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Many eukaryotic genes do not follow simple vertical inheritance. Elongation factor 1a (EF-1a) and methionine adenosyl
transferase (MAT) are enzymes with complicated evolutionary histories and, interestingly, the two cases have several
features in common. These essential enzymes occur as two relatively divergent paralogs (EF-1a/EFL, MAT/MATX) that
have patchy distributions in eukaryotic lineages that are nearly mutually exclusive. To explain such distributions, we must
invoke either multiple eukaryote-to-eukaryote horizontal gene transfers (HGTs) followed by functional replacement or
presence of both paralogs in the common ancestor followed by long-term coexistence and differential losses in various
eukaryotic lineages. To understand the evolution of these paralogs, we have performed in vivo experiments in
Trypanosoma brucei addressing the consequences of long-term coexpression and functional replacement. In the first
experiment of its kind, we have demonstrated that EF-1a and MAT can be simultaneously expressed with EFL and MATX,
respectively, without affecting the growth of the flagellates. After the endogenous MAT or EF-1a was downregulated by
RNA interference, MATX immediately substituted for its paralog, whereas EFL was not able to substitute for EF-1a, leading
to mortality. We conclude that MATX is naturally capable of evolving patchy paralog distribution via HGTs and/or longterm coexpression and differential losses. The capability of EFL to spread by HGT is lower and so the patchy distribution of
EF-1a/EFL paralogs was probably shaped mainly by deep paralogy followed by long-term coexistence and differential losses.
Key words: EFL, MATX, horizontal gene transfer, functional rescue, RNAi, Trypanosoma.

Introduction
The transfer of genetic information among distantly related
organisms called horizontal (5 lateral) gene transfer (HGT)
represents one of the major driving forces of evolution
(Keeling and Palmer 2008). The pervasive occurrence of
HGT among prokaryotic organisms is apparent in their genomes and can be easily experimentally demonstrated,
thus disputing the actual existence of stable bacterial species (Welch et al. 2002; Doolittle and Papke 2006; Doolittle
and Bapteste 2007; Papke 2009). Recently, the role of HGT
is becoming recognized also as an important force in the
evolution of eukaryotes and an increasing number of examples are being reported (Andersson 2005, 2009; Richards
et al. 2006; Watkins and Gray 2006; Andersson et al.
2007; Keeling 2009; Whitaker et al. 2009; Stairs et al.
2011). Even though several mechanisms of HGT have been
proposed (Gogarten 2003), two are believed to be prevalent: endosymbiotic gene transfer (Martin and Schnarrenberger 1997) and ‘‘you-are-what-you-eat’’ (Doolittle 1998).
The former occurred upon endosymbiosis of the bacterial
ancestors of mitochondria and plastids and represents HGT

