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1. Abstract 

This review is part of a suite of integrated projects (Soil Biology and Soil Health Partnership) 

specifically aimed at addressing the AHDB and BBRO Soils Programme call – “Management for Soil 

Biology and Soil Health”.  This project is designated Project 3 within WP 1 (Benchmarking and 

Baselining; see Figure 1).  

 

This review specifically aimed to: 

 Summarise available knowledge on procedures to sample field soils to undertake DNA 

analysis of the presence and composition of microbial communities and their functions to 

provide indicators of soil health.  

 Evaluate standard tools for use in routine sampling and molecular analysis of soil quality so 

that their value can be demonstrated to growers and agronomists during and beyond the 

current Soil Biology and Soil Health Research Partnership.  

 Establish full lists of molecular markers that can be used to quantify: 

(a) Soil-borne pathogens for use in prediction of crop disease; 

(b) Indicators of good soil health which can influence crop yield and value. 

Procedures for sampling soil and extracting DNA from the sample have been reviewed. There are 

no standardised sampling methods, but it is general practice to take composite samples by mixing 

multiple cores from the surface to 10-30 cm depth. Corers should be cleaned and flamed between 

collection of each separate set of composite samples. A sample size of at least 200-500g is 

recommended. The number and spatial arrangement of samples and sub-samples required depends 

on the expected distribution of the target. For unknown target distributions, it has been suggested 

that the area is divided into evenly-sized grids with at least 2 composite samples per grid.  An 

internationally recognised standard (ISO 11063:2012) describes a procedure for direct isolation of 

DNA from soil, suitable for further analysis using qPCR and high throughput sequencing methods, 

but this does not include procedures for subsequent DNA purification and is only suitable for small 

soil samples. Procedures more suitable for direct extraction and purification of total DNA from 

composite soil samples of 200-500g are described in the Appendices to this report. 

Various molecular techniques have been used for analysis of soil quality, including methods based 

on polymerase chain reaction (PCR), microarrays, DNA fingerprinting (DGGE and T-RFLP) and DNA 

sequencing. Two approaches are considered most suitable for routine analysis of taxonomic or 

functional markers; quantitative PCR (qPCR) for detection and quantification of specific markers and 

next generation high throughput sequencing for analysis of whole soil communities.  The range of 

molecular markers that have been used to investigate the taxonomy and function of individual target 

organisms and communities of organisms in soil are described in full. These include taxon-specific 

markers, mainly based on selected DNA sequences from within ribosomal (rDNA) or mitochondrial 

(cytochrome oxidase) DNA loci. Functional markers in genes expressing key enzymes involved in 
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carbon, nitrogen, phosphorus and sulphur cycling are also described. Markers are also listed that 

have been used to assess soils for presence and activity of other key bioindicators of soil health, 

including mycorrhizal fungi, nitrogen-fixing microorganisms, plant growth promoting bacteria, 

biocontrol agents, nematode assemblages and plant pathogens. 

Some technical challenges remain to be fully overcome in the application of these technologies to 

ensure a representative and unbiased analysis of soil microbiological communities and their function. 

These include further standardisation of procedures for sampling, extracting and purifying DNA from 

soils, improved consistency in the choice of markers to be used in the analyses and the use of 

appropriate internal controls that ensure accuracy of data interpretation. The high cost of molecular 

analysis also remains a constraint to its routine application.   

 

 

 

Figure 1. Diagram to show how Project 3 (in black) fits into the organisation of the Soil Biology and 

Soil Health Partnership. 
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2. Review of molecular approaches to biological soil health assessment 

2.1. Introduction  

In the last decade several useful biological indicators for soil health assessment have been 

proposed (Ritz et al., 2009). There have also been advances in knowledge of the functional roles 

of below-ground biodiversity (Bardgett & van der Putten, 2014) and major advances in 

technology and a reduction in the cost of using molecular tools (Orgiazzi et al., 2015). The 

following review of a rapidly developing literature aims to describe those molecular procedures 

that currently offer the most potential for detection and quantification of individual target 

organisms or functions, or that allow analysis of the diversity of whole communities of organisms 

or their functional groups.  The current range of DNA markers available for analysis of the 

biological component of soil health is also reviewed.  Whilst most approaches have so far been 

used in a research context, their suitability for application in affordable routine soil health 

analyses has yet to be established.   

Appropriate procedures for sampling soil and extracting DNA from the sample are also reviewed.  

Sampling methods capable of recognising in-field variation and methods to extract high quality 

DNA from statistically representative soil samples are required. Extraction methods need to be 

efficient across all soil types and farming practices.  They also need to be geared towards the 

type of molecular analysis to be performed, since some methods require higher levels of 

purification or longer DNA fragments than others.  Methods also need to be suitable for direct 

extraction and analysis of total soil DNA, of DNA indirectly extracted from isolated soil organisms 

or for extraction of e-DNA (DNA remaining in the environment after release by organisms into 

the soil). 

2.2. Sampling 

To ensure that soil samples are representative of the area being sampled, and to account for 

heterogeneous distribution of soil micro- and macro-fauna, the sample is usually prepared as a 

composite of several small cores (20-50g each).  Cores are typically 100 mm long and 10 mm 

diameter. The standard practice is to collect sub-samples randomly across the area to be 

sampled and to include material from different depths, usually topsoil only and down to 10-30 

cm, depending on the expected range of distribution of the target organisms.  The size of the 

study area should also represent the expected distribution of targets.  To monitor variability in 

nematode distribution introduced by the sampling strategy, Taberlet et al. (2012) recommend 

sampling across a regular grid pattern across the study area with at least 2 randomly collected 

composite samples collected per grid.  Corers should be suitably cleaned to remove soil remains 

followed by alcohol flaming between the set of soil cores that will together form one composite 

sample.   
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The size of each composite soil sample has been optimised for molecular test methods (Wiesel 

et al., 2015). Soil samples for nematode extraction have traditionally been standardised at 200g 

(Flegg and Hooper, 1970).  Although a wide range of sample sizes between 1-200g have been 

employed in molecular studies (e.g. Waite et al., 2003; Porazinska et al., 2010; Griffiths et al., 

2012; Morise et al., 2012), it was recently concluded that a sample of at least 200g is required 

for accurate measure of nematode abundance and at least 100g is needed to truly represent 

community composition (Wiesel et al., 2015). Similarly, for molecular study of soil-borne fungal 

and bacterial populations, Ophel-Keller et al. (2008) collected 3 samples per field (40-300 ha) 

with 15 cores per sample on a ‘W’ transect. They suggested that DNA should be extracted from 

samples of at least 200-500g for ‘biologically relevant analysis’.  For molecular analysis of 

earthworm DNA in soil (Bienert et al., 2012), 2 layers (0-20cm and 20-40cm) have been sampled 

by randomly collecting subsamples to make a 500g sample per area of 10m radius. 

2.3. DNA extraction and purification 

Numerous procedures are described for direct extraction of total soil DNA or eDNA or indirect 

extraction of DNA from isolated soil organisms. The yield of extracted DNA varies with the 

chemical and physical properties of different soils (Feinstein et al., 2009), including the contents 

of negatively charged clay, silicates and organic matter which bind to DNA.  The yield also varies 

according to the direct extraction process used and the relative efficiency of cell lysis of the 

different target organisms (Petric et al., 2011). The quality of extracted DNA can also vary with 

the method used; more intensive treatments may improve microbial cell breakdown resulting in 

higher DNA yields but may cause shearing of the DNA making it unsuitable for some types of 

molecular analyses. Different DNA extraction methods can therefore bias the results of molecular 

analyses in different ways. The choice of DNA extraction method therefore depends on the soil 

type, the target organism(s), the type and quality of DNA to be studied and the method being 

used for its analysis.  The preferred extraction method is always a compromise between the 

required yield and quality of the DNA. 

Significant efforts to optimize and standardize direct DNA extraction procedures have aimed to 

improve the reliability of quantitative and qualitative characterization of soil communities, 

especially bacteria, archaea, fungi and protists (Martin-Laurent et al., 2001; Petric et al., 2011; 

Plassart et al., 2012; Terrat et al., 2015; Santos et al., 2015; Dimitrov et al., 2017). This includes 

validation and improvement of a standard method for direct soil DNA extraction (ISO 

11063:2012) adopted by the International Organization for Standardization (Phillipot et al., 2010).  

The method involves three main stages: (1) target cell lysis using the surfactant sodium dodecyl 

sulphate (SDS) followed by physical disruption by bead beating, (2) protein precipitation by 

sodium acetate; and (3) nucleic acid precipitation in isopropanol followed by washing in 70% 

ethanol. This method and its modifications (Plassart et al., 2012; Santos et al., 2015) can be 
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used for reproducible extraction of DNA from different soil types, which is suitable for soil 

community analysis using qPCR (Petric et al., 2011) and metabarcoding (Terrat et al., 2015). 

Another source of bias in soil community analyses following direct DNA extraction is the effect 

of co-extraction of substances which inhibit DNA amplification, such as humic acids.  ISO 11063 

does not cover purification of the extracted DNA. There are several commercial kits available for 

extraction and purification of DNA from soils and their reliability has been compared (Fredericks 

et al., 2005; Dineen et al., 2010; Inceoğlu et al., 2010).  Extraction kits, which have been most 

widely used in recent research studies, include the PowerSoil DNA Isolation kit (MO BIO 

Laboratories, Inc., Carlsbad, CA, USA) and the FastDNA SPIN kit for Soil (MP Biomedicals, LLC, 

Solon, OH, USA).  Additional DNA purification is usually also required for elimination of PCR 

inhibitors, usually by treatment with polyvinylpolypyrrolidone (PVPP) (Frostegard et al., 1999; 

Zhou et al., 1995) and/or hexadecyltrimethylammonium bromide (CTAB) (Cho et al., 1996; Malik 

et al., 1994; Zhou et al., 1995).  Braid et al., (2003) also showed that addition of AlNH4(SO4)2 

during extraction significantly reduced the co-purification of PCR inhibitors with minimal loss of 

DNA yield. 

Whilst commercial extraction and purification kits are useful for small-scale research, they are 

usually only suitable for small samples of soil (<10g) and their use in routine soil analyses is 

further limited by their slow speed of sample throughput and relatively high cost.  Ophel-Keller et 

al. (2008) developed a method capable of extracting DNA from soil samples of 500g with a 

throughput of 160 samples per day and at a cost of less than 20% of the cost using commercial 

kits. However, the full details of this method remain unpublished. In the meantime, additional 

methods suitable for larger scale direct extractions of bacterial and fungal DNA for qPCR analysis 

of soil-borne fungi and bacteria have been developed (Brierley et al., 2009; Woodhall et al., 

2012).  Methods suitable for extraction of extracellular eDNA from larger soil volumes have also 

been described (Taberlet et al., 2012).  In this case, a gentler extraction protocol is used to 

ensure DNA quality is suitable for metabarcoding analysis, which requires higher quality DNA 

(more purified and fragments longer than 500 bp) than for qPCR analysis.  In this case, DNA 

from 4 kg composite soil samples is extracted by thorough mixing in saturated 0.12M phosphate 

buffer (pH 8) followed by centrifugation to remove suspended material.  DNA is then extracted 

from aliquots of the supernatant using a commercial kit.  Suggested protocols for sampling and 

extraction of total DNA for qPCR analysis and eDNA for metabarcoding are presented in 

Appendices 1 and 2. 

2.4. Targeted analyses using quantitative polymerase chain reaction (qPCR) 

The development of PCR has facilitated major advances in the assessment of the presence of 

specific target organisms or their functional genes in complex environmental samples, including 

water, sediments, soils, composts and manures. Real-time quantitative PCR (qPCR) is a safer 
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technology than conventional PCR since it does not require the use of mutagenic intercalating 

dyes to stain the DNA. It is also more sensitive, more reproducible, quicker and more cost-

effective and is therefore now the most used molecular technique to quantify target sequences.  

Numerous qPCR approaches have been developed for the detection and enumeration of 

different organisms in various systems and the subject has been extensively reviewed (Schena 

et al. 2004; Okubara et al. 2005; Mumford et al. 2006; Cooke et al. 2007; Vincelli and Tisserat 

2008; O’Brien et al. 2009; von Felten et al., 2010; Bilodeau 2011; Schena et al., 2013; Sanzani 

et al., 2014).   

The main advantages of qPCR are its sensitivity, ease of use and capacity to run large sample 

numbers in high-throughput automated testing for quantitative estimation of DNA targets. Its 

limitations include the variability of the distribution of soil organisms and microorganisms, the 

efficiency of extraction and purification of DNA from environmental samples and the amount and 

variation of PCR inhibitors that can be co-extracted from environmental samples. Furthermore, 

the heterogeneity of PCR templates amplified from different target organisms can create 

artefacts and biases when attempting to compare populations of different target organisms in the 

same sample or of the same organism in different samples (Goyer and Dandie, 2012). The 

accuracy of quantification is also influenced by the number of copies of the target gene in the 

genome of each organism.  Furthermore, since qPCR assays usually target total DNA, there is 

not always a relationship between DNA quantification and the viability of the detected target. 

Care is therefore needed when interpreting results in terms of the potential risks or benefits 

associated with the detection of target organisms or functional genes, which may not be viable 

or actively expressed.  This problem can be tackled by using reverse transcriptase qPCR to 

detect mRNA targets that are short lived outside of the viable cell, or by using intercalating dyes 

such as propidium monoazide (PMA) or ethidium monoazide (EMA) which penetrate dead cells 

and intercalate with the DNA, preventing amplification by PCR (Fittipaldi et al., 2011).  The extent 

to which these methods can be used on DNA extracted from soil and the cost implications for 

routine analysis have yet to be determined.  

A variety of markers have been used to develop specific qPCR assays, which are described in 

more detail below. Whilst these are often based on unique taxonomic or functional gene markers, 

sequenced characterised amplified regions (SCAR) have also frequently been used (Gobbin et 

al., 2007; Hermosa et al., 2001; Holmberg et al., 2009).   In these cases, unique DNA bands are 

generated from genomic DNA of the target organism using DNA fingerprinting techniques such 

as random amplified polymorphic DNA-PCR (RAPD-PCR), repetitive extragenic palindromic 

PCR (rep-PCR) or restriction fragment length polymorphism (RFLP).  Purification and 

sequencing of unique DNA fragments then allows soft-ware assisted selection of primers and 

probes for qPCR assay development and validation.  Increasingly, it is now possible to generate 

specific markers from whole genome comparisons using bioinformatic pipelines which terminate 
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in the generation of unique primer/probe combinations which are suitable for use in qPCR assays 

(Pritchard et al., 2013). 

