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Chapter 51

Primers4clades, A Web Server to
Design Lineage-Specific PCR Primers
for Gene-Targeted Metagenomics

Bernardo Sachman-Ruiz, Bruno Contreras-Moreira, Enrique
Zozaya, Cristina Martı́nez-Garza, and Pablo Vinuesa

51.1 INTRODUCTION

This chapter presents a practical overview and case
study of the usage and capabilities of the primers4clades
version 1.0 web server [Contreras-Moreira et al., 2009],
a software tool useful to design degenerate PCR primers
for gene-targeted analysis of metagenomic DNA (see
also Chapter 28, Vol. I) and multilocus sequence analysis.
Although direct shotgun sequencing of community DNA
is now feasible [Venter et al., 2004], polymerase chain
reaction (PCR) remains the most widely used technology
to gain molecular markers for studies in molecular
ecology and systematics. With the ongoing accumulation
of fully sequenced genomes in public sequence databases,
the focus of microbial ecology studies is increasingly
shifting to the analysis of protein coding genes and
sequences (CDSs) to understand ecological, metabolic,
and evolutionary processes in nature [Falkowski et al.,
2008; Frias-Lopez et al., 2008; Hunt et al., 2008].
This trend is reflected in the huge interest of studying
the diversity and expression patterns of “functional
genes” in the environment, such as those encoding for
antibiotic resistance and virulence [Castiglioni et al.,
2008; Manning et al., 2008], photosynthesis [Yutin and
Beja, 2005], or enzymes involved in the nitrogen cycle
[Smith et al., 2007; Zehr et al., 2003], to mention a
few. Furthermore, multilocus sequence analysis (MLSA)
and typing (MLST) of protein-coding genes are the
new standards in molecular systematics [Edwards, 2009;
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Gevers et al., 2005; Vinuesa, 2010] and molecular epi-
demiology [Maiden, 2006; Smith et al., 2009]. However,
it still remains a major challenge to design optimal PCR
primers to specifically amplify CDSs from target lineages
directly from environmental DNA samples or from
novel organisms. Primers4clades is a publicly available
web server that uses phylogenetic trees to aid in the
design of lineage-specific degenerate PCR primers for the
above-mentioned purposes, which takes into account both
protein and the corresponding codon multiple sequence
alignments [Contreras-Moreira et al., 2009].

The major advantages of using a lineage-specific
gene-targeted approach to metagenomics lie in the high
sampling coverage and long sequence reads that can be
achieved by sequencing a relatively low number of clones
using classic Sanger sequencing technology. Furthermore,
amplification biases derived from sequence composition
heterogeneity [Polz and Cavanaugh, 1998] are reduced
due to the relatively homogeneous composition of the
sequences targeted with lineage-specific PCR primers.
Their lower degeneracy also contributes to a reduction in
amplification biases.

Here we present an empirical validation study
that demonstrates the highly specific amplification of
Mycobacterium spp. rpoB sequences from complex
metagenomic DNA samples gained from two tropical
Mexican forest soils: (i) the humid evergreen forest
reserve of Los Tuxtlas, Veracruz, and (ii) a conserved
patch of seasonally dry deciduous forest in the Biosphere
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Reserve of Sierra de Huautla, Morelos. Rarefaction curves
for a random subsample of 50 clones of each library are
compared with rarefaction curves for a 16S rRNA-based
library of 98 clones obtained from Amazonian pasture
and forest soils using universal primers [Borneman
and Triplett, 1997], which illustrates the usefulness of
the lineage-specific metagenomics analysis approach to
improve sampling coverage and statistical power.

Q1

51.2 METHODS

51.2.1 Implementation, Input Data
Processing, and Overview of the
Two Run Modes Using the Server’s
Actinobacteriales Demonstration
Dataset
Primers4clades (primers for clades) is an easy-to-use
web server developed for researchers interested in the
design of PCR primers for cross-species amplification
of novel sequences from metagenomic DNA or from
uncharacterized organisms belonging to user-specified
phylogenetic clades or taxa. Degenerate PCR primers
are derived from conserved motifs in protein multiple
sequence alignments using the CODEHOP primer design
strategy described below, but considering also the
underlying codon alignments to obtain what we call
“corrected CODEHOP” primer formulations. This is one
of the diverse components of the extended CODEHOP
algorithm that the server implements [Contreras-Moreira
et al., 2009].

