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a b s t r a c t
Identiﬁcation of paralogy in candidate nuclear loci is an important prerequisite in phylogenetics and statistical phylogeography, but one that is often overlooked. One marker commonly assumed to be a singlecopy gene and claimed to harbor great utility for inferring recent divergences is elongation factor-1a
(EF-1a). To test this hypothesis, we systematically cloned EF-1a in three disjunct populations of the harvestman Metasiro americanus. Here we show that EF-1a has a large number of paralogs in this species.
The paralogs do not evolve in a concerted manner, and the paralogs diverged prior to the population
divergence. Moreover, the paralogs of M. americanus are not comparable to the highly divergent EF-1a
paralogs found in bees and spiders, which are easily recognized and separated through the use of speciﬁc
primers. We demonstrate statistically that our detection of paralogs cannot be attributed to ampliﬁcation
error. The presence of EF-1a paralogs in M. americanus prevents its use in statistical phylogeography, and
the presence of out-paralogs argues against its use in phylogenetic inference among recently diverged
clades. These data contradict the common assumption that EF-1a is for most or all taxa a single-copy
gene, or that it has a small number of paralogs that are homogenized through gene conversion, unequal
crossing over, or other processes.
Ó 2013 Elsevier Inc. All rights reserved.

1. Introduction
Paralogy is a commonly observed genomic phenomenon whereby a gene undergoes duplication and the duplicated copies are
retained (Fig. 1). Often, a gene duplication event occurs after a
speciation event, with resultant paralogs restricted to individual
species, forming what are termed ‘‘in-paralogs’’ (Sonnhammer
and Koonin, 2002). However, genes can also duplicate before
speciation events, engendering copies called ‘‘out-paralogs’’ in
multiple extant lineages (Dolinski and Botstein, 2007; Sonnhammer and Koonin, 2002; Studer and Robinson-Rechavi, 2009). The
evolutionary history of out-paralogs is of great biological interest,
particularly when out-paralogs undergo sub-functionalization,
the division of the original gene’s function into multiple functions,
or neo-functionalization, the acquisition of new functions
altogether (Duarte et al., 2006; Hurles, 2004; Prince and Pickett,
2002). Examples of well-studied out-paralogs include the metazoan Hox gene cluster (Escriva et al., 2006; Roth et al., 2007; Taylor
and Raes, 2004), the ABC gene family in angiosperms (Higgins,
1992; Holland and Blight, 1999), and the opsin family (Feuda
et al., 2012; Oakley et al., 2007; Spady et al., 2006).
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Although they are a topic of great research value from the perspective of gene family evolution, out-paralogs can be problematic
occurrences for molecular phylogenetics, since phylogenetic reconstruction is based on analyzing ﬁxed mutations in homologous
structures (in this case genetic loci) that have become separated
through population isolation or speciation, what in genetics are
called ‘‘orthologs’’ (Bailey et al., 2003; Koonin, 2005). If paralogy
is known to occur in phylogenetic markers, failure to correctly assign orthology to out-paralogs can result in fallacious species trees,
particularly if gene copies are lost in a clade-speciﬁc manner. Ideally, out-paralogs acquire sufﬁcient mutations to render them easily distinguishable from one another, becoming important and
identiﬁable elements of the genome in their own right. If originating far enough back in time, they can be deployed as useful and
independent markers of historical speciation and population genetic events (Carraro et al., 2012; Michez et al., 2009). Another
ideal condition for phylogenetics is the other extreme: molecular
mechanisms can maintain homogeneity among out-paralogs,
spreading or eliminating new variations in the genomic collection
of copies (the paralog ‘‘array’’) more quickly than speciation events,
a process called ‘‘concerted evolution’’ (Hood et al., 1975; Liao,
1999; Zimmer et al., 1980). Homogenization renders orthology
impossible to determine but also irrelevant for phylogeneticists;
since Sanger sequencing calls nucleotide identities based on the
most common nucleotide at that site in the array, rare variants
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Fig. 1. Diagram showing orthologs and paralogs, the latter of which can be ‘‘inparalogs’’ or ‘‘out-paralogs,’’ depending on their origin relative to speciation events.
Here, the thick, gray cladogram represents species histories (bifurcations being
speciation events), and the thin red, green, and yellow lines show gene histories.
(For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