2.5. Methods suitable for soil community analyses 

Molecular approaches for the analysis of the functions and diversity of whole soil communities 

have evolved rapidly in the last 10 years and have been widely reviewed and discussed (e.g. 

Sørensen et al., 2009; Orgiazzi et al., 2015; Drummond et al., 2015; Creer et al., 2016).  In 

addition to qPCR targeting taxon-specific barcode sequences (see above), various other 

molecular approaches have been used in soil community research, including the following:  

2.5.1. Microarrays 

The attachment of labelled DNA probes of known sequences to a solid slide or “DNA chip” 

enables probing with fragments obtained from soil communities.  Detection of hybridization 

between the immobilised DNA probes and the soil DNA, then indicates the array of genes 

associated with the soil community. For example, development of the microarray GeoChip, 

with up to 82000 probes covering 141 995 coding sequences from 410 functional gene 

families, has allowed investigation of the ecological functions of soil microbial communities 

involved in nitrogen, carbon, sulphur, and phosphorus cycles as well as energy metabolism, 

antibiotic resistance, metal resistance/reduction, organic remediation, stress responses, 

bacteriophage, and virulence (He et al., 2010; Tu et al., 2014). 

2.5.2. DNA fingerprinting methods 

These methods combine PCR amplification of conserved marker genes across a soil 

community and differentiation between the resulting PCR amplicons according to variation in 

their DNA sequences. For example, when applied to 16S rRNA gene markers, the method 

allows the dissection of microbial communities at the level of the phylogeny of their 

constituents (Smalla et al., 2007;).  Similar approaches have been used to estimate 

nematode diversity using the 18s rDNA gene (Waite et al., 2003; Foucher et al., 2004). Two 

fingerprinting approaches have been most widely used: 

 Density gradient gel electrophoresis (DGGE) separates the double stranded DNA 

PCR amplicons during electrophoresis in a polyacrylamide gel with an increasing density 

gradient of DNA denaturing agents (usually urea and formamide).  Fingerprint patterns 

are formed in the gel when amplicons varying in sequence are denatured at different 

gradients and their migration is slowed down or stops at different distances during their 

migration along the gel.   

 Terminal restriction fragment length polymorphism (T-RFLP) assesses variation in 

the sequence of PCR amplified DNA by treating with restriction enzymes that cleave the 



8 

amplicons into several fragments at specific points in the sequence.  The use of 

fluorescently labelled PCR primers enables the terminal fragments to be separated 

according to their size in a capillary sequencer.   

Chen et al. (2010) compared these methods to other molecular methods, including qPCR 

and DNA barcoding, for monitoring soil nematodes as biological indicators.  They concluded 

that T-RFLP was well suited for routine monitoring purposes based on the advantages of 

high-throughput, ease of comparison between samples and rapid data analysis. T-RFLP has 

also been used to survey the bacterial biogeography of British soils (Griffiths et al., 2011) 

However, it has been shown that such fingerprinting techniques sometimes only consider the 

most abundant phylotypes and so diversity estimates can be poorly correlated with true 

community diversity (Lalande et al., 2013).   

2.5.3. Next generation high throughput sequencing 

While PCR-based methods have been widely used to study community interactions at high 

taxonomic levels, the specificity of available primers and the labour and expense involved in 

sequencing or otherwise differentiating PCR amplicons has limited both sample throughput 

and the resolution to which individuals can be identified within the soil community.  With the 

development of the first true high throughput sequencing (HTS) 454 Life Sciences platform 

(Margulies et al. 2005), it became possible to pyrosequence millions of individual amplified 

molecules in parallel. Subsequent developments in sequencing technology have further 

increased the depth of sequencing and opportunities for high sample throughput (Loman et 

al. 2012). Three new next generation sequencing (NGS) platforms were released in 2011 

alone: Ion Torrent’s PGM, Pacific Bioscience’s RS and the Illumina MiSeq (Quail et al., 2012). 

Alongside these advances in technology are developments of bio-informatics tools that 

manage large data flows, compare data with specialised databases and extract relevant 

information, creating new perspectives for investigating the soil microbiome (Uroz et al., 

2013). Illumina sequencing-bysynthesis has particularly enabled greater sequencing depth 

and higher sample throughput alongside reduced costs. More recently, single molecule 

sequencing technologies, such as Pacific Biosystems and Oxford Nanopore, have allowed 

the generation of much longer reads from samples where DNA is only present at low 

concentrations.  However, higher costs, reduced throughput and increased error rates of the 

latest platforms mean that Illumina currently remains the platform of choice for community 

ecology research (Schmidt et al., 2013; Creer et al., 2016). 

High throughput sequencing technology is revolutionising the way in which the functions and 

diversities of soil communities are investigated through analysis of directly or indirectly 

extracted total DNA or of the eDNA.  Three main approaches are currently being followed: 
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 Metabarcoding involves PCR amplification of pre-selected barcode sequences in 

phylogenetically relevant marker genes followed by simultaneous high throughput 

sequencing of all amplicons generated and bioinformatic sequence comparisons using 

databases of verified specimen sequences. Several sequence databases have been 

employed, including RDP (Cole et al., 2014), Greengenes (DeSantis et al., 2006), SILVA 

(Pruesse et al., 2007), UNITE (Abarenkov et al., 2010), BOLD (Ratnasingham & Hebert, 

2007), & Genbank (Benson et al., 2012).  First used to describe meiofauna community 

structures by analysing eDNA in sediments (Creer et al., 2010), metabarcoding methods 

were also developed to analyse soil for DNA from fungi, bryophytes, enchytraeids, 

beetles and even birds (Epp et al., 2012).  High-throughput metabarcoding studies on 

fungi and other eukaryotic microorganisms are rapidly becoming more frequent and more 

complex, and several new bioinformatic pipelines have been described for 

metabarcoding bacteria (Gellie et al., 2017), fungi (Bálint et al., 2014) and fauna (Yang 

et al., 2013; de Groot et al., 2016) including protists (Geisen et al., 2015), nematodes 

(Posazinska et al., 2010 and 2010b; Sapkota and Nicolaisen, 2015) and earthworms 

(Bienert et al., 2012). 

 Metagenomics entails random (shotgun) sequencing of long strands of soil DNA to 

elucidate the taxonomic structure and potential functional genomic capability of a 

community. In contrast to metabarcoding, metagenomics does not require an initial PCR 

step, thus avoiding potential biases associated with the use of different primer sets with 

varying amplification efficiencies (Logares et al. 2013). Shotgun sequencing provides an 

amplification independent method for assessing community diversity, additionally 

allowing for the capture of information from groups that are otherwise difficult to survey 

(Narasingarao et al. 2012).  For example, Delmont et al. (2012) described the 

metagenome of a Rothamsted grassland soil using 454 pyrosequencing and showed that 

only 1% of the annotated sequences found corresponded to known sequenced genomes. 

Unexpectedly low seasonal and vertical soil metagenomic functional class variations 

were also observed.  Metagenomic analysis of soils across global ecosystems is 

indicating major differences in soil microbiomes in terms of both taxonomic and functional 

representation (Noronha et al., 2017). Differences in functional and/or taxonomic diversity 

are also shown to vary with agricultural land use (Manoharan et al., 2017), including 

tillage and crop management practices (Souza et al., 2015), pH and fertilizer adjustment 

(Fierer et al., 2012; Zhalnina et al., 2015) and the use of organic amendments (Jenkins 

et al., 2017). Significant investment is being targeted towards sequence-based 

approaches to understand the soil microbiome. For example, The Earth Microbiome 

Project (www.earthmicrobiome.org) alone is characterizing 200 000 samples from 

researchers all over the world.  Results of metagenomic analysis are known to vary with 

the DNA extraction method, database choice and the annotation procedure (Jacquiod et 

http://www.earthmicrobiome.org/
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al., 2016). In support of this, improved curated genomic databases, such as RefSoil (Choi 

et al., 2016) and FuSiON (Zhu et al., 2015), are being developed to provide a soil-specific 

framework with which to annotate and understand soil sequencing projects. 

 Metatranscriptomics allows study of the actual functional activity of the entire soil 

microbiome through shotgun sequencing of the messenger RNA (mRNA) (Carvalhais 

and Schenk, 2013; Myrold et al., 2014; Thies, 2015). Presence of mRNA reflects the 

portion of the soil microbial community that is active at the time of sampling 

(Blagodatskaya and Kuzyakov, 2013) and thus provides a robust means to examine 

biological responses to soil management. The process is challenging as mRNA typically 

represents less than 5% of the RNA extracted (Carvalhais et al., 2013) and is often 

extremely short-lived.  The mRNA in the extract must be enriched and the rRNA removed. 

Subtractive hybridization, treatment with endonucleases that preferentially degrade rRNA 

or duplex specific nuclease treatment are used to remove rRNA (Yi et al., 2011). 

Eukaryotic mRNA can be separated by binding the 3’-poly-A tails of the transcripts to 

surfaces coated with poly(dt)probes, thus enriching mRNA from bacteria and archaea in 

the extract. The mRNA is then reverse-transcribed (RT) into cDNA for high-throughput 

sequencing.   

2.6. Molecular markers for bio-indicators of soil health 

The size and diversity of the biological communities sustained within different soils can be 

determined according to the prevalence of molecular markers within their DNA, which have been 

selected to identify different taxonomic groups, functional groups or individuals within the 

community. Ritz et al. (2009) listed several bio-indicators that can be targeted in this way when 

assessing the overall health status of soils in relation to crop productivity and long-term 

sustainable land management: 

2.6.1. Biological communities contributing to soil biodiversity 

For taxonomic barcode markers within bacteria and archaea, highly conserved target 

sequences within the 16S ribosomal RNA gene have been most widely used (Fierer et al., 

2005; Sogin et al., 2006), although hypervariable regions within the gene and the 16-23S 

intergenic spacer have also been used for more taxa-specific analyses (e.g. Becker et al., 

2000; Suzuki et al., 2000; Takai & Horikoshi, 2000 and Blackwood et al., 2005).  Various 

housekeeping genes have also proven useful as taxonomic barcodes since they are essential 

and are therefore not lost from genome, but evolve more quickly than 16S rDNA. The most 

commonly used taxonomic markers used to identify soil-borne fungi and oomycetes also 

often include rDNA markers, including the intergenic transcribed regions ITS1 and ITS2, 

located between the small sub unit (SSU) 18S and the large sub unit (LSU) 28S genes and 

separated by the 5.8S gene (Schoch et al., 2012; Schena et al., 2013). For other taxonomic 
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groups, a diverse set of loci from the analogous eukaryotic rRNA gene array (e.g. ITS, 18S 

or 28S rRNA) (Bik et al., 2012a; McGuire et al., 2010; Epp et al. 2012) have been employed.  

Barcoding of nematodes has mainly relied on rDNA targets, including ITS1, ITS2, 18S, D2-

D3 expansion segments of the 28S rRNA gene, 5S and intergenic spacer (IGS) targets, 

although other targets also include the mitochondrial cytochrome oxidase gene (CO1) (Blok, 

2010).  Some 51 taxon-specific markers based mainly on the rDNA locus (Floyd et al., 2002; 

Griffiths et al., 2006; Holterman et al., 2006; Rybarczyk-Mydłowska et al., 2012; Vervoort et 

al., 2012) have been used for characterisation of nematode assemblages (Quist et al. 2016 

and 2017). Similarly, for protists, conserved sequences within the 18S, ITS and CO1 genes 

are often used (Pawlowski et al. 2012).  The 18S and CO1 genes are also widely used for 

barcoding meiofauna and macrofauna (Hebert et al., 2003; Deagle et al., 2014) together with 

additional sequence information from the 12S and 16S genes for macrofauna (Epp et al., 

2011).  Capra et al. (2016) also recently described a new set of markers based on 18S rRNA 

for metabarcoding of soil metazoa.  In general, markers based on rDNA often provide useful 

sequence barcodes with good resolution at genus or higher, although resolution to species 

level is not always possible. Furthermore, quantification based on total gene copies detected 

can be variable due to the different numbers of rRNA copies associated with different species 

(Klappenbach et al., 2000).      

2.6.2. Microbial activity affecting soil nutrient availability/retention  

Organisms involved with biogeochemical processes such as carbon, nitrogen, phosphate 

and sulphur cycling are important indicators of soil health.  Genes controlling these processes 

have been used as markers to quantify functional groups of these organisms in soils.  Recent 

examples describing the use of qPCR to monitor presence and quantify various functional 

microbial groups according to their expected activities in soils and sediments are shown in 

Table 1. 

For carbon cycling organisms, these include genes expressing enzymes involved in oxidation 

of organic matter to CO2 (soil respiration), which include ß-glucosidases, cellulases and 

phenol oxidases, as well as the consumption of methane by methanotropic bacteria (methane 

oxidases).  Functional groups of bacteria can also be quantified using marker genes for 

enzymes involved in nitrogen cycling, including: 

 Nitrogenases in nitrogen-fixing Rhizobium species and cyanobacteria (blue green 

algae), which assimilate atmospheric nitrogen into ammonia. 

 Ureases and amydases in nitrogen mineralising bacteria, which convert organic nitrogen 

to ammonium ions. 

 Ammonium oxidases in nitrifying bacteria, which produce nitrite and nitrate from 

ammonium. 
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 Nitrate reductases, nitrite reductases and nitrous oxide reductases in denitrifying 

bacteria, which release gaseous nitrous oxide and nitrogen from nitrates and nitrites. 

Similarly, functional groups of bacteria and fungi contributing to phosphate and sulphur cycles 

have been quantified according to marker genes expressing the key enzymes involved.  Acid 

and alkaline phosphatase enzymes produced by bacteria, fungi and plant roots serve to 

transform complex and sometime unavailable forms of organic P into assimilable phosphate.  

