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We describe TRiFLe, a freely accessible computer program that generates theoretical terminal restriction
fragments (T-RFs) from any user-supplied sequence set tailored to a particular group of organisms, sequences from
clone libraries, or sequences from specific genes. The program allows a rapid identification of the most polymorphic
enzymes, creates a collection of T-RFs for the data set, and can potentially identify specific T-RFs in T-RF length
polymorphism (T-RFLP) patterns by comparing theoretical and experimental results. TRiIFLE was used for
analyzing T-RFLP data generated for the amoA4 and pmoA genes. The peaks identified in the T-RFLP patterns show
an overlap of ammonia- and methane-oxidizing bacteria in the metalimnion of a subtropical lake.

Terminal restriction fragment length polymorphism (T-RFLP)
is a widely used molecular technique for studying microbial
community composition and diversity in environmental (1, 3,
8) and clinical (2, 11) samples. For T-RFLP, PCR products
(amplicons) are obtained using primers labeled with a fluores-
cent dye. Amplicons are digested with restriction enzymes, and
the fragments generated are separated by high-resolution elec-
trophoresis (e.g., in a DNA sequencer). The resulting finger-
print of the microbial community is the set of the lengths of all
labeled terminal restriction fragments (T-RFs). T-RFLP
analysis has been successfully applied for different targets,
including 16S rRNA genes and genes of enzymes involved in
specific metabolic processes, such as nitrogen fixation, nitri-
fication, denitrification, or mercury resistance (7).

Specialized software can support the design and interpreta-
tion of T-RFLP experiments at two levels: (i) digestions of
reference sequences can be simulated in silico in order to find
appropriate enzymes for experimental analysis, and (ii) exper-
imental T-RFLP patterns can be associated to predicted T-RFs
from sets of reference sequences in order to identify possible
species in the sample. Programs available on the web, such as
MICA (microbial community analysis), TAP T-RFLP from the
Ribosomal Database Project, or TReFID (6, 9, 12), can be
used to perform in silico digestion of 16S rRNA genes. More
recently, a similar module was integrated in the phylogenetic
software program ARB (10). Although programs such as ARB
can handle user-defined sets of sequences from genes other
than 16S rRNA genes, this requires additional steps, such as
the integration and alignment of the sequences, before the
simulation can be performed. To our knowledge, none of the
programs available so far has been specifically designed to
simulate and create T-RF data sets using arbitrary sets of DNA
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sequences prepared from specific targets (e.g., genes involved
in any metabolic pathways) or from unpublished sequences.

An increasingly popular trend in T-RFLP analysis consists of
the identification of species in the samples by associating
T-RFs from experimental runs with predicted T-RFs from a set
of existing sequences. However, since related organisms com-
monly produce T-RFs of the same length, this association can
be ambiguous, requiring digestion with several enzymes to
increase the confidence on the assignment (5). Therefore, au-
tomation in the comparison of more-complex sets of data can
contribute to the analysis and interpretation of T-RFLP data.

In this work we present the software program TRiFLe,
which generates theoretical T-RFs from arbitrary sets of se-
quences by simulating PCR amplification and digestion with
restriction enzymes. The main advantage of TRiFLe is thus
that the simulation can be tailored to any desired groups of
organisms, sequences from clone libraries, or specific genes.
The results of the simulation can be used to design T-RFLP
experiments or to compare theoretical and experimental
T-RFs. The identification function included in TRiFLe al-
lows the comparison of experimental results from several
independent digestions with theoretical T-RFs from a data
set of sequences. The program was validated by analyzing
the diversity of ammonia- and methane-oxidizing bacterial
communities in the metalimnion of Lake Kinneret (Israel)
using PCR amplification, T-RFLP, and cloning of the genes
amoA and pmoA.

Description of TRiFLe. TriFLe is a computer program writ-
ten in Java and distributed as a Java Web Start application.
This technology allows users to download and run the software
by simply clicking on a link in a Web page and automatically
handles updates. TRiFLe is available free of charge from the
website at http://cegg.unige.ch/trifle/trifle.jnlp for the most
common operating systems (Windows, Linux, and Mac OS). Its
source code is distributed as open source software and includes
a tutorial with examples for the application (http://cegg.unige
.ch/trifle_docs).

