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Introduction 
 
This book contains a selection of papers presented at the VI International Conference on 
Environmental, Industrial and Applied Microbiology (BioMicroWorld2015), which was held 
at the beautiful Historic Building of the University of Barcelona (UB), in Barcelona, Spain, 
during October 28th – 30th 2015. 
 
BioMicroWorld (which evokes the concept/image “biological microscopic world”) is a well-
established forum that has brought together researchers in the applied microbiology field 
every two years since 2005. This forum is aimed at communicating current progress in the 
fields of environmental, industrial, food, or medical microbiology, as well as in microbial 
biotechnology or technology development.  
 
This sixth edition of the BioMicroWorld conference series gathered 511 participants, coming 
from 66 countries. Some of the research works presented at that conference are discussed in 
this book within the following topics: 

  Agricultural and environmental microbiology. Biodeterioration, biodegratation,  
       bioremediation. 

  Food microbiology. 

  Medical microbiology. Antimicrobial agents and chemotherapy. Antimicrobial  
       resistance. 

  Industrial microbiology. Microbial production of high-value products. 

  Biotechnologically relevant enzymes and proteins. 

  Methods and technology development. 

  Microbial physiology. 
  
We thank all authors for their contributions to this proceedings book. And we gratefully 
acknowledge the essential work of the reviewers and the members of the International 
Advisory Committee for their effort and assistance. 
We hope readers will find the content of this book interesting, inspiring and useful.  
 
 
A. Méndez-Vilas 
Editor 
BioMicroWorld2015 General Coordinator 
Formatex Research Center 
C/Zurbarán 1, Planta 2, Oficina 1 
06002 Badajoz 
Spain 
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The microbiological quality of the Palmiet and Isipingo Rivers in KwaZulu-Natal (South Africa) was investigated.  
The study involved an assessment of historical data collected over the past 66 months on each river based on 
Escherichia coli (E.coli) values obtained from the Municipality (eThekwini Water and Sanitation Dept). This was 
followed by microbiological quality assessments in 2015 for surface water and sediments with IDEXX Colilert 18 
for coliforms and E.coli quantifications and Enterolert for the enumeration of Enterococci. Physiochemical 
properties included temperature, pH, conductivity, TDS, salinity and dissolved oxygen. The selected sampling 
points in both rivers expressed a water quality classified as unsuitable for crop irrigation and recreational use. The 
observed microbial concentrations in both rivers exceeded the World Health Organization guideline values and 
standard limits defined by Department of Water Affairs and Forestry (SA). It was further concluded, Isipingo 
River had an inferior quality than the Palmiet River.  

Keywords Water quality; risk assessment; Escherichia coli; Enterococci 

1. Introduction 

The deteriorating quality of river water is a major threat to South Africa’s ability to provide adequate water of 
appropriate quality to meet its population’s needs and to ensure a sustainable environment. Thus, a further 
understanding of the quantitative variability is important for accurate and comprehensive assessment of 
microbial river water quality which accounts for seasonal and spatial variations. Diarrheal diseases ranked 2nd 

after HIV in the global burden of diseases in South Africa with an impact of 4.9% (1 138 000) life years lost per 
year solely due to diarrhea [1]. Children who are malnourished or have impaired immunity as well as people 
living with HIV are at risk of life-threatening diarrhoea. Approximately 2.2 million people die each year 
worldwide due to diarrheal diseases [2]. This is partly due to the lack of access and use of potable water, which 
has forced many inhabitants of the informal settlements to rely on surface water sources for their daily needs, 
thus exposing them to waterborne diseases [3]. According to the World Health Organization report, the global 
disease burden could be decreased by 10% simply by improving people’s access and use of safe drinking water 
[4]. 
 The Isipingo catchment is located in the South Africa, KwaZulu-Natal province, roughly 20 kilometers south 
of the Durban Central Business District (CBD). The length is approximately 27 km, originating approximately 
16 km in a north-westerly direction from the mouth of the Isipingo Estuary [5]. It is a comparatively small 
catchment that is characterized by informal settlements, formal developments as well as intensive industrial 
activities especially in the lower catchment, thus it is greatly influenced by anthropogenic sources. According to 
a study conducted by the [6] on water pollution, this river and interlinked canals had the highest E.coli and other 
bacterial concentrations as well as ammonia levels on the Natal coast. Phenolic contaminants, pesticides and 
metals like lead, zinc, and lithium were also found from industrial and agricultural pollution [5]. The second 
catchment is a 25 km long catchment that is located in the northerly peripheral of the city of Durban. The 
Palmiet river was named after the Prionium Serratum known as the palmiet plant. It is also a relatively small 
catchment area of 500 km2, with 5 irrigation and hydropower dams along its length, and provides water for 
agricultural and industrial uses [3]. It is also highly influenced by industrial areas as well as informal 
settlements, as it flows directly through the Quarry road informal settlement (which is a major pollution source 
and therefore our main focus for the purpose of this study). This catchment joins the Umngeni river which 
provides water to over 3,5 million people [3]. 
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2. Materials and methods 

