
Chapter 4

Molecular Approaches to the Study of Biological

Phosphorus Cycling

Jun Wasaki and Hayato Maruyama

4.1 Introduction

The organisms involved in phosphorus (P) cycling in soils are highly varied, and

microorganisms probably play the most important role. However, more than 99% of

soil microorganisms have not been cultured successfully (Torsvik and Øvreås

2002). Therefore, culture-independent methods are required to study the function

and ecology of microbes involved in P cycling in soils. Molecular approaches for

such culture-independent methods have been developed in the recent past.

Exudates from plant roots have significant effects on soil microbial ecology

and P dynamics in the rhizosphere. Therefore, it is important to understand plant–

microbe interactions, e.g., symbiosis with mycorrhizal fungi. Plant function and

plant–microbe interactions can also be analyzed using molecular approaches.

In this chapter, the applications of molecular tools to study the role of plants and

rhizosphere microorganisms in P cycling are discussed. Table 4.1 summarizes the

molecular and biochemical tools introduced in this chapter. Since there are some

advantages and disadvantages for each method, researchers should select the most

appropriate tool(s) for their purpose.

4.2 DNA Extraction

4.2.1 Soil Samples

The starting point for all molecular approaches is the extraction of environmental

DNA from the soil. We frequently face difficulties extracting DNA from soils,

because soil properties vary strongly in terms of pH and content of mineral and
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organic compounds. Humic substances in particular, which behave like nucleic

acids in some respects, cause problems during DNA extraction, purification, and

further experimentation. Thus, the removal of humic substances and their separa-

tion from soil DNA are important steps.

Numerous methods for soil DNA extraction have been reported and several kits

for soil DNA extraction are commercially provided, e.g., from Epicentre Bio-

technologies (Madison, WI, USA), MO Bio Laboratories (Carlsbad, CA, USA),

Nippongene (Toyama, Japan), Norgen Biotek (Thoroid, Canada), Omega Bio-Tek

(Norcross, GA, USA), and Zymo Research (Orange, CA, USA). Currently, kits that

include a bead-beating step are commonly used for soil DNA extraction. Because

we mostly work with volcanic ash soils with high affinity to phosphates, we mainly

employ the ISOIL kit from Nippongene, which is optimized for humic substance

removal from volcanic ash soils (the method for removing the humic substances is

protected by patent).

4.2.2 Plants and Hyphae

DNA extraction from plants is important for the investigation of the cooperation of

plants with symbiotic and associated microbes in P cycling, as well as for the role of

plants in these processes. Fungal DNA can be extracted by similar methods to those

used for plants. We employ the CTAB (cetyltrimethylammonium bromide; a

detergent for solubilizing membranes) method (Rogers and Bendich 1985) or

commercially available kits such as the Plant DNA Mini Kit from Qiagen (Hilden,

Germany) and Isoplant (Nippongene), for DNA extraction from plants and fungal

mycelia. Grinding with pestle and mortar or bead-beating of samples frozen in

liquid nitrogen is an effective preparation of tissues prior to DNA extraction. DNA

extraction from plants or fungi is relatively easy because of the absence of humic

substances.

In the case of arbuscular mycorrhizal (AM) fungi, spores can be collected from

soils by sieving. This method enables DNA extraction specifically from spores of

AM fungi. The yield of DNA is frequently very low; in such cases, addition of

coprecipitating agents such as glycogen is recommended at the ethanol precipita-

tion step.

4.2.3 Rolling Cycle Amplification

When rhizosphere soil or spores of AM fungi are targeted, the yield of DNA is

sometimes too low (in the nanogram order) for direct analysis. Rolling cycle

amplification (RCA) using Phi29 DNA polymerase can provide linearly amplified

and purified DNA; commercial kits are available. In our experience, ca. 15 mg DNA
can be amplified from 5 ng of DNA extracted from spores of Gigaspora margarita

4 Molecular Approaches to the Study of Biological Phosphorus Cycling 95



by using GenomiPhi v2 (GE Healthcare, Buckinghamshire, UK). Amplified DNA

can be used for further analyses, such as polymerase chain reaction (PCR)-depen-

dent molecular tools and metagenomics.

4.3 Molecular Approaches Using the Sequences of SSU rRNA

and ITS Regions

4.3.1 Clone Libraries

Small subunit (SSU) rRNA and internal transcribed spacer (ITS) regions are

frequently analyzed for the molecular characterization of uncultured microbes.

These sequences are easily amplified by PCR. Amplified fragments are compared

with respect to their length, restriction fragment patterns, and substantial differ-

ences between sequences.

