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Abstract 

Antarctica is known for its pristine environments. A variety of unsuitable environmental 

conditions were once thought to render the continent unsuitable for sustaining life. However, 

metagenomic data have revealed a wealth of species diversity in a range of biotopes. 

Hypolithons, photosynthetic communities which live under translucent rocks in climatically 

extreme environments, are an important input source for both carbon (C) and nitrogen (N) in 

this hyperarid desert environment. Microbial contribution to biogeochemical cycling resulting 

in fixation of both C and N remains poorly understood. Moreover, there is a reported close 

interplay between both cycles, with nitrogen being reported to be a limiting factor in carbon 

assimilation.  

 

In this study the diversity of C and N fixing organisms was investigated by using the cbbL 

and nifH genes as phylogenetic and functional markers. High Molecular weight metagenomic 

DNA and RNA was extracted from hypolithons. PCR amplification was carried out using 

cbbL (800 bp for red-like, 1,100 bp for green-like) and nifH (360 bp) gene specific primers. 

Resultant PCR products were used to construct libraries which were screened for correct 

sized inserts. Restriction Fragment Length Polymorphism (RFLP) was used to de-replicate 

clones prior to sequencing. Phylogenetic positions from both clone libraries were established 

by aligning nucleotide sequences and constructing similarity trees using NJ clustering 

methods. 

 

BLASTn results indicated the presence of previously uncultured organisms which contain 

cbbL and nifH genes. BLASTn results were characterized by low percentages of maximum 

identity (typically <95%), a potential indicator of novel taxa. Sequences from respective 

libraries clustered with cyanobacteria such as Nostoc, Scytonema, and Tolypothrix and Ŭ-, ɓ-, 
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and ɔ-Proteobacteria such as Azotobacter, Agrobacterium and Mesorhizobium. Generally 

sequence results indicate a largely homogenous, being dominated by specific taxa. Each 

group may contain potential keystone species, essential for both biogeochemical cycling in 

oligotrophic environment. 

  



v 

 

Publications originating from this Thesis 

Poster/Presentations 

1. Makhalanyane, T. P., Mutondo, M., Tuff in, I. M. & Cowan, D. A. (2009).Diversity of 

ñRed-likeò cbbL genes in Antarctic hypolithons. SANAP Symposium 2009. Cape Town: 

South Africa. Poster 

2. Mutondo, M., Makhalanyane, T. P., Tuffin, I. M. & Cowan, D. A. (2009). 

Metatranscriptomic analysis of Antarctic hypolithic communities. SASM 2009. Durban: 

South Africa. Poster 

3. Makhalanyane, T. P., Mutondo, M., Tuffin, I. M. & Cowan, D. A. (2009). Diversity 

and expression of key anabolic genes in Antarctic hypolithons. SASM 2009. Durban: 

South Africa. Talk  

4. Makhalanyane, T. P., Mutondo, M., Tuffin, I. M. & Cowan, D. A. (2009). Diversity 

and expression of key anabolic genes in Antarctic hypolithons. UWC Open Day 2009. 

Cape Town: South Africa. Talk  

 

Publications 

5. Cowan, D. A., Sohm, J. A., Makhalanyane, T., Capone, D. G., Green, T. G. A. & 

Cary, S. C. Hypolithic communities: a hidden nitrogen source in Antarctic desert soils. 

Science, In Preparation. 

 

  



vi 

 

Acknowledgements 

I would like to thank the NRF and SANAP for funding which enabled me to pursue this 

project. 

 

I would like to thank my supervisor, Professor Don Cowan for giving me an opportunity to 

work on an inspired, novel research project for my MSc. I am grateful for the opportunity to 

work in your laboratory, and your guidance throughout this project. A word of thanks to Dr. 

Marla Tuffin for all the belief you had in my abilities as a student and for your unending 

support. To Dr. Heide Goodman - I am grateful for the caring role that you have played over 

the course of this project. I will always be grateful for helping to set me up in Cape Town. I 

will especially always remember your calls during my ñsick leaveò (even though you could 

probably not hear a word of what I said you still called!). I would also like to thank the 

department of biotechnology as a whole. 

 

I am deeply indebted to the following people who read drafts of this thesis; Dr Mark Paul 

Taylor (Ch 1), Dr Walter Sanyika (Ch 1 and 3) Dr Cal Heath (Ch 1), Dr Bronwyn Kirby (Ch 

3 and 4), Dr Moola Mutondo (Ch 2), Dr Francesca Stomeo (Ch 1), Dr Inonge Mulako (Ch 1), 

Prof Adolf Zeze (Ch 1 and 2), Mr. Victor Muleya (Ch 1), Mr William Mavengere (Ch 1, 2 

and 3) and Mr Lonnie van Zyl (Ch 1, 3). Your contribution towards helping me put my 

thoughts down on paper, in the most non-journalistic, scientific manner is highly appreciated.  

 

I am also appreciative of everyone who has helped teach me some of the techniques that I 

have learned over the course of my MSc; Prof Kathy Coyne (University of Delaware, RNA 

extractions), Dr Nuraan Khan (DGGE), Dr Walter Sanyika and Mr J Lako (Too many to 

mention!). 



vii  

 

 

I am grateful to a number of people at IMBM who have been kind to me over the course of 

this project. Ncebakazi, Hanna, Clive, Farzaana, Dean, Natasha, William, Andrew, Claude, 

Babele, Layla-Lusinda, Oratilwe, Victor, Tshifhiwa, Billy, Khomotso, thank you for being 

such pleasant people to be around (most of the time J). To everyone else who has 

contributed to the day to day running of IMBM, namely, Nazneen, Auntie Ana and Fungai ï 

your role is very much appreciated! 

 

To Andiswa thanks for keeping me sane. The past year would not have been the same 

without you. 

 

Thank God for everyone else who has contributed to the successful completion of this 

project. It takes a village to produce a thesis! 

  



viii  

 

Dedication 

 

 

 

 

 

 

 

 

 

To papa and mama, your belief in me has allowed me to reach this point. Your continuous 

encouragement and sustenance has enabled me to fulfil my dream. 

I love you always 

 

 

 

 

 

 

  



ix 

 

Table of Contents 

 

Declaration ................................................................................................................................. ii  

Abstract .................................................................................................................................... iii  

Publications originating from this Thesis .................................................................................. v 

Acknowledgements ................................................................................................................... vi 

Dedication .............................................................................................................................. viii  

Table of Contents ...................................................................................................................... ix 

List of Abbreviations .............................................................................................................. xix 

Chapter 1: Literature Review ..................................................................................................... 1 

1.1 Antarctica ......................................................................................................................... 1 

1.1.1 Antarctic Dry Valleys ............................................................................................... 2 

1.1.2 Climate ...................................................................................................................... 4 

1.1.3 Biotopes .................................................................................................................... 5 

1.2 Hypolithons ...................................................................................................................... 7 

1.3 Global and Regional Carbon Ecology ............................................................................. 9 

1.4 Biological Carbon Cycle ................................................................................................ 10 

1.4.1 The Calvin-Benson-Bassham (CBB) Cycle ............................................................ 12 

1.4.2 Ribulose 1, 5-bisphosphate carboxylase/oxygenase (RubisCO) ............................ 13 

1.4.3 Diversity of potential CO2 fixing bacteria in soil ................................................... 16 

1.5 Nitrogen Fixation ........................................................................................................... 16 



x 

 

1.5.1 Diazotrophs ............................................................................................................. 18 

1.5.2 Nitrogenase ............................................................................................................. 19 

1.5.2.1 Dinitrogenase and Dinitrogenase Reductase ................................................... 20 

1.5.3 Major nifH gene clusters ......................................................................................... 20 

1.5.4 Diversity of potential nitrogen fixing microorganisms ........................................... 21 

1.6 Aims and Objectives ...................................................................................................... 22 

1.5.1 Aims ........................................................................................................................ 23 

1.5.2 Objectives ............................................................................................................... 23 

Chapter 2: Materials and Methods ........................................................................................... 24 

2.1 General procedures for the preparation of reagents and glassware for RNA work ....... 24 

2.2 Media ............................................................................................................................. 24 

2.3 Environmental Sample collection .................................................................................. 27 

2.4 DNA/RNA Extractions .................................................................................................. 27 

2.4.1 Modified Miller Protocol ........................................................................................ 27 

2.4.2 DNA extraction from bacterial cultures .................................................................. 28 

2.4.3 RNA extraction using MoBio Soil RNA kit ........................................................... 28 

2.4.4 Modified DNA/RNA protocol using CTAB lysis buffer ........................................ 29 

2.4.4 Purification using Polyvinylpolyprrrolodone (PVPP) minicolumns ...................... 30 

2.5 Bacterial Strains ............................................................................................................. 30 

2.6 Polymerase Chain Reaction ........................................................................................... 31 

2.7 Analytical procedures .................................................................................................... 33 



xi 

 

2.7.1 Agarose gel electrophoresis .................................................................................... 33 

2.7.2 Fluorometry (QubitÊ) ............................................................................................ 33 

2.7.3 Spectrophotometry .................................................................................................. 34 

2.8 Gel Extraction and Purification ..................................................................................... 35 

2.9 Denaturing Gradient Gel Electrophoresis (DGGE) ....................................................... 35 

2.10 Construction of Clone libraries .................................................................................... 36 

2.10.1 Preparation of Escherichia coli (E. coli) competent cells ..................................... 36 

2.10.2 Ligation of PCR products ..................................................................................... 37 

2.10.3 Transformation of competent E. coli Gene Hogg strain ....................................... 37 

2.11 Screening of clone libraries ......................................................................................... 38 

2.11.1 Colony PCR .......................................................................................................... 38 

2.11.2 Plasmid DNA extraction ....................................................................................... 39 

2.11.3 Restriction Fragment Length Polymorphism (RFLP)........................................... 39 

2.11.3.1 Analysis of RFLP patterns ............................................................................. 39 

2.12 Sequencing and Sequence analysis .............................................................................. 40 

2.12.1 Sequencing reactions ............................................................................................ 40 

2.12.2 Sequence Analysis and Construction of phylogenetic trees ................................. 40 

Chapter 3: Diazotrophic diversity and expression in an Antarctic hypolithon ........................ 41 

3.1 Introduction .................................................................................................................... 41 

3.2 DNA and RNA Extraction ............................................................................................. 43 

3.2.1 Simultaneous Extraction using CTAB lysis buffer ............................................. 43 



xii  

 

3.2.3 MoBio Soil RNA kit ............................................................................................... 45 

3.3 Expression of nifH genes ............................................................................................... 46 

3.3.1 DNase treatment of simultaneous extractions......................................................... 46 

3.4 Diversity of nifH genes .................................................................................................. 48 

3.4.1 RNase treatment of simultaneous extractions ......................................................... 48 

3.4.2 PCR amplification of the 16S rRNA gene with DGGE primers ............................ 49 

3.4.3 DGGE ..................................................................................................................... 50 

3.4.4 PCR with nifH primers............................................................................................ 55 

3.4.5 nifH Clone library ................................................................................................... 56 

3.4.6 RFLP analysis of clones.......................................................................................... 57 

3.4.6.1 Richness Estimation of RFLP groups .............................................................. 58 

3.4.7 Phylogenetic Analysis ............................................................................................. 61 

3.5 Discussion ...................................................................................................................... 65 

