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Abstract

We describe the odorant binding proteins (OBPs) of the red imported fire aigplenopsis invictaobtained from analyses of
an EST library and separate 454 sequencing runs of two normalized cDNA libraries. We identified a total of 18 putati

to a lineage-specific expansion, which is a common feature of insect OBP evolution. Like other OBPs, the different fire 3
OBPs share little sequence similarity 20%), rendering evolutionary analyses difficult. We discuss the resulting problemg

importance for careful exploration of the sensitivity to the effects of alignment methods for data comprising widely
divergent sequences.
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functional OBPs in this ant. A third of the fire ant OBPs are orthologs to honey bee OBPs. Another third of the OBPs belong

with sequence alignment, phylogenetic analysis, and tests of selection. As previously suggested, our results underscore the
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Figure 1. Maximum a-posteriori (MAP) phylogeny and alignment of the Solenopsis invicta(SIOBP) odorant binding proteins.  A. TheS.
invictaMAP phylogeny. The branch in grey is collapsed in the 50% consensus tree. Branch support is posterior probabilities derived from 3241 samples
taken after the burn-in was discarded. Even though the node support in the conserved ortholog clade is relatively poor, the exact same topology of the
orthologs was recovered in the honey bee MAP tree (not shown), suggesting that the branching pattern is accurate. B S ievictaMAP-AU plot. The
quality of the alignment is indicated through a heat map. Red (warm colors) indicates areas of high quality alignment, blue (cold colors) signifes af

low certainty. Note that there are considerable high quality alignment blocks in the N-terminal signal peptide and the C-terminal protein tail.

doi:10.1371/journal.pone.0016289.g001

respectively. While additional annotation efforts on these genomes general possess relatively few OBPs. Ongoing and future genome
likely will increase the number of OBPs to comparable levels of projects in other bees and ants will prove important to address this
Solenopsis and Apus, it does appear that the social Hymenoptera in issue.
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Figure 2. Maximum likelihood phylogenies of the fire ant OBPs (SiOBPs) and honey bee OBPs (AmOBPs).

the two best alignments (top: MUSCLE, bottom: PRANK). All trees are midpoint rooted in the absence of a suitable outgroup. Branch support is SH-

like aLRT derived from PhyML analyses.
doi:10.1371/journal.pone.0016289.9g002

Multiple sequence alignment

The phylogenies are based on

The MSAs resulted in alignments of widely different lengths and
quality (Table 2). The best alignment method, as measured by the
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Robinson-Foulds distance to the BAli-Phy topologies, was
PRANK followed by MUSCLE. These two methods also
produced the “best” fitting trees to the data by any measurement
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(LnL, tree length, branch support). The other MSAs (MAFFT,
CLUSTAL, OPAL, SATCHMO) fared worse and were never
“best” by any measure. MAFFT, however, came in second to
PRANK in the estimates of LnL, parsimony, tree length, branch
support, and percent sequence identity. The quality of the
alignments do not seem to be contingent upon the total lengths
or the core lengths, since PRANK is by far the longest alignment
and MUSCLE is the second shortest. Additionally, both the Steel
[21] and Xia [22] tests indicated high levels of sequence saturation
for our dataset for all MSAs (not shown), suggesting that the OBP
alignments contained little evolutionary signal.

Also, the AU plots (Figure 1b) suggest that the common removal
of signal peptides [17,18,19,20] may not be necessary, since these
areas still possess high quality alignment blocks.

Phylogenetic analyses

The phylogenetic relationships of the 18 functional fire ant
OBPs (SiOBPs) to the 21 OBPs described from the honey bee, Apis
mellifera (AmOBPs [4]) are shown in Figure 2. We named the
SiOBPs in a numerical series attempting as best possible to use the
same numbers for those showing high conservation and presumed
orthology with a subset of the honey bee OBPs (Figure 2). These
are OBPs 1, 5, 6, 9, 10, and 11 (AmOBP6 and 8 are almost
identical in encoded amino acid sequence, but derived from
adjacent slightly different genes). Our phylogenetic assessment of
orthology in these OBPs is robust across all alignment methods
(despite moderate branch support in some cases), suggesting that
the assignment is accurate. The phylogenetic analysis indicates
that these conserved orthologs may constitute a monophyletic
lineage, albeit without high branch support. Even though not all
MSASs recovered the same relationship among these orthologs, nor