Sequencing of clone libraries is a simple method for the analysis of SSU rRNA

or ITS regions. The sequence provides useful information on the phylogenetic

position of the microbe. The ratio of overlap of sequences indicates the diversity

of the group in the sample. Phylogenetic trees can be prepared based on the

sequences. High-throughput analysis is possible using 96- or 384-hole multiplates.

The disadvantage of this method is the relatively high expense.

Monteiro et al. (2009) analyzed partial 16S rRNA sequences for 83 bacterial

colonies, which were isolated from the rhizosphere of vetiver (Chrysopogon ziza-
nioides) as potential biofertilizers. A primer set for PCR-DGGE, which is described

in the next section, was used for PCR and sequencing. It was revealed that

potentially phosphate solubilizing bacteria coexisted in the vetiver rhizosphere

that were closely related to Acinetobacter, Burkholderia, Chryseobacterium,
Dyella, Enterobacter, Klebsiella, and Pseudomonas.

4.3.2 PCR-DGGE

Denaturant gradient gel electrophoresis (DGGE) is frequently applied for compar-

ing the microbial communities of various environments (Heuer et al. 1997). The

work-flow of DGGE is shown in Fig. 4.1. DNA fragments amplified from environ-

mental DNA by PCR are separated on polyacrylamide gels containing gradients of

denaturants. Differences of sequences (i.e., GC contents) result in different dena-

turing points, which show as bands on the denaturant gradient gel. A GC clamp (an

artificial sequence rich in guanine and cytosine) that generates a tight bond is often

added to the terminus of one primer to increase the resolution of the detected bands

(Sheffield et al. 1989). The band patterns obtained by PCR-DGGE are used to
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compare samples by multivariate analyses such as principal component analysis or

cluster analysis.

The merit of the DGGE method is the ease with which microbial communities of

different samples can be compared without DNA sequence determination. The only

technical requirement for DGGE is electrophoresis equipment. DGGE can visualize

differences at the line or species levels, because bands can be differentiated even if

the sequences compared differ merely in one base. By contrast, DGGE is unsuitable

for the detection of differences at the genus or any higher levels. When the diversity

of the sample is high, the bands separated in the DGGE are poorly resolved.

Marschner et al. (2004) applied PCR-DGGE of 16S rDNA to investigate micro-

bial community structures of the rhizospheres of chickpea, canola, and Sudan grass

as affected by P fertilization. Similarly, Wasaki et al. (2005) and Weisskopf et al.

(2005) studied the community structures of rhizobacteria associated with white

lupin plants, in order to clarify the effects of root exudates on the diversity and

community structure of rhizobacteria in cluster roots formed by P-starved white

lupin plants. Their results suggested that the diversity and community structure

were strongly influenced by root exudates, such as citrate and flavonoids.

Temperature gradient gel electrophoresis (TGGE) resembles DGGE (Henco and

Heibey 1990) in principle but differs in having a temperature rather than a denatur-

ant gradient. Single-strand conformation polymorphism electrophoresis (SSCP)

allows the separation of single-stranded DNA following the chilling-induced for-

mation of secondary structures in the single-stranded DNA. Both TGGE and SSCP

can separate sequences that differ in only one base. These techniques have not yet

been applied in studies on soil P cycling.

Fig. 4.1 The principle and work-flow of PCR-DGGE
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4.3.3 Restriction Fragment Length Polymorphism

Restriction fragment length polymorphism (RFLP) visualizes microbial commu-

nities as patterns of restriction fragment length. RFLP targeted to SSU rRNA is

designated as ARDRA (amplified ribosomal DNA restriction analysis; Massol-

Deya et al. 1995). ARDRA has been used to characterize cultured isolates of

potential biofertilizers (Monteiro et al. 2009). Because SSU rRNA is relatively

short (>1,500 bp), its fragments are generally digested by a restriction enzyme that

recognizes four bases. The restriction fragments are separated by electrophoresis.

RFLP is a useful method for detecting relatively substantial differences (higher than

genus level), but it cannot resolve small differences between the sequences com-

pared. Specific bands can be isolated from gels and sequenced, although the

sequence length is frequently too short for species identification.

T-RFLP (terminal RFLP) using a primer labeled with a fluorescent dye at the 50-
terminus is a useful technique for the detection of specific fragments. The fluores-

cence can be detected with high resolution by DNA sequencers or other analytic

equipment. George et al. (2009) used T-RFLP to examine the effect of extracellular

release of phytase from roots of transgenic plants on microbial community struc-

tures in the rhizosphere. They demonstrated that the expression of phytase in

transgenic plants had little or no impact on the microbial community structure as

compared with control plant lines.