Chapter 4: Phylogenetic diversity of autotrophic carbon sequestering genes in Antarctic 

hypolith communities............................................................................................................... 67 

4.1 Introduction .................................................................................................................... 67 

4.2 Results and Discussion ............................................................................................ 69 

4.2.1 DNA extraction from environmental samples ..................................................... 69 

4.2.2 Amplification of cbbL genes .................................................................................. 69 

4.2.3 cbbL Clone library ............................................................................................... 70 

4.2.3.1 cbbL Red-like................................................................................................... 70 

4.2.3.2 cbbL Green-like ............................................................................................... 71 



xiii  

 

4.2.4 Diversity indices of clone libraries ...................................................................... 72 

4.2.4.1 cbbL Red-like................................................................................................... 72 

4.3 Phylogenetic analysis based on cbbL sequence data ............................................... 75 

4.3.1 cbbL red-like ........................................................................................................... 75 

4.3.2 cbbL green-like ....................................................................................................... 78 

4.4 Discussion ................................................................................................................ 80 

Chapter 5: Conclusions and Future Prospects ......................................................................... 82 

Appendices ............................................................................................................................... 87 

References .............................................................................................................................. 110 

  



xiv 

 

List of Tables 

Table 1: Summary of the properties of different forms of RubisCO (Tabita et al., 2008) ...... 13 

Table 2: Composition of major nitrogenase gene clusters (Zehr et al., 2003) ......................... 20 

Table 3:  Primer combinations, cycling conditions and specificity of primers used in this 

study. ........................................................................................................................................ 32 

Table 4: Preparation of assay tubes was carried out as follows ............................................... 34 

Table 5: Richness Estimation Prediction model for nifH Clone library .................................. 59 

Table 6:  Richness Estimation Prediction model for cbbL red-like clone library. .................. 73 

  



xv 

 

List of Figures 

Figure 1: Map of continental Antarctica indicating key research sites (Cowan & Ah Tow, 

2004). ......................................................................................................................................... 2 

Figure 2: Potentially significant drivers for microbial diversity in Antarctic Dry Valley 

biotopes. ..................................................................................................................................... 3 

Figure 3: Aerial photograph of the Wright Valley, Antarctica. A range of biotopes can be 

observed from the photograph (Photo courtesy of Don Cowan). .............................................. 6 

Figure 4: Translucent quartz rock with classic underside colonization by hypolithic 

communities (Photo courtesy of Don Cowan). .......................................................................... 8 

Figure 5: The cbbL gene as a marker for CO2 fixation is involved in the first rate limiting step 

in the CBB cycle. ..................................................................................................................... 11 

Figure 6: The Calvin-Benson-Bassham cycle (Atomi, 2002) .................................................. 12 

Figure 7: Cartoon representative structures of different Forms of RubisCO (Tabita, 1999) ... 14 

Figure 8: Nitrogen cycling and genes involved in biogeochemical N cycling. The nifH gene 

represents the rate limiting step in the nitrogen cycle .............................................................. 17 

Figure 9: Feedback pathways Interaction between C and N cycle. There is a close relationship 

between mineral nitrogen and atmospheric CO2 fixation through the action of plants. In 

Antarctic environments microorganisms are expected to fulfill the role normally taken by 

plants (Thornton et al., 2009). ................................................................................................. 23 

Figure 10: Simultaneous extractions of DNA and RNA from hypolith samples, denoted Miers 

Valley Hypolith (MVH)). Lane 1: RNA Marker (Fermentas) Lane 2: MVH 3A; Lane 3: 

MVH4A. 23S and 16S rRNA bands are only faintly visible. (Electrophoresis on 1% agarose 

gel); Lane 4: Blank................................................................................................................... 44 



xvi 

 

Figure 11: Simultaneous DNA/RNA extraction samples. Lane 1: Marker (IMBM marker), 

Lane 3: MVH 3A, Lane 5: MVH 4A, Lane 7: MVH 11A, Lane 9: MVH 12A (1% agarose gel 

electrophoresis). Lanes 2, 4, 6, and 8: Blank. .......................................................................... 44 

Figure 12: Electrophoresis of RNA extracted using the MoBio kit......................................... 45 

Figure 13: 4 DNAse I treatment of Simultaneous extracts (DNA andRNA). ......................... 46 

Figure 14:  16S rRNA PCR amplicons on DNAse I treated simultaneous extracts indicating 

amplification at various concentrations. Lane 1: Marker (IMBM Marker), Lane 2 to Lane 6: 

different concentrations of template RNA (ranging from 10 ng/ul to 50 ng/ul). Amplification 

was most efficient with 30 ng/ul of template. Lane 7: Negative control (No template) (1% 

agarose gel electrophoresis). .................................................................................................... 47 

Figure 15: RNAse treatment of DNA/RNA extracts to remove RNA..................................... 49 

Figure 16: PCR amplification of bacterial 16S rRNA using primers 341 F-GC and 534R on 

1% agarose gel. Lane 1: Biolabs 1kb Marker, Lane 2: Blank; Lane 3: E. coli Positive Control, 

Lane 4 -6: Various hypolith soil samples. Lane 7: Negative control ....................................... 50 

Figure 17: DGGE Analysis of Antarctic Dry Valley hypolith samples, open soil and non-

translucent rock soil. Duplicate extractions were carried out for each sample before 

separation on DGGE.  Lane 1 DGGE Marker, Lane 2 and 3: MVH 3A, Lane 4 and 5: MVH 

4A, Lane 6 and 7: MVH 5A, Lane 8 and 9: MVH 9A, Lane 10 and 11: MVH 11A, Lane 12 

and 13: MVH 12A, Lane 14 and 15, MVH 3C (Open soil), Lane 16 and 17: MVH 3B (non-

translucent rock), Lane 18 and 19: Nostoc sp. DNA. .............................................................. 51 

Figure 18: Gelcompar Screen-shot of (A) Similarity dendogram generated from DGGE 

profile. (B) DGGE profile with electrophoresis peaks from bands. (C) Sample sorted 

according to hierarchical clustering from bands. ..................................................................... 53 



xvii  

 

Figure 19: MDS ordinations showing relationship between terrestrial habitats based on the 

presence of bacterial genospecies. Hypolithic communities are closely related to each other, 

as indicated by observed clusters. ............................................................................................ 54 

Figure 20: Amplification of the nifH gene fragment from hypolithic samples. Lane 1: 

Azotobacter vinellandii, Lane 2: MVH 11A Lane 3: 100bp Marker (Fermentas) ( 1% Agarose 

gel of nifH amplified fragment) ............................................................................................... 55 

Figure 21: Colony PCR indicating the presence of nifH fragments in over 80% of screened 

clones ....................................................................................................................................... 56 

Figure 22: Agarose gel electrophoresis of HaeIII RFLP patterns for clones obtained from 

M13 PCR products. .................................................................................................................. 57 

Figure 23: Library richness estimation. In a well sampled library there is concurrence in the 

shape of pane A and C with B and D. ...................................................................................... 60 

Figure 24: The evolutionary history was inferred using the Neighbor-Joining method. The 

optimal tree with the sum of branch length = 9.11 is shown. The percentage of replicate trees 

in which the associated taxa clustered together in the bootstrap test (1000 replicates) are 

shown next to the branches. The tree is drawn to scale, with branch lengths in the same units 

as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary 

distances were computed using the Maximum Composite Likelihood method and are in the 

units of the number of base. ..................................................................................................... 62 

Figure 25: Agarose gel (1%) electrophoresis of DNA extractions. Lane 1: ɚ- Pst Marker, 

Lane 2 and Lane 3: MVH 3A, Lane 4 and 5: Control soil (UWC) .......................................... 69 

Figure 26: Agarose gel (1%) electrophoresis of amplified cbbL amplicons. (A) Lane 1: 

Marker (IMBM marker), Lane 2: Negative control, Lane 3: Bacillus licheniformis (Positive 

control), (B) Lane 1: ɚ Pst Marker:, Lane 2: Positive Control Lane 2: MVH 3A sample  Lane 

3: Negative control. .................................................................................................................. 70 

file:///C:/Users/Thulani/Desktop/Thesis/25%20Nov%20Complete%20Thesis.docx%23_Toc247305021
file:///C:/Users/Thulani/Desktop/Thesis/25%20Nov%20Complete%20Thesis.docx%23_Toc247305021
file:///C:/Users/Thulani/Desktop/Thesis/25%20Nov%20Complete%20Thesis.docx%23_Toc247305021
file:///C:/Users/Thulani/Desktop/Thesis/25%20Nov%20Complete%20Thesis.docx%23_Toc247305021
file:///C:/Users/Thulani/Desktop/Thesis/25%20Nov%20Complete%20Thesis.docx%23_Toc247305021
file:///C:/Users/Thulani/Desktop/Thesis/25%20Nov%20Complete%20Thesis.docx%23_Toc247305021
file:///C:/Users/Thulani/Desktop/Thesis/25%20Nov%20Complete%20Thesis.docx%23_Toc247305021


xviii  

 

Figure 27: 2.5% Agarose gel of cbbL red-like RFLP digests with HaeIII. Lane 1: 100bp DNA 

ladder (Fermentas), Lane 2-25: Selected M13 amplicons. ...................................................... 71 

Figure 28: 2.5% Agarose gel of random amplicons digested with Alu I. Lane 1: IMBM lab 

marker; Lanes 2-25: Selected restriction digests products. ..................................................... 72 

Figure 29: Library richness estimation for cbbL red-like libraries. In a well sampled library 

there is concurrence in the shape of panel A and C with B and D (Kemp & Aller, 2004 ). .... 74 

Figure 30: The evolutionary history was inferred using the Neighbor-Joining method. 

evolutionary distances were computed using the Maximum Composite Likelihood method  

and are in the units of the number of base substitutions per site. All positions containing gaps 

and missing data were eliminated from the dataset (Complete deletion option). There were a 

total of 371 positions in the final dataset. Phylogenetic analyses were conducted in MEGA4.

