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The genetic code is one of the most highly conserved characters in living
organisms. Only a small number of genomes have evolved slight varia-
tions on the code, and these non-canonical codes are instrumental in
understanding the selective pressures maintaining the code. Here, we
describe a new case of a non-canonical genetic code from the oxymonad
flagellate Streblomastix strix. We have sequenced four protein-coding
genes from S. strix and found that the canonical stop codons TAA and
TAG encode the amino acid glutamine. These codons are retained in
S.strix mRNAs, and the legitimate termination codons of all genes
examined were found to be TGA, supporting the prediction that this
should be the only true stop codon in this genome. Only four other
lineages of eukaryotes are known to have evolved non-canonical nuclear
genetic codes, and our phylogenetic analyses of a-tubulin, B-tubulin,
elongation factor-1 a (EF-1 alpha), heat-shock protein 90 (HSP90), and
small subunit rRNA all confirm that the variant code in S. strix evolved
independently of any other known variant. The independent origin of
each of these codes is particularly interesting because the code found in
S. strix, where TAA and TAG encode glutamine, has evolved in three of
the four other nuclear lineages with variant codes, but this code has
never evolved in a prokaryote or a prokaryote-derived organelle. The
distribution of non-canonical codes is probably the result of a combination
of differences in translation termination, tRNAs, and tRNA synthetases,
such that the eukaryotic machinery preferentially allows changes involving
TAA and TAG.
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Introduction

universal. A small number of genomes have been
found to possess slightly different genetic codes,

The genetic code is the key to information flow
in cellular life, and therefore one of the most highly
conserved characteristics of all living systems.
Virtually all genetic systems, including bacteria,
archaebacteria, eukaryotic nuclei, organelles, and
viruses use the same genetic code, which has been
called the Universal genetic code. It is now widely
accepted that this standard or canonical genetic
code originated early in cellular evolution, prior to
the common ancestor of all extant life. However,
despite the widespread and near-absolute conser-
vation of the genetic code, the code is not quite

Abbreviations used: SSU, small subunit; EF, elongation
factor; RT, reverse transcriptase; UTR, untranslated
region; RACE, rapid amplification of cDNA ends; DIC,
differential interference contrast.
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referred to here as non-canonical genetic codes.
All non-canonical codes differ from the standard
code only slightly, showing beyond any doubt that
they have evolved by making small changes to
the standard code. Various models have been
suggested to explain how changes to the genetic
code can be made, the most widely discussed
being the codon-capture' and ambiguous inter-
mediate” models. In codon-capture, shifts in the
frequency of various codons, typically due to a
strong bias in AT content of the genome, lead to
the total loss of a particular codon. Once lost, the
translational machinery responsible for recognising
that codon can be lost or altered, leaving the codon
“unassigned”. Unassigned codons may then be
reclaimed by the appearance of a mutant tRNA
that can recognise them, which in turn allows the
codon to reappear in the genome, potentially
encoding a new amino acid."® The ambiguous

0022-2836/03/$ - see front matter © 2003 Elsevier Science Ltd. All rights reserved



1338

A Non-canonical Genetic Code in Streblomastix strix

intermediate model postulates that mutant tRNAs
appear to claim active codons, for a time resulting
in codons with two possible meanings. Eventually,
the tRNA or termination factor originally recog-
nising the codon is lost or altered so that it no
longer recognises the codon, resulting in a new
code.”* While the order of events in these two
models may be different, the basic mechanism is
similar in some respects.

Although the differences between non-canonical
genetic codes and the standard code are typically
slight, these differences are important, since
they reflect rare escapes from the strong selective
pressures that constrain the code; namely, the
activity of the protein translational machinery. To
understand these pressures, it is necessary to have
some appreciation for the variant codes that have
evolved, and the frequency with which different
non-canonical codes have appeared in different
lineages. Mitochondrial genomes are a particularly
fertile source of genetic code variations, likely
because they are small genomes with unusual
population dynamics.>® In contrast, plastid gen-
omes, which are similar in many respects to
mitochondrial genomes, use the standard genetic
code. Among eubacteria, a variant code has been
documented in mycoplasmas,” but no variant
code has been observed in any archaebacterium.
In eukaryotic nuclear genomes, four lineages have
been documented to alter their genetic code, and
the distribution and nature of these changes is
quite interesting. One unique variant is found in
several species of the yeast Candida, where CUG
encodes serine rather than leucine.® In ciliates, no
less than three non-canonical genetic codes have
evolved: in Euplotes, UGA encodes cysteine rather
than stop,” while in Blepharisma and Colpoda,
UGA encodes tryptophan,'” and in most other cili-
ates TAA and TAG encode glutamine rather than
stop."""** This last variation is most interesting,
since it appears to have evolved within ciliates
more than once,'*'* and has been documented in
dasycladacean green algae'” and in hexamitid
diplomonads.'*"” These non-canonical codes have
yielded some intriguing insights into the stability
of the genetic code in different lineages, but the
number of variant codes characterised to date are
still few. Therefore, the debates as to how these
changes take place and how they may be a reflec-
tion of the translational apparatus have not
abated.'®"*

The oxymonads are a group of flagellates that
rank among the most poorly studied eukaryotes
known. They are anaerobes or microaerophiles
that have no recognisable mitochondrion. The
group is morphologically very diverse, but its
members are not abundant in nature, being
restricted to the guts of animals, predominantly
termites.” Living in complex associations with
other microorganisms and their animal hosts,
oxymonads are not available in cultivation and
accordingly it is only recently that molecular data
have been characterised from any oxymonad.?* *

The molecular data remain sparse and restricted
to two closely related genera, so we sought
to characterise several gene sequences from
Streblomastix strix, an unusual oxymonad found
in the hindgut of the damp-wood termite
Zootermopsis angusticolis. Unexpectedly, S. strix was
found to employ a non-canonical genetic code,
where the amino acid glutamine is encoded by the
canonical CAA and CAG codons, and by TAA
and TAG codons.

This is only the fifth lineage of eukaryotes
known to employ a non-canonical genetic code in
the nuclear genome, but already the fourth lineage
where this particular variant is found. The recur-
rent evolution of this variant code in nuclear gen-
omes suggests that these codons are particularly
free to evolve a new meaning in eukaryotes, and
the different constraints on the genetic code in
eukaryotes and prokaryotes likely reflect basic
differences in translation.