4.4 Methods Targeting Active Microbes and Functional Genes

4.4.1 RNA Extraction

DNA work is relatively easy to apply on environmental samples, but it delivers

information not only about active, but also about inactive microbes. Environmental

RNA-targeted molecular approaches are required to target the major active players

or key genes in the environment. However, RNA extraction from soil is still

difficult because of the instability of RNA molecules, and only a few RNA-based

studies have succeeded in identifying microorganisms involved in P cycling.

Weisskopf et al. (2005) investigated the bacterial community structures asso-

ciated with white lupin, a plant that forms “cluster roots” showing an exudative

burst under low P conditions, by producing DGGE profiles based on both DNA and

RNA. In their study, RNA was isolated using a kit provided by BIO 101 (Vista, CA,

USA). They showed that the “present” and “active” populations analyzed by DNA

and RNA, respectively, were similar in the root samples but not in the rhizosphere

and bulk soils. The effect of root type and age on the structure of bacterial

communities living in the root vicinity was more obvious in active communities

than in present communities. Thus, monitoring changes in active communities

proved to be more informative than dealing only with present communities.
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4.4.2 Analysis of Functional Genes by DNA-Based Techniques

Because soil RNA extraction is still problematic in many cases, the identification of

functional genes involved in nutrient cycling so far mainly relies on DNA-based

techniques.

We developed a PCR-DGGE methodology for the analysis of functional genes.

Sakurai et al. (2008) designated specific primer sets for alkaline phosphatase (ALP),

which is involved in organic P cycling. The primers were designed on the basis of

an alignment of amino acid and nucleotide sequences encoding an ALP-expressing

gene derived from various isolates: Bacillus subtilis 168, Nostoc sp. PCC7120,

Caulobacter crescentus CB15, Pseudomonas aeruginosa PAO1, Sinorhizobium
meliloti 1021, Mesorhizobium loti MAFF303099, and Corynebacterium glutami-
cum ATCC13032. Effects of the application of organic matter and chemical

fertilizer on ALP-harboring bacterial communities in the rhizosphere and bulk

soil in an experimental lettuce field were analyzed by PCR-DGGE. Numerous

ALP-expression genes were detected in the DGGE profile, regardless of sampling

time, fertilizer treatment, or sampled soil area, which indicated a large diversity in

ALP-harboring bacteria in the soil. Several ALP gene fragments, which were

excised from the DGGE gel and sequenced, were closely related to the ALP-

expressing genes of M. loti and Pseudomonas fluorescens. Using principal compo-

nent analysis of the DGGE profile it was shown that fertilizer treatment and

sampling site significantly affected the community structures of ALP-harboring

bacteria.

In the case of functional genes, the data obtained from the DGGE profile is

expected to be quite informative. However, missing groups with a lower similarity

of the respective functional gene to the sequence used for primer design is an

undeniable possibility. For example, the identity of sequences among microorgan-

isms was generally lower for ALP genes than for the sequences of SSU rRNA

(Sakurai et al. 2008). Therefore, the two primer sets were designed for nested PCR

of ALP gene fragments to increase the coverage range.

4.4.3 Quantitative Real-Time PCR: Quantification Technology
for SSU rRNA and Transcripts of Functional Genes

Recently, the amount of mRNA in a wide range of samples has been analyzed by

PCR-based methods rather than by hybridization-dependent methods. The merits of

PCR-based methods are speed, reproducibility, and quantitative capacity. Quanti-

tative RT-PCR (qRT-PCR), in particular, is very effective for microscale samples

such as rhizosphere soils.

qRT-PCR for environmental DNA determines the quantity of microorganisms

harboring the targeted gene. When genus-specific primers for SSU rRNA are used,

the results of the technique can quantify the dominance of the genus. In the case of
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RNA-based methods, the amount of mRNA of the target gene can be determined.

The method is useful for functional genes that are directly involved in P cycling

such as phosphatases, phytases, and nucleases. Melting curves of amplified frag-

ments produced by most of the commercial equipments provide information on the

diversity of the amplified fragments.

qRT-PCR was applied to evaluate interactions of arbuscular mycorrhizal fungi.

Specific primers for ITS1 and rRNAs of Glomus mosseae and G. intraradices were
designed for qRT-PCR (Alkan et al. 2006). These authors showed some effects of P

availability in the soil on the interaction between the two Glomus species, and

concluded that qRT-PCR was a valuable tool for studying the ecology of AM fungi.