Primers4clades was mainly written in Perl and uses
several BioPerl modules [Stajich et al., 2002] along with
the open source software cited below to perform the dif-
ferent computations involved in the extended CODEHOP
algorithm. The input for the server is a set of homolo-
gous protein-coding genes in FASTA format and in frame
+1, which may be aligned or not, with or without introns
(Fig. 51.1).

We will demonstrate the usage of the software by
choosing the server’s Actinobacteriales dataset, one of the
three provided as tutorial material, which can be selected
by clicking on the “demo” button. Although no registra-
tion is required, we recommend that the user provide his
email address, which will allow access for one week to
the analyses stored on the server and also avoids potential
loss of results due to eventual browser timeout events due
to often long computation times (see FAQ section in the
online tutorial for the details). Note that the taxon names
(Latin binomials) should be placed within brackets, which
is how the header from FASTA-formatted sequences are
downloaded from GenBank, as shown in Figure 51.1.

This is required for the server to parse the taxon
names in order to select the corresponding codon usage

tables, as explained below. The server excises introns if
their coordinates are indicated in the FASTA header (see
the server’s documentation and the fungal alpha-tubulins
demo dataset), collapses redundant sequences to haplo-
types, translates the CDSs with user-selected translation
tables, and aligns them using Muscle [Edgar, 2004]. The
alignment step is skipped, if the server detects that the
uploaded DNA sequences are aligned. The protein align-
ment is projected on the underlying DNA sequences to
compute the corresponding codon alignment, along with
maximum likelihood (ML) distance matrices from the pro-
tein (WAG+G) or the codon (HKY85+G) alignments,
using Tree-Puzzle [Schmidt et al., 2002]. If the server is
run in the “advanced” and interactive “cluster sequences”
mode, the above-mentioned distance matrices are used to
compute and display a neighbor-joining (NJ) tree with
“neighbor” from the PHYLIP package [Felsenstein, 2004],
based either on the protein or codon alignments. The
user can then select a clade from the displayed NJ tree
to target the primer design toward its sequence members
(Fig. 51.2). Note that the first sequence in the alignment
will be used to root the tree. In the default, noninteractive
“get primers” run mode, all the uploaded sequences will
be considered to compute the primer formulations.

51.2.2 The Standard and Extended
CODEHOP Primer Design Strategies
Primers4clades implements an extended and fully
automated CODEHOP (Consensus Degenerate Hybrid
Oligonucleotide Primer) design strategy, which is based
on both DNA and protein multiple sequence alignments
of protein-coding sequences [Contreras-Moreira et al.,
2009]. The standard CODEHOP design strategy was first
published by Rose et al. [1998, 2003]. It represents a
novel PCR primer design method devised to amplify
distantly related members of viral protein families. The
primers are derived from conserved amino acid BLOCKS
within a protein multiple sequence alignment that don’t
contain gaps. Each hybrid primer consists of (a) a short
(11–12 nucleotides long) 3′ degenerate core region that
binds to the codons encoding 3–4 highly conserved
amino acids and (b) a longer 5′ consensus clamp region
that contains the most abundant codon for each amino
acid as predicted on the basis of a user-selected codon
usage table (CUT). The basic structure of a CODEHOP
can be seen from the link # 1 provided in the Internet
Resources section. Amplification initiates by annealing
and extension of primers in the pool with the highest
similarity in the 3′ core region, which confers the
specificity of the amplification, and their stabilization by
the consensus clamp, which only partially matches the
target template. Because all primers are identical at their
5′ consensus clamp region, they will all anneal at high
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Figure 51.1 Data input and analysis customizations
page of the primers4clades server. Three demo
datasets are provided for rapid testing of the server’s
interface and capabilities. The tutorial presented in this
chapter will focus on the actinobacterial dataset and
the advanced, interactive “cluster sequences” run
mode. The selected “cluster distance metric” option
indicates to the server that the reference NJ tree should
be computed from the protein sequence alignment
generated from the uploaded coding sequences using
NCBI’s translation table number 11. The user can also
change the preferred size range for the amplicons, Tm

of the consensus clamp, and whether the phylogenetic
information content of the resulting amplicon sets
should be evaluated at the DNA or protein levels
under a variety of substitution models.

