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ABSTRACT 

 

PHYLOGENETIC DIVERSITY OF NITROGENASE (nifH) GENE 

WITHIN THE RHIZOSPHERE OF Colocasia esculenta OF EX-TIN 

MINING SOIL 

 

TAN KENG YEAN 

 

Ex-tin mining land comprises nutrient-deprived soil containing high levels of 

toxic metals. This arid land condition is generally not suitable for agriculture and 

mostly abandoned. Nitrogen fixed microorganisms which are associated with 

plants in fixing nitrogen or improving nutrient uptake, have been noted to serve as 

possible commercial microbial inoculums for ex-tin mining rehabilitation. 

Therefore, soil microbial community in ex-tin mining land has piqued immense 

interest in studying the diversity of diazotrophic communities by culture-

independent approach. Soil sample was collected in the ex-tin mining land within 

the rhizosphere of Colocasia esculenta, in the vicinity of Universiti Tunku Abdul 

Rahman, Kampar campus. Direct total microbial DNA was extracted from soil 

and was subjected to nested PCR amplification using two pairs of degenerate 

primers. The resulting PCR amplicons were gel-purified, ligated into pGEM®-T 

Easy Vector and consequently transformed into competent Escherichia coli 

JM109 cells. Recombinant clones with the correct insert size were selected based 



iii 

 

on blue-white screening followed by colony PCR. Recombinant plasmids were 

purified and sequenced, yielding a total of 28 nifH homologous clone sequences.  

BLASTX analysis revealed high similarities to nifH gene fragments 

corresponding to unculturable nitrogenase genes. Molecular phylogenetic 

inference demonstrated that majority of nifH clones were clustered within the 

cluster III of Proteobacteria group, mainly in subdivision of δ-Proteobacteria. This 

study suggested predominance of nifH sequences from proteobacteria in soil 

sample rather than phylogenetically diverse nifH sequences from a broad range 

diazotrophs. From this study, several clones harboured nifH gene sequences from 

proteobacteria subdivision showed potential and having valuable properties for 

bioremediation.  
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CHAPTER 1 

 

INTRODUCTION 

 

Nitrogen, being a constitute element in amino acid and nucleic acid, is a 

fundamental element that all living cells require. The nitrogen in the atmosphere, 

despite its abundance, is not readily accessible by the biosphere. Inert atmospheric 

dinitrogen has to be first converted into biologically available ammonia (NH3) 

through the process of nitrogen fixation, which takes place by biological and non-

biological means.  

 

Biological nitrogen fixation (BNF) is an important source of fixed nitrogen for the 

biosphere, which is carried out exclusively by collective of prokaryotes termed 

diazotrophs. Many diazotrophs are part of the soil microbial communities, in a 

wide range of bacterial phyla, from Archaea to Eubacteria (Young, 1992). The 

soil microbial communities are crucial to the maintenance of soil function by 

involving in key processes including soil structure formation, decomposition of 

organic matter, toxin removal, the cycling of carbon, nitrogen, phosphorus, and 

sulphur (van Elsas & Trevors, 1997) as well as mycorrhizal associations 

(Barea, 1991).  
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Diazotrophs have long been recognized as important sources of reduced nitrogen 

ecosystem components in many environments (Ogunseitan, 2005). Diazotrophs in 

soil probably represent more undiscovered biological diversity than that found in 

any other environment on Earth (Tiedje, Asuming-Brempong, Nusslein, Marsh & 

Flynn, 1999). Thus, the diazotrophic diversity in soil is constantly being studied 

in order to discover new microbes and characterize their functional roles. 

 

From a general perspective, the methods used to access the diversity of soil 

microorganism fall broadly into culture-dependent and culture-independent 

techniques. Due to the physiological diversity of diazotrophs and the documented 

unculturability of many prokaryotes, cultivation based strategies have severe 

limitations for underestimating the true diversity of diazotrophs (Korner & 

Laczkó, 1992). Therefore, several culture-independent approaches have been 

developed to bypass the need of cultivation in order to study the microbial 

diversity in soil (Kent & Triplett, 2002).  

 

Using molecular approach to study the diversity of diazotroph organisms is 

primarily based on PCR amplification of various ecological markers. The 

presence of the gene nifH, which codes for the iron nitrogenase unit of the 

nitrogenase complex, has become a useful marker gene in culture-independent 

studies in providing evidence for potential nitrogen fixation. The highly 

conserved nature of the nifH gene makes it an ideal molecular tool to determine 
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the potential for biological nitrogen fixation in any environment (Zehr & Capone, 

1996). By designing PCR primers that amplify the nifH gene and sequencing the 

amplified genes, the assemblage of microorganisms capable of nitrogen fixation 

can be elucidated.  

 

To date, only little is known about the diazotrophic communities that inhabit the 

soil of ex-tin mining land or any other mining land. (Zehr, Jenkis, Short & 

Steward, 2003). By studying the diversity of diazotrophs of tailings of the ex-tin 

mining land, it is possible to elucidate the nitrogen fixing communities that are 

able to persist in such nutrient-deficient environment (Knabe, 1965; Fox, 1984). 

Hence, this study is aimed to describe the phylogenetic diversity of nifH genes of 

diazotrophs communities in a nitrogen-poor ex-tin mining land. This will help to 

add another entry to the expanding database of nifH sequences and revealed a 

wide diversity of uncultured diazotrophs.  

The primary objectives of this study include: 

1. To study the physicochemical properties of ex-tin mining soil 

2. To identify the major phylogenetic classes constituting the 

nitrogen fixing community in ex-tin mining soil. 

3. To assess nifH diversity in independent  soil sites of the ex-tin 

mining land 

4. To speculate on the possibility for diazotrophs of the ex-tin 

mining land to be used for land rehabilitation purpose.  
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CHAPTER 2 

 

LITERATURE REVIEW 

 

2.1 The Ecological Importance of Nitrogen Fixation 

2.1.1 Biological Nitrogen Fixation 

Nitrogen fixation is a life-sustaining process and a key link in the nitrogen cycle 

as it alleviates the limited biologically accessible nitrogen reserve of the 

ecosystem (Zehr et al., 2003). Biological nitrogen fixation (BNF) is the process of 

the enzymatic conversion of atmospheric di-nitrogen (N2) to the non-gaseous N 

compound ammonium (NH4
+). These compounds represent the starting molecules 

for the biosynthesis of amino-acids and other N containing biomolecules. Prior to 

the advent of the Haber-Bosch process, the input of fixed nitrogen into the 

biosphere was provided almost exclusively through biological nitrogen fixation 

(BNF) (Rees et al., 2005).  

 

BNF has gained the limelight as the use nitrogenous fertilizers have seen severely 

polluted water bodies and the eutrophication of lakes and rivers (Sprent & Sprent, 

1990). Nitrogen pool is continually drained by activities including denitrification, 

leaching, volatilization and removal of nitrogen-containing crop residues from the 

land (Millbank, 1974). This replacement of soil nitrogen is generally 

accomplished by the addition of chemically fixed nitrogen in the form of 

commercial inorganic fertilizers or by the activity of biological nitrogen fixation 
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system. BNF serves as a better means to replenish the loss nitrogen of the 

environment. This statement is supported by the facts that nitrogen fixing bacteria 

obtain the required energy for BNF from carbohydrates formed by the 

photosynthetic activity of plants, or from soil organic substrates – sources which 

are replenishable (Hubble & Kidder, 1992). 

 

2.1.2 Diazotrophs 

The ability of fixing nitrogen is found in a group of bacteria known as the 

diazotrophs, where paraphyletically distributed among the bacterial and archaea 

domains (Raymond, Siefert, Staples & Blankenship, 2003). There are about 38 

genera of bacteria, 20 genera of cyanobacteria and 87 species of archaea which 

are classified as diazotrophs (Stolp, 2008). Diazotrophs are phylogenetically 

diverse and include organisms with vastly different physiological properties. The 

capacity to perform BNF has been detected in various phototrophic 

microorganisms (e.g. aerobic phototrophic Cyanobacteria (Young, 1992; 

Vaishampayan et al., 2001), anaerobic purple-sulfur phototrophs like Chromatium, 

and green-sulfur phototrophs, e.g. Chlorobium (Young, 1992), Chemolithotrophic 

microorganism e.g. Alcaligenes, Thiobacillus, Methanosarcina, (Madigan, 

Martinko & Parker,  2000; Young, 1992) or Azospirillum lipoferum (Malik & 

Schlegel, 1981) and in a great number of heterotrophic bacterial strains (e.g. 

anaerobes such as Clostridium, microaerophiles such as Herbaspirillum, and 

aerobes like Azotobacter (Hill, 1992; Paul & Clark, 1996).  
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2.1.3 Evolution of Biological Nitrogen-Fixation 

The broad phylogenetic distribution of BNF raises the question of the 

evolutionary origin of this function. It has been assumed that the nitrogenase 

system is an ancient feature already present in an early ‘common ancestor’ of 

microbial life, which has subsequently evolved by vertical descent (Hennecke et 

al., 1985; Young, 1992; Zehr, Mellon, & Hiorns, 1997). However, other theories 

assume that BNF originated much more recently, where the genes for BNF were 

subsequently distributed mostly by horizontal gene transfer (Postgate, 1974; 

Ruvkun & Ausubel, 1980; Mancinelli & McKay, 1988; Normand & Bousquet, 

1989). The time of origin and the mode of distribution are of considerable 

importance to the question of whether, and to what extent, the genes involved in 

BNF can be expected to contain phylogenetic information that allows 

identification of diazotrophic groups by use of probes or sequence analyses. 

 

In addition to recent phylogenetic analysis of nifDK and nifEN, lend credence to 

the last common ancestor hypothesis, which postulates that nitrogenase, and BNF 

had already evolved in last common ancestor of the three domains in life (Fani, 

Gallo & Lio, 2000; Normand, Gouy, Cournoyer & Simonet, 1992). A discrepancy 

in this hypothesis is the sporadic distribution of nitrogenase within the archaeal 

and bacterial clades (Young, 1992) as well as its absence in eukaryotes. The 

second hypothesis has put forward by Raymond and other researchers (2003) 

explained the phenomenon predominantly revolving around gene loss. Besides, 

recent genomic evidence has signified the potential of horizontal gene transfer of 
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nitrogenase among microorganism. (Doolittle, 1999; Nesbo, L’Haridon, Stetter & 

Doolittle, 2001). The nitrogenase enzyme complex has clearly been mobile 

through non-vertical transmission, where instances of nif genes being selectively 

lost, duplicated and present on plasmids (Goodman & Weisz, 2002; Prakash, 

Schilperoort & Nuti, 1981; Thiel, 1993).   

 

2.2 Biochemistry and Genetics of Biological Nitrogen-Fixation 

2.2.1 Biochemistry of biological nitrogen-fixation 

Biological nitrogen fixation can be summarized in the following equation:  

N2 + 10H+ + 8e- + nMgATP → 2 NH4 
+ + H2 + nMgADP + nPi  (n ≥16)   

N2-fixation is a very costly process in terms of its energy requirements, 

consuming at least 8 mol ATP per mol NH4
+ produced (Dean & Jacobson, 1992). 

This is due to the nature of nitrogen atoms are held by a triple bond which has 

high bond energy (945 kJ/mol). Molecules with higher bond order (eg. triple bond) 

have shorter bond length, thereby having higher bond energy (Kotz, Treichel & 

Weaver, 2006).   

 

Biological nitrogen fixation is a complex process that involves a number of 

functional and regulatory gene products (Triplett, Roberts, Ludden, & 

Handelsman, 1989). The actual reduction of N2 is performed by the nitrogenase 

protein complex, which consists of two metalloproteins: the nitrogenase, or 

nitrogenase molybdenum-iron protein (MoFe protein, NifDK), and the nitrogenase 

reductase or nitrogenase iron protein (Fe protein, NifH). The molybdenum-iron-
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sulfur-homocitrate clusters of the MoFe protein are the actual sites of binding and 

reduction of the substrate N2 and other alternative substrates, such as acetylene, 

protons and many others (Postgate, 1982). The Fe protein is responsible for 

shuttling electrons to the MoFe protein using at least two MgATP per electron 

(Halbleib, Zhang, & Ludden, 2000).  

 

2.2.2 The Genes of Biological Nitrogen Fixation 

The number and arrangement of genes involved in BNF varies between species. It 

takes about 20 gene products to assemble the nitrogenase protein complex and 

allow it to undergo maturation (Howard & Rees, 1996). The MoFe protein is a 

tetrameric protein (α2β2) encoded by the nifDK genes, and the Fe protein is a 

homo-dimer (α2) of the nifH gene product (Halbleib, Zhang & Ludden, 2000). 

These genes, along with regulatory genes and accessory genes coding for 

enzymes involved in electron transfer and metal cluster synthesis comprise the nif 

regulon (Dean & Jacobson, 1992). The nitrogen fixation genes are usually located 

at the chromosome, but in some cases, the presence of such genes on plasmids is 

documented (Stolp, 2008). Alternative nitrogenases have been shown to exist in 

which molybdenum in the MoFe-protein is substituted by vanadium (vnfDK, vnfH) 

or iron (anfDK, anfH). The alternative systems are transcriptionally regulated and 

in most studied organisms, vnf and anf are only expressed under conditions of Mo 

limitation (Bishop & Premakumar, 1992). However, little is known about the 

importance of these alternative nitrogenase systems in the soil environment and 

anfH-type sequences have rarely been detected in soil (Hamelin, Fromin, 
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Tarnawski, Teyssier-Cuvelle & Aragno, 2002; Poly, Ranjard, Nazaret, Gourbière 

& Monrozier, 2001; Shaffer, Widmer, Porteous & Seidler, 2000; Widmer, Shaffer, 

Porteous & Seidler, 1999). 