.................................................................................................................................................. 77 

Figure 31: The evolutionary history was inferred using the Neighbor-Joining method. The 

optimal tree with the sum of branch length = 2.78597539 is shown. The percentage of 

replicate trees in which the associated taxa clustered together in the bootstrap test (1000 

replicates) are shown next to the branches. The evolutionary distances were computed using 

the Maximum Composite Likelihood method and are in the units of the number of base 

substitutions per site. Codon positions included were 1st+2nd+3rd+Noncoding. All positions 

containing alignment gaps and missing data were eliminated only in pairwise sequence 

comparisons (Pairwise deletion option). There were a total of 784 positions in the final 

dataset. Phylogenetic analyses were conducted in MEGA4. ................................................... 78 

 

  

file:///C:/Users/Thulani/Desktop/Thesis/25%20Nov%20Complete%20Thesis.docx%23_Toc247305027
file:///C:/Users/Thulani/Desktop/Thesis/25%20Nov%20Complete%20Thesis.docx%23_Toc247305027
file:///C:/Users/Thulani/Desktop/Thesis/25%20Nov%20Complete%20Thesis.docx%23_Toc247305027
file:///C:/Users/Thulani/Desktop/Thesis/25%20Nov%20Complete%20Thesis.docx%23_Toc247305027
file:///C:/Users/Thulani/Desktop/Thesis/25%20Nov%20Complete%20Thesis.docx%23_Toc247305027
file:///C:/Users/Thulani/Desktop/Thesis/25%20Nov%20Complete%20Thesis.docx%23_Toc247305027


xix 

 

List of Abbreviations 

 (NH4)2SO4  ammonium sulphate 

°C   degrees Celsius 

µg   microgram 

µl   microlitre 

µM   micromolar 

ATP   adenosine triphosphate 

bp   base pairs 

BSA   bovine serum albumin 

CaCl2   calcium chloride 

CBB   Calvin-Benson-Bassham  

cfu   colony forming units 

cm   centimetre 

CTAB   cetyl trimethyl ammonium bromide 

DGGE   denaturing gradient gel electrophoresis 

DMSO   dimethyl sulfoxide 

DNA   deoxyribonucleic acid 

dNTP   deoxynucleotide triphosphate 

EDTA   ethylene diamine tetraacetic acid 

Hô   Shannon diversity index 

HCl   hydrochloric acid 

hrs   hours 

IPTG   isopropyl ɓ-D-thiogalactosidase 

KCl   potassium chloride 

km   kilometre 



xx 

 

l   litre 

LB   Luria Bertoni medium 

LB-amp  Luria Bertoni medium containing ampicillin 

m   metre 

M   molar 

MDS   multi-dimensional scaling 

mg   milligram 

MgCl2   magnesium chloride 

MgSO4  magnesium sulphate 

min   minutes 

ml   millilitre  

mm   millimetre 

mM   millimolar 

MnCl2   manganese chloride 

NaCl   sodium chloride 

NaH2PO4  sodium dihydrogen orthophosphate 

NaOH   sodium hydroxide 

nifH   nitrogenase reductase 

ng   nanogram 

nm   nanometre 

OD600   optical density at 600nm 

PCR   polymerase chain reaction 

rpm   revolutions per minute 

RFLP   restriction fragment length polymorphism 

rRNA   ribosomal oxyribonucleic acid 



xxi 

 

s   seconds 

SDS   sodium dodecyl sulphate 

SSU   small subunit 

TAE   tris acetic acid EDTA 

UV   ultraviolet 

v/v   volume per volume 

w/v   weight per volume 

X-gal   5-bromo-4-chloro-3-indolyl-ɓ-D-galactosidase 

 



1 

 

Chapter 1: Literature Review 

1.1 Antarctica 

When men first landed on Antarctica in the beginning of the 19
th
 century, the overwhelming 

motivating factor for human  presence on the continent and in the surrounding seas could be 

summarized primarily as a search for knowledge and a quest for economic gain (Figure 1) 

(Committee on Antarctic Policy and Science et al., 1993).  Antarctica as a place has at all 

times been full of surprises.  In the eighteenth century, Captain James Cook anticipated the 

discovery of a land of forests and pastures ready for migration; instead he discovered an 

enormous ice-covered and apparently useless continent (Committee on Principles of 

Environmental Stewardship for the Exploration and Study of Subglacial Environments & 

National Research Council, 2007).  Yet, in spite of this, each year an increasing number of 

explorers and researchers flock to the continent enchanted by its seamless beauty and 

mystery. 

 

Antarctica as a continent is very isolated, with the closest landmass being more than a 

thousand kilometres away (Figure 1). By human standards, Antarctica is the most 

inhospitable of the continents (Onofri et al., 2004). As the southernmost continent, Antarctica 

offers some of the most extreme recorded environmental conditions on Earth (Figure 2) (Fell 

et al., 2006).   

 

The continent has been intensely studied. There are a range of reasons why researchers from 

various disciplines have sought to use the continent for their studies. Antarctica has the 

cleanest air on earth, allowing for air quality monitoring with a reliable baseline.  Antarctica 

is the darkest place on Earth, which makes it ideal for astronomical research. The relatively 
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simple environment has been used as an analog for space environments and planetary 

extremes (Andersen et al., 1990). For microbial ecologist Antarctica offers the opportunity to 

probe a range of questions, owing in part, to the relative simplicity of its various 

environments. 

 

 

Figure 1: Map of continental Antarctica indicating key research sites (Cowan & Ah Tow, 2004). 

 

1.1.1 Antarctic Dry Valleys  

An estimated 98% of the 14.4 million kilometres square (km
2
) of the continent is ice covered. 

This leaves a mere 2% of ice-free regions. The Dry Valleys of Eastern Antarctica, which 

make up part of the ice-free regions, have some of the most extreme environmental 

conditions on earth (Figure 2) (Convey, 1997; Cowan & Ah Tow, 2004). The cumulative 
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effect of these climatic factors has resulted in an environment which is unfavourable for 

supporting life (Boyd & Boyd, 1963). Antarctica has, for a long time been considered to be a 

life-less continent of rock and ice (Weisburd, 1986). However suitable niches have been 

found and life does exist.   

 

 

Figure 2: Potentially significant drivers for microbial diversity in Antarctic Dry Valley biotopes.  

Several studies have characterized a group of invertebrates inhabiting the harsh Dry Valleys 

(Doran et al., 2002; Stevens & Hogg, 2002; Treonis et al., 1999). Conversely, other studies 

have reported an abundance of prokaryotes in these biotopes (Cowan et al., 2002) much 

higher than previously reported. 
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1.1.2 Climate 

The average annual temperatures in the Dry Valleys range from -25
o
C to -20

o
C (Ascaso & 

Wierzchos, 2002; Wynn-Williams, 1988), with wide fluctuations in summer temperatures.  

Summer air temperatures can range from -35
o
C to 3

o
C or higher (de la Torre et al., 2003). 

The severity of low temperatures is varied depending on specific locations on the continent. 

This is due, in part, to approximate distances from the ocean, and moving from one latitudinal 

position to the next. Consequently, East Antarctica is colder than West Antarctica, due to its 

higher latitudinal elevation and proximity to the ocean. The Antarctic Peninsula has the most 

moderate climate; higher temperatures occur in January along the coast and average slightly 

below freezing. 

 

There are considerable differences in ground temperatures and air temperatures. In summer, 

the mean ground temperatures reach highs of 15
o
C, while air temperatures average 0

o
C (de la 

Torre et al., 2003). There are constant fluctuations in surface ground temperatures, which 

arise as a consequence of prolonged direct sunlight or cloud cover. In summer, temperatures 

may change by as much as 15
o
C in minutes due to cloud cover (de la Torre et al., 2003).  

 

Climate studies carried out on Antarctica have reported varying continental trends. Doran and 

colleagues reported continental cooling through a 14 year Antarctic Dry Valley 

meteorological record over a 35 year period temperature compilation (Doran et al., 2002). An 

opposing view by Jacka and colleagues reported a net continental warming (Jacka & Budd, 

1998).  A more recent study, which looked at meteorological trends over a 50 year period, 

found that temperatures vary throughout the continent (Turner et al., 2005).  A ñrapid 

warmingò is reported over the Antarctic Peninsula, with other regions reported to be more 

inconsistent (Turner et al., 2005). This finding suggests that temperature increases may be a 
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threat in Antarctic environments. This would be consistent with reports that The Dry Valleys 

are among the most threatened environments on earth due to climate changes (Cowan & Ah 

Tow, 2004; Doran et al., 2002). 

 

1.1.3 Biotopes 

Biotopes are areas of uniformity in environmental conditions and distribution of animal and 

plant life. The Dry Valley biotopes include both aquatic and terrestrial ecosystems (Figure 3). 

The aquatic ecosystem consists of glaciers, streams and lakes (both freshwater and saline). 

The terrestrial ecosystem consists of exposed soils, which range from barren mineral soils 

with little water content to moist soils with higher moisture content (Cowan & Ah Tow, 

2004). Initial studies on the Dry Valleys have focused on aquatic ecosystems and the 

understanding of terrestrial ecosystems is relatively poor (Convey & Stevens, 2007; Cowan 

& Ah Tow, 2004).  

 

Dry Valley soils have been described as the most barren soils found in the ice-free regions. 

These soils are highly concentrated in salts such as sodium, calcium, magnesium, chloride, 

sulphate and nitrate (Horowitz & Hubbard, 1972). This creates a steep concentration gradient 

which may create an impediment for microbial growth (Cowan & Ah Tow, 2004; Moorhead 

et al., 1999). The arid soils also contain low concentrations of organic material (<0.1% of dry 

soil weight) which may further impede the growth of microbial communities (Cameron, 

1971). This is in contrast to rock associated communities such as those inhabited by 

cosmoliths which often support microbial organic material visible to the naked eye (Melody 

et al., 2001). 
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The warmer Antarctic peninsula terrestrial biotopes are populated by lower plants, small 

invertebrates and  microorganisms (Convey & Stevens, 2007). Microorganisms belonging to 

various genera such as Achromobacter, Arthrobacter, Bacillus, Corynebacterium, 

Flavobacterium, Micrococcus, Planococcus, Pseudomonas, Streptomyces, and Nocardia 

have previously been  isolated from  the more extreme Dry Valley soils (Aislabie et al., 2006; 

Babalola et al., 2009; Pearce et al., 2009; Smith et al., 2006). 

 

The ground surface in the Dry Valleys is comprised of dry permafrost that supports a surface 

terrain characterized by sandstone, quartz and granitic rocks (Pointing et al., 2009). Rock 

(lithic) associated communities are important in terrestrial ground surface ecosystems. 

Studies have shown that lithic communities contribute to the existing organic pools through 

primary production (Moorhead et al., 1999). 

 

Figure 3: Aerial photograph of the Wright Valley, Antarctica. A range of biotopes can be observed from 

the photograph (Photo courtesy of Don Cowan). 
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1.2 Hypolithons 

Microorganisms are able to adapt when faced with extreme environmental conditions. 

Hyperarid deserts, both  hot and cold, offer examples of adaptation in microbial life (Pointing 

et al., 2009). In these environments, microorganisms (called hypoliths) are forced to grow at 

the bottom of translucent rocks as a way of avoiding environmental extremes (Figure 4) 

(Cowan & Ah Tow, 2004; Warren-Rhodes et al., 2006). Hypolithons represent unique 

ñmicro-biotopesò where life thrives despite of environmental extremes.  

 

In the Antarctic, the ability of  hypolithons to tolerate extreme aridness may be an important 

trait that has allowed them to survive in conditions with low moisture (Warren-Rhodes et al., 

2006). A recent study has reported that the overlying rock of a hypolithon may provide a 

thermal buffer to hypoliths (Khan, 2008). This is important in hyperarid deserts where water 

is a limiting factor for microbial growth. 

 

The quartz rock enables light to penetrate to the underside. The degree of light penetration 

has been shown to be sufficient to allow photosynthesis (Cockell & Stokes, 2004). 

Additionally, the translucent rock surface of the hypolithons provides a suitable habitat by 

trapping moisture essential for photosynthesis (Cowan & Ah Tow, 2004) 
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Figure 4: Translucent quartz rock with classic underside colonization by hypolithic communities (Photo 

courtesy of Don Cowan). 

