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The draft genome of Trichomonas vaginalis was recently published, but not much is known on why
it has such a large genome. In part this size is due to many gene family expansions. For example we
found over 100 members in the adenylyl cyclase family. About half are complete full length genes,
and nearly half are initially confirmed to be pseudogenes, the remaining are either incomplete or the
apparent result of assembly or sequencing problems. The family can be divided into two subgroups
by sequence similarity. These can then be divided into functional and pseudo genes. Among all four
of these sets the cyclase domain is very well conserved. We gave three possible hypotheses for that
observation: a) Sequencing error or stop-codon read-through; b) Recency of duplication and
mutation; c) The likelihood of functional pseudogene.
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1. Introduction

Trichomonas vaginalis is an anaerobic, parasitic flagellated protozoan. Infection with T.
vaginalis is one of the most common sexually transmitted diseases for women with 8
million infections in North America and 180 million infections in the world each year [1-
2]. The extracellular parasite resides in the urogenital tract of both sexes. T. vaginalis has
a modified mitochondrion called the hydrogenosome, in which fermentation enzymes
reside rather than enzymes of oxidative phosphorylation [3].

The recently published draft genome sequence of T. vaginalis by The Institute of
Genomic Research (TIGR) reveals an abnormally large genome size of 160 Mb. ~60,000
protein-coding genes were identified, but only 65 were found to have introns. Two thirds
of the genome consists of repeats and transposable elements [4].

Our examination of 12 animal pathogens, including fungi and protists, tells that their
average genome size is ~20 Mb and ~6000 genes. These relatively small genomes
provide efficiency in multiplication and infection. It is not clear why T. vaginalis
possesses such a large genome, and how such massive gene expansion happened. The
secretory pathway and signal transduction play important role in pathogenesis [28, 29].
Because cyclases are critical in eukaryotic signal transduction and have a unique
structure discovered in our previous study, we propose a research project on a large
family of putative transmembrane cyclase genes. And we hope the results can shed light
on why and how the genome expansion happened.
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2. Methods

2.1. Identification of Cyclase Genes and Pseudogenes in T. vaginalis

Cyclase domains were identified using NCBI Conservation Domain search tool [5]. The
conserved cyclase domains and thlastn were used to search the T. vaginalis sequence
scaffolds at the TIGR site using a cutoff E value of 1e-6 [6]. We identified 24 complete
putative T. vaginalis transmembrane cyclases, which contained numerous transmembrane
helices and a C-terminal cyclase. The length of these full-length transmembrane cyclases
was ~1600 AAs (4,800 bps). In addition, we used blastx and those complete
transmembrane cyclases to identify numerous other T. vaginalis genes encoding
transmembrane cyclases, some of which were truncated or contained nonsense mutations
(stop codons) or frame shifts.

2.2. Initial Verification of Frameshift and Nonsense Mutation

To verify each nonsense mutation, we took 30 AAs in the upstream and downstream of
the stop site to make a query of 61 AAs. To verify frame shift, we took 100 bases of
upstream and downstream of the end and start of each frame to make a query of 201
bases. Those queries were used to tblastn/blastn the trace from individual sequence reads
of T. vaginalis. If there were 2 or more perfect matches, the mutation was considered
real. This method actually found two assembly errors, which caused a frame shift.

2.3. Softwares

MUSCLE [7] and PIMA [8] are used for alignment. PAUP [9] and TREE-PUZZLE [10]
were used for phylogenetic tree construction. PAML [13] was used for dN/dS analysis.

3. Results and Discussion

3.1. Number and Topology of Cyclase Genes in T. vaginalis

Cyclases play very important roles in eukaryotic signal transduction. The second
messenger CAMP (adenosine 3’,5’-cyclic monophosphate) is synthesized by an adenylyl
cyclase (AC) from ATP, and cGMP (guanosine 3’,5’-cyclic monophosphate) is made by
a guanylyl cyclase (GC) from GTP [14]. Cyclase normally is not a big protein family, for
example, we only found one cyclase in yeast. But we discovered that there are over 100
copies of the putative transmembrane cyclase genes in T. vaginalis. Unpublished data
from our lab suggest the cyclase domains of these T. vaginalis transmembrane cyclases
are adenylyl cyclase, and unpublished mRNA data suggest that these cyclases are
expressed constitutively, that is, they are expressed at the same time.