 

2.3 Soil and Microbial Diversity 

2.3.1 Microbial Diversity 

The term biodiversity has been defined in various ways. In microbial term, it 

describes the number of different types and their relative abundance in a given 

community in a given habitat. In molecular-ecological term, it can be defined as 

the number and distribution of different sequence types present in the DNA 

extracted from the community in a given habitat. (Liesack, Janssen, Rainey, 

Ward-Rainey & Stackebrandt, 1997). These divergent terms are often used 

interchangeable to define soil microbial diversity. Microbial diversity has been 

defined as “the genetic variability within taxons (species) and the number 

(richness) and relative abundance of taxons and functional groups (guilds) within 

communities (Torsvik & Øvreås, 2002). The Convention on Biodiversity, agreed 

to in 1992 and now ratified by more than 140 countries (CIESIN, 1992) has 

stimulated the study of microbial diversity. Extensive efforts are currently being 

made to determine whether microbial species are uniquely placed and isolated 

geographically; the current evidence is that microbial communities are relatively 

similar among widely varying geographic regions and agricultural practices. 

(Supardiyono & Smith, 1997). 
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Microorganisms in soil probably represent more undiscovered biological diversity 

than that found in any other environment on earth (Tiedje et al., 1999). The study 

of soil bacterial diversity is important as the elucidation of their ecological roles 

will shed light on how the ecosystem operates. As important as they are to 

biosphere (Pace, 1997), soil bacterial could also benefit the field of biotechnology 

(Kellenberger, 2001; Whiteley, Donnell, Macnaughton, & Barer, 1996). As far as 

soil microbes are concerned, they are critical in maintaining the soil homeostasis 

as they are involved in soil structure formation, organic decomposition, 

biogeochemical cycles (including carbon, nitrogen phosphorus and sulphur) and 

soil fertility (O’Donnell, Seasman, Macrae, Waite, & Davies, 2001). Soil 

microbes also aid in curbing plant and promoting plant growth (van Elsas & 

Trevors, 1997; Doran, Sarrantonio, & Liebig, 1996). 

 

Diazotroph diversity in soil environments has been less well-studied. Soil is a 

very heterogeneous medium, both physically and chemically (Ladd, Forster, 

Nannipieri & Oades, 1996) and diazotrophs can be distributed very differently 

from one cubic centimetre to the next (Vogel, Normand, Thioulouse, Nesme & 

Grundmann, 2003; Izquierdo, & Nüsslien, 2006). Distribution of diazotrophs in 

soil may be influenced by soil texture (Riffkin et al, 1999), nitrogen levels in the 

soil (Cejudo & Paneque, 1986; Limmer, & Drake, 1998) and the vegetation of the 

environment (Bardgett, Mawdsley, Edwards, Hobbs, Rodwell & Davis, 1999) as 

well as a host of other physical, chemical and biological factors.  

 



11 

 

2.3.2 The effect of Soil Structure and Environmental Conditions on 

Microbial Diversity 

 

Soils are formed as a result of various factors. These ‘soil forming’ factors are 

parent material, climate, organisms, topography and time. Although generally 

considered as operating independently, they in fact interact to create a very 

diverse and complex habitat. The soil forming factors set the boundaries of the 

potential microbial diversity in soil. Within these boundaries, an almost endless 

variety of microniches exist that serve as unique environments where microbial 

diversity can develop and thrive. Thus, microbial diversity in soil results from the 

complex nature of soil (Wang & Dick, 2004).  

 

Soil physicochemical properties (Kennedy & Smith, 1995) and soil particle size 

distribution (Ranjard & Richaume, 2001) are variables that define the soil 

microbial diversity.  Various components of the soil, including the sand, silt, clay 

and organic matter composition, provide myriads of unique niches within the 

microhabitats that cater for a multitude of microbes of different taxa (van Elsas & 

Trevors, 1997).  Most of the soil microbial community is shown to be particle 

specific (Sessitsch, Weilharter, Gerzabek, Kirchmann & Kandeler, 2001) 

specifically, samples with larger fractions of small soil particles corresponded to 

greater microbial diversity, thus emphasizing the impact of particle size on 

diversity. Diversity of vegetation may also influence microbial communities. 

Microbial biomass, activity levels (particularly regarding N mineralisation) and 

bacteria abundance have been positively correlated with plant species richness 

(Zak, Holmes, White, Peacock & Tilman, 2002). Bacteria usually have high 
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abundance in surface samples with dense plant covers. Moreover, soil is dynamic 

as its pH, carbon-nitrogen ratio, temperature and water content can vary over time. 

This indicates that the microbial communities fluctuate according to the soil 

environment at a specific period of time (Bölter, Blume, Schneider & Beyer, 

1997). 

 

2.3.3  General Limitation in Soil Microbial Studies 

Soil microbial communities are often difficult to fully characterize, mainly 

because of their immense phenotypic and genotypic diversity, heterogeneity, and 

crypticity. With respect to the latter, bacterial populations in soil top layers can go 

up to more than 109 cells per g soil (Torsvik & Øvreås, 2002), and most of these 

cells are generally unculturable. The fraction of the cells making up the soil 

microbial biomass that have been cultured and studied in any detail are negligible, 

often less than 5% (Borneman & Triplet, 1997; Torsvik, Goksøyr, & Daae, 1990). 

As direct DNA-based methods offer the possibility to assess the total microbial 

diversity present, thus bypassing the limitations of cultivation-based studies, 

recent years have seen the rapid development of such cultivation-independent 

methods for analyzing the microbial communities in soil (Øvreås & Torsvik, 1998; 

Akkermans, van Elsas, & de Bruijn, 1995). However, difficulties still exist as the 

inherent diversity of soil microbes renders taxonomic categorization and 

identification of the microbes challenging.  
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The heterogeneity of soil type and spatial distribution of soil microbes complicate 

the study of the microbial communities (Trevors, 1998). Considering the fact that 

traditional soil sampling involves taking replicates of only 1 to 5 g of soil. Such 

limited amount of soil samples could result in high variability between replicates 

and low statistical power (Klironomos, Rillig & Allen, 1999).   The small scale of 

soil at which microbial communities exist, can lead to biased results as dominant 

species may obscure the presence of minority populations. To overcome the 

problem of spatial heterogeneity and distribution, it has been suggested that soil 

sampling be done on a smaller scale, with more samples in order to assess 

microbial diversity in microhabitats (Grundmann & Gourbiere, 1999).  

 

2.4  Methods of Assessing Soil Microbial Diversity 

2.4.1 Cultivation-dependent Method 

From a general perspective, the methods used to assess the diversity of soil 

microbes fall broadly into cultivation-dependent and cultivation-independent 

technique.  Traditionally, methods to analyze soil microorganisms have been 

based on cultivation and isolation (van Elsas, Duarte, Rosado & Smalla, 1998); a 

wide variety of culture media has therefore been designed to maximize the 

recovery of diverse microbial groups. Culture-based method includes plate 

counting and community level physiological profiling (CLPP). Selective plating 

could be done along with direct viable counts in order to assess the diversity of 

soil bacteria. CLPP can be used to assess bacterial diversity based on sole source 

carbon utilization (SSCU) patterns via the use of specially designed 96-well 
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microlitre plates supplemented with different types of carbon source (Choi & 

Dobbs, 1999). Unfortunately, cultivation-based methods are time consuming and 

underestimate microbial soil diversity as only a small fraction of the microbial 

cells in soil are accessible to study (Janssen, Yates, Grinton, Taylor & Sait, 2002). 

 

2.4.2 Cultivation-independent Method 

Recent advances in molecular technology has aided in the development of 

cutting-edge studies of soil microbial communities. These methods involve direct 

analysis of metagenomic DNA extracted from microbial communities. Numerous 

protocols have been adopted to isolate soil-derived microbial DNA. DNA 

extraction methods are separated into two categories in general: the direct lysis 

method (Ogram, Sayler, & Barkay, 1987) and the cell extraction method (Faegri, 

Torsvik, & Goksøyr, 1977). Direct lysis achieved by using combination of 

enzymatic treatment, high temperatures and detergent treatment. Additionally, it 

includes physical disruption such as sonication, grinding-freezing-thawing, and 

bead beating. Meanwhile, the cell extraction method involves the separation of 

cells from soil particle through differential centrifugation prior to lysis. 

(de Lipthay, Enzinger, Johnsen, Aamand & Sørensen, 2004). Direct lysis method 

is reported by Gabor and other researchers (2003) to yield higher DNA recovery. 

A 10- to 100-fold increase in DNA yield using direct lysis compared to cell 

separation method may be explained in part by the capacity of the direct lysis 

approach to extract additional nonbacterial and extracellular DNA (Steffan, 

Goksøyr, Bej & Atlas, 1988). Despite the fact that cell separation method is less 
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efficient in terms of DNA recovery, DNA isolated using this method are less 

harsh and seem to be less contaminated with matrix compounds, including humic 

substances (Courtois et al., 2001). Nevertheless, the choice of DNA extraction 

methods relies largely on the soil type. (de Lipthay et al., 2004). 

 

Analysis may use techniques such as PCR, denaturing gradient gel electrophoresis 

and restriction fragment polymorphism analysis to produce community 

fingerprints. Such techniques also permit phylogenetic relationships between 

organisms to be examined (Pace, 1996). Torsvik and other researchers (1990) 

reported the first extraction of DNA from soil that was suitable for downstream 

applications. This method created the opportunity to adapt or specifically develop 

an arsenal of molecular methods for soil microbial purposes. Since these 

pioneering works, a continuously increasing number of studies have sought to 

explore the diversity of soil microbial communities with the help of molecular 

methods, most prominently using the 16S rDNA genes or conserved sequences as 

genetic markers (Amann, Ludwig & Schleifer, 1995; Pace, 1996). 

 

2.5 The Use of Molecular Methods in Soil Microbiology 

2.5.1 PCR and Primer Design 

The introduction of the polymerase chain reaction (PCR) (Mullis, Faloona, Scharf, 

Saiki, Horn & Erlich, 1986; Mullis & Faloona, 1987; Mullis, 1990) into molecular 

biology represented another milestone, allowing for the specific detection and 

investigation of even minor traces of genetic material. PCR permits the rapid, 
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exponential amplification of DNA sequences using three processes repeated 

cyclically: denaturation, annealing and extension. Selecting appropriate primers 

for PCR is crucial for valid and reliable results. Primers are designed to be 

complementary to the specific region of the DNA to be amplified and must be at 

least 70% homologous to the template in order for annealing and elongation to be 

successful (Steyn & Holland, 1993). “Universal” primers such as those used to 

amplify the conserved 16S rRNA genes are often used in phylogenetic studies, as 

DNA from many species is amplifiable (Baker, Ah Tow & Cowan, 2003). Since 

the ability to fix nitrogen is distributed widely and inconsistently among 

prokaryotes, it is difficult to assess the distribution and diversity of nitrogen-

fixing microorganisms based solely on 16S rDNA phylogenetic diversity studies. 

The highly conserved nature of the nifH gene makes it an ideal molecular tool to 

determine the potential for biological nitrogen fixation in any environment (Zehr 

& Capone, 1996).  

 

Designing PCR primers that amplify the nifH gene and sequencing the amplified 

genes can identify the assemblage of microorganisms capable of nitrogen fixation 

in any environment. This approach has been applied to environments that are 

nitrogen limited or are known to support nitrogen fixation, such as oligotrophic 

oceans (Zehr, Mellon & Zani, 1998), marine microbial mats (Olson, Litaker, & 

Paerl, 1999; Zehr et al., 1995), modern marine stromatolites (Steppe, Pinckney, 

Dyble & Paerl, 2001), tropical sea grass beds (Bagwell et al., 2002), rice roots 

(Engelhard, Hurek, & Reinhold-Hurek, 2000; Ueda, Suga, Yahiro & Matsuguchi, 
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1995), and termite hindguts (Ohkuma, Noda, & Kudo, 1999). PCR amplification 

of conserved genes using consensus bacterial primers and separation of the 

resultant PCR amplicons wither by cloning, by denaturing gradient gel 

electrophoresis (DGGE) constitute the most popular molecular techniques used to 

describe soil bacterial ecology to date (Muyzer & Smalla, 1998).  

 

2.5.2 Clone Libraries 

Clone libraries are useful to identify and characterize the dominant bacterial or 

fungal types in soil and thereby provide a picture of diversity. Construction of a 

clone library for genes encoding rRNA (rDNAs) and rapid screening of the library 

based on sequence differences have provide a useful means to access genomic 

information from as large a pool of soil microbes as possible, including those that 

are not readily culturable. The feasibility of cloning environmental DNA provides 

a route to study the phylogenetic, physical, and functional properties of the 

metagenome (Rondon et al., 2000).  

 

However, to accurately describe the microbial diversity within a soil sample, 

clone libraries usually need to be quite large. There are as yet few studies in 

which the representativeness issue has been satisfactorily resolved, and hence 

microbial diversity has not been adequately covered in most studies to date. 

Rarefaction analysis, calculation of coverage values, or other statistical techniques 

are needed to evaluate whether the number of screened clones is sufficient to 
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realistically estimate the true diversity (Curtiss, Sloan & Scannell, 2002; 

Ravenschlag, Sahm, Pernthaler & Aman, 1999). 

 

2.5.3 Microbial Community Fingerprinting Techniques  

A range of techniques has been developed to fingerprint soil microbial 

communities. These include denaturing gradient gel electrophoresis (DGGE) 

(Heuer, Krsek, Baker, Smalla & Wellington, 1997; Muyzer, deWaal, & 

Uitterlinden, 1993; Muyzer & Smalla, 1998), amplified rDNA restriction analysis 

(ARDRA) (Massol-Deya, Odelson, Hickey & Tiedje, 1995), terminal restriction 

fragment length polymorphism (T-RFLP) (Liu, Marsh, Cheng & Forney, 1997), 

single-strand conformational polymorphism (SSCP) (Schmalenberger & Tebbe, 

2002), and ribosomal intergenic spacer length polymorphism (RISA) (Ranjard et 

al., 2001).   