 

In oligotrophic deserts such as the Dry Valleys, hypolithons are potentially a significant 

source for carbon and nitrogen, through photoautotrophy. A study by Cockell and Stokes 

determined that the annual primary production of hypoliths on Devon Island (in the Arctic) 

was approximately similar to that estimated for primary production of plants, lichens and 

bryophytes.  Using the uptake of radio-labelled sodium bicarbonate, this study estimated a 

productivity of 0.8 ± 0.3 g m 
-2 

y
-1 

in the Arctic, while a previous study estimated productivity 

of bryophytes at 1.0 ± 0.4g on Devon Island (Bliss & Gold, 1994).  Assuming an analogous 

relationship between the Arctic and Antarctic, an assumption may be made that hypoliths 

play an important role in primary production, although this is subject to further investigation. 
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In view that these communities represent significant players in primary productivity, an 

understanding of the complement of functional genes in the community would shed valuable 

insight on biogeochemical cycling in Antarctic soil biotopes. It has been recently shown that 

these communities are homogenous in composition (Pointing et al., 2009). The relative 

simplicity of hypolithic communities could offer a suitable platform for assessing 

biogeochemical cycling. 

 

1.3 Global and Regional Carbon Ecology  

It is generally believed that there is a continued general increase in the level of anthropogenic 

carbon dioxide (CO2) on the earthôs atmosphere (Tabita et al., 2007).  These levels continue 

to steadily increase, with a predicted consequence being potential warming of the earth.   It 

has been speculated that living organisms and specific biological macromolecules evolved to 

catalyze the energy which is required to chemically convert inorganic carbon to reduced 

organic carbon (Tabita et al., 2008a).  Plants, both terrestrial and marine, and specialized 

microbes developed the ability to remove and assimilate considerably large amounts of CO2 

from the atmosphere and consequently form the necessary organic carbon skeleton required 

to sustain the biosphere (Tabita et al., 2007).   

 

Average global surface temperatures have increased by 0.8
o
C since the late nineteenth 

century, with 11 of the 12 warmest days ever recorded having occurred since 1995 (IPCC, 

2007). The average temperature on earth is projected to increase by 1.5 ï 5.8
o
C during the 

Twenty First Century (IPCC, 2001).  Various models projecting climate change have 

predicted that polar regions will exhibit the most dramatic effects of continental warming 

(Doran et al., 2002).  
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Global increases in temperature have been largely attributed to green-house gases (GHGs) 

such as methane, ozone, nitrous oxide, and carbon dioxide. Anthropogenic activities such as 

the burning of fossil fuels, and deforestation have been ascribed as additional potential causes 

of increasing temperatures (Lal, 2008).   The levels of CO2, a principal GHG, have increased 

in concentration by 12% in the earthôs atmosphere, since 1850.  This time period coincides 

with both the industrial revolution and a period of significant increase in population (IPCC, 

2007).  Although manôs assumed role in contributing to global warming may appear 

significant, it accounts for only 4-5% (2.8 Pg per year out of a 52.8 Pg per year total) of the 

total biological contributions to atmospheric carbon dioxide (IPCC, 2001; King et al., 2006; 

United Nations, 2009).   

 

The biological removal of carbon dioxide from the atmosphere occurs principally through 

carbon fixation by plants, eukaryotic algae and photo- and autotrophic prokaryotes. Microbial 

decomposition accounts for 86% of all carbon dioxide produced, distantly followed by 

animal carbon dioxide production at 10% (King et al., 2006). It follows, therefore, that in 

order to better understand the global carbon cycle, it is important to understand the microbial 

contribution (Shively et al., 2001). 

 

1.4 Biological Carbon Cycle 

An important biogeochemical cycle which is central for primary production in almost all 

ecosystems is the carbon cycle (Shively et al., 1986). CO2 fixation is the major 

biogeochemical process in the carbon cycle (Figure 5). The largest source of organic carbon, 

by far, is from the lithosphere (Shively et al., 2003). It is thus important to convert 

atmospheric CO2 into a usable form (Bliss & Gold, 1994).  The resulting C is crucial for 

primary production in the entire ecosystem (Selesi et al., 2007; Zakhia et al., 2008). This 
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process is particularly important in harsh Antarctic habitats were soils lack nutrients (Bliss & 

Gold, 1994).  

 

 

Figure 5: The cbbL gene as a marker for CO2 fixation is involved in the first rate limiting step in the CBB 

cycle. 

In oligotrophic Dry Valley soil, specialized microorganisms are anticipated to play a key role 

in the assimilation of atmospheric carbon. These specialized microorganisms have the 

capability to eliminate significant amounts of CO2 from the atmosphere through different 

enzymatic schemes (Tabita et al., 2007). There are at least four major metabolic pathways in 

which microorganisms fix carbon as a source for growth. These are the reductive 

tricarboxylic acid cycle, the Wood-Ljugdahl acetyl coenzyme A pathway, the 

hydroxypropionate pathway and the Calvin-Benson-Bassham (CBB) reductive pentose 

phosphate pathway (Tabita et al., 2007). 
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1.4.1 The Calvin-Benson-Bassham (CBB) Cycle 

The predominant cycle in terrestrial carbon cycling is the Calvin Benson Bassham (CBB) 

cycle (Figure 6). The CBB cycle involves a series of reactions, which include processes of 

fixation, reduction and regeneration of the CO2 acceptor.  The resultant reaction results in the 

enediol form of the sugar bisphosphate ribulose 1, 5-bisphosphate (RuBP) accepting a 

molecule of CO2. This reaction is catalyzed by the enzyme ribulose 1,5-bisphosphate 

carboxylase/oxygenase, catalyzing the primary CO2 fixation reaction (Tabita et al., 2008b). 

 

 

Figure 6: The Calvin-Benson-Bassham cycle (Atomi, 2002) 
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1.4.2 Ribulose 1, 5-bisphosphate carboxylase/oxygenase (RubisCO) 

RubisCO (EC 4.1.1.39) is the most abundant protein on earth and is responsible for 

catalyzing a crucial step in the fixation of carbon (Tabita et al., 2008a). The ability of 

RubisCO to catalyze the first rate limiting step for almost all carbon fixation has made it a 

focus of extensive studies looking at various properties such as the structure, catalytic activity 

and how it binds CO2 (Kellogg & Juliano, 1997; Videmġek et al., 2009). RubisCO is found in 

most autotrophic organisms which include photosynthetic and chemolithotrophic bacteria and 

archaea, to eukaryotic algae and plants.  

 

RubisCO proteins occur in various forms in nature (summarized in Table 1) (Videmġek et al., 

2009). Three of these forms (I, II, and III) are the so called ñbona fideò RubisCO proteins and 

catalyze the same reaction (Figure 7). Another RubisCO, form IV, is actually a homologue 

and does not catalyze RuBP carboxylation or oxygenation and is therefore called a RubisCOï

like protein (RLP) (Tabita et al., 2008a). Form IV RubisCO has similarities (in terms of 

structure) to the other forms, despite the fact that it is distinguished from them through its 

lack of catalytic ability.   

Table 1: Summary of the properties of different forms of RubisCO (Tabita et al., 2008a) 

RubisCO form Quaternary structure Types of organisms 

I L8S8 plants, algae, proteobacteria, 

cyanobacteria 

II  (L2)n proteobacteria, dinoflagellates 

III  (L2)n archaea 

IV  L2 proteobacteria, cyanobacteria, 

archaea, algae 
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Form III RubisCO has, as yet, only been found in archaea, many of which are anaerobic 

extremophiles. RubisCO serves as a means to remove RuBP, produced by isomerization of 

ribose 1,5-bisphosphate during purine/pyrimidine metabolism  (Tabita et al., 2008a).  Form II 

RubisCO has been found in a group of eukaryotes and in various proteobacteria. Composed 

of only large subunits it is said to only be 30% similar in sequence to Form I large subunits. 

The ability of Form II RubisCO to discriminate CO2 from O2 is less efficient than form I 

RubisCO.  It is frequently found that organisms often contain both Form I and Form II 

RubisCO. In such cases Form II RubisCO would be the less preferred means of acquiring 

carbon, but would serve a role of allowing CO2 to be employed as an electron acceptor 

balancing the intracellular reduction-oxidation potential when organic carbon is oxidized 

(Dubbs & Tabita, 1998). 

 

Figure 7: Cartoon representative structures of different Forms of RubisCO (Tabita, 1999) 
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Form I, is the most abundant and most widely distributed of all the forms of RubisCO (Tabita 

et al., 2008a). The Form I large subunit is encoded by either the rbcL or the cbbL genes, with 

the small subunit being encoded by the rbcS or cbbS gene (Tabita, 1999).  The distinction 

between rbc and cbb is made on whether the genes of the operon are controlled by CbbR, 

whose product controls transcription of the cbb operons (Andrew et al., 2005; Dubbs et al., 

2000). As such, all the genes carry the prefix cbb to denote the fact that they are CBB 

pathway structural genes (Tabita et al., 1992). RubisCO operons, which do not carry other 

structural genes, such as cyanobacteria and plant operons, are termed rbc (Gibson & Tabita, 

1997). 

 

Form I RubisCO may be divided into two main groups, namely the ñredò and ñgreenò 

categories.  Broadly, red-like enzymes are found in non-green algae as well as Ŭ ïand ɓ- 

proteobacteria, while the green-like enzymes are found in cyanobacteria as well as Ŭ- and ɓ- 

Proteobacteria. In turn, these may be further divided into four subclasses which are termed IA 

and IB, IC and ID, respectively (Selesi et al., 2005; Tabita, 1999) 

 

The Form I cbbL or rbcL gene has been used for phylogenetic analyses (Kallersjo et al., 

1998; Selesi et al., 2005; Sinigalliano et al., 2003). Use of these genes as probes could 

potentially facilitate understanding of the key role played by microorganisms in the global 

and regional carbon ecology, as they are involved in nearly all processes in the carbon cycle 

(Selesi et al., 2005). Moreover, the role played by soil microorganisms in the ecology of 

carbon remains poorly understood, more so, within the context of the Arctic and Antarctic, 

which are the epicenters of óglobal warmingô. 
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1.4.3 Diversity of potential CO2 fixing bacteria in soil 

Previous studies have reported an abundance of CO2 fixing bacteria in soil (Clegg, 1993; 

Selesi et al., 2005; Sinigalliano et al., 2003; Tolli & King, 2005; Xu & Tabita, 1996) from a 

wide array of habitats.  These studies have been principally based on the RubisCO large 

subunit gene (rbcL/cbbL) and deduced amino acid sequences which are ideally suited as 

phylogenetic markers). 

 

Soil is an important reservoir for the terrestrial carbon cycle and act as a source or sink for 

carbon compounds such as CO2 and CH4 (Selesi et al., 2005). Soils with their associated uses 

such as agriculture, are significant contributors to the ógreenhouse effectô (Smith et al., 2003). 

Since microorganisms are responsible for the majority of carbon fixation in soils, it would be 

beneficial to fully understand the diversity of CO2 fixing bacteria in these habitats. 

 

1.5 Nitrogen Fixation 

The nitrogen cycle is another important biogeochemical cycle (Figure 8). Biological nitrogen 

fixation (BNF) is a major biogeochemical process resulting in the catalysis of atmospheric 

nitrogen into ammonium (equation below). The resultant ammonium is biologically available 

and forms the structural basis of proteins, nucleic acids, and many other biomolecules 

(Seefeldt et al., 2009). 

 

    N2 + 8 [H] + 16 ATP              2NH3 + H2 + 16ADP + 16 Pi 

 

A minority  of N2 required for human use is provided through the industrial Haber-Bosch 

process, with the majority of N2 fixation resulting from fixation by microorganisms (Seefeldt 
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et al., 2009). The total amount of biologically fixed nitrogen exceeds 2 X 10
13

 g/year 

(Falkowski, 1997). 