on the largest scale because more than 90% of the endosymbiosed genomes were subsequently lost or transferred
to the host cell nucleus and thus form a substantial part of
the coding capacity of the nuclei in extant eukaryotes (Esser et al. 2004; Bock and Timmis 2008). Most of these organelle-derived proteins remain functionally associated
with the organelle of their evolutionary origin (Kurland
and Andersson 2000). However, some of these proteins
have eventually found their way to other cellular compartments, being responsible for the mosaic pattern of most
metabolic pathways in a typical eukaryotic cell (Gabaldón
and Huynen 2004; Obornı́k and Green 2005).
Independently of these massive endosymbiosis-driven
HGT events, most eukaryotes were subject to intermittent
acquisitions of genomic material from prokaryotes or other
eukaryotes. According to the ‘‘you-are-what-you-eat’’ concept, the digested prey is the pervasive source of these
transferred genes (Doolittle 1998). Various eukaryotic
groups differ in the extent of HGT from prokaryotes,
and their life style and environment seem to be an important factor—HGTs occurred frequently in the evolutionary
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history of rumen ciliates (Ricard et al. 2006), anaerobic protists (Andersson 2006; Andersson et al. 2007), or diatoms
(Bowler et al. 2008), whereas very few such events have
so far been documented in yeasts (Dujon et al. 2004) or
animals (Kondrashov et al. 2006).
Although the eukaryote-to-eukaryote HGTs are likely to
be underestimated (Keeling and Palmer 2008), this process
can hardly be considered a frequent one. Particularly interesting are highly conserved essential genes that have a surprisingly complex evolutionary history—elongation factor
1a (EF-1a) and methionine adenosyltransferase (MAT)
(Keeling and Inagaki 2004; Gile et al. 2006; Ruiz-Trillo
et al. 2006; Noble et al. 2007; Kamikawa et al. 2008,
2009, 2010, 2011; Sanchez-Perez et al. 2008; Cocquyt
et al. 2009; Gile, Faktorová, et al. 2009; Gile, Novis, et al.
2009; Sakaguchi et al. 2009), being the best known examples. The main function of EF-1a is to bring an aminoacyltransfer RNA into the A site of the ribosome (Andersen
et al. 2003). This extremely abundant protein has also been
implicated in ubiquitin-dependent protein degradation
(Chuang et al. 2005) and localization of selected transcripts
via simultaneous binding of EF-1a to actin (Liu et al.
2002). MAT is the only enzyme synthesizing S-adenosylL-methionine, which is one of the key metabolites, as it donates the methyl group for most methylation reactions in
prokaryotic and eukaryotic cells (Chiang et al. 1996).
Although elongation factor like (EFL) and MATX were
initially considered to have evolved by vertical descent,
the respective phylogenetic trees were inconsistent with
such a simple scenario. In both cases, the analyses revealed
that subsets of unrelated organisms possess a divergent
version of the gene—EFL and MATX (Keeling and Inagaki
2004; Sanchez-Perez et al. 2008). In general, the patchy distribution of two paralogs can be explained by two outermost
scenarios: 1) deep paralogy—presence of both paralogs in
the common ancestor—followed by differential loss of
one variant in individual lineages or 2) more recent origin
of one paralog in one lineage of eukaryotes followed by its
spread by eukaryote-to-eukaryote HGT. It is difficult to distinguish between these alternatives purely on the basis of
phylogenetic analyses of protein sequences and their distributions. Theoretically, because the scenarios differ in
the types of events they invoke, we might use the principle
of parsimony and prefer the one that requires fewer improbable events. The first scenario minimizes the events
of HGT replacements and expects long-term coexistence
of both paralogs. The assumption of this scenario therefore
is that the two paralogs are (or were in the past) capable of
long-term coexpression in a single cell compartment without negative effect on the fitness of the organism. The second scenario expects that one paralog (probably the less
frequent and less diversified one, namely MATX and
EFL) spreads among eukaryotes via HGT. The assumption
of this scenario is that this paralog is in a very short time
able to substitute the function of its counterpart. Unfortunately, in the cases of EFL/EF-1a and MATX/MAT, we have
no information how they fulfill one assumption or the
other.
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The coexistence of these paralogs under natural conditions is rare if not totally lacking. The distribution of EFL/EF1a paralogs and MATX/MAT paralogs is almost strictly mutually exclusive, that is, organisms have either EF-1a or EFL
but not both, the same applying to MAT and MATX.
Strangely enough, the exceptional group in both cases is
the diatoms. The genome of Thalassiosira pseudonana harbors both variants of these genes (EFL, EF-1a, MAT, and
MATX) (Armbrust et al. 2004), transcripts of both EFL
and EF-1a have been detected in Th. pseudonana and in
five other diatom species (Kamikawa et al. 2008), and finally
transcripts of both MAT and MATX were revealed in another four diatom species (Kamikawa et al. 2009). This almost strict mutually exclusive distribution led to a proposal
that the long-term coexistence of both paralogs in one
compartment is detrimental for the cell, probably due
to problems with regulation, competition for substrate,
or in the case of MAT/MATX, formation of less functional
heteromers (Sanchez-Perez et al. 2008).
The process of HGT replacement of these essential proteins by their paralogs is, however, potentially problematic
as well. It is difficult to envisage a smooth switch, during
which these essential proteins are replaced with their horizontally acquired paralogs that take instantly over their
functions. Moreover, the replacement is inevitably preceded by the potentially hazardous period of coexpression
of both variants.
We have decided to experimentally test on the model of
Trypanosoma brucei how the two paralog couples (EF-1a/
EFL and MAT/MATX) satisfy assumptions of the two evolutionary scenarios. For the first time, we have simulated
step-by-step the process of HGT under laboratory conditions. We have shown that EFL and MATX can coexist with
EF-1a and MAT, respectively. Moreover, the MATX gene
from Euglena gracilis was able to rescue the RNA interference (RNAi) knockdown for MAT in Tr. brucei, but in the
same organism, the EFL gene from Diplonema papillatum
failed to rescue the knockdown of EF-1a. Although MAT/
MATX fulfills assumptions of both scenarios, EF-1a/EFL apparently fulfills just one of them.

