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Abstract

Biodiversity assessment is the key to understanding the relationship between biodiver-

sity and ecosystem functioning, but there is a well-acknowledged biodiversity identi-

fication gap related to eukaryotic meiofaunal organisms. Meiofaunal identification is

confounded by the small size of taxa, morphological convergence and intraspecific

variation. However, the most important restricting factor in meiofaunal ecological

research is the mismatch between diversity and the number of taxonomists that are able

to simultaneously identify and catalogue meiofaunal diversity. Accordingly, a molecular

operational taxonomic unit (MOTU)-based approach has been advocated for en mass

meiofaunal biodiversity assessment, but it has been restricted by the lack of throughput

afforded by chain termination sequencing. Contemporary pyrosequencing offers a

solution to this problem in the form of environmental metagenetic analyses, but this

represents a novel field of biodiversity assessment. Here, we provide an overview of

meiofaunal metagenetic analyses, ranging from sample preservation and DNA extraction

to PCR, sequencing and the bioinformatic interrogation of multiple, independent

samples using 454 Roche sequencing platforms. We report two examples of environ-

mental metagenetic nuclear small subunit 18S (nSSU) analyses of marine and tropical

rainforest habitats and provide critical appraisals of the level of putative recombinant

DNA molecules (chimeras) in metagenetic data sets. Following stringent quality control

measures, environmental metagenetic analyses achieve MOTU formation across the

eukaryote domain of life at a fraction of the time and cost of traditional approaches. The

effectiveness of Roche 454 sequencing brings substantial advantages to studies aiming to

elucidate the molecular genetic richness of not only meiofaunal, but also all complex

eukaryotic communities.
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Introduction

Robust, quantified biodiversity assessment is the key to

deep understanding of the relationship between biodi-
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versity and ecosystem functioning. The effects of major

anthropogenic stressors on global ecosystems, including

elevated CO2, pollution, habitat loss and fragmentation,

add urgency to this field, demanding an increasing

focus on mechanistic and predictive studies. However,

investigating the role of biodiversity in maintaining eco-

system function, resilience and recovery (Sutherland

et al. 2006) can be meaningfully addressed only if biodi-

versity can first be identified. The identity of macrofa-

unal and floral communities can be ascertained by

teams of trained taxonomists ⁄ ecologists with their skills

being augmented by globally integrated molecular bar-

coding approaches (Hebert et al. 2003a; Hajibabaei et al.

2007). Similarly, recent advances in sequencing power

and the molecular identification of microbes are facili-

tating the more realistic characterization of the phyloge-

netic affinities, identity (DNA sequences), composition

(Sogin et al. 2006; Huber et al. 2007), dynamics and

even functional capacity (Edwards et al. 2006; Mou

et al. 2008) of prokaryotic communities. The application

of second-generation sequencing has also been applied

to the identification of protist communities in this

edition (Medinger et al. 2010; Stoeck et al. 2010). There

remains, however, a well-acknowledged biodiversity

identification gap related to eukaryotic meiofaunal

organisms (Blaxter 2003; Blaxter & Floyd 2003; Tautz

et al. 2003; Blaxter et al. 2005).

Meiofaunal taxa are a paraphyletic assemblage,

grouped on the basis of size (i.e. organisms that pass

through a 0.5-mm sieve but are retained on 25–65 lm

sieves). Approximately 60% of animal phyla have meio-

faunal representatives and meiofaunal Platyhelminthes,

Nemertea, Nematoda, Rotifera, Annelida, Arthropoda,

Tardigrada, Mollusca and Chordata have taxa that

occupy key roles in marine, freshwater and terrestrial

habitats (Higgins & Thiel 1988; Giere 2009). Meiofaunal

assemblages are dominated by nematodes and are char-

acterized by high abundances (up to 108 individuals per

1 m2) and diversity (up to 60 morphological species per

75 cm3 of sediment) (Lambshead 2004). Thus, although

meiofaunal organisms are conceptually and demonstra-

bly ecologically important (Snelgrove et al. 1997; Danov-

aro et al. 2008), current estimates of global species

richness remain a matter of conjecture (Lambshead &

Boucher 2003). For nematodes, global estimates of species

richness range from 100 000 to 1 000 000, but only

�27 000 species have been described (Platt & Warwick

1983; Coomans 2000; Hugot et al. 2001), and contempo-

rary studies routinely recover between 30% and 40% of

sampled taxa that are new to science (Lambshead & Bou-

cher 2003). Meiofaunal taxon diversity and abundance is

so great that effectively studying communities requires a

huge investment in resources and labour. The effort

expended in assigning only 10% of nematodes to known

species was 120-fold that required to successfully assign

all vertebrate morphospecies to known taxa (Lawton

et al. 1998) in tropical forest habitats.

The identification bottleneck associated with meiofa-

unal taxonomy is confounded by a range of taxonomic

hurdles: the small size and fragility of organisms, con-

vergent evolution, morphological conservatism (Dery-

cke et al. 2005, 2008; Bhadury et al. 2008; Fontaneto

et al. 2009) and developmental and sexual variation in

morphology (Tautz et al. 2003; Lambshead 2004; Blaxter

et al. 2005). Perhaps the most restricting factor in meio-

faunal research is the mismatch between the diversity

and abundance of multiple phyla occupying a range of

ecological niches and habitats and the number of taxon-

omists that are able to simultaneously identify and cata-

logue meiofaunal diversity. In order to address this

impediment, it has been suggested that en mass molecu-

lar identification of meiofaunal communities may signif-

icantly advance knowledge and progress in meiofaunal

research (Blaxter & Floyd 2003; Markmann & Tautz

2005). Although the molecular identification of meiofa-

unal communities shares similarities with current

molecular barcoding (Hebert et al. 2003a,b) and micro-

bial phylotype approaches (Kemp & Aller 2004; Shaw

et al. 2008), there remains a difference in methodology,

taxonomic richness and diversity.

Phylotypes, molecular operational taxonomic
units and barcoding for the identification of
biodiversity

With a molecular barcoding approach, a standardized

homologous region of the genome [e.g. the mitochon-

drial cytochrome oxidase subunit I gene (COI) for ani-

mals] is used for species identification, and is linked to a

virtual or actual physical molecular voucher specimen

(Hebert et al. 2003a; Ratnasingham & Hebert 2007).

However, when dealing with individuals or communi-

ties of microscopic organisms, the whole voucher speci-

mens are usually sacrificed in order to extract genomic

DNA (Blaxter et al. 2005; De Ley et al. 2005). Advances

in video capture technology of microscopic organisms

(De Ley et al. 2005) and individual organismal PCRs

(Floyd et al. 2002, 2005; De Ley et al. 2005; Bhadury

et al. 2006; Meldal et al. 2007) can overcome this prob-

lem and forge a link between taxon ecology ⁄morphol-

ogy and community-based DNA analyses. Such research

provides potential for linking taxonomy, phylogeny

(Forest et al. 2007; Warwick & Somerfield 2008), func-

tional (Petchey & Gaston 2006) and molecular ecology. It

also effectively engages and links morphological taxono-

mists with molecular ecologists, a connection that will

be vital for a holistic approach towards ecosystem-based

research. However, standard barcoding approaches are
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not appropriate for large-scale environmental analyses

mainly because of extensive abundances and putative

hyperdiversity of some taxa (e.g. nematodes, Lambshead

2004; Lambshead & Boucher 2003). Further to this, the

extent of taxonomic coverage and lack of taxonomic

expertise, manpower and resources makes the task of

barcoding environmental samples inefficient.