Two different functionalities are implemented in the pro-
gram. In the simulation function, the aim is to predict T-RFs
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FIG. 1. Input interface of TRiFLe for simulating T-RFs (A) and graphical display of the results from the simulation (B). The different parts

of the displays are indicated.

from sequences, primers, and enzymes given by the user. In the
identification function, the program compares results from
T-RFLP experiments with a data set of T-RFs from a set of
reference sequences and computes a score to predict the
community composition of the sample.

The input for the simulation of T-RFs (Fig. 1) consists of the
following: (i) a FastA file containing the data set sequences, (ii)
the primer sequences (these are just typed in a text field;
TUPAC ambiguity codes can be used to specify degenerate
primers), (iii) the labeled primers (forward, reverse, or both),
and (iv) the set of restriction enzymes. The program constructs
a probabilistic model (weight matrix) from each primer and
searches the reference sequences for matches of each model.
The matrix is slid along the candidate sequence, and each
position is scored according to the matrix. The score is ex-
pressed as a probability. If the probability is above a certain
threshold, which can be set by the user (through a slider in the

dialogs), the position is considered a match. Nucleotide mis-
matches in the candidate sequence will lower the probability
score, so the threshold gives control over the number of al-
lowed mismatches.

Only sequences with matches of both primers (“amplicons”)
under the stringency conditions selected by the user are re-
tained and digested in silico with the specified enzymes. For
each digested amplicon, the program generates a graphical
representation of all the predicted T-RFs (Fig. 1B). The results
can also be displayed in other ways: as the set of all T-RFs
generated by a particular enzyme or as a table containing the
T-RFs from all the sequences in the data set. The results can
be saved and loaded again and can be exported in TAB-sepa-
rated format.

For the identification function, experimental profiles are
compared with theoretical T-RF profiles generated from a set
of sequences. The input data are as follows: (i) a FastA file



TABLE 1. Predicted and measured T-RFs of nifH sequences in five diazotrophic strains®

Length of T-RF (bp) with indicated restriction enzyme

Strain or species Predicted Measured
Haelll Mspl Alul Haelll Mspl Alul
Frankia alni 46 236 150 46 = 0.1 ND 149 £ 6.5
Rhizobium sp. strain NGR234 97 108 458 9203 102 = 0.3 450 £ 1.6
Mesorhizobium loti 242 236 458 ND 232 0.5 ND
Anabaena sp. strain PCC7120 458 206 46 436 = 0.1 202 £0.3 3909
Bradyrhizobium japonicum 242 164 186 238 = 0.4 161 = 0.3 184 = 0.9

“ The experimental T-RFs were obtained by restriction with three different restriction enzymes with only the forward primer labeled. The experimental results are
the average from five independent measurements. The standard deviation is indicated. ND, not determined.

containing the reference sequences, (ii) the primers, and (iii) a
set of files from analyzed data of a T-RFLP experiment (run
file), each containing experimentally measured T-RF lengths
obtained with one enzyme using one labeled primer. For the
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run file, the program accepts any TAB-delimited table format
and the user may define which of the columns correspond to
the experimental fragment length, allowing run files with dif-
ferent formats to be analyzed. Considering that experimental

uncultured gamma, DQ367737, (284, 85, 59, 79, 36)
uncultured methanotrophic prot, AY488068, (531, 85, 59, 79, 257)

phic prot, AY488071, (284, 85, 30, 79, 257)
Methylococcus capsulatus str. , NC_002977, (284, 85, 59, 79, 36)
LK_$16.4m_03, (247, 229, 30, 208, 400)
LK_$16.4m_28, (247, 229, 30, 208, 400)
LK_S16.4m_22, (284, 82, 167, 79, 400)

phic prot, AY488070, (284, 348, 30, 79, 400)