2.1 Historical data analysis:  

The analysis of the historical data was conducted using the E.coli CFU/100 mL values obtained from the 
Municipality (eThekwini Water and Sanitation Department) and expressed as the mean arithmetic values of the 
data collected at various sampling points over 66 months (Jan 2009 – June 2014) for each river.  

2.2 Microbiological Assessment (Data collected in 2015): 

The microbiological quality of surface water and sediments from the Isipingo and Palmiet rivers at 8 sampling 
points (4 points at each river) were analysed using the Colilert -18 and Enterolert (IDEXX), and Quanti-Tray 
Test to determine E.coli and Enterococci respectively. 

2.3 Statistical analysis:  

All microbiological data were log10 transformed. Statistical analyses were performed using Microsoft Excel and 
GraphPad prism: Log transformation and graphs were conducted in Microsoft Excel. Pearson correlation 
analysis, and unpaired t-tests were performed using Graphpad prism. 

3. Results 

3.1 Historical data analysis 

 

 

Figure 1: Comparison of the mean E.coli (Log10 CFU/ 100 ml) concentration along the Isipingo River and Palmiet River for 
5 years and 6 months (Jan 2009-June 2014) (bars represent ±SD) 
 
The concentration of the E.coli values ranged from 3.31 (2010) to 3.62 (2012) and 3.45 (2011) to 4.53 (2013) 
E.coli log10 CFU/ 100 mL for the Palmiet and the Isipingo rivers respectively (n=36: 2009 to 2014). Based on an 
unpaired t-test, there was statistical difference in the concentration of E. coli between the two rivers (p= 0.0076). 
Isipingo reported higher concentrations than the Palmiet river as shown in Figure 1.  
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 3.2 Microbial Assessment (Data collected in 2015) 

 

 

Figure 3: Comparison of the mean concentrations (Log10) of E. coli and Enterococci in the surface water and sediments of 
the Palmiet River and Isipingo River (n=12 ±SD) 
 
 
 The mean E.coli and Enterococci values in surface water and sediment samples in the Palmiet and Isipingo 
rivers are shown in Fig 3. In the Palmiet river the indicator microorganisms ranged from 3.44 to 4.15 Log10 
MPN/100 mL and at the Isipingo river it ranged from 4.17 to 4.80 Log10 MPN/100 mL. The red line indicates 
the eThekwini standard limits <3.33 shows that the values above this line are in a poor state. 
 
Table 1: Comparison of the mean concentrations (Log10) MPN/100 mL of E. coli and Enterococci in the surface water of the 
two rivers 

                               Surface Water 

 E. coli Enterococci P-value Pearson correlation 

Palmiet 4.0 ± 0.1 3.4 ± 0.2 0.009 r= 0.55 

Isipingo 4.6 ± 0.6 4.2 ± 1.1 0.900 r= 0.90 
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E.coli log10 CFU/ 100 mL concentrations were 
correlated with rainfall events (on the day of 
sampling) (r= 0.2646 and p-value = 0.2724) 
using linear regression for values of rainfall >5 
mm (n=19).  
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4. Discussion 