 

PCR-DGGE is probably the most widely used among the methods to study 

microbial communities in environmental samples. The procedure is based on 

electrophoresis of PCR-amplified 16S rDNA fragments in polyacrylamide gels 

containing a linearly increasing gradient of denaturants; separation is dependent 

upon the electrophoretic mobility of partially-denatured DNA molecules held 

together by a 40-bp GC clamp in the 5’ primer (Myers, Fischer, Lerman & 

Maniatis, 1985; Sheffield, Cox, Lerman & Myers, 1989). Mobility differs 

according to internal sequence variation instead of length. The resulting banding 

pattern would thus provide a community profile most likely representing 
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particular species and their relative abundances by virtue of band position and 

relative band intensity. (Lerman, Fischer, Hurley, Silverstein & Lumelsky, 1984). 

Besides, T-RFLP involves amplification of 16S rDNA fragment and subjected to 

restriction enzyme digestion, which generates terminal restriction fragments of 

different lengths. One of the primers used was labeled with a fluorescent dye so 

that when the preparation was analyzed with an automated DNA sequencer, the 

sizes of only the terminal restriction fragment (T-RF) could be determined and the 

amount could be quantified. Due to the terminal RFLPs (T-RFLPs) found in 16S 

rDNAs, the method can be used with DNA from complex microbial communities 

and can provide a sensitive and rapid means to assess community diversity and 

obtain a distinctive fingerprint of a microbial community. (Liu et al., 1997).  

 

T-RFLP has been shown to have slightly higher resolution compared to DGGE, 

though the usage of restriction enzymes could lead to an overestimation of 

microbial diversity as a result of incomplete digestion (Osborn, Moore & Timmis, 

2000). T-RFLP and DGGE offer advantages over conventional cloning and 

sequencing, as they are reproducible, less time-consuming, and allow for 

simultaneous analysis of multiple samples, which enables comparison between 

microbial communities.  

 

2.5.4 Molecular detection of diazotrophs: Marker genes 

Since diazotrophs are phylogenetically diverse, they cannot be targeted as a single 

group by rRNA gene-targeting probes or primers. Therefore, specialized 
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molecular approaches were developed to target the functional genes of BNF 

instead (Kirshtein, Paerl, & Zehr, 1991; Normand & Bousquet, 1989). The basis 

for this approach is the conserved nature of the genes involved, as well as their 

phylogenetic information content (Hennecke et al., 1985; Normand & Bousquet, 

1989). Of the core genes involved in BNF, nifH, nifD and nifK have been shown 

to be homologous in all diazotrophs (Hennecke et al., 1985). The genes for 

nitrogenase (nifDK) and nitrogenase reductase (nifH) all contain highly conserved 

regions, reflecting the strict structural requirements of the nitrogenase enzyme 

complex for proper catalytic functioning (Hennecke et al., 1985).  

 

While nifH, nifD and nifK genes have all been analyzed phylogenetically, it is 

nifH that provides the best phylogenetic resolution (Hennecke et al., 1985; 

Normand & Bousquet, 1989; Hirsch et al., 1995). The advantage of using the nifH 

gene as a molecular marker is twofold. First, the protein sequence of nifH is well 

conserved and clusters with many known prokaryotic families similarly to family 

wise clustering in 16S rRNA sequences (Postgate & Eady, 1988). Second, nifH 

remains the most thoroughly studied of these genes, with an extensive collection 

of sequences obtained from both cultured and uncultivated organisms from 

multiple environments (Zehr et al., 2003). To date, characterization of nifH genes 

from various soil types has unraveled sequence types that belonged to diverse 

unidentified diazotrophs (Ueda et al., 1995; Widmer et al., 1999; Piceno & Lovell, 

2000; Poly et al., 2001). These studies have highlighted that most of the nitrogen 
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fixation of soil diazotrophs are carried out by the uncultivated phylotypes 

(Hamelin et al., 2002; Tan, Hurek & Reinhold-Hurek, 2003). 

 

2.5.5 Limitation of Molecular Methods for the Study of Diazotrophs 

Diversity  

 

Although molecular methods have been generally accepted to circumvent the 

major limitations posed by culturing, the presences of intrinsic biases possess new 

shortcomings to the study of soil microbial diversity. The initial step in molecular 

approach is total DNA extraction. The usage of particular cell breakage regimes 

tends to bias the total community DNA content toward specific groups of bacteria 

(Prosser, 2002). As Gram-negative cells tend to break more easily compared to 

Gram-positive cells, mild breakage regimes may not sufficiently break Gram-

positive cells, enriching the extract with Gram-negative DNA. Conversely, 

harsher regimes contribute to the opposite due to the increased likelihood for 

shearing of gram-negative DNA (von Wintzingerode, Gobel & Stackebrandt, 

1997).  

 

Furthermore, the extraction efficiency can also be aggravated with the co-

extraction of inhibitory substances which include organic matter, clay particles, 

metals and humic acids (Macrae, 2000). The latter, negatively interfere with PCR 

efficiency, restriction enzyme digestion, DNA transforming and other 

downstream processes (Romanowski, Lorenz, Sayler & Wackernagel, 1992; 

Steffan & Atlas, 1988; Trevors, Lee & Cook, 1992). Besides, the presences of 
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contaminants necessitate purification protocols which result in loss of nucleic acid 

yield introduces potential biases into microbial diversity analyses (Kirk et al., 

2004). 

 

PCR amplification biases raise particular interest due to its prevalent usage in 

molecular methods (Suzuki & Giovannoni, 1996; Frostegard et al., 1999; Becker, 

Boger, Oehlmann & Ernst, 2000; Qiu et al., 2001; Schmalenberger, Schwieger & 

Tebbe, 2001; Ishi & Fukui, 2001). Potential contributors to differential 

amplification include prefential amplification due to low overall GC content, 

higher binding efficiency of GC-rich permutations of degenerate primers and the 

correlation between amplification probabilities and gene copy numbers (Crosby & 

Criddle, 2003; Farrelly, Rainey & Stackebrandt, 1995). Additionally, the use of 

universal primers were designed using existing 16S rRNA database, which only 

represent a portion of total species diversity of microbial world (Amann, Ludwig 

& Schleifer, 1995). Thus, the data obtained do not accurately represent the total 

microbial diversity exist in environmental samples. Nevertheless, with careful 

interpretation of analyses, molecular-based techniques can be prominent in the 

study of soil microbial diversity.   

 

2.5.6 The phylogeny of nifH 

Molecular phylogenetic analysis is expressed as phylogenetic tree. The use of 

molecular phylogenetics has become widespread in various studies to demonstrate 

the relationships among species of a gene or among loci of multigene family (Bos 
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& Posada, 2005). Phylogenetic trees are being generated to derive information 

regarding the processes responsible for the observed pattern of evolutionary 

relationships (Normand, Gouy, Cournoyer & Simonent, 1992). Phylogenetic 

analysis of nitrogenase proteins and their homologs indicate that they segregate 

into distinct, topologically consistent clades.  

 

All nifH genes fall into one of four clusters (Chien & Zinder, 1994): Cluster I 

includes standard molybdenum nitrogenases from cyanobacteria and 

proteobacteria (α, β, and γ), as well as γ-proteobacterial vnfH. Examples of 

diazotrophs grouped under this cluster are Gluconacetobacter, Rhizobium, 

Burkholderia, Methlyocystis and Klebsiella. Cluster II includes methanogen 

nitrogenases and bacterial anfH. Cluster III includes nitrogenases from diverse 

anaerobic bacteria such as Clostridia (low G+C, gram positive) and sulfate 

reducers (δ-proteobacteria), which is an example of the nifH phylogeny deviating 

from the 16S rRNA phylogeny. Cluster IV includes divergent group of nif-like 

sequences, which are similar to distantly related chlorophyllide reductase genes, 

of archaeal origin (Chien, Auerbuch, Brabban & Zinder, 2000).  

 

To date, the heterogeneous communities of diazotrophs are described, via the 

phylogenetic study of nifH, in different environments including forest soil (Poly et 

al., 2001; Rösch, Mergel & Bothe, 2002), lakes (Zani, Mellon, Collier & Zehr, 

2000), deep-sea vents (Mehta, Butterfield, & Baross, 2003), agricultural soil (Poly 

et al., 2001), wetland soil and rhizospheres (Lovell, Piceno, Quattro & Bagwell, 
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2000; Hamelin et al., 2002).  Although nifH has been particularly useful in 

phylogenetic studies, discrepancies in the aspect of taxanomic placement are 

occasionally reported especially when topologies of nifH and 16S rRNA trees are 

compared (Young, 1992).  Such discrepancies can arise, presumably due to lateral 

gene transfer, as postulated by Norman and Bousquet (1989).  
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CHAPTER 3 

 

MATERIALS AND METHODS 

 

3.1 Materials 

The materials used and their sources were listed in Table 3.1. The bacterial strains 

and plasmids were listed in Table 3.2.  

 

Table 3.1: Materials used and their supplier 

Materials Source/Reference 

 

GeneRuler 100bp DNA ladder, Isopropyl-beta-D-
thiogalactopyranoside (IPTG),  5-bromo-4-chloro-3-

indolyl-beta-D-galacto-pyranoside (X-Gal), 
GeneJET™ Gel Extraction Kit 

 

Fermentas 

2X Rapid Ligation, T4 DNA Ligase, 5X Colorless 
GoTaq® Flexi Buffer, Magnesium chloride (MgCl2), 
Taq Polymerase, dNTPs mix, T7 promoter primers, 

SP6 promoter primers 
 

Promega 

Biotools DNA markers 1kb ladder 
 

B&M labs 

PowerSoil™ DNA Kit 
 

MO BIO Laboratories 
Inc 

DNA-spin™ Plasmid DNA Purification Kit 
 

intRON Biotechnology 
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Table 3.2: Bacterial Strains and plasmids used in this study 

 

Bacterial 

Strains/Plasmids 

 

Description Source/Reference 

Bacterial strains: 

E.coli JM109 
 

Plasmid host for lacZ 
expression. Genotype: recA1, 
endA1, gyrA96, thi, hsdR17, 
supE44, relA1, ∆(lac-proAB)/F' 
[traD36, proAB

+, lacI
q, 

lacZ∆M15] 
 

 
Bethasda Research 

Laboratories 
(1986) 

Plasmids: 

pGEM®-T Easy 
 
 
 
 
 
 
 
 
 
 
 
 
 

pUC19 

 

Commercial plasmid vector 
used in this study as cloning 
vector. A high-copy-number 
vector containing T7 and SP6 
RNA polymerase promoters 
flanking a multiple cloning 
region within the α-peptide 
coding region of the enzyme 
β-galactosidase. Insertional 
inactivation of the α-peptide 
allows identification of 
recombinants by blue/white 
screening on indicator plates. 
 
Plasmid vector with ampicillin 
resistant gene, multiple cloning 
site and lacZα 
 

 

Promega 
 
 
 
 
 
 
 
 
 
 
 
 
 

Yanisch-Perron 
Vieira, & Messing 

(1985) 
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3.2 Soil Sampling 

3.2.1 Study Area 

The sampling site for this study was located on an ex-tin mining land, at the 

periphery of a tin-mine lake in Universiti Tunku Abdul Rahman, Kampar, Perak 

campus, Malaysia (approx N 04o 20.459’ E 101o 08.497’). Vegetation consisted 

predominantly of Taro plant (Colocasia esculenta). The image of the location of 

sampling sites was shown in Appendix A.  

 

3.2.2 Soil Sample Collection 

The soil was sampled on October 26, 2010. There was sporadic rainfall the day 

before the sampling was conducted. About 100g soil sample, at a depth of about 

10cm from the soil surface was collected at the site. The uppermost soil surface 

was avoided due to high amount of organic matter which would adversely affect 

subsequent analysis. The soil sample was inserted into sterile plastic bags, 

transported and preserved at 4oC until further analysis.   

 

3.3 Soil Physicochemical Properties Analysis 

The soil sample was labeled accordingly and outsourced to Forest Research 

Institute Malaysia (FRIM) for physical and chemical properties of soil. Soil 

sample was analysed for wet pH; soil texture, in the percentages of silt, clay and 

sand; organic carbon content; and total nitrogen content.  
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3.4 Total DNA Extraction  

An amount of approximately 1 g of soil sample was used for total metagenomic 

DNA extraction, using PowerSoil DNA Isolation Kit (MO BIO Laboratories, Inc). 

The protocol of DNA extraction was based on the proprietary method of the kit. 

The extracted DNA was eluted in 100µL of elution buffer provided by the kit. Co-

extracted humic acids are the major contaminant when DNA is extracted from soil. 

These compounds absorb at 230 nm whereas DNA absorbs at 260 nm and protein 

at 280 nm. Concentration and purity of the extracted DNA was assessed using a 

spectrophotometer (Nanodrop) to determine the 280/260 nm and 230/260 nm 

absorbance ratios. The extracted DNA was electrophoresed in 0.7% (w/v) agarose 

gel to determine the size of genome via comparison to a corresponding 0.5µg/µL 

1kb ladder DNA markers (Biotools).  

 

3.5  Nested PCR Amplification  

3.5.1 Primary and Secondary PCR 

 Two pairs of degenerate primers were used for nested PCR amplification of a 

segment of the nifH gene. Both sets of primers were designed based on the 

conserved sequences in the nifH genes. Primary amplification was performed 

using outer primers, nifH3 (reverse) and nifH4 (forward) as detailed by Zani and 

co-researchers (2000) to amplify a region of approximately 470-bp fragment. 

Secondary amplification was performed using inner primers, nifH1(forward) and 

nifH2(reverse) as described by Zehr and McReynolds (1989) to amplify a region 

of approximate 360-bp fragment.  
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The annealing positions of the primers and the expected sizes of amplicon were 

illustrated in Figure 3.1. The primer sequences were shown in Table 3.3. 