phic prot, AY488062, (284, 323, 30, 79, 257)
uncultured methanotrophic prot, AY488077, (531, 148, 59, 79, 257)
uncultured methanotrophic prot, AY488075, (284, 148, 59, 79, 257)
uncultured methanotrophic prot, AY488076, (284, 85, 59, 79 36)
uncultured methanotrophic prot, AY488073, (284, 85, 59, 79, 257)
uncultured bacterium, DQ067069, (284, 85, 59, 79, 257)
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uncultured methanotrophlc alph, AY355397 (393, 45, 30, 244, 439)
LK_$16.4m_32, (393, 45, 30, 244, 439)

uncuftured alpha, DQ367739, (531, 45, 30, 244, 439)

phic alph, AY355394, (393, 45, 30, 244, 277)
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58048, (110, 73, 35, 70, 83)

gamma DQ367738, (284, 199, 30, 58, 257)

bacterium, DQ008357, (284, 406 30, 80, 464)
LK_S$16.4m_33, (531, 45, 59, 46, 464)
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b, AY177930, (543, 45, 209, 46, 464)
Nitrosospira sp. NpAV, AFO16003 (543, 45, 209, 46, 464)
uncultured bacterium, AF390134, (531, 45, 68 33, 464)

uncultured bacterium, AF390135, (531, 45, 30, 46, 464)
Nitrosospira mullilDrmis, AY 177933, (591, 45, 68, 33, 464)
Nitrosospira multiformis, AF042171, (591, 45, 68, 114, 464)
uncultured ammonla-omdlz!ngb AY177925 (591, 45, 68, 46, 464)

b, AY177928, (215, 45, 290, 46, 464)
Nitrosomonas sp. URW, AF339040, (406, 45, 209, 46, 531)
Nitrosomonas sp. NO3W, AF339039, (4086, 45, 209, 46, 531)
Nitrosomonas sp. C-45, AF339041, (408, 45, 209, 46, 531)
Nitrosomonas sp. C-113a, AF339042, (406, 45, 30, 46, 229)
Nitrosomonas sp. TA-921i-NH4, AF339043, (406, 45, 30, 46, 229)
Nitrosomonas sp. AL212, AF327918, (408, 45, 209, 445, 531)
Nitrosomonas sp. JL21, AF327919, (408, 45, 68, 416, 229)
Nitrosococcus mobilis, AF037108, (531, 45, 30, 46, 400)
Nitrosomonas europaea, L08050, (531, 45, 30, 46, 400)
uncultured bacterium, AF390129, (298, 45, 30, 46, 400)

ha, AY177932, (531, 45,30, 241, 400)
sp. GH22, AF327917, (531, 48, 30, 241, 400

)
sp. TK794 987..1817 AB031869, (531, 45, 30, 241, 400)
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FIG. 2. Validation of the identification function of TRiFLe using experimental results from a T-RFLP experiment using a water sample at the metalimnetic
layer of Lake Kinneret (Israel). (A) Electropherograms of the T-RFLP analysis of pmoA and amoA PCR products digested with HaelIl, Mspl, Mbol, Alul, and
Tagl. T-RFs from a control set of clones that were identified by the program are shown in blue and green (colors indicate different phylogenetic groups). “N.I.”
indicates undigested peaks that were omitted for the calculation of the distance. (B) Phylogenetic tree of the reference data set of sequences used for the
identification, including 13 clones from a library prepared from the environmental sample (bold). The simulated T-RF lengths calculated with TRiFLe for each
of the enzymes are given in parentheses. The phylogenetic analysis was carried out using ARB (http://magnum.mpi-bremen.de/molecol/arb/); bootstraps values
are indicated by black (100%) or gray (90 to 99%). The top 20 sequences identified by the program (see Table 2) are shown in color. Sequences in blue and
green correspond to clones from the control set. Sequences in red correspond to reference sequences among the top 20. b, bacterium; prot, proteobacterium;
alph or alpha, alphaproteobacterium; gamm or gamma, gammaproteobacterium; str., strain.