Results and Discussion

Characterisation of molecular sequences from
Streblomastix, and in situ hybridization

Fractionated Z. angusticolis hindgut material
enriched with S. strix (see Figure 1(a) and (b) for
morphology) was used to amplify several different
gene sequences. Initially, the small subunit ribo-
somal RNA (SSU rRNA) gene was amplified to
evaluate the proposed relationship between
S.strix and oxymonads, as oxymonads are very
poorly studied and morphologically diverse,
and S.strix is a relatively unusual flagellate.”~*
Amplifications of SSU rRNA genes from fraction-
ated gut material yielded two products: one small
(1574 bp), faint product corresponding to the size
expected of parabasalia (which also are found
in the Z. angusticolis hindgut), and a second,
abundant and very large product (2471 bp).
Both products were cloned and sequenced. The
sequence of the smaller product corresponded to
the recently reported sequence of Trichomitopsis
termopsidis,”® as expected, while the larger product
corresponded to an SSU gene most similar to the
large homologue (2012 bp) from the oxymonad
Pyrsonympha. Preliminary phylogenetic analysis
(not shown) confirmed this relationship. The puta-
tive S.strix SSU rRNA gene contains numerous
large insertions, some at positions shared by inser-
tions in the Pyrsonympha SSU, and others at
unique positions.

To confirm the origin of the SSU rRNA gene,
one unique insertion was used as a target for a
S. strix-specific probe in fluorescent in situ hybridi-
sation. When hybridised to whole gut contents,
the probe specifically recognised S. strix (Figure
1(e) and (f)). Some wood-eating parabasalia were
observed to fluoresce weakly at this wavelength,
but these cells autofluoresced at the same inten-
sity in controls that were not exposed to the



A Non-canonical Genetic Code in Streblomastix strix 1339

Figure 1. Representative light and scanning electron micrographs of Streblomastix strix; all scale bars represent
10 pm. (a) Light micrograph using differential interference contrast (DIC) showing the general appearance of a single
cell. This appearance matches previous descriptions of Streblomastix.>** (b) Scanning electron micrograph showing
the rod-shaped epibiotic bacteria oriented longitudinally along the surface of a cell, a feature that is diagnostic of
S. strix.* (c) DIC micrograph of a cell prepared for in situ hybridisation but without exposure to a rhodamine-labeled
probe. (d) The same cell as in (c) observed under a 546 nm excitation wavelength; there was no evidence of auto-
fluorescence. (e) DIC micrograph of a cell exposed to a rhodamine-labeled probe specific to S. strix. (f) Fluorescence
emitted from the same cell as in (e) (under a 546 nm excitation wavelength) provides qualitative evidence for specific

binding of the rhodamine-labeled SSU rDNA probe to S. strix.

rhodamine-labeled probe. In these controls,
Streblomastix cells did not autofluoresce (Figure
1(c) and (d)). Moreover, in the preparations
exposed to the probe, the degree of fluorescence in
Streblomastix was noticeably higher than in para-
basalids. As further confirmation, exact-match SSU
rRNA primers were used to amplify the same SSU
gene from manually isolated Streblomastix cells.

Fractionated gut material was used to amplify
Streblomastix a-tubulin genes. A single product of
the expected size was observed and three indi-
vidual clones were sequenced. All three clones
encoded distinct but similar a-tubulin genes that
varied predominantly at synonymous positions.
In preliminary phylogenetic analyses, these genes
showed a very close relationship with the pre-
viously characterised a-tubulins from the oxymo-
nads Pyrsonympha and Dinenympha, suggesting
that the genes were indeed from Streblomastix.
Moreover, the PCR-based approach using exact-
match primers on 50 manually isolated Streblo-
mastix cells produced a fragment of the same
a-tubulin gene. Sequencing this product con-
firmed that these sequences are derived from
Streblomastix.

The inferred translation of the PCR products
revealed that all three copies of the a-tubulin that
were sequenced encoded TAG codons at position
234, and two of the three copies encoded TAA
codons at position 69. The third copy encoded a
CAA glutamine codon at position 69 (Figure 2(a)).
TAA and TAG are termination codons in the
canonical genetic code, and both position 69 and
234 are highly conserved for glutamine in other
eukaryotes, suggesting that TAA and TAG perhaps
encode glutamine in the Streblomastix genome
rather than acting as termination codons.

To determine whether this characteristic is
common to other Streblomastix genes, genes
encoding B-tubulin, translation elongation factor-1
a (EF-1 «), and heat-shock protein 90 (HSP90)
were amplified, and several individual clones
sequenced for each gene (five for B-tubulin and
HSP90, and three for EF-1 a). As with a-tubulin,
the individual clones for each of these genes
encoded nearly identical proteins, but displayed a
great deal of variation at synonymous positions
(in HSP90, an extremely variable acidic domain
was found to vary in sequence and length at the
inferred amino acid level). Considering that the
source of the material is a natural population
and not a culture, this is perhaps not surprising:
a natural population would be expected to have
considerably more variability than normally seen
in cultivated protozoa. As with a-tubulin, pre-
liminary phylogenetic analysis confirmed that the
Streblomastix EF-1 a branched with other known
oxymonad genes (not shown). No other oxymonad
B-tubulins or HSP90 genes are known, but oxy-
monads are known to be close relatives of the
flagellate Trimastix.”* Phylogenies of all four pro-
tein-coding genes including homologues from Tri-
mastix (unpublished Trimastix marina sequences
were made available by A. B. G. Simpson & A. J.
Roger) showed Streblomastix and Trimastix to
be closely related (not shown). To further confirm
the origin of these sequences, Streblomastix was
manually isolated once more, and fragments of
B-tubulin and HSP90 were amplified from two
pools of 50 isolated cells using exact-match
primers. In each case, a product of the expected
size was obtained and sequencing confirmed
that the product matched the sequences of the
Streblomastix genes.
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a. b.

