01 showed the absence of genes involved in the reverse 

transsulfuration pathway to the conversion of Met to Cys via cystathionine by the 

enzymes cystathionine beta-synthase (EC: 4.2.1.22, CBS) and cystathionine gamma-lyase 

(EC: 4.4.1.1, CTH or mccB) (Vermeij and Kertesz 1999; Kertesz, 2004). However, key 

members of the Met desulfurization pathway, the genes mddA, and sfnG, were present in 

Pseudomonas sp. GC01. In this pathway, Met may be desulfurized to produce sulfite 

entering the synthetic pathway of Cys through the sulfate assimilation (Vermeij and 

Kertesz 1999).  

Besides, the use of Met as a sulfur source to extracellular biosynthesis of CdS QDs 

via MeSH production has been determined in this study. The MeSH generation from Met 

desulfurization by enzyme methionine gamma-lyase (EC: 4.4.1.11) has been reported in 

Pseudomonas strains (Fukumoto et al., 2012; Carrion et al., 2015; El-Sayed et al., 2017). 

Unexpectedly the genes megL and EC4.4.1.11 that encode methionine gamma-lyase were 
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absent in the genome of Pseudomonas sp. GC01, despite the ability of this strain to 

produce high concentrations of MeSH from Met. However, the enzyme cystathionine 

beta-lyase (metC, present in Pseudomonas sp. GC01 genome) has been described with 

the ability to produce MeSH from Met (Dias and Weimer, 1998; Lee et al., 2007; Schulz 

and Dickschat, 2007; Veselova et al., 2019) (Figure 8). Based on these results, once again, 

the gene metC emerges as a potential candidate involved in extracellular biosynthesis of 

Cd QDs, in this case, due to their ability to generate MeSH from Met in bacteria.  

 

4.2 Concluding remarks and future directions 

 

-Our findings confirm that Pseudomonas sp. GC01 is capable of biosynthesize 

extracellular CdS QDs in the presence of the amino acids Cys and Met. Furthermore, this 

production of nanocrystals was associated with the ability of Pseudomonas sp. GC01 to 

form the volatile sulfur compounds H2S and MeSH as a source of S2- for the CdS 

biosynthesis from Cys and Met, respectively. Our nanoparticle bio-production approach 

by volatile sulfur compounds provides the first evidence about el use of a volatile organic 

compound such as MeSH produced from Met in the CdS QDs biosynthesis process. 

 

-Our research also confirms the presence of three P‐type ATPases transporters, cadA, 

zntA, and pbrA, in the genome of Pseudomonas sp. GC01. Identifying these metal 

transport genes provides evidence about the tools of detoxification used by this strain 

under Cd-stress. Besides, metal ion efflux as a potential mechanism of cadmium-

resistance could contribute to the extracellular biosynthesis of CdS QDs in Pseudomonas 

sp. GC01. 
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-The role of enzymes methionine gamma-lyase (megL and EC4.4.1.11) and cysteine 

desulfhydrase (dcyD) in the extracellular biosynthesis of CdS nanoparticles based on 

MeSH and H2S was discarded due to the absence of the genes that encode these enzymes 

in the genome of Pseudomonas sp. GC01. 

-The gene metC (cystathionine beta-lyase) is presented as the main candidate to produces 

both H2S and MeSH as S2- sources to the extracellular biosynthesis of CdS QDs when 

Cys and Met were used as sole sulfur sources in Pseudomonas sp. GC01 (Figure 8, 

chapter III). 

 

This Thesis project not only contributes to extend the understanding of the biosynthesis 

of nanoparticles based on cadmium by identifying new molecules involved in their 

process synthesis and potential mechanisms associated with these, but also the 

development of new methods to biosynthesize cadmium semiconductor nanoparticles 

using microorganisms. Future assessments of this investigation are to test the ability of 

enzyme cystathionine beta-lyase to volatile sulfur compounds produce, and CdS 

nanocrystal generation under an approach biomimetic. Besides, our results provide a good 

model of metal-detoxification through the bacterial precipitation of cadmium into CdS 

QDs to be used in bioremediation. Further in-depth studies are needed to elucidate the 

mechanisms involved in the biosynthesis process due to the complex cellular interactions. 

The knowledge of the genetic and metabolisms of biomolecules associated with 

biosynthesis of nanoparticles would allow us to develop new protocols for nanoparticles 

with different properties and applications. 
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Annex 1  

Supporting information of Biosynthesis of CdS Quantum Dots 

Mediated by Volatile Sulfur Compounds Released by Antarctic 

Pseudomonas fragi 
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 Supplementary Figure S1.1. XPS survey spectra of CdS nanoparticles obtained with 

(A) Cys, (B) Met.  