Instead, the proposed identification of operational

taxonomic units (OTUs) in eukaryotic metagenetic anal-

yses has more in common with prokaryotic phylotype

(Kemp & Aller 2004) delineation than with species iden-

tification using standardized barcoding approaches. The

term metagenomics is sometimes used to consider the

analysis of any environmentally derived genomic DNA

(Hugenholtz & Tyson 2008). Here though, we distin-

guish between metagenetics, the large-scale analysis of

taxon richness via the analysis of homologous genes,

and metagenomics, the functional analysis of environ-

mentally derived DNA from unculturable organisms

(Edwards et al. 2006; Rodriguez-Brito et al. 2006; Blow

2008; Hugenholtz & Tyson 2008; Mou et al. 2008).

Bacterial phylotypes are groups of sequences that are

created by subjecting a larger community of sample-

derived shotgun sequences to a user-defined base pair

cutoff algorithm. In most cases, phylotypes of a particu-

lar grouping (e.g. 97% for bacteria, Venter et al. 2004;

Shaw et al. 2008) are used as a proxy for ‘species’.

Although microbial communities can be orders of mag-

nitude more diverse than micro-eukaryotic communi-

ties, the similarities of their intractable community

compositions have led to similar approaches in study-

ing eukaryotic protists (Moon-van der Staay et al. 2001;

Moreira & Lopez-Garcia 2002) and meiofaunal organ-

isms (Floyd et al. 2002; Blaxter & Floyd 2003). For meio-

faunal organisms, Floyd et al. (2002) formally defined

the molecular operational taxonomic unit (MOTU) con-

cept whereby sequences derived from individual speci-

mens are defined as belonging to the same MOTU,

based on a user-defined cutoff. The term was later

extended to community DNA extractions in Blaxter

et al. (2005). Normally, the MOTUs do not have any

formal correlation with published species descriptions.

However, correlations can be achieved by de novo eluci-

dation of cryptic species (Abebe & Blaxter 2003), bioin-

formatic sequence comparisons to existing databases

(with both molecular and morphological data), further

sequencing or future classifications, termed ‘reverse tax-

onomy’ (Markmann & Tautz 2005).

Environmental metagenetics

Until recently, most molecular identification was

achieved using Sanger chain-termination sequencing

(Kemp & Aller 2004; Venter et al. 2004). However, there

has recently been a rise in the use of ultrasequencing

platforms (Margulies et al. 2005) for metagenetic identi-

fication of microbial phylotypes using homologous gene

regions (Sogin et al. 2006; Hall 2007; Huber et al. 2007)

derived from environmental DNA. The recent increases

in sequencing throughput represent a significant shift in

our ability to disentangle the biotic complexity of ecosys-

tems. From sample collection to data analysis, there are

numerous steps, questions and an exponentially large

number of hypotheses that could be tested in order to

optimally analyse environmental meiofaunal diversity.

Here, we first provide an overview of the relevant

focal areas in an attempt to highlight potential

approaches and pitfalls in meiofaunal metagenetics. Sec-

ond, we present independent data sets derived from

ultrasequencing experiments of two different ecological

communities; the marine benthos and tropical rain forest

habitats. By overviewing separate approaches to envi-

ronmental metagenetics, we aim to illustrate a range of

protocols that can be utilized to analyse contrasting, yet

hitherto, inaccessible meiofaunal communities on a scale

that has previously not been possible. We aim to illus-

trate the advantages and limitations of ultrasequencing

approaches in addressing large-scale identification of

complex eukaryotic communities. Furthermore, we

introduce a bioinformatic pipeline that can be used to

analyse the data, derived from different but closely

related genomic regions, in a computationally expedient

fashion. The tropical rain forest case study predomi-

nantly targeted nematodes, whereas the marine example

targeted collective meiofauna (extended to include

organisms ranging from 45 to 1000 lm in size). The

approaches and data presented here do not test specific

hypotheses regarding metagenetic analyses, but are

intended to provide a resource that will be useful to

researchers wishing to pursue similar research.

Although meiofaunal organisms are the primary focus,

the general principles are easily transferrable to other

eukaryotic as well as prokaryotic taxa.

Methodological overview and rationale

Sample preservation and extraction

Once an ecologically suitable sampling strategy has

been designed, an appropriate decision needs to be

made regarding sample processing. Given the diverse

and dynamic nature of the micro- and meiofauna, it is

predicted that after removing a small subsample of the

community, a natural progression of ecological interac-

tions will change the population composition. It is

therefore important to either preserve or process sam-

ples shortly after collection. Some experiments (e.g.

those with small sample sizes or local collection
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regimes) may lend themselves to field processing. Oth-

ers will necessitate sample, and more importantly,

DNA preservation. Such decisions are based predomi-

nantly on logistics. Moreover, if sampling regimes are

extensive and geographically diverse, it is preferable to

deal with a large number of small samples, rather than

vice versa, thus facilitating statistical flexibility in down-

stream analyses.

Formalin is the preferred fixative for morphological

analyses of the meiofauna (Giere 2009), but specimens

fixed in formalin yield low-quality and degraded DNA

(but see Thomas et al. 1997 and Bhadury et al. 2005).

Conversely, samples fixed in ethanol may yield DNA

optimal for downstream molecular manipulations, but

inconsistent amplifications have been observed by

researchers working on meiofaunal organisms. Further-

more, ethanol-preserved samples can corrupt morpho-

logical features due to osmotically driven shrinkage

(Bhadury et al. 2006). In an attempt to overcome these

constraints, samples are often split between formalin

and ethanol preservation to yield distinct samples for

morphological and molecular genetic analysis respec-

tively. Adopting a split sampling approach, however,

not only creates a problem of potentially unequal com-

munity composition between samples, but also pre-

cludes obtaining both morphological and molecular

data from the same individual (Yoder et al. 2006). An

answer to the preservation issue is the use of a solution

of 20% DMSO, 0.25 M disodium EDTA, saturated with

NaCl, pH 8.0, recently known as DESS by Yoder et al.

(2006). Originally proposed for the preservation of

avian blood samples (Seutin et al. 1991), DESS has

yielded PCR-ready DNA from individual nematodes

and communities of entire soil ⁄ sediment samples for up

to 1 year at room temperature. DESS works by inacti-

vating naturally occurring nuclease activities by a com-

bination of a severe osmotic shock, followed by rapid

transportation of disodium EDTA and NaCl into tissues

enabled by DMSO (Yoder et al. 2006). As with all DNA

preservation approaches, it is important to optimize the

DNA to buffer ratio to achieve effective DNA preserva-

tion. Such is particularly the case for wet soil ⁄ sediment

samples where the inclusion of significant volumes of

sample water may dilute either the concentration of eth-

anol and ⁄ or DESS, preventing complete inhibition of

nuclease activities.