Alpha-Tubulin 234 Beta-Tubulin 306 311
Streblomastix 1 LFHPE*IISGK DMTEF*TNLVP Streblomastix 1 KEVDE*MLNV*NKNSS
Streblomastix 2 LSHTE*IISGK DMTEF*TSLVP Streblomastix 2 KEVDEQMLNVQNKNSS
Streblomastix 3 LFHPEQIISGK DMTEF*TNLVP Streblomastix 3 KEVDEQMLNVQNKNSS

Dinenympha LFHPEQIISGK DVTEFQTNLVP Giardia KEVDEQMLNIQNKNSS
Pyrsonympha LFHPEQIISGK DITEFQTNLVP Hexamita KEVEEQMLNIQSKNTS
Giardia LYHPEQLISGK DLTEFQTNLVP Trichomonas KEVDEQMLNIQARNTS
Hexamita IYHPEQLISGK DLTEFQTNLVP Jakoba KEVDEQMLNVQNKNSS
Trichomonas LFHPEQLISGK DFTEFQTNLVP Naegleria KEVDEQMLNVQNKNSS
Jakoba LFHPEQLISGK DLTEFQTNLVP Trypanosoma KEVDEQMLNVQNKNSS
Naegleria LFHPEQLITGK DVTEFQTNLVP Cercomonas KEVDEQMLNVQNKNSS
Trypanosoma LFHPEQLISGK DLTEFQTNLVP Dictyostelium KEVDEQMHNIQTKNSS
Cercomonas LFHPEQLITGK DITEFQTNLVP Arabidopsis KEVDEQILNVQNKNSS
Dictyostelium LFHPEQLITGK DINDIQTNLVP Zea KEVDEQMLNVQNKNSS
Arabidopsis LFHPEQLISGK DITEFQTNLVP Chlamydomonas KEVDEQMLNVQNKNSS
Chlamydomonas LFHPEQLISGK DITEFQTNLVP Toxoplasma KEVDEQMLNVQNKNSS
Plasmodium LFHPEQLISGK DVTEFQTNLVP Plasmodium KEVDEQMLNVQNKNSS
Heterocapsa LFHPEQLISGK DITEFQTNLVP Heterocapsa KEVDEQMLNVQNKNSS
Tetrahymena LFHPEQLISGK DITEFQTNLVP Tetrahymena KEVDEQMLNVQNKNSS
Drosophila LFHPEQLITGK DLTEFQTNLVP Drosophila KEVDEQMLNVQNKNSS
Homo LFHPEQLITGK DLTEFQTNLVP Homo KEVDEQMLNIQNKNSS
Monosiga LFHPEQLISGK DLTEFQTNLVP Monosiga KEVDEQMLNVQNKNSS
Spizelomyces LFHPEQLITGK DLTEFQTNLVP Spizelomyces KEVDEQMLNVQNKNSS
Rhizophydium LFHPEQLITGK DLTEFQTNLVP Rhizophydium KEVDEQMLNVQNKNSS

c. d.

EF-1 alpha 222 325 HSP90 358 359 489 490
Streblomastix 1 LRLPIQDVFKI HPGQIQNGYTP  Streblomastix 1 SRETLQONKIMK DEYSV**LKDYE
Streblomastix 2 LRLPI*DVFKI HPGQIQNGYTP  Streblomastix 2 SRETL**NKIMK DEYSV**LKDYE
Streblomastix 3 LRLPIQDVFKI HPGQI*NGYTP  Streblomastix 3 SRETL**NKIMK DEYSV**LKDYE

Dinenympha LRLPIQDVFKI HPGQIQNGYTP Hexamita SREMLQKNRIVN DEYMVQSLKEVD
Pyrsonympha LRLPIQDVFKI HPGQIQNGYTP Trypanosoma SRENLQQNKILK DEYVMQQVKDFE
Oxymonas LRLPIQDVFKI HPGQIQNGYTP Dictyostelium SRETLQQONKILT DEYAVQQLKEYD
Giardia LRLPIQDVYKI HPKKIQPGYTP Arabidopsis SRETLQONKILK DEYAIGQLKEFE
Trichomonas LRLPLQDVYKI HPGKIHAGYQP Zea SRETLQQNKILK DEYAVGQLKEYD
Trypanosoma LRLPLQDVYKI HPGQIGNGYAP Chlaymdomonas SRETLQONKILK DEYAVQQLKEYD
Arabidopsis LRLPLQDVYKI HPGQIGNGYAP Plasmodium SRESLQQONKILK DEYAVQQLKDFD
Plasmodium LRIPLQGVYKI HPGEIKNGYTP Tetrahymena SREFLQHNKILK DEYVIQQLKEYD
Tetrahymena LRLPLQDVYKI HPGQIQAGYTP Homo SREMLQQSKILK DEYCVQQLKEFE
Drosophila LRLPLQODVYKI HPGQIANGYTP Drosophila SREMLQQNKVLK DEYVIQHLKEYK
Homo LRLPLQDVYKI HPGQISAGYAP Spizellomyces SREMLQONKILK DEYCVQQLKEFD
Saccharomyces LRLPLODVYKI HPGQISAGYSP Smittium SREILQONNILK DEYSVQQLREYE

Figure 2. Examples of position and variability of TAA and TAG codons in Streblomastix genes. (a) o-Tubulin;
(b) B-tubulin; (c) EF-1 o; (d) HSP90. Each section shows small blocks from a protein alignment with TAA or TAG
codons in Streblomastix represented as an asterisk ( * ). Numbers above the sequence indicate the codon number in
the Streblomastix sequence. In cases where different Streblomastix sequences encoded different codons at the position

in question, all sequences are shown.

More importantly, every copy of each of these
four genes encoded TAA and TAG codons at
positions otherwise highly conserved for gluta-
mine (Figure 2(b)-(d)). This confirms that the
presence of TAA and TAG codons in a-tubulin is
not gene-specific, and is a general feature of the
genome. Indeed, a total of 116 TAA and TAG
codons were observed at 32 positions throughout
the various copies of the four genes, which is a
substantial representation. Significantly, of the
32 positions where TAA or TAG codons were
observed, CAA or CAG codons were used at
the same position in one or more of the other
copies of the gene in 26 cases (over 81% of
the time), suggesting that these codons are
interchangeable.