@ PLoS ONE | www.plosone.org

Table 3. Results of the selection analyses for the best alignment method (PRANK), and two others (CLUSTAL and MUSCLE) and the
MAP dataset ofSolenopsis
Site model
Mla M2a LRT M7 M8 LRT
CLUSTAL —16240.8767 —16219.8 42.1534** —16048.4291 —16046.0607 4.7369**
MUSCLE —16330.4985 —16330.3 0.4105 —16270.4 —16269.6 1.6646
PRANK —15838.686 —15838.7 0 —15772.4 —15772.4 0
MAP —8454.7161 —8446.69 16.0498* —8399.03 —8398.04 1.9778
Branch model
Ho H. LRT
CLUSTAL —16184.9809 —16183.7734 2.4152
MUSCLE —16478.8518 —16474.628 8.447F*
PRANK —15891.3104 —15886.5809 9.4588**
MAP —8453.96731 —8452.55841 2.8178
Branch-site model
Ho Ha LRT
CLUSTAL —16112.0983 —16111.4054 1.3857
MUSCLE —16334.5808 —16333.4641 2.2334
PRANK —15842.8377 —15841.8544 1.9667
MAP —8424.3691 —8424.3426 0.0529
Given are the log-likelihoods of the null hypotheses ) which assume no selection, and alternative hypothesesJHvhich allow for positive selection. Likelihood-ratio
tests (LRT) of positive selection are conducted to compare the two hypotheses. Levels of significance are 3.84 at 5% and 6.63 at 1% for the site mo®eBarad 5%
and 5.99 at 1% for the branch and branch-site models, following thg? distribution to guide against violations of model assumptions. Statistically significant LRTs for
positive selection are indicated by italics and *** for $0.01. Note that inference of positive selection greatly depends on the alignment method used.
doi:10.1371/journal.pone.0016289.t003

their monophyly, the Solenopsis and Apis BAL-Phy trees share
identical branching patterns for these orthologs, suggesting that
the phylogenetic information within these sequences was con-
served during cladogenesis. This branching pattern was also
recovered by the PRANK alignment method, even though the
branch support for the deeper nodes is relatively poor.

Phylogenetic analyses also suggest a close relationship between
these same orthologs and a bee-specific clade (AmOBPs 14-21),
which is comprised of OBPs encoded by a tandem array that are
distinct in having lost a pair of the six usually conserved cysteines
(so-called “C-minus” OBPs) and also exhibiting signals of positive
selection [4]. Although AmOBP13 is also in this tandem array, this
OBP has six cysteines and is not expressed in adult antennae but
rather in late larval and early pupal stages [4]. SIOBP7 and
SiOBPS are sister to the C-minus expansion and AmOBP13, but
with weak support. SIOBP8 has lost the same pair of cysteines
(Table 1), apparently independently of the losses in the honey bee,
which in turn are independent of other losses of this pair of
cysteines in other C-minus OBPs in other insects [4].

The other half of the tree contains another mixture of AmOBP
and SiOBP lineages. SIOBP2 has lost the same pair of cysteines as
SiOBP8, and this loss also seems to be independently derived,
since it always clusters with AmOBP7 (except in the SATCHMO
alignment, not shown) with modest branch support. AmOBPs 24,
and 12 cluster together with weak support. SIOBP3 is GP-9, the
OBP implicated in control of social behavior in these ants [10,12],
and SiOBP4 apparently is a paralog: These proteins share only
68% amino acid identity, but are co-linear. SIOBP4 is 87%
identical to a supposed divergent ortholog of GP-9 from an
unidentified “thief ant” species (GenBank AAW80681 [34]). This
suggests that the supposed thief ant GP-9 is more likely an ortholog

6 January 2011 | Volume 6 | Issue 1 | 16289



of SiOBP4 and that GP-9 may be restricted to the fire ants (geminata
species group [35,36]). While these proteins have no consistent
relationship to any of the honey bee OBPs, SIOBP3 and SiOBP4
are the sister group to a seven-gene ant-specific OBP expansion
(SiOBP12-18), which itself is close in size and in rate of radiation
to the C-minus AmOBP14-21 gene expansion.

It is tempting to speculate that like the OBPs of the bee-specific
expansion, these relatively young ant-specific OBPs might well
constitute a major fraction of those expressed in the antennae and
thus may serve as part of the primary olfactory OBPs in S. invicta.
However, whether any of these proteins are directly involved in
olfaction remains to be demonstrated. Circumstantial evidence
suggests that this is unlikely. In fact, the use of OBPs in ant
chemosensation has been questioned. Previous studies were unable
to identify any members of this protein family in ant antennae
[37,38,39], which led Calvello ¢t al. [7] to speculate that ants may
prefer to use GSPs instead of OBPs for olfaction, which could
explain the expansion of CSPs in S. tnvicta. More recently however,
three OBPs have been documented [5,6, R. Renthal personal
communication] in the antennae of red imported fire ant workers
(SiOBP15 [OBP1 of Wang et al. [7]], SiOBP3 [GP-9], and
SiOBP2). None of these proteins appear to be orthologous to any
AmOBPs, which have been shown to be expressed in the bee
antennae. While the bee OBP data suggest that expression in
antennae (and the concomitant presumed use in chemosensation)
is phylogenetically preserved, this view may well be biased because
half of the AmOBPs tested belong to the rapid bee specific
expansion [4].