Population dynamics of sulphate-reducing bacteria have similarly been quantified by 

quantification of their functional genes responsible for dissimilatory reduction of sulphates to 

adenosine 5’-phosphosulfate (APS), sulphites and eventually to gaseous hydrogen sulphide 

under anaerobic conditions.   
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Table 1: Marker genes used to monitor microbial activity affecting soil nutrient cycling 

Biological 

function 

Targeted genes  References 

C-cycling Ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO) 

(cbbL) 

Methane mono-oxygenase (pmoA) 

Methyl coenzyme M reductase (mcrA) 

Cellulase (cel) 

Chitinase (chiA) 

Alkane mono-oxygenase (alkb) 

PAH ring hydroxylating dioxygenase (PAH-RHD) 

Powell et al., 2006 

Selesi et al., 2007 

Yergaeu et al., 2009 

Freitag et al., 2010 

Pereyra et al., 2010 

Yergeau et al., 2012 

N-cycling Ammonia mono-oxygenase (amoA)  

Nitrogenase reductase (nifH),  

Nitrous oxide reductase (nosZ),  

Nitrite reductase (nirS, and nirK), 

Nitrate reductase (narG and napA),  

Nitric oxide reductase (norB) 

Hai et al., 2009 

Hayden et al., 2010 

Bru et al., 2011  

Dose et al., 2015, 

Dandie et al., 2011 

 

S-cycling Dissimilatory sulfite reductase (dsrA) 

Adenosine 5′-phosphosulfate reductase (aprA, ApsA) 

Ben-Dov et al., 2007 

Blazejak & 

Schippers, 2011 

P-cycling acid phosphatase (phoC) 

alkaline (phoD) phosphatase 

Fraser et al., 2017 
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2.6.3. Microbial symbionts contributing to crop nutrition 

Arbuscular mycorrhizal fungi 

Primers and probes to quantify abundance of different arbuscular mycorrhizal fungal (AMF) 

taxa in roots and in soil have been selected from taxon-specific markers in the nuclear large 

ribosomal subunit RNA genes (nrDNA) and the mitochondrial ribosomal mtDNA (König et al., 

2010; Thonar et al., 2012; Voříšková et al., 2017). Interpretation of the qPCR results has 

been complicated by the multinuclear and multigenomic cellular organization of these fungi 

and the high DNA sequence diversity within the smallest biologically relevant units (i.e. 

single-spore isolates). Markers based on nrDNA, rather than mtDNA, are thought to be more 

suitable for the quantification of multiple AMF taxa as copy numbers of the former are better 

related to fungal biomass across taxa.  

Nitrogen-fixing bacteria  

Molecular markers used to quantify soil populations of nitrogen-fixing bacteria, such as 

Rhizobium, Bradyrhizobium and Sinorhizobium spp., include rpoE1, nodC, nodD and nodZ 

genes (Trabelsi et al., 2009; Boonen et al., 2010; Furseth et al., 2010; Macdonald et al., 

2011).  Nitrogen-fixing bacteria belonging to the genus Frankia have also been studied using 

markers within target genes nifH (Samant et al., 2012) and 23S rRNA (Samant et al., 2014; 

Ben Tekaya et al., 2017). Strain specific and general primer/probe sets are available for 

molecular qPCR analysis targeting these genes, offering a rapid and comparable alternative 

to the laborious procedure of most-probable number bioassays based on counting the 

number of nodules on the roots of test plants.  Nodulation potential can be overestimated by 

the molecular methods due to presence of dead cells and DNA, which can remain in soil for 

up to 5 months after inoculation.   

Plant growth promoting rhizobacteria (PGPR) 

Several molecular markers have been used to detect and quantify bacteria considered to 

have some activity, which is plant growth promoting in the rhizosphere of different crops 

(Table 2).  In most cases, strain-specific assays have been used to determine the fate of 

PGPR strains added to soils during assessment of their suitability for commercialisation. 

Functional genes of fluorescent Pseudomonas spp. have been used as markers for grouping 

strains with antibiotic or hydrogen cyanide activities which are dispersed across several 

different species (Kim et al., 2013). 
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Table 2: Marker genes used to monitor plant growth promoting bacteria (PGPR) in soils 

PGPR Marker Reference 

Azospirillum lipoferum CRT1 (RFLP product SCAR marker) Couillerot et al., 2010 

Azospirillum brasilense nifA (nitrogen fixation) Faleiro et al., 2013 

Bacillus    

Herbaspirillum seropedicae HERBASI1 (prophage sequence) Pereira et al., 2014 

Enterobacter radicincitans 16S rRNA Schreiner et al., 2009 

Paenibacillus polymyxa 16S rRNA Timmusk et al., 2009 

Fluorescent Pseudomonas spp. Multiple strain specific makers 

(RAPD product SCAR markers) 

phlD (2,4-diacetylphloroglucinol)  

phzCD (phenazine-1-carboxylic acid) 

hcnBC (hydrogen cyanide) 

Von Felten et al., 2010 

 

Kim et al., 2013 

Pseudomonas brassicacearum OPA2-73 (RAPD product SCAR 

marker) 

Holmberg et al., 

2009 

Pseudomonas sp. (DSMZ 13134) dnaX (housekeeping gene) Mosiman et al., 2016 

 

2.6.4. Biocontrol agents 

Molecular markers have been used for detection and quantification of commonly used fungal 

biocontrol agents to assess their establishment, distribution and longevity in different soils.  

General ITS markers have often been used for fungi such as the mycoparasitic Trichoderma 

harzianum (Lopez-Mondéjar et al., 2010). RNA detection using reverse transcriptase 

amplification of the same markers has enabled estimation of viable populations (Beaulieu et 

al., 2011). Strain specific markers within the housekeeping gene aox1 allow differentiation of 

commercial biocontrol agent strains of T. harzianum from other soil inhabiting strains (Horn 

et al., 2016). Other markers have been used for analysis of T. atroviride (Cordier et al, 2007; 

Savazzini et al., 2008). Vallance et al. (2009) used ITS markers to study the biocontrol agent 

Pythium oligandrum in the rhizosphere. ITS markers have also been used to study the 

nematophagous fungus Plectosphaerella cucumerina used for control of potato cyst 

nematodes (Atkins et al., 2003) and the entomopathogenic fungi Entomophaga maimaiga 

(Castrillo et al., 2007) and Beauveria bassiana (Bell et al., 2009; Garrido-Jurado et al., 2016).  

SSR (single sequence repeat) microsatellite markers have also been used to distinguish 

between biocontrol strains of Beauveria bassiana and B. brongniartii (Canfora et al., 2016). 

SCAR (sequence-characterised amplified region) markers, based on unique RAPD amplified 

sequences, have also been used to recognise the biocontrol agents B. bassiana (Castrillo et 

al., 2008) and Chaetomium globosum (Aggarwal et al., 2014). 
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Detection and identification of soilborne bacterial biocontrol agents, such as those belonging 

to the Bacillus subtilis group (including Bacillus subtilis and B. amyloliquefaciens), have also 

been based on SCAR markers, identified from unique PCR amplicons generated after RAPD 

or rep-PCR analysis. Strain specific differentiation has been based on sequence variation 

within housekeeping genes, including a tryptophan biosynthesis gene trpE (G) (Johansson 

et al., 2014) and RBAM 007760 (Gotor-Vila et al., 2016), a gene involved in surface adhesion 

and biofilm formation. This has allowed identification of strains, which better colonize the 

rhizosphere.  Strains of Pseudomonas fluorescens that produce the antibiotic 2,4-

diacetylphloroglucinol (2,4-DAPG) have been monitored in cereal rhizospheres using phlD 

gene sequences as markers (Mavrodi et al., 2007). 

2.6.5. Nematode assemblages 

For community analysis of nematodes extracted from soils, markers within the small sub unit 

(SSU) of the ribosomal DNA (rDNA) have been most widely exploited to identify nematode 

feeding guilds (Griffiths et al., 2006). Donn et al., (2012) developed a directed terminal 

restriction fragment length polymorphism (dT-RFLP) method whereby PCR primers are used 

to amplify the SSU rDNA, followed by restriction of the amplicons with selected enzymes and 

comparison of the resulting fragment sizes with those in sequence databases produced from 

fully characterised species. A series of rDNA barcodes have been selected that allow 

identification to family and genus levels (Floyd et al., 2002; Holterman et al., 2006; Vervoort 

et al., 2012), which can then be allocated to feeding guilds. These have been used 

experimentally to show effects of long term soil management practices on the frequency of 

occurrence of each taxon following qPCR analyses with up to 51 primer sets (Quist et al., 

2016 and 2017).  Wang (2012) proposed a simpler system based on qPCR of 18S rDNA 

targets, but which only identifies certain guilds of bacterial-feeding, fungal-feeding, 

omnivorous and predatory nematodes but not herbivorous nematodes.  A range of bespoke 

markers have also been designed for specific detection of different plant pathogenic 

nematode species (e.g. Madani et al., 2005; Holeva et al., 2006; Nakhla et al., 2010). 

2.6.6. Soil-borne plant pathogens 

Bilodeau (2011) reviewed the use of qPCR methods for detection of soil-borne plant 

pathogenic micro-organisms and nematodes.  An updated list of available qPCR assays 

suitable for detection of soil-borne pathogens is shown in Table 3. 
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Table 3: Markers used for detection and quantification of soil-borne pathogens 

Pathogen Marker Reference 

Aphanomyces cochlioides rDNA (ITS) Almquist et al., 2016 

Colletotrichum coccodes rDNA (ITS) Cullen et al., 2002 

Fusarium graminearum 

Fusarium culmorum 

PKS13 Zearalenone 

biosynthesis 

Atoui et al., 2012 

 

Fusarium avenaceum 

Fusarium culmorum 

Fusarium graminearum 

Fusarium poae 

 Waalwijk et al., 2004 

Fusarium culmorum  

Fusarium avenaceum 

Fusarium coeruleum 

Fusarium sulphureum 

rDNA (ITS) Cullen et al., 2005 

Fusarium oxysporum rDNA (ITS1-5.8S-ITS2) Jiménez-Fernández et al., 2010 

Fusarium oxysporum f. sp. melonis translation elongation factor 

(TEF-1α) 

Haegi et al., 2013 

Fusarium culmorum 

Fusarium graminearum 

Fusarium  pseudograminearum 

Trichodiene synthase gene 

(tri5) 

Hogg et al., 2010 

Fusarium solani f. sp. phaseoli rDNA (SSU) Filion et al., 2003 

Globodera rostochiensis 

G. pallida  

rDNA (ITS1)  

rDNA (ITS1) 

Toyota et al., 2008 

Adams et al., 2009 

Gaeumannomyces graminis var. 

avenae 

Gaeumannomyces graminis var. 

tritici 

rDNA (TS1) Bithell et al., 2012 

 

Gaeumannomyces graminis var. 

tritici 

translation elongation factor 

gene (EF1-α) 

Keenan et al., 2015 

Helminthosporium solani rDNA (ITS) Cullen et al., 2001 

Heterodera avenae mitochondrial cytochrome 

oxidase subunit 1 (COI) 

Toumi et al., 2015 

Heterodera schachtii rDNA (ITS) Madani et al., 2005 

Phomopsis sclerotioides rDNA (ITS) Shishido et al., 2013 

Phytophthora kernoviae rDNA (ITS) Hughes et al., 2011 

Phytophthora rubi cox1 cytochrome oxidase sub 

unit 1  

Woodhall & Peters, 2014 

Plasmodiophora brassicae rDNA (18S and ITS1) 

rDNA (18S) 

rDNA (ITS) 

rDNA (ITS)  

rDNA (ITS) 

rDNA (18S) 

rDNA (ITS1) 

Sundelin et al., 2010 

Rennie et al., 2011 

Wallenhamer et al., 2012 

Li et al., 2013 

Kennedy et al., 2013  

Cao et al., 2014 

Deora et al., 2015 

Polymyxa betae 

Polymyxa graminis 

rDNA (ITS) Ward et al., 2004 
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Table 3 (continued)  

Pathogen Marker Reference 

Polyscytalum pustulans rDNA (ITS) Lees et al., 2009 

Pratylenchus penetrans β-1,4-endoglucanase gene Mokrini et al., 2013 

Pythium violae rDNA (ITS) 

rDNA (ITS and 5.8S) 

Cullen et al., 2007 

Schroeder et al., 2006 

Rhizictonia cerealis β-tubulin gene 

Unique SCAR sequence 

Guo et al., 2012 

Woodhall et al., 2017 

Rhizoctonia solani  

AG1-1        

AG2-1     

AG2-2        

AG3-PT     

AG4           

AG5           

AG8           

rDNA (ITS), β-tubulin 

 

 

 

 

Lees et al., 2002 

Budge et al., 2009 

Woodhall et al., 2013 

 

 

Rhizoctonia solani AG2-2 IIIB rDNA (ITS1, 18S and 5.8S) Abbas et al., 2014 

Sclerotinia sclerotiorum 

  

mitochondrial small subunit 

rRNA intron and ORF1 

Rogers et al., 2009 

Kim & Knudsen, 2008 

Sclerotium cepivorum rDNA (ITS) Woodhall et al., 2012 

Spongospora subterranea rDNA (ITS) 

rDNA (ITS2) 

van de Graaf et al., 2003 

Qu et al., 2011 

Streptomyces spp. nec1 virulence gene 

txtAB thaxtomin toxin 

synthetase gene 

16S rRNA 

Qu et al., 2011 

Cullen & Lees, 2007 

Schlater et al., 2010 

Synchytrium endobioticum rDNA (ITS) Van Gent-Pelzer et al., 2010 

Verticillium dahliae  

Verticillium longisporum 

Verticillium tricorpus 

β-tubulin gene 

rDNA (ITS) 

Debode et al., 2011 

 

Verticillium albo-atrum rDNA (IGS)  

 

Bilodeau et al., 2012 

Peters, 2012 

Maurer et al., 2013 

Verticillium dahliae β-tubulin gene 

rDNA (IGS) 

Duressa et al., 2012 

Bilodeau et al., 2012 

Verticillium dahliae 

Verticillium longisporum 

rDNA (18S) 

rDNA (ITS-5.8S)  

Banno et al., 2011 
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3. Conclusions 

The analysis of biological community structure and function in soil is benefiting from the availability 

of an ever-expanding assortment of molecular tools.  Although complex and expensive, and 

therefore mostly confined to use in research, some molecular procedures are rapidly evolving and 

may become available as affordable procedures for routine analysis of biological indicators of soil 

health.  The use of qPCR to detect and quantify specific organisms from total soil DNA and eDNA is 

already starting to be used on a routine basis. For example, the Predicta® soil testing service offered 

by the South Australian Research and Development Institute (SARDI) is already offering quantitative 

analysis of the distribution of some soil-borne pathogens of broadacre and potato crops in relation 

to the risk of disease development (Ophel-Keller et al. ,2008).  The first uses of high throughput next 

generation sequencing in national and international surveys are suggesting that there is a core 

microbiome in geographically distant and disparate soils (Orgiazzi et al., 2013), but that there are 

also major differences in taxonomic and functional representation (Noronha et al., 2017).  

Metagenomic analysis of soils is also showing that the microbiome is dynamic, varying with season 

(Jumpponen et al., 2010) and agricultural land use (Fierer et al., 2012; Souza et al., 2015; Zhalnina 

et al., 2015; Jenkins et al., 2017; Manoharan et al., 2017). 