Characteristics of Streblomastix mRNA,
termination codons, and 3’ UTRs

If Streblomastix uses a non-canonical genetic
code where TAA and TAG encode glutamine,
then all protein-coding genes in the genome are
predicted to terminate with TGA codons. To test
this, we performed 3' rapid amplification of cDNA
ends (RACE) on all four protein-coding genes.
This method is extremely informative for two
additional reasons. First, protein-coding gene
sequences from oxymonads were, until now,
restricted to a-tubulin and EF-1 « from two closely
related genera, Pyrsonympha and Dinenympha,
and an EF-1 o from an unidentified oxymonad.
In total, these sequences include 24 positions
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Table 1. Synonymous substitution patterns in Streblomastix

a-Tubulin B-Tubulin EF-1 a HSP90
Total TAR + CAR 12 19 19 18
Synonymous substitutions (observed:potential?) 0.1845 0.3904 0.3657 0.2448
Non-synonymous substitutions (observed:potential®) 0.0103 0.0066 0.0369 0.0205
YAA-YAG conversions (observed:potential) 0.2500 0.2632 0.3158 0.2222
TAR-CAR conversions (observed:potential) 0.1667 0.3158 0.5789 0.3889

# The frequency of an amino acid multiplied by the number of positions within its codons that can change resulting in a synony-

mous substitution (see Materials and Methods).

 The frequency of an amino acid multiplied by the number of positions within its codons that can change resulting in a non-

synonymous substitution (see Materials and Methods).

encoding glutamine, and in none of these has a
TAA or TAG codon been observed, suggesting
that these oxymonads use the canonical genetic
code. However, every one of these genes was
acquired by reverse transcriptase (RT)-PCR from
mRNA, leaving open the formal, albeit unlikely,
possibility that oxymonads use a T-to-C RNA edit-
ing mechanism, and that we are observing pre-
edited genes in Streblomastix. Second, general
characteristics of protein carboxy termini and
mRNA 3 untranslated regions (UTRs) hold infor-
mation about potentially important characteristics
of the genome, and whether different transcripts
are from different alleles or loci.

For each of the four genes, 3’ RACE products of
the expected size were amplified, cloned, and five
individual clones sequenced. As with the genomic
clones, a substantial degree of synonymous varia-
tion was observed between different RACE clones,
and between the RACE clones and the genomic
PCR products, such that only three redundant
sequences were found. In B-tubulin and HSP90,
all 3" UTRs were clearly distinct but related,
while the 3’ UTRs of a-tubulin and EF-1 « fell into
two distinct classes that shared no detectable
sequence similarity. This suggests that the varia-
tion observed in coding regions might reflect
different alleles (those with similar UTRs) as
well as different loci (those with different UTRs).
In either case, each distinct RACE product is
clearly derived from a unique coding sequence,
and the termination codon of each product is
accordingly evolving independently. It is signifi-
cant, therefore, that every one of the 16 unique
RACE products terminated at the expected pos-
ition with a TGA codon (many genes terminate
with two TGA codons spaced 3bp apart). In
addition, all RACE products contained TAA and
TAG codons at positions otherwise conserved for
glutamine, and the proportion of CAR to TAR
matches closely the pattern observed in genomic
sequences (2:1). Altogether, there is no indication
of RNA editing. This suggests that this non-
canonical code is either restricted to Streblomastix,
or that Pyrsonympha and Dinenympha use the
non-canonical codons at a much lower frequency.
To determine the distribution of this code in oxy-
monads, it will be necessary to characterise the 3’
ends of protein-coding genes from Pyrsonympha

and Dinenympha, and to characterise more pro-
tein-coding genes from diverse oxymonads. Given
the poor sampling of molecular data from oxy-
monads, it is reasonable to suspect that this
character may be widespread among species not
yet examined at the molecular level.

Codon usage in Streblomastix

Comparing the sequences of both genomic
DNAs and mRNAs from all copies of all four
protein-coding genes reveals that virtually every
amplification product characterised is unique
(nearly all of the variation being synonymous).
The 3’ UTR sequences suggest that most of this
variation can be attributed to variation between
alleles, since in most cases the 3 UTR sequences
for a given gene are clearly homologous. In EF-1 «
and a-tubulin mRNAs, however, two entirely non-
homologous classes of 3' UTR were observed. This
suggests that, in at least these two instances, two
distinct loci were characterised.

If TAA and TAG encode glutamine, then TAR/
CAR variation should closely resemble other
synonymous variation (this would not be observed
if there was a very strong bias toward one or the
other, but this is not the case). Taking a representa-
tive amino acid sequence for each gene, the poten-
tial number of synonymous and non-synonymous
substitutions can be calculated (Table 1), and com-
pared with the actual number observed between
those copies of the gene that have been sequenced.
For each gene, these ratios are similar (some
difference being attributable to the number of
copies of the gene that have been characterised:
see Materials and Methods), and the difference
between the two is about an order of magnitude
(Table 1, rows 2 and 3). If substitutions at both the
first and third positions of glutamine codons are
examined, the ratios are found to be in line with
ratios calculated for synonymous positions for
that gene (Table 1, rows 4 and 5), suggesting that
C-T substitutions at the first position are
synonymous.

If the variation in codon use between different
alleles and loci are considered to be at least partly
independent, a table of codon frequencies for
30,804 bp of coding sequence can be compiled
from all unique sequences. While this does not
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represent the codon biases throughout the Streblo-
mastix genome, because this is a skewed set of
genes (three being constitutively highly expressed),
it does reveal some trends. First, there is an
obvious bias in favour of the canonical CAR gluta-
mine codons over the non-canonical TAR codons,
as they appear at a ratio of approximately 2:1.
There is no consistent AT or GC bias (for instance,
asparagine codons are biased to C at the third
position, aspartate codons are biased to T).
Similarly, there is no consistent purine or pyrimi-
dine bias (for instance, there is an A bias in serine,
proline, threonine, and alanine and a T bias in
valine). The most conspicuous bias is towards A
residues at the third position of codon quartets.
While it is true that existing sequences cannot
reveal all past mutation biases in a genome, the
existing data from Streblomastix reveal no strong
bias that could be interpreted as a driving force to
change the genetic code.