are never seen. This is why, for example, the nuclear ribosomal array (18S, 5.8S, and 28S rRNAs, and the internal transcribed spacers
ITS1 and ITS2) has been so commonly used in phylogenetics despite coming in hundreds (if not thousands) of copies; highly
homogenized, the added copies actually enhance the ease with
which the loci can be ampliﬁed and sequenced—but exceptions
obviously exist (Carranza et al., 1996; Telford and Holland, 1997).
For this reason, molecular phylogeneticists have historically
sought new molecular markers from the nuclear genome that are
single- (or low-) copy or, alternatively, markers wherein any incident paralogs undergo concerted evolution. Such markers would
provide at least three utilities: (a) constitute independent inferences of species trees, due to being unlinked (Friedlander et al.,
1992); (b) be a powerful addition to traditionally used mitochondrial sequences in statistical phylogeography (Avise et al., 1987;
Hare, 2001; Knowles, 2004); and (c) be easier to align than ribosomal genes due to the external alignment criterion of conceptual
amino acid translations in exon sequences (Friedlander et al.,
1992). One of the markers most commonly encountered in the literature as a putative single-copy gene is elongation factor-1a (EF1a).
An essential and highly conserved member of the eukaryotic
transcriptional apparatus, EF-1a has been characterized explicitly
in many taxa as a single-copy nuclear gene (Aguileta et al., 2008;
Danforth et al., 2004; Esseghir and Ready, 2000; Perlman et al.,
2008; Regier et al., 2008, 2010), such that its copy number is rarely
evaluated or the supporting evidence rarely cited. The common
assumption of singly occurring or few copies of EF-1a has immediate implications for many downstream applications, not just
molecular phylogenies and population genetics. For example,
Faure et al. (2007) reported evidence of purifying selection on
polymorphisms of the intron of EF-1a in a deep-sea bivalve genus
but used an abundance of caution in accepting sequence variants,
based on the presumption of low gene copy. As a consequence,
many minor variants were attributed to PCR error and simply
removed from the analysis. Additionally, Wilhelm et al. (2003)
described a method for estimating genome size that uses realtime-PCR measures of amplicon product of bona ﬁde single-copy
genes. Apropos, Jeyaprakash and Hoy (2009) applied this method
to estimate the size of a mite genome using EF-1a without testing
for the incidence of paralogs.

Paralogy in EF-1a has in fact been reported in some taxa,
although additional copies are typically believed to be few in number and/or divergent enough to be easily recognized or avoided.
Two copies of the gene were discovered early in Drosophila (‘‘F1’’
and ‘‘F2’’, not to be confused with elongation factor-2, often written as ‘‘EF-2’’; Hovemann et al., 1988; Walldorf et al., 1985), and
two copies have been found in representatives of all major bee
families (Danforth and Ji, 1998). In both Drosophila and bees, the
different copies are divergent enough to be easily recognized and
selectively ampliﬁed with speciﬁc primers. In the spider genus
Habronattus, two copies of EF-1a were found that differ considerably in size; the short version appears to be a pseudogene that
lacks introns, and it, too, can be avoided with copy-speciﬁc primers
(Hedin and Maddison, 2001). In Artemia (brine shrimp), EF-1a has
been estimated to have 2–4 copies per haploid genome, but this
was based on hybridization signals of a particular exon fragment
(Lenstra et al., 1986), and further investigation is needed with
updated technologies. Most recently, recent advents in transcriptomic data have revealed transcribed EF-1a paralogs in two
distantly related protostomes, a nemertean and an earthworm
(Riesgo et al., 2012).
Such hints of paralogy in EF-1a portend methodological and
analytical challenges for its use in systematic biology, particularly
given its widespread use in molecular phylogenies (Danforth et al.,
2004; Hines et al., 2006; Kjer et al., 2006; Monteiro and Pierce,
2001; Regier et al., 2010; Sharma and Giribet, 2011). One advantageous group for testing the incidence of paralogs in EF-1a is Opiliones, the arachnid order commonly known as harvestmen and our
taxon of interest. This order of arthropods has an ancient evolutionary history extending to the Devonian (Dunlop et al., 2004;
Giribet et al., 2010, 2012b), numerous species easily distinguished
by morphological characters, and a well-circumscribed phylogeny
(Boyer and Giribet, 2007; Clouse and Giribet, 2010; de Bivort
et al., 2010; Giribet et al., 1999, 2010, 2012a; Hedin and Thomas,
2010; Murienne and Giribet, 2009; Sharma and Giribet, 2009,
2011). Testing for paralogy in EF-1a is especially important for this
group, because it has been recently reported that this gene is single- or low-copy in all Opiliones and thus of great utility for resolving ancient and recent divergences (using the exonic and intronic
regions of the gene, respectively) (Hedin et al., 2010). Ampliﬁable
regions of EF-1a are also well annotated, and thus exon–intron
boundaries are known from multiple exemplars of the group (Hedin et al., 2010).
In order to test the incidence of paralogy in EF-1a and its effect
on inferences of recent divergences, we sampled a species of cyphophthalmid Opiliones, Metasiro americanus (Davis, 1933), from all
three known localities of its range in the southeastern U.S. Cyphophthalmi are well-known for being poor dispersers (Giribet,
2000; Juberthie, 1988), and we would expect these populations
to have been separated for many millions of years, perhaps even
being cryptic species. We ampliﬁed EF-1a using published and designed primers, then cloned amplicons, compared the number of
sequence discrepancies to the empirically measured ampliﬁcation
error rate, and gauged the effectiveness of the resulting alignment
to distinguish populations. We thereby tested the claim that EF-1a
is a phylogenetically useful single-copy nuclear gene in arachnids.

