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Abstract

Terminal restriction fragment length polymorphism (tRFLP) is a potentially high-throughput method for the analysis of complex
microbial communities. Comparison of multiple tRFLP profiles to identify shared and unique components of microbial communi-
ties however, is done manually, which is both time consuming and error prone. This paper describes a freely accessible web-based
program, T-Align (http://inismor.ucd.ie/~talign/), which addresses this problem. Initially replicate profiles are compared and used to
generate a single consensus profile containing only terminal restriction fragments that occur in all replicate profiles. Subsequently
consensus profiles representing different communities are compared to produce a list showing whether a terminal restriction frag-
ment (TRF) is present in a particular sample and its relative fluorescence intensity. The use of T-Align thus allows rapid comparison
of numerous tRFLP profiles. T-Align is demonstrated by alignment of tRFLP profiles generated from bacterioplankton communi-
ties collected from the Irish and Celtic Seas in November 2000. Ubiquitous TRFs and site-specific TRFs were identified using T-

Align.

© 2005 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Since the first descriptions of terminal restriction frag-
ment length polymorphism (tRFLP), its potential as a
means to describe and monitor changes in microbial com-
munity structure was recognized [1-3]. As a result, tRFLP
quickly became a widely used tool for analysis of complex
natural microbial communities. tRFLP is based on the
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amplification of the 16S rRNA gene with a fluorescent la-
bel attached to the 5’ end of one or both primers followed
by digestion of the PCR product with frequently cutting
restriction enzymes. The sizes of the resulting terminal
restriction fragments (TRFs) containing the fluorescent
label are subsequently precisely determined using an
automated fragment length analysis system.

tRFLP is a fast, cost-effective, high-resolution and
reproducible method for examining microbial diversity.
Data produced by tRFLP have been shown to be consis-
tent with data from clone libraries [4] and are interchange-
able with other PCR-based molecular techniques used to
examine microbial diversity [4,5]. The method has been
used to analyze bacterial, fungal and archaeal community
structures from environments as diverse as fish intestines
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[6], rat feces [7], soil [4,8,9], rice fields [10—12], marine sed-
iments [13], marine bacterioplankton [5] and deep seca
hydrothermal vents [14] and functional groups [15].

The aims of analyzing bacterial communities are of-
ten to determine their diversity, to identify species that
are present and to compare communities separated in
space and/or time. The number of peaks and peak area
in a tRFLP profile immediately give insight into the
richness and evenness of the population. In addition,
software has been developed to obtain phylogenetic
information from tRFLP profiles by correlation of
empirical data with profiles obtained in silico using se-
quences deposited in 16S rRNA sequence databases
[16-18]. These programs provide clues as to the identity
of the species present in the community that is being
analyzed. A recurring problem in tRFLP analysis is
the comparison of profiles. This is first required when
comparing duplicate tRFLP profiles in order to elimi-
nate spurious peaks. In addition, tRFLP profiles need
to be compared to determine whether a bacterial species
is present in all communities analyzed or is unique to
one. To date, comparison of T-RFLP profiles obtained
from different samples to identify shared or unique
TRFs is carried out manually, which is very time con-
suming, subjective and error prone.

The aim of this study was to develop a program that
could be used for comparison of duplicate tRFLP pro-
files resulting in the generation of a consensus profile
showing only the TRFs that occur in both profiles. In
addition, the program would compare tRFLP profiles
obtained from different communities resulting in a file
that shows whether a TRF is present or absent in a par-
ticular profile. The resulting program, T-Align, is freely
available on a dedicated website.