Historical data analysis helps researchers to establish existing conditions of a particular catchment. A 
comparison of the two rivers of interest is illustrated by figure1 above. High levels of E.coli were found at the 
Isipingo river from the year 2009 to 2014 except for the year 2011, where Palmiet river (3.59 Log10 CFU/100 
mL) and Isipingo river (3.45 Log10 CFU/100 mL) had values in a similar range. The generally high levels of 
E.coli at the Isipingo river over the years is due to its surroundings, represented by  the sampling points (1) 
Upstream of the Isipingo wastewater treatment plant (WWTP), (2) next to the WWTP, (3) Downstream of the 
WWTP (this sampling point is surrounded by informal settlements) and (4) at the river mouth. Therefore, pipe 
outbursts and overflows from the WWTP contribute to river’s pollution in addition to the contaminants washed 
off during heavy rains particularly from the informal settlements as this area is highly polluted. This situation is 
typical for many African catchments and thereby represents a general trend. 
 According to a study conducted by Cha et al [7], variability in fecal coliform concentration tends to be 
positively related to precipitation. Therefore an increase in total rainfall will elevate contamination levels. In 
order to determine this relationship, E.coli log10 CFU/ 100 mL concentrations were correlated with rainfall 
events (on the day of sampling) from the  Palmiet river using linear regression for values of rainfall >5 mm 
(n=19). A positive correlation between E.coli concentrations and rainfall was found (r= 0.2646 and p-value = 
0.2724), this indicated that the amount of precipitation had a direct relation with E.coli concentration, although 
it was a weak association as shown by the r-value and figure 2. Elevated levels of Coliforms/E.coli during 
rainfall are due to contamination that is washed off into to the rivers or streams. 
 When surface water and sediments samples were compared (figure 3), the bacterial concentration of both 
E.coli and Enterococci was higher in sediment samples, in both the Isipingo and Palmiet rivers. The high 
bacterial concentration in sediments is probably due to the accumulation of the pathogens in the river 
bed/sediments over time which comes from sewage discharge during an event of a pipe outburst or 
contamination that is washed off into the river during heavy rains. Another interesting factor that contributes to 
this is the attachment of bacterial indicators to soil particles. Ana et al [8] showed that sediment samples yield 
higher levels of indicator bacteria than surface water. The study, tried to correlate E.coli densities in water and 
in sediment, but was not successful and further concluded that E.coli in water is not much of a good indicator 
for densities in sediment. Another study conducted in Congo found that microbial sediment analysis provides 
complementary and important information for assessing sanitary quality of surface water under tropical 
conditions [9]. Our study was in concurrence with previous reports, and we conclude that, the addition of 
sediment samples in river water quality analysis would give a better picture of the level of contamination.  
In relation to the eThekwini Water and Sanitation standard limits (>3.3 log10) both rivers were in a poor state in 
terms of water quality, hence water from both the Isipingo and Palmiet rivers is not suitable for crop irrigation 
purposes (≤1000 Fecal coliforms/100 mL) [10] and (≤1 E,coli /100 mL) [11]. The surface water from the 
Isipingo river is used to irrigate small scale market gardens (the produce is sold in the local community) and 
subsistence gardens by the community members in the surrounding area. Irrigation is conducted manually using 
plastic containers or buckets directly onto the produce. This potentially puts the members of the community at 
risk of being exposed to water-borne diseases. Both subsistence and commercial farmers potentially reduce the 
microbiological quality and safety of fresh produce by using feacally contaminated water for irrigation, this is 
thus not just restricted to direct wastewater reuse. Although it is widely known that using fecal contaminated 
water can be beneficial as it provides nutrients for crops. According to Beuchat et al [12] sufficient evidence of 
the presence of defecated pathogens found on the surface of vegetables irrigated with water containing fecal 
matter contamination. The relationship that microorganisms (bacteria, viruses, protozoa and helminths) can 
survive for days, weeks or even months on crops irrigated with microbially contaminated wastewater was 
established by Shuval et al [13] several decades ago. The presence of pathogens in waste water and receiving 
water bodies such as rivers is therefore still a serious concern especially if used for irrigating minimally 
processed crops such as lettuce, spinach and parsley [12]. 
 The municipality rely upon the assumed predictive relationship between E.coli as an indicator organisms and 
pathogen survival/ transport in surface water, in order to ensure that the surface water does not put the public’s 
health at risk. Although it is impossible to test surface water for all possible pathogens it is important to use 
more than one indicator, and to also ensure that the indicator used can be correlated with a broad variety of 
waterborne pathogens [14, 15]. Statistical analyses were conducted in order to determine whether or not E.coli 
can be used to simulate the presence of other microorganism such as Enterococci. 
 Statistical difference between the concentrations of E. coli and Enterococci was determined using an unpaired 
t-test, a significant difference was found in the Palmiet river (p-value = 0.009). However in the Isipingo river, no 
significant difference (p-value = 0.900) was observed in the concentration of these two indicators in surface 
water. A Pearson correlation analysis was conducted in order to determine the correlation between E.coli and 
Enterococci, the values in table 1 indicated that there was a stronger relationship between these indicators in the 
Isipingo river than the Palmiet river. The strong correlation between the E. coli and Enterococci figures in the 
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Isipingo river could be attributed to the high concentrations of the indicator organisms (figure 3, table 1). 
Therefore, E.coli can be used as an indicator organism alone in extremely polluted areas, but using E.coli and 
Enterococci might be necessary in moderately polluted rivers such as the Palmiet river. Overall, a comparison of 
the two rivers indicates a higher contamination level in the Isipingo than the Palmiet.  
 In conclusion, both the rivers were found to be over the statuary local guidelines, basically giving a 
representation of diluted feaces (especially the Isipingo river). The risks associated with irrigation and human 
health is still a major concern as the community members continue to use these rivers even though they do not 
comply with international and local guidelines. These two case studies represent a general trend for many of the 
African rivers. There is a correlation between E.coli concentration and rainfall. Lastly, it was found that 
sediment samples give an enhanced picture with regards to pollution level as appose to surface water only. Also, 
the correlation between E.coli and enterococci showed that these two indicators should be used in parallel in 
rivers that exhibits low contamination levels. Overall, Palmiet river was in a far better river health condition 
than the Isipingo river according to local guidelines. 
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Lindane is the common name for the gamma isomer of the hexaclorocyclohexane (HCH) a chemical compound 
widely use throughout the world due to its insecticidal properties. It is included in the Persistent Organic 
Pollutants (POP) list of the Stockholm Convention, and banned in the EU since 2002. Currently one of the main 
problems is the management and treatment of contaminated soils from past manufacturing of the compound. 
Nanoscale zero valent iron nanoparticles (nZVI) have shown to be effective as environmental decontamination 
tool, especially in the treatment of halogenated hydrocarbons. Also, bioremediation by bacteria and fungi 
constitutes an alternative treatment for lindane contaminated environments. The aim of this work was to explore 
the possibility of improving the removal of lindane with a combined treatment of bioaugmentation and 
nanoremediation with nZVI particles.  