A number of technical challenges remain to be fully overcome in the application of molecular 

analyses for reliable characterisation of the taxonomy and function of soil communities (Delmont et 

al., 2012). It is very difficult to suggest standardised practices to sample and extract unbiased and 

representative samples of DNA from organisms with very different cell membranes and accessible 

DNA and across the full variability of soil types. This problem is exacerbated by the uneven spatial 

distribution of microbial communities in soil. Furthermore, the yield and quality of extracted DNA 

varies with the chemical and physical properties of different soils (Feinstein et al., 2009) as well as 

the extraction method used (Petric et al., 2011).  Although attempts have been made to standardize 

methods for DNA extraction from soil (Phillipot et al., 2010), their validation has been restricted to 

certain analytical methods. Since different analytical methods have different DNA quality 

requirements, there remains a need for further validation and standardisation of methods suitable 

for use with each new analytical method of choice.  In addition to sampling and extraction, biases in 

soil community analyses can be attributed to differences in the molecular markers targeted as well 

as in the methods used for their analysis and the databases used for their identification. 

Heterogeneity of PCR templates amplified from different target organisms can create artefacts and 

biases (Goyer and Dandie, 2012). The accuracy of quantification is also influenced by the number 

of copies of the target gene in the genome of each organism. 

Whilst standardization of sampling, extraction and analytical methods is highly desirable, it is unlikely 

that a single standardised procedure will be suitable for all types of molecular soil analysis.  It is 

much more likely that a series of standardised procedures will be needed that are optimised for 

several parameters, including the types of organism to be studied, the numbers of soil samples to 
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be tested, the amounts of soil in each sample and the type of analysis to be performed.  Of key 

importance will be the introduction of suitable internal controls that ensure efficient extraction of high 

quality DNA and the accuracy of its detection, quantification and representation within the soil 

community. For routine comparisons of soil health, the costs of sampling, DNA extraction and 

molecular analysis are also likely to be highly influential. High-throughput PCR and sequencing 

methods contribute to a significant increase in testing efficiencies, allowing simultaneous 

investigation of multiple targets and whole communities from a single DNA extract.  Developments 

in technology are also moving towards the performance of molecular analyses in situ, rather than 

having to transport samples for laboratory analysis.  Nevertheless, the cost of molecular analysis 

remains a key constraint to its routine application in monitoring soil health. 

The wide range of taxonomic and functional markers that are available for probing soil DNA, together 

with the high throughput methods that are available for automated analysis, mean that multiple 

analyses can now be easily and simultaneously performed on a single soil DNA extract. Since DNA 

extraction is the most expensive part of the analysis, it is cost effective to test each extract for multiple 

markers.  The challenge over the current Research Partnership is to identify the most appropriate 

biological soil health indicators to include in this type of analysis.  Knowledge exchange workshops 

are already in progress, together with growers and agronomists, to explore the most useful targets 

for routine testing. The challenge will be to link the results of such testing to yield and quality benefits 

across entire cropping systems. Future workshops will also include demonstrations of the benefits 

of testing and will involve agronomists in the sampling procedures and, eventually, in interpretation 

of the results of DNA analyses. Future research within the Partnership will concentrate on validating 

and standardising the most appropriate molecular methods and building data on the effects of long-

term soil management practices on key soil health indicators, including both beneficial and 

pathogenic organisms. 

 

  



21 

4. References 

1. Abarenkov, K., Henrik Nilsson, R., Larsson, K. H., Alexander, I. J., Eberhardt, U., Erland, S., et al. 

2010.  The UNITE database for molecular identification of fungi–recent updates and future 

perspectives. New Phytologist 186:281-285. 

2. Abbas, S.J., Ahmad, B. and Karlovsky, P. 2014. Real-time PCR (qPCR) assay for Rhizoctonia 

solani anastomoses group AG2-2 IIB. Pak. J. Bot. 46:353–356. 

3. Adams I., Woodhall, J., Glover, R., Shah, F., Hockland, S., Boonham, N., and Marshall, J. 2009. 

Validation of quantitative DNA detection systems for PCN. Final report AHDB project R287. Potato 

Council, Kenilworth, UK, pp. 1-36. 

4. Aggarwal, R., Sharma, S., Gupta, S. and Shukla, R. 2014.Development of conventional and real 

time PCR assays for the rapid detection and quantification of a biocontrol agent, Chaetomium 

globosum. Journal of Plant Pathology 96:477- 485.  

5. Almquist, C., Persson, L., Olsson, Å., Sundström, J., & Jonsson, A. 2016. Disease risk assessment 

of sugar beet root rot using quantitative real-time PCR analysis of Aphanomyces cochlioides in 

naturally infested soil samples. European Journal of Plant Pathology, 1-12. 

6. Atkins, S.D., Clark, I.M., Sosnowska, D., Hirsch, P.R. and Kerry, B.R. 2003. Detection and 

quantification of Plectosphaerella cucumerina, a potential biological control agent of potato cyst 

nematodes, by using conventional PCR, Real-time PCR, Selective Media, and Baiting. Appl. and 

Environm. Microbiol. 69:4788–4793. 

7. Atoui, A., El Khoury, A., Kallassy, M. and Lebrihi, A. 2012. Quantification of Fusarium graminearum 

and Fusarium culmorum by real-time PCR system and zearalenone assessment in maize. Int J 

Food Microbiol. 154; 59-65.  

8. Bálint, M., Schmidt, P.-A., Sharma, R., Thines, M., & Schmitt, I. 2014. An Illumina metabarcoding 

pipeline for fungi. Ecology and Evolution 4:2642–2653. http://doi.org/10.1002/ece3.1107  

9. Banno, S., Saito, H., Sakai, H., Urushibara, T., Ikeda, K., Kabe, T., Kemmochi, I.and Fujimura, M. 

2011. Quantitative nested real-time PCR detection of Verticillium longisporum and V. dahlia in the 

soil of cabbage fields.  J. Gen. Plant Pathol. 77:282–291. 

10. Bardgett, R.D. and van der Putten, W.H. 2014. Belowground biodiversity and ecosystem 

functioning.  Nature 515:505–511. http://doi:10.1038/nature13855  

11. Becker S, Boger P., Oehlmann R. and Ernst A. 2000. PCR bias in ecological analysis: a case study 

for quantitative Taq nuclease assays in analyses of microbial communities. Appl. Environ. 

Microbiol. 66:4945–4953. 

12. Bell, A. S., Blanford, S., Jenkins, N., Thomas, M. B., & Read, A. F. 2009. Real-time quantitative 

PCR for analysis of candidate fungal biopesticides against malaria: Technique validation and first 

applications. Journal of Invertebrate Pathology 100:160–168. 

http://doi.org/10.1016/j.jip.2009.01.006  

13. Ben-Dov, E., Brenner, A., Kushmaro, A. 2007. Quantification of sulfate-reducing bacteria in 

industrial wastewater by real-time polymerase chain reaction (PCR) using dsrA and apsA genes. 

Microbial Ecology 54:439-451. 

14. Ben Tekaya, S., Ganesan, A.S., Guerra, T., Dawson, J.O., Forstner, M.R.J. and Hahn, D. 2017. 

Sybr Green- and TaqMan-based quantitative PCR approaches allow assessment of the abundance 

and relative distribution of Frankia clusters in soils. App.l Environ. Microbiol. 83:e02833-16. 

https://doi.org/10.1128/AEM.02833-16. 

15. Beaulieu, R., López-Mondéjar, R., Tittarelli, F., Ros, M. and Pascual J.A. 2011. qRT-PCR 

quantification of the biological control agent Trichoderma harzianum in peat and compost-based 

growing media. Bioresour. Technol. 102:2783-2798. 

16. Benson, D.A., Karsch-Mizrachi, I., Clark, K., Lipman, D.J., Ostell, J. and Sayers, E.W. 2012.  

GenBank. Nucleic Acids Research D48-D53, 201240. 

17. Bienert, F., De Danieli, S., Miquel, C., Coissac, E., Poillot C., Brun, J.-J., and Taberlet, P. 2012. 

Tracking earthworm communities from soil DNA. Mol. Ecol. 21:2017-2030. 

18. Bik, H. M., Porazinska, D. L., Creer, S., Caporaso, J. G., Knight, R., & Thomas, W. K. 2012. 

Sequencing our way towards understanding global eukaryotic biodiversity. Trends in Ecology and 

Evolution, 27, 233-243. 

http://doi.org/10.1002/ece3.1107
http://doi:10.1038/nature13855
http://doi.org/10.1016/j.jip.2009.01.006
https://doi.org/10.1128/AEM.02833-16


22 

19. Bilodeau, G.J. 2011. Quantitative polymerase chain reaction for the detection of organisms in soil. 

CAB Reviews: Perspectives in Agriculture, Veterinary Science, Nutrition and Natural Resources 6: 

No. 014. http://www.cabi.org/cabreviews  

20. Bilodeau, G.J., Koike, S.T., Uribe, P. and Martin, F.N. 2012. Development of an assay for rapid 

detection and quantification of Verticillium dahliae in soil. Phytopathology 102:331–34 

21. Bithell, S.L., McKay, A., Butler, R.C., Ophel-Keller, K., Hartley, D. and Cromey, M.G. (2012) 

Predicting Take-All severity in second-year wheat using soil DNA concentrations of 

Gaeumannomyces graminis var. tritici determined with qPCR. Plant Disease 96:443–451. 

22. Blackwood, C.B., Oaks, A. and Buyer, J.S. 2005. Phylum- and class-specific PCR primers for 

general microbial community analysis. Appl. Environ. Microbiol. 71: 6193–6198. 

23. Blagodatskaya, E. and Kuzyakov, Y. 2013. Active microorganisms in soil: Critical review of 

estimation criteria and approaches. Soil Biol. Biochem. 67:192-211.  

24. Blazejak, A., & Schippers, A. 2011. Real-Time PCR Quantification and Diversity Analysis of the 

Functional Genes aprA and dsrA of Sulfate-Reducing Prokaryotes in Marine Sediments of the Peru 

Continental Margin and the Black Sea. Frontiers in Microbiology, 2, 253. 

http://doi.org/10.3389/fmicb.2011.00253  

25. Blok, V.C. 2010. Achievements in and future prospects for molecular diagnostics of plant-parasitic 

nematodes, Canadian Journal of Plant Pathology 27:176-185. DOI: 10.1080/07060660509507214 

26. Boonen, M., Mertens, J., Michiels, J. and Smolders, E. 2010. Quantitative PCR assays to 

enumerate Rhizobium leguminosarum strains in soil also target non-viable cells and overestimate 

those detected by the plant infection method.  Soil Biol.  Biochem. 42:2342-2344.  

27. Braid, M., Daniels, L. and Kitts, C.L. 2003. Removal of PCR inhibitors from soil DNA by chemical 

flocculation. Journal of Microbiological Methods 52:389-393. 

28. Brierley, J.L., Stewart, J.A. and Lees, A.K. 2009. Quantifying potato pathogen DNA in soil. Applied 

Soil Ecology: 41:234–238. 

29. Bru, D., Ramette, A., Saby, N. P. A., Dequiedt, S., Ranjard, L., Jolivet, C., Philippot, L. 2011. 

Determinants of the distribution of nitrogen-cycling microbial communities at the landscape scale. 

The ISME Journal, 5:532–542. http://doi.org/10.1038/ismej.2010.130  

30. Budge, G. E., Shaw, M.W., Colyer, A., Pietravalle, S. And Boonham, N. 2009. Molecular tools to 

investigate Rhizoctonia solani distribution in soil. Plant Pathology 58:1071-1080. 

31. Cao, T., Rennie, D. C., Manolii, V. P., Hwang, S. F., Falak, I. & Strelkov, S. E. 2014. Quantifying 

resistance to Plasmodiophora brassicae in Brassica hosts. Plant Pathology 63:715-726. 

32. Canfora, L., Malusà, E., Tkaczuk, C., Tartanus, M., Łabanowska, B.H and Pinzari, F. 2016. 

Development of a method for detection and quantification of Beauveria brongniartii and B. bassiana 

in soil. Sci. Rep. 6:22933; doi: 10.1038/srep22933. 

33. Capra, E., Giannico, R., Montagna, M., Turri, F., Cremonesi, P., Strozzi, F., Leone, P., Gandini, G., 

and Pizzi F. 2016. A new primer set for DNA metabarcoding of soil Metazoa. European Journal of 

Soil Biology 77: 53-59. 

34. Carvalhais, L.C., Schenk, P.M., 2013. Sample processing and cDNA preparation for microbial 

meta-transcriptomics in complex soil communities. Methods Enzymol. 351:251–267. 

35. Castrillo, L.A., Thomsen, L., Juneja, P. and Hajek A.E. 2007. Detection and quantification of 

Entomophaga maimaiga resting spores in forest soil using real-time PCR. Mycol. Res. III:324–331.  

36. Castrillo, L.A., Griggs, M.H. and Vandenberg, J.D. 2008. Quantitative detection of Beauveria 

bassiana GHA (Ascomycota: Hypocreales), a potential microbial control agent of the emerald ash 

borer, by use of real-time PCR. In Biological Control 45:163-169. 

https://doi.org/10.1016/j.biocontrol.2008.01.005. 

37. Cole, J. R., Wang, Q., Fish, J. A., Chai, B., McGarrell, D. M., Sun, Y. et al. 2014. Ribosomal 

Database Project: data and tools for high throughput rRNA analysis. Nucleic Acids Research, 

42(Database issue), D633–D642. http://doi.org/10.1093/nar/gkt1244.  

38. Cooke, D.E.L., Schena, L. and Cacciola, S.O. 2007. Tools to detect, identify and monitor 

Phytophthora species in natural ecosystems. Journal of Plant Pathology 89:13-28. 

39. Cordier, C., Edel-Hermann, V., Martin-Laurent, F., Blal, B., Steinberg, C. and Alabouvette, C. 2007.     

SCAR-based real time PCR to identify a biocontrol strain (T1) of Trichoderma atroviride and study 

its population dynamics in soils. Journal of Microbiol. Methods 68:60-68. 

http://www.cabi.org/cabreviews
http://doi.org/10.3389/fmicb.2011.00253
http://doi.org/10.1038/ismej.2010.130
https://doi.org/10.1016/j.biocontrol.2008.01.005
http://doi.org/10.1093/nar/gkt1244


23 

40. Chen, X.Y., Griffiths, B.S., Daniell, T.J., Neilson, R. and. O'Flaherty, V. 2010. A comparison of 

molecular methods for monitoring soil nematodes and their use as biological indicators. European 

Journal of Soil Biology46:319-324. DOI:10.1016/j.ejsobi.2010.05.002. 

41. Cho, J., Lee, D., Cho, Y., Cho, J. and Kim, S. 1996. Direct extraction of DNA from soil for 

amplification of 16S rRNA gene sequences by polymerase chain reaction. J. Microbiol. 34:229-235. 