2. Materials and methods
2.1. Specimen collection
During March, 2010, R.M.C. and P.P.S. collected specimens from
known localities of M. americanus in Florida Caverns State Park in
Jackson Co. (both a hillside and an upland glades area), Florida, Sassafras Mountain in Pickens Co., South Carolina, and Savannah
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Table 1
Taxon names, collection and specimen numbers, and locality information for all specimens from which EF-1a paralogs were obtained in this study.
Taxon
Metasiro
Metasiro
Metasiro
Metasiro
Metasiro
Metasiro

americanus
americanus
americanus
americanus
americanus
americanus

Collection

Specimen

Location

Latitude

Longitude

105643
105644
105645
105655
105662
105663

7168, 7173
7175
7204, 7206
7392–95, 7397
7431
7455

Jocosse Gorge, Sassafras Mt., off F. van Clayton Highway
Jocosse Gorge, Sassafras Mt., off F. van Clayton Highway
Kingﬁsher Pond, Savannah National Wildlife Refuge, Jasper Co., SC
Florida Caverns State Park, Jackson Co., FL
Florida Caverns State Park, upland glade, Jackson Co., FL
Florida Caverns State Park, upland glade, Jackson Co., FL

35.06228
35.06231
32.18923
30.82119
30.81433
30.81433

82.79500
82.79500
81.08000
85.24639
85.24667
85.24667

Wildlife Refuge in Jasper Co., South Carolina (Table 1). Specimens
were collected by sifting leaf-litter into white pans, which were
then examined for live animals. These were then preserved in
95% EtOH and kept cool. Individual specimens are reported in
alignments and trees by the Museum of Comparative Zoology
DNA collection number and a Cyphophthalmi Biota database
(Colwell, 2004–2011) specimen number, such as ‘‘105655-7393’’,
meaning MCZ accession number DNA105655 and Biota specimen
SPM007393. Specimen information can be obtained at the Museum
of Comparative Zoology specimen database (mczbase.mcz.
harvard.edu).
2.2. DNA extraction and ampliﬁcation
DNA was extracted using the Qiagen DNeasy tissue kit (Qiagen,
Valencia, CA, USA) and ampliﬁed using illustra™ Ready-To-Go™
PCR Beads (GE Healthcare, Little Chalfont, UK; manufacturer reported Taq error rate of 105–104 errors/base/duplication). Shultz
and Regier (2001) obtained exon-only EF-1a sequences for the
Cyphophthalmi Siro acaroides (Ewing, 1923) and Parasiro coiffaiti
Juberthie, 1956 using reverse transcription PCR (RT-PCR) (Regier
and Shultz, 1997). From these sequences, primers were developed
by Hedin et al. (2010)—EF1-OP3, hereafter referred to as ‘‘1f’’ for
simplicity, and EF1-OPRC4LEIO, ‘‘3r’’—which ampliﬁed the region
around and including Intron III in another Cyphophthalmi, S. cf.
kamiakensis (Newell, 1943) (Fig. 2). We initially used primers 1f/
3r to amplify the Intron III region in M. americanus, and we used
the resulting sequence to design more effective primers in this
species (Table 2).
2.3. Cloning
We generated amplicons using three different primer pairs, 1f/
1r, 2f/2r, and 2f/3r, the resulting fragments of which are called here
Fragments 1, 2, and 3, respectively (Fig. 2; Table A.1). These PCR
amplicons were cloned using the Invitrogen TA CloningÒ kit and
One ShotÒ Competent Cells, with a modiﬁed protocol to conserve
vector and maximize transformation. The ligation reaction

Fig. 2. Schematic of the EF-1a gene fragments ampliﬁed and sequenced in this
study. Lengths are approximate due to the occurrence of various indels in the
intron. Primers ‘‘1f’’ and ‘‘3r’’ correspond to EF1-OP3 and F1-OPRC4LEIO of Hedin
et al. (2010).

Table 2
Primers used to target EF-1a gene fragments in this study (simpliﬁed/as originally
1
2
reported or designed), ampliﬁed using temperature proﬁles ‘‘TD6’’ and ‘‘TD53’’ from
Chenuil et al. (2010).
Primer name
3

1f/EF1-OP3
2f/EF1aSNP2F
1r/EF1aSNP3R
2r/EF1-Ma-3R
3
3r/EF1-OPRC4LEIO

Sequence (50 –30 )
TTT GAR GAA ATC CAR AAR GAA GT
TGG AGA TAA GCC CCT TTA AAC A
GAA AAA TGC ATA AAA GGG AAT CTT
ACG GGA GCA AAT GTA ACC AC
GAA CTT GCA AGC AAT GTG AGC

1
TD6: [94 °C (1:00 min), 58–45 °C (1:00), 72 °C (1:00)], 25  [94 °C (0:30), 58 °C
(0:45), 72 °C (0:45)].
2
TD53: [94 °C (1:00 min), 63–53 °C (1:00), 72 °C (1:00)], 4  [94 °C (1:00), 53 °C
(1:00), 72 °C (1:00)], 25  [94 °C (0:30), 58 °C (0:45), 72 °C (0:45)].
3
Hedin et al. (2010).