Meiofaunal organisms must always be extracted from

the substrate because the biomass is orders of magni-

tude lower than the actual sample volume of soil, sedi-

ment or water. Separation can be achieved by

employing several approaches (reviewed in Somerfield

et al. 2005), including those that rely on agitation of the

sample in large volumes of water followed by retention

of the community on sieves. Such mass decantation

approaches rely on the different settling speeds of abi-

otic particles compared to the biotic fraction. Medium

to coarse grain sediments can often be decanted suc-

cessfully by mass decantation alone, but muddy or high

in clay aggregate samples may require prior rinsing or

sonication (Murrell & Fleeger 1989; Giere 2009). Follow-

ing mass decantation, samples are frequently cleaned

using flotation ⁄ centrifugation approaches using either

sugar solution (Jenkins 1964; Esteves & Silva 1998), or

LudoxÒ, a colloidal silica solution with a specific grav-

ity tailored to user specifications (Markmann & Tautz

2005; Giere 2009). Although passive methods recover

both living and dead components of the community,

active methods (e.g. Bearmann Funnel and its modifica-

tions) differentially recover the most actively moving

living components because they depend on organismal

locomotion (Baermann 1917; Whitehead & Hemming

1965). During all of these procedures, it is important to

note that communities are continually manipulated via

the use of measuring cylinders, funnels and stainless

steel sieves. From a DNA-based perspective therefore,

the potential for cross-contamination of a minor fraction

of biodiversity between samples is a concern. Cleaning

of apparatus should be rigorous and standardized, with

pressurized water augmented by autoclaving and UV

treated where possible. Cross-contamination concerns

can be tested by performing intermittent negative con-

trol experiments, involving no samples.

Experimental design

Case studies

1 Marine littoral benthos: Three 44 mm · 100 mm sed-

iment cores were taken �10 m apart from the low

water intertidal zone from the beach at Littlehampton

on the south coast of England, UK, during July, 2007.

Samples were stored for c. 6 months at room temper-

ature in DESS solution (ratio of 1:3, volume drained

sediment to DESS respectively). A meiofaunal fraction

designed to include the larger nematodes (45–

1000 lm) was isolated by mass decantation, followed

by LudoxÒ (specific gravity 1.16) centrifugation, uti-

lizing combinations of stainless steel sieves and

Millipore disposable nylon net filters (Millipore Cor-

poration). Between samples, stainless steel sieves,

glass and plasticware were sterilized via combina-

tions of autoclaving (where possible), UV treatment

and immersion in 10% sodium metabisulphate solu-

tion. Nylon net filters were used to further reduce the

risk of cross-contamination, decrease the sample pro-

cessing time and also remove the biotic community

from aqueous solution in anticipation of DNA extrac-

tion in lysis buffer.
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2 Tropical rainforest: In March 2007, soil, litter and

understory habitats were sampled at La Selva Bio-

logical Station, Costa Rica, following the protocol

described by Powers et al. (2009). Briefly, four loca-

tions (at 200, 300, 400 and 500 m markers) along

the Sendero Suroeste trail were selected. Within

each location, a sampling plot (22 m radius circle,

1520 m2) was divided into four quadrants. Within

each quadrant, one random canopy tree and one

random understory tree were selected as sampling

points and one soil (15 cm depth) and one litter

(overlying soil) samples were collected from

15 cm · 15 cm areas (within 1–2 m away from the

canopy and understory trees). A total of eight subs-

amples (2 trees · 4 quadrants) were pooled to make

up one composite soil sample and one composite

litter sample per plot. The epiphytic material (e.g.

lichen, moss, algae) present on the surface of stems

of canopy and understory trees was collected to

represent canopy sample. Each tree was sampled at

three equidistant (between 2.5 cm and 2.5 m from

the soil surface) vertical strata. A 15 · 15-cm area

was sampled in each of the strata for a total of 24

subsamples (3 strata · 2 trees · 4 quadrants) pooled

to form one composite canopy sample per plot.

Samples were stored in a cooler and transported to

Universidad Nacional for immediate processing.

Because the three habitats were considerably differ-

ent from the standpoint of the sample matrix (e.g.

buoyant organic material of litter vs. non-buoyant

particles of soil) and component nematode species

(e.g. non-mobile root parasitic nematodes in soil)

different extraction methodologies were used to

maximize recovery of nematode species from each

habitat. Consequently, comparison of habitats per

se in the example presented here is not appropriate.

Litter and canopy samples were cut into smaller

pieces, mixed thoroughly and a total of 15–30 g of

subsamples were used for nematode extraction.

These litter and canopy subsamples were further

chopped in a blender in 150 mL of deionized water

for 10 s and set onto cotton wool filters (s’Jacob &

van Bezooijen 1984) placed in extraction trays.

Nematodes were collected at 24- and 48-h intervals

and immediately counted for total abundance under

an inverted microscope. Nematodes from soils were

extracted from �100 g (standard amount for mean-

ingful nematode analyses) of subsamples using

sugar flotation and centrifugation (Jenkins 1964) and

counted immediately. To illustrate potential infor-

mation that can be available from metagenetic stud-

ies, data from a single location within the transect

(at 200 m: one soil, one litter and one canopy) will

be presented.

Community DNA extraction

Following sample manipulation for traditional meiofa-

unal ecology studies, the community is retained on

25–45 lm stainless steel sieves or filters. Samples are

then rinsed from sieves using approximately either 40–

60 mL of water, ethanol or DESS, depending on experi-

mental design. However, for the purposes of DNA

extraction, all target organisms have to be removed

from solution and placed in a suitable cell lysis buffer

for DNA extraction. Specimen retrieval can be achieved

by removal from Ludox–water interfaces (Markmann &

Tautz 2005), centrifugation (but note, the specific grav-

ity of DESS is unsuitable for centrifugation separation),

successive subtraction and examination of aliquots of

water, or using disposable sieves and 45 lm meshes.

The aim is to reduce the community into a volume from

which genomic DNA can be effectively liberated.

Once effectively removed from the sample, DNA can

be extracted from taxa, but before proceeding, two

issues should be considered. First, although extraction

methods target organisms of a desired size range, the

sample is likely to contain additional taxa such as bacte-

ria, Archaea, Fungi, Plantae, etc., present in the environ-

ment, adsorbed on the surface of and present in the

guts of targeted organisms. Second, decaying organic

matter, containing humic substances and secondary

metabolites (e.g. polyphenols, tannins and polysaccha-

rides (Zhou et al. 1996; Porebski et al. 1997), can poten-

tially inhibit PCR and sequencing reactions.

