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Abstract Terminal restriction fragment length polymor-
phism (T-RFLP) is an increasingly widely used technique
in mycorrhizal ecology. In this paper, we review the
technique as it is used to identify species of mycorrhizal
fungi and distinguish two different versions of the
technique: peak-profile T-RFLP (the original version) and
database T-RFLP. We define database T-RFLP as the use of
T-RFLP to identify individual species within samples by
comparison of unknown data with a database of known
T-RFLP patterns. This application of T-RFLP avoids some
of the pitfalls of peak-profile T-RFLP and allows T-RFLP
to be applied to polyphyletic functional groups such as
ectomycorrhizal fungi. The identification of species using
database T-RFLP is subject to several sources of potential
error, including (1) random erroneous matches of peaks to
species, (2) shared T-RFLP profiles across species, and (3)
multiple T-RFLP profiles within a species. A mathematical
approximation of the risk of the first type of error as a
function of experimental parameters is discussed. Although
potentially less accurate than some other methods such as
clone libraries, the high throughput of database T-RFLP
permits much greater replication and may, therefore, be
preferable for many ecological questions, particularly when
combined with other techniques such as cloning.
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Introduction

Mycorrhizal fungi occur in highly diverse communities
(Bruns 1995) with fine-scale spatial partitioning (Dickie et
al. 2002; Dickie and Reich 2005; Genney et al. 2006).
Sporocarp production is only loosely related to below-
ground community patterns (Gardes and Bruns 1996), and
many fungi produce cryptic and/or hypogeous sporocarps.
Because of these difficulties, there has been an increasing
reliance on molecular methods for identifying species from
belowground structures (Horton and Bruns 2001), initially
with restriction fragment length polymorphism analysis
(RFLP, also known as ARDRA: amplified ribosomal
DNA, rDNA, restriction analysis), and then increasingly
with other techniques including sequencing, denaturing
gradient gel electrophoresis (DGGE; Kowalchuk et al.
2002; Opik et al. 2003; Bougoure and Cairney 2005;
Landeweert et al. 2005; Ma et al. 2005; Pennanen et al.
2005), and clone libraries (Landeweert et al. 2003; Renker
et al. 2000), as well as terminal restriction fragment length
polymorphism (T-RFLP, sometimes without hyphen).

Over the last several years, there has been an increasing
interest in the use of T-RFLP for the identification of
mycorrhizal fungi (citations in Table 1). It has been suggested
that T-RFLP is more sensitive than DGGE for fungi (Brodie
et al. 2003; Singh et al. 2006), although obtaining sequences
directly from samples may be more easily performed with
DGGE (Ma et al. 2005). T-RFLP also has significant
advantages in cost over clone libraries, although clone
libraries are likely the most accurate method of identifying
species. Using clone libraries together with T-RFLP may
permit both techniques to be used to their full potential:
using T-RFLP to process large numbers of samples and clone
libraries on selected samples to obtain identities of key
species (Lindahl et al. 2006; Widmer et al. 2006).
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T-RFLP can mean two different things: under one
application, analysis focuses on peak profiles without
identification of species, while in the other application,
individual species are identified and analysis focuses on
these identified species. While the chemistry behind the two
techniques is similar, the distinction is important, as the two
methods have fundamentally different outputs and are
subject to different types of errors. Our goals in this review
are to clarify the second of these two methods, which we
term “database T-RFLP,” and to discuss errors and
methodological issues in database T-RFLP. Our focus is
specifically on mycorrhizal research, although most of the
review will be relevant to other fields as well. Other recent
reviews cover T-RFLP in a more general sense (Thies
2007), as well as other molecular approaches to molecular
analysis of mycorrhizal communities (Horton and Bruns
2001; Anderson and Cairney 2004; Martin 2007).

Background

In a generic sense, T-RFLP refers to the use of fluorescently
labeled primers combined with restriction digests to visualize
sequence variation in either single- or mixed-species DNA
samples. The T-RFLP technique was first developed in Liu et
al. (1997) as a tool for assessing bacterial diversity and
comparing the community structure of bacteria in environ-
mental samples (Marsh 1999; Lukow et al. 2000; Kitts
2001). The data obtained are the sizes of the fragments of
polymerase chain reaction (PCR) amplicons that contain the
labeled primer (the terminal fragment lengths), observed as
electropherogram “peaks.” Variation in the presence and
location of cutting sites results in different species having
terminal fragments of different lengths.