consisted of the following mixture: 0.4 lL PCR product, 0.2 lL
10X Ligation Buffer, 0.4 lL pCRÒ2.1 vector (25 ng/lL), 0.8 lL water,
and 0.2 lL T4 DNA Ligase (4.0 Weisse units). The ligation mixture
was refrigerated for 48 h and then added to 25 lL of competent
cells. After transformation, 125 lL of S.O.C. medium was added,
and the cells were placed in a shaking incubator at 37 °C for
3–4 h. Two colony plates were then made for each transformation,
using 50 lL and 100 lL of solution, which were then incubated
overnight at 37 °C. Approximately 12 randomly picked colonies
were then ampliﬁed and sequenced with the M13 primer pair
according to the manufacturer’s protocol.
2.4. Sequence analysis
Sequences were proofread in Sequencher 5.0, inspected in
SeaView 4.3.2 (which uses MUSCLE and ClustalW for alignment)
(Edgar, 2004; Gouy et al., 2010; Larkin et al., 2007) and BioEdit
7.0.5.3 (Hall, 2007), aligned using MAFFT 6.847 (Katoh et al.,
2002), and unique haplotypes were identiﬁed using DnaSP v. 5
(Librado and Rozas, 2009).
2.5. Phylogenetic analysis
For phylogenetic analyses of EF-1a paralogs, we ﬁrst combined
sequences of Fragments 2 and 3 taken during our initial survey
from all localities. Then the alignment was trimmed to only to
the 2r primer region for all sequences so there were no missing
data, since the Sassafras Mt., Savannah R., and upland glades are
of Florida Caverns only had sequence to the 2r primer. These unaligned sequence data (ranging from 895 to 937 bp) were analyzed
in POY 4.1.3 (Varón et al., 2009) under the parsimony criterion
with the cost scheme ‘‘3211’’ (gap openings cost 3, transversions
2, and transitions and gap extensions 1). To estimate the phylogenetic content of the sequences outside of the large (>20 bp) indels,
which were locality-speciﬁc and would thus necessarily deﬁne
large, biogeographically relevant clades under most cost schemes,
the implied alignment from the ﬁrst analysis was used to remove
these indel regions, and the data (871 bp) were read as prealigned
and analyzed again in POY under the same 3211 cost scheme. The
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sequences without large indels were also read into the program
MEGA4 (Tamura et al., 2007), which output a pairwise matrix of
transition and transversion differences among the sequences.
We also created an alignment of all M. americanus EF-1a sequences generated by us (Fragments 1–3) in combination with
EF-1a sequences from other Opiliones available on GenBank. For
those outgroups that had sequence for Intron III, it was so divergent from M. americanus, we coded all intron sequence for the outgroups as missing data, thus allowing rooting to be determined
solely by the more conserved exonic regions. A phylogenetic analysis of this data set was run on RAxML (Stamatakis et al., 2008) on
the CIPRES computing cluster (Miller et al., 2010) and POY (prealigned and using the 3211 transformation cost matrix, described
above).
2.6. PCR error analysis
To measure the number of discrepancies introduced by Taq
polymerase when amplifying DNA, we ampliﬁed a known homogenous template and used cloning to separate and inspect individual amplicons. The homogenous template came from one clone
each of two different types of EF-1a sequences (distinguished by
a 28-bp indel, discussed below). We ampliﬁed the EF-1a fragment
from these clones using the Fragment 3 primer pair (2f/3r) and
temperature proﬁle (TD53, Table 2) originally used with genomic
DNA, and we then cloned and sequenced the resulting amplicons.
We compared the number and distribution of sequence discrepancies derived from amplifying this homogenous template to sequences of the same fragment from the same animal (1056557397) ampliﬁed from genomic DNA.
3. Results
3.1. General description of cloning products
From our initial survey of EF-1a in different individuals and
populations of M. americanus, we cloned and sequenced 133 amplicons from 12 individuals taken in six collections from the three
main areas of its distribution. Most paralog sequences (97) were
generated from individuals in the Florida Caverns collection
105655, which consisted of animals sifted from less than one
square meter of leaf litter alongside a hillside log. For animals of
this collection, Fragment 1 of EF-1a was 745–747 bp long, and
we successfully sequenced 32 clones of it from ﬁve different