42. Choi, J., Yang, F., Stepanauskas, R., Cardenas, E., Garoutte, A., Williams, R., Flater, J., Tiedje, 

J.M.,  Hofmockel, K.S., Gelder, B. and Howe, A. 2016. Strategies to improve reference databases 

for soil microbiomes. ISME J. 11:829-834. doi: 10.1038/ismej.2016.168.  

43. Couillerot, O., Bouffaud, M-L., Baudoin, E., Muller, D., Caballero-Mellado, J. and Moënne-Loccoz, 

Y. 2010. Development of a real-time PCR method to quantify the PGPR strain Azospirillum 

lipoferum CRT1 on maize seedlings. Soil Biology and Biochemistry 42, 2298–2305. 

44. Creer, S., Fonseca, V.G., Porazinska, D.L., Giblin-Davis, R.M., Sung, W., Power, D.M., Packer, M., 

Carvalho, G.R., Blaxter, M.L., Lambshead, P.J. and Thomas, W.K. 2010. Ultrasequencing of the 

meiofaunal biosphere: practice, pitfalls and promises. Mol Ecol. Suppl. 1:4-20. doi:10.1111/j.1365-

294X.2009.04473.x. 

45. Creer, S., Deiner, K., Frey, S., Porazinska, D., Taberlet, P., Thomas, W. K. and Bik, H. M. (2016). 

The ecologist’s field guide to sequence-based identification of biodiversity. Methods in Ecology and 

Evolution 7:1008-1018. DOI: 10.1111/2041-210X.12574  

46. Cullen, D.W., Lees, A.K., Toth, I.K. and Duncan, J.M. 2001. Conventional PCR and real-time 

quantitative PCR detection of Helminthosporium solani in soil and on potato tubers. European 

Journal of Plant Pathology 107:387–98. 

47. Cullen, D.W., Lees, A.K., Toth, I.K. and Duncan, J.M. 2002. Detection of Colletotrichum coccodes 

from soil and potato tubers by conventional and quantitative real-time PCR. Plant Pathol. 51:281–

292. 

48. Cullen, D.W., Toth, I.K., Pitkin, Y., Boonham, N., Walsh, K., Barker, I. and Lees, A.K. 2005. Use of 

quantitative molecular diagnostic assays to investigate Fusarium dry rot in potato stocks and soil. 

Phytopathology 95:1462–1471.  

49. Cullen, D.W. and Lees, A.K. 2007. Detection of the nec1 virulence gene and its correlation with 

pathogenicity in Streptomyces species on potato tubers and in soil using conventional and real-

time PCR. Journal of Applied Microbiology 102:1082–94. 

50. Cullen, D.W., Toth, I.K., Boonham, N., Walsh, K., Barker, I. and Lees, A.K.  2007. Development 

and Validation of Conventional and Quantitative Polymerase Chain Reaction Assays for the 

Detection of Storage Rot Potato Pathogens, Phytophthora erythroseptica, Pythium ultimum and 

Phoma foveata. Journal of Phytopathology 155: 309-315 

51. Dandie, C. E., Wertz, S., Leclair, C. L., Goyer, C., Burton, D. L., Patten, C. L., Zebarth, B. J. and 

Trevors, J. T. (2011), Abundance, diversity and functional gene expression of denitrifier 

communities in adjacent riparian and agricultural zones. FEMS Microbiology Ecology, 77: 69–82. 

doi:10.1111/j.1574-6941.2011.01084.x 

52. de Groot A.G., Laros I. and Geisen S. (2016) Molecular Identification of Soil Eukaryotes and 

Focused Approaches Targeting Protist and Faunal Groups Using High-Throughput Metabarcoding. 

In: Martin F., Uroz S. (eds) Microbial Environmental Genomics (MEG). Methods in Molecular 

Biology, vol 1399. Humana Press, New York, NY pp. 125-140. 

53. DeSantis, T.Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E.L., Keller, K., Huber, T., Dalevi, D., 

Hu, P. and Andersen, G.L. 2006. Greengenes, a chimera-checked 16S rRNA gene database and 

workbench compatible with ARB. Appl. Environ. Microbiol. 72:5069-72. 

54. Deagle, B. E., Jarman, S. N., Coissac, E., Pompanon, F., & Taberlet, P. 2014. DNA metabarcoding 

and the cytochrome c oxidase subunit I marker: not a perfect match. Biology Letters, 10, 20140562.  

55. Debode, J., Van Poucke, K., França, S.C., Maes, M., Höfte, M., and Heungens, K. 2011. Detection 

of multiple Verticillium species in soil using density flotation and real-time polymerase chain 

reaction. Plant Dis. 95:1571-1580. 

56. Delmont, T.O., Prestat, E., Keegan, K.P., Faubladier, M., Robe, P., Clark, I.M., Pelletier, E., Hirsch, 

P.R., Meyer, F., Gilbert, J.A., Le Paslier, D., Simonet, P., Vogel, T.M., 2012. Structure, fluctuation 

and magnitude of a natural grassland soil metagenome. ISME J. 6:1677–1687. 

57. Deora, A., Gossen, B.D., Amirsadeghi, S. and McDonald, M.R.. 2015. A Multiplex qPCR Assay for 

Detection and Quantification of Plasmodiophora brassicae in Soil. Plant Disease 99; 1002-1009. 



24 

58. Dimitrov, M.R., Veraart, A.J., de Hollander, M., Smidt, H., van Veen, J.A. and Kuramae, E.E. 2017. 

Successive DNA extractions improve characterization of soil microbial communities. PeerJ 5:e2915 

https://doi.org/10.7717/peerj.2915 

59. Dineen, S.M., Aranda, R., Anders, D.L. and Robertson, J.M. 2010. An evaluation of commercial 

DNA extraction kits for the isolation of bacterial spore DNA from soil. Journal of Applied 

Microbiology 109: 1886–1896 

60. Donn, S., Neilson, R., Griffiths, B.S. and Daniell, T.J. 2012. A novel molecular approach for rapid 

assessment of soil nematode assemblages – variation, validation and potential applications. 

Methods in Ecology and Evolution, 3:12–23. doi:10.1111/j.2041-210X.2011.00145.x 

61. Dose, H.L., Fortuna, A.M., Cihacek, L.J., Norland, J., DeSutter, T.M., Clay, D.E. and Bell J. 2015. 

Biological indicators provide short term soil health assessment during sodic soil reclamation. Ecol. 

Indic., 58:244-253. 

62. Drummond, A.J., Newcomb, R.D., Buckley, T.R., et al. 2015. Evaluating a multigene environmental 

DNA approach for biodiversity assessment. GigaScience 4:46. DOI 10.1186/s13742-015-0086-1 

63. Duressa, D., Rauscher, G., Koike, S.T., Mou, B., Hayes, R. J., Maruthachalam, K., Subbarao, K. 

V., and Klosterman, S. J. 2012. A real-time PCR assay for detection and quantification of 

Verticillium dahlia in spinach seed. Phytopathology 102:443-451. 

64. Epp, L. S., Boessenkool, S., Bellemain, E. P., Haile, J., Esposito, A., Riaz, T. et al. 2012. New 

environmental metabarcodes for analysing soil DNA: potential for studying past and present 

ecosystems. Molecular Ecology, 21, 1821-1833. 

65. Faleiro, A., Pereira, T., Espindula, E., Brod, F. and Arisi, A. 2013.  Real time PCR detection 

targeting nifA gene of plant growth promoting bacteria Azospirillum brasilense strain FP2 in maize 

roots. Symbiosis 61:125–133. doi: 10.1007/s13199-013-0262-y 

66. Feinstein, L.M., Sul, W.J., and Blackwood, C.B. 2009. Assessment of bias associated with 

incomplete extraction of microbial DNA from soil. Appl. Environ. Microbiol. 75:5428–5433. 

67. Fierer N., Jackson J.A., Vilgalys R., Jackson R.B. 2005. Assessment of soil microbial community 
structure by use of taxon-specific quantitative PCR assays. Appl. and Environ. Microbiol. 71:4117–
20.  

68. Fierer, N., Lauber, C.L., Ramirez, K.S., Zaneveld, J., Bradford, M. A. and Knight, R. 2012. 
Comparative metagenomic, phylogenetic and physiological analyses of soil microbial communities 
across nitrogen gradients. ISME J. 6, 1007–1017. 10.1038/ismej.2011.159 

69. Filion, M., St-Arnaud, M. and Jabaji-Hare, S. Direct quantification of fungal DNA from soil substrate 

using real-time PCR. Journal of Microbiological Methods 2003;53(1):67–76. 

70. Fittipaldi, M., Codony, F., Adrados, B., Camper, A.K. and Morato, J. 2011. Viable real-time PCR in 

environmental samples: can all data be interpreted directly? Microb. Ecol. 61:7–12. 

71. Flegg, J.J.M. and Hooper, D.J. 1970. Extraction of free-living stages from soil. J.F. Southey (Ed.), 

Laboratory Methods for Work with Plant and Soil Nematodes, HMSO, London, pp. 5-22. 

72. Floyd, R., Abebe, E., Papert, A., and Blaxter, M. 2002. Molecular barcodes for soil nematode 

identification. Molecular Ecology 11:839–850.  

73. Foucher, A. F. L., Bongers, T., Noble, L. R., & Wilson, M. J. 2004. Assessment of nematode 

biodiversity using DGGE of 18S rDNA following extraction of nematodes from soil. Soil Biology and 

Biochemistry, 36:2027-2032. DOI: 10.1016/j.soilbio.2004.05.021. 

74. Fraser, T. D., Lynch, D. H., Gaiero, J., Khosla, K. and Dunfield, K.E. 2017. Quantification of 

bacterial non-specific acid (phoC) and alkaline (phoD) phosphatase genes in bulk and rhizosphere 

soil from organically managed soybean fields. Applied Soil Ecology 111:48-56 

75. Fredricks, D.N., Smith, C., and Meier, A. 2005. Comparison of six DNA extraction methods for 
recovery of fungal DNA as assessed by quantitative PCR. J. Clin. Microbiol. 43:5122–5128. 

76. Freitag, T.E., Toet, S., Ineson, P. and Prosser, J.I. 2010. Links between methane flux and 

transcriptional activities of methanogens and methane oxidizers in a blanket peat bog. FEMS 

Microbiol. Ecol. 73: 157–165. 

77. Frostegard, A., Courtois, S., Ramisse, V., Clerc, S., Bernillon, D., Le Gall, F., Jeannin, P., Nesme, 

X. and Simonet, P. 1999. Quantification of bias related to the extraction of DNA directly from soils. 

Appl. Environ. Microbiol. 65:5409-5420. 

78. Furseth, B.J., Conley, S.P. and Ané, J. 2010. Enumeration of Soybean-Associated Rhizobia with 

Quantitative Real-Time Polymerase Chain Reaction. Crop Sci. 50:2591-2596. 

doi:10.2135/cropsci2010.03.0141 

https://doi.org/10.7717/peerj.2915


25 

79. Garrido-Jurado, I., Landa, B.B., Quesada-Moraga, E. 2016. Detection and Quantification of the 

Entomopathogenic Fungal Endophyte Beauveria bassiana in Plants by Nested and Quantitative 

PCR. In: Glare T., Moran-Diez M. (eds) Microbial-Based Biopesticides. Methods in Molecular 

Biology, vol 1477. Humana Press, New York, NY  

80. Geisen, S., Laros, I., Vizcaino, A., Bonkowski M. and de Groot, G.A. 2015. Not all are free-living: 

high-throughput DNA metabarcoding reveals a diverse community of protists parasitizing soil 

metazoan. Molecular Ecology 24:4556–4569. 

81. Gellie, N. J. C., Mills, J. G., Breed, M. F. and Lowe, A. J. 2017. Revegetation rewilds the soil 

bacterial microbiome of an old field. Mol. Ecol. 26:2895–2904. doi:10.1111/mec.14081. 

82. Gobbin, D., Rezzonico, F. and Gessler, C. 2007. Quantification of the biocontrol agent 

Pseudomonas fluorescens Pf-153 in soil using a quantitative competitive PCR assay unaffected by 

variability in cell lysis- and DNA-extraction efficiency. Soil Biol. Biochem. 39:1609–1619. 

83. Gotor-Vila, A., Teixidó, N., Usall, J., Dashevskaya, S. and Torres, R. 2016. Development of a SCAR 

marker and a strain-specific genomic marker for the detection of the biocontrol agent strain CPA-8 

Bacillus amyloliquefaciens (formerly B. subtilis). Ann. Appl. Biol. 169:248–256. 

doi:10.1111/aab.12298 

84. Goyer, C. and Dandie C.E. 2012. Quantification of microorganisms targeting conserved genes in 

complex environmental samples using quantitative polymerase chain reaction. In: M. Filion (ed.) 

Quantitative real time PCR in applied microbiology. Caister Academic Press, Norfolk, UK. pp. 87-

106. 

85. Griffiths, B.S., Donn, S. and Neilson,R and Daniell, T.J.  2006.   Molecular   sequencing   and   

morphological analysis of a nematode community. Applied Soil Ecology 32:325-337.  

86. Griffiths, B.S., Daniell, T.J., Donn, S. and Neilson R. 2012. Bioindication potential of using molecular 

characterisation of the nematode community: response to soil tillage. European Journal of Soil 

Biology 49:92-97. 

87. Griffiths, R. I., Thomson, B. C., James, P., Bell, T., Bailey, M. and Whiteley, A. S. 2011. The 

bacterial biogeography of British soils. Environmental Microbiology,13:1642–1654. 

doi:10.1111/j.1462-2920.2011.02480.x. 

88. Guo, Y., Li, W., Sun, H., et al. 2012. Detection and quantification of Rhizoctonia cerealis in soil 

using real-time PCR J. Gen. Plant Pathol. 78:247-254. https://doi.org/10.1007/s10327-012-0390-x  

89. Haegi, A., Catalano, V., Luongo, L., Vitale, S., Scotton, M., Ficcadenti, N., and Belisario, A. 2013. 

A newly developed real-time PCR assay for detection and quantification of Fusarium oxysporum 

and its use in compatible and incompatible interactions with grafted melon genotypes. 

Phytopathology 103:802-810. 

90. Hai,B., Diallo N.H., Sall, S., Haesler, F., Schauss, K., Bonzi, M., Assigbetse, K., Chotte, J-L., 

Munch, J.C. and Schloter, M. 2009.  Quantification of key genes steering the microbial nitrogen 

cycle in the rhizosphere of Sorghum cultivars in tropical agroecosystems. Appl. Environ. Microbiol. 

75:4993-5000. 