To achieve effective DNA extraction and overcome

the problem of environmentally derived inhibitors, sev-

eral approaches have been developed to obtain PCR-

ready genomic templates from environmental samples.

Sample cell disruption can be more effective using bead

beating, although there is a risk of shearing DNA into

smaller fragments (Picard et al. 1992). Conversely, using

longer, more gentle treatments, such as spinning

wheels, sodium dodecyl sulphate (Huber et al. 2002; So-

gin et al. 2006), enzymes, heat or freeze thaw processes,

generally yield higher molecular weight genomic DNA

extracts (Zhou et al. 1996; Porteus et al. 1997; von Win-

tzingerode et al. 1997). Environmental DNA extraction

protocols either use a combination of CTAB (cetyltrim-

ethyl ammonium bromide), phenol, chloroform, cae-

sium chloride, etc. (Sambrook et al. 1989; Porteus et al.

1997) or proprietary chemicals to clean DNA extracts

(e.g. Epicentre SoilMasterÔ, ZR Soil MicrobeÔ and Mo-

bio PowerSoilÔ DNA extraction kits) in association

with various column formats. However, given that most

proprietary environmental kits are designed for extract-

ing DNA from microbes, they usually have a maximum

capacity of �250 mg of DNA, or eluates of �200 lL,

and it is widely acknowledged that overloading results
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in poor DNA yields. Consequently, for eukaryotic envi-

ronmental work, either the community has to be parti-

tioned into 250 mg of DNA aliquots or somehow

digested in a very low volume lysis buffer prior to kit

usage. An alternative may be to use a combination of

traditional lysis, followed by a large capacity DNA

extraction kit, as used in the marine case study here.

Case studies

1 Marine littoral benthos: After immobilization of the

meiofaunal community on disposable nylon net fil-

ters, DNA was extracted using the QIAMP DNA

Blood Maxi Kit (QIAGEN) following an overnight,

spinning-wheel 3 mL proteinase K digestion (Sam-

brook et al. 1989).

2 Tropical rainforest: Samples were transferred into ZR

BashingBead Lysis Tubes (Zymo Research Corp) and

disrupted using a Mini-BeadBeater (BioSpec Products,

Inc.) at maximum speed for 2 min. Genomic DNA

was extracted using a ZR Soil Microbe DNA kit

according to the manufacturer’s protocol.

Choice of genomic loci for delineation of meiofaunal
MOTUs

There are clear conceptual differences between metage-

netic and specimen-based barcoding analyses. Another

difference becomes apparent when choosing genetic

marker loci. Hebert et al. (2003b) chose the mitochon-

drial COI gene as the standardized barcoding gene for

animals for a number of well-established reasons. Mito-

chondrial DNA has a haploid mode of inheritance, ele-

vated rate of molecular evolution, lacks introns and has

limited recombination (Clayton 1984; Wilson et al. 1985;

Avise 1994; Piganeau et al. 2004; Tsaousis et al. 2005).

Moreover, indels are rare in mtDNA protein coding

genes, universal primers for the COI gene are fairly

robust (Folmer et al. 1994; Zhang & Hewitt 1997) and

the mode of molecular evolution of COI usually facili-

tates species discrimination while also retaining phylo-

genetic information for the majority of animal taxa

(Hebert et al. 2003b). Unfortunately though, the COI

gene is not optimal for molecular taxonomic identifica-

tion purposes for nematodes, because nematode mito-

chondria have high mutational rates, display excessive

saturation, biased substitution patterns and are very

A + T rich (Blouin et al. 1998; Blouin 2000). Further-

more, primers used for most barcoding studies (Folmer

et al. 1994) are poorly conserved across nematode

diversity, and alternate conserved regions for primer

design are not evident (Blouin et al. 1998). Parsing and

aligning (Chenna et al. 2003; Abascal et al. 2007) the

COI gene from the existing 19 mitochondrial genomes

that are currently available for nematodes from NCBI

highlights a number of base pair mismatches through-

out the LCO1490 and HCO2198 primer annealing

regions in the Nematoda, and also a three base-pair

deletion in the priming site of LCO1490 in over half of

the sequenced taxa. The latter probably explains why

previous attempts to use COI in a nematode barcoding

framework has resulted in inconsistent amplifications

(Bhadury et al. 2006). Therefore, acknowledging the

lack of universal COI priming sites within nematodes,

and the dominance of the Nematoda within meiofaunal

communities (Lambshead 2004), suggests that nuclear

markers may be more appropriate for meiofaunal meta-

genetic studies (Blaxter 2003; Blaxter et al. 2003).

It is widely acknowledged that alternative markers

are required for certain taxa, and attempts are being

made to include suites of markers in DNA barcoding.

Examples of alternative markers include nuclear ribo-

somal RNA genes that have been used for decades to

identify phyla of microscopic eukaryotes. It was first

demonstrated in the 1960s that ribosomal RNA genes

(rDNA) and their gene products (rRNA) could be used

for the taxonomic classification of microbial species

(Doi & Igarashi 1965; Dubnau et al. 1965; Pace & Camp-

bell 1971a,b). The genes coding for rRNA are particu-

larly well suited for molecular taxonomy, because they

are universally found in all cellular organisms and are

of relatively large size. They also contain both highly

conserved and variable regions that facilitate the design

of very conserved primers that amplify diagnostic

regions (Woese 1987; Floyd et al. 2002; Markmann &

Tautz 2005; Carvalho et al. 2009).

For eukaryotes, both the nuclear 18S small subunit

(nSSU) and 28S large subunit (nLSU) rDNA genomic

regions are excellent candidate genes for molecular

identification as they are present in tandemly repeated,

multiple copies (50–150 copies ⁄ cell), and undergo con-

certed evolution (Markmann & Tautz 2005). The latter

two attributes facilitate their amplification from micro-

scopic organisms that are highly conserved within a

species, and divergent among species. DNA barcoding

studies utilizing rDNA have focused on the more vari-

able portions of the genes: the D2-D3 ‘diversity loop’

regions of the 28S and the 5¢ region of 18S. Although

both 18S and 28S are probably equally useful for molec-

ular identification, both cases presented here utilize 18S,

predominantly because for free-living nematodes at

least, universal 18S primer sets are more consistent for

PCR amplification than 28S primer sets (Bhadury et al.

2006; Porazinska et al. 2009). There are also notably

more 18S than 28S sequences in public repositories (e.g.

recent SILVA databases contain 868 390 18S vs. 143 653

28S entries) (Pruesse et al. 2007), enabling more accu-

rate and comprehensive taxonomic assignment to query

sequences (Blaxter 2003). What remains less clear is the
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extent to which variation in 18S or 28S genes follows

the division of individual organisms into biological spe-

cies. Within Nematoda, some good species have identi-

cal 18S sequences, whereas other congeneric species

differ by over 2% (Blaxter et al. 1998). 18S (and 28S) are

good markers for deep phylogeny (Blaxter et al. 1998)

but may be less suited to distinguish between closely

related taxa. Available data suggest that the D2–D3 loop

of 28S may be the better marker in this respect (Ye et al.