Phylogeny and the distribution of non-
canonical genetic codes in eukaryotes

Traditionally,”** and more recently,” oxymo-

nads have most often been considered to be
related to retortamonads and diplomonads. Recent
molecular data have suggested that this is not the
case?>~?* but, nevertheless, the occurrence of the
same non-canonical genetic code in an oxymonad
and the hexamitid diplomonads'®'” does require
some careful attention to determine whether the
two variant codes really evolved independently.
To this end, phylogenetic trees were inferred using
the five genes characterised to determine the distri-
bution of this code among eukaryotes. Trees based
on the four protein-coding genes are shown in
Figure 3, and a phylogeny of SSU rRNA genes is
shown in Figure 4, where all lineages with non-
canonical nuclear genetic codes are indicated.
In all cases where other oxymonad sequences are
known (SSU rRNA, a-tubulin, and EF-1 «), Streblo-
mastix branches with the other oxymonads, as
expected. In no case does Streblomastix or the
oxymonads in general show a specific relationship
to any other lineage that uses this or any other
non-canonical code. In particular, no phylogeny
shows a close relationship between Streblomastix
and the hexamitid diplomonads, although the
B-tubulin phylogeny does show Streblomastix as a
close relative of the parabasalia and diplomonads
as a whole. Even in this case, the two lineages
sharing the same divergent code are separated
by the parabasalia and the diplomonad Giardia
intestinalis, both of which use the standard
code.'"” Altogether, the phylogenies do not show
strong support for any particular position for
Streblomastix in the eukaryotic tree, other than
being related to other oxymonads and Trimastix.
Regardless of the precise evolutionary origin of
Streblomastix and the oxymonads, the phylogenies
demonstrate unambiguously that the non-canoni-
cal code in Streblomastix evolved independently

of other non-canonical codes, including that found
in diplomonads.

The evolution of the genetic code

Figure 4 shows an SSU rRNA phylogeny inclu-
ding all eukaryotic lineages known to use a non-
canonical genetic code, and indicates how each
differs from the standard code. It is difficult to
determine exactly how many times the code has
changed in eukaryotes because the phylogeny of
ciliates is uncertain and the code has changed
many times in ciliates (likely a result of ciliates
adopting their unique system of differentiated
germ-line and somatic nuclei*), but it is clear that
the code has changed in five distinct lineages. It is
interesting that in four of these lineages, the same
non-canonical code has appeared, and there are
strong reasons to believe it has appeared more
than once independently in ciliates,'”'* while the
other three codes known in nuclear genomes are
each found only once (although a good case can
be made for two origins of UGA encoding trypto-
phan in Blepharisma and Colpoda'”).

Code changes involving stop codons are
detected far more easily than changes where
codons shift from encoding one amino acid to
another, so it is possible that these dominate our
understanding of code changes simply because
additional changes have gone undetected in poorly
studied genomes. However, there are reasons to
believe that stop codons could be reassigned more
easily than other codons. Most importantly, stop
codons are rare in any genome (each represented
a maximum of once per gene, and more likely
much less), and the fewer the number of codons
in question the easier it is to reassign them, since
it demands fewer events and fewer potentially
deleterious intermediates. Nevertheless, it would
appear that TAA and TAG are especially prone to
reassignments in eukaryotic genomes, and when
they are reassigned, they always encode glutamine.
Why such a bias would exist, and why it would
be phylogenetically restricted are interesting
questions, and the answer is probably a complex
mix of the various factors that constrain the genetic
code. We will consider three such factors: the
translation termination apparatus, tRNAs and
tRNA synthetases, and mutation frequencies.

First, the translation termination systems of
eubacteria, archaebacteria, and eukaryotes have
now been characterised partially, and there are
substantial differences between eubacterial and
nuclear systems. In particular, eubacteria use two
termination factors: RF1 recognises UAA and
UAG, and RF2 recognises UAA and UGA.*"* In
contrast, eukaryotes and archaebacteria possess a
single protein factor, eRF1, which recognises all
three stop codons.’*"* It has been argued that
changes to the codon recognition site of eukaryotic
eRF1 can lead to the loss of UAA and UAG
recognition.'”® Conversely, it is probably very
difficult to reassign UAA in eubacteria, since there
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Figure 3. Phylogenetic trees of protein-coding genes. (a) a-Tubulin; (b) B-tubulin; (c) EF-1 o; (d) HSP90. All trees are
unrooted +y-corrected, weighted neighbor-joining trees (diplomonads are shown arbitrarily as the outgroup for con-
sistency, and so the relative position of diplomonads and oxymonads can be seen easily). Numbers at nodes corre-
spond to bootstrap support from weighted neighbor-joining (top), Fitch-Margoliash (centre), and protein maximum
likelihood (bottom). Major eukaryotic groups are bracketed and named to the right.

are two independent factors that recognise this
codon. This could, partly, explain why UAA and
UAG have never been reassigned together in
eubacteria or eubacterial organelles (although
UAG has been reassigned alone as either alanine
or leucine in the mitochondria of various green
algae®).

Second, a critical part of ensuring the fidelity of
the genetic code is in the specificity of tRNAs and
the enzymes that charge them with the appropriate
amino acid, the tRNA synthetases. In virtually
every system that has been examined, CAR gluta-
mine codons are decoded using two tRNAs, one
with anticodon CUG and one with UmUG (where



1344

A Non-canonical Genetic Code in Streblomastix strix

100 Trichomonas vaginalis
100 Trichonympha magna

Parabasalids

100 ,—Retortamonas sp. (goat isolate) — Retortamonad

100

Giardia intestinalis Diplomonads

| Spironucleus barkhanus

'—\’,, P TAR=Q

Haplosporidium nelsoni

Spiro. I vortens
— Haplosporidian

Physarum polycephalum M
_|—Dictyostelium discoideum ycetozoans
95 Naegleria gruberi 7] Heteroloboseans
86

100

84 Diplonema papillatum

Psalteriomonas lanterna

Petalomonas cantuscygni
100 78 Euglena gracilis

Euglenozoans

1%80 Costaria costata
_EPhytophthora megasperma
] Skeletonema costatum

Colpodella sp. (ATCC 50594)

Cryptosporidium parvum

Babesia bovis

Toxoplasma gondii

Perkinsus marinus

Heterocapsa triquetra

Gonyaulax spinifera

Symbiodinium microadriaticum

|Blepharisma americanum  TGA=W |
Entodinium caudatum

64|
87

88 100 Tetrahymena pyriformis _
91 100 Glaucoma chattoni WRS®
I [Colpoda inflata__TGA=W __|
57 [Euplotes octocarinatus  TGA=C |