Keywords: Lindane; Iron nanoparticles, nZVI; Bacteria; Bioremediation.  

1. Introduction 

Lindane (ɣ-HCH) is a halogenated organic compound derived from benzene. Due to its insecticidal properties it 
has been widely used throughout the world in agriculture, forestry, wood manufacturing and as human and 
animal treatment against ectoparasites. Because of its durability in the environment, toxicity and easy 
bioaccumulation along the trophic chain lindane was included in the POP list of the Stockholm Convention, and 
its use is banned in the EU since 2002. One of the main problems nowadays is the manufacturing and treatment 
of contaminated soils from the past manufacturing of the compound. In Spain, one of the principal sources of 
pollution is located in Sabiñánigo (Aragón), a region near to The Pyrenees where around 20,000 tons of lindane 
residues coming from an old abandoned factory are stored in dumps. 
 Bacterial lindane biodegradation has been observed in both anaerobic and aerobic ecosystems and thus 
bioremediation has therefore been considered a strategy of choice for cleaning soils contaminated with lindane 
[1]. Both bioremediation approaches, biostimulation and bioaugmentation have been applied to HCH-
contaminated sites. Most of the lindane aerobic degrading bacteria known to date are members of the family 
Sphingomonadaceae (genera Sphingobium and Sphingomonas [1]). On the other hand the treatment with 
nanoscale zero valent iron nanoparticles has shown to be an effective tool in environmental decontamination 
process, especially in the treatment of halogenated hydrocarbons, including lindane degradation in aqueous 
solution [1] [2] [3] or soil [4]. The effectiveness of nanoparticles lies in its nanometric scale, which increases the 
specific surface area making them more reactive. In presence of oxygen the nanoparticles oxidized creating an 
environment which promotes the reduction of surrounding compounds.   
 The main purpose of this work was the study of a combined treatment of bioaugmentation and 
nanoremediation with nZVI particles for the total or partial degradation of lindane. The approach was made by 
isolation of potential degrading bacteria from lindane contaminated soils. The isolated bacteria were submitted 
to a screening process to select the most appropriate for the combined decontamination treatments. 