In T-RFLP, as used by Liu and colleagues, a single
fluorescent label and a single restriction digest are used.
The data are then analyzed based on the number of peaks
and the similarity of peak profiles across samples (Dollhopf
et al. 2001; Edel-Hermann et al. 2004; Mummey et al.
2005). Because the original version of T-RFLP focuses on
the peak profiles of communities and to distinguish it from
other uses of the technique, we refer to this application as
“peak-profile T-RFLP.”

There are a number of important limitations of peak-
profile T-RFLP. The technique relies on having primers
specific to the functional group of interest. This prevents
application to ectomycorrhizal fungi, a polyphyletic group
with close affinities with saprophytic fungi (Hibbett et al.
2000), as there are no primers that can separate ectomycor-
rhizal DNA from other fungal DNA. Peak-profile T-RFLP
also works on the assumption that a single peak represents a
single species and that a single species results in a single
peak. Based on these assumptions, diversity in peak-profile

T-RFLP is calculated as the number of peaks (Klamer et al.
2002; Blackwood et al. 2003; Johnson et al. 2003;
Vandenkoornhuyse et al. 2003), yet both of these assump-
tions have been shown to be false (Dunbar et al. 2000;
Douhan et al. 2005; Avis et al. 2006). This can lead to a
bias in the analysis of community similarity and estimates
of diversity (Avis et al. 2006).

In 2002, two papers were published that applied T-RFLP
to ectomycorrhizal fungal communities (Dickie et al. 2002;
Zhou and Hogetsu 2002), both of which made significant
and similar changes to the T-RFLP technique. In this
application, which we refer to as “database T-RFLP,” the
analysis of communities is based on the presence or
absence of species, with species presence being inferred
by matching peaks from community T-RFLP profiles to a
database of known T-RFLP patterns derived from spo-
rocarps or other sources. Diversity is measured as the
number of species identified, rather than being based on the
number of peaks. This adaptation of T-RFLP is similar to
RFLP analysis, widely used in prior studies of ectomycor-
rhizal fungi, with the important advantage that T-RFLP
permits the identification of fungi in mixed-species samples
(Dickie et al. 2002). As database T-RFLP relies on species
identities rather than peak profiles, it largely avoids the
potential problems of peak-profile T-RFLP: multiple T-
RFLP profiles from single species can be grouped together,
and multiple species that share a single T-RFLP can be at
least recognized, if not fully corrected for. Since the initial
description of the technique, database T-RFLP has been
used by a number of different research groups to describe
ectomycorrhizal fungal communities (Table 1).

The use of database T-RFLP, rather than peak-profile
T-RFLP, for ectomycorrhizal fungi is necessary due to the
polyphyletic nature of ectomycorrhizal fungi. In contrast,
arbuscular mycorrhizal fungi (AMF) belong to a monophy-
letic phylum, the Glomeromycota (SchiiBler et al. 2001),
and there are putatively specific primers for this group. This
makes it possible to use either peak-profile T-RFLP or
database T-RFLP for AMF. In the earliest application of
T-RFLP to AMF, some AMF species were identified based
on matching a single terminal fragment to predicted
terminal restriction fragment lengths from sequences (Tonin
et al. 2001), a technique somewhere intermediate between
peak-profile T-RFLP and database T-RFLP. While most
other published work using T-RFLP on AMF has used
peak-profile T-RFLP, there are at least two publications
using database T-RFLP to identify AMF species (Aldrich-
Wolfe 2007; Lekberg et al. 2007). Peak-profile T-RFLP
rests entirely on the assumption that primers are specific for
the group of interest and that all members of that group are
amplified. The observation that putatively “AMF-specific”
primers can amplify non-AMF species (Douhan et al. 2005;
Renker et al. 2006; Aldrich-Wolfe 2007) and fail to amplify
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some AMF groups (Renker et al. 2003) suggests that
database T-RFLP may be more appropriate than peak-
profile T-RFLP for AMF, as well as ectomycorrhizal fungi.

Outside mycorrhizal research, most other mycological
studies have tended to use peak-profile T-RFLP (Klamer et
al. 2002; Brodie et al. 2003; Edel-Hermann et al. 2004;
Klamer and Hedlund 2004), but database T-RFLP has been
applied to wood decay fungi (Raberg et al. 2005; Réberg et
al. 2007; Allmer et al. 2006). Peak-profile T-RFLP has also
been used to examine bacterial community responses to
mycorrhizal fungi (Artursson et al. 2005; Burke et al. 2006a).