2. Methods
2.1. Sample collection and nucleic acid extraction

Water samples were taken from stations in the Irish
and Celtic Seas in November 2000 (Fig. 1). A 7 1 Niskin
bottle was lowered to within 15 m of the sea floor (sam-
ple depths ranging from 16 to 117 m) from which water
samples were taken. The water sample (5 1) was filtered
through a Whatman GF/C membrane onto a 0.2 pm
pore polycarbonate membrane (Millipore, MA, USA)
by vacuum filtration. The filter was removed and frozen
at —70 °C with 200 pl of TE (10 mM Tris—HCI pH 8.0, 1
mM EDTA) buffer. Nucleic acids were extracted from
frozen samples using a modified version of the QIAamp
mini DNA extraction kit (Qiagen, Crawley, UK). Lyso-
zyme (20 mg/ml) was added to the filter and incubated
for 30 min at 37 °C; after this initial step the Qiagen pro-
tocol was followed, but no vortexing of the sample took
place.
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Fig. 1. Map of the positions of the stations surveyed along the Irish
coast November 2001. At each site 5 1 of water was collected from 15 m
off the sea bed. The individual stations are indicated by black dots and
numbers.

2.2. tRFLP

Bacterial 16S rRNA genes were amplified from total
environmental DNA extracts, using the primer pair F63-
D4 (5-CAGGCCTAACACATGCAAGTC-3') and
R1389 (5'-AGCGGCGGTGTGTACAAG-3') [19,20].
PCR reactions were carried out as recommended by
the manufacturer (Promega, Madison, USA) except that
primers were used at a concentration of 0.4 uM. The
reaction mixture was incubated at 94 °C for 2 min fol-
lowed by 27 cycles of 94 °C for 45 s, 55 °C for 1 min
and 74 °C for 2 min and a 7-min extension step at 74
°C. The PCR products were purified with QIAquick
PCR Purification Kit (Qiagen, Crawley, UK) according
to the manufacturer’s instructions. The PCR products
were digested with Mspl for 2 h at 37 °C according to
the manufacturer’s instructions (Roche, Sussex, UK).
After digestion, 5 pl of the digest was desalted by etha-
nol precipitated in the presence of glycogen (5 pg). The
samples were dried and dissolved in 5 pl of deionised
formamide. DNA (1-2 ng) was subsequently added to
40 pl of deionised formamide and 0.5 pl of the 60-640
bp CEQ size standard (Beckman Coulter, CA, USA).
The samples were analyzed using a Beckman Coulter
CEQ 2000 XL DNA Analysis System for 60 min at
4.8 kV. The size of the fragments was determined using
CEQ Fragment Analysis Software 2000XL, using a
quartic polynomial to size the fragments and a percent-
age peak value of 1% and a slope threshold of 5.

3. Results and discussion
3.1. Accuracy of TRF size
Prior to comparison of tRFLP profiles it is essential

that the error in calling duplicate TRF sizes in base pairs
is known. To determine this, identical samples were ana-
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lyzed in duplicate. For TRFs to be within 0.5 bp size of
each other the standard deviation of specific TRF sizes
generated in the duplicate comparisons must be less than
0.35. The average standard deviation of duplicate TRF
size (ranging in size from 60.0 to 640.0 bp; n = 300)
was 0.13, showing that the size of a TRF was determined
within 0.5 bp. Subsequently, the variation in duplicate
percentage peak areas was determined. It was shown that
there was an average difference of only 2.7% in the per-
centage area of each peak between duplicate samples
(data not shown). Previous literature cites errors between
duplicate runs of up to 7% and 11% [4,20].

3.2. T-Align

Since tRFLP analysis is carried out using automated
fragment length analysis systems, it is in principle a
high-throughput method. However, although data can
be generated rapidly, subsequent manual data analysis
is cumbersome and subjective. An algorithm was there-
fore developed that compares tRFLP profiles in a statis-
tically objective procedure, thus allowing processing of
many tRFLP profiles without introducing human bias.
The basis for the T-Align algorithm is detailed below
after this brief overview of the program. T-Align ini-
tially generates a sample profile, which is constructed
by comparison of replicate tRFLP profiles of the same
sample. The sample profile only contains TRFs that oc-
cur in all replicate profiles (Fig. 2(a)), resulting in the re-
moval of pseudo TRFs [21]. In a second step different
sample profiles are compared and a file containing the
TRFs of all sample profiles and their relative fluores-
cence intensity is produced (Fig. 2(b)). TRFs in different
profiles that differ in size by 0.5 bp or less are considered
the same and are aligned using the moving average algo-
rithm. However, as this is instrument-dependent, this
parameter can be changed by the user. T-Align can also
be used for comparison of profiles that were not gener-
ated in duplicate. In this case the ‘duplicate’ stage of the
program will be skipped when T-Align does not detect
replicate profiles in the input file.