2. Experimental 

2.1 Isolation and identification of bacteria 

Enrichment cultures and microcosm assays were carried out with polluted soil from Sabiñánigo to isolate 
potentially lindane degrading bacteria and/or nZVI tolerant bacteria. Enrichment cultures were performed by 
adding 1 g of soil in 100 ml of minimal liquid medium (Bushnell Haas broth, Fluka Analytical) with lindane at 
final concentration of 50 µg/ml as sole carbon source. The lindane was previously diluted in dimethyl sulfoxide 
due to its low solubility. In the microcosm assay 20 g of contaminated soil were mixed with 40 ml of distilled 
sterile water in which nZVI particles were diluted at final concentrations of 1, 5 and 20 g/l. The nanoparticles 
were NANOFER STAR, supplied by Nano Iron s.r.o., Czech Republic. In both cases aliquots from different 
sampling times were taken and cultured in rich solid media. In the enrichment culture the sample was taken after 
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three passes; in the microcosm were taken after 24 hours, 10 days and 30 days. The isolated bacteria were 
identified by amplification and sequencing of 16S rRNA gene, using OptiTaq PCR Master Mix (2X) (Eurx) for 
amplification and Big Dye terminator kit (Applied Biosystems) for sequencing. Nucleotide sequences were 
analysed by ABI PRISM ® 3130 Genetic Analyzer (Thermofisher). The sequence homology search was 
performed using BLAST program available al National Centre for Biotechnology Information website.  

2.2 Screening tests 

Several screening tests related with their capability to degrade lindane were carried out to select the most 
suitable bacteria among the previously isolated. The bacteria selection was made combining the result obtained 
in each test. 

2.2.1 Growth and degradation of lindane as carbon source 

The purpose of these experiments was to evaluate the capability of the bacteria to growth in a minimum liquid 
medium with lindane as sole carbon source, assuming that a visible growth implies the degradation of the 
pollutant. Bacteria were preincubated in 10 ml of TSB medium diluted 1:10 (Tryptone Soy Broth, Merck) 
during 72 hours at 30ºC. A saturated solution of lindane was prepared with 500 ml of liquid minimum media 
and 100 mg of lindane (Sigma-Aldrich), stirred at room temperature during 48 hours and filtered using 
membrane disc filters with pore size of 0.45 µm (Pall Corporation) [5]. Preincubated bacteria were centrifuged 
and washed twice with sterile water and resuspended in 3 ml. 1 ml of this suspension was added to Erlenmeyer 
flask with 20 ml of minimum lindane saturate medium and incubated at 30ºC and 150 rpm. Growth was 
assessed comparing the observed turbidity of the medium over time at 600 nm λ in a spectrophotometer, with 
respect to the same bacterial suspension in the minimum medium without lindane. 
 The capability of selected bacteria to degrade lindane was tested by quantification of the total amount of 
lindane in the medium, comparing with the control (lindane medium without bacteria), after 7 days of 
incubation. The contaminant was extracted with a mixture of hexane and acetone (1:1) in a Soxtherm equipment 
and measured by Gas Chromatography-Mass Spectrometry (GC-MS) (Method 8270D, EPA). 

2.2.2 Presence of lin Genes 

A proposed lindane degradation pathway has been described in Sphingobium japonicum UT26 [6], where a 
cascade of enzymes is involved in the transformation of lindane into succinyl-CoA and acetyl-CoA, which are 
finally metabolized in the citrate/tricarboxylic acid cycle. We analysed the presence of the gene linA which 
codes for the first enzyme (dehydrochlorinase) of the metabolic pathway by PCR, which was performed as 
described previously [7] using OptiTaq PCR Master Mix (2X) (Eurx) and primers LinAF (5’-
ATGAGTGATCTAGACAGACTTGC-3’) and LinAR1 (5’-TTATGCGCCGGACGGTGCG-3’) [8]. 