animals. Of these clones, 25 were unique, and one was shared between two individuals. Specimen 7393 had ten unique clones of
Fragment 1 sequenced, which covered three different lengths
(Table 3).
Fragment 2 from collection 105655 was 904–932 bp long and
was successfully cloned and sequenced from ﬁve different animals;
28 clones were recovered, 25 of which were unique. Specimen
7394 had 8 different copies of Fragment 2 sequenced, which included one with a single indel and another with a synonymous
substitution in the exon region.
Fragment 3 from collection 105655 ranged in length from 1170
to 1199 bp, and from four different animals we initially cloned and
sequenced 37 copies of it, 31 of which were unique. Specimen 7393
produced ten different sequences, none of which was recovered
more than once and six of which had mutations in the exon; ﬁve
of the exon substitutions were non-synonymous. Specimen 7397
originally produced nine different sequences, all of which were
unique and covered four different lengths; after we picked and
sequenced additional clones to assess Taq error, we ultimately
had 32 sequences of Fragment 3 from specimen 7397, 24 of which
were unique.
The six paralogs from the upland glade area of Florida Caverns,
which is about 750 m from the hillside collection 105655, were all
unique but not generally distinct from those from the hillside; four
unique sequences were recovered from the upland glade specimen
7455.
Of the 26 paralog sequences recovered from four Sassafras Mt.
specimens, 24 were unique, and one was shared between two different specimens. All 11 sequences recovered from specimen 7168
were unique, as were 11 of the 12 sequences recovered from specimen 7170.
All four paralog sequences recovered from two Savannah River
individuals were unique.
GenBank accession numbers for unique sequences from each
specimen are shown in Table A.1.
3.2. EF-1a paralog sets
Intron III of EF-1a from the Florida Caverns population had a
28-bp indel, and ﬁve positions in various locations of the intron region had nucleotide differences that correlated with this indel; all
copies with the 28 bp had G, C, T, A, and A at those sites, and all sequences missing this indel had A, T, C, T, and C at the same positions, respectively. We refer to paralogs that have the same
condition for this indel (and, apparently, other sites in the intron)

Table 3
The distribution of indels among sequences recovered for EF1a from the Florida Caverns collection locality 105655. The number of sequences of different lengths is noted, as well
as the specimens from which they were cloned. Asterisks indicate specimens that have three or more sequence lengths for the same fragment. Indel positions (i–vi) and the
number of bases lost at each are indicated to the right.
Length (bp)

Specimens

n

Position and bp loss

747
746
745

7393
7392, 7393, 7394, 7395
7393

2
29
1

i
–
(1)
(2)

932
931
931
931
904

7393, 7394, 7395
7397
7395
7394
7392

17
1
1
1
7

i
–
(1)
–
–
–

ii
–
–
(1)
–
–

iii
–
–
–
(1)
–

1199
1198
1171
1170

7393, 7394, 7397
7397
7392, 7397
7397

21
1
15
1

iv
–
–
(28)
(28)

v
–
–
–
(1)

vi
–
(1)
–
–

Fragment 1

Fragment 2

Fragment 3

iv
–
–
–
–
(28)
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as belonging to the same ‘‘set,’’ to differentiate them from the
whole collection of paralogs in the population (the paralog ‘‘array’’)
or alternative versions of a single homologous locus (‘‘alleles’’).
We subsequently tested for the independent assortment of
these sets by assessing their occurrence in a larger sample of individuals. This was done by amplifying a 108-bp conserved region
ﬂanked by primers 2f and 1r. This region contained one of the variable nucleotides consistently associated with the 28-bp indel, and
we genotyped 40 individuals from the same small hillside area as
collection 105655 in Florida Caverns State Park for this polymorphism (specimens 7369–7398 and 7406–7415 from collections
105654–105655, and 105657). Four individuals were homozygous
TT, 23 homozygous CC, and 13 heterozygous; this differed little
from the expected values (3, 22, and 15, respectively) if these
two variants sort independently, and the population is in Hardy–
Weinberg equilibrium (p = 0.60, v2 test).
3.3. EF-1a phylogenetic analysis
The phylogenetic analysis of EF-1a clones from three different
populations resulted in 14 equally parsimonious trees of length
326, the consensus of which recovered three distinct clades: all sequences from Sassafras Mountain, all Florida caverns sequences
with the 28-bp indel, and all Florida Caverns sequences without
the 28-bp indel (Fig. 3a). Three of the four sequences from the
Savannah River Wildlife Refuge formed a clade, the most derived
two of which were distinguished by a 38-bp indel, but the relationship among this clade, the remaining Savannah sequence, and the
Sassafras Mt. clade was not resolved. Nucleotide substitution differences were also low between the short Florida paralogs and
those from Sassafras Mt. and Savannah R. (Table 4). Analyzing
the same fragment as prealigned and with the 28-bp and 38-bp indels regions removed resulted in a two equally parsimonious trees
of length 209, which, when used to make a strict consensus with
zero-length branches and ambiguously reconstructed nodes collapsed, recovered two clades: Sassafras Mountain and the Florida
Caverns long sequences (Fig. 3b). The relationship among these
clades and all but one of the Florida Caverns short sequences plus
those from Savannah River was not resolved. Analyzing these data,
with the indels, under maximum likelihood in RAxML recovered a
tree very similar to that of the one from POY with the large indels
removed, since RAxML treats gaps as missing data (Fig. 3c).
Analysis of the EF-1a sequences for M. americanus with 34 other
Opiliones in RAxML resulted in a phylogeny of M. americanus EF-1a
paralogs rooted in the short set found in Florida Caverns (Fig. 4).
The other three types of paralogs—the long set from Florida, those
from the Savannah River, and those from Sassafras Mt.—were
recovered as clades that diversiﬁed independently out of the short
set. The alignment analyzed in POY naturally separated the
sequences by locality and short- and long-set paralogs, since they
are easily distinguished by large indels, which contribute to the
tree cost in POY (Fig. A.1). Nonetheless, it recovered the long Florida paralogs as diversifying before the populations separated, and

Table 4
The number of transversion and transition differences (min.–max.) between EF-1a
paralogs analyzed phylogenetically. Minimal distances of zero indicate that the most
similar paralogs differed only by indels.