Supplementary Figure S1.2. EDX graph of CdS QDs biosynthesized by P. fragi GC01 

with Cys for 3h (orange).  



Annexes 

 

111 

 

  

Supplementary Figure S1.3. VSCs produced by Pseudomonas deceptionensis M1T 

strains under biosynthesis conditions with Cys. (A) Fluorescence of bacterial supernatants 

under biosynthesis conditions during 1 h after UV light exposure. (B) Quantification of 

H2S by GC after 1 h incubation. Bacterial strains were grown under biosynthesis 

conditions in M9 medium with 2mM cysteine, in presence or absence of CdCl2 20 µg mL 

at 28°C. Error bars represent standard deviation (n=3). Student’s t-test (P<0.05): 

Comparison between treatments without and with cadmium (Cd). *Statistically 

significant differences.  
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Annex 2  

Supporting information of Genomics Insights on Pseudomonas 

sp. CG01: an Antarctic Cadmium Resistant Strain Capable to 

Biosynthesize CdS Nanoparticles using Methionine as S-source 
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                          Supplementary Table S2.1. Accession numbers and data for the selected 28 Pseudomonas strains genomes. 

Species Strain BioSample BioProject Sample Geographic location 

Pseudomonas sp Lz4W  SAMN02469436 PRJNA170013 Soil Schirmacher Oasis, Antarctica 

Pseudomonas sp L10.10 SAMN04076495 PRJNA295629 Soil Antarctica 

Pseudomonas sp ADAK18 SAMN14692983 PRJNA627971 boreal fostest Alaska, USA 

Pseudomonas psychrophila  KM02 PRJNA509367 SAMN14133006 Food spoilage microflora Poland 

Pseudomonas psychrophila BS3667  SAMN04490201  PRJEB16505  missing missing 

Pseudomonas taetrolens NCTC10697  SAMEA3711430  PRJEB6403  not available not available 

Pseudomonas taetrolens NCTC8067  SAMEA26390668  PRJEB6403  not available not available 

Pseudomonas fragi P121 SAMN04371283  PRJNA307076 Sediment Artic 

Pseudomonas fragi NMC25 SAMN06628701  PRJNA380155 meat  China 

Pseudomonas fragi DBC  SAMN07187748  PRJNA388845 PAH contaminated soil India 

Pseudomonas chlororaphis R47 SAMN06241861  PRJNA355625 rhizosphere soil Switzerland 

Pseudomonas chlororaphis subsp. aureofaciens  ChPhzTR39 SAMN08359181 PRJNA433211 tomato rhizosphere France: Provence-Alpes-Cote d'Azur, Chateaurenard  

Pseudomonas chlororaphis subsp. aurantiaca  PCM 2210 SAMN08359189 PRJNA433211 sugar-beetroot rhizosphere Poland 

Pseudomonas protegens  H78 SAMN04240923 PRJNA301182 soil China 

Pseudomonas protegens  UCT SAMN05964115 PRJNA299395 contaminated site Czech Republic 

https://www.ncbi.nlm.nih.gov/genome/13508?genome_assembly_id=356594
https://www.ncbi.nlm.nih.gov/genome/13508?genome_assembly_id=356594
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA170013
https://www.ncbi.nlm.nih.gov/genome/14524?genome_assembly_id=290378
https://www.ncbi.nlm.nih.gov/genome/14524?genome_assembly_id=290378
https://www.ncbi.nlm.nih.gov/biosample/SAMN04490201
https://www.ncbi.nlm.nih.gov/bioproject/PRJEB16505
https://www.ncbi.nlm.nih.gov/genome/38683?genome_assembly_id=384042
https://www.ncbi.nlm.nih.gov/genome/38683?genome_assembly_id=384042
https://www.ncbi.nlm.nih.gov/biosample/SAMEA3711430
https://www.ncbi.nlm.nih.gov/bioproject/PRJEB6403
https://www.ncbi.nlm.nih.gov/genome/38683?genome_assembly_id=432655
https://www.ncbi.nlm.nih.gov/genome/38683?genome_assembly_id=432655
https://www.ncbi.nlm.nih.gov/biosample/SAMEA26390668
https://www.ncbi.nlm.nih.gov/bioproject/PRJEB6403
https://www.ncbi.nlm.nih.gov/genome/12409?genome_assembly_id=263897
https://www.ncbi.nlm.nih.gov/genome/12409?genome_assembly_id=263897
https://www.ncbi.nlm.nih.gov/biosample/SAMN04371283
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA307076
https://www.ncbi.nlm.nih.gov/genome/12409?genome_assembly_id=317514
https://www.ncbi.nlm.nih.gov/genome/12409?genome_assembly_id=317514
https://www.ncbi.nlm.nih.gov/biosample/SAMN06628701
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA380155
https://www.ncbi.nlm.nih.gov/assembly/GCA_002128325.1
https://www.ncbi.nlm.nih.gov/genome/12409?genome_assembly_id=322108
https://www.ncbi.nlm.nih.gov/genome/12409?genome_assembly_id=322108
https://www.ncbi.nlm.nih.gov/biosample/SAMN07187748
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA388845
https://www.ncbi.nlm.nih.gov/genome/12568?genome_assembly_id=753670
https://www.ncbi.nlm.nih.gov/genome/12568?genome_assembly_id=753670
https://www.ncbi.nlm.nih.gov/biosample/SAMN06241861
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA355625
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA433211
file:///C:/biosample
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA299395
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Pseudomonas fluorescens L321 SAMN04992557 PRJNA320923 temperate forest Ireland 

