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Abbreviations 

amoA  gene encoding ammonia monooxygenase 

anfH  alternative nitrogenase gene 

AnfH  alternative dinitrognease reductase containing Fe in the Fe-S centre 

APTS  3-aminopropyltriethoxysilane 

ATP   adenosine triphosphate 

CTAB  hexadecyltrimethylammonium bromide 

DEPC  diethylpyrocarbonate 

DGGE  denaturing gradient gel electrophoresis 

DMF  dimethylformamide 

ds/ssDNA double strand DNA/ single strand DNA 

EDTA  ethylenediaminetetraacetic acid 

FISH  fluorescence in situ hybridization 

frxC   a nifH-like gene encoding chlorophyllide reductase 

MOPS  4-morpholinepropanesulfonic acid 

NBT  nitroblue tetrazolium 

nif   nitrogen fixation gene 

NifH  dinitrognease reductase containing molybdenum in the Fe-S centre 

nir   nitrite reductase genes 

OD578  optical density measured at a wave length of 578 nm 

PDITC  1,4-Phenylendiisothiocyanat  

pmoA  gene encoding methane mono-oxygenase 

PVP  polyvinylpyrrolidone 

rDNA  ribosomal deoxyribonucleic acid 

rRNA  ribosomal ribonucleic acid 

SDS  sodium dodecylsulphate 

SSC  standard saline citrate 

Tm /Td  melting temperature/dissociation temperature 

TGGE  temperature gradient gel electrophoresis 

T-RFLP  terminal restriction fragment length polymorphism 

Tris   N-tris-(hydroxymethyl)-amino methane 

vnfH  second alternative nitrogenase gene 

VnfH alternative dinitrognease reductase containing vanadium in the Fe-S 

centre 
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1 Summary 

 

Biological nitrogen fixation, the enzymatic reduction of N2 to ammonium, is an 

exclusively prokaryotic process which is crucial to balance the global nitrogen cycle. 

The key enzyme of this process  nitrogenase  has been highly conserved through 

evolution. Transcription of one of the nitrogenase structural genes, nifH, provides a 

practical genetic marker for nitrogen fixing conditions and diazotrophic activities, as it 

is not constitutively expressed and is regulated in response to factors that control 

nitrogen fixation. Our study focused on developing an oligonucleotide microarray 

(nifH-phylochip) for the nifH gene-based detection of nitrogen-fixing prokaryotes and 

applying it to assess the functional diversity of diazotrophic prokaryotes within the 

context of complex environmental samples.  

The design of the nifH-phylochip was based on the sequence information of nifH 

gene. A database comprising all public nifH sequences up to December 2002 plus 

environmental sequences from this lab was constructed. A universal phylogenetic tree 

was inferred from a manually refined alignment of 1051 NifH protein sequences. 

Oligonucleotide design for microarray was based mainly on the sequence 

characteristics of diverse subclusters exhibited in the DNA alignment, referring to the 

phylogenetic affiliations shown in the universal phylogenetic tree. 

Multiple factors having effects on oligonucleotide microarray performance were 

investigated with a set of reference targets and probes under varied conditions. 

Standard conditions for microarray performance were determined; criteria for 

oligonucleotide design, e.g. length, GC content and mismatch patterns, were defined 

for the development of a preliminary (56 oligonucleotides) and a further refined (194 

oligonucleotides) nifH-phylochip. A novel factor influencing hybridization signal was 

observed, evaluated, leading to the proposal that the relative position of labelling 

(POL) acts as a critical factor determining microarray sensitivity. 

Universal nifH primers used in this study have been evaluated to amplify fragments of 

distantly related diazotrophs with equal efficiencies in independent studies, implying 

the potential of microarray-based quantification. Single target, mixed targets and 

environmental samples were semiquantitatively assessed by the oligonucleotide 

microarray. Linear correlation between target quantity and signal intensity could be 

obtained for diverse probes targeting different regions of the targets. The measured 

ratios of two single strand targets inside an artificial mixture were in good correlation 

with the expected ratios using the developed quantification method. Titration of 
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genomic DNA mixtures illustrated the potential to quantify environmental samples. 

Currently less dominant nifH phylotypes down to 9% of the total community could be 

quantitatively detected using this approach. 

The oligonucleotide microarray was first applied to monitor the colonization and 

competition of different diazotrophs (Azoarcus sp. strain BH72, Azovibrio restrictus 

strain S5b2, Azoarcus communis strain SWub3, Azoarcus indigens strain VB32) in 

the root tissue of two types of rice species grown in gnotobiotic cultures. Comparing 

the phenotypic characterization and the microarray experiments, it was shown that the 

ratios of different inocula in the colonized root tissue could be measured with reliable 

microarray hybridizations.  

The preliminary nifH-phylochip (56 oligonucleotides) was applied to analyse the 

diversity and activity of diazotrophs in wild rice samples from Namibia. The microarray 

results of nifH-mRNA and DNA-based (RT-) PCR studies indicated that (i) the active 

participants (mRNA level diversity) are much less diverse in comparison to the 

existing inhabitants (DNA level diversity); (ii) the most active participant could be less 

abundant in the existing population; (iii) diazotroph community in related niches are 

diverse but share characteristic active participants. Analysis of clone sequences 

indicated that the rice species grown in the sampling sites harbor unique, 

phylogenetically diverse diazotrophs. Comparisons between microarray hybridization 

profiles of different Oryza longistaminata root samples showed considerable 

compositional shifts, suggesting that there are spatially variable communities of 

diazotrophs between the sampling sites, which necessitates the development of a 

general phylochip with a higher resolution. Not surprisingly, there were sequences in 

the clone library that could not be detected by the microarray, illustrating that the 

coverage of the preliminary nifH-phylochip was relatively low. Considering the 

diversity of nifH sequences in nature, nifH-phylochip had to be further refined and the 

probe set could to be streamlined towards the new environment under study. The 

further refined nifH-phylochip comprising 194 oligonucleotide probes now covers 

more than 90% of sequences in the constructed nifH database. In parallel, the 

feasibility of inosine-containing oligonucleotides for microarrays (nifH-Q-chip) was 

evaluated for simultaneous detection and semiquantitative estimation of major 

clusters of nifH phylotypes. 

In general, the developed nifH-phylochip is a pioneer application of microarray 

techniques on the functional diagnostics of diazotrophic communities, having great 

potential for mapping the spatial and temporal variability of diazotrophic diversity in 

the environment, allowing rapid comparisons of the relative abundance and activity of 

diazotrophic prokaryotes.
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2 Introduction 

2.1 General 

 

Microorganisms play an integral and unique role in ecosystem function and 

sustainability. Understanding the structure and function of microbial communities and 

their responses and adaptations to environmental perturbations such as toxic 

contaminants, climate change, and agricultural and industrial practices is critical in 

maintaining or restoring desirable ecosystem functions (Gibson and Sayler, 1992; 

Curtis et al., 1994). However, characterization and detection of microbial populations 

in natural environments present a great challenge to microbial ecologists. Rapid, 

simple, reliable, quantitative, and cost-effective tools are preferred for analyzing 

microbial communities, especially their key functions, in real-time and in 

heterogeneous field-scale environments.  

 

2.2 A sequence-based view of microbial world 

 

Before the development of sequence-based methods, it was impossible to know the 

evolutionary relationships connecting all of life and thereby to draw a universal 

evolutionary tree. The breakthrough that brought order to biological, indeed microbial, 

diversity emerged with the determination of molecular sequences and the concept 

that sequences could be used to relate organisms. The incisive formulation was 

reached by Carl Woese who, by comparison of ribosomal RNA (rRNA) gene 

sequences, established a molecular sequence-based phylogenetic tree that could be 

used to relate all organisms and reconstruct the history of life (Fox et al., 1977; 

Woese, 1987; Woese et al., 1990). Phylogenetic trees based on gene sequences are 

maps with which to articulate the elusive concept of biodiversity. It has been proved 

that the rRNA gene based phylogenetic tree is largely congruent with trees made 

using many other molecules in the nucleic acid-based, information-processing  

system of cells (Doolittle and Brown, 1994; Palmer, 1997; Hugenholtz et al., 1998a; 

Zehr et al., 2003). Comparative analysis of small-subunit rRNA (16S or 18S rRNA) 

compiled an increasingly robust map of evolutionary diversification showing that the 

main diversity of life is microbial and distributed among the now-recognized three 
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primary lines of evolutionary descent, termed “urkingdoms” or “domains”: Eucarya 

(eukaryotes), Bacteria (initially called eubacteria), and Archaea (initially called 

archaebacteria) (Woese, 1987; Woese et al., 1990; Pace, 1997).  

Knowledge of microorganisms in the environment depended in the past mainly on 

phenotypic and biochemical characterization of pure cultures (Bergey’s Manual of 

Systematic Bacteriology. 1st edition, Volume 1-4, 1984, 1986 and 1989). Many of the 

developed culture-dependent methods (e.g. bacteria culture on a selective medium 

containing defined nitrogen and carbon or other energy sources) were appropriate for 

the detection and enumeration of specific bacteria; however, rarely are microbes so 

captured. Studies of several types of environments estimated that less than 1% of 

microorganisms seen microscopically were cultivated by routine techniques (Amann 

et al., 1995).  

Whole genomic DNA-DNA hybridization has been a cornerstone of bacterial species 

determination, allowing for the first time indirect comparison of the bacterial genomes 

and identification of the major types of gene sequences found in a population of 

organisms, but is not widely used because it is not easily implemented (Cho and 

Tiedje, 2001). The discovery of conserved parts in the ribosomal RNA, to be used for 

characterization, definitely opened the study towards a phylogenetically based 

bacterial classification (Woese et al., 1985). The introduction of several molecular 

techniques with varying discriminatory powers further led to the development of a 

multidisciplinary characterization and classification in which phenotypic, 

chemotaxonomic and genomic data have been integrated. Our perspective on 

microbial diversity has improved enormously over the past few decades. In large part 

this has been due to molecular phylogenetic studies that objectively relate 

microorganisms. The development and application of nucleic acid techniques in 

applied and environmental microbiology have invigorated the field by liberating 

researchers from many constraints imposed by laboratory cultivation of 

microorganisms and resulting in the discovery of many unexpected evolutionary 

lineages; members of some of these lineages are only distantly related to known 

microorganisms but are sufficiently abundant that they are likely to have impact on the 

chemistry of the biosphere (Pace, 1997).  

With the sequence-based taxonomic framework of molecular phylogenetic trees, only 

a gene sequence, not a functioning cell, is required to identify the microorganism in 

terms of its phylogenetic type. The occurrence of phylogenetic types of 

microorganisms, “phylotypes,” and their distributions in natural communities can be 

surveyed by sequencing rRNA genes obtained directly from the environment (Pace, 

1985). Analysis of microbial ecosystems in this way is more than a taxonomic 
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exercise because the sequences provide basis for developing experimental tools, for 

instance, molecular hybridization probes that can be used to identify, monitor, and 

study the microbial inhabitants of natural ecosystems. A molecular-phylogenetic 

assessment of an uncultivated microorganism can provide insight into many of the 

properties of the microorganism through comparison with its studied relatives. Every 

nucleic acids-based study of natural microbial ecosystems performed so far has 

uncovered novel types of rRNA sequences, often representing major new lineages 

only distantly related to known ones (Hugenholtz and Pace, 1996). The discovery of 

rRNA sequences in the environment that diverge more deeply in phylogenetic trees 

than those of cultivated microorganisms is particularly noteworthy, which means that 

the divergent microorganisms recognized by rRNA sequence are potentially more 

different from known microorganisms in the lineage than the known microorganisms 

are from one another (Pace, 1997). 

 

2.3 Microbial diversity and ecology study based on 

rRNA/rDNA 

 

“Everything is everywhere, the environment selects” (M. W. Beijerinck) has been a 

fundamental paradigm in microbial ecology for nearly a century. Microbial 

communities are a fundamental component of ecosystems that play critical roles in 

metabolism of organic matter and in biogeochemical transformations of elements. 

Culture-dependent studies indicate that representatives of some bacterial divisions 

are cosmopolitan in the environment, whereas others appear to be restricted to 

certain habitats (Schlegel and Jannasch, 1992). Culture-independent studies 

conducted so far reflect and expand this view. These studies showed that sequence 

representatives of several bacterial divisions have been identified in a wide range of 

habitats, suggesting a cosmopolitan or ubiquitous distribution of the corresponding 

microorganisms in the environment and, potentially, their broad metabolic capabilities. 

Some of these cosmopolitan divisions are well-known from cultivations; however, 

others are little known or have not yet been detected by cultivation (Hugenholtz et al., 

1998a). We have attained a new appreciation for the genetic diversity in natural 

microbial communities through the application of molecular biological techniques. 

Although many of the bacterial divisions occur widely, others seem to occupy a more 

limited range of habitat. Analysis of ribosomal RNA/DNA phylotypes has begun to 

uncover the pattern of global distribution of major groups of certain phylotypes such 
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as Cyanobacteria (excluding organelles) (Zehr et al., 2001) and the SAR11 cluster in 

the open ocean (Mullins et al., 1995), Aquificales, Themotogales and Green sulfur 

bacteria in the geothermal environments (Hugenholtz et al., 1998b), and the 

distribution of Pseudomonas strains in soil (Cho and Tiedje, 2000).  

Most of the culture-independent studies were based on 16S rRNA or rDNA, because 

of its molecular clock properties, wide distribution range, high discriminative 

resolution, and the large database for sequence comparison. The Ribosomal 

Database Project-II Release 9 (http://rdp.cme.msu.edu/index.jsp) has catalogued 

more than 108,781 aligned and annotated bacterial small-subunit rRNA sequences, 

and is updated frequently. Originally developed to better understand the evolution of 

life on our planet, the sequence analysis of small-subunit (SSU) rRNA or its gene 

(rDNA) has had many applications. The approach continues to be used to explore  

the biological diversity of our planet (Barns et al., 1994) and the biological  

composition of various ecosystems (Schmidt et al., 1991; Wilson and Blitchington, 

1996). It has had a profound effect on microbial taxonomy (Wisotzkey et al., 1992; 

Hurek et al., 1993; Reinhold-Hurek and Hurek, 2000), has enabled the identification of 

uncultured prokaryotes (Biovin-Jahns et al., 1995; Hurek et al., 1997; Felske et al., 

1998b), and has been used in the setting of clinical microbiology (Ferrero et al., 1998). 

Several platforms are currently used to analyze rRNA and rDNA sequences. Pure 

cultures of an organism or mixed clones of rDNAs/rRNAs provide suitable templates 

for dideoxy sequencing and the sequences obtained can be compared with the 

sequences in the databases. However, this approach is for the most part serial, i.e., it 

can be used to identify only one organism at a time by detecting one sequence, which 

makes it laborious and time-consuming (Amann et al., 1995). Additionally 16S 

rDNAs/rRNAs are too conserved to provide good resolution at the species and 

subspecies levels (DeParasis and Roth, 1990; Weisburg et al., 1991; Fox et al., 1992; 

Martinez-Murcia et al., 1992; Stackebrandt and Goebel, 1994). The relationship 

between 16S rRNA gene similarity and percent DNA-DNA reassociation is a 

logarithmic function in which the sequence similarity within a species (>70% DNA 

relatedness) is expected to be >97% (Stackebrandt et al., 1997), and the similarity 

among different species in a genus is 93.3 to ~99.9% (Moore et al., 1996). 

Considering the high sequence conservation and relative standard errors (Keswani et 

al., 1996), 16S rDNA analysis results on closely related strains could be inaccurate 

and inconsistent with the results obtained by other methods. Incongruity between 

genome structure and 16S rDNA sequence similarity was also reported (Lessie et al., 

1996). Since many important ecological and clinical characteristics of bacteria, such 

as pathogenicity, competitiveness, substrate range, and bioactive molecule 
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production, vary below the species level, methods with higher resolution than that of 

16S rDNA sequencing were developed subsequently.  

Oligonucleotide probes directed at phylogenetically specific sequences were used to 

identify the 16S rDNA/rRNA of phylogenetic clusters of organisms (Amann et al., 

1995). It is possible to differentially label oligonucleotide probes for fluorescence in 

situ hybridization (FISH). With the introduction of FISH, it became possible to identify 

single bacterial cells with labelled oligonucleotide probes targeting the rRNA in the 

whole cell of specific taxa or individual organisms, which allows the quantitative 

analysis of the spatiotemporal composition of microbial communities (Devereux et al., 

1989; Amann et al., 1990; Amann, 1995; Amann et al., 1995). However, the method is 

limited by the number of probes that can be applied in one hybridization experiment, 

which become a distinct bottleneck when this technique is used for community 

analysis on a high level of phylogenetic resolution (Peplies et al., 2003). Numerous 

rDNA/rRNA-based fingerprinting strategies have been developed for microbial 

community analysis, such as denaturing gradient gel electrophoresis (DGGE) 

(Muyzer et al., 1993; Duineveld et al., 2001), temperature gradient gel electrophoresis 

(TGGE) (Felske et al., 1998a; Felske et al., 1998b), terminal restriction fragment 

length polymorphism analysis (T-RFLP) (Liu et al., 1997; Moeseneder et al., 1999; 

Dunbar et al., 2000; Marsh et al., 2000; Tan et al., 2003), and ribosomal intergenic 

spacer analysis (Doignon-Bourcier et al., 2000; Tan et al., 2001). Although these 

methods permit rapid analysis of numerous samples, they are often limited by the 

inability to unambiguously identify and directly quantify the enormous diversity of 

natural populations.  

Thorough depictions of community composition can be obtained by the recent 

developed array-based methods, which permit thousands of hybridization events to 

be examined in parallel and have brought great promise to the field of microbial 

ecology. In this approach, labelled rRNA or rDNA from environmental samples are 

analyzed by hybridization to probes immobilized on a substrate. Most of these array 

applications rely on PCR amplification with universal primers. Applications have been 

reported (Anthony et al., 2000; Behr et al., 2000; Rudi et al., 2000; Spiro et al., 2000; 

Bavykin et al., 2001; Kingsley et al., 2002; Urakawa et al., 2002; Valinsky et al., 2002; 

Wilson et al., 2002; Peplies et al., 2003), while mainly the feasibility was examined, 

few of the methods described in previous studies demonstrated the potential on 

complex microbial communities. There are several reports of direct rRNA detection on 

oligonucleotide microarrays. Gel element microarray was used to detect directly the 

fragmented RNA from simple model microbial communities (Guschin et al., 1997; 

Bavykin et al., 2001). A surface plasmon resonance sensor was used to detect intact 
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rRNA binding to an immobilized probe (Nelson et al., 2001). Small and his colleague 

(Small et al., 2001) described recently an oligonucleotide array for direct detection of 

the intact 16S rRNA from unpurified soil extracts. A two-probe proximal chaperone 

detection system was developed recently that consists of a species-specific capture 

probe and a labelled detector probe that is mixed with the rRNA sample prior to 

microarray hybridization (Small et al., 2001; Chandler et al., 2003). However, direct 

detection of intact rRNA required the capture and detector probes to be in close 

proximity to each other on the rRNA molecule and expanded microarrays showed 

cross-reactivity with non-target probes.  

The most significant unresolved obstacle at this mint appears to be probe design. For 

this approach to work, each oligonucleotide probe must hybridize to a specific 

rDNA/rRNA sequence or group of sequences. However, the development of probes 

remains a significant challenge because of the highly conserved nature and complex 

secondary structure of rDNA/rRNA and the extensive diversity of microbial life. An 

additional problem is designing probes for the multitude of microorganisms that have 

yet to be described.  

Nevertheless, all these rRNA-based investigations led to the startling realization that 

we do not have cultivated representatives of the numerically most abundant 

microorganisms in the environment, but they identified some important targets for 

renewed, more focused cultivation efforts (Bull et al., 2000; Rappe et al., 2002). 

Although it has revolutionized our view of microbial diversity, rRNA analysis alone is 

insufficient for a complete understanding of microbial ecology, as it does not provide 

definitive information on biological, physiological or ecological function. Nitrogenase 

genes, for example, are found throughout both the Archaea and Bacteria, but are 

sporadically distributed within clades in most cases (Young, 1992) such that 

phylogenetic affiliation can rarely be used to infer N2 fixing capability. 

 

2.4 Nitrogen fixation and the key enzyme  nitrogenase 

 

Members of plant and animal kingdoms are eukaryotes, a group that cannot convert 

the stable gas nitrogen – of which 78% of the atmosphere is comprised – into a 

biologically useful form. Organisms that can utilize nitrogen all belong to a group 

known as prokaryotes. The biochemical transformations of nitrogen have a major 

influence over biological productivity on Earth (Vitousek and Howarth, 1991). 

Biological nitrogen fixation, the enzyme-catalyzed reduction of dinitrogen (N2) to 
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ammonium, is essential for maintaining fertility in many ecosystems by making 

nitrogen available from the large gaseous atmospheric reservoir of N2 and has been 

studied in a variety of ecosystems using multiple approaches to measure rates and 

characterize diazotroph populations (Vitousek and Howarth, 1991; Arp, 2000). 

Animals and plants may profit from biologically fixed nitrogen directly when they are in 

association or symbiosis with N2-fixing prokaryotes, or indirectly after mineralization of 

these bacteria. In terrestrial ecosystems, availability of nitrogen often limits plant 

growth. It affects the productivity and the species composition of plant communities 

and ecosystem processes at all scales. In agriculture, nitrogen is one of the most 

widely used fertilizers, with a still increasing global input. The only biological reaction 

counterbalancing the loss of N from soils or ecosystems is biological nitrogen fixation 

(Hurek and Reinhold-Hurek, 2003). This process is estimated to contribute globally 

between 100 and 200 million tons of fixed nitrogen per year; estimates for terrestrial 

systems are 90-130 Tg fixed nitrogen per year (Galloway et al., 1995). For several 

uninoculated, soil-grown Gramineae spp., 15N-enriched tracer studies have shown 

that microbial communities can fix substantial amounts of atmospheric N2 from which 

the plants profit significantly (Giller and Day, 1985; Boddey et al., 1995). One of the 

best-studied plant-microbe interactions is the root nodule symbiosis between rhizobia 

and legumes. However, the most important crops worldwide, wheat, rice and maize, 

belong to the Gramineae that do not naturally form these specialized symbiotic 

structures. 

The current research on grass-associated diazotrophs focuses on endophytic bacteria 

(James and Olivares, 1998; Reinhold-Hurek and Hurek, 1998a; Hurek and 

Reinhold-Hurek, 2003). Grass endophytes spend most of their life cycle inside plant 

tissues without causing symptoms of plant damage (Reinhold-Hurek and Hurek, 

1998a). Because of a tight association with the plant, it has been suggested that 

nitrogen-fixing grass endophytes contribute noticeable amount of nitrogen to the plant 

(Boddey et al. 1995; James and Olivares 1998; Reinhold-Hurek and Hurek 1998; 

Hurek et al., 2002). It was estimated that up to 70% of plant nitrogen originates from 

biological nitrogen fixation for certain Brazilian sugar cane cultivars (Urquiaga et al., 

1992; Boddey, 1995) or 20% for certain Asian rice varieties (Boddey et al., 1995; 

Shrestha and Ladha, 1996), which raises the question for the microbial diazotrophic 

partner(s) (Hurek and Reinhold-Hurek, 2003).  

Diazotrophic grass endophytes, such as Azoarcus spp. (Reinhold-Hurek and Hurek, 

1998a), Herbaspirillum seropedicae (Baldani et al., 1986), and Gluconacetobacter 

spp. (Franke et al., 1999; Fuentes-Ramírez et al., 2001; Muthukumarasamy et al., 

2002), differ markedly from other plant-colonizing bacteria such as Rhizobium or 
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Azospirillum in that they do not survive well in and often cannot be isolated from 

root-free soil (James and Olivares 1998; Reinhold-Hurek and Hurek 1998a). From the 

interior of roots or stems of Kallar grass, a pioneer plant grown on a salt-affected field 

in the Punjab of Pakistan, a series of strains were cultivated, including Azoarcus 

indigens, Azoarcus communis, Azovibrio restrictus, Azospira oryzae, and Azoarcus 

sp. strain BH72, which are tightly associated with plants and have not been isolated 

from soil as yet (Boddey, 1995; Reinhold-Hurek and Hurek, 1998a). Additional strains 

of plant-associated Azoarcus species, mainly Azospira oryzae, have been cultivated 

from other sources, such as roots of several rice species (Engelhard et al., 2000), 

allowing speculations on the application of these organisms for a more sustainable 

agricultural practice (Hurek and Reinhold-Hurek, 2003). However, it is not known 

which bacteria are responsible for nitrogen fixation in all cases investigated so far, 

except for two studies on Gluconacetobacter diazotrophicus strain PA15 associated 

with sugar cane (Sevilla et al., 2001) and Azoarcus sp. strain BH72 in Kallar grass 

(Hurek et al., 2002). Furthermore, research on diazotrophic endophytes was also 

suffered from the use of selective media for counts and isolations, because it has 

been indicated by clone library studies that the majority of natural diazotroph 

community inside plant root may actually be unculturable (Ueda et al., 1995; Hurek et 

al., 2002; Brown et al., 2003). 

Most microorganisms that perform biological nitrogen fixation do so with an 

evolutionarily conserved nitrogenase protein complex (Howard and Rees, 1996). The 

high degree of similarity of protein sequence of nitrogenases among microorganisms 

suggests an early origin or lateral gene transfer among prokaryotic lineages (Postgate 

and Eady, 1988). As nitrogenase and 16S rRNA sequences accumulate in the 

databases, the high degree of sequence similarity supports early evolution of 

nitrogenase in an early ancestor (Postgate and Eady, 1988; Young, 1992). Current 

research on a number of genes (Doolittle, 1999) and comparative genomics,  

however, once again raises the speculation that nitrogenases could have been 

dispersed by lateral gene transfer mechanisms (Hoffmeister and Martin, 2003; 

Raymond et al., 2004). Further detailed comparative phylogenetic analyses will 

ultimately help resolve the relative evolutionary histories of nitrogenases and rRNA 

genes. Regardless of the end result, nitrogenase gene sequences provide us, at 

present, with a practical means of classifying and identifying uncultivated diazotrophic 

microorganisms (Zehr et al., 2003). The nitrogenase enzyme is composed of two 

multisubunit metallo-proteins. Component I contains the active site for nitrogen 

reduction, has a molecular weight of about 250 kDa and is composed of two 

heterodimers, encoded by the nifD and nifK genes. Component II (about 70 kDa) 
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couples ATP hydrolysis to interprotein electron transfer and is composed of two 

identical subunits encoded by the nifH gene. Fe-S centres are present in both 

Component I and Component II proteins and are co-ordinated between the subunits. 

‘Conventional’ nitrogenases contain Mo (molybdenum) in the Fe-S centre bridging  

the subunits. ‘Alternative’ nitrogenases replace Mo with V (vanadium) (encoded by 

vnfH), and ‘second alternative’ nitrogenases replace Mo with Fe (anfH). The  

enzymes have somewhat different reaction kinetics and specificities (Burgess and 

Lowe, 1996; Eady, 1996). The nitrogenase reaction is energetically expensive (16 

ATP and eight electrons per molecule reduced) and the enzyme in vitro is sensitive to 

inactivation by oxygen. In addition to the structural genes for the conventional 

nitrogenase, a number of other gene products are required for regulation and 

assembly. Thus, nitrogen fixation is both metabolically expensive and can involve on 

the order of 100 kb of DNA or more to encode all of the proteins required for  

assembly and function. It can be supposed that the presence of the nif genes would 

depend on selection for nitrogen fixing capability, because the multiple genes  

involved in regulation and assembly occupy a fairly large piece of genomic real  

estate. Nitrogenase gene expression is highly regulated (Hoover, 2000), at levels 

ranging from transcription (Chen et al., 1998) to post-translational protein  

modification (Kim et al., 1999). Transcription of the nitrogenase gene operon is a  

good marker for nitrogen fixing conditions, as it is not constitutively expressed and is 

regulated in response to factors that control nitrogen fixation such as NH4
+ availability 

and oxygen concentration (Zehr et al., 2003).  

Culture-independent methods have been used to investigate nitrogen fixation in  

many different habitats by focusing on molecular sequences of the nitrogenase  

genes or using probes to ribosomal RNA phylotypes that are known to fix nitrogen 

(Simonet et al., 1991; Young, 1992; Ueda et al., 1995a; Ohkuma et al., 1996; Steppe 

et al., 1996; Zehr et al., 1998; Lovell et al., 2000; Tan et al., 2001; Hurek et al., 2002; 

Demba Diallo et al., 2004). These studies have focused on habitats ranging from 

invertebrate guts, soils, plants, bioreactors, lakes, and rivers to the open ocean, and 

have uncovered a large diversity of nitrogenase gene sequences. The database for 

nitrogenase genes (specifically the nifH gene) has become one of the largest 

non-ribosomal, protein encording gene datasets on uncultivated microorganisms.  

 

2.5 Assaying nifH diversity 
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Nitrogenase has been found in phylogenetically diverse groups of prokaryotes and 

has been highly conserved through evolution (Hugenholtz et al., 1998; Zehr et al., 

2003). The study of nitrogenase diversity thus far has been largely based on the 

phylogenetic analysis of nifH (Zehr and McReynolds, 1989) and sometimes nifD 

(Ueda et al., 1995) gene sequences. Although the core components of highly 

conserved nitrogenase gene operon, including nifH, nifD, nifK, nifE, and nifN genes, 

have remarkably congruent phylogenetic histories (Raymond et al., 2004), there are 

relatively few nifD, nifK, nifE, and nifN sequences available comparing to nifH 

reservoir, so the use of these genes at this time is limited in scope for phylogenetic 

analysis or phylogenetic comparisons.  

The nitrogenase iron protein gene, nifH, is one of the oldest existing functional genes 

in the history of gene evolution, and the relationships among bacteria based on 

sequence divergences of this gene have been reported to be mostly in agreement 

with the phylogeny inferred from 16S rRNA gene sequences (Zehr et al., 2003). This 

feature of the nifH gene has provided a strategy for a molecular approach to address 

the diversity of nitrogen fixation genes in bacteria of interest, as well as for 

characterizing such genes in natural microbial communities (Rosado et al., 1998). 

Cloning and sequencing of nifH gene has provided a large, rapidly expanding 

database of sequences from diverse terrestrial and aquatic environments. 

Environmental sequence diversity far outstrips representation by cultivated 

representatives (Zehr et al., 2003). The phylogeny of nitrogenase includes branches 

that represent phylotypic groupings based on ribosomal RNA phylogeny, but also 

includes clades comprising the alternative, non-molybdenum, non-vanadium 

containing nitrogenases. Only a few alternative or archaeal nitrogenase sequences 

have as yet been obtained from the environment. Extensive analysis of the 

distribution of nifH phylotypes among habitats indicates that there are characteristic 

patterns of nitrogen fixing microorganisms in marine (Zehr et al., 1998), freshwater 

(Zwart et al., 1998), estuarine (Affourtit et al., 2001), salt marsh (Bagwell and Lovell, 

2000; Lovell et al., 2000), hypersaline (Jellison and Melack, 2001), and terrestrial 

(Reinhold-Hurek et al., 1993; Widmer et al., 1999; Hurek et al., 2002) environments, 

including specialized habitats such as termite guts (Ohkuma et al., 1999; Lilburn et al., 

2001). The distribution of nitrogen-fixing microorganisms, although not entirely 

dictated by the nitrogen availability in the environment, is non-random and can be 

predicted on the basis of habitat characteristics. The ability to assay for gene 

expression and investigate genome arrangements provides the promise of new tools 

for interrogating natural populations of diazotrophs (Zehr et al., 2003). The broad 
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analysis of nitrogenase genes provides a basis for developing molecular assays and 

bioinformatics approaches for the study of nitrogen fixation in the environment. 

Conventional cloning and sequencing yields a library of molecular sequences that can 

be used for detailed phylogenetic analysis. Samples are usually collected for DNA 

(Ohkuma et al., 1999; Lovell et al., 2000; Demba Diallo et al., 2004), or more recently 

mRNA (Noda et al., 1999; Zani et al., 2000; Hurek et al., 2002; Brown et al., 2003) and 

various procedures are used to obtain pure nucleic acid extracts that do not inhibit 

reverse transcription (RT) or the polymerase chain reaction (PCR). A number of nifH 

PCR primer sets have been designed, although most of them target the same or 

overlapping sites and differ primarily in their use of degenerated oligonucleotides or 

modified nucleotides (Poly et al., 2001). The use of different primers in different 

studies may result in biases, and primer bias in general has not been evaluated 

quantitatively in most studies (Zehr and Capone, 1996). Most investigations have 

attempted to design ‘universal’ primers, but not all. Only the universal nifH primers 

designed by Zehr and McReynolds (Zehr and McReynolds, 1989) have been shown 

to amplify successfully fragments of distantly related diazotrophs in independent 

studies (Zehr and Capone, 1996; Zehr et al., 1998; Engelhard et al., 2000; Hurek et 

al., 2002), even in a semiquantitative manner (Tan et al., 2003) with equal efficiencies. 

This universal primer pair has been extensively used for nifH amplification, resulting in 

the high representation of nifH sequences amplified by this primer pair in the public 

database. The nucleic acid extracts are amplified in RT-PCR or PCR reactions 

resulting in mixed pools of amplicons that more or less reflect the diversity of 

nitrogenase gene sequences in the environment. The nifH sequence database is 

rapidly expanding and is currently composed of over 2000 sequences, most of which 

have been obtained from environmental samples. The large size of the database and 

the rapidity with which it is growing has necessitated the parallel development of 

bioinformatic approaches to provide a consistent foundation for comparing the results 

of phylogenetic analyses. Based on the sequence information, a number of culture 

molecular methods such as RT-PCR, quantitative PCR approaches, and a number of 

fingerprinting techniques to improve analytical throughput, such as DGGE (Piceno 

and Lovell, 2000a; Lovell et al., 2000), T-RFLP (Ohkuma et al., 1999; Tan et al., 2003) 

or DNA arrays (Jenkins et al., 2004) were applied to the field of diazotrophic 

diagnosis.  

PCR amplification of nifH sequences followed by their separation through DGGE has 

been used to examine the complexity and stability of the diazotroph assemblage 

found in the Spartina rhizosphere (Piceno et al., 1999; Piceno and Lovell, 2000a; 

Piceno and Lovell, 2000b; Lovell et al., 2001), and sequence analysis of the DGGE 
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bands has been used to determine phylogenetic relationships of the diazotrophic 

organisms represented (Lovell et al., 2000). Tan et al. (2003) examined the impact of 

N-fertilization, plant genotype and environmental conditions on diazotrophic microbial 

populations in association with roots of rice (Oryza species) by T-RFLP community 

profiling. Evaluation of universal PCR primers was done in the control T-RFLP 

experiment with six reference bacteria harbouring phylogenetically distant nifH genes, 

which showed that highly diverged nitrogenase genes could be amplified with equal 

efficiencies. T-RFLP analysis was based on comparing the restriction patterns of 

samples with known, in silico-digested nifH gene sequences. Although some 

sequences matched to the T-RFLP pattern of nifH gene pools, T-RFLP patterns often 

matched to several different sequences which render a reliable identification difficult.  

The fingerprinting studies performed so far indicated that the distribution of sequences 

is representative for the environment. Assessing the distribution of nifH phylotypes 

across systems will help to determine where cultivation efforts should be focused and 

aid in the identification and development of probes for the environment. These 

fingerprinting methods have shown promise and provide an efficient means to profile 

the diazotrophs, but the fingerprints generate either no (DGGE) or sometimes 

ambiguous (T-RFLP) information about the phylogenetic composition of a community 

(Zehr and Capone, 1996; Piceno et al., 1999). In DGGE, different fragments are 

discriminated mainly by relative duplex stability, and in T-RFLP, discrimination relies 

on a small subset of the information content of a sequence, namely, the location of 

specific restriction sites.  