(A)

(B)

Figure 51.2 Reference NJ tree displayed on the
first output page generated by primers4clades run in
the interactive “cluster sequences” mode using the
actinobacterial demonstration dataset. (A) Labeled NJ
tree computed from the protein alignment of the input
dataset. (B) Cluster selection panel based on the labels
displayed on the NJ tree. Hitting the re-cluster button
parses the alignment to use only the selected
sequences. Hitting the get primers button starts the
primer design and evaluation steps.
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stringency during subsequent rounds of amplification.
This increases the efficiency of the PCR amplification,
making it in principle more efficient than PCR with
standard consensus or degenerate oligonucleotides and
allowing the amplification of divergent sequences of
protein families. If no oligonucleotide formulations are
returned by the server, or these are very long, it may be
necessary to decrease the Tm of the consensus clamp (set
to 55◦C), as explained below. Primers4clades automati-
cally uses the CUTs for all species identified in the input
dataset for which a CUT is available at the Codon Usage
Database [Nakamura et al., 2000]. It also computes an
alignment-specific CUT on the fly. Taking into account
several nonredundant CUTs notably increases the amount
and quality of the primers found for a given dataset,
as shown by our genome-scale benchmark analysis
results reported in the original primers4clades publication
[Contreras-Moreira et al., 2009]. This represents a notable
performance improvement of our extended CODEHOP
algorithm with respect to that implemented in the original
CODEHOP and recent iCODEHOP servers (links #2 and
#3 of Internet Resources).

51.2.3 Customization of the
Primers4clades Server Behavior
As mentioned above, the server can be run either in
the basic “get primers” or in the advanced “cluster
sequences” modes. However, further customization of
the server’s behavior may be required for optimal primer
design in either mode. For demonstration purposes, we
will use the advanced and interactive “cluster sequences”
run mode. Clicking on the “customize settings” button
opens a window with self-explanatory options (Fig. 51.1).
First of all, the input DNA protein-coding sequence can
be translated by any of the current NCBI translation
tables, with the “bacterial plastid” translation table 11
being the correct choice for our actinobacterial demon-
stration data. Next, the user can select whether to work
at the DNA or protein levels to estimate a first reference
NJ tree using the “cluster metric” option. As shown
in Figure 51.1, we selected the default protein choice.
Next, the user can choose a desired size range for the
amplicons, as well as the Tm for the consensus clamp.
Lastly, we choose the HKY85 + G DNA substitution
model for the evaluation of the phylogenetic information
content of the different amplicon sets, as explained
below. Please read the servers FAQ section of the online
documentation if you need some background information
on selecting DNA substitution models.

A unique feature of the primers4clades server is its
ability to compute a robust phylogenetic information con-
tent parameter for each theoretical amplicon set, which
is based on a recently developed Shimodaira–Hasegawa

(SH)-like test for the significance of branches in a
maximum likelihood tree, originally implemented in
PhyML v2.4.5 [Anisimova and Gascuel, 2006]. In
brief, the test assesses whether the branch being studied
provides a significant likelihood gain, in comparison
with the null hypothesis that involves collapsing that
branch, but leaving the rest of the tree topology identical.
The resulting SH-like branch support values therefore
indicate the probability that the corresponding split is
significant. The phylogenetic information content of
each amplicon set is calculated as the mean and median
SH-like branch support values for the corresponding
maximum likelihood tree inferred under the user-specified
substitution model or matrix. As a rule of thumb, the
phylogenetic information content of the targeted sequence
region increases as branch support values approach to 1.
This strategy of calculating the phylogenetic information
content of different sequence alignments was recently
developed by Vinuesa et al. [2008].