Methodological considerations in using T-RFLP
to identify species

Method summary

The basic steps of database T-RFLP, compared with RFLP (or
ARDRA) and peak-profile T-RFLP (Fig. 1), are (1) the
extraction of DNA from either a single root, bulked roots, or
soil; (2) PCR amplification of DNA with fluorescently
labeled fungus-specific primers, typically followed by
verification of amplification in agarose gels; (3) cleaning of

RFLP Analysis (or ARDRA)

Obtain single-species samples <
by sorting root tips

Extract DNA
(CTAB or kit-based extraction) =

PCR with normal primers

Discard samples with multiple
PCR products

Restriction digest with two or
more restriction enzymes

Discard samples with multiple
PCR products
(if not detected earlier)

Electrophoresis in agarose
gel (ALL fragments
Rerun similar samples in detected)
single gel to confirm matches
Compare with database of
known RFLP patterns

Obtain species identity of a <
single species

Fig. 1 Schematic of method flow for RFLP, database T-RFLP, and
peak profile T-RFLP. The equal and approximate signs indicate where
two techniques are identical, or nearly identical, respectively. Where

@ Springer

PCR products to remove salts and primers; (4) digestion of
PCR products with restriction enzymes; (5) electrophoresis
in a capillary or slab sequencer; and (6) analysis of results.

Database T-RFLP is essentially a hybrid technique
between RFLP and peak-profile T-RFLP, combining data
from multiple restriction digests and comparing results with
a database of knowns (as in RFLP), but running samples in
a sequencer and only detecting terminal fragments (as in
peak-profile T-RFLP). Compared with RFLP analysis, the
main differences of database T-RFLP are:

1. Only terminal PCR fragments are detected, and the
position (i.e., forward and reverse terminus) of those
fragments is known.

2. The precision of fragment length estimation is greatly

increased.

The detection threshold is greatly decreased.

4. Multiple species can be easily identified, such that samples
with multiple PCR products do not need to be discarded.

w

The main differences of database T-RFLP compared
with peak-profile T-RFLP are:

1. Multiple-labeled PCR primers and/or multiple RFLP
digests result in multiple peak profiles for each sample,
rather than a single profile.

Database-TRFLP Peak-profile TRFLP

Obtain single- or multiple-
species samples from any source

Extract DNA
(CTAB or kit-based extraction)

PCR with two labelled primers
Clean PCR products

Restriction digest with two or

more restriciion enzymes

Denature RFLP products and
add internal size standard

Electrophoresis in capillary or
slab sequencer (both
terminal fragments detected)

v

Compare with database of
known TRFLP patterns

Obtain species identity of
one or more species.
Can also characterize
sample based on number
and size of fragments

Obtain multiple-species
samples from any source

Extract DNA
(CTAB or kit-based extraction)

PCR with one labelled primer
Clean PCR products

Restriction digest with one
restriction enzyme

Denature RFLP products and
add internal size standard

Electrophoresis in capillary or
slab sequencer (one terminal
fragment detected)

|

Characterize sample based on
number and size of fragments

one technique is a subset or smaller version, or conversely a superset
or larger version of the other, this is indicated by < and >, respectively
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2. By using multiple peak profiles and comparing with a
database of known species, individual species (or
types) are identified.

3. Analysis of diversity and community structure is based
on identified species.

The last point is probably the most critical. Because
database T-RFLP focuses on identified species rather than
peak profiles, it is much less sensitive than peak-profile T-
RFLP to random noise in electropherograms or variation in
peak profiles within species (Avis et al. 2006). Further,
primer specificity to the group of interest is not required,
hence, polyphyletic groups (e.g., ectomycorrhizal fungi)
and groups where primers are not absolutely specific (e.g.,
AMF) can be analyzed. At the same time, species richness
measured by database T-RFLP, which only detects species
present in a database of knowns, is inevitably lower than
richness quantified by peak-profile T-RFLP, which will
detect all fragment lengths present in a sample. At times, it
may be advantageous to use peak-profile analysis methods
in conjunction with database T-RFLP as an approach to
estimating unidentified diversity, particularly, if a well-
developed database of T-RFLP profiles is not available.

As different research groups have concurrently devel-
oped T-RFLP, there have been some significant variations
in the exact details of the methods including, for example,
using only one labeled primer (Zhou and Hogetsu 2002;
Edwards et al. 2004) or using multiple PCR regions rather
than one (Burke et al. 2005). Some of these differences are
summarized in Table 1.