Given the extensive nitrogenase sequence diversity being discovered in each new 

environment investigated, it is clear that quantitative comparisons among large 

numbers of samples will be necessary to understand the spatial and temporal 

variability of complex communities of diazotrophs and how this variability relates to 

ecosystem function. High-throughput, high-coverage arrays (macroarrays and 

microarrays) owe advantages over other technologies. Two different strategies could 

be used to increase the coverage of an array. Using PCR products of environmental 

clones as probes, sequence clusters could be targeted with few probes by the 

percentage of similarity, which is a way to increase sensitivity by decreasing 

specificity. Jenkins et al. (2004) and  Steward et al. (2004) designed a nifH gene 

based macroarray for fingerprinting diazotroph communities in the Chesapeake Bay, 

PCR products of environmental clones were immobilized on nylon membranes and 

hybrdizations specificity were achieved with a threshold value of 85% sequence 

identity. Positive results were obtained for detecting patterns of phylogenetic 

association and are useful for comparing community composition between samples. 
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However, the performed studies with this method encountered the problem of cross 

hybridization and the difficulty to define a proper hybridization condition for 

discrimination (Steward et al., 2004).  

DNA microarrays based on oligonucleotides can solve this problem by sensitive 

discrimination of mismatches between target and probe, while a large number of 

probes need to be designed to achieve a high coverage specifically. Initial 

applications of microarray technology to investigate the diversity of nitrogen fixing 

prokaryotes targeted several functional genes within the nitrogen cycle (amoA, nifH, 

nirK and nirS). Two 70-mer oligonucleotide microarrays were designed to study the 

functional gene diversity of the nitrogen cycle in aquatic systems, one of which 

contained probes derived from known functional genes representing denitrification, 

nitrogen fixation and ammonia oxidation, and another utilized in vitro amplified DNA 

sequences representing nitrite reductase gene (nirS) obtained from estuarine 

sediments (Taroncher-Oldenburg et al., 2003). The threshold values for specificity 

were determined to be 87% sequence similarity. Another similar application was 

performed by Wu et al. (2001). A prototype microarray was constructed with genes 

involved in nitrogen cycling: nitrite reductase genes (nirS and nirK), ammonia 

mono-oxygenase gene (amoA), and methane mono-oxygenase gene (pmoA) from 

pure cultures and those cloned from marine sediments. Genes possessing less than 

80 to 85% sequence identity were differentiated under hybridization conditions of high 

stringency (65°C). However, limitations of arrays based on discriminating certain 

percentage of sequence identity prevent them from accurate reflection and 

quantification of microbial diversity, bias could occur easily due the undefined cross 

hybridization, which demonstrates that the disadvantage of long oligonucleotide 

probes, shared with cDNA/PCR arrays, is the difficulty of generating reliable mismatch 

controls that will assess the specificity of hybridization. 

 

2.6 Oligonucleotide-based DNA microarray technology 

 

DNA microarray technology provides parallel nucleic acid hybridizations for hundreds 

to thousands of oligonucleotides or larger DNA fragments on a small surface area 

(Robert, 1998). Methods for microarray fabrication include spotting of DNA onto  

nylon membranes or glass slides by robots with pins or ink jet printers. The 

development of microarrays has been fuelled by the application of robotic technology 

to routine molecular biology. The classical Southern and Northern blotting  

approaches for the detection of specific DNA and mRNA species (Southern, 1975; 
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Alwine et al., 1977, 1979) provided the technological basis for microarray 

hybridization. The DNA spotted corresponds to fragments of genomic DNA, cDNA, 

PCR products or chemically synthesized oligonucleotides. cDNA arrays are often 

used in RNA expression analysis, while oligonucleotide arrays are additionally used 

for sequence analysis. Oligonucleotides can also be synthesized in situ on the  

surface of the array by means of light-directed combinational synthesis 

(photolithography) or ink jet technologies, which allow microarrays of higher density. 

Current state-of-the-art technology allows the inclusion of more than 1,000,000 

sequences representing up to 33,000 genes with a density of 250,000 spots per cm2 

(Affymetrix of Santa Clara, California). 

Oligonucleotide-based microarrays offer a number of advantages over cDNA 

microarrays, including (i) more controlled specificity of hybridization, which makes 

them particularly useful for the analysis of single nucleotide polymorphisms or 

mutational analysis; (ii) versatility to address subtle questions about transcriptome 

composition such as the presence and prevalence of alternatively spliced transcripts; 

(iii) capacity to systematically screen whole genomic regions for gene discovery; and 

(iv) the fact that only sequence information (not biological samples or cDNA 

collections) is required to generate custom-made microarrays.  

Oligonucleotide-based DNA microarrays are becoming increasingly useful for the 

analysis of gene expression and single nucleotide polymorphisms. In applied and 

environmental microbiology, this technology has been used for assessing gene 

expressions (Richmond et al., 1999; Coller et al., 1999; Schena et al., 1995; Tao et 

al., 1999; Detweiler et al., 2001), characterizing whole genomes (Cho et al., 1998; 

Dong et al., 2001), and identifying bacteria (Murray et al., 2001; Guschin et al., 1997). 

This technology assumes an adequate discrimination between probes and their 

targets, which is determined in part by the stability of probe-target duplexes and by 

hybridization and wash conditions. Systematic studies have been carried out on the 

sensitivity, specificity and dynamic range of microarray signals and their dependence 

on the labelling and hybridization conditions as well as on the length, concentration, 

attachment moiety and purity of the oligonucleotides. Algorithms have been 

developed that allow the efficient selection of oligonucleotides able to discriminate a 

single nucleotide mismatch (Wilson et al., 2002; Urakawa et al., 2002; Straub et al., 

2002; Chandler et al., 2003). Critical parameters for various applications are 

discussed based on statistical analysis of the results. These data will facilitate the 

design and standardization of custom-made microarrays applicable to gene 

expression profiling and sequencing analysis. Despite the predictable impact and 

widespread use of oligonucleotide-based microarrays, there is a paucity of publicly 
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available information regarding the design and use of this technology. In addition 

there is a need for standardization that will facilitate comparison of microarray data.  

Multiple aspects of microarray design contribute to their performance, from the choice 

of oligonucleotide provider or level of purification to hybridization temperature within 

narrow margins. Variations often work in opposite directions regarding sensitivity and 

specificity, and therefore an appropriate compromise may need to be reached for 

each experimental set up and application. Several studies (Schütz and von Ahsen, 

1999; Loy et al., 2002; Relógio et al., 2002; Peplies et al., 2003) with specific 

purposes using different systems (e.g. target, probe, slide, hybridization and washing 

conditions) were conducted to optimise the selection of oligonucleotides and the 

performance of oligonucleotide-based microarrays. Specificity, sensitivity and 

dynamic range of the signals were analyzed with regard to characteristics of the 

oligonucleotide (e.g. length and purity), hybridization conditions, labelling method and 

other parameters. Both the abundance of the target to be studied and the degree of 

similarity to other targets present in the sample need to be taken into consideration for 

the choice of oligonucleotide length. Oligonucleotides of 18~25 nt in length were 

observed to provide optimal discrimination at the cost of significant losses in 

sensitivity, which may be very detrimental for detection of low abundant components. 

Short oligonucleotides (e.g. <25 nt) were observed having much higher discrimination 

ability than long oligonucleotides (e.g. >50 nt). In contrast, long oligonucleotides have 

higher sensitivity under the same conditions, but at the cost of more limited specificity, 

which in addition is difficult to quantify. The effect of different hybridization 

temperature and percentage of formamide on sensitivity and specificity of the signals 

were analyzed in different studies (Kingsley et al., 2002; Relógio et al., 2002; Peplies 

et al., 2003). Hybridization at low temperatures (between 4 and 25 °C) resulted in poor 

microarray performance due to low signal intensities (4 °C) or high background (25 

°C). While increasing the temperature from 30 to 35 °C resulted in an increase in 

PM/MM (perfect match/mismatch) ratio, a further increase to 42 °C did not improve 

discrimination. Standard hybridization solutions including 50% formamide resulted in 

better fluorescent signals and higher discrimination ratio than that of absence or lower 

concentrations of formamide (e.g. <40%). Although the increase (>50%) in formamide 

concentration caused a slight increase in M/MM discrimination, it was accompanied 

by a more substantial decrease in hybridization signals. Use of higher (70-80%) 

formamide concentrations resulted in very poor sensitivity, which could be explained, 

at least qualitatively, by the more stringent hybridization conditions imposed by the 

presence of formamide. 
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The stability of any DNA duplex can be determined by monitoring the nonequilibrium 

dissociation rate (i.e. melting profile) and then calculating the dissociation temperature 

(Td) of the probe-target duplex. Acquiring information on how Td changes for a 

particular DNA duplex under different hybridization and washing conditions allows us 

to maximize discrimination by minimizing nonspecific hybridizations. However, 

complete discrimination is often difficult to achieve, particularly for short probe-target 

duplexes (~18 to 25 nucleotides) with single-base-pair mismatches. Accurately 

predicting the Td of short probe-target duplexes for defined washing conditions, probe 

and target lengths, and nucleotide composition and order is a substantial challenge. 

Understanding the rules governing nucleic acid hybridizations of short probe-target 

duplexes is necessary and fundamental for the application of microarray technology to 

routine environmental microbiology because it would facilitate the design of good 

probes (i.e., those which have high specificity), minimize the chances of nonspecific 

hybridizations, and improve our ability to confidently interpret microarray data. There 

is a paucity of data dealing with the Tds of short DNA duplexes, and even less is 

known about duplexes containing terminal mismatches. In general, a mismatch near 

or at the terminus of a short duplex is less destabilizing than an internal mismatch 

(Schütz and von Ahsen, 1999). However, experimental observations have shown that 

in at least some instances, the type of a mismatch (i.e., the potential loss of hydrogen 

bonds due to incorrect base pairing) can override the effects of position (Szostak et 

al., 1979). Hence, there are no absolute rules for predicting the influence of mismatch 

position on duplex stability (Stahl and Amann, 1991). The effects of the position of a 

single-base-pair mismatch and the type of mismatch on predicting Td of a probe-target 

duplex are nonlinear, with position being more important in some instances and type 

of mismatch being more important in others. Additionally, an approach that facilitates 

a more detailed examination of the data would be very advantageous.  

 

2.7 Microarray application in the field of environmental 

microbiology 

 

In order to evaluate microbial diversity in relation to environmental factors and 

ecosystem complexity, it is necessary to characterize the diversity of the functional 

community of interest and to evaluate the activity of individual members of the 

community under different environmental conditions.  
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DNA arrays have very strong application potential in many areas of microbiology 

(Lucchini et al., 2001; Gibson, 2002), e.g. characterizing microbial communities and 

their function in the environment (Guschin et al., 1997). Oligonucleotide probe sets 

spotted onto nylon or nitrocellulose membranes (‘macroarrays’) have been used for 

the diagnosis of bacteraemia (Anthony et al., 2000), food contamination (Rudi et al., 

2002), detection of enterococci (Behr et al., 2000), cyanobacteria (Rudi et al., 2000) 

and diazotrophs (Jenkins et al., 2004). A special microarray format consisting of 

individual polyacrylamide gel micropads with immobilized oligonucleotides (Liu et al., 

2001) was used for the characterization of aromatic hydrocarbon degrading consortia 

(Koizumi et al., 2002) and identification of rifampicin resistant strains of 

Mycobacterium tuberculosis (Mikhailovich et al., 2001). A ‘traditional’ glass microarray 

consisting of seven probes was developed for Staphylococcus diagnosis (Hamels et 

al., 2001). Different genotypes of rotaviruses were specifically detected by an 

oligonucleotide microarray (Chizhikov et al., 2002). Cho and Tiedje (2001) applied 

whole genome DNA-DNA hybridization for the detection and community analysis of 

microorganisms. In most cases the target consists of labelled large gene fragments 

(several hundred nucleotides long) increasing potential for the accumulation of 

background signal arising from a low rate of non-specific hybridization. Alternative 

labelling approaches such as terminal transferase labelling of specific 

oligonucleotides (Rudi et al., 2002) and the application of end labelled specific 

stacking probes in conjunction with immobilized capture probes (Small et al., 2001) 

may improve the detection limit of diagnostic microbial microarrays by decreasing the 

above mentioned non-specific background hybridization.  

Environmental applications of microarray technology include gene expression studies 

(Tao, et al., 1999), identification and genotyping of bacteria based on genomic 

DNA-DNA similarities (Cho and Tiedje, 2001; Salama et al., 2000), population 

genetics (Chakravarti, 1999) and detection of functional genes (Wu et al., 2001). Upon 

availability of corresponding probe sets, they enable the detection of up to several 

thousand microbial strains, species, genera or higher clades (depending on the 

design of the probe) in a single assay. By applying nested sets of oligonucleotide 

probes (Behr et al., 2000), which target genes reflecting the phylogeny of the target 

organism, it becomes possible to assess the whole prokaryotic diversity of an 

environment. The most obvious targets for such studies are the 16S and 23S rRNA 

genes (Loy et al., 2002; Peplies et al., 2003;). A high-density Affymetrix GeneChip 

containing over 30, 000 16S rRNA targeting oligo probes was used to identify culture 

collection species and subsequently to characterize populations of airborne bacteria 

at the level of higher phylogenetic taxa (Wilson et al., 2002). A 16S rRNA gene based 
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oligonucleotide microarray targeting and covering entire known diversity of sulphate 

reducers was developed and successfully validated with environmental samples (Loy 

et al., 2002). Other possible target genes (often referred to as ‘functional’, i.e. 

encoding for related enzymes carrying out a defined function) can also be used, at 

least for a physiologically restricted group of microorganisms. DNA arrays have been 

developed and applied to study the dynamics of microbial communities and genes 

encoding enzymes involved in specific biogeochemical processes (“functional genes”) 

(Cho and Tiedje, 2002; Dennis et al., 2003; Guschin et al., 1997; Stine et al., 2003; 

Taroncher-Oldenburg et al., 2003; Wilson et al., 2002; Wu et al., 2001; Bodrossy et 

al., 2003), including nitrogenase (Steward et al., 2004; Taroncher-Oldenburg et al., 

2003; Jenkins et al., 2004). The application of functional genes narrows down the 

analysis to a functionally (sometimes also phylogenetically) defined group of 

microbes. The main advantage of this approach is that it also enables the detection 

and functional analysis of uncultivated members of the microbial groups (Raskin et al., 

1994; McDonald and Murrell, 1997; Purkhold et al., 2000; Radajewski et al., 2000; 

Lovell et al., 2001; Lueders et al., 2001). In contrast to 16S rRNA, environmental 

sequences belonging to a novel, but functionally related phylum could easily be 

recognized, and included in the analysis.  

DNA microarray technology also holds promise for microbial ecology, for example, 

detecting and quantifying different gene families involved in biogeochemical cycling, 

biodegradation, and pathogenesis in a high-throughput manner. However, the 

approaches used for gene expression analysis or other previously reported 

applications are inappropriate for the titration of genes or DNA sequences in 

environmental samples, mainly due to the spots homogeneity, hybridization 

evenness, thermodynamic equivalence of probes and calculation methodology. 

Microbial community structures can be assessed by the semiquantitative analysis of 

micro or macroarray results. Simple and elegant method to quantify specific microbial 

genes from a sample has recently been published (Cho and Tiedje, 2002). In this 

method, gene fragments (500-900 bp in length) were applied as probes. Each spot 

consisted of a mixture of an individual probe and a common reference gene fragment. 

Hybridization was done with Cy3-labelled environmental mixture and a Cy5-labelled 

reference DNA. A semiquantitative estimation was based on the Cy3/Cy5 ratios. 

Unfortunately, the same principle cannot be applied to the quantification of 

oligonucleotide chip results because of the inherent differences in hybridization 

efficiencies between oligonucleotide probes. In practice, a different reference 

oligonucleotide for each probe should be designed. Bodrossy and his colleague 

(2003) developed a functional diagnostic oligonucleotide microarray for 
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methanotrophs. The microarray is targeting the particulate methane monooxygenase 

(pmoA) gene and a set of 59 probes covering the whole known diversity of these 

bacteria was designed. A semi-quantitative analysis of environmental samples was 

made possible in two stages: a first, single-colour hybridization was used to develop a 

rough estimation of the community structure, followed by a second, two-colour 

hybridization with a custom-made reference set based on the initial results. Biases 

inherent in the preceding molecular biology procedures impose limitations upon this 

approach, even after a careful optimization of these steps. Even though high 

expectations exist for diagnostic microbial microarrays, applications utilizing their full 

potential (high throughput detection of large numbers of microbes and quantitative 

assessment of their community structures) are still very limited (Loy et al., 2002). Part 

reason for this is that a technical platform of reasonable cost, based on readily 

available consumables and equipment, with demonstrated potential in 

high-throughput quantitative microbial diagnostics, is missing. In contrast to studies 

using pure cultures, microarray-based analysis of environmental nucleic acids 

presents a number of technical challenges. In environmental studies, the target and 

probe sequences can be very diverse (Wu et al., 2001), and it is not clear whether the 

performance of microarrays with diverse environmental samples is similar to that with 

pure culture samples and how sequence divergence affects microarray hybridization. 

Also, environmental samples generally contain humic acid and other organic 

materials, which may inhibit DNA hybridization on microarrays (Ogram et al., 1987, 

Porteous and Armstrong, 1991). In contrast to pure cultures, the biomass that can be 

retrieved from environmental samples is generally low (Ogram et al., 1995). Not 

surprisingly, information on the performance of microarrays with complex 

environmental samples is lacking. Environmental studies require experimental tools 

that not only detect the presence or absence of particular groups of microorganisms 

but also provide quantitative data to help evaluate their biological activities.  

 

2.8 Combined Programs of CAG and BIOLOG-Africa 

 

The conducted studies in the laboratory of General Microbiology in the University of 

Bremen were involved in two independent interdisciplinary cooperative scientific 

programs  CAG [Centre of Applied Gensensorik, supported by the Land Bremen 

and the Federal Ministry of Education and Research (BMBF), Germany] and 

BIOLOG-Africa [part of the BIOLOG program supported by the Federal Ministry of 
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Education and Research (BMBF), Germany]. CAG program is a combination of 

biotechnology, informatics and microsystem technology leading to the development of 

integrated sensor systems based on DNA-microarrays which offer an automatic 

anlaysis of biologicals on the spot. BIOLOG was established to promote nationally 

and internationally coordinated research in the context of global change and 

decreasing biodiversity aiming at achieving conservation and sustainable utilization of 

vital biological resources.  

Biological nitrogen fixation plays an important role in terrestrial ecosystems. Microbial 

communities can fix agronomically useful amounts of atmospheric N2 from which the 

plants profit significantly (Hurek et al., 2002). Identifying the diazotrophic bacteria 

responsible for the N-gain is important for agricultural applications as well as for 

understanding ecosystem processes (Bormann et al. 1980; Reinhold-Hurek and 

Hurek 1998). The extent to which nitrogen-fixing bacteria associated with gramineous 

plants are functional in providing combined N2 to the plant and what kind of bacteria 

they are remain as long-standing questions. Transcription of one of the nitrogenase 

structural genes, nifH, is a good marker for nitrogen fixing conditions and diazotroph 

activities, as it is not constitutively expressed and is regulated in response to factors 

that control nitrogen fixation. 

Our research focuses on diazotrophic bacteria that are endophytes of gramineous 

plants, especially rice. We are particularly interested in elucidation of the population 

structure and activities of these bacteria in the natural environment. A 

nifH-gene-based oligonucleotide microarray (nifH-phylochip) was designed to assess 

the functional diversity of diazotrophic prokaryotes within the context of complex 

environmental samples, in particular rice roots sampled from a swampy area at the 

Okavango River in Namibia. To examine the potential of diagnostic microbial 

microarrays for environmental studies, we described here the validation and 

application of a preliminary (56 oligonucleotides) with a reference set of 5 strains and 

8 environmental clones. Quantification potential was determined with single target or 

mixed targets and applied to quantify the detected groups in the complex 

environmental sample. Multiform applications of microarray techniques in microbial 

studies were exhibited, which included assaying diazotroph colonization of different 

rice species and monitoring the diversity (DNA level) and activity (mRNA level) of 

nitrogen-fixing prokaryotes inside environmental samples. A further refined 

nifH-phylochip comprising 194 oligonucleotide probes now covers more than 90% of 

sequences in the constructed nifH database. An inosine oligonuleotide-based 

nifH-Q-chip was evaluated for simultaneous detection and semiquantitative estimation 

of major clusters of nitrogen-fixing prokaryotes. 
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Evaluation of multiple factors having effects on oligonucleotide microarray was 

performed with a set of reference targets and probes under varied conditions. 

Standard conditions for microarray performance were determined; criteria for 

oligonucleotide design, e.g. length, GC content and mismatch patterns, were defined 

We have analyzed the effect of position of labelling (POL), specifically the relative 

distance between the hybrids and the terminal labelling (DHL), on the sensitivity of 

oligonucleotide microarray. Targets with different lengths, along with their probe sets, 

were evaluated to reveal the correlation between signal intensity and POL. 

Hybridization results illustrated that the probes targeting the labelling terminals of the 

targets showed apparently higher signal than did probes targeting other regions, 

leading to the proposal that POL is one of the critical factors accounting for the 

observed variation in signal output, which have been encountered but not interpreted 

properly in previous studies. The summarized parameters could be employed to 

facilitate probe design and estimate oligonucleotide microarray performance. 

Additionally, a set of techniques based on well-established and widely applied 

technologies and commercially available consumables and equipment is narrated. 

In general, the developed nifH-phylochip and nifH-Q-chip is the first application of 

microarray techniques in the functional analysis of diazotrophic communities via 

diagnosing the RT-PCR products of nifH mRNA , having great potential for mapping 

the spatial and temporal variability of diazotrophic diversity in the environment, 

allowing rapid comparisons of the relative abundance and activity of diazotrophic 

prokaryotes. 
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3 Material and methods:  

3.1 Material 

 

3.1.1 Chemicals 

 

Unless otherwise stated, chemicals and reagents were mostly purchased from the 

following companies: Fluka (Buchs, Swizerland), Riedel de Haen (Seelze, Germany), 

Serva (Heidelberg, Germany) and Sigma (Deisenhofen, Germany). Complex Media 

and Agar were from Difco Laboratories, Inc. (Detroit, Michigan, USA). Restriction 

enzymes and DNA dependent DNA polymerases were usually from New England 

Biolabs (Schwalbach, Germany) and Thermus Bioscience (Hude, Germany). Agarose 

used for gel electrophoresis was from Biozym Scientific GmbH (Hess. Oldendorf, 

Germany) and Serva Electrophoresis GmbH (Heidelberg, Germany). 

 

3.1.2 Strains 

 

The bacterial strains used in this study are listed in Table 3.1. Commercial strains are 

from DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, 

Braunschweig, Germany). 

 

Table 3.1 Bacterial strains used in this study with descriptions. 

Strain Description Medium Source/Reference 

Azoarcus communis strain SWub3 Wild type VM-Ethanol Reinhold-Hurek et al., 1993 

Azoarcus indigens strain VB32 Wild type VM-Ethanol Reinhold-Hurek et al., 1993 

Azoarcus sp. strain BH72 Wild type VM-Ethanol Reinhold-Hurek et al., 1993 

Azospira oryzae strain 6a3 Wild type VM-Ethanol Reinhold-Hurek et al., 1993 

Azovibrio restrictus strain S5b2 Wild type VM-Ethanol Reinhold-Hurek et al., 1993 

Azonexus fungiphilus strain BS5-8 Wild type VM-Ethanol Reinhold-Hurek et al., 1994 

Azotobacter vinelandii Genomic DNA  This lab 

Arcobacter nitrofigilis  Wild type DSMZ medium 1 DSM 7299 (DSMZ, Braunschweig, Germany) 

Ideonella sp. strain 20-3 Genomic DNA  This lab 

E. coli (TOP10 cells) Competent cell SOC/LB Invitrogen, CA 
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3.1.3 Culture media and growth conditions 

 

All culture media were normally autoclaved at 121°C for 30 min. Stock solutions that 

could not be autoclaved were usually filter-sterilized using filters with pore size of 

0.2 µm (Schleicher und Schuell, Dassel, Germany). For solid media, 1.5% Agar was 

usually added into the medium. While growing a strain resistant against a particular 

antibiotic, the medium was supplemented with sterile filtered antibiotic (Kanamycin 50 

µg/ml) which was added after the medium was autoclaved and cooled down.  

E. coli cultures were normally grown aerobically in LB medium (pH 7.0 ) comprising 10 

g/l Bacto-Tryptone, 5 g/l Yeast Extract and 10 g/l NaCl (Sambrook et al., 1989) at 

37°C under constant shaking at 200 rpm. Purity of the strain was controlled by testing 

the genetic markers (plasmids and antibiotic-resistance). An effective long term 

preservation of E. coli strains were performed by mixing the culture at the ratio of 1:1 

(v/v) in glycerine buffer (pH 8.0) containing 65% Glycerine, 0.1 M MgSO4 and 25mM 

Tris-HCl and then storing it at -80°C in glass vials. The transformed TOP10 competent 

cells (Invitrogen, CA, USA) were grown in 250 µl SOC medium (20 g/l Bacto-Tryptone, 

5 g/l Yeast extract, 20 mM Glucose, 2.5 mM KCl, 1 mM MgSO4, 1 mM NaCl, 10 mM 

MgCl2) by shaking horizontally (200 rpm) at 37°C for 1 hour before plating. During 

clone library screening, TYGPN medium (20 g/l Bacto-Tryptone, 10 g/l Yeast extract, 

9.25 ml/l Glycerol 87%, 5 g/l Na2HPO4, 10 g/l KNO3, Kanamycin 50 µg/ml) was used 

to grow colonies in microtiterplates by incubating overnight at 37°C. 

Diazotroph endophytes were grown aerobically at 37°C in VM-Ethanol medium 

(0.4 g/l KH2PO4, 0.6 g/l K2HPO4, 1.1 g/l NaCl, 0.5 g/l NH4Cl, 0.2 g/l MgSO4.7H2O, 26.4 

mg CaCl2, 10 mg/l MnSO4.7H2O, 2 mg/l Na2MoO4.2H2O, 66 mg/l Fe(III)-EDTA, 1 mg/l 

Yeast extract, 3 g/l Bacto-Tryptone, 6 ml/l sterilized Ethanol, pH 6.8, Reinhold-Hurek 

et al., 1993) with constant shaking (200 rpm, overnight). Purity of strains was checked 

by microscopic examination. The strains could be successfully stored on 

VM–Ethanol-Agar plates at 4°C for short term. For long term, the cultures were stored 

in 5% Dimethylsulfoxide solution (DMSO) in liquid nitrogen. Arcobacter nitrofigilis 

(DSM 7299) was grown aerobically in DSMZ medium1 (5.0 g/l Peptone, 3.0 g/l Meat 

extract, pH 7.0) at 37°C with overnight constant shaking (200 rpm). 

For inoculation of plant root with nitrogen-fixing bacteria, the pre-cultures were 

transferred into SM+N medium (0.4 g/l KH2PO4, 0.6 g/l K2HPO4, 1.1 g/l NaCI, 0.2 g/l 

MgSO4.7H2O, 26.4 mg/l CaCl2.2H2O, 10 mg/l MnSO4.7H2O, 2 mg/l Na2MoO4.2H2O, 

66 mg/l Fe(III)-EDTA, 5 g/l Malic acid, 4.5 g/l KOH, 10 mM NH4Cl, pH 6.8, Reinhold et 

al., 1986) for another 3-5 hours growth. 
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3.1.4 Rice species and sampling sites 

 

Wild rice species Oryza longistaminata was collected from two natural sites in a 

swampy area at the Okavango River, Namibia. Roots were washed at the sampling 

sites and immediately frozen in liquid nitrogen prior to extraction to avoid degradation 

of mRNA. The dates on which samples were obtained, the depths at which samples 

were obtained, and the names by which the samples are referenced are indicated in 

Figure 3.1 and Table 3.2. 

 

 

 

Figure 3.1 Maps of Namibia and the regions along the Okavango River, indicating the 
sampling stations (environmental sample 5o and 2NB) surveyed in this study. Station 5o is located 

at 17°55′S, 20°25′E; station 2NB is located at 17°55′S, 20°15′E. 

 

A phytotron sample Oryza longistaminata, originated from the rice germplasm 

collection at IRRI (International Rice Research Institute), was grown in a growth 

chamber (“big pot”) at 30°C with a photoperiod consisting of 16 h of light and 8 h of 
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darkness. The plants were watered once a day without N fertilization. For inoculation 

experiments, one Oryza sativa landrace from Indonesia (cv. Oking seroni) and one 

Oryza sativa modern cultivar (Oryza sativa cv. IR36) were used. Surface sterilization 

and germination of rice seeds were described in section 3.3. 

 

Table 3.2 Information of rice samples used in this study. 

Sample name Species Location/description Date Depth Array data 

5o Oryzae longistaminata Mashari March, 2002 About 1 m in water Yes (DNA and RNA) 

2NB Oryzae longistaminata Nkwazi Lodge March, 2002 40~50 cm in water Yes (RNA) 

BP Oryzae longistaminata Phytotron   Yes (RNA) 

 Oking seroni    Yes (DNA) 

 Oryza sativa IR36    Yes (DNA) 

 

 

3.2 Plant inoculation with nitrogen-fixing bacteria 

 

3.2.1 Surface sterilization and germination of rice seeds 

 

Dehusked rice seeds were degassed for 5 min under vacuum (in sterilized distilled 

water) to remove air-filled spaces. Wet seeds were then transferred into a sterilized 

flask (500 ml) containing 100 ml disinfector [30% “Domestos“ solution: 12.13% (v/v) 

sodium hypochlorite solution, 0.3% (w/v) Na2CO3, 10% (w/v) NaCl, 0.5% (w/v) NaOH]. 

After 40 min incubation with shaking (80 rpm at room temperature), seeds were 

washed 3 times in sterilized distilled water for 1 hour with shaking (80 rpm at room 

temperature). The sterilized seeds were aseptically transferred with tweezers onto 

germination plates (1 g/l yeast extract, 3 g/l peptone, 1 g/l glucose, 15 g/l agar) with 

approximately eight seeds each plate. Germination took place after incubation at 37°C 

for 2 days. The plates were then transferred into phytotron for another 2-3 days. (Daily 

check was done to screen out the contaminated seedlings). 

 

3.2.2 Inoculation of plant roots with diazotroph cultures 

 

Nitrogen-fixing bacteria were grown as described previously; the pre-cultures were 

transferred into SM+N medium. After 3-5 hours growing, bacteria cells were harvested 
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by spin at 8,000 rpm at room temperature and washed twice with 10 ml plant medium 

(5 mg/l D/L Malat, 1.5 g/l KH2PO4, 1.5 g/l K2HPO4, 0.1 g/l NaCl, 0.2 g/l MgSo4 × 7 H2O, 

26 mg/l CaCl2 × 2 H2O, 13 mg/l Fe-Citrat, 4 mg/l Na2MoO4 × 2 H2O, 3 mg/l H3BO3, 

12 mg/l MnSO4 × H2O, 0.2 mg/l ZnSO4 × 7H2O, 0.1 mg/l, CuSO4 × 5H2O, pH 6.8, 

Hurek et al., 1994), the pellets were suspended with 2 ml plant medium and OD578 

were determined. The concentration was adjusted according to the purpose and cell 

numbers were calculated (1OD578 ≈ 109cells). 3 ml plant medium were added into a 

sterilized 15 ml tube, then sterilized quartz sand was added with funnel to the level 

with 0.5 cm water film left. For one seedling or 5 mg quartz, 5×107 cells were added. 

Seedlings were transferred into the tubes and the roots were embedded with quartz. 

The tubes were incubated in dark water bath in phytotron for two weeks. (Plant 

medium was added regularly to keep the solution level) 

 

3.3 Standard methods for working with nucleic acids 

 

Unless otherwise stated, most techniques used for analysis of nucleic acids (DNA  

and RNA) were carried out according to standard procedures from Ausubel et al., 

1987. 

 

3.3.1 Sterilization 

 

All solutions, reagents and materials used for working with nucleic acids were 

autoclaved (30 min at 121°C and 1.3 bar). Glass pipettes and other glasswares were 

sterilised in the oven at 180°C, overnight). Special care was taken while working with 

RNA. All glassware used for RNA were baked overnight at 180°C. Distilled water used 

for RNA work was first treated with 0.1% DEPC (diethylpyrocarbonate) and stirred 

overnight at 37°C. All buffers and solutions used for RNA extraction were 

DEPC-treated and autoclaved for 1 h at 121°C. The working place was RNase free by 

wiping with 96% ethanol and subsequent flaming the area.  

 

3.3.2 Nucleic acid precipitation 
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DNA precipitation was usually done by adding 1/9 solution volume of 3 M sodium 

acetate solution (pH 5.2) followed either by adding 2 times (v/v) ice cold ethanol and 

15 min incubation at -80°C or by adding equal volume room temperature isopropanol 

and incubating for 5 min at room temperature. Finally, the nucleic acid pellet was 

obtained by centrifugation for 10 min at 13,000 rpm at 4°C and washed twice with 

70% ethanol at room temperature. The pellet was air-dried and finally dissolved in 

1×TE buffer or distilled autoclaved water. RNA pellet was not strongly dried and finally 

dissolved in DEPC treated water. 

 

3.3.3 Measurement of nucleic acids (DNA and RNA) 

 

The nucleic acid concentration was estimated by measuring its absorption at 260 nm 

with a spectrophotometer (Ultrospec 2000, Amersham Biosciences Europe GmbH, 

Freiburg, Germany). The concentration was then calculated using the empirical 

formulas. 

Double stranded DNA: µg DNA/ml = ∆E260 × 50 µg/ml × dilution factor  

Single stranded DNA: µg DNA/ml = ∆E260 × 33 µg/ml × dilution factor 

RNA: µg DNA/ml = ∆E260 × 40 µg/ml × dilution factor 

(Sambrook et al., 1989) 

 

3.3.4 Restriction digestion 

 

Restriction digestion of DNA was done with 1 µg plasmid DNA and 5 units of 

restriction endonuclease for 2 hours in a 50 µl reaction volume. The incubation 

temperature and buffer condition of the enzyme was chosen according to 

manufacturer’s instruction. 

 

3.3.5 Agarose gel electrophoreses 

 

DNA was separated on 2% agarose gel in TAE buffer (40 mM Tris-acetate, 2 mM 

EDTA, pH 8.0) under 3–5 V/cm. DNA samples were usually treated with 1/10 volume 

loading buffer (20% Ficoll 400, 0.1% bromophenol blue, 0.1% xylenecyanol, 0.1% 

orange G). Bacteriophage lamda DNA (Amersham Biosciences Europe GmbH, 
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Freiburg, Germany) digested with PstI restriction endonuclease was used as a 

standard molecular weight marker (size marker) for DNA. For detection of DNA 

fragments after electrophoreses, the agarose gel was incubated for 20 min in  

ethidium bromide solution (0.5 µg/ml) and visualized under an ultraviolet 

trans-illuminator (302 nm) with interior camera (Image Master VDS, Amersham 

Biosciences Europe GmbH, Freiburg, Germany). Photographs were taken on K65HM 

thermopapers (Mitsuibishi, Ratingen, Germany). 