TABLE 2. Differences between observed amoA and pmoA T-RF sizes and those predicted using the identification function of TRiFLe”

Length or distance (bp) with indicated restriction enzyme

GenBank o
Bacterium sequence Alul Haelll Mbol Mspl Taql
accession no. (bp)
ST-RF ET-RF D ST-RF ET-RF D ST-RF ET-RF D ST-RF ET-RF D ST-RF ET-RF D
Nitrosospira sp. strain AF016003 543 39517 N 45 4370 1 209 209.02 0 46 4412 2 464 469.80 N 1.0
NpAV
Uncultured AY488068 531 39517 N 85 81.68 3 59 5734 2 79 7794 1 257 25729 0 15
methanotrophic prot.
Uncultured AY488073 284 28589 2 85 81.68 3 59 5734 2 79 7794 1 257 25729 0 1.6
methanotrophic prot.
Uncultured bacterium ~ DQO067069 284 28589 2 85 81.68 3 59 5734 2 79 7794 1 257 25729 0 1.6
LK_S16.4m_33 531 39517 N 45 43.70 1 59 5734 2 46 4412 2 464 46980 N 1.7
LK_S16.4m_02 531 39517 N 45 4370 1 59 5734 2 46 4412 2 464 469.80 N 1.7
LK_S16.4m_17 531 39517 N 45 43.70 1 59 5734 2 46 4412 2 464 46980 N 1.7
LK_S16.4m_12 531 39517 N 45 4370 1 59 5734 2 46 4412 2 464 469.80 N 1.7
LK_S16.4m_14 531 39517 N 45 43.70 1 59 5734 2 46 4412 2 464 46980 N 1.7
LK_S16.4m_25 531 39517 N 45 4370 1 59 5734 2 46 4412 2 464 469.80 N 1.7
LK_S16.4m_27 531 39517 N 45 43.70 1 59 5734 2 46 4412 2 464 46980 N 1.7
LK_S16.4m_09 531 39517 N 45 4370 1 59 5734 2 46 4412 2 464 469.80 N 1.7
LK_S16.4m_07 531 39517 N 45 43.70 1 59 5734 2 46 4412 2 464 46980 N 1.7
Uncultured bacterium ~ DQO008417 531 39517 N 45 4370 1 59 5734 2 46 4412 2 464 469.80 N 1.7
Uncultured ammonia-  AY177931 543 39517 N 45 4370 1 59 5734 2 46 4412 2 464 46980 N 1.7
oxidizing b
Uncultured AY488074 284 28589 2 &5 81.68 3 59 5734 2 79 7794 1 531 469.80 N 2.0
methanotrophic prot.
LK_S16.4m_22 284 28589 2 82 81.68 0 167 17024 3 79 7794 1 400 40524 5 2.2
Uncultured AY488061 94 9953 6 82 81.68 0 59 5734 2 79 7794 1 531 469.80 N 23
methanotrophic prot.
Methylococcus capsulatus NC_002977 284 28589 2 85 81.68 3 59 5734 2 79 7794 1 36 4215 6 2.8
strain
Uncultured gamma DQ367737 284 28589 2 85 81.68 3 59 5734 2 79 7794 1 36 4215 6 28

“ Results show the distance obtained for a data set of amoA and pmoA sequences compared with experimental T-RFLP data for a water sample at the metalimnetic
layer of Lake Kinneret (Israel). Only the top 20 sequences are analyzed. Results for sequences of clones from a clone library prepared with the DNA of the sample
used for the experimental T-RFLP are shown in bold (control set). S T-RF, simulated T-RF (length determined by TRiFLe); E T-RF, experimental T-RF used for
comparison; D, distance between S T-RF and E T-RF lengths; O, overall distance considering all the enzymes simultaneously; N, undigested T-RF, omitted per the
calculation of the distance; for bacterium abbreviations, see the legend for Fig. 2B.

lengths reported by a sequencer are known to be subject to
errors (5, 7), the user can correct the experimental values using
the correction formula of Kaplan and Kitts (5). Although this
experimental correction was calculated for T-RFLP analysis
using an ABI 310 genetic analyzer, it is so far the only exper-
imental correction existing, and simulations with our data sets
have shown good results when T-RFLP data from other sys-
tems have been corrected (data not shown).