4.4.4 Fluorescence In Situ Hybridization

The distribution of microbial species or functional groups of interest can be

visualized by FISH (fluorescence in situ hybridization). A specific primer designed

for SSU rRNA or a functional gene, and containing a fluorescent dye, is required for

FISH. The dye must not interfere with the autofluorescence of soil particles and

plant roots. The sample is hybridized with the dye primer and observed with a

fluorescence microscope.

Usually, direct hybridization is possible for SSU rRNA because of the huge

amount of molecules. On the other hand, amplification of the signal is required for

most functional genes. Several methods have been developed such as MAR-

(microautoradiography) (Ito et al. 2002), CARD- (catalyzed reporter deposition)

(Pernthaler et al. 2002) and TSA (tyramide signal amplification)-FISH (Schriml

et al. 1999). MAR-FISH was applied to study P cycling, even if not in soils. It was

applied for the detection of potential polyphosphate-accumulating bacteria in

biological phosphorus removal plants (Kong et al. 2005).

4.4.5 Stable Isotope Probing

Stable isotope probing (SIP) is a method for identifying active microbes in the

environment. 13C- or 15N-labeled substrates are frequently used for SIP. For

example, microbes that respond to root-secreted compounds can be detected in

the rhizosphere of 13CO2-assimilating plants. Rangel-Castro et al. (2005) deter-

mined the effect of liming on the structure of the rhizosphere microbial community

metabolizing root exudates by the combination of DGGE and SIP. Phospholipid

fatty acid analysis (PLFA) can be applied following SIP, and has been employed,

e.g., for the analysis of methanotrophic communities (Chen et al. 2008).

Unfortunately, there are no useful stable isotopes of P. Thus, it seems difficult

to apply SIP for studying P cycling. However, as mentioned by Prosser et al.

(2006), SIP provides the potential for cultivation-independent characterization of
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organisms actively assimilating carbon derived from plant root exudates or added to

the soil. Since root exudates have impacts on P cycling in the rhizosphere, 13C-SIP

could be applied for studying the effects of root exudates on the microbes involved

in P cycling.

4.4.6 Bromodeoxyuridine Immunocapture

An analog of thymidine, 5-bromo-2-deoxyuridine (BrdU), can be used for labeling

active microorganisms in the environment. BrdU-antibodies are then applied to

detect the microorganisms containing BrdU. Artursson et al. (2005) employed

BrdU immunocapture in combination with T-RFLP. They found distinct changes

in active bacterial community compositions related to G. mosseae inoculation,

treatment with an antifungal compound, and plant type. The dominant bacterial

species that were activated as a result of G. mosseae inoculation were found to be

mostly uncultured bacteria and Paenibacillus species.

4.4.7 Phosphate-Reporter Bacteria

Phosphate-reporter bacteria have been developed and used for studies on P cycling.

In particular, de Weger et al. (1994) developed phosphate-reporter strains of

Pseudomonas putida WCS358 in which the production of b-glucosidase was

regulated by the promoter of a gene responsive to P starvation. Kragelund et al.

(1997) used two phosphate-reporter strains of P. fluorescens DF57 harboring

luciferase regulated by the promoter of a gene responsive to P starvation. These

phosphate-reporter bacteria were used to assess whether sufficient phosphate was

available to the bacteria. It can be a useful tool for studying the plant–microbe

interactions involved in P cycling, because the Pseudomonas spp. are frequently

isolated as potentially plant growth-promoting rhizobacteria.

4.5 Methods for Analysis of Plant Functions

Root-secreted compounds of plants are important for P cycling in soil (Fig. 4.2).

Acid phosphatase (APase) secreted from white lupin roots contributes most of

the phosphatase activity in rhizosphere soil (Wasaki et al. 2005). Organic acids

mobilize sparingly soluble P compounds in the soil. Mobilized inorganic phosphate

can then be absorbed by plant roots with the help of phosphate transporters.

Secondary plant metabolites are involved in the communication with rhizosphere

microbes. Finally, mRNA expression of important genes in plants has been
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frequently analyzed by qRT-PCR. In this section, the methods for analysis of the

above-mentioned plant functions involved in P cycling are introduced.

4.5.1 Phosphatase Activities

A method using p-nitrophenylphosphate (p-NPP) as a substrate is still applied for

the measurement of phosphatase activity in soils and root exudates (Ozawa et al.

1995). The degradation product p-nitrophenol turns yellow following alkaliniza-

tion. A fluorogenic substrate, 4-methylumbeliferylphosphate (MUP), is also avail-

able for the measurement of phosphatase activities. Many fluorogenic substrates

can be used for the determination of soil enzyme activities involved in P, N, and C

cycling. For high-throughput analysis of many soil enzyme activities in small

samples, 96-well microplates and microplate readers are useful tools that allow

detection of the fluorescence of the degradation products (Tscherko et al. 2004;

Wasaki et al. 2005). For further detail on these assays see Nannipieri et al. (2011).