 

 

3.4 Isolation of nucleic acids 

 

3.4.1 Isolation of genomic DNA from diazotrophs 

 

Genomic DNA of nitrogen fixing bacteria was isolated following the modified method 

of Dhaese et al. (1979) and Hurek et al. (1993). The cells were lysed by detergent and 

proteins were removed by enzymatic digestion followed by phenol chloroform 

extraction and DNA precipitated with ethanol. Overnight culture was collected twice 

(2x 2ml) by 5 min centrifugation at 13,000 rpm. The cells were washed in 1ml TES 

buffer (10 mM Tris, 1 mM EDTA, 50 mM NaCl, pH 8.0) and suspended in 300 µl TE 

buffer, then treated with 100 µl 5% N-laurylsarcosin solution (Na salt in TE), Pronase 

E was added to a final concentration of 2.5 mg/ml. The mixture was vortexed and 

incubated at 37°C for 1 hour. After three times extraction with same volume of PCI 

(Phenol:Chloroform:Isoamylalcohol, 24:24:1 v/v) and one time with TE-saturated 

chloroform, genomic DNA was precipitated as described before and finally dissolved 

in TE, DNA concentration was determined by measuring OD260 with 

spectrophotometer. 

 

3.4.2 Plasmid DNA isolation 

 

The standard plasmid preparation protocol from Birnboim and Doly (1979), and later 

modified by Ausbel et al., (1987) was routinely used. 3 ml of overnight culture (with 

proper antibiotic) was pelleted by one min centrifugation at 13,000 rpm and 

suspended in 100 µl buffer I [50 mM Glucose, 25 mM Tris-HCl (pH 8.0), 10 mM  

EDTA, 1% RNase (v/v)]. The cells were then lysed by adding 200 µl buffer II  
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(200 mM NaOH, 1% SDS) and incubated for 5 min at room temperature. This was 

followed by adding 150 µl ice-cold 3 M sodium acetate (pH 5.2) for neutralisation. The 

precipitated protein and lysed cells were centrifuged down and the supernatant 

containing the DNA was extracted twice with 450 µl PCI 

(Phenol:Chloroform:Isoamylalcohol, 24:24:1 v/v) and one time with 450 µl chloroform. 

DNA was concentrated by further precipitation, washed with 70% ethanol according to 

standard methods as described previously and finally dissolved in TE. 

 

3.4.3 Isolation of DNA from agarose gels and solutions 

 

The isolation of DNA fragments from agarose gels was made using QIAquick Gel 

Extraction Kit or QIAquick PCR Purification Kit respectively (Nr. 28704 / 28106, 

Qiagen, Hilden). The general principle of these kits depends on ion dependent 

reversible binding of DNA fragments in anion exchange columns. The process of 

using these kits was strictly according to manufacture’s instruction. JETsorb Gel 

Extraction Kit/150 (GENOMED, Löhne, Germany) was used for purification and 

concentrated elution of PCR products. The suspension milk of this kit can bind and 

release DNA fragments dependent on ion concentration in the buffer, but the elution 

volume can be decreased so that highly concentrated purified samples can be 

retrieved even with salt free buffers or water. The application procedure of this kit 

followed the manufacture’s manual except that water was used for elution in stead of 

provided salt free buffer. 

 

3.4.4 Isolation of bacterial genomic DNA from plant roots 

 

The method for isolation of bacterial genomic DNA from plant roots was modified 

according to Hurek et al., 1993. It can be used for isolation of bacterial genomic DNA 

from environmental samples as well as inoculated plant samples with bacteria. 

The loosely adhering bacteria on the plant root were washed away with sterilized 

distilled water by vortex (Reinhold et al., 1986). The root was lyophilized and dry 

weight was determined. Plant material and a small spatula of quartz were added into 

liquid nitrogen and pulverized into fine powder with mortar and pestle. 40 mg of 

homogenized material was transferred into Eppendorf vial with 480 µl of extraction 

buffer. The mixture was incubated at 37°C for 30 min after adding Proteinase K to a 

final concentration of 100 µg/ml. Following 10 min extraction with equal volume of  
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PCI (Phenol:Chloroform:Isoamylalcohol, 24:24:1 v/v) and centrifugation at 13,000 rpm 

for 1 h, the upper phase was incubated 15 min at 37°C with RNase A to remove RNA. 

Another PCI extraction was performed afterwards. DNA was finally concentrated by 

further precipitation, washed with 70% ethanol according to standard methods as 

described previously and dissolved in TE. 

 

3.4.5 Isolation of RNA  

 

While handling with bacterial RNA, special care was taken to prevent degradation by 

RNases. All reagent and solutions were DEPC treated, autoclaved for 1 h; glassware 

was baked and hand gloves were always used while working. 

 

3.4.5.1 Hot phenol method for bacterial RNA isolation from pure culture 

 

This method follows the protocol from Aiba (Aiba et al., 1981). 100 ml bacterial culture 

(OD578≈0.5) was centrifuged down (4000 rpm, 10 min) and suspended in 3 ml “hot 

phenol buffer” (20 mM sodium acetate, 0.5% SDS, 1mM EDTA, pH 5.5). This was 

followed by three times extraction by hot (60°C) phenol (equilibrated with 20 mM 

sodium acetate, pH 5.5). The RNA was finally precipitated from the upper phase by 

adding 3 volumes of ethanol (-20°C) and finally dissolved in DEPC treated water. The 

RNA concentration was estimated by using the standard formula (µg DNA/ml = ∆E260 × 

40 µg/ml × dilution factor).  

 

3.4.5.2 Bacterial RNA isolation from plant samples 

 

The method was originally described for RNA extraction from pine tree (Chang et al., 

1993) and was a very effective method for isolation of RNA from tissue containing a 

high amount of polysaccharides and/or phenolic compounds. It was modified so that 

crude total RNA of endophytes can also be isolated with highly efficient nucleic acids 

recovery (Hurek et al., 2002). 

Approximately 800 mg (equivalent to 160 mg dry weight) plant root tissue (per 

isolation) was pulverized in liquid nitrogen to a fine powder, then transferred into  

20 ml 65°C pre-warmed extraction buffer [100 mM MOPS (pH 8.0), 25 mM EDTA 

(pH 8.0), 2 M NaCl, DEPC treatment (1 h treatment in 0.1% DEPC water at 37°C),  

2% CTAB, 2% PVP 40K and 0.5 g/l Spermidin, 2-β-Mercaptoethanol was added to  
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2% shortly before use]; The mixture was homogenized with a tube pestle and kept in 

65°C water bath. Instead of a chemical lysis procedure in the original protocol,  

sample in 20 ml extraction buffer was smashed with 0.15 mm (4 g) and 2 mm (2 g) 

glass beads in a cell mill for 4 min at 65°C. The homogenized sample was  

transferred into a fresh 50 ml SARSTEDT tube. One volume of chloroform was  

added after cooling down on ice, followed by shaking and centrifugation at room 

temperature (10 min at 10,000 g). The water phase was transferred into a new tube 

for another chloroform extraction; the water phase was incubated with ¼ volume of  

10 M LiCl2 (DEPC treated) in 4°C for 6 to 12 hours followed by centrifugation at 4°C 

(10 min at 10,000 g). The pellet was resuspended with 0.5 ml pre-warmed (65°C) 

SSTE buffer [1M NaCl, 0.5% SDS, 10mM Tris-HCl (pH 8.0), 1mM EDTA (pH 8.0)],  

and transferred into a 1.5 ml Eppendorf vial with 1 volume of chloroform inside. The 

mixture was centrifuged at 4°C (10 min at 10,000 g), and the water phase was 

transferred into a fresh 1.5 ml Eppendorf vial with 2 volumes of Ethanol. After 30 min 

incubation in -80°C and centrifugation at 4°C (45 min at 10,000 g), the pellet was 

washed twice with 80% ethanol, dried in clean bench, dissolved in 25 µl DEPC  

treated water and stored immediately in liquid nitrogen. 

 

 

3.4.5.3 Treatment of RNA with DNase I 

 

The RNA isolated by routine procedures could not be used directly for RT-PCR 

(synthesis of cDNA by reverse transcription and its subsequent amplification) as it 

often contained contaminations from genomic DNA. To circumvent this, the isolated 

RNA was treated with Dnase I (RNase-Free). DNase I, an endonuclease that 

nonspecifically cleaves DNA to release di-, tri- and oligonucleotide products with 

5´-phosphorylated and 3´-hydroxylated ends, acts on single- and double-stranded 

DNA, chromatin and RNA:DNA hybrids. Divalent cations like Mg2+ or Mn2+ are 

absolutely crucial for its activity. About 2-3 µg RNA was mixed with DNase I reaction 

buffer (1×), SUPERase•InTM RNase inhibitor (Ambion Inc., Austin, USA) and about 30 

units of RNase free DNase I (Boehringer, Mannheim, Germany) in a total 50 µl set up 

and incubated for 20 min at 37°C. This was followed by an immediate inactivation of 

DNase I by phenol chloroform isoamylalcohol (pH 4.0) treatment. RNA was 

precipitated from upper phase with standard precipitation technique (40-60 min 

incubation in -80°C) after adding 1/9 volume of 3 M sodium acetate solution (pH 5.2) 

and 3 volumes of chilled absolute ethanol, washed 2 times with 70% ethanol, 
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dissolved in 15 µl RNase free water. The concentration was finally estimated 

spectrophotometrically. 

 

3.5 Amplification of nucleic acid 

 

The polymerase chain reaction (PCR) was routinely used for amplification of DNA 

fragments. The set up of PCR reactions varied according to purpose. 

 

3.5.1 Standard amplification method of genomic or plasmid DNA 

  

Generally, DNA fragments were amplified following the standard protocol from Innis 

and Gelfand (1990) using 1 U Taq polymerase with the proper PCR buffer, 100 µM of 

each dNTP and 0.5 µM of each primer (forward and reverse) in 50 µl total reaction 

volume. Specifically for nifH, 100 ng of bacterial genomic DNA templates or 20 ng of 

plasmid DNA templates from nifH clones were amplified with universal primers (Zehr 

and McReynolds 1989) (Table 3.3) in 0.2-ml thin-walled tubes and a Primus 

Thermocycler (MWG-BIOTECH AG, Ebersberg, Germany) using a optimised PCR 

programme of nifH amplification (Hurek et al., 2002), comprising a denaturation step 

at 95°C for 90 sec linked to a loop of 35 cycles each having a denaturation step at 

95°C for 1 min, a primer annealing step at 57°C for 2 min and an elongation step by 

the polymerase at 72°C for 2 min. The programme usually ended with a final 

extension step at 72°C for 10 min. The amplicons were confirmed on 2% agarose gel. 

According to the λ DNA PstI size marker, nifH amplicons (≈ 360 bp) showed a band 

slightly larger than 339 bp. The annealing temperature of the primers with the 

template was determined according to the melting temperatures (Tm) for each primers 

using the standard formula: Tm (°C) = 81.5 + 0.41×(% GC content) – 600/N 

+16.6×log10M, where N refers to the number of bases in the primer and log10M refers 

to the logarithm of Na+ and K+ concentration (molarity) in the PCR reaction. 

 

3.5.2 Amplification using RT-PCR beads 

 

RT-PCR was done with Ready-to-Go RT-PCR beads (Amersham Biosciences Europe 

GmbH, Freiburg, Germany) as described previously (Hurek et al., 2002).  
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Ready-to-go RT-PCR beads (Amersham Biosciences Europe GmbH, Freiburg, 

Germany) are basically designed as pre-mixed, pre-dispensed reactions for 

performing RT-PCR. They are provided as dried beads that are stable at room 

temperature and contain all of the necessary reagents (including M-MuLV reverse 

transcriptase and Taq DNA polymerase), only primer (500 pM) and template are 

needed for performing a one-tube one-step RT-PCR reaction in a total volume of 50 µl. 

Reverse transcription was carried out with NIFHR-580 (Table 3.3), a universal reverse 

primer for nifH gene. The DNase I-treated RNA (0.5 µl) was prepared in different 

dilutions (1:10, 1:100, 1:1000) and used as templates for reverse transcription. The 

reverse transcription step was usually done by incubation for 30 min at 42°C (RNA 

was reverse transcribed into cDNA) followed by heat inactivation of the reverse 

transcriptase at 95°C for 10 min. Amplification of cDNA products was done as 

described in previous context by simply adding primers. 

 

3.5.3 Primers 

 

The primers used in this work (PCR / RT-PCR/ Sequencing) are listed in Table 3.2. All 

primers were synthesized by Thermo Electron GmbH (Ulm, Germany). 

 

Table 3.3 Description of various primers used for PCR / RT-PCR 

Primer Sequence
a
 Description Reference 

Z-nifH-f  TGYGAYCCNAARGCNGA nifH PCR forward primer Zehr and McReynolds, 1989 

Z-nifH-r  ADNGCCATCATYTCNCC nifH PCR reverse primer Zehr and McReynolds, 1989 

Z-nifH-f-BH72-Cy5 TGCGACCCGAAGGCTGA nifH PCR forward primer specific for Azoarcus sp. BH72 This study 

Z114-nifH-f-BH72-Cy5 CCTGTCGGTCGGCTTC nifH PCR forward primer specific for Azoarcus sp. BH72 This study 

Z307-nifH-r-BH72-Biotin GGGCCTTGTTTTCGCG nifH PCR reverse primer specific for Azoarcus sp. BH72 This study 

NIFHR-580 GTTRYADATVAKVCCVCCVAG nifH RT primer Hurek et al., 2002 

Ueda-407r(Cy5) AADCCRCCRCANACVACGTC nifH reverse sequencing primer Ueda et al., 1995 

nifH-f(Cy5) GGNGGNCCNGARCCNGG nifH forward sequencing primer This study 

T7 (Cy5) TAATACGACTCACTATAGGG Sequencing primer for TOPO clones Invitrogen, CA 

M13 reverse(Cy5) CAGGAAACAGCTATGAC Sequencing primer for TOPO clones Invitrogen, CA 

 

a
 Mix bases are according to the IUB-Code: R=A+G, Y=C+T, V=A+G+C, D=A+G+T, K=G+T,  

N=A+G+C+T 

 

 

3.6 Cloning  
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The TOPO TA Cloning Kit for Sequencing (Invitrogen, CA) was routinely used for 

cloning of Taq polymerase-amplified PCR product. The process of using this kit was 

strictly according to manufacture’s instruction. The TOPO TA Cloning Kit for 

Sequencing provide a highly efficient, fast, one-step cloning strategy for the direct 

insertion of Taq polymerase-amplified PCR products into a plasmid vector for 

sequencing. The plasmid vector (pCR4-TOPO) is supplied linearized with single 3’ 

thymidine (T) overhangs for ligation with Taq polymerase-amplified PCR products and 

covalently bound topoisomerase for vector activation. This vector allows direct 

selection of recombinants via disruption of the lethal E. coli gene, ccdB (Bernard et al., 

1994). TOP10 cells that contain non-recombinant vector are killed upon plating. 

Therefore, blue/white screening is not required. 

 

3.6.1 Cloning reaction 

 

Fresh PCR product (volume range from 0.5 to 4 µl depending on the amount of 

amplicons, freezing may cause low cloning efficiency) was first added into an 

autoclaved Eppendorf vial. Salt Solution (1 µl) and DNase and RNase free water was 

consecutively added to a final volume of 5 µl. TOPO vector (1 µl) was finally added. 

The mixture was kept for 5 min (30 min for cloning amplicons from environmental 

samples) at room temperature (mix gently, not by pipetting up and down). The 

reaction can be used for direct transformation or stored at –20°C overnight. 

 

3.6.2 Transfer of foreign DNA into competent cells 

 

The chemically competent E.coli (One Shot TOP10) was used for transformation. 

2 µl of the TOPO cloning reaction was added into one vial of competent cells. The 

mixture was incubated on ice for 15 min, heat-shocked for 30 sec at 42°C, transferred 

immediately on ice. The transformed cells were then incubated with 250 µl SOC 

medium by shaking horizontally (200 rpm) at 37°C for 1 hour. 50 µl transformation 

products was spread on pre-warmed Kanamycin (50 µg/ml) LB plates and incubated 

overnight at 37°C. 

 

 



Material and methods  38   

3.6.3 Labelling nifH probes with DIG-High PrimeTM 

 

For nifH cDNA (from plant sample) clone libraries generated by TOPO TA Cloning Kit, 

screening was routinely done to select the true positive clones with correct insert. In 

order to detect a broad range of nitrogenase genes, a pool of different nifH gene 

probes was labelled with DIG-High Prime (Boehringer, Mannheim, Germany). The 

principle of this random primed DNA labelling method is based on the hybridization of 

oligonucleotides of all possible sequences to the denatured DNA to be labelled. The 

complementary DNA strand is synthesized by Klenow enzyme using the 3’OH termini 

of the random oligonucleotides as primers. Digoxigenin (DIG) modified 

deoxyribonucleoside-triphosphates present in the reaction are incorporated into the 

newly synthesized complementary DNA strand. 

100 µl plasmids of seven representative nifH gene TOPO clones (GenBank accession 

numbers U97116, AF332001, AF331997, AY231553, AF331989, AF331995, and 

AF331996) were digested with EcoRI and separated on a 2% agrose gel. The inserts 

were retrieved from the gel with QIAquick Gel Extraction Kit as described previously. 

The volume of the purified product was reduced to 16 µl followed by a 10 min 

denaturation in a boiling water bath and chilling quickly in an ice/NaCl bath. 4 µl 

DIG-High Prime was added into the denatured DNA fragments after vortex and the 

mixture was incubated overnight at 37°C. The reaction was stopped by heating to 

65°C for 10 min and mixed with 80 µl TE (pH 8.0) afterwards. The mixture was purified 

with QIAquick PCR Purification Kit as described previously and half volume (≈ 50 µl) 

was used to make the probe pool. 

 

3.6.4 Clone library screening 

 

After transformation and incubation as manufacture’s instruction, all well-shaped 

colonies were picked up and re-inoculated onto a 96-well microtiterplate with 150 µl 

TYGPN medium in each well. The plate was incubated as described previously. Clone 

cultures in the plates were re-inoculated onto the Hybond-N membrane (Amarsham 

Pharmacia Biotech UK Limited, Little Chalfont Buckinghamshire, England) on a fresh 

LB agar plate (Kanamycin 50 µg/ml).  

After colonies grew up, the membrane was first denatured in the denaturation buffer 

(1.5 M NaCl, 0.5 M NaOH) for 7 min, followed by 2× 4 min in neutralization buffer 

(0.5 M Tris, 1.5 M NaCl, 1 mM EDTA, pH 7.2), and finally washed in 2× SSC to 
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remove the colonies debris. The air-dried membrane was exposed under UV 

(400 mJ/cm2) for cross-linking of obtained nucleic acid from each clone.  

The membrane was then used for hybridization. Pre-hybridization was done in 

pre-hybridization buffer (2× SSC, 10× Denhardt’s, 2% SDS) at 65°C for 1 hour. 

Digoxigenin labelled nifH probes were denatured by boiling and used for  

hybridization at 65°C overnight. Subsequently, it was washed 2× 20 min in 2× SSC 

(0.1% SDS) at 65°C. Then the membrane was incubated (shacking) for 5 min in P1 

buffer (8g/l NaOH, 11.6g/l Maleic acid, 8.77 g/l NaCl, pH 7.5), 30 min in buffer P2 (P1 

buffer, 1% blocking reagent), 30 min in buffer P2 with Anti-Dig-AP (1:5,000 dilution), 

followed by 2×15 min incubation in P1 buffer, gently shaking 5×1 min in P3 buffer  

(100 mM Tris, 100 mM NaCl, 50 mM MgCl2, pH 9.5). The signal was finally developed 

in stain solution (P3 : XP substrate : NBT, 200:1:1 v/v/v). Positive clones were 

checked later by restriction digestion with EcoRI as described previously. Clones with 

correct insert size were used for plasmid isolation and sequencing. 

 

 

3.7 Sequencing 

 

DNA sequencing was routinely performed in the laboratory with the dideoxy-method 

(Sanger et al., 1977). The sequencing reaction was set up using “Thermo Sequenase 

fluorescent labelled primer cycle sequencing kit with 7-deaza-dGTP“ (Amersham 

Biosciences UK Limited, Little Chalfont, Buckinghamshire, England) following the 

manufacturer’s instruction with Cy5 labelled primers (Table 3.2) and template DNA. 

For clean plasmid preparations, minimum 5 µg is needed; for deionised PCR  

products, 300 ng. For each sequencing attempt, 4 reactions were set up, each  

having ddATP, ddCTP, ddGTP or ddTTP as terminators of these particular bases 

respectively. The reactions were carried out in a thermo cycler [Techne (Cambridge) 

Ltd., Duxford Cambridge, U.K.], under the following set up parameters: 1 min initial 

denaturation at 97°C, followed by 25 cycles of 30 sec at 95°C (denaturation) and 30 

sec at 60°C (primer annealing and DNA synthesis). The sequencing samples were 

later loaded onto a 21% polyacrylamide gel “ReproGelTM Long Read Solutions” 

(Amersham Biosciences AB, Uppsala, Sweden), containing 6.2 M urea and  

separated in 0.6× ALF TBE buffer (53.4 mM Tris, 53.4 mM Boric acid, 1.2 mM 

Na2EDTA, pH 8.3) with the “ALF Express DNA Sequencer” (Amersham Biosciences 

AB, Uppsala, Sweden). The fluorescent labelled fragments could be detected by  



Material and methods  40   

laser and photosensors. The evaluation of the sequencing data was done with 

“ALFwin Software”. 

 

3.8 Microarray 

 

3.8.1 Phylogenetic analysis 

 

The phylogenetic analysis not only served as a reference of the phylogenetic relations 

between different sequences, but also provided a basic and useful tool for selecting 

the characteristic regions of diverse subclusters. 

 

3.8.1.1 Sequence retrieval and alignment 

 

The retrieval of nifH gene sequences (DNA and cDNA) was done by keywords 

searching in GenBank (http://www.ncbi.nlm.nih.gov). Three keywords nifH, anfH and 

vnfH were used. All available sequences were downloaded as FASTA format. The raw 

sequences were fast aligned with MultAlin (Corpet, 1988) 

(http://prodes.toulouse.inra.fr/multalin/multalin.html). The conserved region 

sequences between Z-nifH primer pairs were exported and screened to remove all 

sequences containing ambiguous bases. The homologous region inside the universal 

primer pair was copied to a new project, with all gaps removed and translated into 

protein. From this dataset sequences lacking more than one amino acid or with 

ambiguities were deleted. On another hand, DNA sequences with ≤0.3% (1 base pair) 

sequence differences inside the groups were screened manually, only one of these 

similar sequences was retained when they were from the same collection attempt or 

environmental samples, because it was highly possible that they represented the 

same gene with PCR-generated mutations. All remaining sequences were then 

translated into protein sequences again with GeneDoc (Nicholas and Nicholas, 1997) 

and then used for protein sequence multiple alignment with ClustalX 1.83 (Thompson 

et al., 1997). The protein alignment was imported into GeneDoc to re-sort and re-gap 

the DNA alignment. This process was done several times for corrections. The final 

protein alignment was used for phylogenetic analysis and DNA alignment was used 

for oligonucleotide design. 
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3.8.1.2 Phylogenetic analysis based on the alignment of NifH partial 

sequences 

 

The conserved regions of the retrieved nifH gene sequences were translated into 

protein sequences and used for phylogenetic analysis with MEGA2.1 (Kumar et al., 

http://www.megasoftware.net) after alignment with ClustalX 1.83 (Thompson et al., 

1997). Sequences as FASTA files were first converted into the MEGA format, and 

phylogenetic trees were constructed by a minimum evolution analysis using a Poisson 

correction distance matrix. The statistical significance of the branching pattern was 

estimated with the interior branch test implemented in MEGA 2.1 using 1025 

bootstrap replicates. Mean pairwise distances were estimated with MEGA 2.1 using a 

Juke Cantor correction. A nifH universal radial phylogenetic tree is shown in 

Figure 4.1. A detailed phylogenetic tree of 1051 deduced NifH amino acid sequences 

were finally used as a reference for oligonucleotide design. 

 

3.8.2 Oligonucleotide design 

 

Oligonucleotide design was carried out with different programs automatically and 

manually. GeneDoc, ARB and Primer3 were mainly used. GeneDoc and Primer3 were 

used for design of oligonucleotide probes targeting bacteria at subcluster and species 

levels. ARB was used for design of oligonucleotide probes targeting several 

subclusters and also for validation of oligonucleotides designed by GeneDoc and 

Primer3.  

The final DNA alignment was imported into the GeneDoc. Clusters or groups were 

differently coloured according to conservation level. Oligonucleotides were fished out 

from the regions which were conserved inside the subgroup and different from other 

groups or sequences. Mismatch number and pattern were considered for specificity. 

Melting temperature, GC ratio and other features were calculated with MELT 1.1.0 

(Sanders) and a online Oligonucleotide Analyzer tool (http://www.rnature.com). The 

formulas for Tm of a DNA:DNA duplex is: Tm = 81.5 + 16.6 × [(Log(mM monovalent 

cations) / Log10) − 3] + [0.41 ×  (percent GC)] − (600 / number of nucleotides) − (0.63 

× percent formamide). 

When using the ARB tool for probe design, alignments were made using Old Aligner 

function in ARB_EDIT. Parsimony DNA and protein trees were constructed and used 

to guide the probe design process. Probes were designed using the Probe Design 
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and Probe Match functions, accessing a PT-server database created from the nifH 

database. Outputs of the Probe Match function were imported into Excel and a pivot 

table was constructed indicating the number of mismatches between each 

probe-target pair. Melting temperatures of the probes were predicted using the upper 

methods. Weighed mismatch values were calculated from the number of mismatches.  

 

3.8.3 Microarray fabrication 

 

3.8.3.1 Preparation of microarray slide 

 

The DNA microarray format used is based on standard microscopic glass slides 

(Menzel, Braunschweig, Germany). Slides were activated by 

1,4-phenylenediisothiocyanate treatment for covalent binding of either 5′- or 

3′-amino-modified capture oligonucleotides (Thermo Electron GmbH, Ulm, Germany) 

according to Benters et al. (2002). 

All cleaning and modification steps were carried out in a glass tube under heavy 

stirring. The microscope glass slides were first degreased by ultrasonic treatment in 

CH2Cl2 and subsequently cleaned in freshly prepared, hot piranha solution 

(concentrated H2SO4 + 30% H2O2, v/v ≈ 3:1) for 30 min. Thereafter, the slides were 

rinsed in bi-distilled water and dried for 10 min at 80°C in a nitrogen atmosphere 

(99.993%, Messer Griesheim, Siegen). Slide surface silylation was achieved by 

treatment with 3-aminopropyltriethoxysilane (APTS, Sigma-Aldrich) in a mixture of 

ethanol/H2O/APTS (95:3:2 v/v) for two hours, and then the slides were cleaned with 

ethanol for 15 min and acetone for 5 min. All silylated slides were finally dried for 10 

min at 110°C prior to the further activation. Slides activated with conventional linear 

linkers were synthesized by incubation of amino-silylated slides under a nitrogen 

atmosphere for 2 hours in CH2Cl2 containing 1,4-Phenylendiisothiocyanat (PDITC, 

10 mM; Fluka, Neu-Ulm), supplemented with pyridine (1%, v/v). The slides were 

washed three times in CH2Cl2 and dried in a nitrogen stream. The activated slides 

could be used immediately for spotting or stored in nitrogen atmosphere at –80°C for 

one month without loosing activity. 

 

 

3.8.3.2 Spotting and Covalent attachment of oligonucleotides (probes) 
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The hybridization reaction on microarray slide is a reverse process compared to 

traditional hybridization on membrane, so the nomenclature of microarray 

hybridization is also different from membrane reactions. The immobilized 

oligonucleotide is called probes, while the labelled DNA is called target. 

Oligonucleotides were spotted onto the activated slide surface using the piezo-driven 

spotting device Robodrop (BIAS, Bremen, Germany) bearing a glass pin or MicroGrid 

II Compact 400 (Genomic Solutions Ltd., Huntingdon, Cambridgeshire, U. K.) with a 

ArrayItTM split pin (TeleChem International, Inc., Sunnyvale, CA, USA). The 

concentration of the amino-modified oligonucleotides in 1% glycerol (diluted with 

DNase and RNase free-water) was 10 µM. Volumes of deposited oligonucleotides 

solutions were about 250/200 pl, resulting in spots with a diameter of approximately 

250/200 µm. To complete covalent binding of the spotted probes, slides were 

incubated overnight at room temperature in a wet chamber under saturated humidity 

to restrict evaporation of the spots. Subsequently, the slides were air-dried and 

submerged in the blocking solution containing 6-amino-1-hexanol (150 mM) and 

N,N′-diisopropylethylamine (50 mM) in dimethylformamide (DMF) to quench the 

remaining coupling groups. After washing with DMF, acetone, and deionised, 

particle-free water, air-dried, the slides were used for hybridization, or were stored at 

-20 °C under nitrogen atmosphere. 

 

 

3.8.4 Target preparation 

 

3.8.4.1 PCR amplification of the nitrogenase Fe Protein gene (nifH gene)  

 

The nifH PCR protocol was referred to previous applications (Zehr and Capone, 1996; 

Zehr et al., 1998; Engelhard et al., 2000; Hurek et al., 2002; Tan et al., 2003) with 

universal primers (Z-nifH forward and reverse primer, Table 3.3). Different amount of 

templates were used according to different DNA origins, such as 100 ng for bacterial 

genomic DNA templates from pure culture or from plant, 20 ng for plasmid DNA 

templates from nifH clones. A PCR mixture was prepared containing 5 µl 10× G-Taq 

buffer (Thermus Bioscience, Hude, Germany), 10 µl mixture of deoxynucleotide 

triphosphates (500 µM each), 0.5 µl of each Z-nifH primer (50 µM), 1 U of G-Taq DNA 

polymerase. Amplification consisted of one cycle of denaturation at 95°C for 90 sec, 

35 cycles at 95°C for 1 min, 57°C for 2 min, 72°C for 2 min, finally 10 min extension at 
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72°C. Successful amplification was confirmed by analysing PCR products on 2% 

agarose gel.  

For end labelling of amplicons, end labelled primer pairs were used. One primer 

(forward or reverse) was labelled with Cy5/Cy3 and another (reverse or forward) was 

labelled with biotin, so that fluorescent labelled single strand target could be isolated 

later. For random labelling of amplicons, Fluorescein-12-dUTP (Boehringer, 

Mannheim, Germany) and Cy5-dATP (Pharmacia Biotech, USA) were used. The 

reverse primer was labelled with biotin to enable single strand isolation. Amplification 

was done as described previously except that ¼ dTTP/dATP was exchanged by 

Fluorescein-12-dUTP/Cy5-dATP. 

 

3.8.4.2 Single strand isolation 

 

The amplified products were purified with the QIAquick PCR purification kit (Qiagen, 

Hilden, Germany) or JETsorb Gel Extraction Kit/150 (Genomed GmbH, Bad 

Oeynhausen, Germany). Subsequently, the biotin-labelled DNA strands were 

extracted with Streptavidin Magnetic Particles (Roche Diagnostics, Mannheim, 

Germany) with the methods described by Niemeyer et al. (1999) with modifications.  

Streptavidin is coupled via a linker molecule to carboxy-groups on the surface of super 

paramagnetic polystyrene particles. The super paramagnetic properties of the 

magnetic particles ensure complete resuspension even after repetitive magnetic 

separation. Agglutination does not occur because of the lack of residual magnetism of 

the particles. Magnetic separation is achieved by application of the magnetic particle 

separator within a few seconds. 

The magnetic particles (1 mg binds 10 pmol biotin-labelled dsDNA fragments) were 

washed with 1 ml TETBS buffer (150 mM NaCl, 0.05% Tween 20, 10 mM Tris pH 7.3, 

5mM EDTA) three times by shaking and congregated with the magnetic separator. 

Labelled dsDNA was then added into the washed particles followed by shaking (400 

rpm) at room temperature for 30 min. The biotin-labelled dsDNA was now bound onto 

the magnetic particles. After incubation and washing with 1 ml TETBS buffer for three 

times and 1 ml TE once, the particles was congregated with magnetic separator and 

by centrifuge. After removing all remaining liquid, two times 50 µl 100 mM NaOH was 

added to denature the bound dsDNA by incubation at room temperature for 5 min. 

Two strands were separated by magnetic separator, leaving the biotin-labelled strand 

still bound on the magnetic particles and another strand free in the water phase. The 

water phase containing ssDNA was then transferred into a fresh brown vial and 
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neutralized with 50 µl 200mM HCl, 5 µl 1M Tris (pH 7) and 1 µl 0.5M EDTA. Finally, 

the concentration of the ssDNA was determined by UV spectrometry. The labelled 

single-stranded DNA was stored at -18°C. Shortly before use, the single strand DNA 

was routinely denatured at 95°C for 10 min and put directly on ice for 3 min. Molecular 

amount of ssDNA was calculated as following: 1 pmol nifH ssDNA ≈ 330 × 360 × 10-3 = 

118.8 ng (1 Base = 330 g/mol; nifH amplicon length ≈ 360 bp). 

 

3.8.5 DNA micorarray hybridization and washing 

 

Hybridization and washing were done in a PersonalHyb oven (Stratagene, La Jolla, 

CA, USA). Hybridization time varied from 1 hour to overnight long. Unless noted 

otherwise, incubation was performed at room temperature with 50% formamide 

[HCONH2, Ultrapure-grade (≥99%)], the final concentration of target single strand 

DNA was 70 nM (3.5 pmol target in 50 µl hybridisation volume) for normalization 

experiments. Hybridization buffer contains 4× SET buffer [20× SET stock: 3 M NaCl, 

0.60 M Tris-HCl (pH 8.3), 0.02 M NaEDTA (pH 8.0)], 10× Denhardt’s, 50% formamide. 

The total volume of reaction was 50 µl. To guarantee a uniform moistening of the slide 

surface and prevent evaporation, the sample was covered with a coverslip. Washing 

was done routinely with 2× SET (0.1% SDS) for 5 min and 1× SET (0.1% SDS) for 10 

min at room temperature in 50 ml SARSTEDT tubes. Spin-dried slides (1000 rpm, 1 

min, room temperature) can be scanned immediately or stored in dark at 4°C (-20°C 

for reservation). 

 

3.8.6 Scanning 

 

Hybridized arrays were scanned with a GenePix4000 laser scanner (Axon, Union 

City, CA). Laser lights of wavelengths at 532 and 635 nm were used to excite Cy3 dye 

and Cy5 dye, respectively. The features (spots) were aligned to the feature-indicators 

automatically with GenePix Pro 3.0 software (Axon). Manual alignment was carried 

out for those features that were not aligned accurately. Fluorescent images were 

captured with a resolution of 10 µm in multi-image tagged image file format at the 

same laser power (unless stated otherwise, pmt 600 for wavelength 635 nm and pmt 

800 for wavelength 532 nm) and sensitivity level of the photomultiplier for each slide. 
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Therefore, absolute signal intensities (arbitrary units) presented for independent 

experiment could be directly comparable.  

 

3.8.7 Microarray data analysis 

 

Fluorescent image were analysed with GenePix Pro 3.0 software (Axon). Microsoft 

EXEL, and GraphPad Instat were used for statistical analysis and data presentation. 

The quality control criteria was set up as following: For positive spots, >90% of pixels 

of the spot should show > 2× standard deviation [SD] + background signal; negative 

control spots should show < 2× standard deviation [SD] + background signal; the 

standard deviation should be within 25% of mean signal. Mean values (with 

background subtracted) were used to calculate the absolute (average) signal intensity 

and standard deviation of all duplicated spots.  