2.3 Effects of nZVI on selected bacteria 

After the screening tests a few bacteria were selected and assayed again on the presence of nZVI. Each 
bacterium was preincubated as described above and 1 ml of the final suspension inoculated in Erlenmeyer flask 
with 18 ml of lindane saturated minimum medium and 1 ml of nZVI solution previously sonicated during 15 
minutes to disperse nanoparticles and avoid agglomeration, at a final concentration of 1 g/L. The same bacteria 
inoculated in lindane-minimum medium without nZVI served as control. Cultures were incubated as described 
above. Bacterial growth was measured in both cases by dilution and plate-count methods in solid TSA. These 
experiments were complemented with a viability analysis by confocal laser scanning microscopy observations 
of the bacterial samples, after staining with vital dyes (SYTO 9 and IP, LIVE/DEAD BacLight Bacterial 
Viability Kit, Molecular Probes) [9].  

2.4 Combined decontamination experiments 

These microcosm experiments were performed in 50 ml conical tubes with 13 g of soil, 15 ml of lindane 
saturated solution prepared as described above, 1 ml of nZVI solution (final concentration 1g/L) and 1 ml of 
bacterial suspension prepared as described previously; the tubes without nanoparticles were completed with 
sterile distilled water to reach the same volume in all. Soil was sterilised with two autoclave cycles (1 atm, 121 
ºC, 20 minutes) separated by 24 hours. The soil suspensions were incubated at room temperature with manual 
agitation twice daily. After 72 hours and 15 days the soil was dried for further lindane quantification (see 
above).  
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3. Results 

3.1. Selection and screening of bacteria 

As a result of the initial screening 75 bacteria were isolated from the first microcosm assay, named B51 to B73 
and two bacteria, ES1 and ES2 were isolated from enrichment culture. The isolated bacteria were submitted to 
several consecutive growth and degradation tests (Section 2.2). At the end of the process ten bacteria were 
selected and identified (Table 1). The results obtained with these bacteria in the presence of lindane are also 
shown in Table 1. Streptomyces, Arthrobacter, Cupriavidus and Sinorhizobium show higher reduction of 
lindane in the medium, being chosen for further assays. 
 
        Table 1. Identification and lindane utilization of the bacteria isolated and selected in the present work. 

 Lab 
Code 

Highly similar sequences (Identification percentage) Accesion 
number 

Lindane 
ppm ∗ 

B51 Streptomyces sp. MN40 (99) KF95308.1 7.91 
B59 NI       - 14.34 
B61 
B62 
B63 
B64 
B65 
B68 
ES1 
ES2 

Promicromonospora sukumoe HBUM174119 (98)  
Bacterium JP15 (98) 
Arthrobacter sp. E7 (99) 
Nocardioides albus YJ-R21 (99) 
Sinorhizobium sp. MR-I13 (99) 
Pseudomonas sp DOC21 (98) 
Cupriavidus alkaliphilus odb12 (98) 
Sinorhizobium medicae MP-7H1 (98) 

FJ486347.1 
KC602251.1 
FJ535482.1 
KF876862.1 
KJ811554.1 
JN695041.1 
KR812323.1 
KF468788.1 

8.48 
8.28 
6.76 
9.14 

16.24 
9.09 
8.03 
6.73 

*Data obtained after 7 days of incubation. Control value (lindane medium without bacteria; see 2.2.1) was 
14.7 ppm. NI: Not identified 

 
 Presence of linA genes was tested in the above bacteria. As shown in Fig. 1 clear positive result were 
obtained only with Cupriavidus alkaliphilus, Sinorhizobium medicae and Arthrobacter, although an additional 
band is observed in Arthrobacter.          
 

Fig. 1. Gel electrophoresis analysis of the PCR products of the linA gene amplification in C. alkaliphilus (lane 1) S. medicae 
(lane 2) and Arthrobacter (lane 3).  