Sassafras Mt.
Savannah R.
FL Caverns (short)
FL Caverns (long)

Sassafras
Mountain

Savannah River
Wildlife Refuge

Florida
Caverns
(short)

Florida
Caverns
(long)

0–7
6–11
4–13
6–16

–
1–5
2–8
4–11

–
–
0–8
2–11

–
–
–
0–8

Fig. 3. Unrooted phylogenetic hypotheses for EF-1a sequences recovered from
three different populations of Metasiro americanus, analyzed using three different
methods: (a) unaligned sequences between primer sites 2f and 2r analyzed using
dynamic homology in POY 4.1.3 (Varón et al., 2009) under the parsimony criterion,
(b) the same fragment, prealigned and with the large indel regions removed,
analyzed in POY under parsimony, and (c) the same fragment, prealigned and
analyzed under the maximum likelihood criterion in RAxML (which treats gaps as
missing data, Stamatakis et al., 2008). Inset in panel (a) shows states for two large
indels recovered in the intron of Florida and Savannah sequences, and a key to
individuals that carried both long and short paralogs.

the short paralogs and the sequences from Sassafras Mt. and
Savannah R. as diversifying out of them.
3.4. PCR and cloning error
From clones derived from ampliﬁcation of genomic DNA from
specimen 7397, we had 21 sequences of the long version of Fragment 3 and 11 sequences of the short version. The distribution of
discrepancies among these cloned sequences did not follow a Poisson distribution using the average number of observed differences
as the distribution spread (k = 2.05 for long paralogs and 3.55 for
short paralogs; replicated G-test for goodness-of-ﬁt: p = 0.03, df
10, G-statistic = 19.65; Fig. 5). The distribution was even more different from a hypothetical distribution based on an error rate of 1
base per 1000-bp fragment (reported by Palumbi and Baker (1994)
and referenced by Faure et al. (2007); p < 0.001; Fig. 5). There exist
various methods for estimating ampliﬁcation error, and a brief discussion of them is provided in Appendix B.
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Fig. 4. Phylogeny of Metasiro americanus EF-1a sequences, rooted using outgroup sequences available on GenBank for other Opiliones and representing all four suborders,
and analyzed under maximum likelihood. Paralog sequences for M. americanus are colored according to their locality: light purple for Sassafras Mt., red for Savannah R., and
blue and green for Florida (depending on whether they are from the short or long set, respectively). Long and short paralogs from the same individual are indicated to the
right, orange for 105655-7397, light blue for 105663-7455, and purple for 105662-7431. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)
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Fig. 5. Actual and expected distributions of nucleotide discrepancies among clones from Florida Caverns specimen 105655-7397, with long (a) and short (b) clones shown
separately. The actual distributions are shown as a thick gray line, and the average number of discrepancies (l) is noted. A Poisson distribution using the same level sample
size and discrepancy level (l becoming k) is shown in green. A Poisson distribution based on the error rate of 1 per 1000-bp sized fragment (in this case, approximately
1171 bp) is shown in blue, and the same distribution using the measured error rate of 0.07 per 1000 (or 0.08 per 1171 for this fragment) is shown in red. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Amplifying homogenous DNA template, in this case taken from
single clonal colonies containing a known paralog each, resulted in
almost no discrepancies and thus an estimate Taq error several
times lower than that commonly reported or advised by the manufacturer (1 error per 104–105 nucleotides per duplication, Clarke
et al., 2001; Tindall and Kunkel, 1988): 35 of 37 long paralog sequences were identical to each other and to the original sequence
obtained from that colony, and all 25 short paralog sequences were
identical to each other and to the original sequence obtained from
that colony. The discrepancies among the long paralogs ampliﬁed
from homogenous DNA (differing by one and two nucleotides)
were not signiﬁcantly different from a Poisson distribution
(p = 0.12; G-test for goodness-of-ﬁt; not appropriate for the short
paralogs, since no discrepancies were detected). The calculated error rate of 0.068 per 1000 bp for the long paralogs (and effectively
zero for the short paralogs but put at 0.001 for calculation purposes) generated expected Poisson distributions of discrepancies
extremely different from the one observed from clones derived
from genomic template (p < 0.001; Fig. 5).