Materials and Methods
EF-1a and EFL Constructs
Oligonucleotides for generation of gene fragments suitable for generation of RNAi knockdown cell lines were
designed using the RNAit online tool available on the TrypanoFAN web site (http://trypanofan.path.cam.ac.uk/
software/RNAit.html). The 453 bp-long 5# region of the
Tr. brucei EF-1a gene was amplified using oligonucleotides
EF-1-F (5#-GGATCCTGGAGGCACTAGACATGCTG-3#)
and EF-1-R (5#-AAGCTTCGATCTTCGACTCGATCTCC3#) (added BamHI and HindIII restriction sites are underlined) and cloned via these restriction sites into the
p2T7-177 RNAi vector carrying phleomycin resistance.
For constitutive expression in Tr. brucei of the full-size
exogenous EFL, genes from D. papillatum or Isochrysis galbana were used. EFL from D. papillatum was expressed using
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either a pABPURO vector containing an HA3-tag and puromycin resistance (Long et al. 2008) or a pHD1344tub vector with TAP-tag and puromycin resistance (Carnes et al.
2008). For the expression of EFL from I. galbana, the pABPURO vectors with or without HA3-tag were used. The entire open reading frame of the EFL gene (accession number
ACO50119) was polymerase chain reaction (PCR) amplified
from the cDNA of the diplonemid D. papillatum using oligonucleotides Dp-HA-F (5#-TCACATCGATATGGCTAAC
GCTACCGA-3#) and Dp-HA-R (5#-AGTGGCTAGCCTTCT
TCTTGCCCTTGC-3#) (added ClaI and NheI restriction
sites are underlined) for pABPURO, and oligonucleotides
Dp-TAP-F (5#-TCACAAGCTTATGGCTAACGCTACCGA3#) and Dp-TAP-R (5#-AGTGGGATCCCTTCTTCTTGCCC
TTGC-3#) (added BamHI and HindIII restriction sites are
underlined) for pHD1344tub.
In the case of the I. galbana EFL gene (accession number
AAV34146), its entire open reading frame was PCR amplified from the total DNA using oligonucleotides Ig1-F (5#AAGCTTATGGCCTCCGAGAAA-3#) and Ig1-R (5#-GG
ATCCCTACTTCTTCTTCTT-3#) (added HindIII and BamHI
restriction sites are underlined), the amplicon was cloned
into pCRII TOPO (Invitrogen) and subsequently recloned
into the puromycin resistance–carrying pABPURO vectors
with or without the HA3-tag (Long et al. 2008). Proper integration of each construct was confirmed by sequencing. Comparison of the I. galbana EFL sequence with
other EFL sequences has not revealed any introns that
could potentially preclude the proper expression in
trypanosomes.