3.2. Effects of nZVI on selected bacteria 

 
The effects of nZVI particles were tested on the four bacteria which gave best results in the lindane experiments: 
Streptomyces, Arthrobacter, Cupriavidus and Sinorhizobium. Streptomyces was included also due to former 
reports showing its capability to degrade organochlorines compounds, including lindane [1] [10]. Growth of the 
bacteria in the presence and absence of lindane was analysed at 18 and 72 hours (Fig. 2). The bacterial counts 
showed a similar growth dynamic of the bacteria in presence and absence of nanoparticles, although there is an 
initial transitory decrease when exposed to nanoparticles. Viability analysis was directly observed by confocal 

1        2           3 
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laser scanning microscopy. The microscopy observations (Fig. 3) show a predominance of green stained 
bacteria (live) than dead (red), which is consistent with the above growth results. 

Fig. 2. Colony forming units (cfu) analysis of the selected bacteria in presence and absence of nanoparticles. a) Streptomyces 
sp. b) Arthrobacter sp. c) C. alkaliphilus. d) S. medicae.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Images from the confocal microscopy observations of the bacteria samples in the presence of nZVI particles. a) 
Streptomyces sp. b) Arthrobacter sp. c) C. alkaliphilus. d) S. medicae. 

3.3. Combined decontamination experiments in soil. 

The ability to degrade lindane of two of the selected bacteria (Arthrobacter sp. and Cupriavidus alkaliphilus) 
alone or in combination (consortium) was tested in a microcosm assay with sterilized soil, in the absence or 
presence of nZVI particles (Table 2). Best results were obtained in the presence of nZVI alone or in the presence 
of Arthrobacter sp. at 3 days or the consortium plus nZVI after 15 days. Remarkably, the presence of bacteria 
apparently seems to impair the effectivity of the nanoparticles to the extent that when C. alkaliphilus was added, 
the levels of lindane were even higher that in the control. Possible explanations of this phenomenon are 
discussed below.  
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Table 2. Lindane degradation experiments in soil microcosms. 
 

Treatment Sample time 
(days) 

Lindane  
(μg/g soil) 

Lindane 
(%) 

Control 3 1.846 100 
Control 15 1.579 85.5 
nZVI 3 0.273 14.8 
nZVI 15 0.096 5.2 
Arthrobacter sp. 3 1.235 66.9 
Arthrobacter sp. 15 1.501 81.3 
C. alkaliphilus 3 2.542 137.7 
C. alkaliphilus 15 1.829 99.0 
Arthrobacter + nZVI 3 0.395 21,4 
Arthrobacter + nZVI 15 0.824 44.6 
C. alkaliphilus + nZVI 3 1.677 90.8 
C. alkaliphilus + nZVI 15 1.75 94.8 
Arthrobacter + C. alkaliphilus + nZVI 3 1.782 96.5 
Arthrobacter + C. alkaliphilus + nZVI 15 1.104 59.8 
Control: sterilized soil with lindane saturated minimum medium.  

4. Discussion 

We have isolated several soil bacteria capable to use lindane as the sole carbon source. One of them 
(Cupriavidus) had not been described previously as lindane degrader. An additional aim of the work was the 
design of a combined treatment of bioaugmentation and nanoremediation with nZVI particles for the total or 
partial degradation of lindane, exploiting the advantages that each technique offers. Nanoscale zero valent iron 
(nZVI) particles have specifically shown to be very effective for environmental remediation, especially for the 
treatment of chlorinated hydrocarbons or organochlorine pesticides [3] [4] [6]. As in our work, effectivity of 
nZVI towards lindane has been demonstrated previously by other authors in batch tests [1] [2] or soil [4]. 
However, as shown by our results, the presence of bacteria previously selected for their capability to use lindane 
as carbon source, does not seem to clearly improve the degradation of this compound. This was unexpected, as 
Arthrobacter has also been described by other authors as capable to degrade lindane [1] [10] [11]. One possible 
explanation is that the bacteria change the mobilization characteristics of the compound, making it less 
accessible to the nanoparticles. Lindane must first sorb onto the iron surface, where the highly electronegative 
chlorine substituents act as the electron acceptors and Fe0 serves as the electron donor [2] and these processes 
could be impaired by the bacteria. Other possibility is that the bacteria affect the concentration of lindane in the 
samples by enhancing the desorption of this compound from soil. Further investigations will necessary to clarify 
that bacterial effect. In this regard, sequential, instead of simultaneous treatment with nZVI particles and 
bacteria could provide useful approaches for the decontamination of lindane and/or other organochlorine 
compounds. In fact, accompanying the chemical transformation of lindane by nZVI particles, other by-products, 
as chlorobenzene, tetrachloroethylene, benzene and additional smaller by-products, not detected by the current 
methodology used, are formed [2] [3]. The subsequent treatment with the selected bacteria could decisively 
contribute to the elimination of these potential harmful derivatives. 
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Altruistic model of N2-fixing microbe-plant symbiosis: evolutionary 
and agronomic aspects 
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Operation of N2-fixing microbe-plant (rhizobia-legume) symbiosis is described using the altruistic model which 
suggests that increase of the mutualism efficiency (ability to improve the host fitness) in microsymbionts results 
from their evolution towards differentiation into non-reproducible cellular forms (bacteroids). They express the 
enormous nitrogenase activity due to repressing the majority of free-living functions including the key stages of 
C/N metabolism and of cell envelope biogenesis. This altruistic evolutionary strategy is implemented via the kin 
selection pressures operating within the endosymbiotic rhizobia populations which are reorganized due to 
metabolic and signaling feedbacks with the hosts. The altruistic strategy represents a conduit for constructing the 
rhizobia strains for the legume crop inoculation: symbiotic efficiency in these strains may be improved due to 
inactivation of negative regulators of symbiosis (eff genes) responsible for adaptations to the soil environments 
(e.g., accumulation of nutritional/energy resources and synthesis of stress-protective surface components).           