Signals were considered positive if values were above zero after local background 

correction. This strategy for assessing the reliability of positive spots was possible 

because nonspecific binding of labelled target molecules to the slide surface was not 

observed for regions where oligonucleotides were deposited, ultimately resulting in 

negative measurements for these spots, which were considered zero. We foresee no 

biases on individual spots by this method because in general we had homogeneous 

background noise. Otherwise, experiments were not considered. All probes were 

deposited normally in replicate spots. Each data point shown represents the 

arithmetic mean of the replicates analyzed for one probe. Error bars indicate the 

standard deviation for the analyzed replicates.  Pictures of representative arrays 

were modified in Adobe Photoshop 7.0 only for presentation purposes and the level 

adjustments did not have any effect on our conclusions, since quantification was 

based on the original images. 

Comparing the data from different microarray experiments is a non-trivial task. Small 

variations in the many steps that produce a microarray image can make comparison 

across microarrays problematic. Variability in the data from many microarrays can be 

corrected for either in the analysis stage or in the acquisition stage of an experiment. 

In the analysis stage, normalization of the data from each microarray was done to 

improve comparisons across many microarrays. Unless stated otherwise, signal of 

positive control oligonucleotide (Table 4.3) was used as a quality and quantity 

standard when comparison between slides was needed (e.g. quantification). This is 

based on the assumption that same amount positive control oligonucleotide should 

have similar hybridization performance and the difference between signals of this 
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oligonucleotide could reflect the difference between many microarray slides. The 

signals of positive control oligonucleotide from different microarrays were first 

normalized to a same level and ratios for different slides were calculated according to 

this normalization. Signals from other probes were then normalized with the ratios of 

different microarray slides. Universal probe, when it is available, was employed as 

internal control. This is based on the premise that the universal probe could hybridize 

with all corresponding targets at the same efficiency. Mean values of different probes 

(with background subtracted) from GenePix were taken and normalized to that of the 

universal probe. For each probe, the average of these values from all the positive 

spots was taken as an estimate of the relative abundance of the given sequence in 

the artificial mixture. 
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4 Results 

The performed study is distributed into six sections. Under section 4.1, bioinformatic 

analysis including nifH sequences retrieval, processing, alignment and phylogenetic 

analysis are carried out. A database of nifH gene sequences has been constructed 

comprising all unique sequences from GenBank up to December 2002, plus the 

sequences of environmental clones from this and previous studies in this lab. Section 

4.2 deals with the fabrication and optimization of the glass-based oligonucleotide 

microarray. Specificity and sensitivity of oligonucleotide microarray were discussed 

with a reference set of targets and probes. Criteria for oligonucleotide design were 

evaluated. The effect of position of labelling (POL) was observed having prominent 

effects on the signal intensity and has been evaluated and considered for subsequent 

probe design and microarray analysis. In section 4.3, a primary nifH-phylochip 

including 56 oligonucleotides was designed based on the sequence alignment, 

phylogenetic analysis and the determined criteria. The resulting set of 56 

oligonucleotide probes was validated with a reference set of five strains and eight 

environmental clones. In section 4.4, the potential of quantification for the developed 

primary nifH-phylochip is in focus. The quantification feasibility was evaluated with 

single target, mixed targets and targets from environmental samples. Section 4.5 

describes the pioneer application attempts with the developed oligonucleotide 

microarray, dealing with studies of diazotrophic colonization of roots of different rice 

species using the microarray method, and monitoring the diversity (DNA level) and 

activity (mRNA level) of nitrogen-fixing prokaryotes inside environmental rice  

samples. In section 4.6, the performance of an inosine-oligonucleotide based 

nifH-Q-chip was evaluated for simultaneous detection and quantification of major nifH 

clusters. 

 

4.1 Bioinformatic analysis based on nifH gene sequences 

 

A general database of nifH could not only facilitate the work in this study but also 

provide valuable information for the researchers in the field of nitrogen fixation. The 

bioinformatic analysis is pointed to the sequences management and the phylogenetic 

analysis, to which oligonucleotide design was referred. The alignment is essential for 
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discovering the characteristics of different nifH lineages, thus it was performed in 

parallel with different programs and criteria, online and locally, automatically and 

manually. Nitogenase gene (nifH) sequences were aligned on DNA and protein level. 

The protein alignment was used to realign the nucleotide sequences and draw a 

“universal” phylogenetic tree of NifH. 

 

4.1.1 Sequence retrieval and alignment 

 

The public sequences were retrieved from GenBank. Three-time retrievals were 

conducted by keywords search (nifH, anfH and vnfH) on December 31, 2001, 

December 31, 2002 and December 31, 2003, with 932, 1277 and 2084 raw 

sequences obtained respectively. Sequences from the first retrieval were included in 

the design of the primary nifH-phylochip. The second retrieval is used here as an 

example to describe the whole process and the sequences from this time were used 

to design the further refined nifH-phylochip. 

All retrieved sequences were saved as FASTA format and modified to keep only the 

accession numbers and the sequences. All sequences containing ambiguous base 

were deleted from the database. A fast alignment was done with MultAlin (Corpet, 

1988) with the following parameters: Blosum62 symbol comparison table (Henikoff 

and Henikoff, 1992), gap penalty at extremities (no penalty is charged for terminal 

gap). The raw alignment was imported into GeneDoc to abstract the conserved region. 

The nifH universal primers (Table 3.3, Z-nifH primers) were used to locate the 

conserved region by the “find” function in GeneDoc. The homologous region between 

the universal primers was copied to a new project with all gaps removed and then 

translated into protein. From this protein dataset sequences lacking more than one 

amino acid or with ambiguities were deleted. On another hand, in the DNA dataset 

sequences with ≤ 0.3% (1 base pair) sequence differences inside the groups were 

screened manually, only one of these similar sequences was left when they were from 

the same collection attempt, because it was highly possible that they were from the 

repeated sequencing of clones with the same insert. All these operations resulted in a 

dataset of 935 partial nifH DNA sequences. The final dataset included these 935 

partial nifH DNA sequences from GenBank, plus 23 partial sequences (10 DNA and 

10 RNA clone sequences from environmental samples plus 3 sequences of cultured 

bacteria) from this study and 93 (RNA sequences from environmental samples) from 

previous studies in this lab. Furthermore one sequence of a nifH-like gene encoding 

chlorophyllide reductase (frxC; GenBank accession D00665), which has been used 
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as a root in previous phylogenetic analysis (Chien and Zinder, 1994), was added to 

serve as an outgroup reference in this study. All 1051 nifH and frxC DNA sequences 

were translated into protein. The translation was corrected manually and the protein 

sequences was used for more accurate alignment with ClustalX 1.83 (Thompson et al., 

1997) with gonnet series protein weight matrix. This alignment was imported into 

GeneDoc to resort and re-gap the DNA alignment with the “ReGap DNA Project” 

function. Since the third base of a codon is a degenerated base, bias could occur due 

to this wobble base when using DNA sequence for phylogenetic study. Therefore, the 

re-gapped DNA alignment was only used for oligonucleotide design, and the protein 

alignment was used for the phylogenetic analysis. 

 

 

4.1.2 Phylogenetic analysis and nifH distribution within habitats 

 

The phylogenetic tree was inferred from a manually refined alignment by a minimum 

evolution analysis using a Poisson correction distance matrix with MEGA 2.1 (Kumar 

et al., 2001). The statistical significance of the branching pattern was estimated with 

the interior branch test implemented in MEGA 2.1 using 1025 bootstrap replicates. 

Mean pairwise distances were estimated with MEGA 2.1 using a Juke Cantor 

correction. A nifH “universal” radial phylogenetic tree is shown in Figure 4.1. A detailed 

phylogenetic tree of 1051 deduced NifH amino acid sequences was finally used as a 

reference for oligonucleotide design. 

The question of how diazotrophs are distributed across ecosystems and habitats can 

be investigated now that there is an extensive dataset of nifH genes. Table 4.1 depicts 

the distribution of nifH genes of uncultivated prokaryotes obtained from different 

habitats and the classification of nifH genes from cultivated prokaryotes. 

Four major clusters could be classified by the NifH (translated from nifH)  

phylogenetic analysis. Referring to the nifH sequences from cultivated prokaryotes, 

Cluster I in the radial tree corresponds to the conventional nifH sequences from 

proteobacterial clades (α, β, γ & ε), cyanobacteria and a newly proposed Ω-cluster 

(Hurek et al., unpublished data). Sequences grouped in Cluster I are from many 

environments, consistent with the widespread distribution of proteobacteria (purple 

bacteria) and cyanobacteria. Cluster II is a mixed cluster mainly representing second 

alternative nifH gene (from no-molybdenum-, non-vanadium-containing  

nitrogeneases) and relatively few alternative nitrogenase gene sequences of this 

cluster have been obtained from the environment. Cluster III includes sequences  
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from sulfate reducers (δ proteobacteria) and most gram-positive bacteria. Cluster IV 

are divergent sequences that may not be derived from active nitrogen fixing 

prokaryotes. 

 

Table 4.1 nifH distribution in clusters and habitats. 
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Cluster-I 486 × × × × × ×   × × ×  51 11 21  1  7  42 7  

Cluster-II 38    ×      ×  × 1  1 1  7    4 1 

Cluster-III 255  ×  × × × × ×  × ×     8  3  2  10 6 

Cluster-IV  75                       ×            14         3 

 

a 
Clusters were referred to the NifH phylogenetic analysis based on protein alignment (Figure 4.1) 

b 
Uncultured environmental nifH sequences were counted according to the habitats. Twelve habitats were 

included as Antarctic lake ice cover (Olsen et al., 1998), Lake (Zani et al., 2000; MacGregor et al., 2001), 
Oligotrophic oceans (Zehr et al., 1998; Zehr et al., 2001), Estuary (Affourtit et al., 2001; Burns et al., 
2002), Marsh (Lovell et al., 2000; Lovell et al., 2001), Seagrass (Bagwell et al., 2002), Microbial mat 
(Zehr et al., 1995; Steppe et al., 1996; Steppe and Paerl, 2002), Stromatolites (Steppe et al., 2001), 
Forest soil (Widmer et al., 1999; Rösch et al., 2002), Plant root (Ueda et al., 1995; Engelhard et al., 2000; 
Hurek et al., 2002; Hamelin et al., 2002; Hamelin et al., 2002), Marine invertebrate (Braun et al., 1999) 
and Termite (Ohkuma et al., 1996; Noda et al., 1999). 
c 
Proteobacteria are presented at the subdivision level due to the extensive sequence representation of 

this division. 
d 

Some strains composing of multiple nifH copies or alternative nifH genes may appear in different 
clusters. 
e
 Habitats where nifH mRNA studies were performed. Publications of the related work were underlined. 

 

Table 4.2 Strain-level identity of environmental nifH phylotypes with cultivated 

microorganisms 

Cultivated microorganisms Environmental phylotypes (origin) 

AF216882 (Azospirillum lipoferum) AF414623 (seabed grass) 

M64344 (Azospirillum brasilense) AF389742 (dead biomass of Spartina alterniflora) 

M63691 (Klebsiella sp.) U43445 (Tomales Bay) 

M20568 (Azotobacter vinelandii) C3 4 7NB* and G6 4 7 NB* (Kallar grass from Namibia) 

AF325791 (Spirochaeta aurantia) AB083575 (gut of Coptotermes formosanus) 

AF300829 (Synechocystis sp. WH8501) AY100520 (tropical North Atlantic Ocean) 

AF200742 (Azoarcus sp. BH72) AY231505, AY231506, AY231508, AY231509 (Kallar grass) 

* nifH mRNA sequence retrieved from roots of Kallar grass (T. Thünen, unpublished data) 
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Figure 4.1  Unrooted radial NifH phylogenetic tree indicating major clusters of NifH 
sequences (translated from nifH sequences), in which groups I to IV as defined by Chien and 
Zinder, 1994. The Ω and φ clusters were named after Oryza and fresh water, respectively, where nifH 
sequences have been first retrieved from (Hurek et al., unpublished data). The phylogenetic tree was 
inferred by a minimum evolution analysis of 198 cultivated prokaryotes and 854 unidentified microbes in 

the natural environment. Interior branch test support ≥ 94% was given for major clusters. Terminals 
representing NifH sequences from cultivated organisms were labelled with a circle according to 
taxonomic affiliation. Distinct clusters were labelled separately, and the mean pairwise distance (d)  
within the cluster was given. 
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From the 1051 different nifH sequences available up to December 2002, 19% 

represent cultured and 81% uncultured prokaryotes, which are from environments as 

diverse as the termite gut, marsh, plant root and the oligotrophic oceans (Table 4.1).  

A comparison of these sequences revealed that only 7 cultivated microorganisms 

(0.7%) are unequivocally (strain-level identity, 99 ~ 100%) represented by 

environmental nifH phylotypes (Table 4.2), which clearly indicated the necessity of 

including the nifH sequences of uncultured prokaryotes for the design of 

nifH-phylochip. 

 

4.2 Optimization of protocols 

 

 

Figure 4.2 Schematic representation of probe positions on the target. nifH Z-fragment of 
Azoarcus sp. BH72 was used as the target. The regions harbouring primers for amplification by PCR are 
shown as dot lines. Probes are listed in Table 4.3. Short lines indicate the regions where the probes  
were selected, e.g. S20(6A) was designed from the region between 20-36 nt of the sense strand 

(Positions were listed in Table 4.3). The labelling is always located at the 5′ end of the strand and shown 
as a star. 

 

Microarray operation includes multiple steps known as probe design, microarray 

fabrication, target preparation, hybridization and washing, signal acquisition and 

analysis. It has been shown in previous applications that the protocols of microarray 

experiments are rather variable due to different purposes or platforms. Based on the 

experiences from other microarray studies, a fast and applicable primary platform for 

nifH-phylochip was designed with optimised protocols for separated steps. During 

optimization, nifH gene of Azoarcus sp. BH72 (AF200742) was used as a main  

model for analysis (Figure 4.2). Other nifH sequences used were listed in Table 4.6. 

Probes used for optimization were designed according to the nifH-conserved region 

 Z-fragment [amplified with nifH universal primers (Zehr and McReynolds, 1989), 
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referred to for simplicity as Z-nifH primers in the following context] of these sequences 

and listed in Table 4.3 & Table 4.6, respectively. 

 

Table 4.3 Optimization probes targeting the Azoarcus sp. BH72 nifH Z-fragment. 

Modification Probes
a
 Sequences (5-3 ) b

 Tm(°C)
c
 Length(nt) Position

d
 

 Positive control AAAAAA CCGCGGCGGCTGGCACGTAG 80 20  

5'Aminolink (no spacer) A307 GGGCCTTGTTTTCGCG 65 16 307-322 

5'Aminolink (6A spacer) A1(6A) AAAAAA TCAGCCTTCGGGTCGCA 68 17 1-17 

 A4(6A) AAAAAA GAGTCAGCCTTCGGGTC 68 17 4-20 

 A8(6A) AAAAAA GGTGGAGTCAGCCTTCG 68 17 8-24 

 A14(6A) AAAAAA CAGACGGGTGGAGTCAG 68 17 14-30 

 A20(6A) AAAAAA GAGGATCAGACGGGTGG 68 17 20-36 

 A64(6A) AAAAAA CTTCAGCGGCCAGGTG 68 16 64-79 

 A114(6A) AAAAAA GAAGCCGACCGACAGG 68 16 114-129 

 A188(6A) AAAAAA GGCGGTGATAACGCCAC 67 17 188-204 

 A235(6A) AAAAAA GAAGTCGAGTTCGTCGTC 65 18 235-252 

 A307(6A) AAAAAA GGGCCTTGTTTTCGCG 65 16 307-322 

 S20(6A) AAAAAA CCACCCGTCTGATCCTC 68 17 327-343 

 S114(6A) AAAAAA CCTGTCGGTCGGCTTC 68 16 234-249 

 S307(6A) AAAAAA CGCGAAAACAAGGCCC 65 16 41-56 

5'Aminolink (12A spacer) A20(12A) AAAAAAAAAAAA GAGGATCAGACGGGTGG 68 17 20-36 

 A307(12A) AAAAAAAAAAAA GGGCCTTGTTTTCGCG 65 16 307-322 

3'Aminolink (6A spacer) A20(6A)3' GAGGATCAGACGGGTGG AAAAAA 68 17 20-36 

 A307(6A)3' GGGCCTTGTTTTCGCG AAAAAA 65 16 307-322 

 

a
 Probes were named in such a way: A and S represents antisense reverse and sense probes 

respectively, A20 is just the reverse complementary oligonucleotide according to S20, and so on; The 

number behind A and S represents the starting nucleotide number (from 5′ end) of the sense probes 

according to the sense strand of Z-fragment; (6A) and so on represents the spacer length, 3′ means the 

oligonucleotide is amino-modified on the 3′ end, otherwise on the 5′ end. 
b
 Oligonucleotide sequences shown are reverse complementary to the binding region of the 

corresponding target sequences. 
c
 Tm values were calculated with MELT 1.1.0 (Jo P. Sanders) at the presumed salt concentration of 

600 mM. 
d
 Positions of the probes were shown according to the binding regions on the corresponding targets. 

Binding positions of sense probes on the antisense target were shown in italics. 
 
 

4.2.1 Optimization of PCR and target preparation 

 

4.2.1.1 Assessment of the primers 

 

Since the method is still PCR dependent, it is necessary to assess the effectiveness  

of the primers. Z-nifH primers have been shown to amplify fragments of distantly 

related diazotrophs with equal efficiencies in many independent studies (Zehr and 

Capone, 1996; Zehr et al., 1998; Engelhard et al., 2000; Hurek et al., 2002; Tan et al., 
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2003). During the database construction in this study, they were evaluated again by 

blasting them against all retrieved sequences with the “Find” function in GeneDoc. 

Except those that are too short or not inside the region between Z-nifH primers, more 

than 96% of the nifH sequences retrieved could be targeted by this universal primer 

pair. It was further proved in subsequent experiments that phylogenetically distantly 

related nifH genes could be proportionately amplified, which will be discussed in the 

following context. Based upon this, it could be predicted that the presence and the 

quantity of certain nifH amplicons could be interpreted as the existence and the 

abundance of the corresponding microorganisms. 

 

4.2.1.2 Protocol for single fragment amplification 

 

Z-nifH amplicons from different templates (genomic DNA of different prokaryotes or 

plasmid DNA of cloned nifH) are around 360 bp. In order to avoid contamination 

during gel purification, PCR protocol was optimised to amplify a single fragment over 

a wide quantity range of templates. Genomic DNAs from Azoarcus sp. BH72, 

Azoarcus indigens VB32, Azoarcus communis SWub3 at the concentrations of 1, 10, 

50, 100 ng were added to the PCR mixtures containing 5 µl of 10× G-Taq buffer 

(Thermus Bioscience, Hude, Germany), 10 µl of mixed deoxynucleotide triphosphates 

(500 µM each), 0.5 µl of each Z-nifH primer (50 µM), 1 U of G-Taq DNA polymerase. 

50µl reaction mixtures (complemented with DNase and RNase free water) were 

amplified for one denaturation step (95°C for 90 sec), followed by 35 cycles at 95°C 

for 1 min, 57°C for 2 min, 72°C for 2 min, and a final extension cycle at 72°C for 10 

min. The amplicons were confirmed on 2% agarose gel. From different amount of 

templates single fragment could be amplified. According to the λ DNA PstI size marker, 

nifH amplicons consisted of a fragment slightly larger than 339 bp. Additional work 

showed that 20 ng of plasmid is the optimal template amount for nifH amplification. It 

was also observed that when large amount of template was used, such as more than 

100 ng of bacterial genomic DNA and more than 50 ng of plasmid DNA, multiple 

fragments with different lengths could be amplified (data not shown). 

 

4.2.1.3 Labelling target DNA by PCR amplification 

 

Several alternative labelling approaches were tested for target preparation including 

direct incorporation of Cy- or Fluorescein-labelled dNTP [Cy5-dATP (Pharmacia 

Biotech, USA) and Fluorescein-12-dUTP (Boehringer, Mannheim, Germany)] into 
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dsDNA during PCR (random labelling), application using a Cy-labelled primer for 

terminal labelling and a biotinilated primer for the generation of labelled ssDNA targets 

via subsequent separation of two strands using streptavidin coated magnetic particles 

(end labelling). For random labelling of the PCR products, different ratios of labelled 

dUTP/dATP inside mixed dNTPs were tested to ensure the labelling efficiency. The 

most efficient labelling was achieved with ¼ dTTP/dATP exchanged by 

Fluorescein-12-dUTP or Cy5-dATP, respectively, because the best microarray 

hybridization results were obtained with these labelled targets (data not shown). 

Unexpectedly, when same amount of ssDNAs were applied for the hybridization onto 

the same array, the random labelled targets did not show higher signal intensity and 

better quality (standard deviation) than the end labelled targets did (Figure 4.4 and 

Figure 4.15), the targets labelled with Cy5-dATP gave even worse hybridization with 

lower signal-to-noise ratio (data not shown). Since Cy-end labelling is economical and 

had successful performance, it was finally chosen to be used in the following 

experiments. 

 

 

4.2.1.4 Comparison of hybridization efficiency between ssDNA and 

dsDNA 

 

When dsDNA is used for microarray hybridization, only one strand serves as the 

target while the other competes with the immobilized probes and therefore is regarded 

as the interfering strand. Previous studies on the differences of hybridization efficiency 

between dsDNA and ssDNA demonstrated the advantages of ssDNA mainly on two 

aspects: (i) less complex secondary structure, (ii) no influence of duplex renaturation, 

both leading to the accelerated duplex-forming rate between ssDNA and immobilized 

oligonucleotides. 

To examine the differences of hybridization efficiency between dsDNA and ssDNA,  

comparisons were performed with same amount (70 nM) of Cy3-labelled dsDNA and 

ssDNA target, which were either used directly for hybridization or denatured before 

hybridization (95°C 10 min, ice cooling for 3 min). The sense strand of Azoarcus sp. 

BH72 nifH Z-fragment was labelled with Cy3. Part of the amplicons (dsDNA) was 

used for ssDNA isolation as described previously with the Streptavidin Magnetic 

Particles (Roche, Germany). Concentrations of dsDNA and ssDNA were measured 

accurately with UV spectrophotometer. Three complementary probe pairs, three 

targeting the sense strand  [A20(6A), A114(6A), A307(6A)] and three targeting the 
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antisense strand [S20(6A), S114(6A), S307(6A)], were chosen for comparison (Table 

4.3). 
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Figure 4.3 Comparison of hybridization efficiency between dsDNA and ssDNA. Cy3-labelled 
dsDNA and ssDNA of the Azoarcus sp. BH72 nifH Z-fragment were used as targets. Probes used are 
listed in Table 4.3. The height of the histograms represented the normalized average signal intensities of 
eight replicated spots with background subtracted. Normalization was done with positive control 

oligonucleotide as a standard. The right figure demonstrates the triplex structure. Label at the 5′ end  of 
the sense strand was shown as a star. 

 

The denatured ssDNA target generated highest signal intensity after hybridization. 

The denaturing step had no significant effect on the signal intensity of ssDNA 

hybridization, while the signal from denatured dsDNA was 3 fold higher than that from 

dsDNA without denaturing. The signal intensity of denatured ssDNA was about 3.4 

fold higher than that of denatured dsDNA according to probe A20 (6A). When dsDNA 

was used as targets, one probe [S20(6A)] which was designed for the antisense 

strand showed a signal, whereas no signal was measured from this probe when 

ssDNA was used for hybridization. This could be due to the formation of a triplex 

structure  the unlabelled antisense strand hybridized with this probe and the 

labelled sense strand simultaneously (Figure 4.3), which indicated that the  

application of ssDNA not only lead to accelerated reaction rate and enhanced 

sensitivity, but also prevented unreliable hybridization events. The secondary 

structure of ssDNA under the applied hybridization conditions (condition 5 in Table 4.7) 

was shown and discussed in the following section. 

 

4.2.1.5 Effect of thermocycler and reamplification 

 

One environmental sample (roots of Oryza longistaminata sampled in Namibia on 

March 2002, sample 2NB in Figure 3.2, see section 4.5.2 for details) was chosen to 
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examine the potential differences caused by thermocycler or reamplification attempts. 

RNA was extracted and reverse transcribed into cDNA as described previously. Same 

amounts of cDNA were used as template for PCR with different thermocyclers (Primus 

25 PCR system, MWG Biotech, Ebersberg, Germany; Biometra T-Gradient 

Thermoblock, Biotron, Göttingen, Germany; Techne Progene thermal cycler, Techne 

Ltd., Cambridge, UK). The same PCR program was used for all tested thermocyclers. 

After amplification and confirmation on the gel, the successful amplicons were used 

as templates for reamplification with the same thermocycler used for the first step. 

Cy3 was used for labelling dsDNA during amplification and reamplification. 

Cy3-labelled ssDNAs were used for hybridization with the primary nifH-phylochip 

comprising 56 oligonucleotides (see Table 4.9 for details). There was no significant 

difference among PCRs from different thermocyclers, similar patterns (identity and 

quantity of the positive probes) were obtained after hybridization (one of the 

hybridization image from the product of the primus thermocycler was shown in Figure 

4.39). However, only the probes that showed strong signals in the first hybridization 

event after the first amplification hybridized again with the reamplified targets, while 

oligonucleotides with weak hybridization signals in the first experiment did not 

hybridize to the reamplified target (data not shown). This indicated that although there 

is no bias in the amplification step using different thermocyclers, it does exist during 

the reamplification step (see detailed discussion in 4.5.2). 

 

 

4.2.2 Microarray fabrication 

 

 

4.2.2.1 Spotting parameters 

 

When using the piezo-driven spotting device Robodrop (BIAS, Bremen, Germany), 

spotting parameters were referred to previous applications (Benters et al., 2002) 

except that glycerol (1% v/v in DNase and RNase free dH2O) was selected as the 

printing buffer because it did not dry out during long spotting rounds and provided 

uniform spots on the slides. Standard deviations in signal intensities between 

replicated spots were 10-15% as opposed to 20-30% for arrays printed from 3× SSC 

or H2O. Spotting was done with a single pin to avoid variations inherent in spotting 

with multiple pins. Typically, volumes of 250 pl were deposited resulting in a spot area 

with a diameter of 250 nm. 
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For MicroGrid II Compact 400 (BioRobotics, UK), spotting parameters were referred 

to the manual from the manufacturer except that glycerol (1% v/v in DNase and 

RNase free dH2O) was selected as the printing buffer. Pre-spotting was done to 

generate uniformed microarray features. Probes were normally spotted with eight 

duplicated features (from spot 5 to spot 12, the first 4 spots are used as pre-spot). The 

volume and the spot size were adjusted to about 200 pl and 200 nm (∅). 

It was reported previously that the probe density (Peterson et al., 2001) and the 

feature size (Bier and Kleinjung, 2001) have considerable effects on the microarray 

hybridization. In this study, repeated hybridizations were done on the microarrays 

spotted with both devices, similar results were obtained for the optimization 

experiments and the following applications. 

 

4.2.2.2 General steric hindrance 

 

Steric effects consist of (i) interference of the solid support on the hybridization 

properties of the immobilized oligonucleotides and (ii) steric hindrance resulting from 

the crowding of immobilized oligonucleotides. Many independent studies have shown 

that they can seriously hinder the accessibility of immobilized oligonucleotide probes 

on both nylon and glass supports (Gou et al., 1994; Shchepinov et al., 1997; Brown 

and Anthony, 2000; Peplies et al., 2003). These effects can be partially mitigated by 

the application of spacer molecules.  

Poly(A) spacers of different lengths (none, 6-mer, and 12-mer) were tested on probes 

S20, A20, S307 and A307 (Table 4.3). As shown in Figure 4.4, a C6 amino linker and 

an extra six adenosine residues at the 5′ end provided optimal spacing; addition of 

further adenosine residues (12A) had no significant effect on the hybridization 

capacity (accessibility) of the oligonucleotides tested. Unless otherwise stated, the 6A 

spacer at the 5′ end was used to modify all the oligonucleotides in the following 

experiments. 

 

4.2.2.3 Orientation of the immobilized probe 

 

Experiments on probe orientation with nifH probe set for Azoarcus sp. BH72 showed 

predominant effects on signal intensity between the same probe with different 

immobilizing orientations (5′ and 3′). Cy3- and Cy5-labelled sense strand ssDNA of 

nifH Z-fragment of Azoarcus sp. BH72 were used to hybridize with the antisense 

reverse probe set including A20(12A), A20(6A), A20(6A)3′, A307, A307(12A), 
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A307(6A), A307(6A)3′ and A114(6A). Similar results were obtained as shown in 

Figure 4.4 and Figure 4.7. Compared to the related 5′ immobilized probe A307(6A), 

the 3′ immobilized probe A307(6A)3′ showed either no hybridization signal (false 

negative) or a much lower signal (more than 15 fold) in repeated experiments. 

Interestingly, there were almost no difference between another probe pair selected 

from a different region [A20(6A) and A20(6A)3′], where a similar steric hindrance for 

A20(6A) and A307(6A)3′ would be expected. Similar phenomenon was also observed 

in a previous study (Peplies et al., 2003), but in another way, the 3′ end immobilized 

probes produced slightly higher signal intensities. The observed differences between 

the 5′ and 3′ immobilized probes are not yet fully understood but are likely due to a 

combination of effects, including differences of accessibility, secondary structure or 

some undefined factors. 

 

 

 

Figure 4.4 Hybridization of Cy3-labelled sense strand ssDNA of the Azoarcus sp. BH72  nifH 
Z-fragement with the nifH antisense reverse probes. (A) Quadruplicate spots of each probe were 
shown in every block with the probe names indicated below. Probes are listed in Table 4.3; (B) 
Schematic hybrids of different probes and target were shown in the same order as the hybridization 
image in panel A. The spacers of the probes are shown as dashed lines, probes were shown as solid 

lines. The stars represent the labels on the 5′ end of the target; (C) Analysis of the hybridization signals 
was done as described in the Material and Methods section. The height of the histograms represents the 
average fluorescence pixel intensity of all duplicate spots with background subtracted. 
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4.2.3 Effects related to the position of labelling (POL) 

 

All microarray-based techniques for the analysis of DNA variation are based directly 

or indirectly on the hybridization of complementary strands of DNA (Mir et al., 1999; 

Southern et al., 1999). It has been well recognized that some probes from certain 

regions did not hybridize to their perfect-match targets. Dramatic differences in duplex 

yield arising from different regions of the target were observed in this and many other 

microarray applications (Southern et al., 1994; Milner et al., 1997; Small et al., 2001; 

Loy et al., 2002; Peplies et al., 2003; Chandler et al., 2003). False negative signals 

were confronted in these studies and attributed mainly to signal-suppressing 

parameters such as secondary structure of the target molecules and steric hindrance, 

selectively acting for different probe binding sites. However, relatively few efforts have 

focused on examining how the position of labeling (POL) and the target-probe binding 

pattern, specifically the relative distance between the hybrids and the terminal 

labeling (DHL), influences the signal output. 

For further probe design and the comparison of signals from diverse probes, it is 

necessary to define the correlation between the signal intensity and the probes from 

different positions, because the low signal of a probe could be caused not only by low 

abundance of the perfact-match target but also by the low efficient exhibition of its 

fluorescent signal. Comparison of the binding patterns between different 

surface-bound probes provide important insight into how hybridization at interfaces 

may be different from solution-phase duplex formation, and may also lead to the 

development of improved probe design methodologies and immobilization strategies 

for microarray applications. 

 

4.2.3.1 Secondary structure of the targets 

 

Comparing to classical liquid and membrane hybridization, microarray hybridization is 

a reverse reaction on solid surface, the lack of detailed information on the 

thermodynamics of hybridization in such condition made it cumbersome to predict the 

effects of further factors on the behavior of a given oligonucleotide probe. In order to 

illustrate the effect of POL and DHL, other factors were analyzed showing the extent 

of their influences and the correlation with POL and DHL. 

First of all, secondary structures of the used targets (sense and antisense strands of 

the Azoarcus sp. BH72 nifH Z-fragment) were analysed with a online tool  Mfold 

version 3.1 (Zuker, 2003. http://www.bioinfo.rpi.edu/applications/mfold/old/dna/). 
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Since it has been demonstrated that Tm decrease linearly by approximately 

−0.6°C/volume fraction (×100) formamide (Casey and Davidson, 1977; Hutton, 1977), 

50% formamide in the applied hybridization buffer (condition 5 in Table 4.5) would 

equal to about 30°C difference of temperature and the hybridization condition could 

be regarded as at 55°C (25°C+30°C) with 0.6 M Na+. The program was designed for 

the folding of RNA, and G/T pairs are obtained after folding. However, this did not 

hinder the comparison between the secondary structure of both strands.  

Although the sense and antisense strands of the Azoarcus sp. BH72 nifH Z-fragment 

did not show exactly the same folding pattern (data not shown), the secondary 

structure in the binding regions of two probe sets [S20(6A), S114(6A), S307(6A) and 

A20(6A), A114(6A), A307(6A)] was still comparable with each other (Figure 4.5). The 

complexity of secondary structure at the binding region could reflect the accessibility 

of probes to the target, as well as the stability of the formed duplex, and thus the 

hybridization signal. Therefore it could be anticipated that secondary structure effects 

would result in similar hybridization efficiencies of probes S20(6A) and A20(6A) or 

S307(6A) and A307(6A), respectively. 

The base pair compositions in the binding regions of different probes was shown in 

Table 4.4. The probes from different regions showed different numbers and types of 

base pairs. S307(6A) has 9 G/C pair and 3 A/T, the binding region of S114(6A) is a 

loop structure, S20(6A) has 9 G/C pair and 3 A/T; A307(6A) has 5 G/C pair and 3 A/T, 

A114(6A) has 9 G/C pair and 3 A/T, A20(6A) has 7 G/C pair and 2 A/T. Theoretically, a 

G/C pair is more stable than a A/T pair, and the region with more G/C pairs should be 

more difficult for the probe to access due to the stable secondary structure. 

 

Table 4.4 Base pair compositions in the binding regions of different probes 

Probe
a
 Binding region

a
 Number of G/C pair

b
 Number of A/T pair

b
 

A20(6A) 20-36 on the sense strand 5 3 

A114(6A) 114-129 on the sense strand 9 3 

A307(6A) 307-322 on the sense strand 7 2 

S20(6A) 327-343 on the antisense strand 5 3 

S114(6A) 234-249 on the antisense strand 0 0 

S307(6A) 41-56 on the antisense strand 9 3 

 

a
 The names and the binding regions of all probes were referred to Table 4.3. 

b
 Numbers of G/C and A/T pairs were counted according to the folding structures in Figure 4.5. G/T 

pairs was not considered. 
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Figure 4.5  Schematic secondary structures of the binding regions of different probes. 
Folding of the targets (the sense and antisense strands of nifH Z-fragment of Azoarcus sp. BH72) was 

done with a online program  Mfold version 3.1 under  the following parameters: [Na
+
] = 0.6M, 55°C. 

The binding regions were pointed out by the positions of the terminal nucleotides. Hydrogen bonds 
between the base pairs were shown as balls. 
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4.2.3.2 Hybridization of end-labelled single strand targets with short 

oligonucleotide probes 

 

End-labelled single strand targets were first used to analyse the effects of POL. The 

Azoarcus sp. BH72 nifH gene was used as template for PCR amplification. Both Cy5 

and Cy3 were used for labelling of either sense or antisense strand. The probe sets 

(Table 4.3) were designed according to the sense or antisense strand sequences of  

the Azoarcus sp. BH72 nifH Z-fragment. 