Pseudomonas fluorescens L111 SAMN04992704 PRJNA320923 temperate forest Ireland 

Pseudomonas frederiksbergensis ERDD5:01 SAMN05947123 PRJNA350793 glacier stream India 

Pseudomonas frederiksbergensis AS1 SAMN06102480 PRJNA343270 arsenic-contaminated soil South Korea 

Pseudomonas mucidolens LMG2223 SAMN05216202 PRJEB16499  missing missing 

Pseudomonas mucidolens NCTC8068 SAMEA4040591 PRJEB6403  missing missing 

Pseudomonas yamanorum LMG 27247 SAMN05216237 PRJEB16453  missing missing 

Pseudomonas yamanorum LBUM636 SAMN03981702 PRJNA292571 field soil Canada 

Pseudomonas sp. GC01 SAMN14766589 PRJNA629082 soil Antarctica: Deception Island, South Shetland Archipelago 

Pseudomonas aeruginosa NCTC10332  SAMEA2479570  PRJEB6403  not available Czech Republic 

Pseudomonas aeruginosa PAO1 SAMN02603714  PRJNA331 not available missing 

Pseudomonas deceptionensis LMG 25555  SAMN04489800  PRJEB16503  missing missing 

Pseudomonas deceptionensis DSM 26521 SAMN03328792  PRJNA274345 marine sediment Antartica 

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA320923
https://www.ncbi.nlm.nih.gov/taxonomy/104087
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA350793
https://www.ncbi.nlm.nih.gov/taxonomy/104087
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA343270
https://www.ncbi.nlm.nih.gov/taxonomy/46679
https://www.ncbi.nlm.nih.gov/bioproject/PRJEB16499
https://www.ncbi.nlm.nih.gov/taxonomy/46679
https://www.ncbi.nlm.nih.gov/bioproject/PRJEB6403
https://www.ncbi.nlm.nih.gov/bioproject/PRJEB16453
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA292571
https://www.ncbi.nlm.nih.gov/genome/187?genome_assembly_id=259158
https://www.ncbi.nlm.nih.gov/genome/187?genome_assembly_id=259158
https://www.ncbi.nlm.nih.gov/biosample/SAMEA2479570
https://www.ncbi.nlm.nih.gov/bioproject/PRJEB6403
https://www.ncbi.nlm.nih.gov/genome/187?genome_assembly_id=299953
https://www.ncbi.nlm.nih.gov/genome/187?genome_assembly_id=299953
https://www.ncbi.nlm.nih.gov/biosample/SAMN02603714
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA331
https://www.ncbi.nlm.nih.gov/genome/38681?genome_assembly_id=290509
https://www.ncbi.nlm.nih.gov/genome/38681?genome_assembly_id=290509
https://www.ncbi.nlm.nih.gov/biosample/SAMN04489800
https://www.ncbi.nlm.nih.gov/bioproject/PRJEB16503
https://www.ncbi.nlm.nih.gov/genome/38681?genome_assembly_id=233563
https://www.ncbi.nlm.nih.gov/genome/38681?genome_assembly_id=233563
https://www.ncbi.nlm.nih.gov/biosample/SAMN03328792
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA274345
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Supplementary Table S2.2. Cadmium-resistance Genes Database described in the 

literature to Pseudomonas.  