Once all customization choices have been properly
set, we are ready to hit the submit button to let the server
start its work. After a few seconds, we get a new page dis-
playing the NJ phylogeny (see Fig. 51.2A) based on the
translation products of the actinobacterial rpoB sequences
with some summary information of the alignment and dis-
tance matrix written on top of it (not shown). Notice
that the two Corynebacterium sequences form an out-
group clade to the target Mycobacterium spp. ingroup
clade on which we will now instruct the server to focus the
search for PCR primers. To do so, we provide the cluster
boundary identification numbers of the target clade in the
corresponding box, as shown in Figure 51.2B. This can
be simply done by copying and pasting the numbers from
the displayed tree that demarcate the target clade, sepa-
rating them with a coma without spaces. In our example,
this is 002_0,013_0. After hitting the re-cluster button a
new page will be presented, displaying the same tree but
only with the target sequences selected. We could still at
this point exclude further sequences or define a different
subcluster for primer design, but in our example we are
now ready to hit the “get-primers button.”

51.2.4 Results Returned to the
User by the Primers4clades Server
A very useful feature of primers4clades is that it returns
a nonredundant set of primer pair formulations, ranked
according to their thermodynamic properties (the theoret-
ically best primers are displayed first). The server checks
that the resulting amplicon sets for the primer pairs do not
overlap more than 80%, ensuring a high coverage of the
target locus, but filtering excessive redundancy, as shown
on the amplicon distribution maps generated by the server
after some seconds or minutes (Fig. 51.3), depending on
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Figure 51.3 Amplicon distribution map for the actinobacterial demonstration dataset generated using the parameters shown in Figure 51.1 for
the selected strains as shown in Fig. 51.2. The positions of the different amplicons are mapped on the first sequence of the input alignment at
the protein level. A quality value is assigned to each amplicon, with 100% being best. This value is computed based on thermodynamic
properties of the primer pair (see text for the details). The amplicon distribution map and all primer pair formulations along with their
thermodynamic properties can be downloaded from the server.

the size of the alignment and number of primer pairs
found. During the process of primer pair calculation, the
server displays information about the redundancy among
the codon usage tables (CUTs) for each taxon and the
number of primer pairs found for each nonredundant CUT
(see the section on “Technical Information” of the server’s
online documentation page for a detailed explanation of
how it computes the nonredundant CUTs).

The amplicon distribution map can be downloaded
from the server as well as a TAB-delimited text file con-
taining all the primer pair formulations, amplicon size, and
a comprehensive set of their thermodynamic properties
such as degeneracy, Tm , hairpin-formation potential, and
cross-hybridization potential computed with subroutines
borrowed from the Amplicon software [Jarman, 2004].
The quality % value shown on top of each bar represent-
ing an amplicon indicates how “good” the corresponding
primer pairs are, based on the above-mentioned thermo-
dynamic properties. A 100% score indicates that none of
the property values is worse than a predetermined cutoff
value for each parameter that we have empirically chosen
based on the evaluation of dozens of well-working primer
pairs. Note also that the bars representing amplicons are
color-coded according to their corresponding primer pair
quality scores.

In addition to the standard CODEHOP, the
primers4clades server computes three additional primer
formulations: the corrected CODEHOP, relaxed corrected
CODEHOP, and fully degenerate oligonucleotides.

The former two are based on the original CODEHOP
formulation, but adjusting the degeneracy of the latter
by taking into account the sequences of the underlying
codon alignment, as shown in Figure 51.4. The relaxed
corrected CODEHOP extends the 3′ core region of the
corrected CODEHOP toward the 5′ end until it reaches
a degeneracy level of 24. If the corrected CODEHOP
already has a degeneracy equal or greater than 24, then
the latter two formulations will be identical. The fully
degenerated oligonucleotide formulation is computed
to reflect the full nucleotide sequence variation of the
targeted binding site. Table 1 of the server’s online
documentation page summarizes the recommended uses
of the four oligonucleotide formulations computed by
the server. We recommend the use of the corrected
CODEHOP formulation for most purposes.