91. Hayden, H.L., Drake, J., Imhof, M., Oxley, A.P.A., Norng, S. and Mele, P.M. 2010. The abundance 

of nitrogen cycle genes amoA and nifH depends on land-uses and soil types in South-Eastern 

Australia. Soil Biology & Biochemistry 42:1774-1783 

92. He, Z.L., Deng, Y., Van Nostrand, J.D., Tu, Q.C., Xu, M.Y., Hemme, C.L., Li, X.Y., Wu, L.Y., Gentry, 

T.J., Yin, Y.F., Liebich, J., Hazen, T.C. and Zhou, J.Z. 2010. GeoChip 3.0 as a high-throughput tool 

for analyzing microbial community composition, structure and functional activity. ISME J. 4:1167–

1179. 

93. Hebert, P. D. N., Ratnasingham, S., & deWaard, J. R. 2003. Barcoding animal life: cytochrome c 

oxidase subunit 1 divergences among closely related species. Proceedings of the Royal Society B: 

Biological Sciences, 270(Suppl 1), S96–S99. http://doi.org/10.1098/rsbl.2003.0025 

94. Hermosa, M., Grondona, I., Díaz-Mínguez, J., Iturriaga, E.A. and Monte, E. 2001. Development of 

a strain-specific SCAR marker for the detection of Trichoderma atroviride, a biological control agent 

against soil-borne fungal plant pathogens. Curr. Genet. 38:343-350. 

https://doi.org/10.1007/s002940000173 

95. Hogg, A.C., Johnston, R.H., Johnston, J.A., Klouser, L., Kephart, K.D. and Dyer, A.T. 2010. 

Monitoring Fusarium crown rot populations in spring wheat residues using quantitative real-time 

polymerase chain reaction. Phytopathology 100:49–57. 

https://doi.org/10.1007/s10327-012-0390-x
http://doi.org/10.1098/rsbl.2003.0025
https://doi.org/10.1007/s002940000173


26 

96. Holeva, R., Phillips, M. S., Neilson, R., Brown, D. J.F., Young, V., Boutsika, K., and Blok V. C. 2006. 

Real-time PCR detection and quantification of vector trichodorid nematodes and Tobacco rattle 

virus.     Molecular and cellular probes 20:203-11. 

97. Holmberg, A-I.J., Melin, P., Levenfors, J.P. and Sundh, I. 2009. Development and evaluation of 

SCAR markers for a Pseudomonas brassicacearum strain used in biological control of snow mould. 

Biological Control 48:181–187.  

98. Holterman, M., van der Wurff, A., van den Elsen, S., van Megen, H., Bongers, T., Holovachov, O., 

Bakker, J.and Helder, J. 2006. Phylum-Wide Analysis of SSU rDNA Reveals Deep Phylogenetic 

Relationships among Nematodes and Accelerated Evolution toward Crown Clades, Molecular 

Biology and Evolution 23:1792–1800. https://doi.org/10.1093/molbev/msl044 

99. Horn, I.R., van Rijn, M., Zwetsloot, T.J.J., Basmagi, S., Dirks-Mulder, A., van Leeuwen, W.B.,  

Ravensberg, W.J. and Gravendeel, B. 2016. Development of a multiplex Q-PCR to detect 

Trichoderma harzianum Rifai strain T22 in plant roots. Journal of Microbiological Methods 121:44-

49 https://doi.org/10.1016/j.mimet.2015.12.014. 

100. Hughes, K.J.D., Tomlinson, J.A., Giltrap, P.M. et al. 2011. Development of a real-time PCR assay 

for detection of Phytophthora kernoviae and comparison of this method with a conventional 

culturing technique. Eur. J. Plant Pathol. 131:695-703. https://doi.10.1007/s10658-011-9843-x  

101. Inceoğlu, Ö., Hoogwout, E.F., Hill, P., and van Elsas, J.D. 2010. Effect of DNA extraction method 
on the apparent microbial diversity of soil. Appl. Environ. Microbiol. 76:3378–3382. 

102. Jacquiod, S., Stenbaek, J., Santos, S.S., et al. 2016. Metagenomes provide valuable comparative 
information on soil microeukaryotes. Research in Microbiology 167:436-450. 

103. Jenkins, J. R., Viger, M., Arnold, E. C., Harris, Z. M., Ventura, M., Miglietta, F., Girardin, C., 
Edwards, R. J., Rumpel, C., Fornasier, F., Zavalloni, C., Tonon, G., Alberti, G. and Taylor, G. 2017. 
Biochar alters the soil microbiome and soil function: results of next-generation amplicon sequencing 
across Europe. GCB Bioenergy 9:591–612. 

104. Jimenez-Fernandez, D., Montes-Borrego, M., Navas-Cortes, J.A., Jimenez-Dıaz, R.M., Landa, B.B. 

2010. Identification and quantification of Fusarium oxysporum in planta and soil by means of an 

improved specific and quantitative PCR assay. Appl. Soil Ecol. 46:372–382. 

105. Johansson, A.H., Bejai, S., Niazi, A., Manzoor, S., Bongcam-Rudloff, E. and Meijer, J. 2014. 

Studies of plant colonisation by closely related Bacillus amyloliquefaciens biocontrol agents using 

strain specific quantitative PCR assays.  Antonie Van Leeuwenhoek 106:1247–1257. 

106. Jumpponen, A., Jones, K.L., David Mattox, J., and Yaege, C. 2010. Massively parallel 454-

sequencing of fungal communities in Quercus spp. ectomycorrhizas indicates seasonal dynamics 

in urban and rural sites. Mol. Ecol. 19 (Suppl. 1):41–53. 

107. Keenan, S., Cromey, M.G., Harrow, S.A., Bithell, S.L., Butler, R.C., Beard, S.S. and Pitman, A.R. 

2015. Quantitative PCR to detect Gaeumannomyces graminis var. tritici in symptomatic and non-

symptomatic wheat roots Australasian Plant Pathology 44; 591-597.  

108. Kennedy, R., Wakeham, A., Lewis, M., Keane, G., Petch, G., Proctor, M., and John, S.  2013. 

Brassicas: Further development of in-field tests for resting spores of clubroot and the development 

of clubroot control based on detection. Project Number FV349. Final Report. AHDB, Kenilworth, 

UK. 

109. Kim, T.G., Knudsen, G.R. 2008. Quantitative real-time PCR effectively detects and quantifies 

colonization of sclerotia of Sclerotinia sclerotiorum by Trichoderma spp. Appl. Soil Ecol. 40:100-

108.  doi: 10.1016/j.apsoil.2008.03.013.  

110. Kim, J-S., Mele, P.M. and Crowley, D.E. 2013. Application of PCR primer sets for detection of 

Pseudomonas sp. functional genes in the plant rhizosphere. Journal of Agricultural Chemistry and 

Environment 2:8-15.  http://dx.doi.org/10.4236/jacen.2013.21002  

111. König, S., Wubet, T., Dormann, C.F., Hempel, S., Renker, C. and Buscot, F. 2010. TaqMan Real-

Time PCR assays to assess arbuscular mycorrhizal responses to field manipulation of grassland 

biodiversity: effects of soil characteristics, plant species richness, and functional traits. Appl. 

Environ. Microbiol. 76:3765–3775. 

112. Klappenbach, J.A., Dunbar, J.M. and Schmidt, T.M. 2000. rRNA operon copy number reflects 

ecological strategies of bacteria. Appl. Environ. Microbiol. 66:1328–1333.  

113. Lalande, J., Villemur, R. & Deschênes, L. 2013. New Framework to Accurately Quantify Soil 

Bacterial Community Diversity from DGGE. Microb. Ecol. 66:647. https://doi.org/10.1007/s00248-

013-0230-3  

https://doi.org/10.1093/molbev/msl044
https://doi.org/10.1016/j.mimet.2015.12.014
https://doi.10.1007/s10658-011-9843-x
http://dx.doi.org/10.4236/jacen.2013.21002
https://doi.org/10.1007/s00248-013-0230-3
https://doi.org/10.1007/s00248-013-0230-3


27 

114. Lees, A.K., Cullen, D.W., Sullivan, L. and Nicolson, M.J. 2002. Development of conventional and 

quantitative real-time PCR assays for the detection and identification of Rhizoctonia solani AG-3 in 

potato and soil. Plant Pathology 2002;51(3):293–302. 

115. Lees, A.K., Sullivan, L., Cullen, D.W. 2009. A quantitative polymerase chain reaction assay for the 

detection of Polyscytalum pustulans, the cause of skin spot disease of potato. Journal of 

Phytopathology 157:154–8. 

116. LI Jin-ping,LI Yan,SHI Yan-xia et al. 2013. Development of A Real-Time PCR Assay for 

Plasmodiophora brassicae and Its Detection in Soil Samples. Journal of Integrative Agriculture 12: 

1799-1806. 

117. Logares, R., Sunagawa, S., Salazar, G., Cornejo-Castillo, F.M., Ferrera, I., Sarmento, H. et al. 

2013. Metagenomic 16S rDNA Illumina tags are a powerful alternative to amplicon sequencing to 

explore diversity and structure of microbial communities. Environmental Microbiology 16:2659–

2671. 

118. Loman, N.J., Constantinidou, C., Chan, J.Z.M., Halachev, M., Sergeant, M., Penn, C.W., Robinson, 

E.R., Pallen, M.J.2012. High-throughput bacterial genome sequencing: an embarrassment of 

choice, a world of opportunity. Nature Reviews Microbiology 10:599–606. 

http://doi:10.1038/nrmicro2850  

119. Lopez-Mondéjar, R., Raidi, S., Ros, M. and Pascual, J.A. 2010. Quantification of the biocontrol 

agent Trichoderma harzianum with real-time TaqMan PCR and its potential extrapolation to the 

hyphal biomass. Bioresour. Technol. 101:2888–2891. 

120. Macdonald, C. A., Clark, I. M., Hirsch, P. R., Zhao, F.-J., and McGrath, S. P. 2011. Development 

of a Real-Time PCR Assay for Detection and Quantification of Rhizobium leguminosarum Bacteria 

and Discrimination between Different Biovars in Zinc-Contaminated Soil. Applied and 

Environmental Microbiology 77:4626–4633. http://doi.org/10.1128/AEM.02232-10  

121. Madani, M., Subbotin, S.A. and Moens, M. 2005. Quantitative detection of the potato cyst 

nematode, Globodera pallida, and the beet cyst nematode, Heterodera schachtii, using real-time 

PCR with SYBR green I dye. Molecular and Cellular Probes 19, 81-86. 

122. Malik, M., Kain, J., Pettigrew, C. and Ogram, A. 1994. Purification and molecular analysis of 

microbial DNA from compost. J. Microbiol. Methods 20:183-196. 

123. Manoharan, L., Kushwaha, S.K., Ahren, D., et al. 2017. Agricultural land use determines functional 

genetic diversity of soil microbial communities. Soil Biology and Biochemistry 115:423-432. 

124. Martin-Laurent, F., Philippot, L., Hallet, S., Chaussod, R., Germon, J.C., Soulas, G. and Catroux, 

G. 2001. DNA extraction from soils: old bias for new microbial diversity analysis methods. Appl. 

Environ. Microbiol. 67: 2354-2359 

125. Maurer, K.A., Radišek, S., Berg, G. and Seefelder, S. 2013. Real-time PCR assay to detect 

Verticillium albo-atrum and V.  dahliae in hops: Development and comparison with a standard PCR 

method. Journal of Plant Diseases and Protection 120 (3), 105–114, ISSN 1861-3829 

126. Mavrodi, O.V., Mavrodi, D.V., Thomashow, L.S. & Weller, D.M. 2007. Quantification of 2,4-

diacetylphloroglucinol-producing Pseudomonas fluorescens strains in the plant rhizosphere by 

Real-Time PCR. Appl. Environ. Microbiol., 73:5531–5538. 

127. Margulies,M.,Egholm,M.,Altman,W.E.,Attiya,S.,Bader,J.S.,Bemben,L.A. et al. 2005. Genome 

sequencing in microfabricated high-density picolitre reactors. Nature 437:376–380. 

128. McGuire, K.L., Bent, E., Borneman, J., Majumder, A., Allison, S.D. and Treseder, K.K. 2010. 

Functional diversity in resource use by fungi. Ecology 91:2324–32. 

129. Mokrini, F., Waeyenberge, L., Viaene, N., Andaloussi, F. A. & Moens, M. 2013. Quantitative 

detection of the root-lesion nematode, Pratylenchus penetrans, using qPCR. European Journal of 

Plant Pathology 137:403-413. 

130. Morise, H., Miyazaki, E., Yoshimitsu, S. and Eki T. 2012. Profiling nematode communities in 

unmanaged flowerbed and agricultural field soils in Japan by DNA barcode sequencing. PLoS One 

7: e51785 

131. Mosimann, C., Oberhänsli, T., Ziegler, D., Nassal, D., Kandeler, E., Boller, T., Thonar, C. 2016. 

Tracing of Two Pseudomonas Strains in the Root and Rhizoplane of Maize, as Related to Their 

Plant Growth-Promoting Effect in Contrasting Soils. Frontiers in Microbiology 7:2150 

http://doi.org/10.3389/fmicb.2016.02150  

http://doi:10.1038/nrmicro2850
http://doi.org/10.1128/AEM.02232-10
http://doi.org/10.3389/fmicb.2016.02150


28 

132. Mumford, R., Boonham, N., Tomlinson, J., Barker, I., 2006. Advances in molecular 

phytodiagnostics new solutions for old problems. European Journal of Plant Pathology 116:1-19. 

133. Myrold, D.D., Zeglin, L.H. and Jansson, J.K. 2014. The Potential of Metagenomic Approaches for 

Understanding Soil Microbial Processes. Soil Sci. Soc. Am. J. 78:3-10. 

doi:10.2136/sssaj2013.07.0287dgs. 

134. Nakhla, M.K., Owens, K.J., Li, W., Wei, G., Skantar, A.M.and Levy, L. 2010. Multiplex Real-Time 

PCR Assays for the Identification of the Potato Cyst and Tobacco Cyst Nematodes. Plant Disease 

94:959-965. 

135. Narasingarao, P., Podell, S., Ugalde, J.A., Brochier-Armanet, C., Emerson, J.B., Brocks, J.J. et al. 

2012. De novo metagenomic assembly reveals abundant novel major lineage of Archaea in 

hypersaline microbial communities. The ISME Journal 6:81–93. 

136. Noronha, M. F., Lacerda J., Gileno V., Gilbert, J.A., et al.  2017. Taxonomic and functional 

patterns across soil microbial communities of global biomesScience of the total environment 

609:1064-1074. 

137. O’Brien, P.A., Nari, W., StJ Hardy G.E., 2009. Detecting Phytophthora. Critical Reviews in 

Microbiology 35:69-181. 