 

 

Figure 3.1: Schematic diagram showing the respective annealing positions of 

primers and the expected sizes of the PCR amplifications. Primary PCR 
reactions were expected to yield products of about 470 bp in size. Secondary PCR 
amplifications should yield amplicons with size corresponding to approximately 
360 bp.  
 
 
 
Table 3.3: Sequence of each degenerate primer used for nifH gene 

amplification. 
 

1Code of degeneracy: Y = T or C; R =A or G; D =A, G or T; and N = A, C, G or T  

 

 

 

 

 

Amplification Primers  Sequences 
1
 

Primary PCR  nifH3  5’ – ATR TTR TTN GCN GCR TA – 3’  
nifH4  5’ – TTY TAY GGN AAR GGN GG – 3’  

Secondary 
PCR  

nifH1  5’ – CTG YGA YCC NAA RGC NGA – 3’  
nifH2  5’ – GDN GCC ATC ATY TCN CC – 3’  
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3.5.2  Nested PCR Parameter 

The PCR reactions were carried out by using a non-gradient PCR thermal cycler 

(Biometra). All PCR reactions were conducted in 25µl aliquots containing 1X 

PCR Buffer, 2mM MgCl2, 0.04U/µl Chromo Taq Polymerase, 0.2mM dNTP, 400 

nM of each forward and reverse primer, 0.46ng/µl of DNA template and ddH2O. 

The PCR parameters used for both primary and secondary PCR were tabulated in 

Table 3.4. An amount of 1µl of each primary PCR product served as template for 

secondary PCR amplification. The final nested PCR products were 

electrophoresed in 1.5% (w/v) agarose gel to determine for the presence of the 

approximate 360-bp fragment.  

 

Table 3.4: Parameters for Primary and Secondary (Nested) PCR 

amplification.  

 

 

 

 

 

Stage Temperature (
o
C) 

Duration 

(minutes) 
Cycle 

Initial 

Denaturation 
94 5 1 

Denaturation 94 0.5 

30 Annealing 
48 (primary PCR) 0.5 

59 (secondary PCR) 0.5 

Extension 72 0.5 

Final extension 72 10 1 
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3.5.3 Purification of PCR Products 

The products from nested PCR amplification was pooled to a total of 50µL and 

electrophoresed in 1.5% (w/v) agarose gel.  The band corresponding to the size of 

approximately 360bp was excised from gel and purified using GeneJet
TM

 Gel 

Extraction Kit (Fermentas) according to manufacturer protocol. The extracted 

DNA was eluted in 40µl elution buffer provided by the kit and stored in -20oC. 

The purified DNA samples were electrophoresed on 1.5% (w/v) agarose gel to 

verify the presence of the approximate 360-bp fragment. Concentration and purity 

of the extracted DNA was then assessed spectrophotometrically. 

 

3.6 Cloning and Colony PCR 

3.6.1 Ligation of DNA fragments into pGEM-T Easy Vector 

The purified products were ligated into pGEM-T Easy Vector (Promega) 

according to the manufacturer protocol. An amount of 3 µL of the purified PCR 

products were added to 1µL of pGEM-T Easy Vector (50ng), 1µL of T4 ligase 

(3U/µl) and 5µL of 2X Rapid Ligation Buffer. The ligation mixtures were 

incubated overnight at 4oC for maximal yield of ligated products and 

subsequently stored in -20oC.  

 

3.6.2 Preparation of Escherichia coli strain JM109 Competent Cells 

Competent cells were prepared using calcium chloride method as described by 

Sambrook, Fritsch & Maniatis (1989) with slight modification. Escherichia coli 

JM109 cells were streaked on LB agar and incubated overnight at 37oC.  A single 
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colony of E. coli strain was inoculated into 5mL LB broth and incubated 

overnight at 37oC, with agitation at 200rpm. An amount of 500µL of the 

overnight inoculums was transferred into 25mL of the fresh LB broth and 

incubated at 37oC, with agitation at 200rpm until it reached an OD600 of between 

0.5-0.6. The cells were pelleted by centrifugation at 4000g for 5minutes at 4oC. 

The supernatant was decanted and cells were resuspended in 3ml of ice-cold 

CaCl2. This was followed by incubation on ice for at least 2 hours before 

proceeding to transformation.  

 

3.6.3 Transformation 

An amount of three microlitre of ligation mixtures was gently mixed with 200µl 

of competent E. coli JM109 cells in a pre-chilled sterile 1.5mL microcentrifuge 

tube. Positive and negative controls were prepared using 100µL aliquots of 

competent cells each, with the addition of one microlitre of pUC19 to the former. 

The tubes were incubated on ice for one hour and subjected to heat-shock at 42oC 

for exactly 90s. These were immediately incubated on ice for an additional 

5 minutes. An amount of 900µL LB medium was added to each tube, followed by 

incubation at 37oC for 45 minutes, with agitation at 80rpm. The cells were 

pelleted at 9000rpm for 10minutes. An amount of 900µl LB supernatant was 

decanted and the cells were resuspended in the remaining supernatant. Lastly, the 

cells suspensions were plated onto LB agar plates supplemented with 50µg/ml 

ampicillin, 20µL of 100mM  IPTG, 20µL of 50mg/ml X-gal. The plates were then 

incubated for 16-18hours at 37oC. The colonies developed were subsequently 
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screened for the colonies that possibly harbour the recombinant plasmids via blue-

white screening. White colonies were randomly selected and patched onto a fresh 

LB agar plate supplemented with ampicillin (50 µg/mL), IPTG (100 mM) 

and   X-Gal (50mg/mL) for further confirmation of the colour development of the 

colonies. Blue-white screening was made possible due to the α-complementation 

of lacZ∆M15 gene in the E. coli JM109, by the lacZα gene present in the 

pGEM®-T Easy Vector.  

 

3.6.4 Screening for clones with correct insert via Colony PCR 

The white colonies were transferred into individual PCR mixtures using 

inoculation needle, with PCR mixtures consisting of 1X GoTaq Colorless Flexi 

buffer, 2mM MgCl2, 0.04U/ml Chromo Taq Polymerase, 0.4µM of each T7 

promoter primer (forward primer) and SP6 promoter primer (reverse primer), 

200µM dNTP mix and ddH2O to a final volume of 25µL. Both primers were 

universal primers and the sequences of the primers were shown in Table 3.5; The 

PCR parameters were shown in Table 3.6. The final PCR products were 

electrophoresed in 1.5% (w/v) agarose gel. A band corresponding to approximate 

530-bp indicated the presence of insert. 
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Table 3.5: Sequences of T7 and SP6 universal primers 

Primers Sequences 

T7 promoter 

(forward) 

5’-TAA TAC GAC TCA CTA TAG GG-3’ 

SP6 promoter 

(reverse) 

5’-ATT TAG GTG ACA CTA TAG-3’ 

 

 

 

Table 3.6: Colony PCR parameter 

 

Stage Temperature (
o
C) Duration 

(minutes) 

Cycle 

Initial 

Denaturation 

96 3 1 

Denaturation 96 0.5  
30 Annealing 50 0.25 

Extension 60 2.5 
Final extension 60 10 1 

 

 

3.6.5  Recombinant Plasmid Extraction 

Recombinant colonies with plasmids of the correct insert size were inoculated 

into 5mL of LB medium supplemented with 50µg/mL ampicillin. The inoculum 

was incubated overnight at 37oC, with agitation at 200rpm. The plasmids were 

harvested and purified using DNA-spin™ Plasmid DNA Purification Kit, 

according to the manufacturer’s protocol. The purified plasmids were eluted in 

50µL of elution buffer provided by the kit and stored at -20oC. The plasmids were 

then electrophoresed on 1% (w/v) agarose gel to confirm presence of plasmid. 

Concentration and purity of the extracted DNA was then assessed 

spectrophotometrically to ensure the plasmids have met the requirements for 

sequencing.  
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3.7  DNA Sequencing and Phylogenetic Analysis 

3.7.1 DNA Sequencing 

Purified recombinant plasmids were sequenced with T7 and SP6 universal 

primers in both directions which were outsourced to First Base Laboratories 

Sdn. Bhd. The sequencing was carried out using BigDye Terminator Cycle 

Sequencing (Applied Biosystems). 

 

3.7.2 Analysis of Nucleotide Sequences 

The nifH clone sequences were examined and edited manually using Sequence 

Scanner v1.0 (Applied Biosystem). The resulting nucleotide sequences were 

aligned with BLASTX software hosted on the National Center for Biotechnology 

Information (NCBI) website. BLASTX is used to compare the newly determined 

DNA sequences against existing sequences in the NCBI non-redundant protein 

database. The software translated the nucleotide sequences and aligned the 

translated queries, based on local alignment algorithm, with known nifH 

polypeptide sequences. Hits with the highest score and lowest E-value were 

selected. The amino acid identities of the known bacteria with the nearest nifH 

polypeptide profile to the sequenced products were identified.   

 

3.7.3  Multiple Sequence Alignment 

All nucleotide sequences that were verified to be nifH homologous gene were 

translated into their respective polypeptide sequences via the ExPASy Proteomics 

tools. Compilation of the translated NifH polypeptide sequences were used to 
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perform the multiple sequence alignment using ClustalX 1.83 (Thompson, Gibson, 

Plewniak, Jeanmougin, & Higgins, 1997). 

 

3.7.4 Construction of Phylogenetic Tree 

The multiple sequence alignment of the NifH polypeptide sequences were used to 

construct the phylogenetic tree using MEGA 4.0 (Tamura, Dudley, Nei, & Kumar, 

2007).  A total of 52 known NifH polypeptide sequences were retrieved from the 

GeneBank database hosted on NCBI (refer to Table 3.7). These were then 

included in the construction of the dendrogram to aid in the categorization of 

diazotrophs. Evolutionary history was inferred using the neigbour-joining method 

(Saitou & Nei, 1987).  
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Table 3.7: The diazotrophs and their corresponding accession numbers of the 

nifH protein sequences. 

Source description Accession 

Number 

Group 

Acidithiobacillus ferroxidans P00461 Beta-proteobacteria 

Alcaligenes faecalis Q44044 Beta-proteobacteria 

Aminobacter sp. BA135 ACF19771 Alpha-proteobacteria 

Anaeromyxobacter sp. Fw109-5 ABS27227 Delta-proteobacteria 

Azospirillum brasilense strain SP7 P17303 Alpha-proteobacteria 

Azotobacter vinelandii P00459 Gamma-proteobacteria 

Bradyrhizobium canariense ACY38128 Alpha-proteobacteria 

Bradyrhizobium elkanii ABG74604 Alpha-proteobacteria 

Bradyrhizobium japonicum P06117 Alpha-proteobacteria 

Bradyrhizobium sp. ANU289 P00463 Alpha-proteobacteria 

Burkholderia mimosarum AAT06092 Beta-proteobacteria 

Clostridium cellulovorans 743B ADL52532.1 Low G+C firmicute 

Clostridium pasteurianum 1 P00456 Low G+C firmicute 

Clostridium pasteurianum 3 P09553 Low G+C firmicute 

Clostridium pasteurianum 4 P22548 Low G+C firmicute 

Clostridium pasteurianum 6 P09555 Low G+C firmicute 

Cyanothece sp Strain ATCC51142 AAB61408 Cyanobacteria 
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Table 3.7: (continued)  

 

Source description Accession 

Number 

Group 

Desulfatibacillum alkenivorans 

AK-01 

YP_002430688 Delta-proteobacteria 

Desulfovibrio aespoeensis Aspo-2 YP_004120783 Delta-proteobacteria 

Desulfovibrio magneticus RS-1 BAH75547 Delta-proteobacteria 

Desulfovibrio vulgaris  AAS94434 Delta-proteobacteria 

Fischerella sp Strain UTEX 1931 AAC64642 Cyanobacteria 

Frankia alni strain ArI3 P08925 High G+C firmicute  

Frankia sp. EUIK1 AAC18640 High G+C firmicute 

Frankia sp. Strain FaCl P46034 High G+C firmicute 

Geobacter bemidjiensis Bem ACH39087 Delta-proteobacteria 

Geobacter sp. M21 YP_003021955 Delta-proteobacteria 

Geobacter sulfurreducens PCA AAR36215 Delta-proteobacteria 

Gluconacetobacter diazotrophieus AAD05046 Alpha-proteobacteria 

Herbaspirillum seropedicae CAA90932 Beta-proteobacteria 

Klebsiella pneumonia P00458 Gamma-proteobacteria 

Methanococcus maripaludis AAC45512 Archaea 

Methanosarcina barkeri P54799 Archaea 
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Table 3.7: (continued)  

 

Source description Accession 

Number 

Group 

Methanothermobacter marburgensis Q50785 Archaea 

Methanothermobacter 

thermoautotrophicum 1 

O27602 Archaea 

Methanothermobacter 

thermoautotrophicum 2 

O26739 Archaea 

Methanothermococcus 

thermolithotrophicus 2 

P08625 Archaea 

Methylobacter luteus CAD91849 Gamma-proteobacteria 

Methylocystis sp. LW5 AAK97419 Alpha-proteobacteria 

Nostoc sp. PCC7120 P00457 Cyanobacteria 

Paenibacillus azotofixans 1 CAD56229 Low G+C firmicute 

Paenibacillus azotofixans 2 CAC27791 Low G+C firmicute 

Paenibacillus azotofixans 3 CAC27795 Archaea 

Pelobacter carbinolicus DSM 2380 ABA89338 Delta-proteobacteria 

Pelobacter propionicus DSM 2379 ABL01060 Delta-proteobacteria 

Rhizobium leguminosarum P00461 Alpha-proteobacteria 

Rhizobium sp Strain NGR234 P19068 Alpha-proteobacteria 

Rhodobacter sphaeroides AAB86864 Alpha-proteobacteria 
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Table 3.7: (continued)  