MAT and MATX Constructs
To generate the RNAi knockdown cells, a 438 bp-long 5#
fragment of the Tr. brucei MAT gene was amplified using
oligonucleotides IF-F (5#-TCACTCTAGAACGACGGTGTG
TCAAATGAA-3#) and IF-R (5#-AGTGAAGCTTGCAGTCGGAAGTTTTTCTGC-3#) (added XbaI and HindIII restriction
sites are underlined) and cloned into the p2T7-177 RNAi
vector. Furthermore, the full-size MATX gene from the euglenid E. gracilis (accession number GU989640) was amplified from a cDNA clone using oligonucleotides RE-F (5#-T
CACATCGATATGGCTGAATCTGCTTC-3#) and RE-R (5#AGTGGCTAGCGTCCA CCCACTTCTGCA-3#) (added NheI
and ClaI restriction sites are underlined). The amplicon was
cloned into the pABPURO vector containing HA3-tag and
puromycin resistance as described above.
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CO2, with 1 lg/ml puromycin or 1 lg/ml phleomycin as
the selectable agent depending on the type of construct.
The following clonal cell lines derived from the 29-13
strain were prepared for the EF-1a/EFL experiments: 1)
RNAi knockdowns containing Tr. brucei EF-1a in p2T7177; 2) cells constitutively overexpressing HA3-tagged
D. papillatum EFL in pABPURO; 3) cells constitutively overexpressing HA3-tagged D. papillatum EFL cotransfected with
p2T7-177 containing EF-1a; 5) cells constitutively overexpressing TAP-tagged D. papillatum EFL in pHD1344tub; 5)
cells constitutively overexpressing TAP-tagged D. papillatum EFL cotransfected with p2T7-177 containing EF-1a;
6) cells constitutively overexpressing HA3-tagged I. galbana
EFL in pABPURO; 7) cells constitutively overexpressing
HA3-tagged I. galbana EFL cotransfected with p2T7-177
containing EF-1a; 8) cells constitutively overexpressing
nontagged I. galbana EFL in pABPURO; and 9) cells constitutively overexpressing nontagged I. galbana EFL cotransfected with p2T7-177 containing EF-1a.
The following clonal cell lines derived from the 29-13
strain were made for the MAT/MATX experiments: 1)
RNAi knockdowns containing Tr. brucei MAT in p2T7177; 2) cells constitutively overexpressing HA3-tagged E.
gracilis MATX in pABPURO; and 3) cells constitutively
overexpressing HA3-tagged E. gracilis MATX cotransfected
with p2T7-177 containing MAT construct.
From each cell line containing the RNAi p2T7-177 vector, always a single clone was selected for further experiments based on the tightness of tetracycline-inducible
expression of target double-stranded (ds) RNA and the corresponding robust elimination of target mRNA, as determined by Northern blot analysis using the Tr. brucei EF-1a
or MAT gene as a probe. Synthesis of dsRNA was induced
by the addition of 1 lg/ml tetracycline to the medium.

Northern Blot Analysis
Approximately 5 lg of total RNA/lane was loaded on a 1%
formaldehyde agarose gel, blotted, and cross-linked following standard protocols. After prehybridization in NaPi solution (0.25 M Na2HPO4 and 0.25 M NaH2PO4, pH 7.2, 1
mM ethylenediaminetetraacetic acid, and 7% sodium dodecyl sulfate [SDS]) for 30 min at 60 °C, hybridization was
performed overnight in the same solution at the same temperature. A wash in 2 saline sodium citrate (SSC) þ 0.1%
SDS at room temperature for 20 min was followed by three
washes in 0.2 SSC þ 0.1% SDS for 20 min each at 55 °C.

Transfection, Cloning, and RNAi Induction

Western Blot Analysis

The HA3-tagged E. gracilis MATX in pABPURO was digested with MluI. Digestion with NotI was used to linearize
all the other constructs. After digestion, 10 lg of each linearized vector was individually transfected into exponentially growing (at 27 °C in SDM-79 medium) procyclic
Tr. brucei 29-13 strain or cell lines derived from thereof,
using 2-mm cuvettes and a BTX electroporator with the
settings of 1600 V, 25 lfarads, and 500 ohms. The clones
were obtained after about 2-week cultivation by limiting
dilution in 24-well plates at 27 °C in the presence of 5%

Cell lysates corresponding to 2.5  106 cells/lane were separated on a 15% sodium dodecyl sulfate–polyacrylamide
gel electrophoresis, blotted, and for HA3-tagged constructs,
the membranes were treated with an anti-HA3-tag mouse
monoclonal antibody, followed by chicken anti-mouse antibody coupled to horseradish peroxidase. For TAP-tagged
construct, the membranes were treated with anti-TAP-tag
mouse monoclonal antibody, followed by rabbit antimouse antibody. Signal in Western blots was quantified
with the Bio-Rad quantity one software.
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Growth Analysis
Growth curves of selected Tr. brucei clones representing
the (non)-induced RNAi knockdowns and the other genetically manipulated cells, obtained over a period of 12 days
after RNAi induction were established using the Beckman
Z2 Cell Counter.