4. Discussion
4.1. Multiple paralogs of EF-1a occur in Metasiro americanus
We detected a large number of EF-1a paralogs in M. americanus
by cloning amplicons of the gene. These paralogs had a wide array
of nucleotide discrepancies, from single base substitutions to large
indels. There were no idels in the exons, but there were a number
of nonsynonymous substitutions. Specimens from which we successfully sequenced several clones in our initial survey gave us as
many as 11 different versions of EF-1a from one individual, and
after collecting additional clonal sequences from specimen 7397
to asses Taq error, we ultimately recovered 24 unique EF-1a
sequences (out of 32 total) from that animal. In general, EF-1a se-

quences from single individuals, and even from single collections
(which cover individuals living within 1 m of each other), were
mostly unique.
The recovery of nonsynonymous substitutions in the exons of
some paralogs does not permit inference of which EF-1a copies
are functional, although this could be tested by cloning the same
region from cDNA to see which EF-1a copies are transcribed. As
the focus of our investigation was on the informativeness of the
gene for population-level divergences (i.e., the intronic regions),
we did not pursue this avenue of inquiry here. However, we note
that paralogies affecting the exonic regions—the parts of the gene
used for inferring interspeciﬁc relationships—may in turn affect
reconstructions of species trees, a possibility that has not been
explored in empirical Opiliones phylogenies that have used
EF-1a (Derkarabetian et al., 2010; Sharma and Giribet, 2011).
4.2. Detected paralogous copies cannot be attributed to PCR
ampliﬁcation errors
A common explanation for sequence variations among cloned
amplicons in empirical datasets is PCR error (Faure et al., 2007;
Song et al., 2008; Thornhill et al., 2007; Whittall et al., 2006). However, our analyses demonstrate that the discrepancies we detected
among various EF-1a sequences cannot be attributed to mis-incorporation of nucleotides by Taq DNA polymerase during ampliﬁcation. We have three lines of evidence for this. (1) From single
individuals we recovered three or more paralogs that differed by
indels, not just nucleotide substitutions (Table 3). Indels in nonrepetitive sequences (Clarke et al., 2001) have been measured as
occurring 5–11 times less frequently than nucleotide substitutions
(Kunkel, 1984; Tindall and Kunkel, 1988). (2) The distributions of
discrepancies among different sequences from the same individual
did not follow a Poisson distribution, which a random process like
mis-incorporation of nucleotides must produce. (3) The mean
number of nucleotide discrepancies among our EF-1a paralogs
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was over 25 times greater than what would be expected from the
actual Taq mis-incorporation error rate measured empirically. The
distributions of sequence discrepancies derived from ampliﬁed
genomic DNA had 0.01% probability of resulting from the same
process as produced the two discrepancies found when amplifying
homogenous template. Moreover, they had a similar probability
(0.04%) of resulting from a Taq error rate commonly assumed to
give one error per 1 kb of ampliﬁed and cloned sequence (Palumbi
and Baker, 1994).
4.3. EF-1a copies are out-paralogs that disrupt inference of population
divergence
In Florida Caverns, the EF-1a paralog array is divided into divergent sets, leading to incomplete homogenization of the entire
array. For the region we ampliﬁed, these sets are distinguished
by a 28-bp indel in the intron and ﬁve consistent nucleotide polymorphisms. Unrooted phylogenetic analyses of sequences with the
large indel region removed recover a close relationship among the
set of short Florida paralogs and the paralogs from Savannah R. and
Sassafras Mt. This close relationship can also be seen in the low
number of nucleotide substitutions between the short Florida
paralogs and those of the other localities relative to the long Florida paralogs (Table 4). A rooted phylogenetic hypothesis recovered
using maximum likelihood indicates that the short paralogs
diverged before the populations of M. americanus separated, and
the hypothesis recovered under parsimony and counting indels
suggests the long paralogs diversiﬁed before all other paralogs in
this species evolved. In either case, they are out-paralogs. Moreover, with the Sassafras Mt. and Savannah R. paralogs diversifying
separately from within one set of short Florida paralogs, small
samples of EF-1a sequences from the Florida population are likely
to produce conﬂicting hypotheses of historical relationships among
the populations.
The large number of paralogs that exist in M. americanus,
together with the possibility that a modest indel alone can be sufﬁcient to isolate paralogs from gene conversion (discussed below),
suggest that paralogy assessment through cloning is an ineluctable
prerequisite to using EF-1a in other Opiliones and arthropods generally. This is especially true for statistical phylogeographic studies,