Gene Family Substrates Organism Reference 

cadA  

P-type ATPases 

 

 

Cd2+, Zn2+ 

P. putida 06909 Lee et al., 2001 

P. sp. MPC6 Orellana-Saez et al., 2019 

cadA2R P. putida CD2 Hu and Zhao, 2007 

 

czcA 

 

Cation diffusion facilitator 

 

Cd2+, Zn2+, 

Co2+ 

P. aeruginosa Joonu, and Averal, 2016 

P. sp. MPC6 Orellana-Saez et al., 2019 

P. sp. P11 Yan et al., 2019 

 

czcB 

Membrane fusion protein Cd2+, Zn2+, 

Co2+ 

P. aeruginosa Joonu, and Averal, 2016 

P. KT2440 Orellana-Saez et al., 2019 

 

czcC 

Cation diffusion facilitator Cd2+, Zn2+, 

Co2+ 

P. aeruginosa Joonu, and Averal, 2016 

P. putida KT2440 Orellana-Saez et al., 2019 

 

czcR 

czcS 

 

Regulator 

 

Cd2+, Zn2+, 

Co2+ 

P. sp. MPC6 Orellana-Saez et al., 2019 

P. aeruginosa Wang et al., 2017 

P. aeruginosa PAO1 Perron et al., 2004 

P. putida X4 Liu et al., 2015 

CzrA     

CzrB RND Efflux Cd2+, Zn2+ P. aeruginosa 

CMG103 

Hassan et al., 1999 

CzrC     

ZntA P-type ATPases Pb2+, Cd2+, 

Zn2+ 

Pseudomonas 

fluorescens strain 

ATCC 13525 

Rossbach et al., 2000 

 

 

RND: Resistance-nodulation-division. 
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Supplementary Table S2.3. Genes Classification for each strain in the pangenome 

compartments. 

Strain Total 

Proteins 

Accessory Disposable Core 

P. aeruginosa NCTC10332 5704 2736 (48.0%) 944 (16.5%) 2024 (35.5%) 

P. aeruginosa PAO1 5694 2720 (47.8%) 950 (16.7%) 2024 (35.5%) 

P. chlororaphis R47 6042 1038 (17.2%) 2980 (49.3%) 2024 (33.5%) 

P. chlororaphis subsp. Aurantiaca PCM2210 5631 726 (12.9%) 2881 (51.2%) 2024 (35.9%) 

P. chlororaphis subsp. aureofaciens ChPhzTR39 5911 979 (16.6%) 2908 (49.2%) 2024 (34.2%) 

P. deceptionensis DSM26521 4560 386 (8.5%) 2150 (47.1%) 2024 (44.4%) 

P. deceptionensis LMG25555 4561 387 (8.5%) 2150 (47.1%) 2024 (44.4%) 

P. fluorescens L111 5820 1042 (17.9%) 2754 (47.3%) 2024 (34.8%) 

P. fluorescens L321 5844 1042 (17.8%) 2778 (47.5%) 2024 (34.6%) 

P. fragi DBC 3908 180 (4.6%) 1704 (43.6%) 2024 (51.8%) 

P. fragi NMC25 4182 247 (5.9%) 1911 (45.7%) 2024 (48.4%) 

P. fragi P121 4316 359 (8.3%) 1933 (44.8%) 2024 (46.9%) 

P. frederiksbergensis AS1 4495 285 (6.3%) 2186 (48.6%) 2024 (45.0%) 

P. frederiksbergensis ERDD5:01 4197 336 (8.0%) 1837 (43.8%) 2024 (48.2%) 

P. mucidolens LMG2223 5242 981 (18.7%) 2237 (42.7%) 2024 (38.6%) 

P. mucidolens NCTC8068 5241 980 (18.7%) 2237 (42.7%) 2024 (38.6%) 

P. protegens H78 5494 790 (14.4%) 2680 (48.8%) 2024 (36.8%) 

P. protegens UCT 4379 804 (18.4%) 1551 (35.4%) 2024 (46.2%) 

P. psychrophila BS3667 4710 529 (11.2%) 2157 (45.8%) 2024 (43.0%) 

P. psychrophila KM02 4717 532 (11.3%) 2161 (45.8%) 2024 (42.9%) 
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P. sp. ADAK18 5031 334 (6.6%) 2673 (53.1%) 2024 (40.2%) 

P. sp. GC01 4875 271 (5.6%) 2580 (52.9%) 2024 (41.5%) 

P. sp. L10.10 4132 167 (4.0%) 1941 (47.0%) 2024 (49.0%) 

P. sp. Lz4W 4298 277 (6.4%) 1997 (46.5%) 2024 (47.1%) 

P. taetrolens NCTC10697 4305 536 (12.5%) 1745 (40.5%) 2024 (47.0%) 

P. taetrolens NCTC8067 4368 562 (12.9%) 1782 (40.8%) 2024 (46.3%) 

P. yamanorum LBUM636 5907 879 (14.9%) 3004 (50.9%) 2024 (34.3%) 

P. yamanorum LMG27247 5929 893 (15.1%) 3012 (50.8%) 2024 (34.1%) 

 

 

 

 

 

 

 

 

 

 