Results
EFL and EF-1a mRNAs Are Fully Compatible
We have first tested whether EFL from D. papillatum, a diplonemid flagellate closely related to kinetoplastids, will be
compatible with the Tr. brucei proteome, which contains
the EF-1a. For that purpose, the full-size D. papillatum EFL
gene was cloned into a vector that allows its constitutive
expression under the procyclin promoter. The NotI-linearized
vector was transfected into the 29-13 Tr. brucei strain where
it was integrated into the tubulin locus. Total RNA was isolated from a puromycin-resistant clonal cell line and analyzed
by Northern blotting using the full-size D. papillatum EFL
gene as a probe. The analysis showed that the introduced
gene was strongly transcribed in the transfectants, whereas
no signal was detected in the wild type 29-13 cells (fig.
1A). At stringent hybridization conditions (60 °C), no
cross-hybridization with the EF-1a mRNA, transcribed from
three endogenous copies of the EF-1a gene, was observed.
Western blot analysis using specific anti-HA3 or anti-TAP
tag monoclonal antibodies detected a tagged protein translated from the heterologous gene (fig. 1B). The morphology
of Tr. brucei cells containing both the endogenous EF-1a and
exogenous EFL appeared normal by light microscopy (data
not shown), and their growth was similar in comparison with
the wild-type cells (fig. 2B and C) indicating that EF-1a and
EFL are fully compatible.

Silencing of EF-1a Inhibits Growth
The addition of tetracycline into the medium triggers
synthesis of dsRNA in trypanosomes transfected with the
EF-1a-containing inducible RNAi construct. The extent of
EF-1a mRNA silencing and the tightness of its inducible ablation was determined by Northern blotting, which revealed
lack of leaky dsRNA transcription (fig. 1C, lanes 3 and 7) and
virtually complete ablation of EF-1a mRNA upon the induction of RNAi (fig. 1C, lanes 4 and 8). Next, we have followed
the growth of cells constitutively expressing exogenous D.
papillatum EFL in which RNAi against EF-1a was induced.
The elimination of EF-1a mRNA triggers an almost instant
cessation of growth, eventually causing death regardless of
the absence (fig. 2A) or presence (fig. 2B and C) of exogenous
EFL that is efficiently translated (fig. 1B), yet still fails to
rescue the growth phenotype.
To confirm these findings, similar experiments were performed with cells with constitutive expression of the EFL
gene from a different organism, the haptophyte I. galbana.
In this series of experiments, we also wanted to establish
whether the attachment of a tag to the C-terminus of expressed exogenous EFL protein does (not) interfere with its
enzymatic function. Therefore, two parallel experiments
2374

FIG. 1. Expression of exogenous EFL from Diplonema papillatum and
(parallel) RNAi silencing of EF-1a in Trypanosoma brucei. (A) The
EFL mRNA is expressed in Trypanosoma brucei cells. Upper panels:
Levels of EFL mRNA with HA3-tag (lanes 1–4) and EFL mRNA with
TAP-tag (lanes 5–8) were analyzed by blotting 10 lg of total RNA/
lane extracted from 29-13 wild-type cells (lanes 1 and 5), cells
constitutively expressing exogenous EFL (lanes 2, 6), noninduced
cells expressing EFL and also containing RNAi vector against EF-1a
(lanes 3 and 7), and same cells as in lanes 3 and 7 in which RNAi was
induced (lanes 4 and 8). The full-length EFL gene was used as a
probe, and hybridization was performed at 60 °C, at which no crosshybridization with EF-1a mRNA occurs. Lower panels: As a loading
control, the gel was stained with ethidium bromide to visualize
ribosomal RNA (rRNA) bands. (B) The EFL protein is expressed in
Tr. brucei cells. Upper panels: The levels of the HA3-tagged (lanes 1–
4) and TAP-tagged (lanes 5–8) exogenous EFL protein were followed
using specific mouse monoclonal antibodies. The levels were analyzed in total lysates (from 5  106cells) from 29-13 wild-type cells
(lanes 1 and 5), cells constitutively expressing EFL (lanes 2 and 6),
noninduced cells constitutively expressing exogenous EFL and
containing RNAi vector against EF-1a (lanes 3 and 7), and the same
cells as in lanes 3 and 7 in which RNAi was induced (lanes 4 and 8).
Lower panels: Enolase visualized by specific rabbit polyclonal
antibodies was used as loading control. (C) Down regulation of
EF-1a. Upper panels: Level of EF-1a mRNA in the cells with HA3tagged (lanes 1–4) and TAP-tagged exogenous EFL (lanes 5–8) were
analyzed in total RNA extracted from 29-13 wild-type cells (lanes 1
and 5), cells constitutively expressing EFL (lanes 2 and 6), noninduced cells containing RNAi vector against EF-1a and constitutively expressing EFL (lanes 3 and 7); and same cells as in lanes 3 and
7 in which RNAi was induced (lanes 4 and 8). The full-length EF-1a
gene was used as a probe, and hybridization was performed at
60 °C, at which no cross-hybridization with EFL mRNA occurs. The
positions of the EF-1a mRNAs and respective dsRNA are indicated
with white and gray arrowheads, respectively. Lower panels: As a
loading control, the gel was stained with ethidium bromide to
visualize rRNA bands.