Keywords N2-fixing bacteria; leguminous plants; root nodule bacteria (rhizobia); plant-microbe symbioses; 
interspecies altruism; kin selection; symbiotic efficiency; genetic construction; microbial inoculants; poly-β-
hydroxybutyrate; capsular and exo-polysaccharides 

1. Introduction 

Plant-microbe N2-fixing symbioses are broadly distributed in natural ecosystems and are used widely in 
sustainable agriculture to substitute the environmentally hazardous and expensive nitrogen fertilizers. Many of 
these symbioses are studied comprehensively at the molecular, cellular and ecological levels providing the 
excellent models for developing different areas of genetics and evolutionary biology [1]. A special interest to 
these models is related to the irreversible differentiation of N2-fixing bacteria into non-reproducible forms which 
develop very high N2-fixing activity and completely donate its products to the plants thus expressing an 
altruistic behavior towards their hosts (Table 1).  
 
Table 1 N2-fixing bacteria forming non-reproducible cellular forms in symbiosis with plants 

Bacteria  Taxonomy  Hosts  Non-reproducible 
N2-fixing forms 

Location of N2-fixing forms  

Rhizobia 
(Rhizobium, 
Sinorhizobium) [2] 

α-proteo-
bacteria 

Galegoid legumes Bacteroids 
(enlarged, 
polyploid) 

Intracellular (symbiosomes 
within the nodular cells) 

Nostoc [3] Cyano-
bacteria  

All types of 
vascular plants 
(from mosses to 
angiosperms) 

Multiple (over 
30% of total cell 
number) 
heterocysts* 

Intracellular (Gunnera), in 
tissue cavities (Anthoceros, 
Azolla**), in intercellular 
spaces (Cycas) 

Azoarcus [4] β-proteo-
bacteria 

Cereals (Leptochloa 
fusca, Oryza sativa) 

Non-cultivable 
cellular forms 

In intercellular spaces 

*In free-living cyanobacteria, 10% of cells are differentiated into heterocysts while mutants with multiple heterocysts have 
a severely reduced viability [5]. 

**N. azollae (microsymbiont of Azolla filiculoides) completely lost the ex planta viability due to a deep genome reduction 
supported by vertical transmission (via megaspores) of microsymbionts in the host generations [6]. 

 
In legume-rhizobia associations, these symbiotic forms are represented by intracellular bacteroids residing 

within symbiosomes, which are most deeply differentiated in the “galegoid” legumes (including Vicieae, 
Trifolieae and Galegae tribes [2]). Bacteroids provide the analogs of cellular organelles (surrounded with double 
membranes with a highly reduced peribacteroid space, ensuring an intensive metabolic exchange with plant 
cytosol) therefore suggesting a useful model for reconstructing the evolution of eukaryotic cells. 
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