When Cy5-labelled antisense strand ssDNA was used as target to hybridize with 

sense oligonucleotides spotted onto the slide, the highest signal intensity was 

obtained from probe S307 (6A), 3.9 and 7.8 fold higher than the signal intensity of 

S20(6A) and S114(6A) respectively (Figure 4.6).  

 

 

Figure 4.6  Hybridization of Cy5-labelled antisense strand ssDNA of the Azoarcus sp. 
BH72 nifH Z-fragement with three nifH sense probes. (A) Duplicate spots of each probe were shown 
with the probe names indicated below. Probes are listed in Table 4.3; (B) Schematic hybrids of different 
probes and target were shown in the same order as the hybridization image. The spacers of the probes 

are shown as dashed lines, probes were shown as solid lines. The stars represent the labels on the 5′ 
end of the target; (C) Analysis of the hybridization signals was done as described in the Material and 
Methods section. The height of the histograms represents the average fluorescence pixel intensity of all 
duplicate spots with background subtracted. 

 

When Cy5-labelled sense strand ssDNA was used as target to hybridize with 

antisense reverse oligonucleotides spotted on the slide (Figure 4.7), there were still 

differences of signal intensity among A20(6A), A114(6A) and A307(6A), but the effect 
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was reverse. A20(6A) gave the highest signal intensity, about 3.2 and 3.7 fold more 

than the signal intensity obtained from A307(6A) and A114(6A) respectively; A20(6A) 

and A20(6A)3′ showed a similar signal, whereas the difference between A307(6A) 

and A307(6A)3′ was more than 15 fold. This comparison indicated that only the 

orientation effect could not explain the significant differences between the two probe 

pairs tested, in which case a steric hindrance due to the dangling end being close to 

the surface would be expected to be similar for probe A307(6A)3′ and A20(6A). It was 

also not possible to give a reasonable explanation for the dramatic signal differences 

of probes targeting different regions on the targets by the effects of secondary 

structure. As shown in Table 4.4 and Figure 4.5, S307(6A) has more complex 

secondary structure than S20 (6A) and S114(6A), while the hybridization signal of 

S307(6A) is the highest. 

 

 

Figure 4.7 Hybridization of Cy5-labelled sense strand ssDNA of the Azoarcus sp. BH72  nifH 
Z-fragement with the nifH antisense reverse probes. (A) Quadruplicate spots of each probe were 
shown in every block with the probe names indicated below. Probes are listed in Table 4.3; (B) 
Schematic hybrids of different probes and target were shown in the same order as the hybridization 
image in panel A. The spacers of the probes are shown as dashed lines, probes were shown as solid 

lines. The stars represent the labels on the 5′ end of the target; (C) Analysis of the hybridization signals 
was done as described in the Material and Methods section. The height of the histograms represents the 
average fluorescence pixel intensity of all duplicate spots with background subtracted. 

 

To exclude the possibility that the dye makes a difference, Cy3-labelled sense strand 
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strand ssDNA was used as target to hybridize with sense oligonucleotides (Figure 4.8). 

Similar results were observed as for Cy5-labelling. S307(6A) and A20(6A)  

generated the highest signals, of which the signal intensity was about 7 or 22 and 6 or 

12 fold higher than that of S20(6A) or S114(6A) and A307(6A) or A114(6A), 

respectively. 

 

 

Figure 4.8 Hybridization of Cy3-labelled antisense/sense strand ssDNA of the Azoarcus sp. 
BH72 nifH Z-fragement with the sense/antisense reverse probes. (A) Only one of the triplicate spots 
of each probe were shown with the probe names indicated below. Probes are listed in Table 4.3; (B) 
Schematic hybrids of different probes and target were shown in the same order as the hybridization 
image in panel A. The spacers of the probes are shown as dashed lines, probes were shown as solid 

lines. The stars represent the labels on the 5′ end of the target; (C) Analysis of the hybridization signals 
was done as described in the Material and Methods section. The height of the histograms represents the 
average fluorescence pixel intensity of all duplicate spots with background subtracted. 
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signal intensity was plotted against the distance between the probe and the terminal 

fluorescent label, a parabolic relationship was suggested. To verify this proposal, 

additional set of probes targeting another three regions of the sense strand of the 

Azoarcus sp. BH72 nifH Z-fragment was designed (Table 4.3 & Figure 4.2). Figure 

4.10 showed the variable signal intensities of six probes targeting different regions of 

Azoarcus sp. BH72 nifH Z-fragment. A parabolic relation could be obtained between 

signal intensity and probe position. However, since degenerated primers were used 
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included into the probe set. Additionally, only the sense and antisense strand of the 

Azoarcus sp. BH72 nifH Z-fragment were used as targets. Therefore, further 

experiments were carried out to elucidate the relation between signal intensity and 

probe position.  

 

 

 

Figure 4.9 Hybridization of Cy3-labelled sense strand ssDNA of the Azoarcus sp. BH72  nifH 
Z-fragement with six nifH antisense reverse probes targeting different regions. (A) Quadruplicate 
spots of each probe were shown in every block with the probe names indicated below. The probes are 
listed in Table 4.3; (B) Analysis of the hybridization signals was done as described in the Material and 
Methods section. The signal value represents the average fluorescence pixel intensity of all duplicate 
spots with background subtracted. The positions of different probes were shown beside the value 
markers.  

 

 

4.2.3.3 Relation between signal intensity and probe position 

 

In order to clarify the relation between signal intensity and probe position in more 

detail, different targets were chosen for comparison. The nifH gene of Azoarcus sp. 
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Z-nifH-f-BH72-Cy5 and Z307-nifH-r-BH72-Biotin (Table 3.3). Z-nifH-f-BH72-Cy5 is 

corresponding to the Z-nifH forward primer, Z307-nifH-r-BH72-Biotin has the same 

sequence as probe A307. Additionally, four probes, which have exactly the same 

features (e.g. length, Tm, G/C content, Table 4.3) with each other, were designed 

targeting the 5′ end of the sense strand. 
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Cy5-labelled sense strand of this shortened nifH Z-fragment (322 nt, referred to for 

simplicity as Z2-fragment in the following context) was used for hybridization with its 

probe set including 10 specific probes targeting different regions). As shown in  

Figure 4.10, probes tested previously showed similar signal intensity patterns as 

before, while four newly designed probes generated higher signals than probes from 

other positions did. Even a two-fold higher signal was obtained than the signal of 

A20(6A), which had shown the highest signal in previous experiments (Figure 4.4 & 

Figure 4.7) (Note: since the experiments were performed in separated periods, the 

signal intensities of different probes should only be compared on the same slide, but 

not between the slides). Probe A64(6A) appeared to be a distinguished point of signal 

intensity. Probes targeting upstream of it showed distinctly higher signals than probes 

from downstream. The difference of signal intensities between A64(6A) and the 

outermost probe A1(6A) was about 15 fold. The difference of signal intensity between 

A1(6A) (highest signal) and A188(6A) (lowest signal) was even more than 355 fold. 

This experiment strongly supported the observation that the signal intensity  

increased with decreasing distance of the heteroduplex to the labelled terminus of  

the target. 

 

 

 

Figure 4.10 Hybridization of Cy5-labelled sense strand of the shortened nifH Z-fragment 
[amplified with specific primers for Azoarcus sp. BH72 (Z-nifH-f-BH72-Cy5 and 
Z307-nifH-r-BH72-Biotin)] with ten antisense reverse probes targeting different regions. (A) 
Quadruplicate spots of each probe were shown in every block with the probe names indicated below. 
Probes are listed in Table 4.3; (B) Analysis of the hybridization signals was done as described in the 
Material and Methods section. The height of the histograms represents the average fluorescence pixel 
intensity of all duplicate spots with background subtracted. 
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To clarify whether the same signal variation pattern is also the case for much shorter 

targets, a further shortened target (209 nt, referred to for simplicity as Z3-fragment in 

the following context) was amplified with another specific primer pair (without 

degeneracy) for the nifH gene of Azoarcus sp. BH72  Z114-nifH-f-BH72-Cy5 and 

Z307-nifH-r-BH72-Biotin, which had exactly the same sequences as probes S114 and 

A307 respectively (Table 3.3). It was used for hybridization onto the same microarray 

bearing the same set of ten probes. As expected, the Cy5 labelled sense strand of this 

target hybridized only to the probes targeting the region between A114 ∼ A307 (Figure 

4.11); probes from other positions showed black holes (no signal, figure not shown). 

Comparing the signal intensities of the four positive probes revealed that A114(6A), 

which is targeting the 5′ end of the shortened sense strand showed the highest signal, 

5.2, 2.5 or 1.8 fold higher than the signals of A188(6A), A235(6A) or A307(6A) 

respectively. In contrast, when this probe was targeting the middle region of the whole 

nifH Z-fragment, it had shown an extremely low signal compared to the terminal 

probes targeting the larger fragments (Figure 4.4, Figure 4.6, Figure 4.7, Figure 4.8 

and Figure 4.10). The pattern of the signal intensity difference for this target is similar 

to the previous results from other targets. Thus, A114(6A), a probe of previous low 

detection efficiency resulted in high hybridization signals when the heteroduplex 

became close to the labelled terminus of the target. 

 

 

Figure 4.11 Hybridization of Cy5-labelled sense strand of the shortened nifH Z-fragment 
[amplified with specific primers for Azoarcus sp. BH72 (Z114-nifH-f-BH72-Cy5 and 
Z307-nifH-r-BH72-Biotin)] with ten antisense reverse probes. (A) Only positive signals were shown 
as four duplicated spots of each probe with the probe names indicated below. Probes are listed in Table 
4.3; (B) Analysis of the hybridization signals was done as described in the Material and Methods section. 
The height of the histograms represents the average fluorescence pixel intensity of all duplicate spots 
with background subtracted. 
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The parabolic relationship between signal intensity and probe position suggested in  

Figure 4.9 could not be supported any more by the additional datum in Figure 4.10 

and Figure 4.11. Based on the results from the later two experiments, the relation 

between probe position and signal intensity could be concluded as: probes targeting 

the label end of the target generate higher signals than probes from other positions; 

signals decrease when the probe shifts to the middle position of the sequence;  

probes targeting the middle region often have lower signals (Figure 4.12); signal 

intensity increases again after the middle point up to a level slightly higher than the 

lowest signal.  

 

 

 

Figure 4.12 Relation between probe position and signal intensity. (A) and (B) are corresponding 

to the datum in Figure 4.10 & Figure 4.11. Numbers of the starting nucleotide positions (5′) were shown 

to indicate the probe positions (see Table 4.3) 
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Referring to the secondary structure of the hybrid regions shown in Figure 4.5, no 

obvious features could be found in the sequence of nifH Z-fragment or the predicted 

secondary structure that can explain the variation in signal yield. It could be explained 

by the POL and DHL effect in such a way: when the POL is close to the hybrid (DHL is 

less) and the slide surface, higher signal intensities could be obtained. When the POL 

is distant from the hybrid (DHL is increased) or the slide surface, the signal is 

becoming relatively lower. Since the relation of signal intensity and POL effect provide 

a simple empirical method of selecting effective antisense oligonucleotides for any 

target of known sequence, a patent was filed concerning this new principle for 

oligonucleotide design (see section 5.3 for detailed discussion). 

 

4.2.3.4 Dual labelled duplex hybridize with short probes 
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Figure 4.13 Hybridization of Cy5 (ssDNA) and Cy3 (validation probe) dual labelled hybrids with 
the antisense reverse probe set. The marker represents the average fluorescence pixel intensity of all 
duplicate spots with background subtracted. Numbers of the starting nucleotide positions (counting from 

5′ end) were the same as the positions in Figure 4.11. 

 

A validation probe approach was used to check the POL effect on the hybridization of 

dual labelled duplex. Cy3-labelled probe A307 (5’-GGGCCTTGTTTTCGCG-3’) was 

first incubated with same amount of Cy5-labelled sense strand of Z2-fragment at  

95°C for 1 min, followed by six cycles of denaturation at 95°C for 1 min and  



Results  72 

annealing at 57°C for 2 min, which could form a duplex at the region of 307-322 nt on 

the sense strand of Z2-fragment. The dual labelled heteroduplex was used directly for 

hybridization onto the microarray bearing all antisense reverse probes except 

A307(6A). In all cases, the Cy3-labelled probe was lying on the slide surface. The 

signal of this probe could reflect the binding efficiency of all probes to the target. As 

shown in (Figure 4.13), the Cy5 signal pattern was similar as previous experiment, 

however, the Cy3 signal did not show variations as dramatic as immobilized probes 

did, indicating that the difference of binding efficiency between ten probes used was 

neglectable and could not explain the observed dramatic variation of signal  

intensities. 

 

4.2.3.5 End-labelled single strand target hybridize with 50mer probes 

 

To analyse whether the POL effect is specific for short oligonucleotide, four 50mer 

probes with similar features (Figure 4.14 and Table 4.5) from both ends of the targets 

were designed according to the Azoarcus sp. BH72 nifH Z-fragment and used for 

comparison. 

 

Figure 4.14 Schematic representation of the probe-target hybrid. nifH Z-fragment of Azoarcus sp. 
BH72 was used as the target. The regions harbouring primers for amplification by PCR are shown as dot 
lines. Probes are listed in Table 4.5. Short lines indicate the regions where the probes were selected, e.g. 
S19-68 was designed from the region between 19-68 nt of the sense strand. The labelling is always 

located at the 5′ end of the strand and shown as a star. 

 

Table 4.5 50mer probe set for nifH Z-fragment of Azoarcus sp. BH72. 

Modification Probes
a
  Sequences (5-3 ) b

 Tm(°C)
c
 Length(bp) 

5'Aminolink (no spacer) A19-68 AGGTGCATCACGGTGGTCTGGGCCTTGCTGTGGAGGATCAGACGGGTGGA 91 50 

 A289-338 ACGATGTAGATTTCCTGGGCCTTGTTTTCGCGAATCGGCATCGCGAAGCC 87 50 

 S19-68 TCCACCCGTCTGATCCTCCACAGCAAGGCCCAGACCACCGTGATGCACCT 91 50 

 S289-338 GGCTTCGCGATGCCGATTCGCGAAAACAAGGCCCAGGAAATCTACATCGT 87 50 

 
a
 Probes were named in such a way: A and S represents antisense reverse and sense oligonucleotide respectively, 

A19-68 is just the reverse complementary oligonucleotide of S19-68, and so on; The number behind A and S 
represents the position of the sense oligonucleotide on the target. 

b
 Oligonucleotide sequences shown are reverse complementary to the binding region of the corresponding target 

sequences. 
c
 Tm values were calculated with MELT 1.1.0 (Jo P. Sanders) at the presumed salt concentration of 600 mM. 
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Cy3-labelled antisense strand DNA was used as target to hybridize with sense 50mer 

oligonucleotides (S19-68, S289-338). In addition, Cy3-labelled sense strand DNA was 

used as target to hybridize with antisense reverse 50mer oligonucleotides (A19-68, 

A289-338, reverse complementary to the sense probes). Different hybridization 

conditions were compared to achieve specificity, the final condition applied was 

similar to the condition used for short probes except that the hybridization and 

washing temperature was increased to 42°C, the washing procedure included 1× SET 

(0.1% SDS) for 5 minutes, 0.1× SET (0.1% SDS) for 10 minutes at 42°C. As shown in 

Figure 4.15, difference (about 2 fold) still existed between oligonucleotides selected 

from both ends. S289-338 and A19-68 produced higher signal intensity than S19-68 

and A289-338, indicating that the POL has effects on long probes as well. 

 

 

A                                                                          B 

 

Figure 4.15 Hybridization of Cy3-labelled sense strand (A) and antisense strand (B) ssDNA of 
the Azoarcus sp. BH72 nifH Z-fragment with the antisense reverse and reverse 50mer probes. The 
17mer short oligonucleotide A20(6A) was used as a specificity control. The height of the histograms 
represents the average fluorescence pixel intensity of all duplicate spots with background subtracted. 

 

 

4.2.3.6 Random-labelled ssDNA target hybridize with short probes 

 

If the position effect of the end-labelled target is due to the single label at the end of 

the target, random-labelled target bearing multiple internal labels at different  
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positions could be unrestrained from this effect theoretically. Randomly labelled single 

strand, generated by incorporation of Fluorescein-12-dUTP or Cy5-dATP during PCR 

(Z-nifH primers, Table 3.3), was hybridized with the same array used for end-labelled 

target (array of antisense reverse probe set designed for the Azoarcus sp. BH72 nifH 

Z-fragment, Table 4.3).  

Unexpectedly, abnormal result was shown although there was less effect of POL than 

end-labelling did (Figure 4.16). There was only less than 2 fold difference between the 

signal intensity of A20(12A) and A307(12A), but the difference of signal intensity 

between A20(6A) and A307(6A) was still more than 8 fold, A307(6A)3′ still had no 

hybridization signal. These results could be due to the effect of labelled bases, since 

most of T bases on the target was alternated by the labelled U base during 

amplification. The modified bases inside the hybrid region might have a positive 

influence on the signal intensity according to the POL effect. Comparing the base 

composition of the utilized probes from three positions, probe A20(6A) contained four 

“A” bases, while A307(6A) contained no “A” bases. More labelled A/U pairs in the 

duplex could be the reason for the higher signal intensity of A20(6A) in comparison to 

A307(6A), while low signal of A114(6A) still cannot be explained by the POL effect. 
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Figure 4.16 Hybridization of Fluorescein-12-dUTP labelled sense strand ssDNA of the 
Azoarcus sp. BH72 nifH Z-fragment with the nifH antisense reverse short oligonucleotide probes. 
The height of the histograms represents the average fluorescence pixel intensity of all duplicate spots 
with background subtracted.  

 

4.2.3.7 Effect of the slide surface 

 

The self-made slides used in our lab were chemically processed according to the 

protocol described by Benters et al. (2002). The isothiocyanate-functionalized surface 

was used for covalent binding of either 5′- or 3′-amino-modified capture 

oligonucleotides. To test whether the observed position effect is affected by the 
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chemical compositions or physical conformations on the microarray surface, five 

types of commercial slides with different chemically-modified surfaces were used for 

comparison. Three types of slide were purchased from Genetix (Dornach, Germany) 

with aldehyde, amine or “aldehyde plus” surface; one was purchased from PEQLAB 

Biotechnologie (Erlangen, Germany) with amino modification (QMT Amino Slides); 

One amine slide (Pan® Amine slide) was purchased from MWG Biotech (Ebersberg, 

Germany). Spotting and hybridization of microarrays was performed as described in 

Materials and Methods or following manufacturer’s instructions. With respect to the 

immobilization step, the isothiocyanate-functionalized surface in our lab has the 

advantages of simplicity and homogeneous distributions over the other five types of 

slides, since it does not require fixation steps, such as baking at elevated temperature 

or irradiation with UV light, avoiding to the formation of strong ionic interactions or a 

varying number of covalent bonds, respectively, between the surface and the DNA 

oligonucleotides. With respect to the signal intensities obtained from hybridization 

experiments, the slides with aldehyde, amine or “aldehyde plus” surface from Genetix 

and the slides with amine surface from MWG Biotech were found to yield low 

hybridization signals. However, the isothiocyanate-functionalized surface and the 

amino-modified slides revealed approximately 10-fold higher fluorescence signals and 

more homogenous distributions. With respect to the POL effect, all five kinds of 

commercial slides showed similar signal variation pattern as the self-made slides, 

indicating that the observed phenomenon could not be attributed to the differences 

between microarray surfaces.  

 

4.2.4 Optimization of microarray hybridization parameters 

 

4.2.4.1 Specificity and sensitivity of microarray hybridization 

 

The definition of probe specificity varies according to different purposes. Variations 

often work in opposite directions regarding sensitivity and specificity, and therefore an 

appropriate compromise may need to be reached for each experimental set up and 

application. Unspecific hybridization would cause the later analysis to be complex and 

the quantification impossible. Thus, it was determined to assess the specificity prior to 

the sensitivity. An end-labelled nifH target set obtained from five different diazotrophic 

species and a probe set including the perfect-match probes and the control probes 

with different mismatches were selected for optimization to achieve sensitivity and 

specificity (Table 4.6). 
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Table 4.6 Strains and probes used for specificity test 
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Figure 4.17 Specificity tests using Azoarcus sp. BH72 nifH Z-fragment and its probe set. (A) 
Hybridization images under different formamide concentrations with array positions illustrated. The 
conditions used were condition 3, 4, 5 (Table 4.5). Azoarcus sp. BH72 nifH Z-fragment was labelled with 
Cy3 during amplification, ssDNA was used to hybridize with 4 probes having 0 (BH-A20), 1 terminal 
[BH-A20-M1(3), 3nt from the terminal], 1 central [BH-A20-M1(9), 9nt from the terminal] and 2 
[BH-A20-M2(3,9), 3nt and 9 nt from the terminal, respectively] mismatches. (B) Analysis of the 
hybridization images. Signal value was shown as zero if it was less than zero after background 
subtraction. The height of the histograms represented the average fluorescence pixel intensity of all 
duplicate spots with background subtracted. 

 

As shown in Figure 4.17, when other conditions were kept unchanged, addition of 

formamide increased the perfect-to-mismatch ratio significantly, which not only 

decreased the signal intensity of the two-mismatch probe [BH-A20-M2(3,9)] to a level 

less than zero, but also increased the signal intensity of the perfect-match probe 

(BH-A20). The conditions used in this experiment were according to the condition 3, 4, 

5 in Table 4.7.  
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Subsequently, under the same conditions (condition 5 in Table 4.7), five targets (Table 

4.6) were applied separately onto the microarray comprising the probe set designed 

for them. The probe set contains perfect-match probes, probes with one terminal 

mismatch at different positions and probes with two mismatches at different positions 

(Table 4.6). Analyses of different hybridizations were shown in Figure 4.18: (i) when 

the nifH Z-fragment of Azoarcus sp. BH72 was used as target, probe BH-A20 showed 

the highest signal, about 2.4 and 32.8 fold higher than the signal intensity of 

BH-A20-M1(3) and BH-A20-M1(9), indicating that a terminal mismatch has less effect 

on the discrimination than a central mismatch does, while one central mismatch 

cannot remove the “unspecific binding” completely. For two-mismatch probes, when 

there was at least one central mismatch [probe BH-A20-M2(3, 9)], no signal could be 

seen, while another two-mismatch probe having both mismatches close to the 5′ or 3′ 

end [probe BH-A34-M2(3, 15)] still showed a low signal; (ii) when the nifH Z-fragment 

of Azoarcus indigens VB32 was used as target, three perfect match probes [BH-A20, 

BH-A34-M2(3, 15) and VB-A164] showed signals, but the signal from probe VB-A164 

was much lower than the signal of the other two probes, which is in accordance with 

the POL effect observed; (iii) when nifH Z-fragment of Azoarcus communis SWub3 

was used as target, the two-mismatch probe (BH-A20) and three-mismatch probe 

[BH-A20-M1(3)] still showed positive signals, mainly due to the position of the 

mismatches, because another two-mismatch probe (BH-A234) and two 

three-mismatch probes [BH-A20-M1(9) and BH-A114] having at least one central 

mismatch with the target, showed no signal; (iv) when the nifH Z-fragment of Azospira 

oryzae 6a3 was used as target, similar results were obtained that two-mismatch 

probes (both mismatches at the ends) [BH-A20-M1(3)] still hybridized to the target; (v) 

when the nifH Z-fragment of Azovibrio restrictus S5b2 was used as target, 

one-mismatch probe BH-A20 (one terminal mismatch at position 1) showed the 

highest signal, even higher than the signal of other perfect-match probe. A 

two-mismatch probe (both mismatches at the ends), BH-A20-M1(3), still showed a 

better signal than the perfect match probe located at a internal position (S5b2-A105), 

underlining again the POL effect. It was shown in all these hybridization results that 

two-mismatch probes having at least one central mismatch with the target never 

showed unspecific hybridization. 

Based on the results shown in Figure 4.18, a set of findings/criteria was compiled 

which significantly improved the prediction of the hybridization behaviour of the 

probes. These findings are: (i) the middle of the probe is more important in stabilizing 

hybridization; (ii) some mismatches have little while others have very strong 

destabilizing effect (see also reference, Sugimoto et al., 2000). Mismatches in the 
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middle are more destabilizing than mismatches at end positions (see also reference, 

Fotin et al., 1998); (iii) POL effect was observed in all these experiments and showed 

similar effects for different targets and probe sets; (iv) Moreover, the results suggested 

that it might be possible to design probes that discriminate nitrogenase genes at the 

species level. 
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Azospira oryzae  6a3
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Azovibrio restrictus  S5b2
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Figure 4.18 Specificity test using different targets (species and strain names given) and a 
probe set having different mismatch patterns. The conditions used were condition 5 (Table 4.7). 
Different nifH Z-fragments were end-labelled with Cy3 during amplification, ssDNAs were used to 
hybridize with probes having perfect match or different mismatches (Table 4.6). Analyses were done as 
described in Material and Methods. Signal values less than zero after background subtraction were 
shown as zero. The X axis showed the probe name according to Table 4.6; the Y axis showed the value 
of the normalized signal intensity. The height of the histograms represented the normalized average 
fluorescence pixel intensity of all duplicate spots with background subtracted. Normalization was done 
with positive control oligonucleotide as a standard. 

 

4.2.4.2 Hybridization conditions 

 

Different hybridization and washing conditions were compared to achieve specificity 

[discrimination between the perfect match probe with the two-mismatches (at least 

one central mismatch) probe] and sensitivity (highest signal at the prerequisite of 

specificity). Specificity was defined in such a way, because it is possible to design a 

specific probe bearing a threshold of two-mismatch (2M) with unspecific targets; the 

designed probes were bearing more than 2M with unspecific targets in most cases. 

The hybridization of a target with a 2M probe was regarded as unspecific (false 

positive). 
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Table 4.7 Hybridization and washing conditions tested. 

 Hybridization Washing 

Conditions Temperature Na
+
 Formamide Temperature Solutions

a
 

1 25°C 1h 600mM - 25°C 2×SET 30min, 1×SET 15min 

2 46°C 1h 600mM - 48°C 2×SET 30min, 1×SET 15min 

3 25°C 1h 600mM 10% 25°C 2×SET(0.1% SDS) 5min, 1×SET(0.1% SDS) 10min 

4 25°C 1h 600mM 30% 25°C 2×SET(0.1% SDS) 5min, 1×SET(0.1% SDS) 10min 

5 25°C 1h 600mM 50% 25°C 2×SET(0.1% SDS) 5min, 1×SET(0.1% SDS) 10min 

6 25°C 3h 600mM 50% 25°C 2×SET(0.1% SDS) 5min, 1×SET(0.1% SDS) 10min 

7 25°C overnight 600mM 50% 25°C 2×SET(0.1% SDS) 5min, 1×SET(0.1% SDS) 10min 

a
 Solutions were described in Material and Methods 

 

All conditions were listed in Table 4.7. Under condition 1 and 2, unspecific binding 

(target with its 2M probes) always occurred, and the specific signals were lower 

compared to those under other conditions. The discrimination ratio was decreased 

mainly due to the competition between specific and unspecific hybridization. 

Formamide was then used instead of high temperature. By increasing formamide 

concentrations, the discrimination ratio was increased while the specific signal was 

increasing as well (Figure 4.17). This could be due to the same reason as for the 

condition 1 and 2: when stringency increased, the unspecific binding became weaker, 

enhancing the specific binding more efficiently. Finally the most stringent condition 

(condition 5) was chosen and used for all the following experiments, because it could 

achieve the highest discrimination ratio and eliminate the signals of those probes 

having a “threshold” mismatch pattern completely. 

The influence of the duration of hybridization was also tested. Under condition 5, 

hybridization was performed at 25°C for 1 h in the hybridization buffer (4× SET, 10× 

Denhardt’s, 50% Formamide, 0.1% SDS), followed by washing at 25°C in 2× SET 

(0.1% SDS) for 5 minutes, 1×SET (0.1%SDS) for 10 minutes, 0.1×SET for 1 min. The 

slide was then spin-dried at 1,500 rpm for 1 min at 25°C. Conditions 6 and 7 were 

similar to 5 except for the hybridization time. Elongation of the hybridization time to 3 h 

or overnight had no significant effect on the signal intensity of specific probes, and 

unspecific probes never hybridized (Figure 4.19). Therefore, condition 5 was more 

preferable for simplification and acceleration of the method. However, for 

environmental samples, an overnight hybridization (16 h) was carried out to ensure 

complete hybridization, especially for target of  low abundance. 

It is also very important to elucidate the effect of target concentration on specific and 

unspecific binding, since unspecific hybridization could occur if the unspecific targets 

were highly concentrated. This aspect is especially essential when applying the 
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method to environmental samples, because in order to detect targets of low 

abundance, large amounts of environmental samples could be used for hybridization. 
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Figure 4.19 Comparison of different hybridization and washing conditions. Cy3-labelled sense 
strand ssDNA of Azoarcus sp. BH72 nifH Z-fragment was used as target. Probes used are listed in Table 
4.6. The height of the histograms represented the normalized average fluorescence pixel intensities of all 
quadruplicate spots of each probe with background subtracted. Normalization was done with the positive 
control oligonucleotide as a standard. 
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Figure 4.20 The effect of target concentration on probe discrimination. Cy3-labelled sense 
strand ssDNA of Azoarcus sp. BH72 nifH Z-fragment was used as target. Probes used are listed in Table 
4.6. The height of the histograms represented the normalized average signal intensity of all quadruplicate 
spots with background subtracted. Normalization was done with the positive control oligonucleotide as a 
standard. 

 

Probe BH-A20(3,9) was chosen as a “threshold” mismatch pattern (two mismatches, 

at lease one central mismatch) for evaluation accompanied with several specific 

probes for the nifH Z-fragment of Azoarcus sp. BH72 (Figure 4.20 and Figure 4.27). 

When the amount of target was increased from 0.1 to 20 pmol, signals of specific 

probes increased according to the target quantity while BH-A20(3,9) was a ‘black 

hole’ all the time and the signal intensity was less than zero (Figure 4.27). According 
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to POL effects described previously, BH-A20 had the highest signal compared to 

probes from other positions. If the two-mismatch probe at this position has no 

hybridization signal under certain conditions, it is highly possible that the 

two-mismatch probes from other positions would have no signal as well. The effect of 

the target concentration was also evaluated later with an environmental sample 

(sample 2NB, see section 4.5.2 for details). The increasing of the amount of target did 

not increase the unspecific background, which ensures the reliability of probe 

discrimination during application of large target amounts. 

 

 

4.3 Probe set design and optimization 

 

The design of oligonucleotide probes was mainly based on the alignment of DNA and 

protein sequences. A database of 1051 nifH sequences (internal region of the nifH 

Z-fragment between the primers, ~320 nt) was established from the public database 

entries and in part from the unpublished sequences (courtesy of T. Hurek and T. 

Thünen). The phylogenetic tree constructed with the protein alignment was referred to 

display the phylogenetic relations between different sequence clusters or groups. The 

DNA alignment was referred as well for discriminating between sequence clusters or 

groups, mainly by easy visualization in Genedoc with proper colouring. A preliminary 

nifH-phylochip (Figure 4.21 — Figure 4.26) comprising of 56 oligonucleotide probes 

(underlined probes in Table 4.9) was designed mainly manually with the aid of 

different programs (Genedoc, Primer3, ARB). The duplex stability of all candidate 

probes with their targets (perfect match and mismatch) were estimated with Meltcalc 

(Schütz and von Ahsen, 1999)  a spreadsheet software for thermodynamic melting 

point prediction of oligonucleotide hybridization with and without mismatches. The 

preliminary nifH-phylochip was validated with a reference set of 5 strains and 8 

environmental clones (Table 4.8). All hybridization results showed specific signal from 

the related specific probes for different target (data not shown). No more validation 

was done, since most of the probes designed have more than two mismatches. 

Fifty-six nifH-based oligonucleotide probes targeted different species (five strain 

specific probes), groups of species or subclusters of uncultured sequences (fifty-one 

group specific probes). Due to the POL effect, the probes were designed in a way  

that all probes with similar predicted melting temperature (67 ± 2°C) were selected 

from relatively adjacent regions of the target sequences, such that the difference 
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caused by POL effect could be minimized as much as possible. In most of the case, it 

is impossible to select from the 5′ end or 3′ end of the target, because both ends are 

highly conserved among all sequences, which are the preferred region for design of 

universal probes. Most of the probes were selected from the region of 20-60 nt on the 

sense strand, and the reverse complementary oligonucleotides of them were used for 

microarray fabrication. These probes were called “optimal probes” compared to the 

probes selected from the suboptimal regions (90-130 nt); there were even several 

probes targeting the middle region of the targets if otherwise specificity could not be 

guaranteed. Suboptimal probes were also designed when it was not possible to 

design probes from those regions, mainly due to the GC content. The behaviour of 

these suboptimal probes needs to be examined by hybridization with the 

corresponding available targets. If they do behave suboptimally, cares should be 

taken for these probes during signal processing and subsequent quantification.  

 

Table 4.8 Clones and strains used for validation of the preliminary nifH-phylochip 

Srain/Clone Cluster Specific probec Reference 

5oD_3_H11
a
 I Omega-7 This study 

5oR_2_A6
a
 III ClusterIII-5' This study 

5oR_3_E7
a
 III ClusterIII-20 This study 

Azoarcus communis SWub3
b
 I SWub3-A51, Proteo-9 Reinhold-Hurek et al., 1993 

Azoarcus indigens VB32
b
 I VB-A164 Reinhold-Hurek et al., 1993 

Azoarcus sp. BH72
b
 I BH-A234, Proteo-19 Reinhold-Hurek et al., 1993 

Azospira oryzae 6a3
b
 I 6a3-A51 Reinhold-Hurek et al., 1993 

Azovibrio restrictus S5b2
b
 I S5b2-A105 Reinhold-Hurek et al., 1993 

Long17RT (AY231566)
a
 I Omega-11 Hurek et al., unpublished data 

Ruf3aRT114 (AY231535)
a
 III ClusterIII-13′ Hurek et al., unpublished data 

Ruf3aRT121 (AY231536)
a
 I Proteo-5 Hurek et al., unpublished data 

Ruf3aRT62 (AY231552)
a
 III ClusterIII-13′ Hurek et al., unpublished data 

Ruf3aRT64 (AY231553)
a
 I Omega-9 Hurek et al., unpublished data 

 

a 
The template used for PCR is plasmid DNA. 

b 
The template used for PCR is chromosome DNA. 

c
 Probe information is listed in Figure 4.21 — Figure 4.26, and Table 4.9. 
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Figure 4.21 Part of the further refined nifH-phylochip tree including nitrogenases from the 
subcluster of the αααα-proteobacteria subgroup and few of the ββββ-proteobacteria subgroup (Figure 
4.1). Probe names were shown beside the brackets. The makers with different shape and color were 
shown for sequence groups targeted by different probes. See Table 4.9 for details of the probes. 
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Figure 4.22 Part of the further refined nifH-phylochip tree including nitrogenases from the 
subcluster of the ββββ and γγγγ proteobacteria subgroup (Figure 4.1). Probe names were shown beside the 
brackets. The makers with different shape and color were shown for sequence groups targeted by 
different probes. See Table 4.9 for details of the probes. 
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Figure 4.23 Part of the further refined nifH-phylochip tree including nitrogenases of the Omega 
subgroup (Figure 4.1). Probe names were shown beside the brackets. The makers with different shape 
and color were shown for sequence groups targeted by different probes. See Table 4.9 for details of the 
probes. 
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Figure 4.24 Part of the further refined nifH-phylochip tree including nitrogenases mainly from 
the Cyanobacteria subgroup (Figure 4.1). Probe names were shown beside the brackets. The makers 
with different shape and color were shown for sequence groups targeted by different probes. See Table 
4.9 for details of the probes. 
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Figure 4.25 Part of the further refined nifH-phylochip tree including nitrogenases from 
ClusterII and ClusterIV (Figure 4.1). Interior branch test support was not shown. Probe names were 
shown beside the brackets. The makers with different shape and color were shown for sequence groups 
targeted by different probes. See Table 4.9 for details of the probes. 
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Figure 4.26 Part of the further refined nifH-phylochip tree including nitrogenases mainly from 
ClusterIII (Figure 4.1). Interior branch test support was not shown. Probe names were shown beside 
the brackets. The makers with different shape and color were shown for sequence groups targeted by 
different probes. See Table 4.9 for details of the probes. 
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As shown in Figure 4.21 — Figure 4.26, the subtrees were displayed separately for a 

general view of the probe coverage. The probes were named according to the 

clustering: probes of Cluster I were named as Proteo, Omega or Cyano plus a number, 

respectively. Cluster II and IV were shown in one subtree and named as Cluster name 

plus a number. Cluster III is a big and mixed cluster, the probes of this cluster were 

named as Cluster name plus a number. The numbering of the probes was just 

according to the design order, which is not corresponding to the group relations. The 

strategy was, once a probe showed a positive signal, it could be directed into the 

nifH-phylochip tree to find out which sequences were covered by this probe and which 

cultured organisms were the most closely related ones. 