After displaying the amplicon distribution map,
the server enters the second computing intensive phase.
Maximum likelihood phylogenies (in our case study using
the HKY85+G model) will be estimated from each of
the theoretical amplicon sets displayed on the amplicon
distribution map. It is from these phylogenies that the
phylogenetic information content of the amplicons is
calculated based on Shimodaira–Hasegawa-like branch
support values [Anisimova and Gascuel, 2006; Guindon
et al., 2009], as we have described recently [Vinuesa,
2010; Vinuesa et al., 2008]. The best scoring amplicons
(based on the quality parameter explained above) are
evaluated first.
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Figure 51.4 Example primer formulation output panel (only the reverse formulation of the first primer pair returned by the server is shown)
for the actinobacterial example dataset. The server returns the standard CODEHOP (bold) and three codon-based primer formulations, aligned
with the underlying codons. An ‘!’ sign denotes positions corrected by the system based on the codon alignment. Also shown are the summary
outputs for key primer pair and corresponding amplicon characteristics, as well as the associated phylogenetic information content of the
theoretical amplicon sets (see the text for the details).

After the server is done with the ML search for the
first amplicon set, the corresponding primer pairs are
shown on screen, aligned with the underlying codons
(Fig. 51.4). A header line indicates the codon usage
table used to calculate the corresponding primer pair,
in this case a data-specific one computed from the
input alignment (not shown on Fig. 51.4). The first line
after the header shows the sequence of the CODEHOP
formulation, as calculated by the original CODEHOP
program, showing also the coordinates of the forward
(fw) and reverse (rev) oligos on the original (full) protein
alignment. The lowercase letters on the 3′ end of the oligo
correspond to the degenerated portion of the CODEHOP,
while the uppercase residues toward the 5′ end correspond
to the consensus clamp. The lines below the CODEHOP
formulation are the corresponding target sites at the DNA
level. This codon alignment is used to calculate the
corrected CODEHOP formulation. The ′!′ and ′?′ char-
acters just above the corrected CODEHOP formulation
line indicate the discrepancies between the CODEHOP
formulation and the codon alignment that are considered
to formulate the corrected CODEHOP sequence, the ′!′
indicating nondegenerate sites, and the ′?′ highlighting

degenerate sites (Fig. 51.4). The ′.′ symbol indicates
matches between the original CODEHOP formulation and
the codon alignment. The relaxed corrected CODEHOP
formulation and the fully degenerated oligonucleotide
formulations are also displayed (Fig. 51.4).

A primer pair quality summary report is displayed
on screen after each primer pair, based on computations
performed on the corrected CODEHOP formulations. The
first line provides a summary score of the “primer qual-
ity” in thermodynamic terms for each primer pair (range
100% to 0%, best to worst). The next three lines indicate
the expected amplicon length in bps and the computed Tm

ranges for the fw- and rev-corrected codehop formulations
(Fig. 51.4). If the quality score is <100%, this means that
at least one oligo has a thermodynamic parameter value
worse than the cutoff values used by the server (these
values are presented in Table 2 of the server’s online doc-
umentation page).

Lastly, we get a summary of the phylogenetic eval-
uation of the corresponding amplicon (Fig. 51.4), which
indicates the substitution matrix/model used for the evalu-
ation, and the value of the corresponding shape parameter
(alpha). The next line is very useful for users interested in

contrera
Nota adhesiva
no debería ser 'A' en vez de 'An'?

contrera
Nota adhesiva
Igual queda mejor:"Example primer formulation (only the reverse primer of the first pair returned by the server is shown)"
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using the new molecular markers for phylogenetics, since
it provides the mean and median Shimodaira–Hasegawa-
like bipartition support values computed by the PhyML
maximum likelihood algorithm. The closer to 1, the higher
the resolution level of the tree inferred from the theoreti-
cal amplicon set and therefore the higher its phylogenetic
information content. A FASTA-formatted file containing
the aligned amplicon sets can be downloaded (in this case
at the protein level). The ML trees for each amplicon can
be either directly visualized or downloaded.