which are based on distributions of ortholog variants and are thus
completely undermined by paralogy. Recent Opiliones studies have
employed EF-1a in phylogenetics at both species and populations
levels (Derkarabetian et al., 2010; Sharma and Giribet, 2011; Shultz
and Regier, 2001, 2009), but a variety of factors may inadvertently
mitigate the effects of any EF-1a out-paralogs: consensus effects of
Sanger sequencing, removal of intron sequence, analysis in combination with other markers, use to recover deep nodes, and low
sequencing success relative to other markers. However, as analyses
become more detailed and branch lengths are used in molecular
dating and ancestral area reconstruction, the pernicious effects of
using out-paralogs instead of orthologs become compounded.
4.4. Length variability of paralogs may inhibit interchromosomal gene
conversion
The two paralog sets discovered in the Florida Cavers population are different from the long and short EF-1a paralogs discovered in bees and spiders; those are proposed to be a single pair
of paralogs that reside in the same chromosome, not different sets
of paralogs on different homologous chromosomes. The sets in
M. americanus do appear to homogenize internally, often differing
by only single base-pair substitutions and 1–2 bp indels. This
contrasts sharply with the extensive differences between intron
III among sequences for different Cyphophthalmi species, which
bear almost no resemblance.
Linkage disequilibrium has been detected in paralogous arrays
before (Arnheim et al., 1982; Parkin and Butlin, 2004); this has
usually been taken as evidence for the importance of rapid intrachromosomal gene conversion (Bollag and Liskay, 1988; Copenhaver and Pikaard, 1996; Klein and Petes, 1981; Polanco et al.,
1998; Scherer and Davis, 1980; Schlötterer and Tautz, 1994). If
new mutants are able to engage rapidly in the non-reciprocal
transfer of genetic information along their chromosome (either
via sister chromatid exchange or on the same strand) faster than
they can convert copies on a homologous chromosome, then identical sets of paralogs can appear on single chromosomes (Klein and
Petes, 1981). Explored in various models, the different mechanisms
and explanations for patterns of concerted evolution depend not
only on relative rates of intra- and interchromosomal gene conver-

(a)

(d)

(b)

(e)

(c)

(f)

Fig. 6. Variation of nuclear markers: (a) a single locus with two alleles, (b) an array of poorly homogenized paralogs, (c) an array of homogenized paralogs which appear to be
evolving ‘‘in concert;’’ (d) an array of homogenized paralogs that contain some divergent members, (e) an array of paralogs that is divided into different, homogenized sets on
separate chromosomes, and (f) an array where different sets vary by size (e.g., EF-1a in M. americanus).
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sion, but also selection advantages and population dynamics
(Nagylaki, 1984; Nagylaki and Petes, 1982; Slatkin, 1986). In addition, models need to factor in the primary explanation for sequence
homogenization besides gene conversion: unequal crossing over
(Hillis et al., 1991; Smith, 1974, 1976). Still, length variation has
long been suggested as an important factor in gene conversion
(Zimmer et al., 1980), and it seems more likely that the indel in
the Florida Caverns EF-1a paralog sets has simply blocked interchromosomal gene conversion through alignment inhibition, not
that intrachromosomal gene conversion is especially quick or
efﬁcient. Indeed, at the rate we found novel EF-1a sequences, it
seems that intrachromosomal gene conversion is a rather sloppy
or slow process.
A variety of outcomes are possible after gene duplication and
the emergence of a paralog array, each of which should produce
certain gene trees, some of which are shown in Fig. 6. Should the
paralogs not undergo concerted evolution, they will evolve separately and accumulate mutations that will reveal deep histories
(Fig. 6b), but if they are homogenized, they will appear as one copy
and one allele (Fig. 6c). Even with concerted evolution, gene
conversion can miss some copies, which, as they diverge over time,
become more difﬁcult to homogenize with the remainder of the
array (Fig. 6d). If intrachromosomal gene conversion is far more
effective than interchromosomal gene conversion, paralog sets
can be sorted onto different chromosomes (Fig. 6e), and should
these sets acquire substantial length differences, intrachromosomal gene conversion can be forevermore blocked (Fig. 6f), as may
be the case with EF-1a in M. americanus. The paralog phylogenies
we recovered are consistent with the latter scenario, with two of
the most distinct groupings of paralogs being the two length-distinguished paralog sets in Florida, which appear to be sorting independently on different chromosomes. Moreover, their histories are
deep, suggesting they have not engaged in gene conversion for a
considerable time.
5. Conclusion
The nuclear gene elongation factor-1 a (EF-1a) has many paralogs in Metasiro americanus (Davis, 1933), a harvestman (Opiliones)
that lives in three disjunct populations in the Southeastern US. In
one population, at least, the paralogs exist in different sets which
have diverged before the populations separated, a phylogenetic
analysis of the paralogs recovering them as out-paralogs. This positions EF-1a to give different phylogenetic hypotheses of the populations depending on which copies are sampled, and it prevents the
use of this marker in statistical phylogeographic analyses in M.
americanus. Assessing EF-1a paralogy in other species of interest
should be done before using this marker, the true nature of which
may vary widely among taxa. This can be done using basic cloning
techniques and comparing the results to expectations from Taq
polymerase error, which can be measured empirically by amplifying homogenous template.
Future studies should take advantage of such established tools
as ﬂuorescent in situ hybridization and northern blotting in order
to enumerate the duplications of EF-1a in Opiliones genomes. Recent advances in the understanding of chromosomal number evolution in Opiliones, as well as gene expression techniques, are
anticipated to aid determination of locations of duplicated gene
copies and identiﬁcation of functional EF-1a variants (Sharma
et al., 2012; Št’áhlavský et al., 2012).
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