There were altogether 56 oligonucleotides included in the preliminary nifH-phylochip, 

51 subcluster probes were shown with underline in Table 4.9. Another five 

strain-specific probes were shown in Table 4.6. They are BH-A234, VB-A164, 

SWub3-A51, 6a3-A51, S5b2-A105. Probes included in the further refined 

nifH-phylochip were designed based on the sequences from the second retrieval, but 

not validated and applied in the subsequent experiments.  

The coverage of the preliminary nifH-phylochip was low mainly due to the limited 

design method at the beginning, and it was further decreased after the enrichment of 

the second sequence retrieval when new sequences had to be added to the database. 

Proteobacteria subcluster, Omega subcluster, ClusterII and ClusterIII were in focus, 

since the sequences obtained in clone libraries from previous studies on roots were 

mainly distributed in these clusters. The coverage of the Omega cluster was more 

than 95% with 11 oligonucleotides, while the coverage of other clusters was relatively 

lower. 

The further refined nifH-phylochip includes altogether 194 oligonucleotides with a 

much higher coverage, which reached 90% of sequences in the constructed nifH 

database. The probe sequences, which will be integrated into the related patent 

(Deutsche Patentanmeldung: 10 2004 037 081.8. Lei Zhang, Barbara Reinhold-Hurek, 

Thomas Hurek), were not shown due to the patent limitation. More than 90% of the 

proteobacterial sequences, 95% of the Omega subcluster sequences, 95% of the 

cyanobacteria sequences, more than 95% of the ClusterII and ClusterIII, and almost 

80% of the ClusterIV sequences could be covered by the further refined 

nifH-phylochip. However, due to time restrictions, it was not employed in the 

subsequent experiments. 
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Table 4.9 Probes included in Secondary nifH-phylochip 

Probesabc Tm
d Length GC% Probesabc Tm

d Length GC% 
Proteo-1 67 19 52 Proteo-52 67 18 55 

Proteo-2 66 17 58 Proteo-53 67 18 55 

Proteo-3 68 17 64 Proteo-54 69 19 57 

Proteo-4 68 16 68 Proteo-55 68 20 50 

Proteo-5 68 17 64 Omega-1 67 19 52 

Proteo-6 66 17 58 Omega-2 66 21 42 

Proteo-7 67 19 52 Omega-3 67 19 52 

Proteo-8 69 18 61 Omega-4 67 19 52 

Proteo-9 67 19 52 Omega-5 68 17 64 

Proteo-10 67 18 55 Omega-6 68 20 50 

Proteo-11 69 19 57 Omega-7 66 17 58 

Proteo-12 66 20 45 Omega-8 64 19 47 

Proteo-13 69 18 61 Omega-9 69 18 61 

Proteo-14 67 19 52 Omega-10 68 21 47 

Proteo-15 69 18 61 Omega-11 69 18 61 

Proteo-16 66 21 42 Cyano-1 63 19 42 

Proteo-17 66 22 40 Cyano-2 68 22 45 

Proteo-18 68 20 50 Cyano-3 66 25 32 

Proteo-19 67 18 55 Cyano-4 69 23 43 

Proteo-20 66 21 42 Cyano-5 66 20 45 

Proteo-21 66 20 45 Cyano-6 66 20 45 

Proteo-22 66 20 40 Cyano-7 67 23 39 

Proteo-23 66 17 58 Cyano-8 67 19 52 

Proteo-24 66 17 58 Cyano-9 68 21 47 

Proteo-25 66 21 42 Cyano-10 67 19 52 

Proteo-26 67 18 64 Cyano-11 69 19 57 

Proteo-27 66 17 58 Cyano-12 65 25 28 

Proteo-28 69 18 61 Cyano-13 64 18 50 

Proteo-29 67 19 52 Cyano-14 66 22 40 

Proteo-30 68 17 64 Cyano-15 65 19 47 

Proteo-31 68 17 64 Cyano-16 66 20 45 

Proteo-32 67 18 55 Cyano-17 67 19 52 

Proteo-33 67 18 55 Cyano-18 67 18 55 

Proteo-34 65 19 47 Cyano-19 69 18 61 

Proteo-35 68 21 47 Cyano-20 68 20 50 

Proteo-36 68 17 64 Cyano-21 66 22 40 

Proteo-37 66 24 33 Cyano-22 64 18 50 

Proteo-38 67 18 55 Cyano-23 67 19 52 

Proteo-39 64 21 38 Cyano-24 67 18 55 

Proteo-40 68 17 64 Cyano-25 67 23 39 

Proteo-41 67 18 55 Cyano-26 65 19 47 

Proteo-42 66 21 42 Cyano-27 68 17 64 

Proteo-43 69 23 43 Frankia-1 71 17 70 

Proteo-44 62 18 44 Frankia-2 69 18 61 

Proteo-45 69 18 61 ClusterII-1 67 18 55 

Proteo-46 69 18 61 ClusterII-2 67 23 39 

Proteo-47 68 17 64 ClusterII-3 66 21 42 

Proteo-48 65 19 47 ClusterII-4 68 20 50 

Proteo-49 68 17 64 ClusterII-5 64 20 40 

Proteo-50 66 17 58 ClusterII-6 66 22 40 

Proteo-51 69 18 61 ClusterII-7 67 18 55 
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ClusterII-8 66 24 33 ClusterIII-36             68 20 50 

ClusterII-9 66 21 42 ClusterIII-37             66 20 45 

ClusterII-10 65 19 47 ClusterIII-38             68 17 64 

ClusterII-11 65 19 47 ClusterIII-39             69 18 61 

ClusterII-12 66 17 58 ClusterIII-40             66 17 58 

ClusterII-13 68 17 64 ClusterIII-41             65 19 47 

ClusterII-14 67 19 52 ClusterIII-42             66 24 33 

ClusterII-15 66 20 45 ClusterIII-43        68 21 47 

ClusterII-16 67 19 52 ClusterIII-44             66 21 42 

ClusterIII-1 68 17 64 ClusterIII-45             67 19 52 

ClusterIII-2 68 17 64 ClusterIII-46             69 18 61 

ClusterIII-3 68 17 64 ClusterIII-47             68 22 45 

ClusterIII-4 64 20 40 ClusterIII-48             67 18 55 

ClusterIII-5′ 67 19 52 ClusterIII-49             66 22 40 

ClusterIII-6 69 19 57 ClusterIII-50             68 21 47 

ClusterIII-7 63 17 52 ClusterIII-51             67 19 52 

ClusterIII-8 68 16 68 ClusterIII-52             67 18 55 

ClusterIII-9′ 68 16 68 ClusterIII-53             66 17 58 

ClusterIII-10 67 19 52 ClusterIV-1 68 17 64 

ClusterIII-11 68 17 64 ClusterIV-2 67 19 52 

ClusterIII-12 68 20 50 ClusterIV-3 69 18 61 

ClusterIII-13′ 67 19 52 ClusterIV-4 61 17 47 

ClusterIII-14 68 17 64 ClusterIV-5 67 18 55 

ClusterIII-15             67 19 52 ClusterIV-6 67 18 55 

ClusterIII-16             67 19 52 ClusterIV-7 67 18 55 

ClusterIII-17             67 18 55 ClusterIV-8 68 17 64 

ClusterIII-18             65 22 36 ClusterIV-9 63 16 56 

ClusterIII-19             66 20 45 ClusterIV-10 68 17 64 

ClusterIII-20             69 18 61 ClusterIV-11 66 17 58 

ClusterIII-21      67 18 55 ClusterIV-12 64 18 50 

ClusterIII-22             65 19 47 ClusterIV-13 67 18 55 

ClusterIII-23             67 18 55 ClusterIV-14 67 24 37 

ClusterIII-24             66 17 58 ClusterIV-15 66 20 45 

ClusterIII-25             68 17 64 ClusterIV-16 67 18 55 

ClusterIII-26             65 19 47 ClusterIV-17 66 21 42 

ClusterIII-27             68 17 64 ClusterIV-18 69 18 61 

ClusterIII-28             66 22 40 ClusterIV-19 67 18 55 

ClusterIII-29             65 15 47 ClusterIV-20 64 20 40 

ClusterIII-30             66 21 42 ClusterIV-21 61 17 47 

ClusterIII-31             67 19 52 ClusterIV-22 64 18 50 

ClusterIII-32             66 20 45 ClusterIV-23 67 18 55 

ClusterIII-33             67 18 55 ClusterIV-24 67 19 52 

ClusterIII-34       66 20 45 ClusterIV-25 65 19 47 

ClusterIII-35             67 18 55     

 
a
 Probes were named according to the cluster distribution. Numbers of the probes do not represent the 

relations or importance. Probes included in the primary nifH-phylochip were underlined. 
b
 The sequences and binding regions of the probes were not shown due to the patent limitation. 

c
 Probe sequences were not shown due to the patent limitation, the sequence information will be 

integrated into the related patent (Deutsche Patentanmeldung: 10 2004 037 081.8. Lei Zhang, Barbara 
Reinhold-Hurek, Thomas Hurek). 

d
 Tms were calculated with MELT 1.1.0 (Jo P. Sanders) at the presumed salt concentration of 600 mM. 
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4.4 Microarray-based quantification 

 

Not surprisingly, information on the performance of microarrays with complex 

environmental samples is lacking. It is not clear whether microarray hybridization is 

sensitive enough for detecting microorganisms in environmental samples and whether 

microarray-based detection can be quantitative. Environmental studies require 

experimental tools that not only detect the presence or absence of particular groups of 

microorganisms but also provide quantitative data to help evaluating their biological 

activities. 

 

4.4.1 Evaluation of quantification potential using single target 

 

To evaluate whether microarray hybridization can be used as a quantitative tool, and 

to analyse the dynamic range for our experimental setup, the relationship between 

target DNA quantity (molecular amount) and hybridization signal intensity was 

examined. Genomic DNA from the pure culture of Azoarcus sp. BH72 was used to 

amplify nifH Z-fragment. Target ssDNA was fluorescently labelled with Cy3 as 

described previously and hybridized in quintuplicate with arrays of specific probes 

selected from different positions. The amount of target ssDNA was ranging from 0.1 to 

20 pmol. The fluorescence intensities obtained at each DNA concentration for five 

data points were averaged and normalized using a positive control oligonucleotide as 

a standard. The normalized value was compared to the corresponding target 

concentration. Within a DNA range of 0.1 to 20 pmol, a linear relationships were 

observed between signal intensity and target ssDNA quantity; however, this 

relationship was weak when the target amount was below 1 pmol and probe BH-A20 

reached the saturated level when 20 pmol of ssDNA was used for hybridization (white 

spots were observed after scan), suggesting that microarray hybridization is 

quantitative for pure bacterial cultures within a limited range of DNA concentration 

(Figure 4.27). Big differences existed between the signal intensity and the linear slope 

of probe BH-A20 and BH-A114, BH-A307. In order to get accurate quantification for 

variable probes, it is preferable to design probes with similar characteristics. However, 

even with probes designed for suboptimal regions (BH-A114, BH-A307), there is 

linear response to the increasing target concentrations (Figure 4.27). 
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Figure 4.27 Calibration curves of BH-A20, BH-A114 and BH-A307. (A) Different amount of 
cy3-labelled ssDNA of the Azoarcus sp. BH72 nifH Z-fragment was used to hybridize with the probes 
selected from different regions (see Table 4.3 for details); (B) Linear curve of BH-A20. Positive control 
oligonucleotide (one spot) was used as standard to normalize the average values (with background 
subtracted) of the quintuplicate spots of BH-A20. The normalized values were used to plot against the 
target quantity (pmol); (C) Linear curve of BH-A114 and BH-A307. Positive control oligonucleotide (one 
spot) was used as standard to normalize the average values (with background subtracted) of the 
quintuplicate spots of BH-A114 and BH-A307. The normalized values were used to plot against the target 
quantity (pmol). The equation of each linear was shown on the chart. 

 

4.4.2 Evaluation of quantification potential using Azotobacter 

vinelandii nitrogenase gene (nifH, anfH, and vnfH ) Z-fragment as 

target 
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Since environmental samples contain a mixture of target and non-target templates, 

the presence of non-target templates could affect microarray-based quantification. 

Mixed targets should be evaluated to determine whether microarray hybridization is 

quantitative for the targeted templates within the context of environmental samples. 

Azotobacter vinelandii is known to harbour three different types of nifH genes (nifH, 

vnfH, anfH) in single copies according to the Azotobacter genome project 

(http://ava.Biosci.Arizona.edu/). Whereas nifH and vnfH genes are phylogenetically 

related, anfH genes belong to a distantly related cluster, which represents 

Mo-independent nitrogenase systems from Bacteria and Archaea (Chien and Zinder, 

1994; Hurek et al., 1997). It has been shown that the phylogenetically distantly related 

nifH genes of A. vinelandii could be amplified with almost identical efficiencies (Tan et 

al., 2003).  

 

Table 4.10 Probe set for nitrogenase genes of Azotobacter vinelandii 

Probes
a
 Sequences

b
 Tm

c
 Length GC% 

vnf29-44 ATGACGGTGCCCTGGG 68 16 68 

vnf92-108 GCCGATCTGCAGCACGT 68 17 64 

vnf291-308 TCCTGGGCCTTGTTCTCG 69 18 61 

anf27-45 CATCAGGGTCTCCTCAGGT 69 19 57 

anf103-120 CCTGGATGTCCAGAAAGCC 69 19 57 

anf304-324 GGAAGCCACGATGTAGACTTC 70 21 52 

nif28-46 CCATGATGGTGTTCTGGGC 69 19 57 

nif95-112 CGTAGCCAGCCTTCAGCA 69 18 61 

nif291-310 TTTCTTGGGGCTTGTTCTCG 68 20 50 

a
 Probes were named according to the position on the target sequences. 

b
 Oligonucleotide sequences shown are reverse complementary to the binding region of the corresponding sense 

strand  sequences (primer region not included). All probes have a C6 amino linker and 6A spacer at the 5′ end. 

c
 Tms were calculated with MELT 1.1.0 (Jo P. Sanders) at the presumed salt concentration of 600 mM. 

 

This “natural” mixture of target sequences on a chromosome was amplified, labelled 

and hybridized with the arrays of respective specific probes (three probes selected 

from different regions for each target, Table 4.10) in total quantities ranging from 0.5  

to 10 pmol. Linear relationships were observed between signal intensity and target 

DNA quantity (Figure 4.28), suggesting that microarray hybridization is also 

quantitative for mixed DNA templates. The signal intensity of different probes in each 

set is similar to the corresponding probes, indicating that nifH, anfH and vnfH were 

amplified equally well without bias. Concerning the POL effect, three probes targeting 

each sequence were from relatively similar positions except that anf304-324 is closer 

to the 3′ terminus than the corresponding vnf291-308 and nif291-310. The 

hybridization results of the nif probe set and the vnf probe set showed similar  
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patterns as predicted by the POL effect, while the anf probe set showed different POL 

pattern: probe anf304-324 showed higher signal than anf27-45 or anf103-120. The 

reason could be that probe anf304-324 has a longer length and higher Tm than the 

other two probes. 
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Figure 4.28 Hybridization and analysis of different amount of ssDNA targets (Azotobacter 
vinelandii) with the probe set for nifH, vnfH, anfH Z-fragments of A. vinelandii. (A) Microarray 
images of six hybridizations were adjusted for best viewing (quantitative conclusions drawn from the 
image may be misleading). Sextuple spots of each probe and positive control oligonucleotide were 
arrayed on the surface. Average signal intensities were used with background signal subtracted. Positive 
control oligonucleotide was used as standard to normalize the average values (with background 
subtracted) of the sextuple spots for each probe. The normalized values were used to plot against the 
target quantity (pmol). The calibration curves of nine probes targeting different regions of nifH (B), anfH 
(C), and vnfH (D) Z-fragments were shown. 

 

4.4.3 Evaluation of quantification potential using artificial mixtures 

 

The quantification potential of the developed microarray was evaluated with artificial 

mixtures of either single-stranded nifH DNAs or nifH-containing genomic DNAs. 

These two quantification attempts were compared to exhibit not only the quantification 

potential, but also whether there is bias during PCR with degenerated primers. The 

results showed the potential of microarray to reflect the composition of the PCR 

amplicon mixture or the genomic DNA mixture. By employing a reference mixture of 

known composition, it was possible to normalize variations in spot morphology and 

local differences in hybridization efficiency, as well as the significant variation in 

hybridization capacities between different probes. The genomic DNAs and single 

stranded nifH amplicons were from Azoarcus sp. BH72, Azoarcus communis SWub3 

and Azospira oryzae 6a3, the probes used are listed in Table 4.6.  

 

 

4.4.3.1 Titration of the mixture of single stranded DNAs 
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The single stranded nifH DNAs (sense strand) were labelled with Cy3 during 

amplifications of genomic DNAs from Azospira oryzae 6a3 and Azoarcus communis 

SWub3 independently. For each strain, 5 ng genomic DNA  was used as template for 

amplification with the standard procedure described previously. The PCR products 

were subjected to strand separation and the concentrations of the signal-stranded 

DNA were determined accurately. The ssDNAs were mixed with different ratios 

(Figure 4.29), and always 3 pmol of mixed targets were applied for hybridization onto 

the array comprising the specific probes and mismatch controls. 

 

 

 

Figure 4.29 Quantification of artificial mixture of nifH ssDNAs using arrays of specific probes. 
Average value of positive probes (with background subtracted) were normalized with UniBeta-319 as a 
internal control. The ratio between positive probes and internal control were used to calculate the  
measured ratio (M-ratio). The expected ratio (E-ratio) and standard deviation are listed beside the 
M-ratio. Microarray images in the upper panel(only 532nm laser image showed) were adjusted for best 
viewing (quantitative conclusions drawn from the image may be misleading). 

 

Universal probe UniBeta-319 (5′-GACGATGTAGATTTCCTGGGC-3′), a reverse 

complementary oligonucleotide that can bind to the sense strand Z-fragment of all five 

strains in Table 4.6 at the same position, was used as a internal control. Calculation 

was done as following: the signal intensity of different amounts of single target was 

determined and the calibration curve retrieved was used for estimation of the target 

amount inside the mixture. The average signal intensity of different probes was 

compared to the corresponding linear slope and the signal intensity of UniBeta-319, 

the estimated amount and the ratio was used to calculate the measured ratio of 

different targets inside the mixture. The mixture of single stranded DNA, shown in 

 Azospira oryzae 6a3 Azoarcus communis SWub3 

 E-ratios (%) M-ratios (%) E-ratios (%) M-ratios (%) 

Mixture 1 50 47.7±0.7 50 52.3±1.1 

Mixture 2 83.3 80.7±3.2 16.7 19.3±2.1 

Mixture 3 66.7 56.5±2.4 33.3 43.5±2.8 

Mixture 4 16.7 23.3±2.5 83.3 76.7±3.8 

6a3:SWub3     1:1          5:1          2:1          1:5 

negative control 

6a3-A51 

negative control 

negative control 

SWub3-A51 

negative control 

UniBeta-319 

negative control 
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Figure 4.29, exhibited a correlation between the real composition of the artificial 

mixtures and the results of quantitative analysis of the hybridization results. Standard 

deviation of the measured ratios were in the range of 0.7-3.8%. These results show 

the potential of the microarray approach to reflect the ratio within the PCR product. 

 

4.4.3.2 Titration of the mixture of genomic DNAs 

 

 

 Azoarcus sp. BH72 Azoarcus communis SWub3 

 E-ratios (%) M-ratios (%) E-ratios (%) M-ratios (%) 

Mixture 1 100 - 0 0 

Mixture 2 50 36.2±6.7 50 63.8±11.6 

Mixture 3 83.3 66.7±9.3 16.7 33.3±4.9 

Mixture 4 9.1 23.2±2.6 90.9 76.8±14.3 

Mixture 5 90.9 79.3±19.8 9.1 20.7±3.2 

 

Figure 4.30 Quantification of artificial mixtures of nifH containing genomic DNAs using arrays 
of specific probes. Average value of positive probes (with background subtracted) were normalized with 
UniBeta-301 as a internal control. The ratio between positive probes and internal control were used to 
calculate the  measured ratio (M-ratio). The expected ratio (E-ratio) and standard deviation are listed 
beside M-ratio. Microarray images (only 532nm laser image showed) were adjusted for best viewing 
(quantitative conclusions drawn from the image may be misleading). 

 

The genomic DNAs used were from Azoarcus sp. BH72 and Azoarcus communis 

SWub3 with the same concentration (5 ng/reaction). Different combinations and  

ratios were used to mix these two genomic DNAs (Figure 4.30). The DNA mixtures 

BH-A234 

SWub3-A51 

UniBeta-319 



Results  109 

were used as templates for amplification. PCR, ssDNA isolation and labelling were 

done as described previously. The concentrations of ssDNA were determined 

accurately. Always 3 pmol Cy3-labelled ssDNA was used for hybridization onto the 

array comprising the specific probes and mismatch controls. Calibrations were carried 

out as for Figure 4.29. 

The mixtures of genomic DNAs showed an apparent correlation between the real 

composition of the artificial mixtures and the results of quantitative analysis of the 

hybridization results. Standard deviations from measured ratios were in the range of 

2.6 - 19.8%. These results showed the potential of the microarray approach to reflect 

the ratio within the genomic DNA template. Comparison of the results of ssDNA 

mixtures and genomic DNA mixtures revealed that the error between the expected 

and measured ratio correlating better for ssDNA mixtures. As can be expected, the 

additional step of amplification by PCR from genome mixtures decreased the 

accuracy of quantification can be quantified more accurately than genomic DNA 

mixtures. However, the predominant nifH gene could still be identified despite the lack 

of accuracy of the exact ratios. 

 

4.5 Application of the microarray method and the designed 

nifH-phylochip 

 

The root system of plants offers different microhabitats for bacterial growth. In addition 

to the rhizosphere soil and the root surface, the root interior is colonized as well by 

endophytes without causing symptoms of plant damage. A potential use of 

diazotrophic endophytes for plant growth promotion, antagonistic effects or biological 

nitrogen fixation for a more sustainable agriculture has stimulated interest in studying 

these bacteria. It has been shown that the plant genotype affects the occurrence of 

different diazotrophs, however, previous screening of different rice species for natural 

association with these endophytes were mainly based on traditional culture methods, 

16S rDNA sequencing, and fingerprinting. These methods are obviously limited by 

culturability, cumbersome work, and often cause bias. Only few efforts have been put 

to apply microarrays for this purpose, but attempts are increasing worldwide. In order 

to evaluate the feasibility of the microarray method with a chip based on functional 

genes, the nifH-phylochip was applied to a more simplified, gnotobiotic system and to 

complex environmental samples. Here it was not only utilized for profiling of the 

diazotrophic community, but also for the analysis of expression of nifH mRNA in situ. 
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The nifH-phylochip was tested to assess the diazotrophic population structure first in a 

gnotobiotic system. Surface-sterilized rice seeds were inoculated after germination 

with a mixture of known diazotrophs under aseptic conditions. To compare for the 

efficiency of colonization by four nitrogen fixing species, two different rice cultivars 

were selected, one Oryza sativa landrace from Indonesia (cv. Oking seroni) and one 

Oryza sativa modern cultivar (cv. IR36). 

 

4.5.1 Monitoring diazotrophic colonization of rice in gnotobiotic 

systems 

 

For Oking seroni, four diazotrophic strains (Azoarcus sp. BH72, Azovibrio restrictus 

S5b2, Azoarcus communis SWub3, Azoarcus indigens VB32) were used. Strains 

were grown, washed and their cell density estimated separately as described in 

Material and Methods. The cell number of each strain was adjusted to similar values 

(3×107 cells/per plant in 25 µl inoculum) with plant medium and used for inoculation  

of rice seedling in different combinations under aseptic conditions in quartz sand 

(Figure 4.31). After two weeks growth in phytotron, inoculated rice plants were 

thoroughly washed with sterile water and pooled. The genomic DNAs from different 

combinations were extracted and PCR amplification of nifH was performed as 

described in Material and Methods. For combination 5, half of the pooled sample was 

used for morphology identification after in parallel cultivation and half used for 

genomic DNA extraction. PCR, single strand isolation and microarray hybridization 

was done as usual. 

 

 

Figure 4.31 Monitoring of diazotrophic colonization of Oking seroni in gnotobiotic 
systems. Hybridization of nifH ssDNA retrieved from combination 5 with the array comprising probes 
specific for Azoarcus sp. BH72 (BH-A234), Azovibrio restrictus S5b2 (S5b2-A105), Azoarcus communis 
SWub3 (SWub3-A51), Azoarcus indigens VB32 (VB-A164) and Azospira oryzae 6a3 (6A3-A51) (strain 
Azospira oryzae 6a3  was not used for inoculation, probe 6a3-A51 served as a negative control). All 
probes were listed in Table 4.6. Sixteen duplicates were spotted for each probe. A ratio image of the 
hybridization of nifH ssDNA retrieved from combination 5 was shown. Inoculation patterns of Oking 

seroni seedlings with four diazotrophs were shown in the table (+ refers to 3×10
7
 cells). 

 

Combination 1 2 3 4 5 6 7 8 9 Positive control 

Azoarcus sp. BH72 +    + + + + + ++++ 

Azovibrio restrictus S5b2  +   +   + +  

Azoarcus communis SWub3   +  + +   +  

Azoarcus indigens VB32    + +  +    

Number of inoculated seedling 6 6 6 6 6 3 3 3 1 3 

Positive  

control 
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Combination 2, 3, 4 had no amplification after PCR, thus no microarray hybridization 

was done on these samples. Only combinations that include strain Azoarcus sp. 

BH72 had nifH amplified and microarray analyses were done with the ssDNA of  

these PCR products. There was also no difference between combination 1, 5, 6, 7, 8, 

9 and positive control. One microarray result is shown in Figure 4.31. Bacterial 

morphology was inspected from the single colonies of the highest dilutions of 

combination 5, showing different bacterial morphotypes. In combination 5, about 

83-87% of strain cells were identified as Azoarcus sp. BH72 by its typical cell 

morphology and motility, 7% of strain cells were identified as Azovibrio restrictus, 5% 

as Azoarcus communis, and less than 2% as Azoarcus indigens, indicating that 

Azoarcus sp. BH72 can invade roots of the land race Oking seroni more preferentially 

than the other three strains. 
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Figure 4.32 Microarray analysis of the colonization competition of the root tissue of Oryza 
sativa cv. IR36 with four diazotrophic strains. Three pools were analyzed with the preliminary 
nifH-phylochip (upper panel). Same array was used and probe names were shown in separated slides. 
All probes were listed in Table 4.6 with eight duplicates spotted for each probe. Ratio images were 
adjusted for best viewing (quantitative conclusions drawn from the image may be misleading). Analysis 
was shown in the low panel. Columns with different letters are statistically significant different to each 

other (level P≤ 0.05). 

 

S5b2-A87 SWub3-A33 VB-A146 BH-A216 UniBeta-319 

Pool-1 Pool-2 Pool-3 
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For Oryza sativa cv. IR36, microarray assays were repeated three times for the 

colonization ability comparison among the same four strains used for Oking seroni. 

Rice seedlings were inoculated with the same amount of cells of all four strains 

(≈1.25×107 cells per each strain per plant). Three pools of the inoculated rice (6 

seedlings each pool) were used for genomic DNA extraction. Cy3-labelled singled 

strand DNA was used for hybridization with the preliminary nifH-phylochip. The 

average signal intensity of each probe was compared to its calibration curve and the 

signal intensity of internal control probe UniBeta-319, and the obtained ratio was used 

to calculate the percentage of the corresponding target. Analysis indicated that three 

diazotrophic species (Azovibrio restrictus S5b2, Azoarcus communis SWub3, 

Azoarcus indigens VB32) were equally competitive in colonizing rice roots (Figure 

4.32). The results of the inoculation tests showed apparent advantages and reliability 

of the microarray based monitor of diazotrophic colonization. With this methods, 

multiple samples could be inspected simultaneously and quantitatively. 

 

4.5.2 Monitoring diazotrophic community and activity in 

environmental samples 

 

To assess the applicability of the developed primary nifH-phylochip in environmental 

studies, it was evaluated with several complex environmental samples, including nifH 

mRNA analysis. For these experiments on functional diversity of diazotrophs, plants 

were selected which were known to harbor high levels of expressed nifH genes 

(mRNA) in their roots according to previous results (T. Hurek and T. Thünen, 

unpublished data). 

One experiment was carried out with a root sample of wild rice (Oryza longistaminata) 

collected in March 2002 from the bank of the Okavango River (North Namibia, close 

to the border of Angola) (Figure 3.1). This wild rice sample (named as “5o”) was 

grown inside 1.30 m deep water without contamination from human activities. Roots 

were washed at the sampling site and immediately frozen in liquid nitrogen to avoid 

degradation of mRNA. RNA extraction was done as described previously. Instead of 

the treatment with DNase before RT-PCR, raw RNA (having DNA inside) extracted 

was divided into two parts and treated with DNase or RNase, respectively, so that 

both RNA and DNA of the same sample were obtained within a single procedure. 

Nucleic acid (both DNA and RNA) precipitation, PCR (DNA) and reverse transcription 

PCR (RNA) were carried out as described in Material and Methods. 10 pmol of 
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Cy3-labelled nifH single strand DNA was used as target for microarray hybridization. 

The preliminary nifH-phylochip comprising of 56 oligonucleotides was used for 

hybridization.  

 

 

Figure 4.33 Hybridization of nifH-phylochip to Cy3-labelled single strand nifH pools generated 
from genomic DNA of sample Oryza longistaminata collected at station “5o”. The microarray slide 
was scanned with pmt800. Only positive values were shown after analysis and the height of the 
histograms represented the average fluorescence pixel intensity of all duplicate spots (eight for each 
probe) with background subtracted. 

 

The microarray results of sample 5o with DNA or RNA as a template were shown in 

Figure 4.33 & Figure 4.34, respectively. The analysis indicated that there was a higher 

microbial diversity at DNA level than at RNA level, indicating that only few diazotrophs 

present in the sample were most active. 

At the DNA level, there were altogether eight probes that hybridized and showed 

significant signals. Referring to Figure 4.33, the hybridization with these eight probes 

indicated that strains related to the genera/group of β-proteobacteria, the Omega 

subcluster, the anf subcluster and the Gram-positives were most abundant in this 

sample. Considering the position effect of different probes described previously, 
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strains covered by probe ClusterIII-6 and Omega-1 were relatively the most abundant 

in this sample, since these two probes were designed for suboptimal positions but 

showed high signal intensity. 

 

 

Figure 4.34 Hybridization of nifH-phylochip to Cy3-labelled single strand nifH pools generated 
from RNA of sample Oryza longistaminata collected at station “5o”. The microarray slide was 
scanned with pmt800. Only positive values were shown after analysis and the height of the histograms 
represented the average fluorescence pixel intensity of all duplicate spots (eight for each probe) with 
background subtracted. 

 

When RNA was used as a template for RT-PCR to generate labelled target, there 

were only two probes hybriding. The positive signal of probe ClusterIII-5 and 

ClusterIII-13 indicated that strains related to Gram-positive bacteria were not only 

present in the sample, but expressed nitrogenase genes most actively in this sample. 

Compared to the microarray result at DNA level, the hybridization of probe 

ClusterIII-13 in both cases suggested that strains covered by this probe were the 

active participants in the diazotrophic community. In contrast, probe ClusterIII-5 

showed interestingly high signals only at RNA level. The difference of hybridization 

pattern between these two probes could be due to the position effect, and in this way, 

the high signal of probe ClusterIII-5 contributed equally or even less to the total signal 

intensity than the signal of probe ClusterIII-13 did. 
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In order to validate the microarray results, clone libraries were constructed with DNA 

or RNA from the same sample. PCR and RT-PCR were performed with the same 

procedure as used for microarray experiments. Amplicons were cloned into the 

pCR4-TOPO vector (Invitrogen, Karlsruhe, Germany). Clones were screened for 

correct inserts by restriction digestion and hybridization at low stringency with a 

mixture of digoxigenin labelled nifH-gene fragments (GenBank accession numbers 

U97116, AF332001, AF331997, AY231553, AF331989, AF331995, and AF331996). 

From DNA and RNA clone libraries, 20 clones were selected (10 for each) and 

sequenced by MWG Bitotech (Ebersberg, Germany). The clones were name as 5oD 

for clones from the DNA library and 5oR for clones from the RNA library. The 

sequences (Figure 4.37 & Figure 4.38) were used for comparison with all 56 

oligonucleotides by BLAST analysis and were integrated into the constructed nifH 

database for phylogenetic analysis. As expected, DNA clones were as diverse as the 

microarray results, but only few (5oD_2A2 and 5oD_3F4 by probe Omega-1, 5oD-

3H11 by probe Omega-7) could be covered by the oligonucleotides spotted on the 

microarray. The covered clones were located only inside Omega cluster, most 

probably because of the high coverage of probe sets for this cluster (95%). By BLAST 

analysis with all oligonucleotides, probe ClusterIII-13 (5′- 

CAAGACCACCAAGGAGAAG-3′), which was originally designed to cover the 

Ruf3aRT group (including sequences of Ruf3aRT62, Ruf3aRT114, Ruf3aRT170), was 

found having one terminal mismatch (position 2) with clone 5oD_1E8, 5oR_3_E7, 

5oR_1_D5 and 5oR_1_F8 (Figure 4.37). Since one terminal mismatch could still 

hybridize strongly when the amount of targets was high, this could account for the 

signal of ClusterIII-13 observed on both levels, which meant the sequences detected 

by ClusterIII-13 likely to occupy a large percentage of the target sequences. Probe 

ClusterIII-5′ (5′-TGCGCCAATCCGCCTAAG-3′), which was originally designed for 

AF331994 and AF331995, was found having at lease two mismatches (one central 

and one terminal at position 3, 9 for 5oD_3A11) with all 5oD clones, but only one 

terminal mismatch (position 3) with several 5oR clones (5oR_2_D6, 5oR_1_C7, 

5oR_3_G5, 5oR_1_G2, 5oR_2_D2, 5oR_2_A6, and 5oR_2_C3) (Figure 4.37). This 

could explain the appearance of a signal for probe ClusterIII-5′ only at RNA level, 

which also indicates that the strains composing this nifH sequence cluster could be 

expressing nitrogenase genes very actively in the sample. 