138. Okano, Y., Hristova, K. R., Leutenegger, C. M., Jackson, L. E., Denison, R. F., Gebreyesus, B., 

Lebauer, D. and ScowScow, K.M. 2004. Application of Real-Time PCR To Study Effects of 

Ammonium on Population Size of Ammonia-Oxidizing Bacteria in Soil. Applied and Environmental 

Microbiology 70:1008–1016. http://doi.org/10.1128/AEM.70.2.1008-1016.2004  

139. Okubara P.A., Li C., Schroeder K.L., Schumacher R.T., Lawrence N., 2007. Improved extraction of 

Rhizoctonia and Pythium DNA from wheat roots and soil samples using pressure cycling 

technology. Canadian Journal of Plant Pathology 29:304-310. 

140. Ophel-Keller K., McKay, A., Hartley, D., Herdina and Curran, J. 2008. Development of a routine 

DNA-based testing service for soilborne diseases in Australia.  Australasian Plant Pathology 

37:243-253. https://doi.org/10.1071/AP08029  

141. Orgiazzi, A., Bianciotto, V., Bonfante, P., Daghino, S., Ghignone, S., Lazzari, A., et al. 2013. 454 

pyrosequencing analysis of fungal assemblages from geographically distant, disparate soils reveals 

spatial patterning and a core mycobiome. Diversity 5: 73–98. 

142. Orgiazzi, A.,  Bonnet Dunbar, M.,  Panagos, P.,  Arjen de Groot, G and  Lemanceau, P. 2015. Soil 

biodiversity and DNA barcodes: opportunities and challenges. Soil Biology and Biochemistry 

80:244-250. 

143. Pawlowski, J., Audic, S., Adl, S., Bass, D., Belbahri, L., Berney, C., et al. 2012. CBOL Protist 

Working Group: Barcoding Eukaryotic Richness beyond the Animal, Plant, and Fungal Kingdoms. 

PLoS Biol 10(11): e1001419. https://doi.org/10.1371/journal.pbio.1001419  

144. Pereira, T.P., do Amaral, F.P., Dall’Asta, P., Brod, F.C.A. and Arisi, A.C.M. 2014.  Real-Time PCR 

Quantification of the Plant Growth Promoting Bacteria Herbaspirillum seropedicae Strain SmR1 in 

Maize Roots.  Mol. Biotechnol 56:660–670. DOI 10.1007/s12033-014-9742-4 

145. Pereyra, L.P., Hiibel, S.R., Prieto Riquelme, M.V., Reardon, K.F., & Pruden, A. 2010. Detection 

and Quantification of Functional Genes of Cellulose- Degrading, Fermentative, and Sulfate-

Reducing Bacteria and Methanogenic Archaea. Appl. Environ. Microbiol. 76:2192–2202. 

http://doi.org/10.1128/AEM.01285-09 

146. Peters, JC. 2012. Final Report HDC SF97 Detection and quantification of Verticillium dahlia and V. 

albo-atrum in soils to determine risk of Verticillium wilt in strawberry. 

147. Petric, I., Philippot, L., Abbate, C., Bispo, A., Chesnot, T., Hallin, S., Laval, K., Lebeau, T., 

Lemanceau, P., Leyval, C., Lindström, K., Pandard, P., Romero, E., Sarr, A., Schloter, M., Simonet, 

P., Smalla, K., Wilke, B.-M. and Martin-Laurent F. 2011. Interlaboratory evaluation of the ISO 

standard 11063 “Soil quality - Method to directly extract DNA from soil samples”. Journal of 

Microbiological Methods 84:454-460. 

148. Philippot, L., Abbate, C., Bispo, A., Chesnot, T., Hallin, S., Lemanceau, P., et al. 2010. Soil 

microbial diversity: An ISO standard for soil DNA extraction. J Soils Sediments 10:1344–1345. 

149. Plassart, P., Terrat, S., Thomson, B., Griffiths, R., Dequiedt, S., Lelievre, M., Regnier, T., Nowak, 

V., Bailey, M., Lemanceau, P., Bispo, A., Chabbi, A., Maron, P.A., Mougel, C. and Ranjard L. 2012. 

Evaluation of the ISO Standard 11063 DNA extraction procedure for assessing soil microbial 

abundance and community structure. PLoS One 7: e44279 

http://doi.org/10.1128/AEM.70.2.1008-1016.2004
https://doi.org/10.1071/AP08029
https://doi.org/10.1371/journal.pbio.1001419
http://doi.org/10.1128/AEM.01285-09


29 

150. Porazinska, D.L., Giblin-Davis, R.M., Esquivel, A., Powers, T.O., Sung, W. and Thomas, W.K. 

2010. Ecometagenetics confirms high tropical rainforest nematode diversity. Molecular Ecology 

19:5521-5530. 

151. Porazinska, D. L., Sung, W., Giblin-Davis, R. M. and Thomas, W. K. 2010b. Reproducibility of read 

numbers in high-throughput sequencing analysis of nematode community composition and 

structure. Molecular Ecology Resources: 10:666–676. doi:10.1111/j.1755-0998.2009.02819.x. 

152. Powell, S.M., Ferguson, S.H., Bowman, J.P. and Snape, I. 2006. Using real-time PCR to assess 

changes in the hydrocarbon-degrading microbial community in antarctic soil during bioremediation. 

Microbial Ecology 52:523–532.  

153. Pritchard, L., Humphris, S., Saddler, G. S., Parkinson, N. M., Bertrand, V., Elphinstone, J. G. and 

Toth, I. K. 2013. Detection of phytopathogens of the genus Dickeya using a PCR primer prediction 

pipeline for draft bacterial genome sequences. Plant Pathology 62:587–596. doi:10.1111/j.1365-

3059.2012.02678.x 

154. Pruesse, E., Quast, C., Knittel, K., Fuchs, B., Ludwig, W., Peplies, J., & Glockner, F.O. 2007. 

SILVA: a comprehensive online resource for quality checked and aligned ribosomal RNA sequence 

data compatible with ARB. Nucleic Acids Research 35:7188-7196.   

155. Qu, X.S., Wanner, L.A. and Christ, B.J. 2011. Multiplex real-time PCR (TaqMan) assay for the 

simultaneous detection and discrimination of potato powdery and common scab diseases and 

pathogens. J Appl Microbiol. 110; 769-77. 

156. Quail, M. A., Smith, M., Coupland, P., Otto, T. D., Harris, S. R., Connor, T. R., Bertoni, A., Swerdlow, 

H.P. and Gu, Y. 2012. A tale of three next generation sequencing platforms: comparison of Ion 

Torrent, Pacific Biosciences and Illumina MiSeq sequencers. BMC Genomics, 13:341. 

http://doi.org/10.1186/1471-2164-13-341 

157. Quist, C.W., Schram, M., de Haand, J.J., Smant, G., Bakkera, J., van der Putten W.H. and Heldera, 

J. 2016.  Organic farming practices result in compositional shifts in nematode communities that 

exceed crop-related changes. Applied Soil Ecology 98:254-260.  

158. Quist, C W., Gort, G., Mulder, C., Wilbers, R.H.P., Termorshuizen, A.J., Bakker, J. and Helder, J., 

2017.  Feeding preference as a main determinant of microscale patchiness among terrestrial 

nematodes. Mol Ecol. Resour. 2017:1–14. 

159. Ratnasingham, S. and Hebert, P.D.N. 2007. BOLD: The Barcode of Life Data System 

(www.barcodinglife.org). Molecular Ecology Notes 7:355-364.   

160. Rennie, D. C., Manolii, V. P., Cao, T., Hwang, S. F., Howard, R. J. & Strelkov, S. E. 2011. Direct 

evidence of surface infestation of seeds and tubers by Plasmodiophora brassicae and 

quantification of spore loads. Plant Pathology 60:811-819. 

161. Ritz, K., Black, H.I.J., Campbell, C.D., Harris, J.A. and Wood, C. 2009 Selecting biological 

indicators for monitoring soils: a framework for balancing scientific opinion to assist policy 

development. Ecological Indicators 9:1212-1221.  

162. Rogers, S. L., Atkins, S. D. and West, J. S. (2009), Detection and quantification of airborne 

inoculum of Sclerotinia sclerotiorum using quantitative PCR. Plant Pathology, 58: 324–331. 

163. Rybarczyk-Mydlowska, K., Mooijman, P., Van Megen, H., Van den Elsen, S., Vervoort, M.T.W., 

Veenhuizen, P., et al. 2012. Small sub-unit ribosomal DNA-based phylogenetic analysis of foliar 

nematodes (Aphelenchoides spp.) and their quantitative detection in complex DNA backgrounds. 

Phytopathology 102:1153–1160. 

164. Samant, S., Sha, Q., Iyer, A., Dhabekar, P.  and Hahn, D. 2012. Quantification of Frankia in soils 

using SYBR Green based qPCR. Syst. Appl. Microbiol. 35:191-197. 

165. Samant, S., Amann, R.I. and Hahn D. 2014. Evaluation of the 23S rRNA gene as target for qPCR 

based quantification of Frankia in soils Syst. Appl. Microbiol., 37:229-234. 

166. Santos, S.S., Nielsen, T.K., Hansen, L.H. and Winding A. 2015. Comparison of three DNA 

extraction methods for recovery of soil protist DNA. Journal of Microbiological Methods 115:13-19. 

https://doi.org/10.1016/j.mimet.2015.05.011  

167. Sanzani, S.M., Li Destri Nicosia, M.G., Faedda, R., Cacciola, S.O. and Schena, L. 2014. Use of 

Quantitative PCR Detection Methods to Study Biocontrol Agents and Phytopathogenic Fungi and 

Oomycetes in Environmental Samples. J. Phytopathol. 162:1–13. doi:10.1111/jph.12147 

168. Sapkota, R., & Nicolaisen, M. 2015. High-throughput sequencing of nematode communities from 

total soil DNA extractions. BMC Ecology 15: 3. http://doi.org/10.1186/s12898-014-0034-4 

https://doi.org/10.1016/j.mimet.2015.05.011


30 

169. Savazzini F., Oliveira Longa C. M. & Pertot I. 2008. Real-time PCR for detection and quantification 

of the biocontrol agent Trichoderma atroviride strain SC1 in soil. J. of Microbiol. Meth. 73:185–194. 

170. Schena L., Nigro F., Ippolito A., Gallitelli D., 2004. Real-time quantitative PCR: a new technology 

to detect and study phytopathogenic and antagonistic fungi. European Journal of Plant Pathology 

110: 893-908. 

171. Schena, L., Li Destri Nicosia, M.G., Sanzani, S.M., Faedda, R., Ippolito, A. and Cacciola, S.O. 

2013. Development of quantitative PCR detection methods for phytopathogenic fungi and 

oomycetes.  Journal of Plant Pathology 95:7-24. 

172. Schlatter, D.C., Samac, D.A., Tesfaye, M. and Kinkel, L.L. 2010. Rapid and specific method for 

evaluating Streptomyces competitive dynamics in complex soil communities. Applied and 

Environmental Microbiology 76:2009–12. 

173. Schmidt, P-A., Bálint, M., Greshake, B., Bandow, C., Römbke, J. and Schmitt, I. 2013. Illumina 

metabarcoding of a soil fungal community. Soil Biology and Biochemistry 65:128-132. 

174. Schoch, C.L., Seifert, K.A., Huhndorf, S., Robert, V., Spouge, J.L., Levesque, C.A., Chen, W. and 

Fungal Barcoding Consortium. 2012. Nuclear ribosomal internal transcribed spacer (ITS) region as 

a universal DNA barcode marker for fungi. PNAS 109:6241-6246. 

175. Schreiner, M., Krumbein, A. and Ruppel, S. 2009. Interaction between Plants and Bacteria: 

Glucosinolates and Phyllospheric Colonization of Cruciferous Vegetables by Enterobacter 

radicincitans DSM 16656.  J. Mol. Microbiol. Biotechnol. 17:124–135. DOI: 10.1159/000226589  

176. Schroeder, K. L., Okubara, P. A., Tambong, J. T., Lévesque, C. A., and Paulitz, T. C. 2006. 

Identification and quantification of pathogenic Pythium spp. from soils in eastern Washington using 

real-time polymerase chain reaction. Phytopathology 96:637-647. 

177. Selesi, D., Pattis, I., Schmid, M., Kandeler, E. and Hartmann, A. 2007. Quantification of bacterial 

RubisCO genes in soils by cbbLtargeted real-time PCR.  Journal of Microbiological Methods 

69:497-503. 

178. Shishido, M., Kubota, I., Ohashi, T. and Usami, T. 2013. Comparison of PCR assays for detection 

and quantification of Phomopsis sclerotioides in plant and soil. J. Gen. Plant Pathol. 79:18–27. 

179. Smalla, K., Oros-Sichler, M., Milling, A., Heuer, H., Baumgarte, S., Becker, R., Neuber, G., Kropf, 

S., Ulrich, A. and Tebbe C.C. 2007. Bacterial diversity of soils assessed by DGGE, T-RFLP and 

SSCP fingerprints of PCR-amplified 16S rRNA gene fragments: do the different methods provide 

similar results? J. Microbiol. Methods 69:470-479. 10.1016/j.mimet.2007.02.014. 

180. Sogin, M.L., Morrison, H.G., Huber, J.A., Welch, D.M., Huse, S.M., Neal, P.R., Arrieta, J.M. and 

Herndl, G.J. 2006. Microbial diversity in the deep sea and the underexplored “rare biosphere”. 

PNAS 103:12115-12120. 

181. Sørensen, J., Haubjerg Nicolaisen, M., Ron, E. and Simonet, P.  2009. Molecular tools in 

rhizosphere microbiology from single-cell to whole-community analysis. Plant Soil 321:483–512. 

DOI 10.1007/s11104-009-9946-8. 

182. Souza R.C., Hungria M., Cantão M.E., Vasconcelos A.T.R., Nogueira M.A., and Vicente V.A. 2015. 

Metagenomic analysis reveals microbial functional redundancies and specificities in a soil under 

different tillage and crop‐management regimes. Applied Soil Ecology, 86:106–112. 

183. Sundelin, T., Christensen, C. B., Larsen, J., Moller, K., Lubeck, M., Bodker, L. & Jensen, B. 2010. 

In planta quantification of Plasmodiophora brassicae using signature fatty acids and real-time PCR. 

Plant Disease 94:432-438. 

184. Suzuki, M.T., Taylor, L.T. and DeLong, E.F. (2000) Quantitative analysis of small-subunit rRNA 

genes in mixed microbial populations via 50-nuclease assays. Appl. Environ. Microbiol. 66:4605–

4614. 