Phosphatase activity can be visualized by activity staining of phosphatases in the

media or in gels after electrophoresis. For activity staining, the above-mentioned

substrates (p-NPP and MUP) are often applied, for example in our studies (Wasaki

et al. 1997, 1999, 2005). We have shown that the cluster roots of white lupin

released a significant amount of APase under P-deficient conditions (Wasaki et al.

1999). Naphtylphosphate/fast-red TR (4-chloro-2-methylbenzenediazonium salt)

can also be used for activity staining (Neumann and Martinoia 2002).

Enzyme-labeled fluorescence (ELF)-97 phosphate can be used for histochemical

localization of phosphatases. This substrate provides fluorescent precipitates after

Fig. 4.2 Biological functions in the soil P cycle. AMF arbuscular mycorrhizal fungi
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hydrolysis by phosphatases. We have shown strong APase activity in the epidermal

tissues of normal roots and cluster rootlets and in root hairs of cluster rootlets under

P deficiency using ELF-97 phosphate as a substrate (Wasaki et al. 2008). Actually,

the strong activity in the rhizosphere of cluster roots formed by white lupin under P

starvation was derived from root-secreted acid phosphatase (Wasaki et al. 2005).

The gene for this root-secreted acid phosphatase was cloned and designated as

LASAP2 (Wasaki et al. 2000). LASAP2 overexpressing tobacco lines were estab-

lished and it was tested whether LASAP2 contributed to P uptake from organic P in

the soil (Wasaki et al. 2009). Our results suggest that P uptake by the transgenic

plants increased both in aseptic gel media and under soil culture conditions.

4.5.2 Organic Acid Exudation from Plant Roots

Root-secreted organic acids have chelating abilities for metal ions in the soil, and

mobilize P compounds bound to the metal ions or adsorbed to soil particles.

Knowing the amount and composition of the secreted organic acids is important

to better understand P mobilization in the rhizosphere. Rhizobox systems, devel-

oped by Dinkelaker and Marschner (1992), are useful for the localization of organic

acids in roots. Organic acids trapped with clean filter paper can be measured by

HPLC (high-performance liquid chromatography) or enzymatic quantification

(Neumann and R€omheld 1999; Wasaki et al. 2005). Commercial kits for enzymatic

quantification of citrate and malate are available (e.g. Roche Diagnostics, Basel,

Switzerland). For more details on P solubilization by organic acids see Jones and

Oburger (2011).

4.5.3 Phosphate Transporters

Inorganic phosphate (Pi) is the form of P that is taken up by plants. Plants have

two classes of Pi transporters, namely high- and a low-affinity types. Because the

Pi concentration in the soil solution is quite low, it is believed that high-affinity Pi

transporters play the major role in plant Pi uptake from the rhizosphere. In the

case of Arabidopsis, there are nine members of high-affinity Pi transporters (Mudge

et al. 2002). It was shown that AtPT1 is a high-affinity Pi transporter that cotran-

sports H+ by overexpression (Mitsukawa et al. 1997). It was indicated that one

of the members, Pht1;4 (AtPT2), contributes greatly to phosphate uptake in

P-deprived Arabidopsis (Misson et al. 2004).

Interestingly, the accumulation of mRNA for a high-affinity Pi transporter is

synchronized with the infection of AM fungi (Nagy et al. 2005). Thus, it appears

that the Pi transporter plays a role in Pi transport from arbuscules to plant cells. The

accumulation of the mRNA for the low-affinity Pi transporter was not regulated by

internal P levels of the plants. It appears likely that this type of transporter

contributes to internal P translocation rather than P uptake.
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4.5.4 Exudation of Antibiotic Compounds and Enzymes

White lupin has a high ability to mobilize P from sparingly soluble P through the

secretion of organic acids (Gardner et al. 1983). The major root-secreted organic

acid is citrate, which is readily consumed by microbes. To protect the secreted acids

from degradation by microbes, white lupin secretes several compounds together

with the organic acids (Weisskopf et al. 2006). Net proton release decreases the

population of bacteria. Flavonoids and cell-wall-degrading enzymes protect the

organic acids from consumption by fungi.

Metabolomic approaches can be useful for analysis of low molecular weight

substances in root exudates (see Sect. 4.6.3). Several fluorogenic substrates can be

applied for measurement of antibiotic enzyme activities (see Sect. 4.5.1).

It appears that plants and microorganisms compete for P (Unno et al. 2005).