3.2.1. Alignment of replicated profiles using T-Align
Initially identical TRFs were identified in replicated
tRFLP profiles using a moving average procedure. T-
Align identified the smallest TRF present among all rep-
licate profiles, and marked the tRFLP profile containing
this fragment as ‘used’. The remaining profiles were sub-
sequently searched for TRFs that are up to 0.5 bp
(TRFs within 0.5 bp are considered identical, see above)
larger than the initiating TRF. Each profile can only
contribute a single TRF to the overall alignment. The
average size of all TRFs identified in this manner was
determined and only profiles that did not contribute a
TRF in the initial search were searched again for a
TRF within +0.5 bp of the average TRF size. If a new

(a) Replicate profile 1 Replicate profile 2
TRF Peak TRF Peak

Sample profile
Consensus % relative

(bp) area (bp) area TRF (bp)  peak area
106.40] 73466  [106.54] 74081 0.68
10750 649493  107.49 476545 107.495 5.08
109.08 71621 108.79 49995 108.935 0.55
10988 151150  109.77 117999 109.825 1.22
11107 129978 11096 97551 111.015 1.03
117.35 2497577 117.33 2192618 117.34 21.38
127.72 101538 127.69 74067 127.71 0.79
i130.85] 135695  142.80 109380 ro) 10.00_}
14285 143291 15699 144919 142.825 1.14
15709 199959  253.57 107999 - 157.04 1.55
25354 134655 40339 251328 253.56 1.10
40338 339749 40539 309066 403.39 2.67
40536 399007  407.07 2080181 405.38 3.20
407.05 2489027  409.15 2240136 407.06 20.77
409.15 2567410  432.82 213661 409.15 21.91
43074 151399 45465 252940 0 0.00
432.88 298002  456.69 419267 432.85 2.30
44165 137266 45933 166013 0 0.00
45465 337476 461.13 163680 454.65 2.67
456.70 559639  508.79 151846 456.70 442
45936 224748 459.35 1.76
46121 203939 461.17 1.67
46335 164393 0 0.00
508.83 234676 508.81 1.73

®) rrp

Sample Stations Profiles (% relative fluorescence)

1 2 3 4 5 6 7 8 9 10 1
106.70 0.00 0.68 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

107.43 272 508 0.00 000 267 000 0.00 0.00 221 000 212
10894 0.00 0.55 0.00 0.00 000 0.00 0.00 0.00 000 000 0.00
109.72 058 122 0.85 0.00 135 0.00 000 0.00 0.00 000 1.28
11097 0.00 1.03 0.79 0.00 0.00 0.00 0.00 0.00 000 000 0.74
117.38 19.01 21.38 11.27 35.09 3345 1598 19.94 1428 22.09 24.12 25.88
127.61 087 0.79 210 000 198 123 0.00 519 133 120 1.83
129.25 0.00 0.00 046 0.00 0.00 0.00 000 966 151 0.00 0.00
130.86 092 0.00 1.87 0.00 000 000 0.00 468 0.00 000 098
137.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00 247 0.00 000 0.00
141.81 095 1.14 243 0.00 0.00 0.0 000 0.00 000 0.00 1.11