Sampling for T-RFLP

An important advantage of database T-RFLP over tradi-
tional RFLP techniques is the ability to distinguish multiple
species in a sample. This allows the technique to be used on
samples where multiple species are inevitably present, such
as fungal hyphae in soils (Dickie et al. 2002). If database
T-RFLP is applied to single ectomycorrhizal root tips, it
also provides the opportunity to study ectomycorrhizal co-
occurrence on single roots (Koide et al. 2005b). It has been
suggested that the ability of T-RFLP to identify multiple
species in a sample could permit bulked root samples or
soil samples to be used to characterize fungal communities
(Edwards et al. 2004; Burke et al. 2005) at a lower cost and
effort than traditional methods requiring the sorting of
individual root tips. A test with pooled PCR products found
that T-RFLP could account for 93% of species on colonized
root tips (Burke et al. 2005). It is not yet clear if this result
can be extrapolated to bulked DNA extracts, as Burke and
colleagues examined only pooled PCR products. A direct
test of cloning on bulked PCR products versus cloning from

a PCR on bulked roots found that non-specific amplifica-
tion resulted in a failure to detect AMF fungi in bulked root
samples (Renker et al. 2006), but only one bulked root
sample was tested.

A concern in any application of T-RFLP to mixed
species samples is that species present in low abundance
may not be detected (Burke et al. 2005). Nonetheless, in
one study, detection of added DNA comprising only 0.1—
1% of the community suggests that T-RFLP is sufficiently
sensitive to detect most species present in a mixed-species
pool (Dunbar et al. 2000), although other studies have
found that T-RFLP can overlook uncommon taxa (Allmer
et al. 2006). Using soil DNA extracts is likely to produce a
somewhat different picture of fungal communities than
working from root-tip extracts (Koide et al. 2005a; Genney
et al. 2006). This is an important area for further
methodological development, including direct tests of
different methods of profiling ectomycorrhizal fungal
communities.

Choice of primers and diagnostic gene regions

The choice of primers is critical in any molecular study.
ITSIF and ITS4 are widely used for ectomycorrhizal
ecology and have been adopted by several groups using
T-RFLP (e.g., Dickie et al. 2002; Genney et al. 2006). Zhou
and Hogetsu (2002) used the primers ITS3 and ITS4, which
had low intraspecific variation in T-RFLP profiles within
Suillus grevillei, yet retained sufficient interspecific poly-
morphism to allow species characterization; whether this
can be extended outside the limited species list tested by
Zhou and Hogetsu remains unclear. Edwards et al. (2004)
use the basidiomycete-specific primers ITS1F and ITS4B;
however, given the increasing recognition of ascomycetes
as important components of ectomycorrhizal communities
(Haskins and Gehring 2004; Trowbridge and Jumpponen
2004; Dickie and Reich 2005), this may result in a biased
view of community composition. Burke et al. (2005)
amplified the ITS1 and ITS2 regions separately in the
hopes of increasing species discrimination. One concern in
using shorter target regions is that the forward and reverse
fragment sizes are increasingly likely to be correlated,
reducing the potential information content. For AMF, the
primers AM1-NS31 are widely used, but have also been
criticized, as they amplify non-AMF fungi as well (Douhan
et al. 2005; Aldrich-Wolfe 2007).

The exploration of further primers is well warranted. It
would be valuable to find a reliable universal primer set that
amplified DNA from outside of the internal transcribed
spacer (ITS) region, preferably from non-ribosomal DNA,
probably as an addition to the ITSIF/ITS4 primer pair
rather than a replacement.
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Choice of restriction enzymes

The choice of restriction enzymes may affect the ability of
T-RFLP to distinguish species. An optimal restriction
enzyme would result in a wide range of fragment sizes,
show relatively little variation within species, and have
recognition sites in a high proportion of fungi. Enzymes
with recognition sites in flanking regions (e.g., Dpnll and
HpyCHA4III for ITS1F/ITS4 in ectomycorrhiza; see Table 2
for enzyme details) or, to a lesser degree, in conserved
regions such as 5.8S (e.g., Hinfl) should be avoided, as they
result in relatively poor species discrimination (Lord et al.
2002; Avis et al. 2006). The choice of whether to use Hinfl
is problematic, as it is widely used (Table 1) and has a good
track record of species discrimination, yet the conserved
cutting site in 5.8S has been shown to reduce its efficiency
(Avis et al. 20006).