 

Source description Accession 

Number 

Group 

Sinorhizobium meliloti P00460 Alpha-proteobacteria 

Spirochaeta thermophile DSM 6192 ADN01326.1 Delta-proteobacteria 

Syntrophobacter fumaroxidans 

MPOB 

YP_845148 Delta-proteobacteria 

Thermodesulfovibrio yellowstonii 

DSM 11347 

ACI21914.1 Delta-proteobacteria 

Trichodesmium sp Strain IMS101 AAS03796 Cyanobacteria 
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CHAPTER 4 

 

RESULTS 

 

4.1  Analysis of Soil Physicochemical Properties 

A summary of the physicochemical property analysis of soil sample is shown in 

Table 4.1.  Soil sample was slightly alkaline, where wet pH values at 7.94. The 

sampling site was found to have low nutrient availability, with the organic carbon 

and total nitrogen percentages of 1.16 and 0.10 respectively. Particle composition 

shows a high tendency toward large particle size. Sand predominates at 83%, 

followed by clay (12%) and silt (4%). The soil sample was categorized as loamy 

coarse sand by utilizing soil texture calculator available at 

http://soils.usda.gov/technical/aids/investigations/texture/. which incorporated the 

use of soil texture triangle shown in Figure 4.1. 
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Table 4.1: Physicochemical Properties of soil sample from study site 

Physicochemical Properties Soil sample 

Wet pH 7.94 

Total Nitrogen (%) 0.10 

Total Organic Carbon (%) 1.16 

Coarse sand (%) 69 

Fine sand (%) 14 

Silt (%) 4 

Clay (%) 12 

Texture Loamy Coarse Sand 

 

 

 

Figure 4.1: Soil texture triangle. The red dot positioned in the chart indicates the 
soil texture of sample according to its composition. (Source:  
http://soils.usda.gov/technical/aids/investigations/texture/triangle.jpg) 
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4.2 Total Soil DNA Extraction 

Based on the gel image, as illustrated in Figure 4.2 (lane 2), the extracted total 

DNA molecules was more than 10-kb, indicating high molecular weight, with no 

shearing observed. The DNA purity ratio and concentration were tabulated in 

Table 4.2. The A260/A280 purity indices of DNA extracted was below 1.8, which 

indicates presence of residual protein contaminants and other possible 

contaminants absorbing at particular 230nm wavelength.  Meanwhile, the low 

A260/A230 indices of DNA extracted was only 0.62, which was below 2.0, 

indicating residual humic acid contamination.  

 

Table 4.2: Purity and concentration of total DNA extracted from soil 

measure spectrophotometrically.  
 

Parameter Soil sample 

A260/280 1.48 

A260/230 0.62 

Concentration (ng/µL) 11.6 

 

 

4.3 Nested PCR and Gel Purification of PCR products 

The extracted total DNA from soil sample was amplified using nested PCR 

approach. The nested PCR amplicon include primary and secondary products. As 

illustrated in Figure 4.2, smearing was observed in lane 3 containing primary PCR 

product while distinct and resolved band at expected size of approximate 360-bp 

was observed in lane 5 containing secondary PCR product. Meanwhile, the 
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negative control lanes (lane 4 and 6) showed absence of contamination. The band 

corresponding to approximate 360-bp size was then gel-purified. Gel purified 

band in lane 7 showed much resolved band and devoid of smearing.  

 

 

Figure 4.2: Photograph of ethidium bromide-stained 1.5% agarose gel image 

of total soil DNA, primary PCR product, secondary PCR product and gel 

purified secondary PCR product. Lane 1: 1kb DNA ladder; Lane 2: Total soil 
DNA; Lane 3: Primary PCR product ; Lane 4: Negative control for primary 
amplification, using ddH

2
O as template; Lane 5: Secondary PCR product; Lane 6: 

Negative control for secondary amplification, using ddH
2
O as template; Lane 7: 

Gel purified secondary PCR product; Lane 8: 100bp DNA ladder. 
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4.4 Transformation of E. coli JM109 

Blue-white screening was employed to screen for colonies that possibly harbor 

the recombinant plasmids. Blue bacterial lawn was observed on the positive 

control plate (Figure 4.2a) indicated high transformation efficiency.  There was no 

growth of colonies observed on negative control plate (Figure 4.2b). This 

indicated contamination free during transformation. White colonies were 

observed amongst a background of blue colonies on plates of transformed cells 

which were incubated with recombinant plasmids harbouring gel purified product 

(Figure 4.2c). White colonies are cells containing inserted DNA ligated into 

pGEM®-T Easy Vector. This suggested that transformation of E .coli cells with 

recombinant plasmids was successful.  

 

 

 

 

 

 

 



 

Figure 4.3: Positive and negative control plates and plates showing the 

growth of E.coli
purified   secondary PCR products. 

control plate. (b) No colonies formed on negative control plate (c) Several white 
colonies and blue colonies formed on the p
were transformed with ligated secondary PCR amplicons. 
 
 
 

 

 

 

 

 

Figure 4.3: Positive and negative control plates and plates showing the 

E.coli JM109 cells transformed with ligation mixture of gel 

purified   secondary PCR products. (a) Blue bacterial lawn formed on positive 
control plate. (b) No colonies formed on negative control plate (c) Several white 
colonies and blue colonies formed on the plate which inoculated with cells that 
were transformed with ligated secondary PCR amplicons.  

(a) 

(c) 
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Figure 4.3: Positive and negative control plates and plates showing the 

JM109 cells transformed with ligation mixture of gel 

(a) Blue bacterial lawn formed on positive 
control plate. (b) No colonies formed on negative control plate (c) Several white 

late which inoculated with cells that 

(b) 



 

4.5 Colony PCR

All white colonies that underwent colony PCR showed distinct bands of slightly 

over 500-bp, corresponding to the expected fragment size (Fig

reaffirmed that white colonies developed from transformation yielded insert of 

approximately 360

showed distinct band at approximate 170

blue colonies may contain self

 

Figure 4.4: Photograph of ethidium bromide

of colony PCR products of selected white colonies and blue colonies. 

100bp DNA ladder; 
colony); Lane 3: pGEM
colony); Lane 4: 
Lane 7: pTKY1612
 
 

 

 

1 2 

Colony PCR 

All white colonies that underwent colony PCR showed distinct bands of slightly 

bp, corresponding to the expected fragment size (Fig

reaffirmed that white colonies developed from transformation yielded insert of 

approximately 360-bp. Meanwhile, blue colonies that underwent colony PCR 

showed distinct band at approximate 170-bp. Transformed cells that produced 

may contain self-ligated pGEM-T vectors. 

Photograph of ethidium bromide-stained 1.5% agarose gel image 

of colony PCR products of selected white colonies and blue colonies. 

er; Lane 2: Negative Control (amplification without insertion of 
colony); Lane 3: pGEM-T (amplification with insertion of non

 pTKY2312-1; Lane 5: pTKY2312-2; Lane 6: pTKY2312
Lane 7: pTKY1612-14; Lane 8: pTKY1612-15; Lane 9: pTKY1612

 3 4 5 6 7 8

500-bp 
600-bp 
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All white colonies that underwent colony PCR showed distinct bands of slightly 

bp, corresponding to the expected fragment size (Figure 4.5). This 

reaffirmed that white colonies developed from transformation yielded insert of 

bp. Meanwhile, blue colonies that underwent colony PCR 

bp. Transformed cells that produced 

 

stained 1.5% agarose gel image 

of colony PCR products of selected white colonies and blue colonies. Lane 1: 
Lane 2: Negative Control (amplification without insertion of 

T (amplification with insertion of non-recombinant 
2; Lane 6: pTKY2312-3; 

15; Lane 9: pTKY1612-16. 

8 9 



 

4.6 Recombinant Plasmid Extraction 

 

Recombinant colonies were subjected to plasmid extraction

Plasmid DNA Purification Kit.  The extracted plasmids were subjected to agarose 

gel electrophoresis and 

The band does not correspond to the expected fragment size of approximately 

3.4kb since vector was 3kb in size while insert was 360bp in length. The possible 

explanation was bands of approximately 2.5

supercoiled conformation.

 

Figure 4.5: Photograph of ethidium bromide

extracted recombinant plasmids containing inserts of interest. 

DNA ladder; Lane 2: pTKY2312
Lane 5: pTKY1612
 

 

1 

3.0 kb 
2.5 kb 

Recombinant Plasmid Extraction  

Recombinant colonies were subjected to plasmid extraction using

Plasmid DNA Purification Kit.  The extracted plasmids were subjected to agarose 

gel electrophoresis and bands corresponded to approximately 2.5kb was observed. 

The band does not correspond to the expected fragment size of approximately 

3.4kb since vector was 3kb in size while insert was 360bp in length. The possible 

explanation was bands of approximately 2.5kb consisted of plasmids of 

supercoiled conformation.  

Photograph of ethidium bromide-stained 1% agarose gel image of 

extracted recombinant plasmids containing inserts of interest. 

Lane 2: pTKY2312-1; Lane 3: pTKY2312-2; Lane 4: pTKY2312
Lane 5: pTKY1612-14; Lane 6: pTKY1612-15; Lane 7: pTKY1612

 2 3 4 5 6 
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using DNA-spin™ 

Plasmid DNA Purification Kit.  The extracted plasmids were subjected to agarose 

corresponded to approximately 2.5kb was observed. 

The band does not correspond to the expected fragment size of approximately 

3.4kb since vector was 3kb in size while insert was 360bp in length. The possible 

kb consisted of plasmids of 

 

stained 1% agarose gel image of 

extracted recombinant plasmids containing inserts of interest. Lane 1: 1kb 
Lane 4: pTKY2312-3; 

Lane 7: pTKY1612-16 

 7 
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4.7 BLASTX Analysis 

A total of 22 recombinant plasmid samples were obtained and sent for sequencing. 

Analysis of BLASTX showed that 19 DNA fragments out of 22 were confirmed 

to contain insert corresponding to nifH homology gene.  BlastX alignment results 

were illustrated in Table 4.3, 4.4 and 4.5, displaying with the percentage of amino 

acid identities, E-values of the alignments and the hits on the known bacteria with 

the nearest NifH polypeptide sequences.   

 

BLASTX homology search revealed that 15 clones which are pTKY2312-1, 

pTKY2312-2, pTKY2312-3, pTKY2312-7, pTKY2312-8, pTKY2312-9, 

pTKY2312-10, pTKY1612-16, pTKY1612-15, pTKY1412-13, pTKY1412-8 

pTKY1412-2, pTKY0212, pTKY1612-3 and  pTKY1612-9 had high amino acid 

identities (90%-99%) and low E-values (between 1e-54 and 9e-57) with nifH 

sequence of Bradyrhizobium japonicum. Of these, two clones which are 

pTKY2312-2 and pTKY2312-7 showed identical sequences.  

 

Meanwhile, BLASTX homology search suggested that pTKY1612-17 clone 

shared 91% amino acid identity, E-values of 1e-57 with nifH sequence of 

Desulfatibacillum alkenivorans AK-01. Besides, pTKY1612-14 clone shared 96% 

amino acid identity with E-values of 9e-62 with Geobacter sp. M21. The alignment 

of pTKY1612-5 clone show highest similarity to Desulfovibrio aespoeensis 

Aspo2 with 88% amino acid identity and E-values of 7e-56. The alignment of 

single clone, pTKY1612-2 has the highest hit with Syntrophobacter fumaroxidans 
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MPOB with 91% amino acid identity and E-values of 1e-56. All of these matches 

showed relatively low E-values (less than 3e-13) and high amino acid identities, 

suggesting that they were significant. This result indicates that the homologues 

obtained from BLASTX homology search were reliable.  
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4.8  Multiple Sequence Alignment 

The nifH nucleotide sequences of nineteen clones were translated into their 

corresponding polypeptide sequences. Multiple sequence alignment was 

performed on compilation of all resulting sequences using ClustalX 1.83 (Refer to 

Appendix D). The aligned sequences were used to construct NifH polypeptide 

phylogenetic tree.   

 

4.9 Construction of Phylogenetic Tree 

Along with 19 partial NifH polypeptide sequences obtained from this study, 52 

NifH polypeptide sequences of known diazotrophs were retrieved from GenBank 

database to serve as reference sequences. All NifH sequences were used to 

construct dendrograms of the NifH polypeptide phylogenetic tree, as shown in 

Figure 4.6. Most of NifH clones were grouped in Cluster III while few clones 

were grouped in Cluster I.  
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Figure 4.6: NifH phylogeny obtained using 52 known NifH amino acid 

sequences of representative diazotrophs and 19 translated amino acid 

sequences from this study (indicated by ♦). The evolutionary history was 
inferred using Neighbour-Joining method. The bootstrap consensus tree was 
inferred using 1000 replicates. The scale bar denoted 0.05 amino acid 
substitutions per site.  
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CHAPTER 5 

 

DISCUSSION 

 

5.1 Soil Sampling 

5.1.1  Choice of study site 

In this study, a single independent site of ex-tin mining land was selected for 

sampling. Since ex-tin mining land is commonly known to be deprived of 

nutrients (Awang, 1994; Majid, Hashim, & Abdol, 1994), the land may only 

harbored limited microorganism. Hence, to retrieve soil diazotrophs inhabiting the 

barren ex-tin mining land, it was justifiable that the soil sampling had to be done 

at location especially rhizospheres, which could support higher population density 

of microbes, including diazotrophs (Finan, O’Brian, Layzell, Vessey, & Newton, 

2002).  

 

The studies by Wang and Dick (2004) stated there is probably no portion of the 

soil richer in microbial abundance and diversity than the plant rhizosphere. 