 

The equilibrium resulting from N2 fixation and the reverse process of denitrification, can 

determine the net biologically available N for the biosphere (Zehr et al., 2003).  In such a 

way,  N2 interacts with other biogeochemical cycles to control the N status of the ecosystem 

(Zehr et al., 2003). 

 

Figure 8: Nitrogen cycling and genes involved in biogeochemical N cycling. The nifH gene represents the 

rate limiting step in the nitrogen cycle 
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Fixation of atmospheric nitrogen is carried out by a limited, phylogenetically diverse group of 

proteobacteria, green sulphur bacteria, firmicutes, spirochaetes, archaea and cyanobacteria 

(Zhang et al., 2008). 

 

1.5.1 Diazotrophs 

Diazotrophs are defined as bacteria capable of fixing atmospheric nitrogen (Postgate, 1998). 

Diazotrophs are not limited to a specific bacterial taxonomic group, and within a single 

genus, both N-fixation and non-N-fixing species may occur (Postgate, 1998). In natural 

ecosystems biological nitrogen fixation (BNF) by free-living, associated, and symbiotic 

diazotrophs is the most important source of nitrogen (Berman-Frank et al., 2003; Russelle & 

Birr, 2004). 

 

Diazotrophs from various groups have been cultured, though growth conditions places some 

constraints on the usefulness of culture-dependent methods to easily and accurately evaluate 

diversity (Postgate, 1998). It is also likely that certain diazotrophs are unculturable; making 

culture independent approaches a more attractive option to assess diversity (Jenkins et al., 

2004; Steward et al., 2004). In order to assess the diversity of diazotrophic microorganisms, 

dinitrogen fixation genes have previously been used as functional markers (Zehr et al., 2003). 

 

All dinitrogen reductase genes nifH, vnfH and anfH are highly conserved in structure. The 

nifH gene has predominantly been the focus of culture-independent approaches to assess 

diazotroph diversity (Zehr et al., 1997; Zehr & Ward, 2002). 
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1.5.2 Nitrogenase 

Nitrogenase is the primary enzyme responsible for diazotrophy (Postgate, 1998). The 

heterotetramer metalloprotein dinitrogenase Ŭ2ɓ2 and the homodimer metalloprotein 

dinitrogenase reductase ɔ2 are the two proteins which form nitrogenase. The dinitrogenase 

(Mo-Fe protein) catalyses the reduction of N2, and the dinitrogenase reductase (Fe protein) 

donates electrons of very low redox potential to dinitrogenase (Luque & Forchhammar, 

2008).  The homodimer (Fe-protein) is composed of a single Fe4S4 cluster bound between 

identical subunits which are approximately 32- 40 kDa (Berman-Frank et al., 2003). The 

heterotetramer (Mo-Fe- protein) is approximately 25 kDa and contains a P cluster and the M 

centre (FeMo co-center) (Berman-Frank et al., 2003).  The so-called óconventionalô 

nitrogenases contain Mo in the Fe-S centre bridging the subunits. The metal is replaced by V 

(vanadium) (vnfH) in óalternativeô nitrogenases and by Fe (anfH) in the ósecond alternativeô 

nitrogenases (Thiel, 1993; Zehr et al., 2003). 

 

The conserved nature of nifH provides a convenient basis for developing probes in order to 

study nitrogen fixation genes in diverse organisms (Zehr et al., 2003).  Sequencing data 

suggest that broad taxonomic groups including closely related species can potentially be 

distinguished by comparison of nifH DNA and deduced amino acid sequences (Kirshtein et 

al., 1991; Zehr & McReynolds, 1989). 

 

An assumption is made that the presence of nif implies N2 fixing capability, because the 

multiple genes involved in regulation and assembly occupy a large region of the genome 

(Zehr et al., 2003).  As previously observed, nitrogenase gene expression is highly regulated 

from transcription to post translational protein modification.  Transcription of the nifHDK 
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operon is an appropriate marker for N2-fixing conditions because it is not constitutively 

expressed and is regulated in response to factors that control N2 fixation (Zehr et al., 2003). 

 

1.5.2.1 Dinitrogenase and Dinitrogenase Reductase 

Nitrogenase consists of two multi subunit proteins: dinitrogenase reductase, encoded by the 

nifH gene, and dinitrogenase, encoded by the nifD and nifK genes. Studies on the diversity of 

nifH-containing plankton in the open ocean have revealed a diverse suite of potential 

diazotrophs, including cyanobacteria and proteobacteria, as well as nifH sequences from 

anaerobic bacteria (Church et al., 2005). Dinitrogenase reductase is encoded by the nifH gene 

and dinitrogenase by the nifD (Ŭ) and nifK (ɓ) genes (Rees et al., 2005; Zehr et al., 1997). 

 

1.5.3 Major  nifH gene clusters 

Nitrogenase genes are clustered into four major groups, designated as Clusters I-IV (Table 2) 

(Chien & Zinder, 1996).  

Table 2: Composition of major nitrogenase gene clusters (Zehr et al., 2003) 

Cluster Composition 

I  óconventionalô Mo containing nifH and some vnfH 

II  ósecond alternativeô non-Mo, non-V containing anfH including 

nitrogenases from certain Archaea. 

III  nifH sequences from a diverse group of distantly related strict 

anaerobes such as clostridia 

IV  

 

divergent loosely coherent group of nif-like sequences from Archaea 

and distantly related chlorophyllide reductase genes 
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Most microorganisms, capable of diazotrophy, have multiple copies of the nitrogenase genes 

or homologues of nitrogenase genes (Cluster IV). For instance Clostridium pasteurianum has 

previously been shown to have a nifH gene family sequences in Cluster II and III (Wang et 

al., 1988).  With some cyanobacteria also having multiple copies of nitrogenase, including a 

vnfH as well as a second distinct nifH (Thiel, 1993). In spite of these exceptions, the nifH 

gene remains the best functional marker for nitrogen fixation. 

 

1.5.4 Diversity of potential nitrogen fixing microorganisms 

Although a number of studies have been based on cultivation of diazotrophs, the majority of 

nifH sequences deposited in databases are from uncultured organisms (Simonet et al., 1991; 

Zehr et al., 2001; Zhang et al., 2008) 

 

nifH sequences which have been obtained from the environment have been remarkably 

similar (> 94% identical at the amino acid level) (Zehr et al., 2003). In 1997, it was noted that 

cyanobacterial nifH genes form clusters (Zehr et al., 1997). Trees which have been 

constructed for nifH and 16S rRNA genes based on the same lineages represented by both 

genes have generated highly consistent trees (Zehr et al., 2003). This indicates a strong 

evolutionary congruency between both genes, and therefore suggests that the nifH gene may 

be validly used as a phylogenetic marker. 

 

In the Antarctic the microbial composition of terrestrial ecosystems has been the subject of 

intensive recent study (Babalola et al., 2009; Rochelle et al., 2009; Zeglin et al., 2009). 

However, little is known about the functional interactions among organisms and the 

environment (Nakatsubo & Ino, 1986), especially in the context of carbon and nitrogen 

fixation. 
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1.6 Aims and Objectives 

In understanding the complexity of the carbon and nitrogen cycles it is important to 

appreciate the close interplay in terrestrial systems (Figure 9). For instance, nitrogen has 

previously been reported to be a potentially limiting factor in carbon assimilation (Falkowski, 

1997; Nakatsubo & Ino, 1986). 

 

Antarctica is uniquely suited for investigating the close relationship between these cycles (C 

and N). The relative simplicity offered by its various biotopes, and the ability of 

microorganisms to respond speedily to environmental changes, enable probing of these 

relationships (Melody et al., 2001). It is predicted that climate change may lead to an increase 

in the colonization of new species to Antarctica (Convey, 1996). This is expected to lead to 

increased diversity, biomass, trophic complexity and habitat structure. The ensuing 

competition may possibly result in a loss of current Antarctic species and communities 

(Barrett et al., 2008; Convey, 1996). 

 

This study presents, for the first time, a ósnap-shotô overview of key anabolic genes (nifH and 

cbbL) implicated in C and N cycling processes. Through the use of culture-independent 

techniques, community compositions are probed using the nifH and cbbL genes as functional 

markers. 
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Figure 9: Feedback pathways Interaction between C and N cycle. There is a close relationship between 

mineral nitrogen and atmospheric CO2 fixation through the action of plants. In Antarctic environments 

microorganisms are expected to fulfill the role normally taken by plants (Thornton  et al., 2009). 

 

1.6.1 Aims 

To investigate the diversity of key anabolic genes in Antarctic hypolithic communities 

1.6.2 Objectives 

¶ To obtain a snapshot of the total bacterial diversity through 16S rRNA gene DGGE 

analysis. 

¶ To determine the diversity and expression of nifH genes in a hypolithic community 

(nitrogen fixation). 

¶ To determine the diversity cbbL (both red-like and green-like) genes in a hypolithic 

community (carbon fixation). 
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Chapter 2: Materials and Methods 

This chapter details experimental protocols/reagents used during the course of this study.  All 

reagents used were of the highest molecular biology grade and were purchased from vendors 

employing standard ISO protocols to ensure quality control (Appendix 1). Unless otherwise 

indicated all reagents were purchased from Sigma. 

 

2.1 General procedures for the preparation of reagents and glassware for 

RNA work 

All water or salt solutions (not containing Tris) used in RNA preparation were treated with 

diethylpyrocarbonate (DEPC). 1ml of DEPC was added to each litre of solution to be treated. 

Glassware was baked at 140
o
C for 5 hours to inactivate RNase. All media, buffers, and 

glassware were sterilized by autoclaving at 121 
o
C for 15 minutes.  

 

2.2 Media 

The following media were used; 

 

i) Luria -Bertai agar (LB) ((Sambrook & Russell, 2001): values in g/L) 

Yeast extract   10.0 g 

Tryptone     5.0 g  

NaCl    10.0 g 

Agar    15.0 g 

 

The pH was adjusted to 7 and before autoclaving and the medium was supplemented with 

100 mg/ml of ampicillin and 100 mM MgCl2 after cooling to less than 55 ºC. 
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ii)  LB agar Medium (Luria -Bertani Media) ((Sambrook & Russell, 2001): 

values in g/L) 

Tryptone    10.0 g 

Yeast extract      5.0 g 

NaCl     10.0 g 

Agar     15.0 g 

 

The pH was adjusted to 7 with 5 N NaOH, made up to 1L. 

 

iii)  SOB agar (LB) ((Sambrook & Russell, 2001): values in g/L) 

Tryptone    20.0 g 

Yeast extract     0.5 g 

NaCl    0.50 g 

250 mM KCl   1.87 g 

Agar    15.0 g 

 

The pH was adjusted to 7 before autoclaving and the medium was supplemented with 100 

mg/ml of ampicillin and 100 mM MgCl2 after cooling to less than 55 ºC. 
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iv) SOC Media ((Sambrook & Russell, 2001): values in g/L) 

Tryptone    20.0 g 

Yeast extract     5.0 g 

NaCl       0.5 g 

250 mM KCl   10.0 ml 

The pH was adjusted to 7 before autoclaving; the medium was cooled to ~ 50 
o
C and the 

following filter sterilized and added aseptically, 5 ml of 2 M MgCl2 and 20 ml of 1M glucose; 

the media was made up to 1L. 