For the identification of the T-RFs in the experimental sam-
ples, the program displays those T-RFs that were compared (sim-
ulated and experimental), as well as the distance (expressed in
nucleotides). Additionally, considering that the experimental
lengths of amplicons that do not contain an enzyme cut (unre-
stricted amplicons) are usually more biased (5), TRiFLe includes
an option for setting a range of the fragments to be included in
the calculation of the distance. Since different species may pro-
duce the same T-RF length with a particular enzyme and it is not
possible to accurately quantify the contribution of each of them to
the peak, a particular peak can be used in more than one iden-
tification. Therefore, having a larger set of enzymes can be ex-
pected to yield better identifications, since the overall distance is
calculated from the combination of all the enzymes used.

Experimental validation of TRiFLe using known bacterial
DNA. To test the program, results given by TRiFLe were com-
pared with experimental results from T-RFLP of the nitrogenase
iron protein gene (nifH) from the diazotrophic bacterial strains

Anabaena sp. strain PCC7210, Frankia sp., Bradyrhizobium ja-
ponicum USDAL110, Rhizobium sp. strain NGR234, and Mesorhi-
zobium loti MAFF303099. The nifH gene was amplified using the
primers nifHF and nifHR (13) from genomic DNA. For the
amplification, the primer nifHF was labeled with 5-carboxyfluo-
rescein. The amplicons were digested overnight at 37°C with 5 U
of the restriction enzymes Haelll and Mspl (New England Bio-
labs) and afterwards separated on an ABI 3100 automatic se-
quencer. The predicted and observed T-RFs differed generally by
1% of the size of the fragment (Table 1). However, this difference
was greater for fragments smaller than 50 bp or larger than 450
bp. The deviation between the predicted and observed T-RFs was
in agreement with previous experimental determinations for 16S
rRNA genes and mrcA (7).

Experimental validation using unknown microbial commu-
nities. TRiFLe’s identification function was assayed using data
generated from an environmental sample. A fragment of the
genes coding for the alpha subunit of the particulate meth-
ane monooxygenase (pmoA) and ammonia monooxygenase
(amoA) was amplified with the primer combination A189
and A682 (4) from DNA extracted from a water sample at
the metalimnetic layer of Lake Kinneret (Israel), collected
at station A (maximum depth, 42 m), which represents the
pelagic area of the lake. The sample was filtered on 0.2-pm-
pore-size filters (Supor-200; PALL Life Sciences) and stored
at —18°C until DNA was extracted using the UltraClean soil



DNA kit (MoBio), following the manufacturer’s guidelines.
For T-RFLP, the primer A189 was labeled with 5-carboxy-
fluorescein. Three independent PCRs were pooled, gel pu-
rified, quantified, and digested overnight at 37 or 65°C with
5 U of Haelll, Mspl, Mbol, Alul, and Taql (New England
Biolabs). Digest fragments were separated on an ABI 3100
automated sequencer. Fragment sizes were estimated by
comparison with the ROX-500 standard (Applied Biosys-
tems). The runs were analyzed using the GeneScan 3.1 soft-
ware program (Applied Biosystems), and the resulting T-RF
sets (Fig. 2A) were used for identification with TRiFLe.
Thirteen sequences from a clone library from the same en-
vironmental sample were included in the reference set to serve
as a control set. The references also included pmoA and amoA
sequences from cultured and uncultured methane- and ammo-
nia-oxidizing bacteria reported in GenBank (Fig. 2B). The
expected result was for TRiFLe to report the control set at or
near the top of the identification list. As expected, TRiFLe
reported most clones (10 out of 13) within the top 20 identified
species (Table 2, bold entries). The T-RFs from those clones
corresponded to the two most prominent peaks in the electro-
pherograms (Fig. 2A). Several uncultured methanotrophic
bacteria, Methylocystis sp. strain SC2, Nitrosospira sp. strain
39-19, and an uncultured ammonia-oxidizing bacterium were
obtained in the top-20 list (Table 2). Those sequences were
phylogenetically related to the clones in the control set (Fig.
2B). These results suggest that ammonia- and methane-oxidiz-
ing bacteria are colocalized in the layer of the metalimnion.
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