Edwards and Turco (2005), using computer-simulated
restriction digests of published sequences to evaluate six
tetrameric (recognizing 4 bp) restriction enzymes in terms
of 5’ fragment variation, found that Haelll had the highest
number of different T-RFLP profiles of all six restriction
enzymes tested. An evaluation of a wider range of 26
tetrameric RFLP enzymes found Haelll (again), and
HpyCHA4IV had the highest number of usable fragments
of all RFLP enzymes without recognition sites in the 5.8S
region (Dickie, unpublished data). Haelll and HpyCH4IV
enzymes perform well in tests against a wide range of
Cortinarius species, a group that can be problematic.
Nonetheless, further optimization may be possible as
neither enzyme has recognition sites in any of five
collections of Laccaria sporocarps (Dickie, unpublished
data). It is possible that the combination of multiple
enzymes in a single digest would improve species resolu-
tion; this has not yet been tested. A particularly elegant
approach is to use an extensive set of enzymes to develop a
database of knowns and a smaller subset to analyze
unknown samples, with additional digests selected based
on the results from the initial analysis and known abilities

Table 2 Summary of RFLP enzyme names used in the text*

Name used in the text ~ Common isoschizimers ~ Recognition site

Cfol N/A GCG"C
Dpnll Mbol AGATC
Haelll BsuRl GG CC
HpyCHAIIL Taal CAN"GT
HpyCHAIV Maell A"CTG
Hinfl N/A G"ANTC
Taql N/A T"CGA
Hsp921l Hinlll, Nlalll CATG"

#Where two or more citations use isoschizimers, we have used a
single name—the earlier publication—for clarity.

@ Springer

of enzymes to distinguish species (Lindahl et al. 2006). For
arbuscular mycorrhiza, Dpnll was suggested by Mummey
et al. (2005), but a more recent publication by two of the
same authors suggests A/ul and 7agl (Mummey and Rillig
2006). Some authors also include undigested ITS length as
an additional data-point in T-RFLP analysis (Table 1).

Running of T-RFLP in sequencer

There is some variation in the exact details of sequencer
settings across different research groups. Settings can be
found in published papers for ABI (Applied Biosystems)
capillary sequencers with 35-cm capillaries (Koide et al.
2005b) and 50-cm capillaries (Avis and Feldheim 2005),
ABI 337 slab sequencers (Dickie et al. 2002; Edwards et al.
2004), and Hitachi SQ-5500 and SQ-5500E slab sequencers
(Zhou and Hogetsu 2002). Many of these details are
probably relatively flexible, provided that the same settings
are consistently used within any given experiment. Primers
for T-RFLP are tagged with fluorescent labels. Because the
choice of label changes the migration and, hence, apparent
size of the fragment (Kaplan and Kitts 2003), the database
and samples should use a consistent set of labels. Labels
with strong differences in signal strength (e.g., 6FAM and
NED) should be avoided.

Fragments larger than 500 bp can be difficult to size
accurately, as extrapolation beyond the normal 500-bp size
standard results in increased errors, and the 1,000-bp
standard available from Applied Biosystems is not well
optimized. Avis and Feldheim (2005) give one good
method using the MapMarkerl000 size standard, which
has been used in a number of papers (Dickie et al. 2002;
Koide et al. 2005b). If using GeneMapper software, the
methods given by Avis and Feldheim can be improved by
using the “advanced” size standard method, setting the
lower limit of the analysis region to just below the 50-bp
band and setting the peak half-width to 4 (Dickie and Park,
personal observation).

Developing a T-RFLP database

Database T-RFLP relies on having a database of known
T-RFLP patterns. The most obvious source of known
T-RFLP patterns is from sporocarp collections, either col-
lected from a site of interest or obtained from herbarium
material. Wherever possible, multiple independent collections
should be used to encompass within-species variation and to
guard against sporocarp contaminants (e.g., Hypomyces).
Other options to build a database are via the characterization
of mycorrhizal morphotypes and via sequencing from
T-RFLP products (Dollhopf et al. 2001; Widmer et al.
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2006; Lekberg et al. 2007). Unfortunately, obtaining T-RFLP
patterns directly from sequence data is problematic, as the
fluorescent label used and purine content of DNA influence
migration rates (Kaplan and Kitts 2003). T-RFLP patterns that
fail to match any known sample can sometimes be
distinguished and added as “unknown knowns”—i.e., regu-
larly encountered T-RFLP profiles of unknown identity—and
added to the database of knowns on a provisional basis. In
the case of ectomycorrhiza, however, it may be difficult to
ensure that these “unknown knowns” are ectomycorrhizal,
as dark-septate endophytes and saprotrophic or pathogenic
fungi may also be amplified. Cloning and sequencing of
PCR products from “unknown knowns” can resolve this
issue (Lindahl et al. 20006).