Each full length cyclase has 12 to 16 transmembrane helixes (TMH) and a cyclase
domain at the C-terminal. Some of them are truncated at the N terminal but all have at
least one transmembrane helix, which means there is no cytosolic cyclase in T. vaginalis.
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3.2. How Did the Duplication Happen?

Gene duplication may occur in homologous recombination, retrotransposition event, or
duplication of an entire chromosome [15]. To find out more details about cyclase gene
families' duplication event, we asked the following questions:

o Do the cyclase genes locate in subtelomere?

« Did the cyclase genes duplicate with other repetitive sequences?

e  Were flanking sequences of the cyclase genes also duplicated?

e  Were the cyclase genes duplicated by retrotransposition?

Genes in subtelomere usually have multiple copies. The cyclase family has ~100
copies, so it is reasonable to speculate that it might be in subtelomere. However Fig. 1
obviously does not support that. On average 83.7% of genes on a scaffold do not have a
homolog in that scaffold, with SD of 15.7%. Although the percentage could be greatly
affected by the length of scaffold, in scaffolds with more than 80 genes, the two numbers
are 73.2% and 5.9%. It demonstrates that those scaffolds are not in subtelomere.

Sometimes genes could be carried by repeat elements and got duplicated when
repeats move and copy themselves across the genome. We studied transposons,
microsatellites, and virus-like repeat families in the upstream and downstream 5000
bases of each cyclase gene. While many repeat families were found, only one pair of
genes has the same repeat at the same location. It seems cyclase genes were not
duplicated with repeats.
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Fig. 1. Total number of genes and number of single copy genes in each of the 90 scaffolds which contains
cyclase genes.

If a gene is duplicated in recombination event, its flanking sequence will probably be
duplicated too. We searched ORFs in the 5000 bases region on two sides of each cyclase
gene, but did not find any synteny, except some very repetitive proteins, like DNA
polymerase and BspA-like surface antigen.

If cyclase genes were not duplicated with flanking sequence, they probably were
copied with retrotransposons. Such a gene could have a poly-A present in its close
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downstream if the duplication happens very recently. And as discovered in Entamoeba
histolytica, it may have a 9-20 bases repeat at the beginning and end of the copied region
[16]. However no such evidence has been found so far among even the closest cyclase
genes.

3.3. Pseudogenes in Cyclase Genes of T. vaginalis

Among the discovered cyclase genes, about half are complete genes ranging from 1449
to 1681 AAs. A dozen are either truncated genes that range from 340 to 1322 AAs, or
incomplete genes due to the sequencing or assembly problems. The rest, which is nearly
half, are pseudogenes that contain frameshifts and nonsense mutations. Fig. 2 illustrates
the transmembrane cyclases in different life stages.
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Fig. 2. Intact, pseudo, and truncated transmembrane cyclase of T. vaginalis.

If we refer the region before the cyclase domain as transmembrane region, an
absolute majority of frameshifts and nonsense mutations happens in the transmembrane
region, and very few are in the cyclase domain.

3.4. Are Those Pseudogenes Really Pseudo?

Alignment of the cyclases reveals that there are lots of variations in the transmembrane
region, but the cyclase domain is highly conserved not only for those full length
complete genes, but also in those pseudogenes. Phylogenetic analysis on the amino acid
and nucleotide sequences shows that there is not a separation between pseudogenes and
complete genes, and instead, they group together. Fig. 3 illustrates that grouping.

The above observation is unusual. Normally a pseudogene loses its function and is
free from any selection constraint. The pseudogene then has a faster mutation clock than
a functional conserved domain, and so they are not likely to group together. To study in
more detail, the mutation on each codon position of the cyclase domain in 41 pairs of
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close full length functional genes, and 49 pairs of close functional and pseudogenes were
compared. Table 1 lists the result.