157.04 0.00 155 0.00 0.00 0.00 0.00 0.00 0.0 0.00 000 0.00

Fig. 2. Examples of input and output files of T-Align. (a) Two
replicate tRFLP profiles from sample station 2 were compared and
converted into a single, derived, consensus profile. The TRF size in the
derived consensus profile contains the average size of the TRFs and the
percentage fluorescence intensity of total fluorescence. For example,
two TRFs with size 106.40 and 106.54 bp that are present in replicate
profiles 1 and 2 are represented by TRF of 106.47 bp in the consensus
profile, representing 0.68% of total fluorescence (box with solid line).
Note that the number of TRFs in the sample profile is sum of all
different TRFs present in the replicate profiles. Where a TRF is not
present in all replicate profiles, the actual TRF size and fluorescence is
given as ‘0’. For example, TRF of size 130.85 bp only occurs in
replicate profile 1, and is therefore represented by ‘0’ in the derived
consensus profile (box with interrupted line). (b) Final output of T-
Align. The program provides a list of TRF sizes and their relative
fluorescense intensity. Any value higher than ‘0’ indicates the presence
of a TRF in sample profile. Not all data are shown in this figure due to
large table generated when all TRFs are displayed.

TRF was identified, the process was repeated using a
new average TRF size. All TRFs used in this average
were marked as ‘used’. When none was found, the entire
process was repeated with the smallest ‘unused” TRF
among all profiles. This resulted in an aligned profile
containing the average sizes of all TRFs found.
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3.2.2. Construction of a consensus profile

All TRFs in all replicate profiles were again started as
‘unused’. Starting with the smallest TRF, each TRF in
all replicate profiles was checked against the first TRF
in the aligned profile generated above. The smallest
TRF in each profile within £0.5 bp of the aligned profile
TRF was found and marked as ‘used’. Only if a match-
ing TRF was found in every replicate profile was the
TRF retained in the final consensus profile, and the peak
fluorescence (abundance) of each matched replicate
TRF was used to calculate average peak fluorescence
for that consensus TRF. This resulted in a single consen-
sus profile that only contained TRFs occurring in all
replicate profiles with their corresponding average peak
area. The peak areas of TRFs were subsequently nor-
malized by representing each value as a percentage of to-
tal fluorescence (Fig. 2(a)).

3.2.3. Comparison of consensus profiles

Using the moving-average search method described
above, all consensus profiles were used for creating a sin-
gle master environmental profile. To align consensus
profiles against the master environmental profile, an
environmental matrix was constructed, with each col-
umn representing a final sample profile and each row a
peak size from the master profile. Starting with the small-
est TRF in this master environmental profile, the small-
est TRF in each consensus profile within 0.5 bp of this
master TRF was found, marked as “used”, and its asso-
ciated peak area was placed into the corresponding sam-
ple/peak size location in the final environmental matrix.
If no matching TRF could be found in a particular sam-
ple profile, a zero was placed into the corresponding

ft Internet Explorer
Fe Eat Tock Help

Q- CREE AP esS-LE-J3

1o generate
ates whether

location in the environmental matrix, representing an ab-
sence of that TRF in that consensus profile. The search
then continued with the second TRF in the master file,
and only ‘unused’ TRFs were searched in the consensus
profiles. This resulted in a ‘comparison” matrix, which
contained all consensus profiles compared with all oth-
ers, with each point containing either a zero in the ab-
sence of a TRF or the relative percentage fluorescence
when the TRF present was present in a particular con-
sensus profile (Fig. 2(b)). These profiles lend themselves
to Bray—Curtis or other ordination statistics. These same
profiles can be transformed to presence/absence ma-
trixes, which can be compared using a binary matching
statistic such as Jaccard’s Correlation.

3.3. Program implementation and web interface

The T-ALIGN program is written as a stand-alone
application. This program can be used in two ways,
both of which are available from the T-Align web
page at http://inismor.ucd.ie/~talign/. Intensive users
can download the application from this webpage and
compile and run it on their own machines. (The appli-
cation is written in Java to allow maximum portability
and ease of compilation.) It is expected, however, that
most users will make use of the web interface to the
program, also provided at the same T-Align web page.
At this page users can upload an Excel spreadsheet
that contains two columns; the first contains each
TRF size in base pairs from the tRFLP profile and
the second contains the corresponding TRFs peak
area fluorescence. A duplicate tRFLP profile of the
same sample should be in the two adjacent columns.