Therefore, occurrence and distribution of nitrogen fixing bacterial community 

within rhizosphere of plants such as smooth cordgrass (Spartina alterniflora) 

(Lovell, Piceno, Quattro & Bagwell, 2000), oilseed rape (Kaiser, Püler & 

Selbitschka, 2001), oat (Avena sativa) (Soares, Roesch, Zanatta, de Oliveira 

Camargo & Passaglia, 2006), sorghum (Coelho et al., 2009), rice (Oryza sativa) 

(Wartiainen, Eriksson, Zheng & Rasmussen, 2008) were constantly being studied. 
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In addition, Shanta, Mubassara & Khan (2006) reported the nitrogen fixing 

potential of isolates of Azospirillum spp. were found to occur in rhizosphere soil 

of Colocasia esculenta. This had encouraged the sampling to be conducted around 

this plant rhizosphere to ensure higher probability of recovering diazotrophs from 

the soil.  

 

5.1.2 Sampling Strategies 

Soil sample was collected at a depth of 10cm from the soil surfaces, which 

labeled as A-horizon (5 – 25cm). (refer Appendix for schematic diagram of soil 

profile). Sampling at greater depth was precluded due to decreased diazotroph 

abundance in relation to increasing soil depth, which attributed to reduction of 

organic substrates that serve as microbial food sources (Mergel, Schmitz, 

Mallmann & Bothe, 2001; Rösch et al., 2002).  Meanwhile, sampling on the 

topmost layer, O-horizon (0-5cm) was prevented as the layer of soil was 

dominated by organic material which may result in downstream complications if 

co-extracted (Food and Agriculture Organization of the United Nations, 1998). 

 

A single gram of soil may contain 1010 bacterial cells (Faegri et al., 1977) and 

represent more than 13,000 species of bacteria as revealed by DNA analysis 

(Torsvik et al., 1990). Therefore, only 1g of the 100g of soil sample collected was 

used for analyses of diazotroph diversity in this study. However, Kirk and other 

researchers (2004) reported that the low amount of sampled might bias the study 

outcome since dominant species might eclipse the presence of the minority 
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factions. Since this study was meant to be an initial survey of the diazotrophic 

communities inhabiting nutrient inefficient ex-tin mining land, the low sampling 

amount was reasonable.   

 

5.1.3 Soil Physicochemical Properties  

The physicochemical property of soil is one of the key determinative factors in 

the study of soil microbial diversity (Kennedy & Smith, 1995). The analysis of 

the soil properties revealed that the total nitrogen and total organic carbon were 

1.16% and 0.10%, respectively. The result obtained was consistent with the 

independent studies conducted by Awang (1994), which reported low total 

nitrogen (1.08%) and total organic carbon content (0.06%) in soil depth of 0cm-

14cm. Organic carbon and nitrogen are far too low compared to normal soils 

under Malaysian conditions. This is somewhat related to the nature of the deposits 

which have just been exposed by the mining operation. Using data from Awang 

(1994) as references, it was reasonable to state that soil from ex-tin mining land in 

this study was deprived of carbon and nitrogen. The amount of organic carbon 

and total nitrogen in soil are important indicator of soil bacterial community. Low 

carbon and nitrogen content could cater low microbial populations and in turn 

affect the distribution of soil microbial which including diazotrophs.   

 

From the soil texture triangle, the percentage of clay, silt and sand of soil sample 

was bordered on loamy sand. In terms of pH, soil from sampling site was slightly 

alkaline. According to a study by Liu and researchers (2010), it was found that 
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soil pH correlated strongly with both the total microbial and the functional 

microorganism community. Instead of low pH, alkalinity favours nitrogen 

fixation and this pH profile deemed beneficial for this study. The hypothesized 

reason was that low pH delays the development of nitrogenase activity (Roper & 

Smith, 1991; Limmer & Drake, 1998; Nelson & Mele, 2006).  The alkalinity of 

soil from ex-tin mining land is possibly due to the influence of the limestone 

which underlies the deposits (Shamshuddin, Nik & Paramananthan, 1986).  

 

5.2 Total DNA Extraction 

As illustrated in Figure 4.1, gel image showed that the extracted total DNA 

molecules was more than 10-kb, indicating high molecular weight. 

Spectrophotomeric assessment of the total microbial DNA yielded A260/280 ratios 

of 1.48, which was lower than the acceptable limits (between 1.8 and 2.0) of pure 

DNA. This indicated low residual protein contamination. Meanwhile, another 

purity ratio, A260/230 indices gave 0.42, an indication of high contamination from 

humic substances, particularly humic acid, considering the acceptable ratio of 

pure DNA is of above 2.0 (Steffan, Goksøyr, Bej, & Atlas, 1988).  

 

The frequent co-extraction of humic substances along with soil DNA is attributed 

to their similar size and charge characteristic. As addressed by Tsai & Olson 

(1992), the presence of humic acid would reduce efficiency of some molecular 

technique particulary with regards to PCR amplification due to their chelation of 

Mg2+ ions required by Taq polymerase. However, in this study, the high level of 
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humic acid contamination (high absorbance at A230) does not tally with the 

success of the subsequent nested PCR amplification. Without further investigation, 

we can only hypothesize as to the possibility that presence of other substances 

that absorb A230, which do not pose complications to the ensuing downstream 

processes.  

 

5.3 Nested PCR 

PCR amplification was performed in this study using a nested PCR approach, 

which has been adopted in several studies for nifH characterization (Choo, 

Samian, & Najimudin, 2003; Yeager et al., 2004). This approach was favoured as 

nested PCR is less affected by sample inhibition compared to single-stage PCR 

(Zani et al., 2000). In addition, Widmer et al. (1999) proven in their findings that 

nested PCR approach based on conserved primer target improved the specificity 

and sensitivity of nifH amplification. 

 

Two sets of degenerate (universal) primers were used to amplify a relatively short 

(~360bp) but phylogenetically informative segment of nifH gene (Zehr & 

McReynolds, 1989). Degenerate primers were used to amplify most of the 

diazotrophs from representative taxa as it compromised specificity during 

amplification (Zehr & McReynolds, 1989). For the primary amplification, the 

outer primers (nifH 3 & 4) were used. As depicted in Figure 4.1, smearing was 

observed in primary PCR product, which attributed to the amplification of 

irrelevant sequences flanked within both priming sites (Roux, 1995).  For 
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secondary PCR, inner primers (nifH 1 & 2) were used due to their 

complementarity to the gene fragement that was amplified by the outer primers 

(nifH 3 & 4). Secondary product was observed to yield specific and more resolved 

band, as only target DNA fragment of an appromixate 360bp was amplified.  

 

The study by Widmer et al. (1999) showed that nested PCR approach would 

increase the specificity and sensitivity of nifH detection.  The improvement 

resulted in highly specific detection of nifH genes in bulk environmental DNA 

samples. Meanwhile, increased sensitivity allowed the minority populations of 

diazotrophs to be detected as well, which is important in obtaining an accurate 

representation of the target community. Goto and researchers (2005) reported that 

great concern of primer contamination should be taken as this contamination 

resulted in false-positive results when searching for nifH genes in environmental 

samples. This problem is often caused by contamination with DNA from various 

sources including PCR reagents contained nifH gene and nifH-like DNA. For this 

reason, negative control was imperative. Gel image of Figure 4.1 showed the 

absence of any contamination.   

 

5.4 Clone Libraries and Comparative Alignment of nifH Sequences 

 The PCR amplicons were cloned into pGEM®-T cloning vector prior to 

sequencing. This vector was used for PCR product ligation and cloning since it 

enables screening of PCR products by blue-white selection. The approach of 

subcloning the PCR product into a plasmid vector was used due to the advantage 
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that the amplified fragment can be sequenced with greater reliability (Alan & 

Tanner, 1997) On the other hand, direct sequencing was circumvented since noise 

in the earlier portion of sequencing would occur where the nucleotide sequences 

will most probably not be resolved. This could due to presence of primer dimers 

or possible contaminants (Applied Biosystems, 2010). It should be noted that only 

22 clones were randomly selected among the myriads of others for DNA 

sequencing. This method did not ensure that all unique sequences would be 

discovered as rarer sequences might be missed. Therefore, the actual number of 

novel sequence could be even higher.  

 

From BLASTX analysis, a total of 19 novel nifH sequences were obtained. 

BLASTX alignment showed that all of nifH clones showed high identities to 

unculturable nifH microorganism. Fifteen out of the nineteen nifH sequences 

aligned to the closest diazotroph, Bradyrhizobium japonicum with high amino 

acid identities ranging from 90-99%.  Bradyrhizobium japonicum is a species of 

legume-root nodulating, microsymbiotic nitrogen-fixing bacterium species which 

well-known to form symbiotic relationship with soybean plant, Glycine maz 

(Stacey, Sanjuan, Luka, Dockendorff & Carlson, 1995). Bradyrhizobium 

japonicum belongs to the family, Rhizobiaceae which includes other nitrogen-

fixing bacteria that develop symbiosis with legumes. These are bacteria 

commonly found in agriculture soils, habitats which are different from that of the 

ex-tin mining land. Nevertheless, the BLASTX analysis is not conclusive and the 

identity of the bacteria could only be speculated as the hits only suggested the 
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closest known identity of microorganism found. Thus, only preliminary 

assumption should be made that the exact identity of the bacteria might be species 

related to Bradyrhizobium genus. 

 

BLASTX homology search suggested a single clone, pTKY1612-17 was likely to 

be associated with Desulfatibacillum alkenivorans AK-01. Desulfatibacillum 

alkenivorans is a mesophilic sulfate-reducer capable of utilizing C13 – C18 

alkanes as growth substrates. This bacterium is useful as a tool of 

biotransformation by degrading alkanes in the process of bioremediation (So & 

Young, 1999). Another single clone, pTKY1612-14 was revealed to be closely 

similar to Geobacter sp. M21. Geobacter sp. (strain M21) is an anaerobic, 

chemolithotrophic Gram-negative bacterium. Bacteria from this genus are of 

interest because of their novel electron transfer capabilities, impact on the natural 

environment and their applications in the bioremediation of contaminated 

environments (Childers, Ciufo & Lovely,  2002). Similarly, these bacteria may 

possess potential use in the rehabilitation of ex-tin mining land.   

 

According to BLASTX alignment, pTKY1612-2 showed closest similarity with 

Syntrophobacter fumaroxidans MPOB. Syntropobacter fumaroxidans is a 

syntrophic propionate-oxidizing bacterium, which was isolated from a culture 

enriched from anaerobic granular sludge. It oxidizes propionate syntrophically in 

co-culture with the hydrogen- and formate-utilizing Methanospirillum hungateii, 

and is able to oxidize propionate and other organic compounds in pure culture 
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with sulfate or fumarate as the electron acceptor (de Bok, Plugge, & Stams, 2004). 

An interesting case was noted where pTKY1612-5 sequence was revealed to be 

very similar to Desulfovibrio aespoeensis Aspo-2. D. aespoeensis strain Aspo-2 is 

recognized as a new species of the genus Desulfovibrio, Desulfovibrio 

aespoeensis is a sulfate-reducing, halotolerant bacterium that is able to adapt to 

conditions of high salinity and frequently found in the deep granitic rock 

(Motamedi, & Pedersen, 1998). The ability of this sulfate-reducing bacterium to 

reduce metals to a less toxic form, associated with its precipitation, is a potentially 

useful process for bioremediation. Thus, these bacteria may possess potential use 

in the rehabilitation of ex-tin mining land.   

 

From the BLASTX alignment, fifteen out of the nineteen nifH sequences had 

shown to be closely similar to Bradyrhizobium japonicum. It could deduce that 

the sampling site in this study was predominated by diazotrophs that shared high 

similarity to Bradyrhizobium genus. This may imply that these microorganisms 

were largely dominating the sampling site and result prefentially amplified by 

PCR amplification. Although the nearest known bacteria were used as the hits for 

the BLASTX alignment results, the results frequently displayed the highest hit to 

uncultured nitrogen-fixing bacteria. Due to this limitation, the identities of most 

nifH sequences remained unknown. Hence, the evolutionary relationships and 

phylogenetic associations of the clones were inferred by using phylogenetic 

analysis.  
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5.5 Phylogenetic Analysis 

The phylogenetic tree constructed in this study was based on NifH polypeptide 

sequences instead of nucleotide to eliminate distance artifacts due to different 

G+C ratios (Normand et al., 1992). As explained by Zehr and McReynolds (1989), 

vast phylogenetics differences were observed among diazotrophs due to the 

evolutionary timeline and the nifH gene sequences have diverged substantially. 

Although the sequences at the nucleotide level might be variable, the conserved 

regions were still observed at the amino acid levels. This discrepancy is due to the 

codon degeneracy of most amino acid levels. (Zehr & McReynolds, 1989). This 

approach is in agreement with studies such as Hamelin, Fromin, Tarnawski, 

Teyssier-Cuvelle, and Aragno (2002) and Burgmann, Widmer, Von Sigler & 

Zeyer (2003), which used amino acid sequences to construct the dendrograms.  

 

Overall, nineteen nifH sequences obtained from this study were translated into 

amino acid sequence and aligned with the corresponding 52 known NifH amino 

acid sequences of representative diazotrophs extracted from NCBI database 

(adapted from Choo et al., 2003). The constructed NifH phylogenetic tree had a 

topology similar to that of the published phylogenetic tree constructed by Chien 

and Zinder (1996) and Choo et al., (2003), with respect to the NifH polypeptide 

sequences were grouped into four major clusters. Although several nodes were 

devoid of reliable bootstrap values (<50%), the consistency of the topology with 

established trees from other studies rendered the trees to be valid. The low 

bootstrap values were reported by Widmer et al. (1999) due to the relatively short 
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amino acid sequences (~120 residues) to construct the trees. Nevertheless, several 

studies by Young (1992) and Ueda and other authors (1995) has suggested that 

the phylogenetic trees constructed from the short NifH sequences were largely 

consistent with those built from the comparisons of large NifH sequences.  