Since there were new clusters forming after phylogenetic analysis, new 

oligonucleotides had to be designed for the new 5o clusters and also for probe 

ClusterIII-13 and probe ClusterIII-5 groups, because they were not specific anymore. 
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ClusterIII-13′ was designed to alternate ClusterIII-13 for covering of Ruf3aRT group 

(Ruf3aRT62, Ruf3aRT114, Ruf3aRT170). ClusterIII-5′ and ClusterIII-20 were 

designed for the newly forming clusters. 

A new hybridization at RNA level was done with a microarray comprising of all 56 

oligonucleotides plus 3 newly designed oligonucleotides. Probe ClusterIII-13 and 

ClusterIII-5 were still included as a control. As shown in Figure 4.35, Probe 

ClusterIII-13 and ClusterIII-5 still hybridized and showed similar signals as previously, 

but much lower comparing to the newly designed, perfect match specific probes 

ClusterIII-5′ and ClusterIII-20. 

 

 

 

Figure 4.35 Hybridization of nifH-phylochip (including 3 newly designed probes) to 
Cy3-labelled single strand pools generated from RNA of sample Oryza longistaminata collected at 
station “5o”. The microarray slide was scanned at pmt800 and half of the scanned figure was exhibited. 
Only positive values were shown after analysis and the height of the histograms represented the average 
fluorescence pixel intensity of all duplicate spots (four for each probe) with background subtracted. 

 

Clone 5oR_2_A6 and 5oR_3_E7 were used to quantify the signal of probe 

ClusterIII-5′ and ClusterIII-20, respectively. A positive control oligonucleotide was 

used as a normalization control and the value of positive control oligonucleotide in this 

hybridization served as a standard value for calculation. Since both probes were 
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selected from almost the same target region at optimal position, a similar 

quantification slope was obtained for each probe as shown in Figure 4.36, which 

meant the signal from both probes could be compared directly. According to the 

correlated slope, the calculated amount of each target was about 4.2 ± 0.97 pmol 

(ClusterIII-20 covered sequences) and 7.4 ± 0.34 pmol (ClusterIII-5′ covered 

sequences), respectively. The sum value was 11.6 ± 1.31 pmol, which indicated the 

targets covered by these two probes shared the total amount of target used for 

microarray hybridization (10 pmol) and the strains covered by ClusterIII-5′ and 

ClusterIII-20 occupied about 63.8% and 36.2% of the whole active diazotrophic 

community respectively, similar to the estimated percentage (70% and 30%) with the 

clone library method. 

 

 

Figure 4.36 Quantification of the target composition in the environmental sample “5o” (RNA 
template).  The calibration curves were drawn by hybridizing different amounts (1, 5, and 10 pmol) of 
Cy3-labelled single strand targets generated from clones 5oR_2_A6 and 5oR_3_E7 with probe 

ClusterIII-5′ and ClusterIII-20, respectively. Y-axis value represented the average fluorescence pixel 
intensity of all duplicate spots (8 for each probe) with background subtracted. Positive control 
oligonucleotide was used as a normalization control. 

 

Another nifH-phylochip application was carried out with a root sample of wild rice 

(Oryza longistaminata) collected in March 2002 from the same sampling area at an 

arm of the Okavango River (500 m away from the flowing river) near the Nkwazi 

Lodge in Northern Namibia (Figure 3.1). This wild rice sample (named as “2NB”) was 

grown 40 to 50 cm deep in clear water above sandy soil ground. Roots were washed 

at the sampling site and immediately frozen in liquid nitrogen to avoid degradation of 

mRNA. RNA extraction and reverse transcription PCR were done as described in 

Material and Methods. 10 pmol of Cy3-labelled nifH single strand DNA was used as 
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target for microarray hybridization. The preliminary nifH-phylochip comprising 56 

oligonucleotides was used for hybridization. 

With RNA as a template for target generation, there were five probes showing positive 

signals (Figure 4.39). Probe Proteo-10 showed the predominant signal intensity 

compared to other positive probes, which indicated that the sequences covered by 

this probe might also be the most abundant one in the corresponding clone library. 

However, surprisingly, after checking the RNA clone library of this sample (clone 

name with a postfix of 2NB in the phylogenetic tree, only 5 out of 11 sequenced 

clones were shown in the phylogenetic tree) constructed from previous studies of this 

lab, no clone sequence could be covered by Proteo-10; seven (only 2 shown in the 

phylogenetic tree, A6 4 2NB and B1 4 2NB) out of eleven clones were covered by 

probe Omega-3, but the signal intensity of this probe was relatively low concerning the 

abundance of the covered clones; probe ClusterIII-9 

(5′-AGCACCGTTTTCTGCGC-3′), which was designed to cover AB027743 and 

AF331993, was found having one terminal mismatch (position 15) with sequences of 

clone D10 4 2NB and H9 4 2NB, indicating that the signal of probe ClusterIII-9 might 

be contributed by the mismatched clone sequences. This again made it necessary to 

design specific probe for clone D10 4 2NB and H9 4 2NB, as well as new probe 

(ClusterIII-9′) to alternate probe ClusterIII-9. 

 

 

Figure 4.37 BLAST analysis of oligonucleotides ClusterIII-13 (A) and ClusterIII-5 (B) against 
“5o” clone sequences. Part of the sequences was shown. Matched bases were marked as blue. 
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Figure 4.38 Alignment of twenty “5o” clone sequences comprising 321 bases. Sequences were 
integrated into the whole nifH database and aligned with ClustalX 1.83 as described in Material and 
Methods. 
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Sample 2NB was also used for some optimization attempts, such as the test of the 

effect of different thermocyclers, of reamplification or target concentration (with 

different amount of ssDNA target hybridized on the nifH-phylochip). As described in 

chapter 4.2.1.5, there was no effect of different PCR machines on the result, while 

after the reamplification step, only the main group was reamplified because only one 

probe showed high signals (Proteo-10) with the reamplified targets (data not shown). 

When 5, 10, and 30 pmol target ssDNA generated from RNA of sample 2NB were 

applied for hybridization, the signal intensities detected by probes for all main groups 

were increasing linearly. However, the signal of Proteo-10 became saturated when 30 

pmol were applied, indicating that when one target is dominant inside the target 

mixture, there is very likely that signal saturation may occur if large amount of 

samples are employed. 

 

 

Figure 4.39 Hybridization of the nifH-phylochip (including three newly designed probes) to 
Cy3-labelled ssDNA of nifH Z-fragment generated from the bacterial RNA from the root of Oryza 
longistaminata sampled in Namibia (sample 2NB). Only positive values were shown after analysis 
and the height of the histograms represented the average fluorescence pixel intensity of all twelve spots 
with background subtracted. 
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4.6 Development of general probes for validation and 

quantification 

 

In order to increase the coverage of the phylochip, more specific probes were 

designed to construct the refined nifH-phylochip. In parallel, general probes that can 

target several groups or subclusters were evaluated for detection, quantification, as 

well as validation. 

 

4.6.1 Design of an oligonucleotide for validation of nifH-phylochip 

hybridization 

 

Since it is only suitable to determine the calibration curve for few probes, when the 

probe set enlarged or sometimes the target for quantification unavailable, it would be 

a useful alternative to apply a universal probe for quantification.  

In order to validate the hybridization on the microarray, a universal validation 

oligonucleotide (V-probe) (5′-AGGATCAGACGGGTGGA-3′) was designed targeting 

the sense strands of the nifH Z-fragments obtained from Azoarcus sp. strain BH72, 

Azovibrio restrictus strain S5b2, Azoarcus indigens strain VB32 and Azospira oryza 

strain 6a3) at the region of 19-35 nt. The target ssDNAs were labelled with Cy3 at the 

5′ end and the V-probe was labelled with Cy5 at the 5′ end.  The strategy was as 

follows (Figure 4.40, B): the V-probe was first hybridized with Cy3-labelled single 

strand targets, these hybrids were then used for standard microarray hybridization 

procedure described in Material and Methods. In this way, the hybridization of 

Cy3-labelled nifH target with probes on the microarray could be confirmed by an 

independent hybridization with the Cy5-labelled nifH universal probe; on the other 

hand, the Cy5 signal of a universal V-probe could be used as a internal quantification 

control.  

It was successful for an array of few probes (Figure 4.40, A). There was no signal 

when V-probe was used as target alone (Figure 4.40, A, a). There was only Cy3 signal 

of probe BH-A234 when only nifH Z-fragment of Azoarcus sp. BH72 was used as 

target (Figure 4.40, A, b). After hybridization with the hybrid of ssDNA target (nifH 

Z-fragment of Azoarcus sp. BH72) and V-probe,  probe BH-A234, which is specific 

for the nifH Z-fragment of Azoarcus sp. BH72, showed a Cy5 signal from V-probe and 

a Cy3 signal from Z-fragment ssDNA (Figure 4.40, A, c). But this method had 

problems when applied for hybridization with microarrays of more probes (data not 
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shown), since the probes are so diverse that the V-probe may hybridize with some 

immobilized probes directly (only Cy5 signal of V-probe, no Cy3 signal of the target). 

This could be treated as no hybridization with the target, but there is high possibility 

that the hybridization of the V-probe with the immobilized probes prevents the 

hybridization of the corresponding target ssDNA and thus results in false negative 

signals. Another disadvantage of this method is that it is not possible to design a 

universal V-probe covering all nifH sequences and specific V-probes for different 

clusters. Nevertheless, for arrays containing few probes, the V-probe method could be 

applied with the advantages of validation and quantification simultaneously. 
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Figure 4.40 Application of Cy5-labelled V-probe for validation of hybridization. (A) Hybridization 
of Cy5-labelled V-probe (A, a), Cy3-labelled sense strand of the nifH Z-fragment of Azoarcus sp. BH72 
(A, b) and the hybrid of them (A, c) with microarray. The hybridization using hybrid target was scanned 
with both Cy5 and Cy3 laser and shown separately (c1: Cy5/Cy3 channel; c2: Cy3 channel; c3: Cy5 
channel). The probes were listed in Table 4.6; (B) Schematic triplex hybrids. The spacer of the capture 
probe was shown as dashed lines; probes were shown as solid lines. The stars represent the labels at 

the 5′ end of the target (Cy5, red star) and the V-probe (Cy3, yellow star); (C) Analyses of the three 
hybridizations were performed according to Material and Methods. The histograms represented the 
average fluorescence pixel intensity of all twelve spots of each probe with background subtracted. 

 

Array position     a           b          c1       c2        c3 
 
               V-probe (Cy5)  ssDNA (Cy3)     V-probe (Cy5)+ssDNA (Cy3)  

positive control 

UniBeta-319 

VB-A164 

SWub3-A51 

S5b2-A105 

BH-A234  

6a3-A51  

positive control 
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4.6.2 Development of inosine-containing universal probes 

 

Deoxyinosine forms stable base pairing with an order of stability of I:C > I:A > I:T = 

I:G. Oligonucleotides containing inosine have been used in applications where the 

detection or analysis of distinct but similar DNA sequences by probe hybridization or 

PCR is carried out (Kingsley et al., 2002, Busti et al., 2002). 

In order to quantify nitrogenase genes belonging to main clusters, it would be 

advantageous to design universal specific probes covering all the sequences in the 

clusters. For universal oligonucleotide without degeneracy, it was still necessary to 

design several oligonucleotides for a main cluster, for example, inside the 

Proteobacteria, different subgroups share conserved regions, but degenerated bases 

appear frequently at the third base of the codon. In order to minimize the number of 

oligonucleotides designed for main clusters, inosine-containing oligonucleotide could 

be a preferred alternatives. Since universal probes were observed bear the risk of 

hybridization with immobilized probes on the microarray (see the V-probe chapter 

4.6.1), the inosine probes were modified with amino link at the 5′ end and immobilized 

on the slide surface for hybridization to avoid this risk. 

 

4.6.2.1 Specificity of inosine oligonucleotide 

 

Three targets [nifH Z-fragments of Azoarcus sp. strain BH72, plasimid Nep4aRT65 

(AY231534) and Long17RT (AY231566)] and six probes (Table 4.11) were chosen to 

test the specificity of inosine oligonucleotides. The probes (2 oligonucleotides without 

inosine, 1 oligonucleotide with 2 inosine bases, and 3 oligonucleotides with 3 inosine 

bases) had different mismatch patterns (0, 1, 2 mismatch at different positions, Figure 

4.41) with the tested targets. Probe BH-A319-PM has the same sequence as 

UniBeta-319, because this region of nifH Z-fragment is conserved and could be used 

for the design of universal probes. nifH Z-fragments of Azoarcus sp. strain BH72, 

plasimid Nep4aRT65 (AY231534) and Long17RT (AY231566) (unpublished, Hurek et 

al.) were chosen because they are located in different clusters and have different 

mismatch patterns with the probe sets, such that different types of mismatch patterns 

were included using a minimized number of probes. According to Figure 4.41, for 

target from Azoarcus sp. BH72, the mismatch patterns of probes were in accordance 

with their names. 
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Table 4.11 Inosine probes and their mismatch patterns with three test targets. 

  BH72 Nep4aRT65 Long17RT 

Inosine probes
a
 Sequences (5'-3')

b
 PM

c
 1M 2M PM 1M 2M PM 1M 2M 

BH-A319-PM AAAAAA GACGATGTAGATTTCCTGGGC ×    ×    × 

BH-A319-M2 AAAAAA GACaATGTAGATcTCCTGGGC   ×  ×  ×   

BH-A319-2ino-M2 AAAAAA GACaATiTAGATcTCCTGiGC   ×  ×  ×   

BH-A319-3ino-PM AAAAAA GACGATiTAGATTTCiTGiGC ×    ×    × 

BH-A319-3ino-M1 AAAAAA GACGATiTAGATcTCiTGiGC  ×  ×    ×  

BH-A319-3ino-M2 AAAAAA GACaATiTAGATcTCiTGiGC   ×  ×  ×   

 
a
 Probes were named according to nifH Z-fragment of Azoarcus sp. BH72. 

b
 Inosine bases were shown in lowercase; mismatch bases were shown in lowercase with a grey               

background. 
c
 The correlation between targets and probes were represented by a cross with grey background. 

 

 

 

 

Cy3-labelled nifH ssDNA from Azoarcus sp. BH72 was first used to hybridize with the 

probe set at different stringencies, hybridization condition was same as described in 

Material and Methods except the variation of formamide concentration (50%, 30%, 

10%) inside the hybridization buffer. Hybridization and analysis results were shown in 

Figure 4.42. As shown in Figure 4.42 (A), when there was 50% formamide in the 

hybridization buffer, it was observed that the addition of inosine bases decreased the 

Tm of inosine-containing oligonucleotides dramatically compared to the signal intensity 

between oligonucleotides with and without inosine (BH-A319-PM and BH-A319-PM). 

A false positive signal was observed for a two-mismatch probe (BH-A319-M2) without 

inosine base, which could be due to the higher Tm of this probe compared to the Tm of 

probe BH-A20. However, the specificity of inosine-containing oligonucleotides was not 

affected; the ratio between perfect match probe (BH-A319-3ino-PM) and 

one-mismatch probe (BH-A319-3ino-M1) was about 30, two-mismatch probe 

(BH-A319-3ino-M2) had no signal after extracting background. When 30% formamide 

was used (Figure 4.42, B), the ratio between perfect match (BH-A319-3ino-PM) and 

one-mismatch (BH-A319-3ino-M1) decreased to 8, while the two-mismatch probe 

(BH-A319-3ino-M2) still had no signal. At 10% formamide, the two-mismatch probe 

Figure 4.41 The binding regions 
of six tested probes on the target 
sequences. The antisense reverse 
sequences of the targets were shown. 
Inosine bases were shown as 
black-shaded “i”s; the mismatch bases 
according to the target from BH72 were 
shaded in grey. 
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(BH-A319-3ino-M2) was yielding unspecific signals as well, which meant that  this 

stringency was not suitable to discriminate false positives. 
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Figure 4.42 Hybridization of Cy3-labelled ssDNA of the Azoarcus sp. BH72 nifH Z-fragment 
with probe set for inosine oligonucleotide test. Four probes [BHA20, BH-A20-M1(3), BH-A20-M1(9) 
and BH-A20-M2(3,9), Table 4.6] were included for comparison. Hybridization buffers with different 
formamide concentrations [50% (A), 30% (B), and 10% (C)] were used for specificity tests. Microarray 
ratio images were adjusted for best viewing (quantitative conclusions drawn from the image may be 
misleading). Average signal intensities were calculated with background signal subtracted. 

 

A 

B 
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Figure 4.43 Hybridization of Cy3-labelled ssDNA of the Nep4aRT65 (A) and Long17RT (B) nifH 
Z-fragments with inosine probes. 50% formamide was used in the hybridization buffer. Average signal 
intensities were calculated with background signal subtracted. 

 

Cy3-labelled nifH ssDNAs from plasmid Nep4aRT65 and long17RT were 

subsequently used for hybridization with the same array of inosine probes under the 

stringency of 50% formamide. According to Figure 4.41, for target from Nep4aRT65, 

all probes having a suffix of “PM” or “M2” in their names are one-mismatch probes, all 

probes having a suffix of “M1” in their names are perfect mismatch probes; for target 

from Long17RT, all probes having a suffix of “M2” in their names are two-mismatch 

probes, all probes having a suffix of “M1” in their names are one-mismatch probes, 

and all probes having a suffix of “PM” in their names are two-mismatch probes. The 

corresponding PM, 1M and 2M probes of these two targets (Table 4.11 and Figure 

4.41) showed similar hybridization patterns as the hybridization results of Azoarcus sp. 

BH72 nifH Z-fragment ssDNA. High signal intensities of the PM probes of these two 

A 

B 
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targets were due to the larger amount of ssDNA used (10  pmol). All perfect match 

probes showed much higher signals than mismatch probes. All 1M inosine probes for 

Nep4aRT (BH-A319-PM, BH-A319-M2, BH-A319-2ino-M2, BH-A319-3ino-PM, 

BH-A319-3ino-M2) showed very low signals (Figure 4.43, A); 1M inosine probe for 

Long17RT (BH-A319-3ino-M1) showed a low signal and 2M probe without inosine 

(BH-A319-PM) showed no signal, while 2M inosine probe showed signal still (Figure 

4.43, B). 

Although 30% formamide stringency had a quite high ratio of perfect match to 

mismatch and also higher absolute signal intensity than 50% formamide conditions, 

there was still a low signal detected for 2M inosine probe (e.g. probe 

BH-A319-3ino-M2 for BH72, Figure 4.42). The absolute signal intensity of perfect 

match could be increased by using more target, but the specificity was lost 

accordingly; for example, although the signal ratio between the PM probe 

(BH-A301-3ino-M2) and 2M probe (BH-A301-3ino-PM) of Long17RT nifH Z-fragment 

was more than 75, the 2M inosine probe (BH-A319-3ino-PM for Long17RT, Figure 

4.43, B) still showed signal. 

In order to achieve specificity, 50% percent formamide should be used in the 

hybridization buffer to achieve high stringency. When applying more targets to detect 

low abundant compositions, it has to be kept in mind that there could be unspecific 

hybridizations although the effect is quite small. Since the features of 

inosine-containing oligonucleotide varied and some features kept unknown, it is 

necessary to normalize the hybridization pattern of each designed inosine 

oligonucleotide before applying it for real quantification. 

 

 

4.6.2.2 Quantification potential using inosine probes 

 

To evaluate the feasibility of using inosine oligonculeotide as a quantitative tool, the 

relationship between target DNA concentration and hybridization signal was examined. 

The target Cy3-labelled ssDNA was generated from nifH Z-fragment of Azoarcus sp. 

BH72. Three concentrations were used, 0.1, 3.5 and 6 pmol. The tested inosine 

probes had PM, 1M and 2M mismatch patterns with the target (Table 4.11). The 

hybridization condition was used as before with 50% formamide inside the 

hybridization buffer. 

The signal intensity of inosine-containing PM probe had a linear response to the 

increasing target concentration; there was almost no increasing of the signal values of 

the mismatched inosine-containing 2M and 1M probes (Figure 4.44). Since 
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inosine-containing oligonucleotides have variable features that are not fully elucidated, 

it is necessary to define the quantification linear for each designed inosine 

oligonucleotide with proper targets. The slope of the quantification linear may vary and 

some probes might have to be designed again for simplified normalization. 
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Figure 4.44 Calibration curve of the inosine PM oligonucleotide using Cy3-labelled ssDNA of 
the Azoarcus sp. BH72 nifH Z-fragment as target. Normalized signal intensities were calculated 
against the positive control probe and plotted against the target quantity. The equation of the linear was 
shown on the chart. 

 

4.6.2.3 Design of inosine universal probes for general detection and 

quantification of nifH gene 

 

Based on the database of 1051 nifH sequences, inosine probes for all nifH sequences 

and for different main clusters were designed with minimized difference of inosine 

base compositions. A five-inosine containing oligonucleotide (UniIno-nif) was 

designed covering 95% of nifH sequences in the database. Two inosine 

oligonucleotides bearing 4 (UniIno-Omega-1) and 3 (UniIno-Omega-2) inosines were 

designed to cover all Omega group sequences (Table 4.12). UniIo-nif and 

UniIno-Omega-1 were evaluated with the corresponding ssDNA or oligonucleotides 

targets. 

 

Table 4.12 Inosine probes for nifH-Q-chip. 

Inosine Probes Sequence (5'-3') Specificity 

UniIno-nif AAAAAA GGCATIGCIAAICCICCICA 95% nifH in the database 

UniIno-Omega-1 AAAAAA CGIACCAGITCCATIACIGT 66% nifH Omega subcluster 

UniIno-Omega-2 AAAAAA CGIACCTTGTCCATIACIGT 34% nifH Omega subcluster 
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Probe UniIno-Omega-1 was tested with a Cy5 labelled perfect match oligonucleotide 

(OmegaUni-Cy5, 5′-ACGGTTATGGACCTGGTACG-3′) and a two-mismatch control 

oligonucleotide [OmegaUni-M2(4,9)-Cy5, 5′-ACGaTTATcGACCTGGTACG-3′]. 

Different amount of target oligonucleotide (1 pmol and 5 pmol) was used for 

hybridization with the immobilized probe UniIno-Omega-1. There was no signal from 

the two-mismatch target [OmegaUni-M2(4,9)-Cy5] . Since the threshold mismatch 

number for UniIno-Omega-1 is 3 mismatches by blasting it against the whole nifH 

database, the results of oligonucleotide vs. oligonucleotide hybridization 

demonstrated the specificity of UniIno-Omega-1 for the nifH sequences in the Omega 

subcluster. 

Cy5 labelled ssDNA of Azoarcu sp. BH72 nifH Z-fragment (1 pmol) was used to 

hybridize with the array of inosine probes (Figure 4.45). Hybridization was carried out 

as described previously with 50% formamide inside the hybridization buffer. The result 

showed again the specificity of UniIno-Omega-1. Universal nifH probe UniIno-nif 

showed a hybridization signal, while UniIno-Omega-1 was a “black hole”. The 

five-inosine containing probe UniIno-nif showed much lower signal intensity than the 

probe BH-A319-3ino-PM containing less inosine residues (3) (Table 4.11). This signal 

was similar to the one-mismatch probe (BH-A319-3ino-M1), indicating again the 

necessity of uniforming the characteristics of inosine probes for comparison. However, 

two-mismatch inosine probes always had no signal, which made the specific 

hybridization reliable. 
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Figure 4.45 Hybridization of Cy5-labelled ssDNA of the Azoarcus sp. BH72 nifH Z-fragment 
with inosine oligonucleotides. Part of the hybridization image and array positions were shown (right 
panel). Analysis was done as described in Material and Methods. The height of the histograms 
represents the average fluorescence pixel intensity of ten spots with background subtracted. 
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5 Discussion 

 

5.1 nifH is a promising marker for studies on the ecology of 

diazotroph 

  

Although rRNA-based investigations have revolutionized our view of diazotrophic 

diversity, it has been well recognized that rRNA analysis alone is insufficient for a 

complete understanding of biological, physiological or ecological functions of 

diazotrophic communities. The phylogenetic analysis performed in this study 

discovered a general view of the sequence diversity of nifH genes, which is in 

accordance with the previous opinion that nitrogenase genes are found throughout 

both the Archaea and Bacteria, but are sporadically distributed within clades in most 

cases (Young, 1992).  

This is the first study that included the largest number of unique nifH phylotypes. The 

nifH phylogenetic analysis was based on a relatively short (~320 nt), but 

phylogenetically informative region of nifH gene. Only 19% of the sequences inside 

the nifH database represent cultured prokaryotes, and the 81% uncultured 

prokaryotes are from environments as diverse as the termite gut and the open oceans 

(Figure 4.1). The high percentage of uncultured prokaryotes demands the 

development of a high-throughput, culture-independent molecular methods to monitor 

the diversity of diazotrophs. Although phylogenetic affiliation cannot be inferred as 

taxonomic identity, it does assist to “locate” the detected sequences and thus narrow 

the analysis scope, as well as to “fish out” the characteristic regions as candidate 

probes by optimized clustering of sequences.  

As shown in Figure 4.1, 1051 nitrogenase gene sequences cluster into four basic 

groups, which have been designated previously as Clusters I-IV (Chien and Zinder, 

1996). Consistent with the conclusion of many previous surveys of nifH-based 

phylogeny: (i) the assemblages are diverse while comparable to 16S rRNA based 

phylogeny, at least in some main clusters. For example, the proteobacterial nifH 

sequences form a number of distinct subclusters that correspond approximately, but 

not perfectly, with ribosomal RNA phylogeny. The alpha and gamma proteobacterial 

subclusters are generally well defined, although there are a few cultivated 

microorganisms that do not consistently cluster within the appropriate group; (ii) the 

phylotypes obtained directly from the environment are not closely related to the 
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sequences of strains characterized previously, while the sequences from cultivated 

microorganisms could assist to classify sequence types obtained from the 

environments and evaluate the topology of the tree with respect to the evolution of 

nitrogenase.  

Within the four major clusters, sequences group within subclusters that have been 

tentatively defined on the basis of amino acid sequences. These major clusters 

consist of the ‘conventional’ Mo-containing NifH and some VnfH (Cluster I), the 

‘second alternative’ non-Mo, non-V containing AnfH as well as nitrogenases from 

some Archaea (Cluster II), NifH sequences from a diverse group of distantly related 

microorganisms, many of which are strict anaerobes, e.g. clostridia, sulphate 

reducers (Cluster III), and a divergent loosely coherent group of Nif-like sequences 

from Archaea and distantly related chlorophyllide reductase genes (Cluster IV). The 

sequences from a number of cultivated diazotrophs are in Cluster III. These 

sequences include those from Gram-positive microorganisms, delta proteobacteria, 

green sulphur bacteria and Archaea, and are thus phylogenetically highly diverse. The 

organisms represented by NifH within this cluster are mostly strict anaerobes. The 

known organisms in this cluster are Clostridium, Desulfovibrio (and other sulphate 

reducing genera), Chlorobium, and the Archaea Methanosarcina barkeri. Cluster III is 

characterized by deep bifurcations and long-branch lengths, and the distances 

between sequences are larger relative to distances within Cluster I. The clustering of 

these sequences is not as aberrant with ribosomal phylogeny as it might first appear, 

as phylogenetic trees based on partial 16S ribosomal sequences from these 

microorganisms group them together as well (Zehr et al., 2003) 

Many microorganisms have multiple copies of nitrogenase genes or homologues of 

nitrogenase genes. Azotobacter was the first genus to be shown having alternative 

nitrogenases, vnfH and anfH (Bishop et al., 1985), which are located in Cluster I and II, 

respectively (Figure 4.22 and Figure 4.25). The vnfH genes of Azotobacter species 

cluster together, and as more vnfH genes are identified and sequenced it may be 

possible to resolve nifH from vnfH sequences. Clostridium pasteurianum was shown 

to have a nifH gene family and has sequences in Clusters II and III (Figure 4.25 and 

Figure 4.26). Some cyanobacteria have a vnfH as well as a second distinct copy of 

nifH. Sulphate reducers contain multiple homologues of nifH in Clusters II and III. 

Archaea often have two nifH homologues. In some cases, the two copies are in 

Cluster IV and Cluster III, and in other cases, the homologues are in Cluster II and 

Cluster III. The placement of the multiple copies in the different phylogenetic clusters 

might be a phylogenetic diagnostic advantage that could be exploited for the 

development of probes and primers.  
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In general, the following features of the nitrogenase gene demonstrated that it could 

be a promising marker to address the diversity of diazotrophs in natural microbial 

communities. (i) nitrogenase is a key enzyme for catalysing biological nitrogen fixation, 

one structural genes encoding nitrogenase, nifH, is ubiquitously distributed throughout 

nitrogen fixing prokaryotes, from Archaea to Bacteria; (ii) the nifH gene is one of the 

oldest existing functional genes in the history of gene evolution and has been highly 

conserved through evolution; (iii) numerous studies have provided a large, rapidly 

expanding database of nifH sequences from diverse environments. (iv) relationships 

among bacteria based on sequence divergences of this gene is largely in agreement 

with the phylogeny inferred from 16S rRNA gene sequences.  

 

5.2 The general nifH database provides a bioinformatic basis 

for diazotroph study 

 

The constructed nifH database could assist probe design and estimation of 

phylogenetic relations. Additionally, the universal nifH database could be applied to 

many other purposes: (i) universal primers can be designed for sequencing or 

amplification. A forward sequencing primer (nifH-f, Table 3.3) was designed for 

sequencing PCR products of nifH Z-fragments directly. This primer has been 

successfully applied to sequence nifH of different strains and clones in our laboratory; 

(ii) general evaluation of nifH-based phylogeny and evolution could provide a 

comprehensive framework for studying diazotrophic community in complex systems. 

(iii) numerous studies on nifH-gene-based ecological assessment of diazotrophic 

diversity could be summarized and used to discover the phylogenetic distribution 

within different habitats.  

The question of how diazotrophs are distributed across ecosystems and habitats can 

be investigated now, since there is an extensive dataset of nifH genes. The diversity 

of nifH genes as a function of habitat is at the heart of biocomplexity, and 

encompasses the issue of how genetic redundancy relates to ecosystem function. 

This issue is also central to understanding how organisms and genes are selected in 

habitats, and how selection versus other factors determines the distribution and 

diversity of genotypes. It is clear that diazotrophs are not distributed equally among 

habitats, and that there are differences in the distribution of specific types and the 

number of types across habitats (Zehr et al., 2003). There are many clusters for which 

we do not yet have cultivated isolates, and some of these clusters are found in 
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multiple environments. The awareness of the diversity characteristics in different 

environments could facilitate to focus on the interesting diazotrophs and thus alleviate 

the effort of applying the whole phylochip on the diagnosis. However, when analysing 

new habitats without references (either previous studies or clone libraries), a universal 

phylochip would be more preferred to cover the unknown phylotypes as broadly as 

possible. Some habitats have less nifH sequence diversity, although this may be 

partially due to the discrepancies in the number of sequences obtained in each study. 

However, a number of distinct patterns emerged independent of the numbers of 

sequences obtained from a given environment, e.g. the functional clone library (RNA 

level) of sample “5o”, of which 10 clones showed the whole detectable, abundant 

functional diversity after semiquantitative validation (Figure 4.35, 4.36 and 4.38). 

 

5.3 Position of labeling acts as a crucial factor determining 

microarray sensitivity 

 

High-density oligonucleotide microarrays have become a widely used tool for all fields 

of biological research on a large scale. Increasingly, researchers are exploiting 

surface-immobilized DNA oligonucleotides for a variety of biotechnological, medical 

and nanoscience application. Accordingly, it is compulsory to increase the specificity 

and sensitivity of oligonucleotides for their targets. While the technology is in its 

infancy, several fundamental but critical knots such as the selection of optimal 

oligonulceotide and the hybridization behavior are yet unloosed. Compared to 

classical liquid and membrane hybridization, microarray hybridization is a reverse 

reaction on solid surface, the lack of detailed information on the thermodynamics of 

hybridization in such condition made it inconceivable to predict the effects of further 

factors on the behavior of a given oligonucleotide probe. All microarray-based 

techniques for the analysis of DNA variation are based directly or indirectly on the 

hybridization of complementary strands of DNA. It has been well recognized that 

some surface-bound probes targeting certain regions cannot hybridize to their 

perfect-match targets efficiently (Milner et al., 1997; Southern et al., 1994; Small et al., 

2001; Loy et al., 2002). False negative signals were often confronted and previously 

attributed mainly to signal-suppressing parameters such as secondary structure of the 

target molecules and general steric hindrance, selectively acting for different probe 

binding sites. However, relatively few efforts have focused on examining how the 

target-probe binding patterns, specifically the position of labeling (POL) and the 
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relative distance between the hybrids and the terminal labeling (DHL), influence the 

signal output. 

In this study, it was found repeatedly that probes targeting certain regions often 

generate higher signals than other probes, independent of the target sequences used. 

The evaluation experiments were using different PCR amplicons of the Azoarcus sp. 

BH72 nifH gene. The probes were designed according to both strands, and the 

probes from three positions were also tested as their reverse complimentary probes 

for comparison (Figure 4.2). The complimentary probe pairs should have formed the 

same hybrids with their corresponding targets theoretically, but the microarray results 

showed that they did not hybridize with the same efficiency. Probes binding to the 

labelled termini of the targets generated significantly higher signals (Figure 4.4, 4.6, 

4.7, 4.8, 4.10 and 4.11).  

In most of the previous studies, secondary structure contributes to the low binding 

efficiency more predominantly, mainly due to the complex secondary structure of the 

long targets used in those experiments (e.g. 16S rRNA, Peplies et al., 2003). In this 

study, it has been ensured in several aspects that the effect of secondary structure 

should not be the main cause of the dramatic variance between the signal intensities 

of different probes: (i) the signal intensities of denatured ssDNA and ssDNA without 

previous denaturation were in the same range (Figure 4.3); (ii) hybridization was 

performed at high stringency with highly concentrated formamide, preventing the 

single strand from forming complex structures; (iii) ∆G and ∆S of all formed hybrids 

were estimated to be in the same range (data not shown) with the online tool 

(HYTHERTM version 1.0, SantaLucia, 1998; Peyret et al., 1999). 

It is also unlikely to be the effect of general steric hindrances that led to the significant 

variations. When hybridizing on a solid support, the binding efficiency of target 

molecules may be reduced by unfavourable steric interactions mediated by the solid 

matrix (Shchepinov et al., 1997) and the extent of this effect was thought be 

correlated with the size of the target nucleic acid and the distance between the 

support and the capture probe. It was assumed previously that a 5’-immobilized probe 

binding to the 5’ end of the target molecule could lead to an unfavourable steric 

situation because the longer tail of the target nucleic acid is oriented towards the slide 

surface and vice versa, which was apparently contrary to the hybridization patterns in 

this study. As for application of spacer molecules, we found little influence on signal 

intensities compared to the application of reverse orientated probes, indicating that 

beside secondary structure and steric hindrances, there could be certain 

unrecognized factors responsible for the low signal output. 



Discussion  135 

The binding efficiency also could not explain the signal variation, because (i) the 

validation probe method was used to compare the differences between the binding 

efficiency of all ten probes to the microarray, but did not show variations as dramatic 

as the signals immobilized probes did (Figure 4.13). A Cy3-labelled oligonucleotide 

was used as validation probe to hybridize with Cy5-labelled shortened nifH 

Z-fragment of Azoarcus sp. BH72 (322 nt), and the dual labelled hybrids were then 

used to perform normal hybridization on the microarray. The Cy5 signal pattern was 

similar as previous experiments with dramatic variation, while the Cy3 signal intensity 

was in the same range, and the maximal difference was about 2 fold, indicating similar 

amounts of target bound to each probe; (ii) probe A114(6A) and A307(6A) showed 

dramatically different signal correlation when hybridized to two targets with different 

length (Figure 4.4 and 4.12), which is certainly not caused by the binding efficiency; 

(iii) it has been concluded that immobilized probes could form hybrids more easily 

when they are away from the support surface (Southern et al., 1999), which is 

contradictory to the obtained results in this study. Comparing different hybrids formed 

by the target with the same probe having different immobilization directions (Figure 

4.4, 4.6, 4.7 and 4.8), probes having similar distance to the surface produced 

dramatically different signal intensities. 