 

v) TGY Media ((Sambrook & Russell, 2001): values in g/L) 

Tryptone   5.0 g 

Glucose    1.0 g 

K2HPO4    1.0 g 

The pH was adjusted to 7 before autoclaving; the media was made up to 1L. 

 

vi) ATCC medium ((Sambrook & Russell, 2001): values in g/L) 

KH2PO4    0.2 g 

K2HPO4    0.8 g 

MgSO4.7H2O   0.2 g 

CaSO4.2H2O   0.1 g 

FeCl3    2.0 mg 

Na2MoO4.2H2O   Trace 

Yeast extract   0.5 g 

Sucrose    20.0 g 

 

The pH was adjusted to 7 before autoclaving; the media was made up to 1L. 
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2.3 Environmental Sample collection 

Samples were collected in sterile plastic bags by Prof. Don Cowan from Antarctic 

hypolithons during December to January of 2008/9. Samples meant for RNA extractions 

were stored in RNAlaterÊ.  Samples were immediately placed on dry-ice and stored at -80
o
C 

until further use.  

 

2.4 DNA/RNA Extractions 

2.4.1 Modified Miller Protocol 

In order to extract DNA from hypolithic soils a protocol first described by Miller and 

colleagues (Miller  et al., 1999) was modified as follows.  Aliquots of soil samples (0.5 g) 

were thawed and mixed with 0.5 g of quartz sand in a 2 ml screw cap (Sigma S-9887).  300 

ɛl of sodium phosphate (100 mM, pH 8.0) and lysis buffer (100 mM NaCl, 500 mM Tris [pH 

8.0], 100 g/l SDS) were added, and the tube was inverted to mix.  After the addition of 300 ɛl 

of chloroform/isoamyl alcohol (24/1, v/v) the mixture was vortexed at maximum level for 2 

min, and the cell debris was pelleted by centrifugation (15,000 x g, 5 min). To the supernatant 

ammonium acetate (7M) was added to a final concentration of 2.5 M. The tube was 

subsequently shaken by hand to mix, followed by centrifugation (15,000 x g, 10 min). The 

DNA was precipitated from the supernatant by addition of 0.6 volumes of isopropanol, 

incubation at room temperature for 15 min. The DNA was pelleted by centrifugation (15,000 

x g, 10 min) and washed with 1 ml of 70% ethanol. The DNA was then air dried and 

dissolved in 50 ɛl of TE (10 mM Tris, 1 mM EDTA, pH 8). 
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2.4.2 DNA extraction from bacterial cultures 

Bacterial culture was grown over night in liquid media. Bacterial suspension was centrifuged 

for 5 min at 4500 x g to pellet the bacteria. The pellet was re-suspended in 1 ml of extraction 

buffer (50 mM NaCl, 50 mM Tris-HCl, pH 7.6, 50 mM EDTA and 5% SDS [pH 8.0]) and 

transferred to a 2 ml microcentrifuge tube containing 0.4-0.5 g of glass beads (0.1 mm 

diameter) and vortexed for 2 min.  300 ɛl of phenol and chloroform/isoamyl alcohol (25:24:1, 

v/v) were added before vortexing for a further 20 seconds. After centrifugation at 14,000 x g 

for 3 min the upper aqueous phase was transferred to a new 2 ml tube and re-extracted with 

500 ɛl of chloroform. DNA was precipitated with 0.1 volume of 3M sodium acetate solution 

and 0.7 volumes of isopropanol. DNA was precipitated by centrifugation at 14,000 x g for 30 

min at 10
o
C.  The supernatant was discarded by aspirating the isopropanol.  The pellet was 

washed with 70% ethanol and the DNA was re-pelleted by centrifugation for 5 min. After 

removing the ethanol the pellet was allowed to air dry at room temperature for 5 min and 

eluted in TE (10 mM Tris, 1 mM EDTA, pH). 

 

2.4.3 RNA extraction using MoBio Soil RNA kit 

The protocol was followed as specified by manufacturer with minor modifications.  To a 15 

ml Bead Tube, 2 g of soil, 2.5 ml of Bead Solution and 0.25 ml of Solution SR1 was added 

before vortexing the solution to mix.  0.8 ml of Solution SR2 was added before vortexing for 

a further 5 min at maximum speed. 3.5 ml of phenol: chloroform: isoamyl alcohol (25:24:1, 

pH8.0) was then added before vortexing until the disappearance of the biphasic layer. The 15 

ml Bead Tube was then vortexed at maximum speed for a further 10 min.   Centrifugation at 

6000 x g for 10 min (at 4
o
C) was applied.  The resulting supernatant was carefully transferred 

to a new bead tube.  1,5 ml of Solution SR3 was added to the 15 ml Bead Tube containing 

aqueous phase prior to vortexing at maximum speed.  After incubating the Bead Tube at 4
o
C 
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for 10 min, the mixture was centrifuged at 6,000 x g for 10 min (at 4
o
C).  The supernatant 

was then transferred to a new 15 ml Bead Tube with 5 ml of Solution SR4 being added before 

incubation at -20
o
C for 30 minutes.  Centrifugation at 6000 x g for 30 min was applied at 

10
o
C.  The supernatant was decanted and the 15 ml Bead Tube was inverted and placed on a 

paper towel for 5 min.  1 ml of Solution SR5 was added before being applied to the provided 

RNA Capture Column. The column was then washed with Solution SR5.  Solution SR6 was 

applied to the column and collected in a new tube.  Eluted RNA was transferred to a 2.2 ml 

collection tube and 1 ml of Solution SR4 was added before centrifuging the mix for 15 min at 

13,000 x g at room temperature to pellet the RNA.  The supernatant was decanted and the 2.2 

ml collection tube was air dried.  The RNA pellet was the re-suspended in 50 ml of Solution 

SR7. 

 

2.4.4 Modified DNA/RNA protocol using CTAB lysis buffer 

The protocol was modified by Katherine Koyne from one previously described Griffith and 

colleagues (Griffiths et al., 2000) . Soil samples stored in RNAlater® were thawed, and 

mixed well.  1 ml of soils was then added to 2 ml screw-cap tube and centrifuged at 4000 

rpm, 3 min at room temperature.  The RNAlater® was removed before mixing soil with 1 ml 

of DEPC-treated PBS. Centrifugation was performed as above before removing PBS.  0.8 ml 

of CTAB Buffer (100 mM Tris-HCl [pH8.0], 1.4 M NaCl 20 mM EDTA [pH8.0], 2 % [w/v] 

CTAB, 1 % [w/v] polyvinylpyrollidone) was added to ice-cold beads (0.5 g each of 0.1 mm 

glass and 0.5 mm zirconia/silica) and 0.5 g of  wet soil. The mixture was vortexed before 

adding 3 Õl of ɓ-mercaptoethanol. Vortexing was done in 3 X 30 sec pulses. 0.8 ml of 

chloroform:isoamylalcohol (24:1) was added before vortexing and rocking at room 

temperature for 15 min.  Centrifugation (15 min, 4
o
C) was applied at 15,000 rpm before 

transferring the supernatant to a new tube and adding 1 volume of chloroform: isoamyl 
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alcohol (24:1) and vortexing well.  The mixture was centrifuged again as previously 

described, before adding 0.5 volume of NaCl and 1 volume isopropanol. The solution was 

incubated at -80
o
C overnight.  Nucleic acids were pelleted by centrifugation (15,000 rpm for 

15 min at 4
o
C).  The resulting pellet was washed with 70% ethanol, and dried on a paper 

towel. Nucleic acids were resuspended in 20 µl of RNase free water. 

 

2.4.4 Purification using Polyvinylpolyprrrolodone (PVPP) minicolumns 

PVPP spin mini-columns were assembled using a P20 tip (end of tip cut) placed inside a 0.6 

ml PCR tube (with end and lid cut) enclosed in a 1.5 ml tube (lid detached). A solution of 

50% PVPP in TE was deposited inside the filter tip with 50 µl DNA. Columns were 

centrifuged for 20 min at 3.3 rpm, DNA was collected from the base of the tubes and the 

process was repeated until a clear DNA solution was recovered (typically twice). 

 

2.5 Bacterial Strains 

Two Proteobacteria strains were sourced from the United States Department of Agricultureôs 

Agricultural Research Service Culture Collection. Azotobacter vinelandii (B-14641) and 

Azospirillum brasilense (B-14647) were grown as instructed. 
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2.6 Polymerase Chain Reaction 

PCR amplifications were performed in 0.2 ml thin-walled tubes using a thermocycler 

equipped with a heated lid (e.g., PCR Sprint Temperature Cycling System, Thermo Hybaid, 

Ashford, GB). A standard 50 µl reaction contained 1 X PCR buffer (10 X being 200 mM Tris 

pH 8.8, 100 mM KCl, 100 mM (NH4)2SO4, 20 mM MgSO4, 1% (w/v) Triton X-100), 0.2 mM 

each of dATP, dCTP, dGTP and dTTP, 0.5 µM of each primer, an appropriate amount of Taq 

DNA polymerase, and 25 ng of metagenomic DNA as template. For DNA amplifications 

from whole cells, small amounts of freshly grown colonies were transferred to the reaction 

tubes using a 10 µl pipette. The primers used as well as the cycling conditions applied are 

given in Table 3. 

 



32 

 

Table 3:  Primer combinations, cycling conditions and specificity of primers used in this study. 

Primer Set  Sequence (5' to 3') Amplification Cycle Specificity  Reference 

341FGC CCTACGGGAGGCAGCAG 94°C/4 min Most bacteria (Muyzer et al., 1993) 

534R ATTACCGCGGCTGCTGG 20x (94°C/45 s - 65°C
*
/45 s - 72°C/60 s) # 

 

  

PolF TGC GAY CCS AAR GCB GAC TC 98°C/30 sec nifH gene (Poly et al., 2001) 

PolR ATS GCC ATC ATY TCR CCG GA 30x (98°C/10 s - 67°C/15 s - 72°C/45 s)*     

cbbLRF AAG GAY GAC GAG AAC ATC 94°C/4 min cbbL gene "red like" form   

cbbLRR TCG GTC GGS GTG TAG TTG AA 30x (94°C/45 s - 60°C/45 s - 72°C/60 s)#   (Selesi et al., 2005) 

cbbLGF GGC AAC GTG TTC GGS TTC AA 94°C/4 min   (Selesi et al., 2005) 

cbbLGR TTG ATC TCT TTC CAC GTT TCC 
20x (94°C/45 s - 65°C

*
/45 s - 72°C/60 s)# 

cbbL gene "green-like" form   

M13 For CCCAGTCACGACGTTGTAAAACG 94°C/10 min Cloning vector pGEM
® 

T Easy    

M13 Rev AGCGGATAACAATTTCACACAGG 35x (94°C/30 s ï 64°C/30 s - 72°C/[var]) #    

pJET1.2 forward CGACTCACTATAGGGAGAGCGGC 94°C/10 min   pJET Cloning Kit 

pJET1.2 reverse  AAGAACATCGATTTTCCATGGCAG 35x (94°C/30 s ï 64°C/30 s - 72°C/[var]) # Clone Jet PCR Cloning Kit   

* Phusion Taq polymerase used  # IMBM lab Taq 
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2.7 Analytical procedures 

Spectrophotometry and agarose gel electrophoresis were used to quantify and verify both 

DNA and RNA in this study. Reference DNA fragments were developed from PCR 

amplification of either known 16S rRNA genes or from the digestion of DNA with PstI 

restriction enzyme. In some cases commercial markers from Fermentas were used. 