51.2.5 Purification of Soil DNA,
rpoB Amplification, Clone Library
Construction, and Analysis
Ten soil samples of approximately 100 g were randomly
sampled within a 10-m × 10-m area in both the tropical
humid forest Reserve of Los Tuxtlas, Estación Biológica
de la UNAM, Veracruz, Mexico (18◦34′23.24′′N,
95◦9′40.10′′O), and a conserved patch of seasonally
dry deciduous tropical forest near “El Limón” in the
Biosphere Reserve of Sierra de Huautla, Morelos,
Mexico (18◦32′33.20′′N, 98◦56′11.19′′O). The 10 soil
samples were from each site were pooled, mixed, and
sieved (2 mm) to obtain two composite samples. A 2-g
aliquot from each of the composite samples was used
for DNA extraction using the MoBio PowerMax Soil
DNA Extraction Kit. DNA integrity was checked on an
agarose gel, and the lack of strong PCR inhibitors was
confirmed by amplification of 16S rRNA genes using the
universal fD1 and rD1 primers [Weisburg et al., 1991].
The rpoB amplicons were generated using a hot-start
protocol and Taq-platinum (Invitrogen), with annealing
at 60◦C, and cloned using the PCR Topo cloning system
2.1 (Invitrogen). Plasmids were purified using a 96-well
plate format and commercially sequenced at LANGEBIO,
Mexico, using the Sanger method at 2 × coverage with
the M13f and M13rev primers that bind at vector posi-
tions flanking its cloning site. The two sequence reads for
each plasmid were automatically assembled and validated
by using a custom Perl script that runs Phred/Phrap

[Ewing and Green, 1998; Ewing et al., 1998] followed
by a BlastX [Altschul et al., 1997] search of each contig
against a locally formatted rpoB sequence database of
Actinobacteria assembled from fully sequenced genomes
of these bacteria. Only sequences aligning globally with
entries from the database were further processed by
subjecting them to a sequence-to-profile alignment using
Clustalw 2.1 [Larkin et al., 2007]. The reference profile
consists of a codon alignment of 25 nonredundant rpoB
sequences of reference Mycobacterium strains, trimmed
to the segment corresponding to the expected amplicon.
The resulting multiple sequence alignment was further
corrected manually.

Phylogenetic analyses were performed with PhyML
v. 3.0 [Guindon et al., 2009], as previously described
[Vinuesa, 2010; Vinuesa et al., 2008]. All community
ecology analyses of the environmental rpoB -amplicon
libraries were performed with Mothur version 1.7
[Schloss et al., 2009].

51.3 RESULTS

51.3.1 Design and Evaluation of
the Specificity of Mycobacterium
spp. PCR Primers Targeting the RNA
Polymerase Beta Subunit (rpoB)
Gene Using Soil Metagenomic DNA
Using the primers4clades server and selected reference
sequences (a few more than those provided at the server’s
actinobacterial demonstration sequence set), we designed
the primer pair shown in Table 51.1. These primers were
used to generate PCR amplicons from metagenomic DNA
purified from the two contrasting tropical forest soils in
Mexico (humid evergreen forest at Los Tuxtlas, Veracruz;
deciduous seasonally dry forest from Sierra de Huautla,
Morelos), as described in Materials and Methods.

Specific amplification products could be obtained
for both soils, as shown in Figure 10 of the server’s
online documentation page. We sequenced 50 clones
from each of the two amplicon libraries to evaluate

Table 51.1 Basic Thermodynamic Parameters and Sequence Formulation of the Corrected Codehop Primers Used in
This Study to Amplify Mycobacterium-Specific Sequences from Two Contrasting Soil Samples

Name La Sequence Tm Corrected Degeneracyb Full Degeneracyc h_potd c_pote

rpoB2_N326 26 GAGAACCTGTTCTTCaaggagaagcg 63.3 0 0 0.52 0.50
rpoB2_C757 25 CGTCCTCGTAGTTGtgrccytccca 66.6 4 4 0.00 0.50

a Oligonucleotide length.
bDegeneracy of the corrected codehop oligonucleotide (see technical details in the server’s tutorial page).
cFull degeneracy of the target alignment site (see technical details in the server’s tutorial page).
d Hairpin formation potential.
eCross-hybridization potential.
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Figure 51.5 Maximum likelihood phylogeny under the GTR+G+I substitution model for 32 reference sequences [Corynebacterium (7),
Mycobacterium (17), Nocardia (1), Rhodococcus (3), Saccharopolyspora (1), Salinispora (2), and Tsukamurella (1)] and 100 soil clones (50
from the Reserve of Los Tuxtlas, labeled as TUX; 50 from the Sierra de Huautla Reserve, labeled as REB). For the sake of clarity, the
non-Mycobacterium sequence clades are collapsed. Eighty-nine percent of the soil clones clustered within the Mycobacterium spp. clade,
demonstrating the high selectivity of the rpoB primers shown in Table 51.1 to target this group of organisms in complex metagenomic DNA
samples.