2007; Subbotin et al. 2008).

Marine littoral benthos and tropical rainforest case
studies

To select optimal 18S rDNA primer pair combinations,

the genomic location of available primers (http://nema-

tol.unh.edu/, http://www.nematodes.org/) and num-

bers of segregating sites spanning primer pairs �400

bases apart (recommended for Roche 454 GSFLX

sequencing) were investigated using combinations of

DnaSP (Librado & Rozas 2009) and MEGA (Tamura et al.

2007). Furthermore, the resolving power of target

regions (Porazinska et al. 2009a) and level of primer

sequence conservation across meiofaunal metazoans

was also considered (Fig. 1). Consequently, two candi-

date regions, defined by primers SSU_F04 and SSU_R22

towards the 5¢ end (Blaxter et al. 1998) and NF1 and

18Sr2b towards the 3¢ end of the 18S rDNA (Porazinska

et al. 2009a) were used independently in the marine

and rainforest samples respectively.

PCR and sequencing strategies

At the time of writing, three ultrasequencing platforms

(the Roche 454 GS Titanium Series, the Illumina SO-

LEXA Genome Analyzer and the Applied Biosystems

SOLiDÔ System) were readily accessible by the

research community. Presently, the Roche 454 system is

the intuitive choice for any form of metagenetic, or me-

tagenomic analysis, simply because of greater read

lengths and subsequent clarity of annotation of individ-

ual reads (Blow 2008; Hugenholtz & Tyson 2008).

Whereas the Illumina Genome Analyzer and ABI

SOLIDÔ generate many gigabases of sequence data

partitioned into 35–75 base reads per instrument run,

the Roche 454 Titanium platform generates �400 Mb of

data from 0.8 million 400–450 base reads.

Consensus sequence accuracies of the Roche 454 se-

quencers range from 99.97% to 99.9984%, with individ-

ual per-base error rates of between 0.6% and 0.49%

respectively. The large majority of per-base errors

(between 39% and 98%) are derived from misreading

of the lengths of nucleotide homopolymers effects,

including extensions (insertions), incomplete extensions

(deletions) and carry forward errors (insertions and

substitutions) (Margulies et al. 2005; Huse et al. 2007).

Nucleotide homopolymers are relatively rare in coding

genes and in 18S and 28S in particular (M. Blaxter,

unpublished).

Following the publication of the Margulies et al.

(2005) de novo sequencing of Mycoplasma genitalium, it

was clear that parallel pyrosequencing represented a

paradigm shift in the cost and volume of sequencing

compared to chain-termination (Sanger et al. 1977)

approaches. However, in order to utilize such sequenc-

ing power for multi-sample metagenetic investigations,

methods had to be devised in order to pool and then

recover amplicons on single, or multiple Roche 454

picotitre plates. Physical gaskets can be used to parti-

tion Roche 454 picotitre plates from between 2 and 16

samples (as used in Sogin et al. 2006), but this sample

multiplicity is inevitably associated with lower overall

Fig. 1 The 18S rDNA primer sets used in the marine littoral meiobenthos and tropical rainforest analyses. The number beneath each

nucleotide base highlights the conservation of the priming site (calculated by visual inspection) derived from an alignment of �170

sequences derived from NCBI representing each of the phyla containing meiofaunal representatives (supplied in the Supporting

Information). Sequences representing Nematoda were subsampled throughout the currently accepted phylogenetic range presented

in Meldal et al. (2007) and all base pair positions were 100% conserved in all primer pairs but see Porazinska et al. (2009) for further

primer bioinformatic comparisons.
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sequence throughput per picotitre plate. A number of

ways have been suggested to separate samples post-run

in silico. These range from pooling of easily identifiable

different loci (Thomas et al. 2006), to use of individually

molecularly identified (MID) linkers to independent

samples (Meyer et al. 2007, 2008; Parameswaran et al.

2007; Roche 454). For metagenetic samples, incorporat-

ing MID linkers and universal Roche 454 adaptors into

fusion primer sets (Binladen et al. 2007) is probably the

easiest and most cost-effective way of tagging ampli-

cons. Following Binladen et al. (2007), study-specific

forward primers can be synthesized preceded by a sam-

ple-specific MID tag and either Roche 454’s A or B uni-

versal adaptor sequences (Fig. 2). Thus, each

experimental sequence will begin with the MID tag and

the PCR primer, and these can be recognized via pat-

tern-matching algorithms to sort individual reads into

sample sets. Binladen et al. (2007) initially proposed the

use of 2 base tags yielding 16 (42) different MID combi-

nations. However, Huse (2007) strongly recommends

the use of MID adaptors that differ by at least two

bases to limit the potential of misallocation due to

errors in the MID sequence itself. Eighty-two of the pos-

sible 1024 (45) five base MID tags that can be combined

to fulfil these criteria are currently listed at the Jose-

phine Bay Paul Center’s Visualization and Analysis of

Microbial Population Structures (VAMPS) website

http://vamps.mbl.edu/resources/keys.php, and are

supplied in the Supporting Information. For even

higher stringency, Hamady et al. (2008) and Hamady &

Knight (2009) constructed 1544 optimal eight base error-

correcting barcodes based on Hamming codes, which

minimize redundancy. Given the nature of Roche 454

sequencing, homopolymers are also best avoided and it

is optimal (although probably not essential with con-

temporary read lengths) to utilize combinations of MID

adaptors that require the least number of parallel

sequencing nucleotide flows (Huse et al. 2007; Meyer

et al. 2007, 2008) to maximize sequencing efficiency

through the adapters and primers.

Case studies 1 Marine littoral benthos: The 18S rDNA

fragment spanning the primers SSUF04 (5¢-

GCTTGTAAAGATTAAGCC-3¢) and SSUR22 (5¢-

GCCTGCTGCCTTCCTTGGA-3¢) (Blaxter et al. 1998)

was amplified using MID-tagged fusion primers using

1 lL of genomic DNA template (1:500 dilutions) in a

40-lL reaction using Pfu DNA polymerase (Promega),

according to manufacturers’ recommendations. Sample-

specific PCR reactions involved a 2-min denaturation at

95 °C, then 35 cycles of 1 min at 95 °C, 45 s at 57 °C,

3 min at 72 °C and final extension of 10 min at 72 °C.

Negative controls were included for all amplification

reactions. Electrophoresis of PCR products was carried

out on a 2% Top VisionTM LM GQ Agarose (Fermentas)

gel and the expected 450-bp fragment was purified

using the QIAquick Gel Extraction Kit (QIAGEN), fol-

lowing the manufacturer’s protocol. All purified PCR

products were then quantified with an Agilent Bioana-

lyser 2100, diluted to the same concentration, pooled

and sequenced (A-Amplicon, alongside 10 additional

unrelated experimental samples) on a half-plate of a

Roche 454 GSFLX sequencer at Liverpool University’s

Advanced Molecular Genetics Facility, UK.