Oxytricha nova

190L | Stylonychia lemna TAR=Q

Emiliania huxleyi
Euglypha rotunda
Chlorarachnion reptans

Homo sapiens
100 Mytilus edulis

Chytridium confervae

Neurospora crassa
Saccharomyces cerevisiae
[Candida cylindrica c1G=S |

Trimastix marina
Trimastix pyriformis
95
H 95

. _@_Guillardia theta
Cyanophora paradoxa

Pyrsonympha sp.
[ Streblomastix strix _TAR=Q |

1%% Equisetum robustum

Pinus luchuensis
Arabidopsis thaliana
Nephroselmis olivacea
Chlamydomonas reinhardtii

Leishmania donovani

Stramenopiles
— Colpodella
Apicomplexans

Dinoflagellates
& Perkinsus

Alveolates

Ciliates

— Haptophyte

Cercozoans
| Metazoans

Opisthokonts
Fungi

Entamoeba histolytica — Entamoebid

Oxymonads & Trimastix

— Cryptomonad
— Gluacocystophyte

Streptophytes

Viridiplantae

Acetabularia acetabulum

Batophora occidentalis

Q

Chlorophytes

Porphyridium aeruginosum
_|_—Chondrus crispus

0.1

Rhodophytes

Figure 4. The distribution of non-canonical genetic codes in eukaryotes. y-Corrected ML tree (—In L = 25353.473)
inferred from an alignment containing 60 SSU rDNA sequences and 1140 sites showing the position of Streblomastix
among the oxymonads and other eukaryotic lineages with non-canonical genetic codes (all boxed). Numbers at
relevant nodes correspond to 100 bootstrap replicates using y-corrected weighted neighbor-joining (above) and Fitch-
Margoliash (below). Major eukaryotic lineages are labeled to the right. The transition/transversion ratio was 1.69; the

scale bar represents 0.1 substitution (corrected) per site.

Um is a modified uridine base). Interestingly, both
isoacceptors have been shown to act as natural
supressors of UAG and UAA in various eukary-
otes,*'** providing a natural bias for UAR codons
being reassigned to glutamine.

While the fidelity of the code is generally
thought of at the level of tRNA binding to mRNA,
it is equally important that the tRNA be charged
with the correct amino acid. The recognition of the
appropriate tRNA by its cognate aminoacyl-tRNA
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synthetase takes place through the so-called
identity elements of the tRNA.* In most cases
(including glutamine), the anticodon makes up an
important part of the identity set, so one necessary
step in the origin of a non-canonical genetic code
is the relaxation of the tRNA-specificity of the
tRNA synthetase. In most cases, there is a single
tRNA synthetase specific for each amino acid,
but there are some exceptions, and glutamine is
one of note. Glutaminyl-tRNAs are charged by a
glutaminyl-tRNA synthetase in all known nucleo-
cytoplasmic systems of eukaryotes, but are other-
wise found only in certain eubacteria, where they
are considered to have originated by lateral gene
transfer.** All other eubacteria, eubacterial-derived
organelles, and archaebacteria lack a specific
glutaminyl-tRNA synthetase, and instead charge
glutaminyl-tRNAs with glutamic acid using the
glutamyl-tRNA synthetase.*** The glutamate
residue is subsequently transamidated by a specific
Glu-tRNA“" amidotransferase,* yielding gluta-
minyl-tRNA. It is conceivable that the specific
recognition of tRNA®"™ by not one, but two
enzymes in these organisms (the tRNA synthetase
and the amidotransferase) could limit the
probability of charging mutant tRNAs in these
eubacteria, organelles, and archaebacteria.
Taking together the translation termination
apparatus, the presence of natural suppressor
tRNAs and a discrete glutaminyl-tRNA synthetase,
the eukaryotic nucleo-cytosolic environment
could be a unique intersection of several factors
that favour this particular non-canonical genetic
code.

Lastly, however, the natural variation in the
frequencies of different kinds of mutations should
be considered, as these too could play an important
role in the evolution of non-canonical genetic
codes. A single transition is by far the most
common mutation, and six different codons can be
converted into TAA or TAG by single transitions.
A transition mutation at the first position (C-to-T)
converts glutamine codons CAA and CAG to TAA
and TAG. At the second position, a single A-to-G
transition converts the lone tryptophan codon
(TGG) to TAG, while the TGA-to-TAA mutation is
a synonymous opal-to-ochre change. At the third
position, TAA and TAG mutate to one another,
and are therefore also synonymous. Accordingly,
if TAG and TAA are to be involved in a codon
reassignment, it is most likely to involve either
glutamine or tryptophan. A change to tryptophan
is considerably less likely than to glutamine, since
tryptophan is the rarest amino acid: for a codon
reassignment to be fixed in the genome, it is
necessary for canonical codons to mutate to the
new codon, and there are relatively few tryptophan
codons in a genome available to do this. Overall,
the impact of mutation frequencies might be
slight, but the potentially frequent mutation
between TAR and CAR, together with the presence
of an additional synonymous codon (ochreTGA)
makes the TAR pair especially flexible, and

perhaps prone to reassignment when other factors
are also favourable.

The exact course of events that leads to the
evolution of a non-canonical genetic code has
been modeled in several different ways, and many
attempts have been made to take into account the
nature of the genomes involved, the tRNAs that
result, and the effects on translation termination
factors to come up with a unified explanation
for how the genetic code evolves.? 1018720394748
However, the evolution of the genetic code might
better be regarded as a balance between many
factors: in this case these may include the nature
of the translation termination equipment, charac-
teristics of tRNAs, the system used to charge
glutaminyl-tRNAs, and natural biases in mutation
frequencies. Indeed, it might be more informative
to treat each novel genetic code individually, since
each new code has evolved under a unique set
of circumstances, potentially for very different
reasons and by very different means. There is no
reason to believe that a single explanation or a
single model for the evolution of the genetic
code exists, but rather a set of outcomes whose
frequencies reveal important aspects of the nature
of the translational machinery, mutation, and the
flexibility of the code.