Performance of 50-mer oligonucleotides as probes indicated again that there could be 

certain uncovered factors responsible for the signal variations. Long probes targeting 

the labelled and the unlabelled ends showed a similar but reduced POL effect of 

about two-fold differences (Figure 4.15). 

Reproducible hybridisation of probe sets with the reverse complimentary strands of 

Azoarcus sp. BH72 nifH Z-fragment exhibited that the obvious difference among 

hybrids is the position of labeling (POL) and the relative distance between the hybrid 

and the labeling (DHL). The probes targeting the labelled end often generate higher 

signals, which has also been supported by the hybridisation results of other targets 

[two shortened nifH Z-fragment of Azoarcus sp. BH72 (Figure 4.11 and 4.12), nifH 

Z-fragment of Azotobacter vinelandii (Figure 4.28)]. 

Data in Figure 4.4 and Figure 4.6 resulted a parabolic curve (Figure 4.9), however, in 

those experiments, no probe was targeting the extreme terminal of the targets, which 

meant that the real relation between probe position and signal intensity might not be 

reflected correctly. To further verify this proposal, additional sets of probes from the 

position close to the extreme terminal (5′) of the target were designed. The signal 

intensity of these probes was even higher than that of probe A20(6A), which had 

shown the highest signal in previous experiments. The relationship between probe 

position and signal intensity could be summarized by all performed experiments as: 
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signal intensity of probes targeting the labelled end of the fragment is the highest; the 

signal intensity has a dramatic decrease (≈ 10 fold) from the position about 1/5 of the 

whole target length away from the labelled 5′ end(Figure 4.13); it keeps decreasing till 

the middle of the sequences and has a slight increase at the opposite end; probes 

from the middle position show the lowest signal in all cases. 

The dramatic variation of signal output might be attributed to the flexibility of the label 

dangling, which is determined by POL and DHL. When the DHL is large, the label 

dangling would have variant conformation and might fray with each other (a behavior 

that was not observed in aqueous solution), leading to different POL with respect to 

the slide surface and the laser layer of the scanner, which could cause: (i) the labels 

dissolved into the crowding strands and could not be sensitized efficiently by the laser; 

(ii) the fluorescent emission diminished due to the quenching interaction between the 

dye on the probe and certain bases (most probably guanine base) at a particular 

position on the target (Kurata et al., 2001; Salvatore et al., 2002). Decreasing the DHL 

could uniform the POL, resulting in similar label layer and obviating the labels 

dissolving.  

We have shown the effect of POL with four different targets from Azoarcus sp. BH72 

nifH Z-fragment [sense and antisense strand (362 nt) amplified with degenerated 

primers and two shortened sense strands (322 nt and 209 nt) amplified with specific 

primers without degenerated bases] and several nifH Z-fragment targets from other 

strains, while no longer target have ever been included in this study mainly due to the 

multiple factors involved, e.g. secondary structure, which could be the reason that 

POL effect was not observed in previous oligonucleotide microarray applications. 

Long target sequences are likely to fold in on themselves as a result of intra-molecular 

Watson-Crick base pairing. This structure hides parts of the target from the 

oligonucleotide probes. Large targets are also likely to be inhibited by their bulk from 

approaching the surface (Southern et al., 1999). In order to examine the POL effect 

for long targets, other factors need to be minimized to certain extent. 

Oligonucleotide microarray is the most popularly used technique in the field of gene 

expression profiling, SNP analysis, as well as microbial ecology and diversity studies. 

Sensitivity could be increased if the probes were selected from the proper regions and 

generated higher signals. Although there could be a combined set of factors 

influencing signal output, POL effects should be a critical factor to be considered 

during microarray performances when comparing probes having similar features. 

Additional experiments, e.g. hybridization with different target-probe set and long 

targets, need to be done to elucidate the physical and chemical basis of the POL 
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effect. Nevertheless, the observed behavior of probes targeting different regions 

already suggested that the importance of POL effects for probe design and 

comparison of signals of diverse probes. Comparison of the binding patterns between 

different surface-bound probes provide important insight into how hybridization at 

interfaces may be different from solution-phase duplex formation, and could also offer 

means to check data quality and to develop improved probe design methodologies 

and immobilization strategies for microarray applications. 

 

 

5.4 Probe set design and validation 

 

High-density short oligonucleotide microarrays have become a widely used tool for all 

fields of biological research on a large scale. Accordingly, it is important to identify 

methods to increase the specificity and affinity of oligonucleotides for their targets.  

One of the main problems when designing oligonucleotide microarrays is to achieve 

nearly identical melting temperatures for all the probes on the array. One potential 

approach to achieving this is the use of hybridization buffers containing tertiary amine 

salts, i.e., Tetramethyl ammonium chloride (TMACI) or tetraethyl ammonium chloride 

(TEACI), which have been successfully applied to enable GC-content independent 

hybridization on nitrocellulose or nylon membranes (Wood et al., 1985; Spiro et al., 

2000). The present weakness of this approach is the lack of detailed information on 

the thermodynamics of hybridization in such solutions. Further, the effect of tertiary 

amine salts on the different present and future surface chemistries is largely  

unknown. Thus another approach was chosen by designing oligonucleotides that 

should have nearly identical melting temperature in ‘traditional’ hybridization buffers. 

The most critical step of the probe design process is to fine tune the probe set in a 

way that all probes in the set display hybridization behaviour as identical as possible. 

In the first stage, an attempt was made to design oligonucleotides with predicted 

melting temperatures of 67 ± 2°C [according to the nearest neighbour model 

(Breslauer et al., 1986)]. Probes with group- or strain-level specificity have been 

designed successfully in most cases, while some sequences cumbered this process 

due to the limited length of differentiative sequence regions (i.e., high GC content in 

the specific region). When no alternative probe sites were found, the probes with 

suboptimal melting temperatures were accepted and synthesized. As present models 

can only predict melting temperatures of free oligonucleotides but not of those bound 
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to solid surfaces, probes with suboptimal melting temperature do not necessarily 

perform suboptimally. 

The hybridization behaviour of oligonucleotide probes immobilized onto a solid 

surface depends on several factors. Length, GC content, exact sequence of the  

probe and the factors discussed in previous sections: these together were  

considered when predicting Tm for the oligonucleotides by using the nearest 

neighbour method (Breslauer et al., 1986). Position of GC and AT pairs: the middle of 

the probe is more important in stabilizing hybridization, thus a probe with most of its 

GC content in the middle binds to its target more strongly than another one with 

homogenous GC distribution (but with identical length and GC content) (Guo et al., 

1994; Shchepinov et al., 1997; Hughes et al., 2001). Secondary structures of the 

probe and of the corresponding target: when any of these two are of significant 

strength, compared to the strength of hybridization between the probe and the target, 

a significant drop in hybridization efficiency is expected. The effect of secondary 

structure was minimized by a highly destabilizing regent (50% formamide) and had 

been estimated by statistical folding (Figure 4.5), showing that it is not the main factor 

in this system. The exact nature of the overhanging nucleotides on the target 

(nucleotides immediately next to the area targeted by the probe): this comes from the 

nearest method model, but wasn’t accounted for because the overhangs of the target 

sequence were not considered. Number and type of mismatches: some mismatches 

have little while others have very strong destabilizing effect (see also in Sugimoto et 

al., 2000). Position of mismatches: mismatches in the middle are more destabilizing 

than mismatches at the terminal positions (see also in Fotin et al., 1998). The number 

and position of the mismatch was considered more preferentially than the type, 

because it was found that even the highly destabilizing mismatch type (e.g. G/C 

mismatch at the middle position) is not as effective as two mismatches at different 

positions and the position of the mismatch plays a greater role in determining the 

signal intensity of duplexes than the type of mismatch (see also in Urakawa et al., 

2001). Factors arising from the immobilized nature of the probes: steric effects can 

hinder the formation of hybrids between the target and the bound probe. This effect is 

much stronger for the immobilized end of the probe. Thus, the bound end of the  

probe plays a lesser role in the hybridization than the free end (Guo et al., 1994; 

Shchepinov et al., 1997; Hughes et al., 2001), which can be applied for the position of 

GC and AT pairs as well as for the position of mismatches. The effect of POL: 

according to previous observations, oligonucleotides generating the best POL (labels 

close to the hybrids) after hybridization were preferred during design, as this kind of 

probes achieved higher signal intensity and thus increased the detection sensitivity. 
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When it was impossible to design such kind of oligonucleotides, in most cases 

suboptimal oligonucleotides were designed and considered during signal processing 

and quantification. Based on the above criteria, on the initial results of the 

hybridization behaviour of our probes and on the published data (Shchepinov et al., 

1997; Fotin et al., 1998; Meroueh and Chow, 1999; Sugimoto et al., 2000), a set of 

simple findings was compiled which significantly improved the prediction of the 

hybridization behaviour of the probes. These findings are: (i) mismatches at the end 

positions (less than 3 nt from the end) were not considered. Mismatches adjacent to 

the end positions are considered only if they are present together with other types of 

mismatches; (ii) high GC content probes shorter than 15 nucleotides in length display 

unreliable hybridization behaviour under the experimental conditions applied. The 

above points were also considered during design; (iii) probe expected to be specific 

for a certain group should not have a perfect match or one terminal mismatch (less 

than 3 nt from the end) relation with sequences outside that group, only one central 

mismatch should be considered with care. 

Only few strain-specific probes were designed, while the specific oligonucleotide 

probes for different sequence subclusters or subgroups were mainly designed and 

included in the first version nifH-phylochip (primary nifH-phylochip). The sequence 

subclusters or subgroups were focused on those that form distinct lineages 

comprising multiple sequences in the phylogenetic tree and possess unique 

sequence characteristics in the aligned DNA database. Since the first version 

nifH-phylochip was designed on December 2001, some sequences retrieved 

afterwards were not covered due the new lineages formed. 

At different hybridization conditions, the effects of mismatches on the specificity of 

probes were determined with a set of probes and targets. One mismatch at the 

terminus of the hybrids had few effects on the discrimination although the signal 

intensity could be decreased by the terminal mismatch in some cases. It was 

observed that the discrimination ratio between perfect match and one central 

mismatch could reach 25 fold (Figure 4.17 and Figure 4.18), while this was still not 

applicable due to the prerequisite of stringency. Several previous microarray studies 

included signals of one mismatch probes (Wu et al., 2001; Taroncher-Oldenburg et al., 

2003; Bodrossy et al., 2003; Steward et al., 2004), which had the benefits of 

increasing the coverage of probes, but at the same time the accuracy of the diagnosis 

was decreased. Since hybridization will be performed on multiple probes with different 

properties at the same hybridization condition, in order to distinguish between 

unspecific hybridization and low efficiency hybridization, probe and hybridization 

conditions must be optimised to eliminate unspecific binding below the detection level. 
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A stringent criterion for design of specific probes was defined as following: For 

strain-specific probes, the unspecific targets have at least two mismatches (usually 

more than three mismatches). When two mismatches could not be avoided, the 

mismatches were located at the positions that can disrupt the duplex region into short 

parts (usually less than 10 nt), e.g. for a 20-mer oligonucleotide, 10 nt pieces could be 

obtained by at least a internal mismatch at the middle position or two internal 

mismatches that have less than 10 nt distance. The effects of mismatch positions and 

probe lengths were not examined in detail; however, the rules that were defined 

appeared to be efficient: there was no unspecific binding during the validation with 5 

strains and 8 environmental clones (Table 4.8); nevertheless, there is a need for an 

improved method to predict hybridization behaviour of oligonucleotide probes. 

Software that considers further effects arising from the immobilized nature of the 

probes, as well as the secondary structure of the probe and the target via user defined 

parameters is urgently required. Although the conducted validation hybridizations in 

this study did not encounter these problems, which could be due to the less number of 

targets used for validation, further validation needs to be done to check the specificity 

of all probes with proper targets, since false negative or false positive hybridization 

occurred frequently in many previous studies. For group specific probes, there are still 

several cases that one-mismatch targets exist for the probes. One-mismatch targets 

of these probes normally belong to the closely related subclusters of the targeted one. 

These probes were still left in the probe set as we were unable to identify a better 

region to design more specific probes; the hybridization signal from these probes 

should be validated with additional specific probes or universal probes.  

 

 

5.5 Most of the probes kept specificity after database 

enrichment 

 

Oligonucleotide design in this study was based on both phylogenetic relations and 

sequences characteristics. During the design process, it was observed that 

phylogenetically related sequences share conserved characteristic regions, which 

simplified the selection of specific probes for these sequences. Most probes were 

selected from the characteristic regions of the sequences that could form distinct 

groups, and in most cases, these probes kept specificity even after the database 

enrichment. For separated single sequences or multiple sequences that could only 



Discussion  141 

form groups loosely, rarely are probes designed and included in the preliminary 

nifH-phylochip, because the “randomly” selected probes for these sequences cannot 

represent the features of sequence groups and thus have high potential to be 

unspecific (e.g. probe ClusterIII-5, ClusterIII-9 and ClusterIII-13). Since the database 

of nifH is expanding quickly and new sequences appear frequently from each attempt 

of environmental sequence retrieval, it would be more efficient and reliable to design 

specific probes for these separated sequences when they can form distinct groups 

with the newly enriched sequence database. It should be kept in mind that the 

candidate probes for these sequences in the further refined nifH-phylochip might not 

be specific when they were applied to the study of complex environments harbouring 

plenty of unidentified diazotrophs. Nevertheless, the probe design based on the 

characteristics of sequence groups were successful and likely to keep specificity even 

for an enlarged nifH database, which again supports that the nifH gene is a promising 

marker for studies of diazotrophic ecology. 

Specificity is one of the most critical parameters for any technique used to detect and 

monitor microorganisms in natural environments. The specificity of probe-target 

association depends on the degree of sequence divergence, which can be very high 

among target genes in natural microbial communities. However, different levels of 

specificity can be achieved by adjusting microarray hybridization conditions, 

depending on the experimental objectives. Microarray hybridization under low 

stringency conditions allows the detection of microbial populations with a broad range 

of sequence divergence, while highly stringent conditions permit the detection of the 

microbial populations more specifically. For example, at low stringency (10% 

formamide, 25°C, condition 3 in Table 4.7), even two mismatch probes on the array 

hybridised with the Cy3-labelled nifH target (Figure 4.19), the specific signal was at 

the same level as the unspecific signals. By contrast, only the specific probe showed 

strong hybridization under high stringent conditions (50% formamide, 25°C, condition 

5 in Table 4.7), and the one-mismatch probes showed dramatically lower signal, the 

two-mismatch probe showed no signal at all. We estimated that our microarray 

hybridization conditions could differentiate sequences exhibiting two mismatches with 

the probes. The level of specificity could be further improved for complex samples by 

increasing the hybridization and washing temperature. This was not employed in this 

study, because in the case of mixed targets, it was expected that the labelled targets 

will preferentially hybridize with their perfect-match probes rather than with their 

mismatch probes, because the rate of hybridization will be more rapid and the 

probe-target association will be more stable between the perfectly matched 

sequences than between the mismatched sequences. As a result, the mismatch 
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sequences will have less possibility of cross hybridization when the perfect-match 

sequences are present, especially dominant. The hybridization results (Figure 4.17, 

4.18 and 4.19) illustrated this assumption in another way that the target hybridized 

with its perfect-match probe more efficiently than the mismatch probes. 

 

5.6 Semiquantitative potential of the nifH-phylochip 

 

The main reason to rely on PCR for quantification is its high sensitivity and specificity 

in comparison other techniques. The efficiency of the specific amplification using 

universal nifH primers (Zehr and McReynolds, 1989) has been assessed in many 

previous studies (Zehr and Capone, 1996; Zehr et al., 1998; Engelhard et al., 2000; 

Hurek et al., 2002; Tan et al., 2003). The microarray detection system, which has 

been found to be suitable for simultaneous quantification of multiple sequences, offers 

several advantages over the formats used in other fingerprinting methods. The 

stringent quality control of oligonucleotide purity ensures high specificity. The modified 

slide surface has a higher capacity of immobilized oligonucleotides that provides for 

improved quantification and better discrimination between perfect and mismatched 

duplexes. Standard deviations in signal intensities between replicated spots were 

relatively low (10-15%). The variation between different slides could be normalized by 

applying control probes as internal standard. 

Quantification potential was first examined with a single target. By applying different 

amounts of target, a linear correlation between signal intensity and target amount 

could be obtained. This was feasible only by normalization with positive control 

probes on the assumption that the variation between different slides could be 

reflected by the hybridization performance of the same amount of positive control 

probes. The signal intensity of each probe was calculated as the percentage of the 

signal intensity (mean value with background subtracted) of the positive control probe 

on the same array. As each slide contained multiple spots for each probe, normalized 

signal intensities of the duplicated spots on a slide were used to determine average 

values and standard deviations. The equation of the linear (y = kx + t) could be used 

to calculate the amount of target (x) when a certain signal intensity (y) was obtained.  

Under stringent hybridization conditions (condition 5 in Table 4.7), the ratio of genomic 

DNA mixtures that could be reliably measured had to be less than 10 (Figure 4.30), 

which could be due to the POL effect that caused the dramatic signal variation. 

Quantification of individual targets could also be facilitated by use of universal probes 

as internal standard, assisting the normalization of variations between the 
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hybridization behaviour of different probes, which could also be used to evaluate the 

efficiency of nucleic acid isolation or the relative amount of target recovered. 

It must be kept in mind that the linear quantification method is not always applicable, 

especially for low abundant compositions (Figure 4.27, 4.29 and 4.30). Low ssDNA 

quantity (<1 pmol) did not fit to the linear correlation even when only single target was 

used. Another shortcoming of this method is that the slide quality has apparent effects 

on the accuracy of the calibration curve, variation between slides may cause false or 

absent linear correlation. 

 

 

5.7 A refined nifH-phylochip is suitable for the analysis of 

environmental samples 

 

Microarray techniques become increasingly popular as a fingerprinting method for 

analysis of microbial communities, although its potentials are still being explored. 

Microarray analysis provided much more rapid comparison of microbial diversity than 

clone libraries method. Figure 4.33 illustrates the extensive diversity observed in the 

microarray profile of rice root sample 5o with DNA as template for PCR. In contrast, 

the microarray profile of sample 5o at mRNA level was noticeably simple. The  

striking differences (or similarities) in the height of histograms in profile analysis at 

DNA and mRNA level have been incorporated into our comparison of the relative 

abundance of the participants based on the POL effects of different positive probes. 

The analysis indicated that (i) only few of the diverse diazotrophes present in the 

sample (DNA level) contributed to the physiological activity (mRNA level) of the  

whole population in certain niche; (ii) the active diazotrophs might be the less 

abundant in the whole community. Sequence analysis of the clones from nifH DNA 

and cDNA clone libraries provided information about the composition of microbial 

communities but is the most time-consuming and expensive method of community 

analysis. Although only 10 clones were sequenced for each level, the sequences 

characteristics already showed the extent of diversity clearly. As expected, DNA 

clones were as diverse as the microarray profile. Among 10 clones, only 5oD_2A2 

and 5oD_3F4 had high sequence identity (98%); the sequence identity between any 

other two sequences was less than 80% (mostly less than 60%). The clones were 

localized in diverse subclusters of the phylogenetic tree. Seven clones were  

classified as members of ClusterIII and three were in ClusterI (Omega subcluster). 
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Only few DNA clones could be covered by the oligonucleotides spotted on the 

microarray (5oD_2A2 and 5oD_3F4 by probe Omega-1, 5oD3H11 by probe 

Omega-7) and the remaining uncovered DNA clones in ClusterIII were due to the high 

diversity and low coverage of this cluster, in comparison to the high coverage for the 

Omega subcluster (95%). DNA clones in ClusterIII were located in different 

subclusters (Figure 4.26): clone 5oD_3B5 was loosely related to the cDNA clones 

(Ruf3aRT cluster) from another study of diazotrophic endophytes (Hurek, unpublished 

data), both located in a subcluster characterized by cultured delta-proteobacteria; two 

DNA clones (5oD_3E8, 5oD_3G2) were clustered loosely with one nifH cDNA clones 

(C3_1_BP) retrieved from roots of Oryza longistaminata grown in green house; three 

DNA clones (5oD_1E9, 5oD_1E8, 5oD_3A11) were clustered with 10 nifH cDNA 

clones of sample 5o, which were also related to several other environmental nifH 

cDNA clones retrieved from roots of Oryza longistaminata grown in different sampling 

sites in Namibia and from roots of Oryza sativa cv. IR72 grown in Philippines. Several 

conclusions could be drawn from these observations: (i) three DNA clones might be 

related to expressing nifH phylotypes in other plant samples or in the same; (ii) the 

environmental nifH clones from different samplings of wild rice roots could be grouped 

into certain characteristic subclusters, although their sequences are not highly 

homologous; (iii) all 10 nifH cDNA clones formed two closely related subclusters, 

indicating that the actual activity in a certain environment could be accomplished by 

relatively few diazotrophs; (iv) diazotrophic communities in related niches are diverse 

but share certain characteristic participants. 

The reason that the signal of several positive probes was not represented in the 

clones could be the dissatisfying coverage of preliminary nifH-phylochip or the limited 

number of sequenced clones. For sample 5o, it was found that several microarray 

probes had few mismatches with the new environmental clone sequences, allowing 

perhaps unspecific hybridization. These probes were designed suboptimally, which 

meant that they were targeting subclusters bearing few sequences and might not 

represent the characteristics of those sequences. New probes were designed for 5o 

RNA clones and used to evaluate the RNA sample again using the microarray, 

resulting in different activity profiles of sample 5o. The unspecific probes showed 

similar hybridization signals as before, while the signal of the newly-designed specific 

probes was higher. In reference to the calibration curve, the relative ratio of the signal 

intensity from two new probes was determined. The sum value of the measured target 

amount was similar to the actually applied amount of target for hybridization, 

indicating that this quantification method could be employed to discover whether the 

detected signal already encompassed all potential nifH sequences in the sample. 
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When the measured amount calibrated by the calibration curve is lower than the 

amount applied for hybridization, uncovered nifH could remain undiscovered and thus 

correspond to the missing part in the analyzed sample. 

RT-PCR method has been used to detect the expression of nitrogenase genes in 

different habitats (Noda et al., 1999; Zani et al., 2000; Hurek et al., 2002; Brown et al., 

2003). In these experiments, nifH cDNA sequences were found similar to nifH DNA 

sequences recovered separately. Since DNA and RNA were not coextracted from the 

same sample, parallel comparison could not be performed between the community 

diversity (DNA level) and the active diversity (mRNA level) of the same sample. Zehr 

et al. examined the nifH diversity of DNA and RNA from the same marine microbial 

mat sample (personal communication, unpublished data), showing similar observation 

as the studies performed in our lab (see the upper paragraph of this section). All these 

studies brought nifH mRNA analysis into prominence. Although nifH expression does 

not necessarily indicate that the bacteria were actively fixing N2, it does provide 

information on the bacteria that could have been fixing nitrogen and also suggests 

that nitrogen-fixing conditions existed for these phylotypes at the time of sampling. 

Future use of this RT-PCR approach can be used to identify organisms actively 

expressing nitrogenase genes and also to learn more about the environmental factors 

controlling nitrogenase expression and nitrogen fixation in diverse environments. 

 

 

5.8 Limitations of the nifH-phylochip 

 

Biases inherent in the preceding molecular biology procedures, such as nucleic acid 

extraction, amplification and labelling, impose limitations upon the microarray 

approach. Even after a careful optimization of these steps, such results must be 

interpreted with caution. Perhaps the most promising field for diagnostic microbial 

microarray based quantification is the analysis of temporal and spatial changes within 

one environment. Before applying the developed nifH-phylochip in high-throughput 

analysis of diazotroph diversity in environmental samples, optimization of different 

procedures need to be done to minimize the bias introduced. 

Any probing technique based on PCR amplification is subject to the effects of PCR 

bias, although the equal performance of the primers used in this study has been 

extensively evaluated. However, the sensitivity provided by amplification via PCR or 

RT-PCR is necessary for many environmental applications. Regardless of potential 

bias in amplification (if we suppose there is), the array hybridization was generally 
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reproducible when PCR products from multiple reactions were pooled. In order to 

resolve the signal intensity generated from abundant, low-similarity sequences from 

less abundant but perfect match sequence types (specificity), stringent hybridization 

conditions have to be employed which will subsequently affect the sensitivity. In some 

cases, it is difficult to assign the detected sequences to a defined phylogenetic 

affiliation. The diverse behaviours of probes complicate the quantification, although it 

has been shown that a linear correlation is mostly obtained for them.  

Probe design was limited by the length of probes and the conserved region of nifH 

sequences, from which it was not possible to design probes, mainly due to the GC 

content. The coverage of probes has the basic and critical effect on the interpretation 

of hybridization signals. Until the detailed features of nifH sequences in different 

habitats were determined, habitat-specific phylochips could not be applied to examine 

the nifH diversity in certain environments. A universal nifH-phylochip still has to be 

used due to the diversity of unknown nifH sequences in nature. In this way, it is 

unsuitable to declare that the nifH-phylochip here includes specific probes covering 

the entire diversity of nifH, particularly in environments that have not yet been 

characterized by intensive sequencing efforts. This stresses the importance of clone 

libraries, especially when habitats are newly characterized. However, the arrays are 

useful for determinative microbiology and comparing community composition between 

samples. It can be expected that with more sequences enriched and sequence motifs 

of different subclusters identified by advanced programs, a universal nifH-phylochip 

will facilitate our diazotrophic ecological study and revolutionize our view on 

community distribution of nitrogen fixing prokaryotes. 

 

5.9 Inosine-containing universal probes have the potential for 

simultaneous detection and semiquantitative estimation 

of nifH clusters 

 

In order to improve the potential of the microarray for analysing various environments, 

especially those potentially dominated by unknown nifH. Universal probes targeting  

all and major clusters of nifH are required. V-probe method (see section 4.6.1 for 

detail) was tested with a general probe first hybridizing with Cy3-labelled single  

strand targets, and the hybrids then used for standard microarray hybridization. In  

this way, the hybridization of Cy3-labelled nifH target with probes on the microarray 

could be confirmed by an independent hybridization with the Cy5-labelled nifH 
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universal probe; on the other hand, the Cy5 signal of a universal V-probe could be 

used as an internal quantification control. This method is sensitive and applicable for 

validation and quantification in parallel, but it is only suitable for a limited number of 

probes and defined types of targets, because: (i) V-probes may hybridize with the 

immobilized probes and thus inhibit the hybridization of targets, (ii) a universal probes 

for all nifH genes and for main clusters of nifH cannot be designed due to the 

degenerated bases. Degenerated oligonucleotides could be an alternate, while 

different ratios of the degenerated bases in the synthesized oligonucleotide render the 

quantification impossible. The inclusion of inosine in the oligonucleotide may solve the 

problem by forming stable base pairing with an order of stability as I:C > I:A > I:T = I:G 

(Kingsley et al., 2002, Busti et al., 2002). Although there are inherent variations 

between different bases pairing with the inosine base, the relative abundance of nifH 

fragments could still be compared in our experiments due to the semiquantitative 

potential of inosine-containing oligonucleotides (Figure 4.45). Since the 

inosine-containing oligonucleotides kept specificity at high stringency without losing 

discriminative sensitivity (Figure 4.43 and 4.44), a high amount of target could be 

applied for hybridization to ensure true positive detection. The inosine oligonucleotide 

microarray was named as nifH-Q-chip, mainly due to the simplified quantification 

property of it. The relative abundance of main clusters could be measured and 

compared with the result of nifH-phylochip, which can not only validate the 

nifH-phylochip but also assist to discover the potentially uncovered nifH sequences. 

Following conclusions can be drawn for the design of efficient inosine universal 

probes for nifH: (i) the probes should be normalized to have similar numbers and 

positions of inosine bases, which could minimize the difference between the Tm of 

inosine probes, although there is still no suitable programs for calculating Tm of 

inosine-containing oligonucleotides; (ii) specificity of the designed inosine probes 

should be checked by Blast analysis against public database after exchanging inosine 

with different bases; (iii) inosine probes should be designed based on amino acid 

alignment. Stretches of consecutive amino acids that are identical within the 

fragments of interest could be used for selecting the correspondent DNA probes. 

Although only one universal inosine probe for all nifH fragments and one inosine 

probe for the Omega subcluster have been evaluated, it is anticipated that more 

inosine probes covering different clusters could be designed and applied for general 

detection and simplified quantification of major nifH clusters.  
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5.10 A joint Platform for nifH-phylochip and nifH-Q-chip 

 

Microarray-based analysis of environmental samples could be accomplished in two 

joint stages: hybridization with the nifH-Q-chip containing universal probes for major 

clusters and all nifH sequences could be used to perform a preliminary and general 

estimation of the community structure, followed by a detailed hybridization with 

nifH-phylochip. 

The coverage problem of the primary nifH-phylochip made it necessary to design 

more probes for covering as much sequences as possible in the database. But the 

growing numbers in the public database and the newly retrieved sequences from 

every clone retrieval prompt that a complete platform for a nifH-phylochip-based 

biodiversity study should be set up, which means that only including database 

sequences or only including clone sequences is not sufficient for the extensive 

coverage of all phylotypes. The platform should be based on all-inclusive sequence 

analysis (public database and clone libraries), but in most of the cases, this is not 

applicable due to the limitations of clone sequencing efforts. But just like the problems 

that the microarray technology encountered when it started to revolutionize our 

research, the application of nifH-phylochip could be difficult as well at the beginning. 

Continuous enrichment and optimization should be devoted to make it more robust. 

Based on this, a secondary nifH-phylochip was designed comprising more probes 

covering about 90% of all sequences in the database (created on December 2002). 

However, for a real inclusive detection, a universal probe-based nifH-Q-chip must be 

involved into the platform, since it is possible to design such kind of probes based on 

the characteristics of diverse nifH sequences and it has been shown that probes 

designed in such a way have the feasibility to cover the unknown environmental nifH 

sequences belonging to the targeted clusters. Both chips have their merit and 

unavoidable shortcoming: a nifH-phylochip has higher resolution but is less 

comprehensive; a nifH-Q-chip is just on the contrary. A joint platform could be 

established based on both chips, with a nifH-phylochip for detailed diagnosis and a 

nifH-Q-chip for validation and semiquantitative estimation. Even though the pilot array 

developed is targeting a functional gene (nifH), the techniques and experience 

described are also directly applicable to 16S rRNA or other arrays based on functional 

genes. 
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6 Outlook for further studies 

 

One of the challenging points to explore in the future is to complete the design of 

specific probes for an all-inclusive coverage of nifH sequences. More oligonucleotides 

will have to be designed to allow a better representation of the entire biodiversity with 

a higher resolution. An enriched database with refined alignment and appropriate 

programs would be beneficial. The database of nifH sequences has to be updated 

frequently since there is a rapid expanding database due to worldwide continuous 

sequencing efforts. The newly enriched sequences will certainly increase the number 

of sequences uncovered, while at the same time these sequences own the possibility 

of forming groups themselves or with the previous ungrouped sequences, which 

would facilitate probe design to achieve a enlarged coverage. Depending on new 

environmental sequences generated in certain projects, the probe set could be 

streamlined towards a given environment under study. 

Inosine probes have been shown to be a promising tool for general detection and 

semiquantitative estimation of the nifH community simultaneously. Inosine-containing 

Z-nifH primers are currently normalized to amplify diverse nifH fragments with equal 

efficiency specifically. For both applications, the efficiency of inosine base paring with 

other bases needs to be further analysed. 

The phylochip could revolutionize our ability to distinguish bacteria. The combination 

of phylochips with other ‘chip technologies’, e.g. genomotyping, could produce a 

prototype capable of genotyping. The phylochip technique will be continuously applied 

to the field of screening diazotrophic colonization, more rice species and diazotrophic 

strains will be chosen for comparison, which is important for determination of “pioneer 

diazotrophs” of different wild and cultivated rice species.  

A significant area that needs to be investigated is the utility of microarrays for analysis 

of mixed bacterial communities. Revolutionary insights into diazotrophic ecology may 

be obtained by studying microorganisms in their niches. Correlations between the 

community composition, the spatial relationships of different members, and the 

function of the populations will be determined with the developed nifH-phylochip and 

nifH-Q-chip. This is extremely important not only for an understanding of the very 

abundant symbioses but also for an understanding of biogeochemical cycles, in which 

many transformations are catalyzed by consortia and not by single species of 

microorganisms. To achieve this, more environmental clones will have to be 

sequenced from different sampling stations and different parts on the same sample; 

nifH-phylochip and nifH-Q-chip will be performed on these samples to discover the 
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spatial shift of diazotrophic community. Additionally, rice samples from different 

continents will be examined with nifH-phylochips, comparison between these samples 

may expand our knowledge of diazotroph evolution. 

A comprehensive evaluation of the correlations between plant diversity and the 

diversity and activity of diazotrophs will be performed using the lysimeter system of 

University Bayreuth, and other well-controlled grasslands. For different sites and 

replicates under study, clone libraries of nifH DNA or cDNA will be generated and 

sequenced to enrich the nifH-phylochip. Different factors such as different plant 

biodiversity, at different time points, and different soil humidity levels will be examined 

to discover their effects on the diazotrophic community and activity inside the root and 

soil samples from the lysimeters. In parallel, a long-term experiment will be carried out 

under controlled environmental conditions in the greenhouse. Active grassland 

samples — with respect to nifH mRNA — will be transferred to microcosms in the 

greenhouse and treated with either distilled water or water mimicking current 

N-deposits from the atmosphere typical for industrialized Germany. The effect of it on 

diazotrophic diversity and activity and its capacity for recuperation will be further 

studied. 

Microarrays have already been used to perform high-quality experiments, which have 

improved our understanding of microbial environmental responses and global gene 

expression and the concept of the ‘global transcriptional response’ as a detailed 

molecular phenotype is now gaining acceptance. As genome sequencing projects of 

model strain Azoarcus sp. BH72 are being completed and standard protocol of 70 mer 

microarray hybridization is being developed, the potential of microarray analysis are 

being rapidly applied to expression levels. The application of gene expression profiling 

or genomotyping to obtain information about individual species within a natural 

community would prove invaluable for microbial ecology and for microbial systematics 

alike. Assuming that appropriate hybridization stringencies are employed, and given a 

sufficient microbial diversity within the population of interest, there is no theoretical 

reason for this approach to fail. 

There are many advances taking place in the field of microarrays resulting in novel 

technologies that may significantly improve the power of this technology. Novel 

platforms, such as new, three dimensional slide surfaces, electrically addressed 

microarrays, bead-arrays and protein array techniques are being developed. It has 

been found during sequence alignment that nifH sequences are more conserved on 

protein level; the booming protein array brings great promise to design a protein 

phylochip for gaining clues to nitrogenase function. The cornerstone of diagnostic 

microbial microarrays, the design and behaviour of the oligonucleotide probes will, 
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however, not differ too much between the different platforms. Thus most of the 

techniques and guidelines presented here will be easily transferable to the emerging 

novel technologies. Furthermore, the “phylochip” technology is sufficiently promising 

to be applied study the dynamics of microbial community and activity based on other 

functional genes involved in microbial biogeochemical processes. 
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