 

2.7.1 Agarose gel electrophoresis 

Nucleic acid fragments were separated by agarose gel electrophoresis. Total genomic 

DNA fragments and PCR amplicons were separated in 1% - 2.5% agarose gels, prepared 

in 0.5 X TAE buffer (Sambrook & Russell, 2001). Ethidium bromide (0.5 ɛg/ml), was 

added to the agarose gels during preparation for the staining and visualization. Samples 

were prepared by mixing with 6x concentrated loading buffer (20% (v/v) glycerol and 5 

mg/ml bromophenol). Electrophoresis was performed in 0.5x TAE buffer at 100 V. DNA 

bands were sized according to their migration in the gel as compared to DNA molecular 

weight markers (e.g., DNA cut with Pst1 restriction enzyme). Gels were visualized via 

ultraviolet (UV) light illumination and photographed with a digital imaging system 

(Alphalmager 2000, Alpha Innotech, San Leandro, CA).  

 

2.7.2 Fluorometry (QubitÊ) 

The fluorometer was used to measure the concentration of obtained DNA/RNA 

extractions following the protocol as outlined by the manufacturer. All reagents to be 

used were incubated at room temperature before use.  Preparation of assay tubes was 
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carried out as indicated in Table 4. A Quanti-iTÊ Working Solution was set up by 

diluting the Quanti-iTÊ reagent 1:200 in Quanti-iTÊ buffer.  200ul of Working Solution 

was set-up for each sample and standard.   

Table 4: Preparation of assay tubes was carried out as follows 

 Standard User Sample 

Volume of Working 

Solution 

190 µl 180-199 µl 

Volume of Standard to add 10 µl - 

Volume of DNA to add - 1-20 µl 

Total Volume in each Assay 

tube  

200 µl 200 µl 

 

All tubes were vortexed for 2-3 sec and incubated at room temperature for 2 min.  The 

tubes were then read in a QubitÊ fluorometer. 

 

2.7.3 Spectrophotometry 

The DNA/RNA concentrations (calculated as OD260 nm x 50 ng/ɛl) and purity (ratio 

OD260 nm/ OD280 nm) were measured using the NanoDrop® ND-1000 UV-Vis 

Spectrophotometer (NanoDrop Technologies, USA). The solvent used for DNA elution 

was the reference sample for the determination of the DNA spectro-photometric 

parameters. 
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2.8 Gel Extraction and Purification  

PCR fragments were separated on TAE agarose gels by electrophoresis in 0.8% as 

described above (section 2.5.1). Using a sterile scalpel, bands were excised from the gel 

and placed in 1.5 ml tubes. Gel extraction and purification was performed as detailed by 

the manufacturer. 

2.9 Denaturing Gradient Gel Electrophoresis (DGGE) 

DGGE plates were cleaned thoroughly with methanol then twice with ethanol to remove 

all traces of grease before assembly. 20 ɛl of PCR-DGGE products (approximately 500 

ng DNA) were separated by DGGE as described by Muyzer and collegues (Muyzer et al., 

1993). Urea-formamide (Fluka) gel denaturing gradients were developed using the Bio-

Rad Gradient-former (Bio-Rad, Hercules, USA). 0.5% (w/v) APS and 0.02% (v/v) 

TEMED were added to the acrylamide: bisacrylamide (37.5:1(w/w)) solutions, as 

catalysts for gel polymerization prior to gradient development. Universal bacterial DNA 

was separated on 30-70% urea-formamide gradients (A 100% urea-formamide solution 

contains 7M urea and 40% (v/v) formamide). DGGE was performed using the Bio-Rad 

Electrophoresis apparatus on 16.5mm x 16.5mm x 1mm thick 9% (w/v) polyacrylamide 

gels, at 100V for and 60 ºC for 16 h in 1 X TAE buffer). After electrophoresis, the gels 

were stained using 0.5ɛg/ml ethidium bromide in 1XTAE for 15 min and destained in 1 

X TAE for 30 min before visualizing and capturing the image using the Alphaimager 

3400 Imaging System UV transilluminator (AlphaInnotech CorporationTM San Leandro, 

CA). 
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2.10 Construction of Clone libraries 

2.10.1 Preparation of Escherichia coli (E. coli) competent cells 

Electrocompetent GeneHogg E. coli cells were prepared by inoculating a single freshly 

streaked colony in 20 ml SOB media and cultured overnight at 37
0
C with agitation at 250 

rpm. 2 ml of the overnight culture was inoculated into a 250 ml sterile flask and cells 

were grown at 37
o
C with shaking (250 rpm) for 3.5 - 4 h to an OD600nm of 0.6.  Cells were 

kept on ice and harvested by centrifugation at 4000g for 10 min at 4
0
C. The cells were 

then re-suspend in a volume of ice-cold sterile water equal to the original culture volume, 

and then harvested as before. The supernatant was discarded and the cells were re-

suspended in ice-cold sterile 10% glycerol and then centrifuged for 15 min at 4000g. 

After decanting the supernatant, cells were re-suspended in ice-cold sterile 15% glycerol, 

2% sorbitol using a volume of 2ml per L initial culture.  Cells were harvested by 

centrifugation at 4000g for 10 min at 4
0
C and then re-suspended in a volume of ice-cold 

sterile 15% glycerol, 2% sorbitol equal to that of the cell pellet. 50µl volumes of cells 

were then aliquoted into clean 0.5ml eppendorf tubes. Ethanol at -80
0
C was used to snap 

freeze the cells.  Cells were stored at -80
0
C. 
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2.10.2 Ligation of PCR products 

Ligation reactions were performed using the following kits; 

(i) Promega pGEM-TÊ Easy 

Ligations were carried out using p-GEM T Easy according to manufacturerôs instructions. 

Ligations were carried out in 10 µl volumes. To each tube 5 µl of Rapid ligation buffer 

was mixed with 1 µl of pGEM-TÊ Easy vector.  To each experiment tube 3 µl of PCR 

product was added to the reaction mixture with 1 µl of ligase being added. 

 

(ii) Clone Jet PCR Cloning 

For blunt-end PCR products generated from proofreading DNA polymerases (PhusionÊ 

Taq), ligation was performed using Clone Jet PCR Cloning Kit.  A ligation was set up as 

per manufacturerôs instructions.  Ligations contained 10 Õl of 2X reaction buffer.  2 Õl of 

PCR products were used in a 3:1 ration with pJET 1.2 blunt cloning vectors (50 ng/µl). A 

lethal gene, incorporated into the pJET vector, is disrupted by ligation of a DNA insert 

into the cloning site. As a result, only cells with recombinant plasmids can propagate 

thereby eliminating the need for blue/white selection. 

 

2.10.3 Transformation of competent E. coli Gene Hogg strain 

The electro-competent Gen Hogg E.coli cells were transformed with purified DNA. An 

Eppendorf tube containing 50 ɛl of electrocompetent cells was removed from -80
o
C 

storage and allowed to thaw on ice.  2ɛl of the ligation mixture (section 2.10.2) was 

added to the thawed cells and gently mixed. The mixture was incubated on ice for ~ 1 
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min then pipetted into a pre-chilled 0.1 cm sterile electroporation cuvette (Bio-Rad). 

Electroporation was performed under the following conditions: 1.8 kV, 25 ɛF, 200 ɋ on 

the BioRad Gene Pulser machine. Immediately following electroporation, 1 ml SOB 

broth was added to the cuvette, the cells transferred to a 15 ml Falcon tube and incubated 

at 37ÁC for 1 h with agitation. 100 ɛl of cells were plated onto LB-agar plates 

supplemented with ampicillin (100 ɛg/ml), IPTG (20 ɛg/ml), and X-Gal (30 ɛg/ml). 

Recombinant transformants were selected by blue/white colour selection based on 

insertional inactivation of the lacZ gene for transformations done using pGEM T-EasyÊ. 

 

2.11 Screening of clone libraries 

2.11.1 Colony PCR 

Blue colonies were picked from overnight culture plates using sterile toothpicks and 

swirled in 50 µl TE buffer. 2 µl was directly used as a template for PCR. PCR reaction 

consisted of 5 µl of 10X buffer, 4 µl of 25 mM MgCl2, 5 µl of 5µm of each primer either 

M13 or pJET (Table 3), 5 Õl of 1mM dNTPôs, 0.5 Õl of Taq polymerase (IMBM lab Taq) 

and 2 µl of the re-suspended colony in a final volume of 50 µl. Amplification was in an 

automated thermal cycler (Thermo Hybaid system) with the cycling parameters 

performed specific for each primer combination as detailed in Table 3. The products were 

separated by agarose gel electrophoresis (section 2.5.1) and cleaned using the method 

described in section 2.6 before sequencing.  

 



39 

 

2.11.2 Plasmid DNA extraction 

Plasmid extraction was performed using the ZippyÊ Plasmid Miniprep Kit, using 

manufacturerôs instruction with minor modifications.  600 Õl of bacterial culture was 

added to 1.5 ml microcentrifuge tubes. 100 µl of 7X Lysis Buffer was added and mixed 

by inverting the tube 5 times.  350 µl of cold neutralization buffer was added and mixed 

thoroughly within 2 min.  Centrifugation was applied at 13,000 x g for 4 minutes before 

transferring supernatant to the Zymo-SpinÊ II column.  The column was placed in the 

Collection Tube and centrifuged for 20 seconds.  200 µl of Endo-Wash Buffer was added 

to the column and centrifuged for 20 sec.  400 ul of ZyppyÊ Wash Buffer was then 

added to the column and centrifuged for 30 sec.  The column was transferred to a clean 

1.5 ml microcentrifuge tube with 25 Õl of ZyppyÊ Elution Buffer being added directly to 

the column matrix.  A final centrifugation for 20 sec at 11,000 X g followed to elute 

plasmid DNA. 

 

2.11.3 Restriction Fragment Length Polymorphism (RFLP) 

2.11.3.1 Analysis of RFLP patterns 

RFLP analysis of PCR amplicons was done in 20 ɛl reaction mixtures containing 100 ng 

of DNA, 1 U of restriction endonuclease (Fermentas) and the appropriate 10x buffer. The 

reactions were incubated overnight at 37°C, then the restriction digests were separated 

using agarose gel electrophoresis (2.5% gels). The appropriate restriction enzymes were 

selected using WatCut, an on-line tool available on http://watcut.uwaterloo.ca/. 

 

http://watcut.uwaterloo.ca/
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2.12 Sequencing and Sequence analysis 

2.12.1 Sequencing reactions 

Sequencing of plasmid DNA was carried out at the University of Stellenbosch. 

Sequencing reactions were performed using either M13F or pJETF oligonucleotide 

primers, for pGEM T EasyÊ or pJET vector respectively. Sequencing was conducted 

using the Hitachi 3730xl DNA Analyzer (Applied Biosystems) using the Big Dye 

Terminator v3.1 system that is based on the Sanger method. 