185. Taberlet, P., Prud’Homme, S. M., Campione, E., Roy, J., Miquel, C., Shehzad, W., Gielly, L., Rioux, 

D., Choler, P., Clément, J.-C., Melodelima, C., Pompanon, F. and Coissac, E. 2012a. Soil sampling 

and isolation of extracellular DNA from large amount of starting material suitable for metabarcoding 

studies. Molecular Ecology 21:1816–1820. doi:10.1111/j.1365-294X.2011.05317.x 

186. Taberlet, P., Coissac, E., Hajibabaei, M. & Rieseberg, L.H. (2012b) Environmental DNA. Molecular 

Ecology 21:1789–1793. 

187. Taberlet, P., Coissac, E., Pompanon, F., Brochmann, C. & Willerslev, E. 2012c. Towards next-

generation biodiversity assessment using DNA metabarcoding. Molecular Ecology 21:2045–2050. 



31 

188. Takai, K. and Horikoshi, K. 2000. Rapid detection and quantification of members of the archaeal 

community by quantitative PCR using fluorogenic probes. Appl. Environ. Microbiol. 66:5066–5072. 

189. Terrat, S., Plassart, P., Bourgeois, E., Ferreira, S., Dequiedt, S., Adele-Dit-De-Renseville, N., 

Lemanceau, P., Bispo, A. Chabbi, A., Maron, P-A. and Ranjard, L. 2015. Meta-barcoded evaluation 

of the ISO standard 11063 DNA extraction procedure to characterize soil bacterial and fungal 

community diversity and composition. Microbial Biotechnology 8:131–142. doi:10.1111/1751-

7915.12162. 

190. Thies, J.E. 2007. Soil microbial community analysis using terminal restriction fragment length 

polymorphisms. Soil Sci. Soc. Am. J. 71:579–591. 

191. Thies, J.E. 2015. Molecular approaches to studying the soil biota. In: Paul, E.A. (ed.) Soil 

Microbiology, Ecology and Biochemistry, 4th ed. Elsevier Inc. Chapter 6 pp.151-180. 

192. Thonar, C., Erb, A. and Jansa, J. (2012), Real-time PCR to quantify composition of arbuscular 

mycorrhizal fungal communities—marker design, verification, calibration and field validation. 

Molecular Ecology Resources, 12: 219–232. doi:10.1111/j.1755-0998.2011.03086.x 

193. Timmusk, S., Paalme, V., Lagercrantz, U., and Nevo, E. 2009. Detection and quantification of 

Paenibacillus  polymyxa in the rhizosphere of wild barley (Hordeum spontaneum) with real-time 

PCR. Journal of Applied Microbiology, 107:736–745. doi: 10.1111/j.1365-2672.2009.04265.x 

194. Toumi, F., Waeyenberge, L., Viaene, N., Dababat, A. A., Nicol, J., Ogbonnaya, F., & Moens, M. 

2015. Development of qPCR assays for quantitative detection of Heterodera avenae and H. 

latipons. European Journal of Plant Pathology 143; 305-316 

195. Toyota, K., Shirakashi, T., Sato, E., Wada, S. and Min, Y.Y. 2008. Development of a real-time PCR 

method for the potato-cyst nematode Globodera rostochiensis and the root-knot nematode 

Meloidogyne incognita. Soil Science & Plant Nutrition 54: 72–76. 

196. Trabelsi, D., Pini, F., Aouani, M.E., Bazzicalupo, M. Mengoni, A. 2009. Development of real-time 

PCR assay for detection and quantification of Sinorhizobium meliloti in soil and plant tissue.  Letters 

in Applied Microbiology 48:355–361. 

197. Tu, Q., Yu, H., He, Z., et al. 2014. GeoChip 4: A functional gene-array-based high-throughput 

environmental technology for microbial community analysis. Molecular Ecology Resources 14:914-

28.    DOI10.1111/1755-0998.12239. 

198. Uroz, S., Ioannidis, P., Lengelle, J., Cébron, A., Morin, E., Buée, M., et al. (2013) Functional Assays 

and Metagenomic Analyses Reveals Differences between the Microbial Communities Inhabiting 

the Soil Horizons of a Norway Spruce Plantation. PLoS ONE 8:e55929. 

https://doi.org/10.1371/journal.pone.0055929  

199. Vallance, J., Le Floch, G., Deniel, F., Barbier, G., Levesque, C.A. and Rey, P. 2009. Influence of 

Pythium oligandrum bio-control on fungal and oomycete population dynamics in the rhizosphere. 

Appl. Environ. Microbiol. 75:4790–4800. 

200. van de Graaf, P., Lees, A.K., Cullen, D.W. and Duncan, J.M. 2003.  Detection and quantification of 

Spongospora subterranea in soil, water and plant tissue samples using real-time PCR. European 

Journal of Plant Pathology 109:589–97. 

201. van Gent-Pelzer, M.P.E., Krijger, M. and Bonants, P.J.M. 2010. Improved real-time PCR assay for 

detection of the quarantine potato pathogen, Synchytrium endobioticum, in zonal centrifuge 

extracts from soil and in plants. European Journal of Plant Pathology 126:129–33. 

202. Vervoort, M.T.W., Vonk, J.A., Mooijman, P.J.W., Van den Elsen, S.J.J., Van Megen, H.H.B., et al. 

2012. SSU Ribosomal DNA-Based Monitoring of Nematode Assemblages Reveals Distinct 

Seasonal Fluctuations within Evolutionary Heterogeneous Feeding Guilds. PLOS ONE 7:e47555. 

https://doi.org/10.1371/journal.pone.0047555  

203. Vincelli, P. and Tisserat, N., 2008. Nucleic acid-based pathogen detection in applied plant 

pathology. Plant Disease 92:660-669. 

204. Von Felten,,A., Défago,G.and Maurhofer, M. 2010. Quantification of Pseudomonas fluorescens 

strains F113, CHA0 and Pf153 in the rhizosphere of maize by strain-specific real-time PCR 

unaffected by the variability of DNA extraction efficiency. Journal of Microbiological Methods 

81:108–115. 

205. Voříšková, A., Jansa, J., Püschel, D., Krüger, M., Cajthaml, T., Vosátka, M. and  Janoušková, M. 

(2017) Real-time PCR quantification of arbuscular mycorrhizal fungi: does the use of nuclear or 

https://doi.org/10.1371/journal.pone.0055929
https://doi.org/10.1371/journal.pone.0047555


32 

mitochondrial markers make a difference?  Mycorrhiza 27:577-585. doi: 10.1007/s00572-017-

0777-9. 

206. Waalwijk, C., van der Heide, R., de Vries, I. et al. 2004. Quantitative Detection of Fusarium Species 

in Wheat Using TaqMan. European Journal of Plant Pathology 110: 481-494.  

207. https://doi.org/10.1023/B:EJPP.0000032387.52385.13  

208. Waite, I.S., O'Donnell, A.G., Harrison, A., Davies, J.T., Colvan, S.R., Ekschmitt, K., Dogan, H., 

Wolters, V., Bongers, T., Bongers, M., Bakonyi, G., Nagy, P., Papatheodorou, E.F., Stamou, G.P. 

and Bostrom, S. 2003. Design and evaluation of nematode 18S rDNA primers for PCR and 

denaturing gradient gel electrophoresis (DGGE) of soil community DNA. Soil Biology & 

Biochemistry 35:1165-1173. 

209. Wallenhammar, A.-C., Almquist, C., Söderström, M. and Jonsson, A. (2012), In-field distribution of 

Plasmodiophora brassicae measured using quantitative real-time PCR. Plant Pathology, 61: 16–

28. doi:10.1111/j.1365-3059.2011.02477.x 

210. Wang, I-C. 2012. Developing a qPCR-based molecular technique for nematode community 

analysis. Ph.D. University of Hawaii at Manoa. 142 pp.  

211. Ward, L.I., Fenn, M.G.E. and Henry, C.M. 2004. A rapid method for direct detection of Polymyxa 

DNA in soil. Plant Pathology 53:485–90. 

212. Wiesel, L., Daniell, T.J., King, D. and Neilson, R. 2015. Determination of the optimal soil sample 

size to accurately characterise nematode communities in soil. Soil Biol. Biochem. 80:89-91. 

213. Woodhall, J.W., Webb, K.M., Giltrap, P.M., Adams, I.P., Peters, J.C., Budge, G.E. and Boonham, 

N. 2012. A new large-scale soil DNA extraction procedure and real-time PCR assay for the 

detection of Sclerotium cepivorum in soil.  Eur. J. Plant Pathol. 134; 467–473. 

214. Woodhall, J.W., Adams, I.P., Peters, J.C., Harper, G. and Boonham, N.  2013. A new quantitative 

real-time PCR assay for Rhizoctonia solani AG3-PT and the detection of AGs of Rhizoctonia solani 

associated with potato in soil and tuber samples in Great Britain. Eur. J. Plant Pathol. 136:273–

280.  

215. Woodhall JW and Peters JC. 2014.  Raspberry: Detection and quantification of Phytophthora rubi 

in soil and plant tissue. AHDB-Horticulture Final Report (SF 130), Stoneleigh, UK. 7 pp. 

216. Woodhall, J.W., Brown, M.J., Perkins, K. Somoza Valdeolmillos, E., Boonham, N. and Ray, R.V. 

2017. A TaqMan real-time PCR assay for Rhizoctonia cerealis and its use in wheat and soil. Eur. 

J. Plant Pathol. 148:237-245. DOI 10.1007/s10658-016-1083-7. 

217. Yang, C-X., Ji, Y-Q., Wand, X-Y., Yang, C-Y. and Yu, D.W. 2013. Testing three pipelines for 18S 

rDNA-based metabarcoding of soil faunal diversity. Sci. China Life Sci. 56:73–81. doi: 

10.1007/s11427-012-4423-7  

218. Yergeau, E., Arbour, M., Brousseau, R., Juck, D., Lawrence, J. R., Masson, L., Greer, C. W. (2009). 

Microarray and real-time PCR analyses of the responses of high-Arctic soil bacteria to hydrocarbon 

pollution and bioremediation treatments. Appl. Environ. Microbiol. 75: 6258–6267. 

http://doi.org/10.1128/AEM.01029-09  

219. Yergeau, E., Bokhorst, S., Kang, S., Zhou, J., Greer, C. W., Aerts, R., & Kowalchuk, G. A. 2012. 

Shifts in soil microorganisms in response to warming are consistent across a range of Antarctic 

environments. The ISME Journal 6:692–702. http://doi.org/10.1038/ismej.2011.124  

220. Yi, H., Cho, Y.-J., Won, S., Lee, J.-E., Jin Yu, H., Kim, S., et al. 2011. Duplex-specific nuclease 

efficiently removes rRNA for prokaryotic RNA-seq. Nucleic Acids Research, 39(20), e140. 

http://doi.org/10.1093/nar/gkr617  

221. Zhalnina, K., Dias, R., de Quadros, P.D., et al. 2015. Soil pH Determines Microbial Diversity and 

Composition in the Park Grass Experiment. Microbial Ecology 69:395-406. 

222. Zhou, J., Bruins, M.A. and Tiedje, J.M. 1995. DNA recovery from soils of diverse composition. Appl. 

Environ. Microbiol. 62:316-322. 

223. Zhu, C.; Delmont, T.O., Vogel, T.M., et al. 2015. Functional Basis of Microorganism Classification. 

Plos Computational Biology 11: Article Number: e1004472 

 

  

https://doi.org/10.1023/B:EJPP.0000032387.52385.13
http://doi.org/10.1128/AEM.01029-09
http://doi.org/10.1038/ismej.2011.124
http://doi.org/10.1093/nar/gkr617


33 

5. Appendix 1 

Method for total DNA extraction from soil samples of up to 500g 

(after Woodhall et al., 2012) 

 

Scope:  This method is suitable for direct extraction and purification of total DNA from composite 

soil samples of up to 500g.  The procedure below is described for samples of 250g. 

Materials: 

1. Minimix auto paint shaker (Merris Engineering Ltd., Ireland) 

2. Kingfisher ML magnetic particle processor (Thermo Fisher Scientific).  

3. Grinding buffer (120 mM sodium phosphate buffer pH 8.2, 2% centrimonium bromide, 

1.5M sodium chloride) 

4. Antifoam B (Sigma-Aldrich) 

5. 5M potassium acetate 

6. Isopropanol 

7. Silicon dioxide (Sigma-Aldrich) 

8. Wizard® Magnetic DNA Purification System for Food (Promega) 

Procedure:  

1. Sieve soil to remove stones. 

2. Place 250 g soil into 1000 ml Nalgene wide mouth environmental bottles with 20 

stainless steel ball bearings (25.4 mm), 500 ml grinding buffer and 15 ml Antifoam B. 

3. Shake for 4 min. in a minimix auto paint shaker (Merris Engineering Ltd., Ireland). 

4. Centrifuge a 50 ml sub-sample at 5,000g for 5 min. 

5. Transfer 20 ml of the supernatant to a clean tube containing 2 ml of 5M potassium 

acetate and incubate on ice for 10 min. 

6. Centrifuge at 12,000 g for 5 min. 

7. Transfer the supernatant to a clean tube containing 15 ml isopropanol and 800 µl 

silicon dioxide suspension. 

8. Shake on flat bed shaker at 100 rpm for 15 min. 

9. Centrifuge at 12,000 g for 5 min. 

10. Discard supernatant and add 2ml Buffer A (Promega Wizard® Food Kit) to the 

pelleted silica particles. 

11. Shake tubes on their side for 10 min, at 65 °C and 100 rpm. 

12. Centrifuge at 12,000 g for 5 min. 

13. Extract DNA from 1000 µl of the supernatant by magnetic capture using the Wizard® 

Magnetic DNA Purification System for Food (Promega) in a Kingfisher ML magnetic 

particle processor (Thermo Fisher Scientific) according to the manufactuers’ 

instructions.  



34 

6. Appendix 2 

Method for extraction of extracellular eDNA from soil samples of up to 500 g 

(after Taberlet et al., 2012) 

 

Scope:  This method is suitable for direct extraction and purification of eDNA from 

composite soil samples of up to 500g.  The procedure below is described for 

samples of 250g. 

Materials: 

1. Sodium phosphate buffer pH 8 (1.97 g NaH2PO4 and 14.7 g Na2HPO4 per l 

sterile distilled H2O). 

2. NucleoSpin Soil kit (Macherey-Nagel, Düren, Germany) 

Procedure: 

1. Sieve soil to remove stones 

2. Add an equal weight of phosphate buffer (pH 8) to the soil in a wide neck 

bottle.   

3. Mix thoroughly by gentle orbital shaking for 15-30 min (e.g. at 50-100 rpm) to 

homogenise the sample. 

4. Centrifuge aliquots of the resulting soil suspension at 10,000 rcf for 10 min. 

5. Purify DNA from 500 µl of the supernatants using a Nucleospin Soil 

commercial kit (Macherey-Nagel, Düren, Germany) following the 

manufacturers’ instructions but skipping their lysis step. 

 

 