 

The constructed NifH phylogeny demonstrated that majority of the novel 

sequences clustered within the Proteobacterial diazotrophic groupings of Cluster I 

and III. The predominance of nifH sequences from Proteobacteria in soil samples 

was well documented in various studies on diverse soil samples (Ueda et al., 1995; 

Bürgmann et al., 2003; Toyota & Kuninaga, 2006; Chowdhurya, Schmidb, 

Hartmannb & Tripathia, 2009). The clustering of the nifH clones in the 

dendrogram depicted that 16 clones (84.2%) were clusted within Cluster III; a 

group containing phototrophic, anaerobic bacteria, and sulfate reducers such as 

chlorobi, δ-proteobacteria, and spirochaetes (Langlois, LaRoche & Raab, 2005). 

Only 15.8% of the recovered nifH sequences formed a monophyletic grouping 

within Cluster I.  

 

The cluster representation yielded interesting observation, whereby the majority 

of novel sequence in this study cluster within δ-protobacteria groupings of Cluster 

III. Based on previous studies, the abundance of such group was unexpected. 

Widmer and other researchers (1999) showed that nifH sequences derived from 

forest soil commonly clustered with the α- and β-proteobacterial cluster and 

environmental nifH Cluster I. Additionally, Izquierdo and Nüsslein (2006) 
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reported that most of the sequences in GenBank database are from α-, β-, γ-

Proteobacteria, while little information on nifH sequences from anaerobic 

organisms in soils (cluster III: Clostridia, δ-Proteobacteria, Spirochaeta). 

Discrepancies between our study and previous studies in cluster representation 

suggested that the abundance of diazotroph grouping depends greatly on the 

ecotype soil microenvironment explored. The detailed phylogenetic analysis and 

description are discussed based on individual groups. 

 

5.5.1 Group A Diazotrophs  

Diazotrophs in Group A showed some relatedness to NifH sequences of Cluster I. 

NifH sequences within this group were observed to be from α-, β-, γ- and δ-

proteobacteria (excluding phototrophic, anaerobic bacteria, and sulfate reducers 

such as chlorobi and spirochaetes), which together with cyanobacteria and Gram 

positive (high G+C). The nifH gene product of pTKY1612-3 and pTKY1412-2, 

were labeled as Group A1, forming tight cluster with delta-proteobacteria 

(Geobacter sp. M21 and Geobacter bemidjiensis Bem). Group A2, on the other 

hand, consisted of the nifH gene products of pTKY1612-14 and they clustered 

with Pelobacter propionicus and Anaeromyxobacter sp.  

 

5.5.2 Group B diazotrophs 

Group B constitutes large number of clones which were related to NifH sequences 

of Cluster III. The Group B phylotype is further subdivided into B1-B3. Group B1 

comprised of three NifH homologous sequences which were pTKY1612-15, 
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pTKY0212 and pTKY2312. The sequences formed a tight cluster with 

thermophilic sulfate-reducing bacterium, Thermodesulfovibrio yellowstonii. These 

bacteria are usually isolated from thermal vent water and grown optimally at high 

temperature (Henry, et al., 1994). Group B2 consisted of twelve NifH 

homologous sequences. The sequences may represent two possible novel 

diazotrophic groupings, as represented by the distinct monophyletic clades. Eight 

sequences formed a sub-cluster with delta-proteobacteria (Syntrophobacter 

fumaroxidans and Spirochaeta thermophila) while the remaining four sequences 

formed a second monophyletic sub-cluster with Desulfatibacillum alkenivorans. 

The nifH gene products of pTKY1612-5 was labeled as Group B3, and clustered 

within delta-proteobacteria which include Desulfovibrio aespoeensis, 

Desulfovibrio vulgaris and Desulfovibrio magneticus.  

 

Based on the placement on the phylogenetic tree, pTKY1612-2 was closely 

related to Syntrophobacter fumaroxidans. The phylogeny placement is consistent 

with BLASTX results, revealing that NifH sequence of pTKY1612-2 showing 

highest homology with δ-proteobacteria, Syntrophobacter fumaroxidans MPOB. 

Nevertheless, most of the clones in Group B2 were observed to be oddly placed, 

contradicting BLASTX analysis result. The clones in Group B2 are 

phylogenetically associated with δ-proteobacteria, Syntrophobacter fumaroxidans 

and Desulfatibacillum alkenivorans AK-01. In contrast to the BLASTX analysis, 

the nifH sequences demonstrated relatedness to that of Bradyrhizobium japonicum. 

Odd placements and unanticipated clustering of diazotrophs on the tree may be 
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due to many factors such as gene duplication, gene fusion and horizontal gene 

transfer. This phenomenan are extremely difficult to verify especially with limited 

information on nifH sequences from anaerobic organisms in soil which grouping 

under Cluster  III (Izquierdo & Nüsslein, 2006). Smith and other researcher (1992) 

described a phylogenetic congruency test based on the assumption that a nifH tree 

corresponds to conventional nifH phylogenies (Young, 1992; Zehr et al., 1995); if 

there was any odd placement, a horizontal-gene-transfer event may have occurred 

(Choo, Samian, & Najimudin, 2003). However, nifH phylogeny constructed in 

this study was not able to reveal any unanticipated features that could draw any 

assumption that the gene transfer phenomenon existed. The possible explanation 

of the odd placement of clones in dendrogram could be also due to the differences 

in comparative algorithm used by BLASTX homology search and the 

construction of phylogenetic tree. BLASTX analysis compares the clone 

sequences to its global database while the construction of phylogenetic tree take 

accounts on selected diazotroph NifH polypeptide sequences as basis of 

comparative analysis. The BLASTX alignments enabled the nearest known 

bacteria to be revealed. However, the results frequently displayed highest hit with 

unculturable instead. Thus, BLASTX alignment result was not conclusive and the 

identity of bacteria could only be speculated.  
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5.6 Current Limitation and Future studies 

As a pioneer study, this research has provided a novel insight with regards to the 

phylogenetic affiliation and abundance of the diazotrophic community within ex-

tin mining soil. Due to time constrain, only 19 nifH sequences were determined 

and analysed in this study. The small gene pool of 19 sequences probably 

represents a tiny fraction of the community, renders the diazotrophic diversity of 

ex-tin mining land underrepresented. Future studies should be done at large scale, 

by soil sampling at various intervals, over a greater spatial distance to obtain a 

more comprehensive picture of diazotrophic communities residing in the ex-tin 

mining land.  

 

Currently, there are encouraging results from present methodology complemented 

with molecular methods such as DGGE (which separates PCR products of same 

size but different sequences by chemical denaturation) and T-RFLP (which 

separates PCR products by recognizing only the terminal fragment of restriction 

digestion) provide a means for rapid and reliable determination and comparison of 

diazotrophic community composition. The use of nitrogenase gene sequences to 

describe diazotroph diversity is somewhat limited by the use of nifH gene in this 

study, as it is very highly conserved and the use of one gene for phylogenetic 

analysis can be misleading (Zehr, Jenkins, Short, & Steward, 2003). Therefore, 

future studies by using other marker genes, such as 16S rDNA, nifDK genes could 

be used concurrently to provide additional supporting or contrasting information 

for evaluating nifH phylotypes on ex-tin mining land soil. 
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Metagenomics has changed the way microbiologists approach many problems, 

redefined the concept of a genome and accelerated the rate of gene discovery 

(Helen & Wolfgang, 2005). A future study on diazotrophic communities by 

polyphasic approach is strongly suggested. Both culture-dependent and non-

culture dependent techniques are used to complement each other in order to obtain 

the accurate description of nitrogen-fixing communities barren on ex-tin mining 

land.  If the culturing of the “unculturables” is successful, inoculants of 

diazotrophs could be mass-produced to use for restoration of polluted ex-tin 

mining land. Furthermore, this study can be extended to isolation and 

investigation of diazotroph adaptive mechanisms on harsh environment, i.e. ex-tin 

mining land to unlock valuable information of nitrogen-fixing bacteria 

functionality in nitrogen limiting soil.  
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CHAPTER 6 

 

CONCLUSION 

 

A total of nineteen nifH clone sequences were obtained from the soil samples 

within the rhizosphere of Colocasia esculenta within the periphery of ex-tin 

mining land vicinity to Universiti Tunku Abdul Rahman, Kampar campus. 

Phylogenetic tree constructed revealed that most of the nifH clones obtained in 

this study were clustered within the Cluster I and III of Proteobacteria group, 

mainly in subdivision δ- proteobacteria. These result indicated there was a 

predominance of nifH sequences from proteobacteria in soil sample rather than 

phylogenetically diverse nifH sequences from a broad range diazotrophs. Several 

clones obtained in this study harboured nifH gene sequences that affiliate to 

proteobacteria which have valuable properties in bioremediation, such as metal 

reducers, sulphate reducer, etc. However, the potential microbial candidates might 

not be ascertained till further studies conducted. 

 

The discovery of nineteen different possible species of diazotroph in this study 

has added another entry to the expanding database of nifH sequences to provide 

further references and serve to complete the missing information on genome 

context, in overcoming the challenges to ascertain the accurate diversity of 

diazotrophic communities on ex-tin mining land.    
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Appendix B 

 

B.1 pGEM-T® Easy vector map and sequence reference points 

 

Figure 2: pGEM-T® Easy Vector Map 

B.2 pGEM-T® Easy Vector promoter and multiple cloning site sequence 

 

Figure 3: The promoter and multiple cloning sequence of the pGEM-T®-T 

Easy Vector. 
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Appendix C 

 

C Compilation of the nifH sequences obtained in this study (22 in total). 
Coloured bases represent in the forward and reverse primers respectively.  

 

>1st_BASE_540839_pTKY2312_1_SP6 

GTCGCCATCATTTCGCCGGAGGTGACGATGTATATCTCCTTGGCTTTGC

CCTCGCGTATGGGCATCGCGAAGCCGCCGCATACGACATCGCCCAAG

ACGTCATAGAACACGAAGTCGAGGTCCTCTGAGTAGGCTCCGTTTTCC

TCAAGGAAGTTGATGGCCGTGATGACGCCGCGTCCTGCACAGCCCACG

CCGGGCTCAGGGCCACCGCTTTCTGCGTACTTTATATCCTTAAACCCG

GTAAGCAGAACCTCGTCGATCTCAAGGTCTTCGACAGTGCCCTTTTCG

CGCGCCATGTCCATGACCGTGTTTTGCGCCTTCTTATGCAGTATCAGCC

TCGTCGCGTCTGCCTTGGGGTCGCAG 

>1st_BASE_540841_pTKY2312_2_SP6 

GGGGCCATCATTTCCCCGGACACGACGATGTAGATTTCCTGGGCTTTG

CCTTCACGAATGGGCATTGCGAAGCCTCCACAGACGACGTCGCCCAAA

ACATCGTAGAAGGCGTAATCGAGCTTCTCGCTCTCCGAGTACGCCCCC

AATTGTTCCAGCAAGTTGATTGAAGTTATTATTCCTCGTCCCGCGCAAC

CCACTCCAGGTTCGGGGCCGCCTGATTCGACGCAGATGGTGCCGTTAA

AGCCAGTTTTGCGGATGTCTTCCAGATCCACGTCCTCCCCTTCCGAGCG

TAGTGTATCCAGCACTGTCTTTTGCGACAGGCCGCCCAGCAGGAGCCG

CGTGGAATCCGCCTTCGGGTCACAG 

>1st_BASE_540843_pTKY2312_3_SP6 

GGGGCCATCATTTCCCCGGATACGACTATGTATATCTCCTGAGCTTTGC

CGTCGCGTATCGGCATCGCGAAACCGCCGCACACGACATCTCCGAGG

ACGTCATAGAATACATAATCAAGGCCGATCTTTTCAGAGTAAGCTCCA

AGCTGCTCAAGCAGGTTGATTGAAGTGATTATGCCTCTGCCGGCGCAG

CCCACACCCGGTTCCGGCCCTCCGGATTCAACGCAACGGGTGTTCTTG

AATCCCGGTTTAACCACGTCCTCAAGGTCAAGGTCTTCGCCTTCCATG

CGAAGCGTATCGAGCACTGTTTTCTGGGACAGGCCTCCAAGCAGAAGT

CTGGTAGAGTCCGCTTTCGGGTCACAG 
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>1st_BASE_540845_pTKY2312_7_SP6 

GGGGCCATCATTTCACCGGACACGACGATGTAGATTTCCTGGGCTTTG
CCTTCACGAATGGGCATTGCGAAGCCTCCACAGACGACGTCGCCCAAA
ACATCGTAGAAGGCGTAATCGAGCTTCTCGCTCTCCGAGTACGCCCCC
AATTGTTCCAGCAAGTTGATTGAAGTTATTATTCCTCGTCCCGCGCAAC
CCACTCCAGGTTCGGGGCCGCCTGATTCGACGCAGATGGTGCCGTTAA
AGCCAGTTTTGCGGATGTCTTCCAGATCCACGTCCTCCCCTTCCGAGCG
TAGTGTATCCAGCACTGTCTTTTGCGACAGGCCGCCCAGCAGGAGCCG
CGTGGAATCCGCTTTCGGATCACAG 

>1st_BASE_540847_pTKY2312_8_SP6 

GGGGCCATCATTTCACCGGACACGACGATGTAGATTTCCTGGGCTTTG
CCTTCACGAATGGGCATTGCGAAGCCTCCACAGACGACGTCGCCCAAA
ACATCGTAGAAGGCGTAATCGAGCTTCTCGCTCTCCGAGTACGCCCCC
AATTGTTCCAGCAAGTTGATTGAAGTTATTATTCCTCGTCCCGCGCAAC
CCACTCCAGGTTCGGGGCCGCCTGATTCGACGCAGATGGTGCCGTTAT
AGCCAGTTTTGCGGATGTCTTCCAGATCCACGTCCTCCCCTTCCGAGCG
TAGTGTATCCAGCACTGTCTTTTGCGACAGGCCGCGCAGCAGGAGCCG
CGTGGAATCCGCTTTCGGATCACAG 