 

2.12.2 Sequence Analysis and Construction of phylogenetic trees 

Chromas
®
 was used for editing sequences. Edited sequences were aligned using Bio-Edit 

with MEGA 4 (Tamura et al., 2007) being used to construct phylogenetic trees.  The trees 

were constructed based on the Maximum Composite Likelihood method and substitution 

model using Neighbour-Joining. The test of phylogeny was used based on 1000 

bootstraps of replication and a pair-wise deletion of gaps.  Substitutions included 

transitions and transversions, with the pattern among lineages being assumed to be 

homogeneous (Felsenstein, 1985; Saitou N & Nei M, 1987; Tamura et al., 2007). The 

amplified DNA sequences were identified through homology searches using BLASTn 

against the NCBI non-redundant database.  
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Chapter 3: Diazotrophic diversity and expression 

in an Antarctic hypolithon  

3.1 Introduction 

Soil microorganisms probably represent the worldôs greatest source of biological 

diversity, and play an important role in nutrient biogeochemical cycling (Yergeau et al., 

2007a). In the Antarctic, environmental conditions impose extreme pressures for the 

proliferation of diverse microbial communities (Wynn-Williams, 1989). It is not well 

known how these conditions affect microbial communities and, in particular, nutrient 

cycling which is primarily driven by such communities in Antarctica.  

 

Nitrogen cycling in terrestrial ecosystems is an important biogeochemical cycle but 

remains poorly understood in most extreme environments. However, available evidence 

suggests that nitrogen is the main growth limiting factor in both high altitude and high 

latitude ecosystems (Mataloni et al., 2000; Shaw & John, 2001). This implies that small 

changes in the nitrogen cycle, as predicted in climate change models, may result in 

disproportionately large shifts in the dynamics of the ecosystems (Barnard et al., 2006). 

However, no study focusing on specific microbial communities implicated in nitrogen 

fixation exists. 

 

Nitrogen fixation is the rate limiting step in the nitrogen cycle. Terrestrial diazotrophs are 

the main input source of nitrogen in primary-producing ecosystems (Poly et al., 2001). In 

oligotrophic Antarctic biotopes, hypoliths are expected to be a significant input source of 

nitrogen.  
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All organisms capable of nitrogen fixation carry the nifH gene and it is thus considered to 

be an appropriate proxy for investigating organisms potentially capable of nitrogen 

fixation (Wang et al., 1988; Zehr et al., 2001; Zhang et al., 2008). 

 

Recent studies focused on diazotrophic diversity in terrestrial systems have employed 

culture-independent approaches. These approaches present a more inclusive depiction of 

the diazotrophic community (Poly et al., 2001). Techniques such as PCR-cloning (Zehr et 

al., 2001), PCR-denaturing gradient gel electrophoresis (DGGE) (Coelho et al., 2009) or 

PCR-restriction fragment length polymorphism (RFLP) (Poly et al., 2000) have all been 

employed to show the diversity of soil diazotrophs potentially capable of nitrogen 

fixation in various environments.  

  

In this study, a culture-independent approach was used to attempt to elucidate the 

diversity and gene expression of microorganisms potentially capable of nitrogen fixation 

in a hypolithic community. This is the first such study conducted in hyperarid Antarctic 

hypolithic communities. The structure of hypolithic diazotrophs was investigated through 

PCR-RFLP and sequencing was employed to establish the phylogenetic identity of these 

organisms.  
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3.2 DNA and RNA Extraction 

In order to investigate the diversity and expression of functional genes in soil it is 

important to extract both DNA and RNA. Extraction protocols require optimization when 

applied to different soil types (Burgmann et al., 2003; Miller et al., 1999). This becomes 

increasingly important when attempting to obtain high quality DNA and intact RNA. 

Recovery of high yield DNA and RNA is crucial in order to ensure adequate accuracy in 

the representation of diversity (Miller  et al., 1999). Protocols which incorporate bead-

beating (physical lysis) are assumed to introduce less as compared bias as compared to 

chemical lysis methods since high concentrations of nucleic acids are recovered (Frey et 

al., 2006). The nucleic acid extraction protocols used in this chapter all include bead-

beating coupled with chemical cell lysis. Samples from hypolithic soil, non-translucent 

rock, and open soil were used. Names and descriptions of samples are attached 

(Appendix 2). 

 

3.2.1 Simultaneous Extraction using CTAB lysis buffer 

Soil previously stored in RNAlater® solution was used. High molecular weight DNA and 

RNA was obtained using the protocol described in Chapter 2. However, the amount of 

RNA recovered was very low (Figure 10) using 1g of soil. The initial amount of soil used 

for extraction was increased in an attempt to improve the final yield of RNA. However, 

these trials produced degraded DNA which was deemed to be unsuitable for downstream 

metagenomic analysis (Figure 11, using 3g of soil). 
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Figure 10: Simultaneous extractions of DNA and RNA from hypolith samples, (Miers Valley 

Hypolith ; ( MVH)). Lane 1: RNA Marker (Fermentas) Lane 2: MVH 3A; Lane 3: MVH4A. 23S and 

16S rRNA gene bands are only faintly visible. (Electrophoresis on 1% agarose gel); Lane 4: Blank 

 

Figure 11: Simultaneous DNA/RNA extraction samples. Lane 1: Marker (IMBM marker), Lane 3: 

MVH 3A, Lane 5: MVH 4A, Lane 7: MVH 11A, Lane 9: MVH 12A (1%  agarose gel electrophoresis). 

Lanes 2, 4, 6, and 8: Blank. 
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3.2.3 MoBio Soil RNA kit 

While the MoBio RNA kit resulted in good yields of total RNA, DNA was also co-

extracted using this kit (Figure 12). The quality of RNA extracted was suitable for 

downstream applications since both the 23S rRNA gene and 16S rRNA gene bands were 

intact. In an extraction giving good quality yield, there is an approximate 2:1 ratio 

between the 23S rRNA band and the 16S rRNA band (as indicated by UV excitation on 

electrophoresis, based on visual inspection). There is evidence of degraded total RNA on 

the gel, although this is to be expected since soil contains both living- and dead 

organisms (Personal communication Katharine Coyne, University of Delaware).  

 

 

Figure 12: Electrophoresis of RNA extracted using the MoBio kit. Lane 1; 100 bp Marker 

(Fermentas). Lane 3: MVH 11A. Both 23S and 16S bands are clearly visible. Degraded RNA is visible 

at the bottom of the gel. 
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3.3 Expression of nifH genes 

3.3.1 DNase treatment of simultaneous extractions 

In order to obtain a profile of microorganisms actively expressing the nifH gene, mRNA 

free from contaminating DNA is required. Digestion with DNase I was carried out as 

described in Chapter 2 (Figure 13). However, the control 16S rRNA gene PCR (using the 

E9F and U1510R primer combination) designed to test for the presence of contaminating 

DNA was positive. Three successive DNase I treatments were carried out, but 

amplification was consistently observed in the control reactions which were carried out at 

different concentrations of the DNase I treated sample (Figure 14). No amplification was 

observed in the negative control (no template).  

 

Figure 13: 4 DNAse treatment of Simultaneous extracts (DNA and RNA). 

Arrows indicate position of 23S rRNA gene and 16S rRNA gene bands. Lane 1: ɚ Pst Marker; Lane 

2: left blank; Lane 3: DNA/RNA after 1 DNase I treatment, Lane 4: Lane 4 DNA/RNA after 3 

treatments with DNase I (Electrophoresis on 1.5% agarose gel). 
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During each successive DNAse treatment, large quantities of RNA as determined by 

quantification using Q-bit fluorometry analysis (data not shown) were lost and only small 

amounts of RNA were visible on the gel electrophoresis (Figure 13).  

 

Figure 14:  16S rRNA gene PCR amplification from DNAse treated total nucleic acid extracts 

indicating amplification at various concentrations. Lane 1: Marker (IMBM Marker), Lane 2 to Lane 

6: different concentrations of template RNA (ranging from 10 ng/ul to 50 ng/ul). Amplification was 

most efficient with 30 ng/ul of template. Lane 7: Negative control (No template) (1% agarose gel 

electrophoresis). 

 

RNA was not visible on the gel after the third DNase treatment suggesting that the 

residual level of RNA was below the UV- ethidium bromide detection limit 

(approximately less than 1ng/ul). The quantity of total RNA remaining was too low for 

successful RT-PCR amplification, and a decision was taken not to continue with attempts 

to obtain nifH gene expression profiles. 
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In order to investigate nitrogen cycling gene expression high quality total RNA is 

required. Previous studies were also unsuccessful in obtaining DNA-free RNA from 

oligotrophic hyperarid soils of the Dry Valleys (Personal communication Don Cowan, 

University of the Western Cape). The low environmental temperatures and low biomass 

may be barriers leading to low RNA levels. The methods used in this study require 

optimization for these soils. Moreover, the ability to obtain non-degraded RNA was 

hampered by storage of soil samples for prolonged periods at -80
o
C. Any attempt to 

recover usable RNA would require ñfreshly sampled soilsò. Attempts to recover RNA 

may have been compromised by the large salt pellets which were co-extracted with the 

RNA. The salts are possibly from the RNAlater® solution. In future, samples intended 

for RNA analysis should be stored in preserving solution, such as LifeGuardÊ (MoBio) 

designed specifically for soil RNA preservation.  Moreover, extractions should be 

attempted in the minimum prescribed period.  

 

3.4 Diversity of nifH genes  

3.4.1 RNase treatment of simultaneous extractions 

Simultaneous DNA/RNA extracts were subjected to RNAse treatment before 

downstream metagenomic analysis was carried out. DNA free from contaminating RNA 

was obtained and used for further analysis (Figure 15). The DNA extracted was of good 

quality and high molecular weight, approximately 11501bp. No evidence of RNA 

contamination was visible on the gel, nor was it detected by fluorometry (data not 

shown). 
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Figure 15: RNAse treatment of DNA/RNA extracts to remove RNA 

 Lane 1: ɚ-Pst Marker, Lane 2: MVH 11A, Lane 3: MVH 12A (1% agarose gel). 

 

3.4.2 PCR amplification of the 16S rRNA gene with DGGE primers 

PCR was carried out as described in Chapter 2, section 2.6. 16S rRNA gene PCR, using the 

universal bacterial DGGE primers 341FGC and 534R was successful for hypolithic samples, 

yielding an approximate 200 bp PCR product (Figure 16). Amplification products were then 

analysed using DGGE (section 3.4.3). 
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Figure 16: PCR amplification of bacterial 16S rRNA gene using primers 341 F-GC and 534R on 1% 

agarose gel. Lane 1: Biolabs 1kb Marker, Lane 2: Blank; Lane 3: E. coli Positive Control, Lane 4 -6: 

Various hypolith soil samples. Lane 7: Negative control 

 

3.4.3 DGGE  

DGGE analysis was used to obtain an overview of the bacterial diversity in hypolithons; 

open soil and non-translucent rock subsoil samples (Figure 17).  It was seen that all 

samples contained significant bacterial diversity (with each band representing at least one 

microorganism).  Many of the observed phylotypes were common to every sample. Open 

soil and non-translucent rock community soil were observed to lack certain phylotypes 

(shown in red arrows) which were dominant across all amplified hypolithic communities. 

Amplification of E. coli (from Taq polymerase) was observed in all samples. This is due 

to use of native Taq polymerase (IMBM Lab Taq). The corresponding sequenced band 


























































































