Selection analyses

The varied and mixed results of the selection analyses suggest
that any selection analyses of OBPs be viewed with healthy
skepticism. As Wong et al. [14] demonstrated, alignment variability
1s positively and significantly correlated with the number of non-
synonymous substitutions, which could explain our positive results
for the site- and branch-specific tests of selection and those of Forét
and Maleszka [4]. More recently, Fletcher and Yang [40] showed
that alignment errors can lead to a high number of false positives
for the branch-site test of positive selection. Even the best
performing MSA method (PRANK) did not have the false-
positives under control, but nonetheless did fare better than the
other alignment methods (MAFFT, MUSCLE, and CLUSTAL)
[40]. However, our branch-site tests of selection did not reveal any
evidence of positive selection on the branch leading to the ant-
specific expansion for any of the alignments used, suggesting that
alignment error may not have been an important issue for these
analyses. Thus, we are left in the unfortunate position of not being
able to conclude confidently the nature of selective forces, if any,
shaping the evolution of OBPs in S. invicta (and the honey bee),
except to say that, like in other insects, lineage-specific expansions
are a common feature of Hymenopteran OBP evolution and that
their OBPs are widely divergent.

Perhaps more importantly, our data suggest that inferences
drawn from analyses of widely divergent molecular sequences are
to be regarded with skepticism, since the outcome heavily depends
on the resulting alignment chosen. While these issues have been
raised previously [e.g., 14,40,41,42,43,44,45], such analyses are
becoming increasingly commonplace, especially with the advent of
next-generation DNA sequencing platforms and the rapid increase
in genomic data, yet, many researchers appear not to consider the
estimation of molecular sequence alignment as an exploratory
phase of data analysis [46]. Rather, the inference of tree topology is
explored much more often, where the judicious choice and use of
underlying models, optimality criteria, branch support measures,
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etc. are a mandatory consideration in virtually all publications and
the potentially different outcomes are discussed critically. This
apparent lack of attention to MSA methods perhaps stems from an
era when the study of molecular sequences was limited to what
could be successfully amplified, which likely led to biased analyses of
closely related sequences. In any case, we concur with earlier studies
that there is an increasing need for awareness for the necessity of
careful and critical data exploration during all stages of molecular
evolutionary analyses [14,44,46].

Materials and Methods

Identification of loci

Odorant binding proteins and chemoreceptors were identified
using BLAST searches [47] of the combined EST and preliminary
454 sequencing data using the fruit fly [48] and honey bee OBPs
[4]) as query. The fire ant genes thus identified were then
iteratively used as BLAST queries against the same fire ant
sequence database until no further new Solenopsis loci were found.
After we had concluded all our analyses, we also used BLAST
searches against the predicted proteins and CDS of the recently
released Camponotus floridanus and Harpegnathos saltator genomes v.
3.3 [33] using the Apes and Solenopsis OBP amino acid sequences as
queries. Given the incomplete annotation of the genomes and the
low number of OBPs recovered, we chose not to perform analyses
including the other ant OBPs, but instead defer to future
researchers that can make use of the several other ant genomes
currently being sequenced to address this issue more fully [31].

Multiple sequence alignment

Expecting the generally divergent nature of OBPs sequences
(, 20% amino acid identity over all sequences) to make the
sequence alignment problematic [49], we used several multiple
sequence alignment (MSA) methods to evaluate potential different
outcomes of using six alignment approaches (Table 2), which differ
greatly in popularity and general approach to the MSA problem
[50]. We used default parameters for all alignment estimates.
Nucleotide (codon) alignments were based on the amino acid
alignments.

In addition, we used BAli-Phy 2.0.2 [51] to simultaneously
estimate the alignment and phylogeny of the each species’ OBPs in
a Bayesian framework [52]. Since BAli-Phy is computationally
intensive and generally considered to be too slow to be efficiently
used with more than a dozen sequences, we conducted these
analyses for both the ant and bee datasets independently.
Additionally, we removed six bee OBPs from the well-supported
C-minus expansion [4] to reduce computational burden. We used
default parameters for each run of 100,000 generations.
Stationarity of the searches was verified using Tracer 1.5 [53].
9999 samples were removed in the burn-in. The lowest effective
sample size (ESS) for any parameter estimate was 802.3378,
suggesting that we had run the analyses sufficiently long to enable
meaningful estimates from the posterior sampling.

The alignments were compared using a range of ad hoc
heuristic criteria. First, we visually compared alignments for
congruence in their ability to align sections of the alignments
(especially the inner core) using AItAVisT [54] and the overall
sequence identity calculated from each alignment. We then tested
for sequence saturation using both the Steel (for amino acids; [21])
and the Xia (for nucleotides [22]) methods [55] using DAMBE
[56]. Finally we compared their ability to capture phylogenetic
signal relative to the other alignment methods (using ML trees; see
below). To this end, we compared log-likelihoods, tree length
(measured by parsimony steps of the phylogeny and ML tree size),
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