>1st_BASE_540849_pTKY2312_9_SP6 

GGGGCCATCATTTCACCCGATACCACGATGTAGATCTCCTGGGCCTTG
CCTTCCCGGATGGGCATGGCAAATCCACCGCAGACAACGTCGCCCAG
GACGTCGTAAAACACGTAGTCCAGGCTCTCGCTCTCCGCATAGGCCCC
GAGCTGTTCCAACAGGTTGATCGAGGTGATGATGCCGCGGCCGGCACA
CCCCACCCCCGGCTCCGGGCCTCCCGACTCAACACAGATCGATCCCTT
GAAGCCTCGCTTCCGGATGTCCTCCAGCTCCACGTCCTCCCCTTCCGAT
CTCAGGGTGTCGAGTACCGTGTTCTGAGAAAGCCCGCCGAGAAGAAG
CCTGGTCGAATCCGCCTTGGGATCACAG 

>1st_BASE_540851_pTKY2312_10_SP6 

GAGGCCATCATTTCACCGGACACAACGATGTAGATCTCTTTTGCTTTGC
CGTCGCGTATAGGCATGGCGAATCCTCCGCACACAACGTCCCCCAAAA
CATCATAGAAAACGTAGTTCAGCCCTATCTTCTCGGAGTAAGCGCCAA
GCTGCTCGAGCAGATTGATAGACGTTATTATGCCTCTTCCGGCACATC
CTACTCCCGGCTCCGGCCCGCCGGATTCAACGCACCTTGTACCCTTGA
AACCGATTTTCACTACATCCTCAAGATCAAGGTCCTCGCCCTCGGCGC
GAAGAGTATCAAGTACGGTCTTTTGAGAGAGCCCTCCCAGGAGCAGCC
TCGTGGAATCAGCCTTAGGATCGCAG 
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>1st_BASE_539065_pTKY2112_10_SP6 

GGGGCCATCATCTCACCAGAAAGTTCACCAACATGCGCATTCTGCTGG

TGGAAGATGAGCCGAATGCGGCCCGGATGTTGGCAAAGGGCCTGCGT

GAGCAATCATATGCTGTCGATATTGCCGCGGACGGCGAAGCCGCCCTT

TACCAATTAAACGTCTACGATTATGACCTGACGATCCTTGGCGTCATG

CACCCTCACAAGGACGGGCTTCAGGTCTGCCGTGAACTGCGCGGCCTG

GGCCTGTCCACTCCGGTGCTCATGCTCACCGCAAGGGACGCGGTTGTC

GATCGCATTGCCGGGCTCGACGCCGGGGCTGACGACTACCTGATCAAG

CCATTCGATTTCGGCGAAATGATGGCCTC 

>1st_BASE_539063_pTKY1612_17_SP6 

GGGGCCATCATTTCTCCGGACACCACGATGTAGATTTCCTGGGCTTTG

CCTTCCCGGATCGGCATGGCGAACCCACCGCAGACCACGTCGCCCAGG

ACATCATAGAAAGCGTAGTCGAGCTTTTCGCTTTCCGCGTAGGCGCCC

AGTTGTTCCAGGAGATTGATGGAGGTGATGATCCCACGCCCGGCGCAG

CCCACGCCCGGTTCCGGTCCGCCCGATTCCTCGCAGATGGTGCCTTTG

AAACCCACCTTGCGGATGTCCTCCAGCTCCACGTCCTCCCCCTCGGCA

CGGAGAGTGTCGAGTACCGTGCTCTGGGACAGGCCGCCCAGTAGCAG

CCGGGTGGAATCCGCTTTGGGGTCGCAG 

>1st_BASE_539061_pTKY1612_16_SP6 

GTTGCCATCATTTCGCCGGAGACCACGATGTAGATTTCCTGGGCCTTG

CCTTCACGTATGGGCATTGCGAAGCCGCCGCAGACAACGTCGCCGAG

GACGTCGTAGAATGCATAATCGAGCTTTTCGCTCTCTGCATAGGCTCC

GAGTTGCTCCAGCAGGTTGATGGAAGTGATGATGCCGCGACCTGCGCA

GCCCACTCCCGGTTCCGGCCCGCCCGATTCCACGCAGACAACGCCTTT

GAAGCCGGTCTTGCGGATATCTTCCAGATCAACGTCTCCGCCTTCTTCC

CGGAGGGTGTCGAGCACCGTTTGCTGGGAGAGCCCGCCGAGCAGGAG

CCGGGTGGAGTCCGCTTTTGGGTCGCAG 

>1st_BASE_539059_pTKY1612_15_SP6 

GAAGCCATCATTTCGCCGGAGGTCACGATATAGATCTCCTTGGCCTTT

CCTTCCCGGATCGGCATGGCGAACCCTCCGCAGACCACGTCGCCGAGC

ACGTCGTAGAACACGAAATCGGTATCGTCGCCGTAGGCGCCGTTTTCT

TCCAGAAAATTAATGGCTGTGATCACGCCGCGGCCGGCGCATCCGACC

CCGGGCTCCGGTCCGCCCGACTCGGCGCATTTGATGTTCTTGAATCCG

TGCAGCAGCACTTCATCGAGTTCCAGGTCCTCCACCGTGCCCTTTTCAC

GCGCCATGTCCATGACCGTGTTCTGCGCTTTTCTGTTCAGAATCAGCCG

CGTCGAATCCGCTTTTGGATCACAG 
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>1st_BASE_539057_pTKY1612_14_SP6 

GAGGCCATCATTTCGCCGGAACAGACGATATAGATCTCTTCCGCCTTC
CCTTCGCGGATCGGCATGGCGAACCCGCCGCAGACAACGTCGCCGAG
AACGTCATAGAAGACGAAGTCAAGGTCGGGGGTGTAGGCGCCGTTCT
CTTCCAGGAAGTTGATGGCGGTGATGACGCCGCGGCCGGCGCAGCCG
ACGCCCGGCTCGGGACCACCGGATTCAACGCACTTCACATCCCCGTAA
CCCACCTTGAGGACGTCTTCCAGTTCCAGATCCTCAACCGTACCCCGC
TCCCGGACCAGATCCATGACGGTCTCCTGGGCCTTGGTGTGGAGCATC
AGGCGTGTCGAGTCGGCTTTCGGGTCGCAG 

>1st_BASE_539055_pTKY1612_12_SP6 

GAGGCCATCATCTCCCCCCACGCGACCATCAACATCATCCGGAACTTC

AAGGTCTTCGAGAAAAAAGGCGTCGAGACCCCCACCCTGATCGAGGG

AGTTGTCCGCTGCCCGAACCCCGGCTGCATCTCCAATACCCACGAACC

CATCCGGAGCAAGTTCGCGGTTAAGCCCAACGGGCTCCACTGTATCTA

CTGCGACTGGGTTATCTCGGGAGATATTCCGAGCCACATCATCTGATC

CTTCCCTGCCGGATCCGCCCGCAGTTCTCTGACACTCAGGCTTGGACC

CCCGGGGAAATGATGGCCCC 

>1st_BASE_539053_pTKY1612_9_SP6 

GCCATCATTTCCCCGGAGACGACTATGTAGATCTCCTGGGCCTTGCCTT

CTCTGATAGGCATAGCGAACCCCCCGCAAACAACGTCCCCGAGAACG

TCGTAGAACGCATAATCGAGCTCTTCTTTTTCCGCGTAAGCGCCTAGCT

GTTCCAGCAGGTTGATAGAGGTGGTTATTCCCCGGCCCGCGCATCCTA

CGCCTGGCTCGGGTCCTCCTGATTCAACGCAGACAGTGCCGCCGAACC

CTTTTTTTCTTATATCTTCCAGCTCAACGTCCTCGCCTTCGGACCGCAG

AGTGTCCAGCACGGTATTTTGCGAAAGCCCTCCTAGAAGAAGCCTTGT

GGAGTCCGCCTTAGGGTCGCAG 

>1st_BASE_539051_pTKY1612_5_SP6 

GAGGCCATCATTTCGCCCGAGCAGACGATGTAGATTTCCTGGGCCTTG

CCTTGGCGAATCGGCATGGCGAAATCACCACACACCACATCGCCAAG

AACATCGTAGAAGGCATAGTCGAGGCCCTCTGACTCCTCGTAGGCTCC

CAGTTGCTCCAGGAGGTTGATGCTGGTGGTGATACCGCGGCCCGCACA

GCCCACCCCGGGTTCTGGACCGCCCGATTCCACGCAGTAGCAATTGCC

ATAACCGTCGCGACGAATGTCCTCGAGTTCGACGTCCTCGCCCTCTTC

GCGTATCGTGTCGAGGACTGACTTCTGCGCAAGGCCATGCAACAGCAA

ACGGGTAGAGTCAGCCTTCGGATCACAG 
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>1st_BASE_537427_pTKY_1612_2_SP6 

GACGCCATCATTTCGCCCGATACCACGATGTAGATCTCCTGGGCCTTG

CCTTCCCGGATGGGCATGGCAAATCCACCGCAGACAACGTCGCCCAG

GACGTCGTAAAACACGTAGTCCAGGCTCTCGCTCTGTGCATAGGCCCC

GAGCTGTTCCAACAGGTTGATCGAGGTGATGATGCCGCGGCCCGCACA

TCCCACCCCCGGCTCCGGGCCTCCCGACTCCACGCAGATCGATCCCTT

GAAGCCTCGCTTCCGGATGTCCTCCAGCTCCACGTCCTCCCCTTCCGAT

CTCAGGGTGTCGAGTACCGTGTTCTGAGAAAGCCCGCCGAGAAGAAG

CCTGGTCGAATCAGCCTTAGGGTCGCAG 

>1st_BASE_537426_pTKY_1412_13_SP6 

GTGGCCATCATTTCCCCGGATACGACTATGTATATCTCCTGAGCTTTGC

CGTCGCGTATCGGCATCGCGAAACCGCCGCACACGACATCTCCGAGA

ACGTCATAGAATACATAATCAAGGCCGATCTTTTCAGAGTAAGCTCCA

AGCTGCTCAAGCAGGTTGATTGAAGCGATTATGCCTCTGCCGGCGCAG

CCCACACCCGGTTCCGGCCCTCCGGATTCAACGCAACGGGTGTTCTTG

AATCCCGGTTTAACCACGTCCTCAAGGTCAAGGTCTTCGCCTTCCATG

CGAAGCGTATCGAGCACTGTTTTCTGGGACAGGCCTCCAAGCAGAAGT

CTGGTAGAGTCCGCTTTAGGGTCGCAG 

>1st_BASE_537425_pTKY_1412_8_SP6 

GGGGCCATCATTTCCCCGGATACGACTATGTATATCTCCTGAGCTTTGC

CGTCGCGTATCGGCATCGCGAAACCGCCGCACACGACATCTCCGAGA

ACGTCATAGAATACATAATCAAGGCCGATCTTTTCAGAGTAAGCTCCA

AGCTGCTCAAGCAGGTTGATTGAAGTGATTATGCCTCTGTCGGCGCAG

CCCACACCCGGTTCCGGCCCTCCGGATTCAACGCAACGGGTGTTCTTG

AATCCCGGTTTAACCACGTCCTCAAGGTCAAGGTCTTCGCCTTCCATG

CGAAGCGTATCGAGCACTGTTTTCTGGGACAGGCCTCCAAGCAGAAGT

CTGGTAGAGTCCGCCTTAGGATCACAG 

>1st_BASE_537424_pTKY_1412_2_SP6 

GAGGCCATCATCTCGCCGGAGCAGACGATGTAGATCTCCTCAGCCTTG

TTCTCCCGGATCGGCATGGCAAACCCGCCGCAGACCACGTCGCCCAAG

ACGTCGTAGAAGACGAAGTCCAGGTCCGGGGTGTAGGCGCCGTTCTCT

TCCAGGAAGTTGATGGCGGTGATGACCCCCCGGCCGGCACAGCCGAC

GCCAGGCTCCGGGCCGCCCGACTCGACGCATTTCACGTCGCCGTAACC

GACTTTGAGGACGTCATCCAGTTCCAGGTCCTCGACCGTGCCCAGTTC

CCGCACCAGGTCCATGACCGTGGACTGGGCCTTGGCGTGGAGGATCA

GACGGGTGGAGTCGGCCTTGGGATCGCAG 
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>1st_BASE_529273_pTKY0212_SP6 

GGGGCCATCATTTCGCCCGAGGTCACGATGTAGATCTCCTTGGCCTTG

CCTTCCCGGATCGGCATGGCAAAACCGCCGCAGACCACGTCGCCGAG

CACGTCGTAGGACACAAAATCTGTGTCGTCGCCGTACGCGCCGTTCTC

TTCCAGGAAATTGATGGCCGTGATCACGCCGCGGCCCGCGCATCCCAC

GCCCGGCTCGGGACCGCCCGACTCCGCGCACTTGATGCTCTTGAAGCC

CTGCAGTAGCACTTCATCCAGTTCCAGGTCCTCCACGGTGCCCTTTTCC

CGGGCCATGTCCATGACGGTATTCTGCATCTTGCGATTAAGAATGAGC

CGCGTCGAATCCGCCTTGGGGTCACAG 
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Appendix D 

D.1 Multiple Sequence Alignment of NifH Sequence 

 

Figure 4: Multiple sequence alignment of 19 NifH sequences. Amino acids are designated using single-letter abbreviations. Gaps 

are indicated using hyphens. Degree of conversation is specified using the asterisk, colon and period symbols – (*) indicates a single, 

fully conserved residue; (:) indicates conservative substitutions; (.) indicates semiconservative substitutions.
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