Analysis of data

Under database T-RFLP, the analysis is focused on identify-
ing species by matching T-RFLP profiles to known patterns.
There are a number of analytical programs for T-RFLP data
that permit matching of profiles from multiple enzyme
digests to individual species or phylogenetic groups (Kent
et al. 2003). One Excel-based program, TRAMP, was
developed specifically for ectomycorrhizal fungi (Dickie
et al. 2002) and has been used by other researchers
(Edwards et al. 2004; Allmer et al. 2006; Genney et al.
2006; Réberg et al. 2007). Two recently developed
programs, FragMatch (Saari et al. 2007) and TRAMPR
(FitzJohn and Dickie 2007), substantially improve on
TRAMP. FragMatch, a Java-based program, permits greater
flexibility in analysis parameters than TRAMP, including
the ability to run multiple samples in a single run (Saari et
al. 2007). We have also recently developed a comprehen-
sive re-implementation of TRAMP, now named TRAMPR,
in the statistical language R (R Development Core Team
2006). TRAMPR has significant advantages over TRAMP
and FragMatch in providing complete control over match-
ing parameters, permitting large data sets to be automati-
cally analyzed; in automatically building a database of
knowns from data (including clustering of knowns based on
both species names and T-RFLP similarity); and in
producing output (e.g., a species presence /absence matrix)
that can be directly analyzed using standard community
analysis methods (FitzJohn and Dickie 2007). Nonetheless,
the R implementation may be challenging for casual users.
In the TRAMP or TRAMPR approach, T-RFLP fragment
lengths of each species in the database are compared to
peaks in the unknown profile, and the minimum difference
calculated. Matches are then determined based on whether
the largest of these differences is less than an acceptable
“matching error.” FragMatch uses a slightly different
calculation but the outcome remains essentially the same.

An important question is whether peak height should be
considered in determining if a species match is valid. Some
authors only consider a species to be present if the peak
heights are relatively similar in magnitude (e.g., Edwards et
al. 2004). The risk in taking this approach is that one
species may mask the presence of another. This may occur
where two or more species share a similar restriction
fragment length, resulting in that peak having an intensity
equal to the sum of the intensities of the matching species.
Including heights will, therefore, result in a conservative
matching of species, but may miss some species actually
present. Neither TRAMPR nor FragMatch utilizes heights
in matching peaks to species.

The quantitative versus qualitative question

Perhaps, the largest question in T-RFLP methodology is
whether the technique can be quantitative, i.e., used to
estimate relative abundances based on peak heights. In the
original development of the technique, Liu et al. (1997)
stated that the technique was quantitative, but gave little
direct evidence to support the claim. There are several
reasons to doubt that T-RFLP has quantitative validity.
First, the ratio of DNA to biomass is likely to be highly
variable among different fungal species, due to variation
both in the number of rDNA repeats per genome and of
genomes per unit of biomass (Maleszka and Clark-Walker
1993). Second, the amplification of a species in PCR is
known to be directly influenced by the presence of other
species in the PCR mix. This could result in the apparent
abundance of a species, varying only due to the presence of
a second species in the PCR reaction. Third, the sequence
composition of DNA can influence their amplification
(Leckie 2005). Finally, in the analysis of replicate runs of
the same sample, peak heights have been found to be
variable (Vandenkoornhuyse et al. 2003). Nonetheless,
recent empirical data suggest that peak heights are
correlated with the abundance of fungi as measured by
root-tip counts, although #* values of 0.28-0.56 suggest
low predictive ability (Burke et al. 2006b).

Data management

Perhaps, the most easily overlooked consideration in any
attempt to use molecular techniques is the tracking of
samples and storage of data. In T-RFLP, an individual run
file from a 96-well plate (containing 48 samples with 2
digests per sample) may contain 4,000 or more rows of
data. If all data are stored in a single Excel spreadsheet, less
than 800 samples may exceed the limits of data storage. In
addition, the identity of each sample must be tracked along
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with all relevant data regarding collection history, possible
clones, and sequences derived. Given this level of com-
plexity and size of data, the development of a relational
database is critical to ensure the integrity of data.

Sources of error in T-RFLP

There are three major potential errors in T-RFLP: (1)
erroneous combinations of either real peaks or “noise” in
electropherograms, (2) shared T-RFLP profiles between two
species, and (3) multiple T-RFLP profiles within a single
species.