2 Tropical rainforest: Individual PCR amplifications

were performed following protocols described in detail

elsewhere (Porazinska et al. 2009a) using tagged fusion

primers and 1 lL of DNA template. The three metage-

netic samples (1 soil, 1 litter and 1 canopy) were

sequenced (along with 8 other metagenetic samples

from this study) on a single GSFLX half-plate at the

Interdisciplinary Center for Biotechnology Research at

the University of Florida, Gainesville, FL. Through ear-

lier experiments with artificially assembled nematode

communities, it was determined that the use of a single

PCR reaction per sample as well as a single emulsion

Fig. 2 Examples of three independent primer sets for the identification of mixed metagenetic amplicon pools. The Roche 454 adaptor

precedes a five base molecularly identified (MID) tag immediately prior to locus-specific forward and reverse primers respectively.

By combining A and B adaptors and appropriate Roche 454 emulsion PCR kits (II or III), bidirectional and unidirectional sequencing

can be achieved. In the current example, sequencing from the 5¢ end of the forward primer could be performed by hybridizing the

Roche 454 adaptor B onto the beads during emulsion PCR and sequencing with the A sequencing adaptor.
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PCR (emPCR) and pyrosequencing run was sufficient

for both qualitative and quantitative nematode commu-

nity analysis (Porazinska et al. 2009b).

Bioinformatic analyses of metagenetic data sets

The increase in read number and read length generated

through contemporary ultrasequencing platforms

require novel sequence analysis packages that reduce

computational runtime and increase OTU clustering

efficiency. Read scaling has made algorithms using

direct pairwise comparisons of all available sequences

[N · (N ) 1)] computationally intractable (Yu et al.

2006; Huson et al. 2007) and has reduced the efficiency

of programmes using distance matrices methods

[N · (N ) 1) ⁄ 2] (Schloss & Handelsman 2005). Distance

matrix methods have been used previously for bacterial

metagenetic analyses (Sogin et al. 2006). However, the

time required for the generation of distance matrices

can increase exponentially with an increase in sequence

number or metagenetic diversity, and the derivation of

a distance matrix inevitably includes estimation of pair-

wise alignments. Rapid processing of large read num-

bers requires either reduction of this search space by

heuristic avoidance of irrelevant comparisons or imple-

mentation of approaches less bound by problems of

pairwise comparison. The latter refers to k-mer algo-

rithms, which can cluster sequences based upon the

probability of matching a particular word between

sequences (Sun et al. 2009).

Sequence entry order is a primary concern for devel-

oping OTU clustering algorithms. Available pro-

grammes assign sequences to OTUs based upon fixed

distances from an initial seed (Blaxter et al. 2005; Sun

et al. 2009). Consequently, generation of OTUs can be

heavily influenced by an outlier seed. Although it is

possible to randomize the sequence entry order, this

process becomes increasingly inefficient as progres-

sively more reads are used. Furthermore, randomization

of sequence order can lead to variations in the final

OTUs (Floyd et al. 2002; Blaxter et al. 2005).

The analyses that have been performed here are

based upon Operational Clustering of Taxonomic Units

from Parallel UltraSequencing (OCTUPUS; Sung W,

Porazinska D, Creer S, Fonseca VG, Giblin-Davis R,

Thomas WK, unpublished), a programme that attempts

to address both seeding and runtime problems by inter-

lacing sequence alignments and pairwise comparison in

order to generate OTUs (beta version available from the

Thomas laboratory on request). OCTUPUS takes advan-

tage of k-mer algorithms (Zhang et al. 2000) to make

pairwise comparisons against consensus sequences, and

can be faster than distance matrix methods (Schloss &

Handelsman 2005) or k-mer comparisons using unique

sequences (Sun et al. 2009). The consensus sequences

OCTUPUS uses are continually evolving based upon

the sequences assigned to the OTU. Once repeated mul-

tiple alignments of the OTU sequences result in an

unchanging consensus sequence, the OTU is considered

a ‘fixed OCTU’. Each OCTU potentially represents one

taxonomical group based upon the identity cutoff. By

using fixed pairwise comparisons against a variable

consensus sequence, seeding error can be reduced.

Data analysis. Sequences generated from the Roche 454

GSFLX from both the marine littoral benthic and tropi-

cal rain forest habitats were first checked for quality

using Lucy (Chou & Holmes 2001) at default parame-

ters. The sequences were then trimmed, binned accord-

ing to MID tags and clustered at 95%, 96%, 97%, 98%

and 99% similarity match using the OCTUPUS pipeline

(Sung et al. unpublished). Fixed OCTUs were then com-

pared by MEGABLAST (Zhang et al. 2000) against the

NCBI database and assigned to phyla if the BLAST simi-

larity match was higher than 90%. A major concern

with the analysis of PCR-generated homologous gene

regions is the formation of in vitro recombinant DNA

molecules, or chimeras, where molecules from two dif-

ferent origins artificially combine during PCR (Meyerh-

ans et al. 1990). One quick and objective way of

flagging a putative chimera is to use the ‘greedy’ nature

of the MEGABLAST algorithm and compare the length of

matched bases from the top hit in a MEGABLAST search to

the length of the query sequence. As long as the data-

base sequence is longer than the query sequence, and a

portion of the 3¢ end does not match, it is likely that the

query is a recombinant. Given that recombinant mole-

cules can form at any position along a DNA sequence

(von Wintzingerode et al. 1997; Qiu et al. 2001), and

referring to previous analyses including control data

sets (Porazinska et al. 2009a,b), here we apply a strict

quality filter allowing a four base length difference

between a query OCTU sequence and the matched

database sequence for further analyses. Genuine OCTUs

that have < 98% coverage with reference sequences will

be included within this quality filtering and can be

investigated on an individual basis. However here, we

prefer to exercise particular caution when extrapolating

levels of richness, rather than potentially interpreting

patterns of richness that reflect recombinant DNA mole-

cules, instead of real biological entities (Reeder &

Knight 2009) .

Data overview and interpretation

Community PCR and sequencing yielded a total of

29 756 high-quality sequences over 200 bases from the

marine samples (core 1: 9893, core 2: 9908 and core 3:
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9955), generating between 246 and 1327 putative non-

chimeric OCTUs between the 95% and 99% cutoffs

(Fig. 3a). For the tropical rain forest, the three samples

yielded a total of 40 334 high-quality sequences of at

least 200 bases (soil: 23 742, litter: 10 854 and canopy:

5738), generating between 625 and 5671 putative non-

chimeric OCTUs between the 95% and 99% similarity

match (Fig. 3b). For convenience, the parsed sequences

for the marine and rain forest data sets can be down-

loaded individually from the NemAToL (http://nema

tol.unh.edu/) website. Full .sfi files are available from

the Short Read Archive at GenBank (SRA010194.2 ter-

restrial and SRA009394.2 marine). Putative chimera

detection for the total data sets ranged from 35% to

38% and 44% to 49% for the F04-R22 (marine) and

NF1-18Sr2b (rainforest) data respectively. Many, but not

all putative chimeric OCTUs were made up of low copy

number reads and accounted for �20% of reads used

in generating the OCTUs.