were performed; one using construct with HA3 tagged
EFL and the other using nontagged EFL. Because results
of both experiments were very similar, only the experiments
without tag are presented below. Successful constitutive expression of exogenous EFL and inducible downregulation of
endogenous EF-1a was confirmed using Northern blotting
(supplementary fig. S1, Supplementary Material online).
As in the case of EFL from D. papillatum, trypanosomes
in which both EF-1a and I. galbana EFL were expressed
grew at the same rate as the wild-type cells, with the exogenous EFL failing to rescue the growth of the cells with
RNAi-ablated EF-1a (fig. 2D).
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FIG. 2. Lethality RNAi-ablation of EF-1a is not rescued by exogenous EFL in Trypanosoma brucei. Cell numbers were measured using a Coulter
Counter Z2. The y axis is labeled by a logarithmic scale and represents the product of cell densities measured and total dilution. Growth curves
are one representative set from three independent experiments. (A) The growth of cells with ablated EF-1a mRNA is inhibited (triangles), as
compared with the 29-13 wild-type cells (diamonds). (B) The growth of cells with inducibly ablated EF-1a mRNA that also constitutively
express Diplonema papilatum EFL with HA3-tag is inhibited (triangles) in comparison with the noninduced cells constitutively expressing the
same EFL (squares) and 29-13 wild-type cells (diamonds), which grow at the same rate. (C) The growth of cells with inducibly ablated EF-1a
mRNA that also constitutively express D. papilatum EFL with TAP-tag is inhibited (triangles) in comparison with the noninduced cells
constitutively expressing the same EFL (squares) and 29-13 wild-type cells (diamonds), which grow at the same rate. (D) The growth of cells
with inducibly ablated EF-1a mRNA that also constitutively express Isochrysis galbana EFL is inhibited (triangles) in comparison with the
noninduced cells constitutively expressing the same EFL (squares) and 29-13 wild-type cells (diamonds), which grow at the same rate.

MAT and MATX mRNAs Are Compatible
The same strategy as the one described above for the EFL
and EF-1a genes was also used for the MAT/MATX system.
First, using Northern blot analysis and the MATX gene as a
probe, we have shown that in transfected Tr. brucei, the
MATX gene from E. gracilis is indeed expressed (fig. 3A).
This approach also excluded the unlikely yet possible presence of another MATX gene in the 29-13 wild-type cells,
which contain nine copies of the MAT gene in their genome. As shown by Western blot analysis using specific
anti-HA3 tag monoclonal antibody, MATX is not only transcribed but also efficiently translated in Tr. brucei transfected with the respective construct (fig. 3B). Growth
curve analysis of wild-type cells and those overexpressing
MATX clearly demonstrated that trypanosomes fully tolerate expression of this exogenous gene (fig. 4B).

MATX Rescues MAT Deficiency
Next, we have downregulated endogenous MAT mRNA using RNAi. In selected clones, the ablation was very efficient,
because after 48 h of RNAi induction, virtually no target
transcript was detectable by Northern blot analysis (fig.
3C). We have then followed the consequences of such depletion on cell growth. As shown in figure 4A, MAT is
clearly an essential protein for trypanosomes, as they were
unable to propagate in its absence. The situation was, however, strikingly different with cells depleted for MAT but
overexpressing E. gracilis MATX. The constitutive expression of MATX in the inducible Tr. brucei RNAi MAT knockdown fully rescued the growth, which differed neither from
the 29-13 wild-type cells nor from the noninduced knockdowns (fig. 4B). This experiment shows that when the euglenid
MATX is concurrently expressed with the endogenous MAT,

following the depletion of the latter protein, MATX quickly
takes over its function(s) and rescues the cells, which would
otherwise die.