Thus, the secretion from roots of substances that protect secreted organic acids from

degradation might be of general significance in soils. It seems necessary to consider

the function of these antimicrobial substances in the context of plant–microbe

interactions involved in P cycling.

4.5.5 Quantitative RT-PCR

qRT-PCR is frequently used for the quantification of plant mRNA, because it is a

convenient and straightforward methodology, as discussed above. However, plants

sometimes have numerous homologs of a given gene with different functions.

Therefore, primers have to be designed carefully to detect a specific gene.

We have tried to analyze the metabolic alterations of P-deficient rice roots by

transcriptomic analysis (see Sect. 4.6.1; Wasaki et al. 2003). It was indicated that

two Pi transporters were regulated by P deficiency. qRT-PCR revealed that the Pi

transporter expression found by cDNA microarray was exactly regulated by P

deficiency.

4.6 Novel Technologies: Omics Analyses for P Cycling

4.6.1 Microarrays

The so-called omics analyses have become feasible during the last 10 years.

Transcriptomics have been applied prior to other postgenomic strategies such as

metabolomics and proteomics. Some transcriptomic studies of low-P adaptation

strategies have been carried out using cDNA arrays for plants (Uhde-Stone et al.

2003; Wu et al. 2003; Hammond et al. 2003, 2004; Misson et al. 2005; Wang et al.

104 J. Wasaki and H. Maruyama



2002; Wasaki et al. 2003, 2006). Microarrays on a chip or a glass slide contain

thousands of redundant sequences, which can be hybridized with fluorescent dye-

labeled samples. The fluorescence is detected using specific scanners, which is the

most important requirement. Some new important metabolic changes were sug-

gested in our study of P-deficient rice roots, namely: (1) acceleration of carbon

supply for organic acid synthesis through glycolysis; (2) alteration of lipid metabo-

lism; (3) rearrangement of compounds for cell walls; and (4) changes in gene

expression related to the response to metallic elements such as Al, Fe, and Zn

(Wasaki et al. 2003).

Genomic sequencing or collections of expressed sequence tags are required

before microarrays can be designed. Recently, ready-made arrays have become

available not only for common model organisms such as Arabidopsis and rice, but

also for woody plants including poplar, eucalyptus, and grape, and for crop species

such as soybean, wheat, and maize.

Microbes involved in P cycling could be detected by the microarray technique if

a microarray targeted for soil microbes is developed. He et al. (2007) developed a

microarray designated the “GeoChip,” containing 24,243 oligonucleotide probes

and covering >10,000 genes in >150 functional groups involved in N, C, S, and P

cycling, metal reduction and resistance, and organic contaminant degradation.

Their array was successfully used for tracking the dynamics of metal-reducing

bacteria and associated communities.

4.6.2 Metagenomics and the Next Generation of DNA
Sequencers

To study uncultured microorganisms, environmental DNA can be recovered and

sequenced. This approach is called “metagenomics.” It is expected that metage-

nomics will provide the information required for understanding the whole micro-

flora in the soil, the functions of the organisms involved (including P cycling), and

the isolation of beneficial genes from uncultured microorganisms.

Recently, next-generation DNA sequencers have been developed (Mardis 2008).

This development will contribute to progress not only in metagenomics but will

also enable metatranscriptomic studies on P cycling. Furthermore, the method will

facilitate transcriptomic analyses of not-yet sequenced organisms.

Recently, Badri et al. (2009) reported the first study on the microbial community

in the rhizosphere using a pyrosequencer, one of the next-generation DNA sequen-

cers. A metagenomic approach revealed that exudates from an Arabidopsis mutant

of the ATP-binding cassette (ABC) transporter involved in root secretion of phy-

tochemicals cultivated a microbial community with a relatively greater abundance

of potentially beneficial bacteria. The next generation of DNA sequencers could

support metagenomic and metatranscriptomic studies on P cycling.
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Table 4.2 Application of molecular tools for studies on P cycling

Question Target

molecules

Molecular tools Examples of application for studying

P cycling

Structure of microbial

communities

involved in

P cycling

SSU rRNA Clone library Monteiro et al. (2009)

DGGE/TGGE/

SSCP

Marschner et al. (2004), Wasaki et al.

(2005), Weisskopf et al. (2007)

RFLP George et al. (2009), Monteiro et al.