PCR recombination and chimera formation. The propor-

tion of putative chimeras representing OCTUs is discon-

certing, especially as recent control experiments on

artificial nematode communities only identified a level

of 0.4% of total reads (Porazinska et al. 2009a). PCR

recombination will suggest the existence of sequences

that do not actually exist in the investigated sample,

and consequently give a false impression of organismal

richness (Markmann & Tautz 2005). In vitro recombina-

tion of homologous DNA leading to chimeric molecules

is widely reported in the microbial literature and

detected in databases (von Wintzingerode et al. 1997;

Qiu et al. 2001; Ashelford et al. 2005), and levels up to

33% have been reported from meiofaunal communities

(Markmann & Tautz 2005). In the latter example, as in

many chimera detection approaches (Huber et al. 2004;

Shaw et al. 2008), query sequences were split into 50:50

blast query fragments and were identified as putative

chimeras if the 5¢ query and the 3¢ query had best BLAST

matches to different taxa, suggesting that the 5¢ and 3¢

ends of the sequence are derived from different species.

Upon revisiting the data, it is apparent that the 50:50

blast approach can fail to detect some chimeric forma-

tions, especially for recombinants that occur further

from the sequence midpoint. Accordingly, a stringent

base matching approach at the 3¢ end of the query

sequence against complete reference sequences appears

to be the more conservative way of approaching chi-

mera quality control (Porazinska et al. 2009b), at least

for the taxa involved in this study.

In many ways, metagenetic ultrasequencing experi-

ments are the ideal ‘breeding ground’ for recombinant

DNA molecules. They are based on the amplification of

homologous regions from a large number of potentially

highly related organisms (von Wintzingerode et al.

1997; Qiu et al. 2001). The actual species richness and

taxonomic composition of the samples may contribute

to the level of chimera formation (Qiu et al. 2001), but

more empirical work needs to be done to assess the

level of chimera formation in community-based PCR.

The chimera detection approach applied here is particu-

larly aggressive and could also exclude taxa that incor-

porate five base or more indels in BLAST assignment.

Further solutions may therefore be necessary to advance

the field of chimera detection, but given that chimeric

molecule formation is potentially highly spatially sto-

chastic, a quick and ideal solution may be unattainable

without reference to control data sets. It is therefore bet-

ter to try and reduce the level of DNA recombination

within environmental PCRs by adhering to the follow-

ing procedures (i) performing ‘gentle’ methods of DNA

extraction (enzymatic digestion and using spinning

wheels)(Huber et al. 2002), rather than bead beating

approaches; (ii) increasing polymerase extension times;

and (iii) where possible, reducing the number of PCR

cycles to the minimum (e.g. 20) (Meyerhans et al. 1990;

von Wintzingerode et al. 1997; Qiu et al. 2001).

Sample and taxon coverage. Both sampling and sequenc-

ing approaches achieved between 5 and 23 times more

sequence coverage per core than is usually revealed

with chain termination clone library approaches based

(a) (b)

Fig. 3 Number of operational clustering of taxonomic units (OCTUs) found in (a) the marine littoral benthos and (b) tropical rainfor-

est case studies for each base cutoff. Putative non-chimeric OCTU numbers are presented for the total data, Nematoda and other Eu-

karyota (including OCTUs with BLAST hits to ‘environmental samples’ representing unclassified taxa).
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on �1000 clone sequences (Kemp & Aller 2004; Blaxter

et al. 2005; Markmann & Tautz 2005) at �1% of the

cost. The coverage and cost-effectiveness of Roche 454

sequencing therefore brings substantial advantages to

studies aiming to elucidate the molecular genetic rich-

ness of complex eukaryotic communities.

According to BLAST results, both primer sets

(SSU_F04–SSU_R22 and NF1-18Sr2b) amplified homolo-

gous 18S gene regions from a substantial proportion of

not only meiofaunal, but representatives of the King-

doms Protista, Plantea and Fungi, in addition to those

OCTUs with BLAST hits to ‘environmental samples’. The

latter are generally representative of the total data (e.g.

comprising �50% nematodes, in addition to further eu-

karyota) and further manual BLASTing can refine the tax-

onomic assignment of specific groupings if required. It

is clear therefore that both primer sets are very highly

conserved in eukaryotes. The primary difference

between the two primer sets is that SSU_F04 and

SSU_R22 span a more variable region of the 18S rDNA

(�30% more polymorphic sites) compared to the NF1-

18Sr2b region. Of the meiofaunal phyla that may have

been expected to have at least some life history stage

present in both environments, notable exceptions are

Cnidaria, Nemertea, Rotifera, Brachiopoda and Echino-

dermata in the marine habitat, and Platyhelminthes,

Annelida and Mollusca in the tropical rain forest habi-

tats. Visualizing the conservation of the marine primer

sets within the small subunit reference database from

SILVA using ARB (Ludwig et al. 2004; Pruesse et al.

2007) suggests that all of the above, with the exception

of cnidarians, should have amplified if genomic DNA

was available in the PCR reaction. Therefore, these

phyla were either not present in these samples (reflect-

ing actual biology, or the result of taxon extraction

methods) or competitive PCR interactions (von Wintzin-

gerode et al. 1997) may have prevented amplification

of the missing phyla. Revisiting the priming sites

of SSU_F04 and SSU_R22, however, reveals that �50%

of cnidarians have a base pair mismatch at the penulti-

mate 3¢ position of SSU_R22, suggesting that primer

mismatching will reduce the amplication of cnidarians

in similar studies. In the tropical rainforest case,

although undetected in the samples presented here,

both flatworms and annelids were recovered in the

remaining replicate samples. Absence of molluscs might

have been associated with the exclusive nature of the

extraction methods.

It is clear from Fig. 3 that OCTU generation at multi-

ple different cutoffs provides very different estimates of

richness per sample as OCTUs are created at ever dee-

per levels of phylogenetic resolution. At fine levels,

intraspecific variation will be sampled in some taxa,

whereas at deeper levels, certain taxa will be grouping

on the basis of genera, order and higher taxonomic lev-

els (Shaw et al. 2008). Many nematode morphospecies

can be separated on the basis of very low 18S sequence

divergence (e.g. 2%) (Blaxter et al. 1998), whereas

intragenomic and intraspecific sequence variation will

invariably be higher in other species and phyla. It is

likely that the OCTU cutoff level that broadly correlates

with species will occur between 95% and 99% 18S

sequence similarity, but there will obviously be excep-

tions according to the actual species involved in the

samples. Without explicitly referring to species, OCTU

discrimination does, however, provide comparative

metrics that can appraise relative diversity between

samples.