the specificity of the oligonucleotides in a phylogenetic
context. Figure 51.5 shows a maximum likelihood phy-
logeny (GTR+G) of the 100 environmental sequences
along with 15 reference outgroup strains in the genera
Corynebacterium (7), Nocardia (1), Rhodococcus (3),
Saccharopolyspora (1), Salinispora (2), and Tsukamurella
(1), which are shown as collapsed clades in Figure 51.5,
and 17 Mycobacterium spp. ingroup reference strains.
From this phylogeny we could unambiguously define the
perfectly supported Mycobacterium spp. clade, which

clustered 89 of the environmental clones. The remaining
11 environmental sequences clustered with the closely
related actinobacterial genera used as outgroups.

In summary, 89% of the environmental rpoB ampli-
cons could be unambiguously assigned to the genus
Mycobacterium , indicating that the primers have a high
specificity for the target genus. Only ∼5% of the envi-
ronmental Mycobacterium sequences had suspiciously
long branches, which might reflect sequence artifacts
such as chimeras, heteroduplexes, or Taq errors.
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51.3.2 Statistical Evaluation of the
Sampling Effort Achieved by the
Lineage-Targeted Approach
A recent review on the use of rpoB sequences in
Mycobacterium molecular systematics suggests that
97.7–98.2% similarity cutoff values for rpoB sequences
could be used to delimit species within the genus
[Adekambi et al., 2009]. However, in this study we use a
slightly more conservative cutoff value (3% divergence)
to define operational taxonomic units (OTUs; approxi-
mately equivalent to species) for our Mycobacterium spp.
diversity study.

Figures 51.6A and 51.6B show the rarefaction
curves [Hughes et al., 2001] generated for the 50
Mycobacterium spp. and closely related actinobacterial
sequences obtained from both rpoB soil clone libraries
at different cutoff values. Notice that for both soils
the rarefaction curves are close to reach an asymptote
at the 3% divergence OTU definition, indicating that
the sequencing effort has been reasonably good. As
a reference point, Figure 51.6C shows the rarefaction
curves at the same cutoff values for a classical 16S rRNA
gene clone library made from a Brazilian tropical soil
using universal primers [Borneman and Triplett, 1997].
These curves indicate that the 98 clones sequenced in that
study are far from being representative of the diversity
at the species level, which is classically defined by a
cutoff level of 97–98% of sequence similarity (2–3%
divergence). Figures 51.6D and 51.6E show collector
curves for the two libraries using the nonparametric
Chao1 richness estimator [Hughes et al., 2001], which
indicate that the Mycobacterium community at seasonally
dry deciduous forest of El Limón is more diverse (19
predicted species, with a 95% credibility interval 14–46)
than that found in the humid tropical forest of Los Tuxtlas
(12 predicted species, with a 95% credibility interval
12–32). Interestingly, not a single OTU is shared among
the communities at this cutoff level, indicating a strongly
differentiated species composition of both communities,
which together bring about 31 OTUs. The Chao1 collector
curves shown in Figures 51.6D and 51.6E indicate that
the sampling effort has not been sufficient to evaluate
the diversity at the two lower cutoff values since they
have not stabilized [Hughes et al., 2001], but those for
the 0.03 and 0.05 cutoff values seem to have stabilized.
Therefore, inferences at these cutoff levels are robust.

51.4 DISCUSSION

Primers4clades is currently the only publicly available
server that integrates alternative primer-design strategies

with phylogenetic trees to (a) interactively target the
search for oligonucleotide formulations to specific
sequence clusters and (b) evaluate the phylogenetic
information content of the new molecular markers.
Together, these features are very useful to make an
informed choice among alternative, nonredundant primer
pair formulations, taking into account both the thermo-
dynamic properties of the primers and the phylogenetic
information content of the expected amplicon sets. These
attributes make of primers4clades a novel and powerful
tool for the targeted design and informed selection of
PCR primers for lineage-targeted metagenomic studies
of microbial communities, as demonstrated herein for
environmental mycobacteria.

