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Fic. 2—Phylogeny of EF1A. The tree was reconstructed using Bayesian inference (PhyloBayes) under CAT profile mixture model with four discrete
gamma categories and the exchange rates fixed by the LG model (maxdiff =0.244; loglik effsize = 113). Node support values are given for two types of tree
inference methods—Bayesian posterior probability (left) and maximum-likelihood (ML) bootstrap support value (right); bootstrap support was generated on
the basis of 1,000 replicates using RAXML and LG+G+l model. Support values for nodes with Bayesian posterior probabilities <0.95 and ML bootstrap
support <50% are omitted. Nodes with Bayesian posterior probabilities >0.95 and ML bootstrap support >50% are given with thick lines. The branch
leading to diplomonads, marked with a hatch, is artificially shortened.
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Complex Distribution of EF1A and EFL

GBE

with strong support (at face value, the trees suggest separate
origins).

Alveolates EF1A and EFL Have a
Complex Evolutionary History

Plotting the presence and absences of EF1A and EFL on alve-
olate phylogeny reveals no easy explanation for the current
distribution of the translation elongation GTPases (fig. 3). If all
alveolate EFLs originated only by HGT, there must have been
two (colpodellids and all dinoflagellates), or perhaps even
three (colpodellids, Perkinsus, and core dinoflagellates) indi-
vidual events. If the distribution is only due to ancient paralogy
and lineage sorting, then both genes must have coexisted for
a prolonged period in the lineage leading to apicomplexans,
leading to three independent sorting events at a minimum.
The reality may lay between these two extremes, with a mix of
HGT events followed by a period of redundancy and lineage
sorting. This makes sense from a functional standpoint as well,
as it seems unrealistic to expect an incoming transferred gene
to simply replace its existing analog in an instant, so some
period of more or less gradual change of function is not un-
reasonable, and during this period the functional assignment
could likely go either way. The deepest alveolate lineages
(colponemids, ciliates) seem to contain only EF1A gene but
this circumstance does not lead to a definite conclusion, as
both EF1A and EFL genes are present in the outgroup (at
stramenopiles and Rhizaria). So the ultimate origin of EFL in
alveolates may be HGT, but lineage sorting could still play a
role in the current distribution if, for example, the ancestor of
apicomplexan and dinoflagellate lineages acquired a copy of
EFL by HGT, and the descendent lineages retained one or the
other resulting in the pattern seen here. This complexity
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Fic. 3.—Schematic diagram of prospective relationships between the
three main alveolate lineages and the early-diverging colponemids, per-
kinsids, colpodellids, and chromerids. The relationships are based on the
rDNA phylogeny (supplementary fig. S4, Supplementary Material online
and Gile and Slamovits 2014): Polytomies are unknown, and dotted lines
less certain. The presence (filled circle) or absence (open circle) of EF1A and
EFL is indicated for each branch.

suggests ancestors of organisms with EF1A (e.g., apicomplex-
ans) may have once also encoded EFL, and underscores the
importance of sampling a broad taxonomic diversity when
reconstructing such events. The early-diverging alveolate line-
ages are still poorly studied compared with model organisms
from the three main lineages, but without more data from
these organisms our understanding of the evolution of the
main lineages will remain incomplete.

Materials and Methods

Predatory flagellates Colpodella angusta isolate Spi-2 and
Colponema vietnamica isolate Colp-7a were cultured with
free-living bodonid prey Parabodo caudatus strain BAS-1;
Voromonas pontica isolate G-3 and Alphamonas edax isolate
BE-2 were cultured with bodonid P. sorokini strain B-69 and
heterotrophic chrysophyte Spumella sp. isolate OF-40, respec-
tively. EFs from the prey and predator organisms were identi-
fied in the isolated prey and mixed transcriptomes generated
using SMARTer Pico PCR ¢cDNA Synthesis Kit (Clontech) and
lllumina HiSeq sequencing, and assembled in Inchworm
(Trinity v. r2012-06-08) using default parameters, according
to the pipeline (Keeling et al. 2014). Between 14 and 48 mil-
lion 100-bp paired-end raw reads were obtained per sample.
The number of contigs assembled for each species ranged
from 4x 10* to 1.7x 10° (of which a minimum was 40,668
contigs in V. pontica assembly). Up to 15% of contigs were
discarded during filtering for prey contamination and even
more are bacterial contaminants that could not be filtered
out due to the lack of reference genomes. Predatory flagel-
lates A. peruviana isolate Colp-5 and two isolates of
Colponema edaphicum (Chukotka and Caucasus) were cul-
tured with P. sorokini strain B-69 and Spumella sp. isolate
OF-40, respectively. Alveolate EF1A was generated by PCR
using Encyclo PCR kit (Evrogen) and a pair of degenerate
primers (5-GTTYAARTAYGCNTGGGTNYTNGA-3, 5-
ATRTGVGMIGTRTGRCARTC-3'), and sequenced directly on
Applied Biosystems 3730 DNA Analyzer. No EFL sequences
of A. peruviana or C. edaphicum were detected by PCR or
found in their transcriptomes. Sequences obtained in this
study were deposited in GenBank with accession numbers
KF997847-KF997856. EFs genes from Chromera velia and
Vitrella brassicaformis were identified in transcriptomes gen-
erated through the Marine Microbial Eukaryote Transcriptome
Sequencing Project (Gordon and Betty Moore Foundation).
New sequences were translated and aligned with a taxo-
nomically broad sample of EF1A and EFL sequences collected
from GenBank (nr, est, wgs), Joint Genome Institute, Broad
Institute, and TBestDB databases. Elongation factor sequences
of Nannochloropsis gaditana, Pythium ultimum, and Galdlieria
sulphuraria were extracted in their respective genome project
databases (supplementary table S1, Supplementary Material
online). The alignments of EF1A and EFL amino acid sequences
were prepared separately using MUSCLE alignment program
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(Edgar 2004) and manually refined using BioEdit (Hall 1999).
After the exclusion of ambiguously aligned positions, the
EF1A data set contained 81 sequences and 419 positions,
and the EFL data set contained 84 sequences and 452 po-
sitions. Tree search for both data sets was performed using
the Bayesian method implemented by PhyloBayes 3.3
(Lartillot et al. 2009). Tree reconstruction for both data
sets used the CAT profile mixture model with four discrete
gamma categories and the exchange rates fixed by the LG
model. For each data set, four independent chains were run
for 50,000 cycles sampling trees every 100 cycles after dis-
carding the first 10,000 cycles as burn-in. The maximum
discrepancy (maxdiff parameter) had values less than 0.3,
and the effective sizes (for loglik parameter) ranged from
58 to 188. For the specific parameter values related to in-
dividual trees, see the figure captions. The sampled trees
were used to generate the majority rule consensus tree
with Bayesian posterior probabilities. Bootstrap support
values for the consensus tree reconstructed by PhyloBayes
were generated using RAXML 7.2.6 (Stamatakis 2006) on
the basis of 1,000 replicates under the LG+G+l model
for the EF1A data set and LG+G+F model for the EFL
data set. The models for each data set were chosen as
best-fit by ModelGenerator 0.85 (Keane et al. 2006). The
alternative topologies were tested using the CONSEL pro-
gram (Shimodaira and Hasegawa 2001). The topologies
were visualized using TreeView (Page 1996), and site-wise
log-likelihood values were computed with TREE-PUZZLE pro-
gram under the LG+G model (Schmidt 2009).

Supplementary Material

Supplementary tables S1 and figures S1-S4 are available at
Genome Biology and Evolution online (http://Awww.gbe.
oxfordjournals.org/).
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