Materials and Methods

Collection, identification, and isolation of
Streblomastix strix

The termite Z.angusticolis was collected from damp
and rotting wood at Jerico Beach, Vancouver, BC,
Canada. Termites were maintained in the laboratory in
plastic containers with damp wood from their original
collection site. Termite hindgut contents were diluted in
Trager’s medium U* and inspected by differential inter-
ference contrast (DIC) light microscopy for the presence
of Streblomastix, which was identified in all termites
examined. As the hindgut of Z.angusticolis contains
several other flagellates (but only one oxymonad), the
material was enriched with Streblomastix by a simple
density fractionation. Hindgut contents from ten termites
were drawn into a 10 cm glass Pasteur pipette and
allowed to settle for five minutes. The contents of the
pipette were expelled slowly into three equal fractions,
and the process repeated three times on the last fraction
from each round. Microscopic examination revealed that
this material was predominantly Streblomastix, while
the remainder was largely the parabasalian flagellate
Trichomitopsis, and a very small number of large tricho-
nymphid parabasalia. Fractionated hindgut material
was harvested by centrifugation for the extraction of
DNA and RNA. DNA was extracted by resuspending
pelleted material in 100 ul of CTAB extraction buffer
(1.12 g of Tris, 8.18 g of NaCl, 0.74 g of EDTA, 2g of
cetyltrimethylammonium bromide (CTAB), 2 g of poly-
vinylpyrolidone, 0.2 ml of 2-mercaptoethanol in 100 ml
of water) in a Knotes Duall 20 tissue-homogeniser and
incubating at 65 °C with periodic grinding. The lysate
was extracted twice with chloroform/isoamyl alcohol
(24:1, v/v), and the aqueous phase precipitated in 95%
(v/v) ethanol.
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Individual cells of Streblomastix were also manually
isolated from gut contents diluted in Trager’s medium,
using a Pasteur pipette stretched to a diameter of
approximately 75 pm. Isolated cells were re-diluted in
clean medium and re-isolated a total of three times until
no contaminating eukaryotes could be observed. DNA
was prepared from isolated cells by extracting homo-
genised cells with chloroform/isoamyl alcohol
(24:1, v/v) and precipitation in ethanol. PCR-based
approaches using exact-match primers (described later)
were used to confirm that gene sequences were derived
from the genome of Streblomastix.

Amplification and sequencing

The SSU rRNA genes from Streblomastix were ampli-
fied from DNA extracted from the fractionated hindgut
material using the primers TGATCCTTCTGCAGGT
TCACCTAC and CTGGTTGATCCTGCCAGT. Protein-
coding genes from Streblomastix could not be amplified
using a simple protocol, and were amplified using a
two-step nested PCR procedure. In each case a reaction
was carried out using a pair of outer primers on the
DNA extracted from the fractionated hindgut material,
and the product of that reaction used as the template
for a secondary reaction using a pair of inner primers.
Primers used were: for a-tubulin GGGCCCCAGGTCGG
CAAYGCNTGYTGG and GGGCCCCGAGAACTCSC
CYTCYTCCAT (outer primers) and CGCGGCCTCARG
TNGGNAAYGCNTGYTGGGA and CGCGCCATNCCY
TCNCCNACRTACCA (inner primers); for B-tubulin
GCCTGCAGGNCARTGYGGNAAYCA and TCCTCGA
GTRAAYTCCATYTCRTCCAT (outer primers) and CAG
ATCGGCGCGAARTTYTGGGARAT and CTCGTCCAT
GCCYTCNCCNGTRTACCA (inner primers); for EF-1 «
AACATCGTCGTGATHGGNCAYGTNGA and CTTGAT
CACNCCNACNGCNACNGT (outer primers) and CA
ACATCGTCGTCATCGGNCAYGTNGA and GCCGCG
CACGTTGAANCCNACRTTRTC (inner primers); and
for HSP90 GGAGCCTGATHATHAAYACNTTYTA and
CGCCTTCATDATNCKYTCCATRTTNGC (outer primers)
and ACGTTYTAYWSNAAYAARGARAT and CGCCTT
CATDATNCKYTCCATRTTNGC (inner primers). HSP90
sequences were also obtained using the inner primers
ACGTTYTAYWSNAAYAARGARAT and GATGACYTT
NARDATYTTRTTYTGYTG. The HSP90 gene from Hexa-
mita inflata was also amplified using GGAGCCTGATH
ATHAAYACNTTYTA and CGCCTTCATDATNCKYTC
CATRTTNGC so that a representative diplomonad could
be included in the phylogeny of HSP90. For each gene,
several independent clones were sequenced completely.

PCR-based experiments using exact-match primers on
manually isolated cells of Streblomastix were used to
help confirm that the clones were not derived from a
different eukaryotic genome. Exact-match primers
(available on request) were designed to amplify small
fragments (400—-500 bases) of the SSU rRNA, a-tubulin,
B-tubulin and HSP90 genes. Amplified products were
cloned, sequenced in one direction, and compared to
the original sequences.

Microscopy and in situ hybridisation

Cells observed with DIC light microscopy were sus-
pended in Trager’s medium, fixed in 1% (w/v) glutar-
aldehyde, and secured under a cover-slip with VALAP
(vaseline/lanolin/paraffin; 1:1: by wt*). Images were
produced with a Zeiss Axioplan 2 Imaging microscope

connected to a Q-Imaging, Microimager II, black and
white digital camera.

Cells for scanning electron microscopy were prepared
with an osmium vapor fixation protocol.” A small
volume (10 ml) of cells suspended in Trager’s medium
was transferred into a Petri dish that contained a piece
of filter-paper mounted on the inner surface of the lid.
The filter-paper was saturated with 4% (w/v) OsO, and
the lid placed over the dish exposing the cells to OsO,
vapors. After 30 minutes of exposure, the cells were
fixed for an additional 30 minutes with six drops of
4% OsO, added directly to the medium. Cells were trans-
ferred onto a 3 wm polycarbonate membrane filter (Corn-
ing Separations Div., Acton, MA), dehydrated with a
graded series of ethyl alcohol, and critical point dried
with CO,. Filters were mounted on stubs, sputter-coated
with gold, and viewed under a Hitachi 54700 scanning
electron microscope (SEM). The SEM image was pre-
sented on a black background using Adobe Photoshop
6.0 (Adobe Systems, San Jose, CA).