(2009)

Microarray �
Phospholipid

fatty acids

PLFA Tscherko et al. (2004)

Active microbes

involved in

P cycling

Functional

genes

Clone library �
DGGE/TGGE/

SSCP

Sakurai et al. (2008)

RFLP �
Metagenomics Next

generation

sequencer

Badri et al. (2009)

Quantitative analysis

of specific

microbes

SSU rRNA/

functional

genes

qRT-PCR Alkan et al. (1995)

Localization of

specific microbes

SSU rRNA/

functional

genes

FISH �

P availability in the

rhizosphere

P starvation

responsive

gene

Phosphate-

reporter

bacteria

de Weger et al. (1994), Kragelund

et al. (1997)

Enzyme activities

involved in

P cycling

Enzyme

activities

Fluorogenic

substrates

Tscherko et al. (2004), Wasaki et al.

(2005)

Localization of

phosphatase

activities

Phosphatase ELF-97

phosphate

Wasaki et al. (2008)

Response of microbes

to root exudates

SSU rRNA/

functional

genes

SIP-DGGE �

Phospholipid

fatty acids

SIP-PLFA �

Active microbes

involved in

P cycling

SSU rRNA/

functional

genes

BrdU Artursson et al. (2005)

Plant responses to

P deficiency

Transcriptomics Microarray Hammond et al. (2003, 2004), Uhde-

Stone et al. (2003), Wu et al.

(2003), Wang et al. (2002),

Misson et al. (2005), Wasaki et al.

(2003, 2006)

Next

generation

sequencer

�

Effects of root-

secreted enzymes

Phosphatase/

phytase

Overexpression Wasaki et al. (2008)
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4.6.3 Proteomics and Metabolomics

Methods for proteomics and metabolomics became available due to the develop-

ment of mass spectrometric techniques such as TOF (time of flight)-MS (mass

spectrometry), GC (gas chromatography)-MS/MS, and LC (liquid chromatogra-

phy)-MS/MS. These will also contribute to the understanding of P cycling. A

proteomic study on P- and Al-stressed rice plants has already been reported

(Fukuda et al. 2007). Crude proteins of control and stressed roots were separated

on two-dimensional polyacrylamide gel electrophoresis (2D-PAGE), and the

unique spots found in samples from stressed plants were determined by peptide

mapping using TOF-MS. It was shown that the proteomic alterations under P

deficiency and Al stress conditions were similar, indicating that a common meta-

bolic system is responsive to both P deficiency and Al stress.

Suzuki et al. (2009) reported the metabolomic analysis of root exudates of rice

seedlings. GC-MS was used for the analysis of primary metabolites in the study.

Their results suggested that the physiological change during seedling development

was large and that the response to the environment was rather small. We expect that

further improvement of these methods and the combination of molecular

approaches and metabolomics will provide crucial information.

4.7 Conclusions

In Table 4.2, we have summarized the potential applications of molecular tools for

studying P cycling, with examples from the literature. The relationships between

tools, samples, and targets are illustrated in Fig. 4.3. We would be happy if this

chapter helps readers’ studies on P cycling.

Fig. 4.3 Molecular approaches for analyzing the ecology and function of soil microorganisms

4 Molecular Approaches to the Study of Biological Phosphorus Cycling 107



Molecular approaches and recent omics analyses have proven powerful tools for

clarifying processes and actors involved in P cycling. On the other hand, we must

not forget the advantages of conventional, culture-dependent methods. For exam-

ple, metagenomic data cannot identify intracellular symbioses. The “living” cell is

the central focus of microbial ecology. Adequate molecular approaches have to be

selected that provide meaningful complements to conventional approaches for

future investigations into P cycling.
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Uhde-Stone C, Zinn KE, Ramirez-Yáñez M, Li A, Vance CP, Allan DL (2003) Nylon filter arrays

reveal differential gene expression in proteoid roots of white lupin in response to phosphorus

deficiency. Plant Physiol 131:1064–1079

Unno Y, Okubo K, Wasaki J, Shinano T, Osaki M (2005) Plant growth promotion abilities and

micro-scale bacterial dynamics in the rhizosphere of lupin analyzed by phytate utilization

ability. Environ Microbiol 7:396–404

Wang Y-H, Gravin DF, Kochian LV (2002) Rapid induction of regulatory and transporter genes in

response to phosphorus, potassium, and iron deficiencies in tomato roots. Evidence for cross

talk and root/rhizosphere-mediated signals. Plant Physiol 130:1361–1370

Wasaki J, Ando M, Ozawa K, Omura M, Osaki M, Ito H, Matsui H, Tadano T (1997) Properties of

secretory acid phosphatase from lupin roots under phosphorus-deficient conditions. Soil Sci

Plant Nutr 43:981–986

Wasaki J, Omura M, Ando M, Shinano T, Osaki M, Tadano T (1999) Secreting portion of acid

phosphatase in roots of lupin (Lupinus albus L.) and a key signal for the secretion from the

roots. Soil Sci Plant Nutr 45:937–945

Wasaki J, Omura M, Ando M, Dateki H, Shinano T, Osaki M, Ito H, Matsui H, Tadano T (2000)