Erroneous combinations of peaks

Particularly, in complex samples, there is a risk of
erroneously identifying a T-RFLP profile as present when
it is not. This could occur if all of the diagnostic peaks of a
known species are randomly matched by peaks in an
unknown sample despite species not actually being present.
The probability of this type of error is a function of the
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varying different aspects of experimental protocols to be
evaluated. Using parameters taken from ectomycorrhizal
research, the probability of making a mistaken match is P=
0.0016 for parameters »=700 bp (the length of the ITS
region), 6=1.5 bp, m=10 peaks per profile, n=4 enzyme/
primer pairs, and K=500 T-RFLP profiles in the database.
Reducing »n from four to three enzyme/primer pairs
significantly increases the risk of erroneous matches (e.g.,
P=0.036 for the parameters above). It has been suggested
that locally derived databases are essential (Dickie et al.
2002), yet even increasing K to 1,000 T-RFLP profiles
results in P=0.003, implying that reasonably wide numbers
of species can be included without increasing the risk of
errors dramatically. The size of the target region () has
only minimal direct effects on the outcome, provided that ¢
does not change (P=0.00158 for »=300 and P=0.00156 for
r=700 with =10 peaks/700 bp=4.3 peaks/300 bp=
0.0143); however, if the same number of total peaks, m,
are simply condensed into a smaller region, the probability
of error is greatly increased for smaller target regions (P=
0.041 for =300 and #=10 peaks/300 bp=0.033). Where
there is no recognition site for an enzyme, the error rate is
significantly increased, as r is reduced to the range of total
PCR product lengths and the information from forward and
reverse primers is redundant (potentially halving the
effective value of #n). An incidental by-product of the
analysis is a demonstration of the weakness of peak-profile
T-RFLP for species identification. With n=1, the risk of
mistaken identifications rises well above P=0.05 for most
parameter combinations (Fig. 2).

In some cases, 0 has been elevated to as high as 3 bp to
account for multiple peaks or profile variation within a
species (Dickie et al. 2002; Koide et al. 2005b; Réberg et
al. 2005). Eq. 1 suggests this may be disadvantageous, as
=3 raises P to 0.023 for n=4. A better approach may be to
include variant profiles as entries in the database and then
aggregate database matches known to be the same species
(see below).

Shared T-RFLP profiles across two or more species

The second type of error is where T-RFLP correctly
identifies a profile as being present, yet that profile is not
unique to a single species. In such a case, species A may be
treated as “present” due to the presence of species B, which
happens to have the same T-RFLP profile. If species B is
not in the database, this error may pass undetected. The first
steps to minimizing this type of error are to maximize the
number of species in the database so that shared patterns
can be identified and to sequence a subset of identified
samples to confirm identifications. Where multiple species
are found to share a profile, these can either be analyzed as

an artificial group (e.g., Cortinarius group 1), or sequences
can be obtained and analyzed to find restriction enzymes
that will differentiate the species. Additional digests can
then be used as necessary to differentiate problematic
groups (e.g., Edwards et al. 2004).

The frequency of shared T-RFLP profiles can be
analyzed by examining databases of known species derived
from sporocarps. In a collection of 93 known sporocarps
analyzed using ITS1F and ITS4 primers with restriction
digests using Haelll and HpyCH41V, we have found four
cases of overlapping species: (1) a group of Laccaria
species, all of which fail to digest with the two restriction
enzymes chosen and, therefore, have minimal variation in
fragment length; (2) a group that contains a Cortinarius sp.
and a Laccaria sp., again driven by the failure of either
collection to digest with the two enzymes; (3) a combina-
tion of Macowanites carmineus with an unknown Russula
sp., both of which are in the Russulaceae; and (4) a
combination of Cortinarius meleagris with an unknown
Descolea sp., both of which are in the Cortinariaceac
(Dickie, unpublished data). While limited, this suggests that
(1) species that lack restriction sites (or equally species that
restrict only at conserved restriction sites in 5.8S—see Avis
et al. 2006) are more likely to be indistinguishable than
species that have restriction sites, and (2) those that shared
T-RFLP profiles are more common among related species
than across disparate groups.

Multiple T-RFLP profiles within a species

Ectomycorrhizal fungi can produce multiple terminal frag-
ment lengths within a species and even within an individual
(Kanchanaprayudh et al. 2003; Koide et al. 2005b; Avis et al.
2006). These are particularly a problem in peak-profile T-
RFLP (as well as similar techniques such as DGGE) where
they may bias estimates of diversity and measures of
community profile shifts (Avis et al. 2006). Because database
T-RFLP relies on species identifications rather than counting
peaks, multiple fragments cause fewer problems.