In situ hybridisation using a rhodamine-labeled oligo-
nucleotide probe was conducted to help demonstrate
that the PCR-amplified SSU rDNA sequence was derived
from the genome of Streblomastix. The probe consisted
of 24 bases taken from an insertion unique to the puta-
tive Streblomastix rRNA gene: Rhodamine-CTATTGGT
CATCAGCTGCAGTGCG (t,, in 1M Na* =76°C). Gut
contents of Z.angusticolis were suspended in Trager’s
medium, pelleted with gentle microcentrifugation
(8 rpm), and pre-fixed in 4% paraformaldehyde in 5 x
Tris buffer (2.5 M NaCl, 0.1 M Tris, pH 7.5) for 30 min-
utes. Following dehydration in a graded series of ethyl
alcohol, cells were gradually rehydrated using 3:1, 1:1,
1:3, and 0:1 ratios of ethyl alcohol and TBSt buffer (Tris
buffer, 0.1% (v/v) Tween 20). Cells were partially
digested with proteinase K for 15 minutes and washed
three times with TBSt (ten minutes each). Cells were
post-fixed with 4% paraformaldehyde in TBSt buffer.

A pre-hybridisation step involved washing the cells
three times (ten minutes each) in a hybridisation mix
(5%xSSC, 0.2% Tween 20, 5mM EDTA). Cells were
heated in the hybridisation mix at 70 °C for 45 seconds
before the fluorescent-labeled probe was added. Once
the probe was added (3 pl of probe to cells suspended
in 120 pl of the hybridisation mix), cells were immedi-
ately exposed to a denaturing step for five minutes at
95 °C followed by an annealing step for five minutes at
60 °C. Unbound probe was washed from the cells five
times (ten minutes each) with the hybridisation mix.
Rhodamine-labeled cells were viewed under a Zeiss
Axioplan 2 Imaging microscope using a 546 nm exci-
tation wavelength (emission wavelength 590 nm). Cells
were also prepared as described, but without exposure
to the rhodamine-labeled probe, to examine autofluor-
escence (i.e. false positives). Negative controls for non-
specific binding were available by examining the degree
of fluorescence in parabasalids such as Trichomitopsis
and Trichonympha in the same preparations.

Characterisation of mRNAs by 3' RACE

RNA was isolated from fractionated Streblomastix
(see above) by resuspending harvested material in 1 ml
of Trizol (Gibco-BRL) and transferring it to a Knotes
Duall 20 tissue homogeniser. Material was ground
for five minutes and incubated for five minutes at room
temperature without grinding. Lysate was extracted
with 200 ul of chloroform/isoamyl alcohol (24:1, v/v),
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and the aqueous phase precipitated with 500 pl of iso-
propanol. RT-PCR was carried out using 600 ng of total
RNA as a template with the M-MLYV reverse transcriptase
and poly(T) adapter primer from the RLM-RACE kit
(Ambion). 3 RACE was performed on the first-strand
DNA using the common anchor primer GCGAGCACA
GAATTAATACGACT  together with gene-specific
primers: CTTTGTTAGAGCACACTGATGTTGC for
a-tubulin, GCTTCAAGACACTCAAGCTGTCGAACC
for B-tubulin, ATGGATATACACCAGTGCTTGATTG or
TGTGGAGATTCTAAATAAGATCCAC for EF-1 o, and
CAGTTCAAACATCTCCATTCTTAGA or TCGTGTTCT
TATTATGGAGAATTGCG for HSP90. Reactions were
carried out according to the RLM-RACE protocol using
AmpliTaq gold polymerase (Applied Biosystems). In all
cases, a product was recovered after the first round of
amplification, cloned, and sequenced as above.

Phylogenetic and codon analysis

The synonymous nature of first-position mutations at
glutamine codons was examined by two simple ratios.
For each gene, a representative (consensus) amino acid
sequence was taken, and the number of potential
synonymous and non-synonymous substitutions was
calculated according to the following formulae. Potential
non-synonymous substitutions are the frequency of each
amino acid multiplied by the number of positions within
its codons that yield a non-synonymous change when
mutated (these factors are: A,G,L PR, TV =2, C,D,EFEH,
LK.M,N,S,W,)Y = 3). Potential synonymous substitutions
are the frequency of each amino acid multiplied by
the number of positions within its codons that yield a
synonymous change when mutated (these factors are:
MW=0; ACDEEGHLKNPTVY=1 LR=2;
S = 3). The number of observed synonymous and non-
synonymous substitutions are counted using the varia-
tion observed between different copies of each gene
sequenced from DNA or cDNA. This is an oversimplifi-
cation, since it does not take into account multiple substi-
tutions, and the number is an arbitrary result of the
number of alleles and loci characterised (e.g. if more
copies of a-tubulin were characterised, the number of
potential substitutions would remain the same, but the
number observed would have to increase). This has little
effect on the conclusion, however, since the actual value
of the ratio is not important, but rather the relationship
of the value for glutamine codons compared with that
of all other codons.

To infer the phylogenetic position of Streblomastix
genes, representative sequences were aligned with
homologues from public databases and phylogenetic
trees inferred using distance and maximum likelihood
methods. For protein data, distances were inferred
using TREE-PUZZLE 5.0 with the WAG substi-
tution matrix, and site-to-site rate variation modeled on
a vy-distribution with eight rate categories, and the «
parameter and fraction of invariable sites estimated
from the data. The estimated shape parameter () and
proportion of invariable sites (i) were: for a-tubulin,
a =040 and i = 0; for B-tubulin, « = 0.43 and i = 0; for
EF-1 o, « = 0.53 and i = 0; and for HSP90, a = 0.70 and
i=0. Trees were constructed using weighted neighbor-
joining with WEIGHBOR 1.0.1a,”* and Fitch-Margoliash
using FITCH 3.6a.f Bootstraps were carried out by

http://evolution.genetics.washington.edu/phylip /
doc/fitch.html

the same methods using PUZZLEBOOT (shell script
available from www.tree-puzzle.de). Protein maximum
likelihood trees were inferred using ProML 3.6a with
global rearrangements and ten random addition repli-
cates. Site-to-site rate variation was modeled using the
-R option, with invariable sites and six categories of
variable sites estimated by TREE-PUZZLE. Protein ML
bootstrapping was carried out under the same par-
ameters except that four categories of variable sites
were considered. SSU rRNA phylogenies were inferred
by maximum likelihood using PAUP 4.0b10% with the
HKY substitution frequency matrix using a heuristic
search starting with a neighbor-joining tree and site-to-
site rate variation modeled as above. The a-parameter
and proportion of invariable sites were estimated by
TREE-PUZZLE (=043 and i=0). Bootstraps were
calculated in the same way. Distance trees and distance
bootstraps were inferred using the same parameters.

Data Bank accession numbers

All new sequences have been deposited in GenBank
under accession numbers AY138769-AY138805.
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