Q-9 HRE®B ., 8 o2-% 3
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‘T-Align

T-Align Output for your data

T-Align genarat [ Excel output files based on the vas uploaded The
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Fig. 3. Input and output screens of the T-Align web interface. (a) Data input screen. By clicking on the ‘browse’ button the user can select an Excel
spreadsheet file located on a local drive. The default setting of the confidence interval is 0.5 bp, but can be changed by the user. By clicking the
‘submit’ button the consensus and comparison data are computed. These can be accessed from the output screen (b) by clicking on the relevant

buttons.
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An example of the correct format of the Excel spread
sheet is provided on the web page. Duplicate tRFLP
profiles of additional samples should be placed below
the first sample and be separated by a single empty
row. After uploading of the Excel file containing the
tRFLP data to be compared, the user is presented
with a page containing four buttons (Fig. 3). When
these are selected they will provide an Excel file con-
taining, respectively, the input file uploaded by the
user, a derived consensus tRFLP profile containing
only the TRFs present in both duplicate samples
and their relative fluorescence intensity, an Excel file
showing whether a TRF is present or absent in the
individual samples as well as their relative fluorescence
as a percentage of total fluorescence in that particular
profile, and finally an Excel file showing simply
whether a TRF is present or absent in the individual
samples (without relative fluorescence). By default
the T-ALIGN program uses a confidence interval of
0.5 bp when comparing TRFs, so that TRFs within
0.5 bp of each other are considered identical. When
uploading their TRF and peak area fluorescence data,
however, users have the option of selecting a different
value for this confidence interval.

3.4. Example

In order to demonstrate the use of T-Align, bacte-
rial populations present along the east coast of Ireland
were compared. Water samples were collected from 11
sampling stations in the Irish and Celtic Seas 15 m
from the sea bed (Fig. 1). Following DNA extraction,
duplicate tRFLP profiles were generated from each
sample and were compared in T-Align to generate a
consensus profile for each of the 11 sampling stations
that only contains the TRFs that occur in both dupli-
cate profiles to eliminate spurious peaks. Individual
TRFs that are within 0.5 bp are represented as the
average size in bp; their peak area is given as a per-
centage of the total fluorescence (Fig. 2(a)). Subse-
quently, the consensus profiles generated for each of
the 11 stations were compared using T-Align to show
whether a particular TRF is present at a particular
sampling station. The first column of the resulting Ex-
cel file lists all TRFs that were unambiguously identi-
fied in the 11 sampling stations. The subsequent 11
columns give the average percentage fluorescence for
each of the TRFs. Absence of a TRF in a particular
station is indicated by ‘0’ fluorescence (Fig. 2(b)). The
resulting file readily reveals whether a TRF is present
or absent in any particular sample. For example, TRF
108.94 is only present in samples from station 2,
whereas TRF 117.38 is present in all stations. Finally,
the output from T-Align can easily be converted into
a binary form, which can be used as input in for
example a Jaccard similarity index (data not shown).

4. Conclusion

The main bottleneck in studies employing tRFLP
to analyze complex microbial communities is not the
generation of data, but the analysis of large data sets.
Although this can be done manually, it is a very time
consuming and error prone process. GeneMapper
(ABI, Beckman Coulter) in conjunction with an Excel
macro written by Rinehart [22] can be used to align
amplified fragment length polymorphism data and to
convert these into binary data sets. However, this soft-
ware is not suitable for tRFLP data as it aligns whole
numbers only. In addition, in contrast to the proprie-
tary ‘Genemapper’ software, the web-based T-Align is
freely available, and thus requires no investment on
behalf of the researcher. The use of T-Align makes
comparative studies of complex microbial communities
feasible, by combination of high-throughput capabili-
ties of automated fragment analysis systems and a fast
and a statistically robust algorithm that can be
adapted to all fragment analysis systems. The resulting
output files can readily be used in statistical analysis
such as Bray-Curtis ordination or be used to infer
phylogenetic information.
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