Where multiple patterns are known to occur, they can be
merged together before the analysis of community patterns
(e.g., if Suillus pattern A or Suillus pattern B is present,
record Suillus as present). This can be accomplished
automatically using TRAMPR software (FitzJohn and
Dickie 2007). Multiple T-RFLP profiles may cause errors
in analysis where a species is present in two sites, with a
different T-RFLP profile in each site. Unless both patterns
are identified, this may result in the species being recorded
as present in one site and absent in the other. Again, the risk
of this type of error is decreased by having as many known
species in the database as possible and sequencing and
identifying as many unknown T-RFLP profiles as possible.
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Other problems in T-RFLP

The other potential problems of T-RFLP are not unique to
the technique, but rather apply to any technique using PCR
to study multiple-species communities (Anderson and
Cairney 2004). In particular, relict DNA and DNA in non-
target structures may bias the view of the community (Avis
et al. 2006). The choice of primers may have very
important effects as well. Aldrich-Wolfe (2007) found that
40% of T-RFLP types amplified by “AMF-specific”
primers more closely matched non-AMF fungi than known
AMF fungi, while the same methods exclude potentially
important AMF Paraglomus and some Archaeospora
(Renker et al. 2003). These generic problems of PCR are
not easily corrected for; nonetheless, being aware of the
potential problems may avoid over-interpretation of results.

The statistical imperative: “Go forth and replicate!”

The choice of molecular methods for ecological research must
be driven by the power of that method to detect ecologically
meaningful patterns. At times, there is a trade-off between
precision of species identifications and possible numbers of
replicates. Fungal communities tend to have many species
with low frequencies. Using data from one study, the most
common 25% of species had frequencies as low as only 10%
of the samples (Dickie and Reich 2005). As a hypothetical
example, if a species were exclusively found in only one of
the two treatments, but had a frequency of only 20% within
that treatment (equivalent to 10% across the two treatments),
the experiment would need to have 34 replicates of each
treatment to achieve statistical significance of a=0.05 and
(=0.8 (calculated using the power.prop.test function of R, R
Development Core Team 2006). This implies that an
extremely high level of replication is required to be able to
test for statistical patterns on even the most abundant 25% of
species. Relatively few molecular methods can routinely
achieve this level of replication at reasonable cost. The high
throughput of T-RFLP has, however, permitted replication at
quite high levels [e.g., 40 replicates in each of 4 treatments in
Dickie et al. (2002)].

Conclusions

T-RFLP analysis has already resulted in a heightened
understanding of mycorrhizal ecology (Table 1) and is likely
to become increasingly used. The technique has the signif-
icant advantage of low cost and relative simplicity, permitting
sufficient replication to address important ecological ques-
tions. No technique is a panacea; while T-RFLP permits a
high throughput of samples, it is subject to a number of

@ Springer

different types of error. Whenever feasible, using multiple
techniques may give the best view of community composi-
tion (Bougoure and Cairney 2005; Allmer et al. 2006). In
particular, sequence analysis either directly from samples or
from clone libraries will permit confirmation of a subset of T-
RFLP identifications, greatly increasing confidence in results
while still permitting the high throughput of T-RFLP.

There are promising technologies on the horizon that
may well supercede T-RFLP. Microarray technologies have
been proposed for mycorrhizal fungi (Anderson and
Cairney 2004), but not yet widely applied. Another very
recent development is methods based around 454 sequenc-
ing (Sogin et al. 2006; A. Jumponnen, personal communi-
cation), which show considerable promise for the analysis
of mixed-species communities.

Note on review methods

We have attempted to include all papers using T-RFLP for the
study of the ecology of mycorrhizal fungi. These were found
through a search on September 15, 2006 on the Web of Science
(http://www.portal.isiknowledge.com, Thomson Scientific,
Philadelphia, USA) using the search string “TS=(T-RFLP
OR TRFLP OR “terminal restriction””) AND TS=(mycorrhiz*
OR ectomycorrhiz*)”, and on Google scholar beta (http://
www.scholar.google.com) using the string “(T-RFLP OR
TRFLP OR “terminal restriction”) AND (mycorrhizal OR
mycorrhizae OR ectomycorrhizal OR ectomycorrhizae)”,
with the 100 highest-scoring hits (of 304) in Google Scholar
examined in detail. We have not attempted to comprehen-
sively review all literature on T-RFLP as applied to study
organisms other than mycorrhiza. We give sincere apologies
to the authors of any papers we have inadvertently omitted.
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