The genus Mycobacterium currently has 147 validly
described species (see link #4 in Internet resources),
most of which are poorly characterized ubiquitous
environmental mycobacteria (EM) [Bland et al., 2005;
Jacobs et al., 2009]. These are known as “nontubercu-
lous” or “atypical” mycobacteria among clinicians [van
Ingen et al., 2009]. The most “famous” mycobacterial
species are M. tuberculosis and M. leprae, obligate
parasites and the causative agents of tuberculosis (TB)
and leprosy, respectively. M. avium, M. abscessus, M.
chelonae, M. fortuitum, M. intracellulare, M. kansasii,
M. mucogenicum, M. phocaicum, M. scrophulaceum, M.
ulcerans , and M. vanbalenii are among the most com-
mon nontuberculous or atypical mycobacterial species
causing opportunistic infections in immunocompromised
humans and have a broad environmental distribution
[Falkinham, 2009; Primm et al., 2004]. Understanding
the diversity, abundance, and distribution of EM is of
prime interest from a biomedical standpoint because
immune responses following exposure to these bacteria
may influence susceptibility to tuberculosis and leprosy
and may severely interfere with the proliferation and
protective effect of the attenuated BCG vaccine used
against TB [Black et al., 2001; Weir et al., 2006]. Their
functional role in ecosystems remains largely unknown
despite their environmental ubiquity.

The results presented in this study demonstrate that
a good sampling effort can be achieved for the genus
Mycobacterium with the primers described in Table 51.1
by sequencing as few as 50 clones per site using the
lineage-targeted approach to gene-based metagenomic
analyses of microbial communities. Further sequencing
and statistical analysis of these and additional libraries
(>200 clones each) generated with the mentioned primers
from soil [Sachman-Ruiz and Vinuesa, 2011] and water Q2
samples [Sachman-Ruiz et al., 2009] demonstrated that
sequencing around 200 clones provides very strong
statistical power, allowing for the first time to make
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Figure 51.6 Rarefaction (A–C) and collector curves for the nonparametric Chao1 richness estimator (C, D) at four clustering levels
(0.0–0.05 P distance) for OTU definition. Panel C shows for comparative purposes the rarefaction curves for 98 SSU rRNA Amazonian soil
clones generated with universal primers from the classical study by Borneman and Triplett [1997].

fine-grained inferences about the richness and structure
of mycobacteria communities in diverse natural environ-
ments. Furthermore, the latter studies have revealed the
magnitude of the bias in diversity estimation introduced
by classical Mycobacterium isolation procedures and
have also revealed that we have a strongly distorted
notion of the diversity of this species-rich bacterial genus
of great environmental and clinical relevance.

These results demonstrate the utility and strong sta-
tistical power of the lineage-targeted approach to micro-
bial community ecology and show that primers4clades
[Contreras-Moreira et al., 2009] (link #5 in the Inter-
net Resources) is a useful tool to develop primers for
such gene-targeted metagenomic analyses of microbial
diversity. The development of the tool is now coupled
to its recent implementation in a phylogenomics analy-
sis pipeline to construct an interactive primer database
for phylogenetic clades at different taxonomic and phylo-
genetic depths. The graphical interface, analysis options,

and parameter evaluation procedures will be improved,
extended, and refined in future versions, which will also
include faster ML algorithms.

INTERNET RESOURCES

Link 1: CODEHOP structure (http://www.ncbi.nlm.nih.
gov/pmc/articles/PMC168931/figure/gkg524f1/)

Link 2: CODEHOP server (http://blocks.fhcrc.org/
codehop.html)

Link 3: iCODEHOP server (https://icodehop.cphi.
washington.edu/i-codehop-context/iCODEHOP/view/
PrimerAnalysis)

Link 4: Mycobacterium taxonomy (http://www.
bacterio.cict.fr/m/mycobacterium.html)

Link 5: Primers4clades web server (http://maya.ccg.
unam.mx/primers4clades)

contrera
Nota adhesiva
Es lo mismo Chao1 que Chao's?
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