Discussion
Using in vivo experiments, we have mimicked the process
of acquisition of an exogenous paralog of an enzyme by
HGT followed by a period of simultaneous expression
and eventually leading to functional replacement of the endogenous paralog. Our experiments have several important
implications for the evolution of the studied paralogs.
For two gene couples (MAT/MATX and EF-1a/EFL)
whose members are virtually never found simultaneously
in one cell, we have demonstrated for the first time that
their products can cohabitate in Tr. brucei in the same
compartment at least for several weeks, which is a substantially long period for an organism with 8 h-long generation
time. Although our results do not attach any selective advantage to this highly risky and cumbersome process, they
show that it can indeed happen under experimentally controlled conditions. Growth phenotype of trypanosomes coexpressing MAT and MATX or EF-1a and EFL is similar and
comparable with the wild-type cells. The results of our experiments are in agreement with the observations that
MAT and MATX mRNA as well as EF-1a and EFL mRNA
are present in several diatom species at the same time
(Kamikawa et al. 2008, 2009). In the light of these findings,
the long-term cohabitation followed by slow and more or
less random differential losses of one or the other paralog
is a plausible scenario for both paralog couples.
MATX and EFL differ in their ability to substitute the
endogenous paralog in trypanosomes. After downregulation
of MAT by RNAi, the expressed exogenous MATX was able
2375
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FIG. 3. Expression of exogenous MATX from Euglena gracilis and
(parallel) RNAi silencing of MAT in Trypanosoma brucei. (A) The
MATX mRNA is expressed in T. brucei cells. Upper panel: Level of
MATX mRNA was analyzed by blotting 10 lg of total RNA extracted
from 29-13 cells (lane 1), cells constitutively expressing MATX from E.
gracilis (lane 2), noninduced cells constitutively expressing exogenous
MATX and containing RNAi vector against endogenous MAT (lane
3), and the same cells as in lane 3 in which RNAi was induced (lane
4). The full-size MATX gene was used as a probe, and hybridization
was performed at 60 °C. The position of the MATX mRNA is
indicated with a black arrowhead. Lower panel: As a loading control,
the gel was stained with ethidium bromide to visualize ribosomal
RNA (rRNA) bands. (B) The MATX protein is expressed in T. brucei.
Upper panel: The levels of the HA3-tagged exogenous MATX protein
were followed using specific mouse monoclonal antibodies. The levels
were analyzed in total lysates from 29-13 wild-type cells (lane 1), cells
constitutively expressing MATX (lane 2), noninduced cells constitutively expressing exogenous MATX and containing RNAi vector
against MAT (lane 3), and the same cells as in lane 3 in which RNAi
was induced (lane 4). Lower panel: Enolase visualized by specific
rabbit polyclonal antibodies was used as loading control. (C) Down
regulation of MAT. Upper panel: Levels of MAT mRNA and respective dsRNA were analyzed in total RNA extracted from the
following cell lines: 29-13 wild-type cells (lane 1); noninduced cells
containing RNAi vector against endogenous MAT and constitutively
expressing exogenous MATX (lane 2); same cells as in lane 2 in which
RNAi was induced (lane 3); noninduced cells containing RNAi vector
against MAT (lane 4); same cells as in lane 4 in which RNAi was
induced (lane 5). The 5# region of the T. brucei MAT gene was used
as a probe, and hybridization was performed at 60 °C. The positions
of the targeted MAT mRNA and the dsRNA are indicated with white
and gray arrowheads, respectively. Lower panel: As a loading control,
the gel was stained with ethidium bromide to visualize rRNA bands.

to take over the function of its counterpart. The functional
replacement of MAT by MATX happened immediately with
no effect on the growth phenotype. This result is in agreement with the work of Ho et al. (2007), who showed that
MATX from a dinoflagellate Crypthecodinium cohnii rescued
the MAT knockout of yeast. On the other hand, cells expressing EFL but depleted for EF-1a died in our experiments
irrespective of the presence or absence of tags on the EFL
protein and irrespective of the Diplonema or Isochrysis origin
of the EFL gene.
Because horizontally transferred genes may be disadvantaged in codon usage, we have compared this parameter
for both gene couples. Codon usage of MATX and both
2376
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FIG. 4. Lethality of RNAi-ablated MAT is rescued by exogenous
MATX in Trypanosoma brucei. The growth curves were performed
as described in figure 2. (A) The growth of cells with ablated MAT
mRNA is inhibited (triangles), as compared with 29-13 wild-type
cells (diamonds). (B) The growth of cells with inducibly ablated
MAT mRNA is rescued by the expression of exogenous MATX
(triangles), and the cells grow at about the same rate as the
noninduced cells constitutively expressing the same MATX
(squares) and 29-13 wild-type cells (diamonds).