Molecular cloning and root specific expression of secretory acid phosphatase from phosphate

deficient lupin (Lupinus albus L.). Soil Sci Plant Nutr 46:427–437
Wasaki J, Yonetani R, Kuroda S, Shinano T, Yazaki J, Fujii F, Shimbo K, Yamamoto K, Sakata K,

Sasaki T, Kishimoto N, Kikuchi S, Yamagishi M, Osaki M (2003) Transcriptomic analysis of

metabolic changes by phosphorus stress in rice plant roots. Plant Cell Environ 26:1515–1523

Wasaki J, Rothe A, Kania A, Neumann G, R€omheld V, Shinano T, Osaki M, Kandeler E (2005)

Root exudation, P acquisition and microbial diversity in the rhizosphere of Lupinus albus as
affected by P supply and atmospheric CO2 concentration. J Environ Qual 34:2157–2166

110 J. Wasaki and H. Maruyama



Wasaki J, Shinano T, Onishi K, Yonetani R, Yazaki J, Fujii F, Shimbo K, Ishikawa M, Shimatani Z,

Nagata Y, Hashimoto A, Ohta T, Sato Y, Miyamoto C, Honda S, Kojima K, Sasaki T,

Kishimoto N, Kikuchi S, Osaki M (2006) Transcriptomic analysis indicates putative metabolic

changes caused by manipulation of phosphorus availability in rice leaves. J Exp Bot

57:2049–2059

Wasaki J, Kojima S, Maruyama H, Haase S, Osaki M, Kandeler E (2008) Localization of acid

phosphatase activities in roots of white lupin plants grown under phosphorus-deficient condi-

tions. Soil Sci Plant Nutr 54:95–102

Wasaki J, Maruyama H, Tanaka M, Yamamura T, Dateki H, Shinano T, Ito S, Osaki M (2009)

Overexpression of LASAP2 gene for secretory acid phosphatase of white lupin improves P

uptake and growth of tobacco plants. Soil Sci Plant Nutr 55:107–113

Weisskopf L, Fromin N, Tomasi N, Arango M, Martinoia E (2005) Secretion activity of white

lupin’s cluster roots influences bacterial abundance, function and community structure. Plant

Soil 268:181–194

Weisskopf L, Abou-Mansour E, Fromin N, Tomasi N, Santelia D, Edelkott I, Neumann G,

Aragno M, Tabacchi R, Martinoia E (2006) White lupin has developed a complex strategy

to limit microbial degradation of secreted citrate required for phosphate acquisition. Plant

Cell Environ 29:919–927

Wu P, Ma L, Hou X, Wang M, Wu Y, Liu F, Deng XW (2003) Phosphate starvation triggers

distinct alterations of genome expression in Arabidopsis roots and leaves. Plant Physiol

132:1260–1271

4 Molecular Approaches to the Study of Biological Phosphorus Cycling 111


	Chapter 4: Molecular Approaches to the Study of Biological Phosphorus Cycling
	4.1 Introduction
	4.2 DNA Extraction
	4.2.1 Soil Samples
	4.2.2 Plants and Hyphae
	4.2.3 Rolling Cycle Amplification

	4.3 Molecular Approaches Using the Sequences of SSU rRNA and ITS Regions
	4.3.1 Clone Libraries
	4.3.2 PCR-DGGE
	4.3.3 Restriction Fragment Length Polymorphism

	4.4 Methods Targeting Active Microbes and Functional Genes
	4.4.1 RNA Extraction
	4.4.2 Analysis of Functional Genes by DNA-Based Techniques
	4.4.3 Quantitative Real-Time PCR: Quantification Technology for SSU rRNA and Transcripts of Functional Genes
	4.4.4 Fluorescence In Situ Hybridization
	4.4.5 Stable Isotope Probing
	4.4.6 Bromodeoxyuridine Immunocapture
	4.4.7 Phosphate-Reporter Bacteria

	4.5 Methods for Analysis of Plant Functions
	4.5.1 Phosphatase Activities
	4.5.2 Organic Acid Exudation from Plant Roots
	4.5.3 Phosphate Transporters
	4.5.4 Exudation of Antibiotic Compounds and Enzymes
	4.5.5 Quantitative RT-PCR

	4.6 Novel Technologies: Omics Analyses for P Cycling
	4.6.1 Microarrays
	4.6.2 Metagenomics and the Next Generation of DNA Sequencers
	4.6.3 Proteomics and Metabolomics

	4.7 Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