Considering the 97% OCTU cutoff, the marine sam-

ples two (174 OCTUs) and three (160 OCTUs) contained

more than twice the OCTU richness of sample 1 (71

OCTUs) (Fig. 4). Thus, although all three intertidal

cores were collected within 10 m of each other minor

changes in microhabitat (e.g. sediment grain size, detri-

tus and organic matter and bacterial assemblages) can

significantly alter meiofaunal richness between samples,

even at microspatial scales (Giere 2009). In the terres-

trial data set, although the soil habitat had fewer nema-

(a) (b)

Fig. 4 Number of putative non-chimeric OCTUs (clustered at 97% similarity) found (a) in the marine littoral benthos and (b) tropi-

cal rainforest case studies for sample site. Data are provided for totals, Nematoda and other Eukaryota (including OCTUs with BLAST

hits to ‘environmental samples’ representing unclassified taxa).
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tode OCTUs (35) than either the litter (149) or canopy

(97), the pattern was reversed for other eukaryotes, par-

ticularly for mites (soil: 179, litter: 6, canopy: 1) (Figs 4

and 5). As expected, plant-parasitic nematodes were

more diverse and abundant in the soil environment,

with bacterial- and fungal-feeding nematodes predomi-

nating in the litter and canopy. No omnivorous ⁄preda-

tory nematodes were observed in the soil. Recalling that

the extraction methods used in the tropical rain forest

study were optimized for nematode taxa and also dif-

fered between the soil and litter ⁄ canopy, the diversity

patterns regarding eukaryotes other than nematodes

may be inaccurate. For instance, the nearly complete

absence of mites and springtails in litter and canopy

seems unrealistic. Also, extremely low recovery of fun-

gal sequencing reads is unusual, but there are signifi-

cant mismatches within the NF1-18Sr2b priming sites

for the Ascomycota, Basidiomycota and Glomeromycota

primer combinations. Thus, in addition to extraction

methods, biology and ⁄or competitive PCR interactions

(von Wintzingerode et al. 1997), a lack of primer con-

servation in ecologically relevant groups may explain

the lack of fungal sequences in the rainforest data set.

Perspective and future directions in eukaryotic
environmental metagenetics

Ultrasequencing accompanied by BLAST annotation can

clearly assist in the assessment of relative MOTU rich-

ness from large numbers of ecological samples. The

increased throughput in sequencing afforded by new-

generation sequencers enables faster access (weeks

rather than years) to larger amounts of data spanning

the breadth of the eukaryotic domain of life, at a frac-

tion of the cost. There are, however, some fundamental

limitations regarding the approach. Environmental

metagenetics may initially widen the bottleneck and

increase the digital sequence flow of information that is

currently associated with the taxonomy and identifica-

tion of smaller organisms in biodiversity assessments

(Blaxter 2003; Blaxter & Floyd 2003; Tautz et al. 2003).

However, without relating species to sequences, the

approach will remain analogous to the phylotype

approach (Kemp & Aller 2004) adopted for microbial

organisms. Relating species to MOTUs will always be a

contentious issue, but bioinformatic sequence compari-

sons and additional molecular assisted taxonomy will

inevitably bridge the gap as further voucher specimens

are linked to sequences (Blaxter 2003; Blaxter et al.

2003; Markmann & Tautz 2005).

The data here refer explicitly to the relative number

or richness (McIntosh 1967) of MOTUs and not diver-

sity, which takes into consideration both richness and

evenness (Good 1953; Hurlbert 1971; Magurran 2004).

As prokaryotes are unicellular and accepting the limita-

tions of PCR-based approaches, microbial ecologists

make the assumption that numbers of reads reflect

phylotype diversity (i.e. one 16S sequence per individ-

ual prokaryote) in metagenetic data sets (Kemp & Aller

2004). The same assumption, however, cannot be read-

ily made for multicellular organisms that comprise dif-

ferent numbers of cells that will change in relation to

developmental stage (especially using multicopy 18S

markers). Very little work has been performed on the

quantitative aspect of environmental metagenetics but

preliminary investigations suggest that number of reads

may not correlate with small scale differential amounts

of DNA template (Binladen et al. 2007). Although initial

investigations of read abundance in nematode control

experiments suggested deviation from hypothesized

distribution patterns (Porazinska et al. 2009a), repeated

experiments clearly indicated that read abundance may

be used for quantitative assessments of nematode diver-

sity (Porazinska et al. 2009b). Nevertheless, more com-

(a) (b)

Fig. 5 Pie chart illustrating the relative proportion of OCTUs (clustered at 97% similarity) belonging to each taxonomic grouping

found in (a) the marine littoral benthos and (b) the tropical rainforest case studies. BLAST hits to ‘environmental samples’ represent

unclassified taxa.
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prehensive investigations will be required to test the

quantitative nature of metagenetic data sets at a range

of taxonomic levels. Further to this, trials of indepen-

dent PCRs (standard and emPCR for Roche 454

sequencing) of the same samples will enable the assess-

ment of replicability within data sets, regarding both

quantification and chimera formation.

In addition to overviewing the potential of ultrase-

quencing in environmental metagenetics, the present

data identify clear areas for hypothesis testing and

future research directions. Without the constraints asso-

ciated with chain-termination sequencing and clone

library approaches, ultrasequencing will facilitate the

investigation of the effects of preprocessing, PCR ampli-

fication and sample richness ⁄phylogenetic diversity on

chimera formation in a range of genomic loci and

experimental scenarios (Meyerhans et al. 1990; von

Wintzingerode et al. 1997; Qiu et al. 2001; Lenz & Bec-

ker 2008). We also identify two candidate loci within

the nSSU that appear optimal for eukaryotic metage-

netic analyses, yet questions remain regarding the effi-

cacy of each as an independent marker and work is

ongoing to elucidate these issues. It is clear that single

primer pair combinations will never co-amplify all taxa

and so, in the future, it may be necessary to use primer

cocktails (Ivanova et al. 2007), or more than one diag-

nostic region per study, thus providing independent

estimates of MOTU richness. Both the nSSU regions

here were used due to perceived resolving power and

conservation of priming site across the target taxa.

However, acknowledging the contemporary ultrase-

quencing read length available, an explicit comparison

with these and other markers (e.g. nLSU and COI;

Bhadury et al. 2006; Porazinska et al. 2009) following

primer optimization will quantify which single, or com-

bination, of markers are optimal for eukaryotic metage-

netic analyses. The latter will additionally inform which

markers will be most appropriate for a reverse taxon-

omy approach (Markmann & Tautz 2005). Although, as

long as molecular voucher specimens ⁄ imaging records

and DNA extracts exist for focal organisms and ⁄ or

environmental samples, additional loci can be amplified

as and when necessary, thus ensuring homology

between data sets.

To conclude, perhaps one of the most crucial issues

of environmental metagenetics is to maintain a bioinfor-

matic paper trail so that the scientific community will

be able to BLAST annotate future queries and link MO-

TUs to already existing MOTUs. By linking indepen-

dent data sets, there is the potential to facilitate the

integration of all metagenetic data sets opening up the

possibility of ecosystem-based approaches to a range of

spatially and temporally heterogeneous evolutionary

and ecological questions. We are investigating database

mechanisms of how to achieve this and look forward to

developments in the emerging field of eukaryotic envi-

ronmental metagenetics.
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