EFLs departs from the kinetoplastid consensus to about
the same extent as the endogenous MAT and EF-1a (supplementary figs. S2–S8, Supplementary Material online).
We therefore conclude that codon usage bias does not play
significant role in establishment of horizontally acquired
MATX and EFL.
The analysis of functional divergence in case of EFL
(Keeling and Inagaki 2004) and the conservation of all functional residues in case of MATX (Sanchez-Perez et al. 2008)
suggest that these distant paralogs can perform the function of their counterparts. Nevertheless, the overall amino
acid identity between EF-1a and EFL (40–45%) is generally
lower than the amino acid identity between MAT and
MATX (55–64%, excluding insertions). The amino acid
identities between the particular gene pairs that have been
used in our experiments fell into the aforementioned
ranges, Euglena MATX with Trypanosoma MAT, Diplonema EFL with Trypanosoma EF-1a, and Isochrysis EFL with
Trypanosoma EF-1a share 55%, 44%, and 42% of amino
acids, respectively. The lower identity between EFL and
EF-1a might contribute to the incapability of EFL to functionally substitute EF-1a. The fact that EFL was not able to
substitute its paralog while MATX was could also be explained by the complexity hypothesis (Cohen et al.
2010). This hypothesis posits that genes, whose products
are involved in many interactions with other proteins or
molecules (like elongation factors), are less prone to transfers than genes with less interactions (enzymes like MATX).
Judging by their phylogenies and distribution among eukaryotes, the cases of EF-1a/EFL and MAT/MATX look very
similar, yet our laboratory experiments indicate that this
similarity may only be superficial. In the case of MAT/
MATX, both long-term coexistence and horizontal transfer
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followed by instantaneous functional replacement are
plausible. MAT/MATX pair therefore satisfies assumptions
of both outermost scenarios how the patchy distribution
might evolve, that is, ancestral presence of both paralogs
followed by differential losses or origin in one lineage followed by spread via HGTs. Results of our experiments thus
do not help judging which of these scenarios are more
plausible in this particular case. In fact, it is reasonable
to expect that both phenomena—differential loss and
HGT—contributed to the evolution of MAT/MATX patchy
distribution. In the case of EF-1a/EFL, we have demonstrated that the coexistence of both variants is possible.
This result is in agreement with the hypotheses that this
dual state could be maintained for millions of years in euglenids (Gile, Faktorová, et al. 2009), diatoms (Kamikawa
et al. 2008), green algae (Noble et al. 2007; Cocquyt
et al. 2009), or even for much longer time since the common ancestor of all extant eukaryotes (Kamikawa et al.
2010). On the contrary, the instantaneous functional replacement of endogenous EF-1a by exogenous EFL was
not successful, so at least in our experimental setting,
we were not able to show that the EF-1a/EFL pair fulfills
the assumption of the multiple-HGT scenario, and this scenario therefore seems in this particular case less probable.
This does not mean that after a sufficiently long period of
coexpression, when the cells become adapted to the exogenous paralog, EFL could not be able to substitute EF-1a.
This situation, depending on the length of the adaptation
period, however, approaches to the long-term coexpression
followed by differential losses scenario. It is theoretically possible that the EFL gene was horizontally transferred at some
points of its evolutionary history yet there is better evidence that coexpression followed by losses played a major
role in the shaping the distribution of EFL and EF1-a.
In summary, the process of HGT and functional replacement of paralogs was simulated in a step-by-step fashion,
which allowed to directly demonstrate that two relatively
divergent variants of essential proteins can be coexpressed
in vivo. A trouble-free simultaneous expression represents a
necessary assumption of scenarios invoking deep paralogy
and differential losses to explain the complex distribution
of paralogs in the eukaryotic tree. Our experiments thus
increase plausibility of this scenario for both EF-1a/EFL
and MAT/MATX paralog pairs. Unlike EFL, MATX exhibits
also a natural capability to spread among eukaryotes by
horizontal transfer and instantaneous functional replacement indicating that also this mechanism might play a role
in the evolutionary history of this particular paralog pair.

Supplementary Materials
Supplementary figures S1–S8 are available at Molecular Biology
and Evolution online (http://www.mbe.oxfordjournals.org/).
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