---- pseudogene —— functional gene

Fig. 3. A cartoon illustration of the phylogenetic grouping of the cyclase domain amino acid
sequences in transmembrane cyclases using maximum likelihood.

Table 1. Number and percentage of mutation at each codon position

Pairs statistics 1st position 2nd position 3rd position sum
49 pairs of average 35 | 205% | 20 | 121% | 99 | 67.1% | 154
complete genes

Vs StDev 17 6.0% 14 5.6% 24 11.2% 49
pseudogenes
41 pairs of average | 42 | 221% | 24 | 122% | 106 | 64.2% | 172
complete genes

vs StDev 23 | 57% | 16 | 52% | 20 | 104% | 56
complete genes

Surprisingly, the pseudogenes behave exactly like the functional genes. Most
mutations happen at the third (wobble) codon position which is often silent, and the first
codon position which is silent sometimes too. Further analysis on selection constraint
using PAML program [13] gave the dN/dS ratio of 0.0436 for the functional genes, and
0.0438 for pseudogenes, suggesting that mutations in the cyclase domains of both
complete genes and pseudogenes are highly selected against.

We offer the following hypotheses for the above observation,

1. Those frameshifts and nonsense mutations may be sequencing error, or they
maybe real but somehow T. vaginalis has a mechanism to read through stop
codon in translation, therefore these pseudogenes can still be expressed and be
functional.

2. Those pseudogenes are real, but the frameshifts and nonsense mutations
happened very recently, therefore there has not been ample time for mutations
to happen in a larger scale yet.

3. Those pseudogenes cannot be expressed; however they are not treated as junk
and are still being conserved. And they might serve some function in certain
events.
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3.5. Evaluation of Hypothesis One and Two

To check the sequencing error and the likelihood of T. vaginalis reading through
nonsense mutations, PCR and sequencing of some of the critical mutation sites will be
conducted using the G3 strain that is used in the TIGR sequencing project. Although
most of the frameshifts and nonsense mutations have been verified by the sequencing
trace file, there is not an absolute certainty until the experiment proves that. Stop-codon
read-through in mRNA translation is rare, but it has been reported in yeast, human, and E.
coli [17-20]. We will test its likelihood in T. vaginalis too.

Hypothesis two is in agreemenet with TIGR's conslusion that the genome expansion
is recent due to the low polymorphism within high repeat protein families, and evidence
of repeat expansion after T. vaginalis and T. tenax diverged [4]. However it can not
explain a) Why very few frameshifts and nonsense mutations happened in the cyclase
domain. b) The cyclase domains of A have much greater conservation than those of B,
as shown in Fig. 2, while their TM regions have similar degree of sequence variation.
Actually the TM region of group A has on average more frameshifts and stops than that
of B. So the recency of the duplication in cyclase family does not seem to explain
everything here.

3.6. Pseudogenes in the Whole Genome -- Evaluation of Hypothesis Three

Most pseudogenes come from duplicated genes because its pseudogenization is less
likely to be deleterious than a singleton. Human has about 30,000 genes with 38% of
duplicated genes [21], and 12,000 pseudogenes have been identified [22]. TIGR
predicted that there are about 60,000 genes in T. vaginalis but did not mention
pseudogenes. We speculate that a significant portion of the 60,000 genes might be
pseudogenes. All of the pseudo and incomplete cyclase genes are included in TIGR
predicted genes which start after the last frameshift or nonsense mutation. Although the
amount of pseudogenes in other large gene families can not be estimated until a similar
survey is conducted, our search of nonsense mutation in the whole genome has found
about 3000 pseudogenes with nonsense mutation, and there could be similar or greater
number of pseudogenes with frameshift. Large number of pseudogenes are present in the
family of ankyrin repeat proteins, hypothetical protein, conserved hypothetical protein,
adenylate cyclase, vsaA, surface antigen BspA, ANK-repeat protein, CG1651-PD-
related, Dentin sialophosphoprotein precursor, ABC transporter protein, kinases, major
facilitator superfamily protein, leucine rich repeat family protein, and Transmembrane
amino acid transporter protein. Many of those families are involved in secretary pathway
and signal transduction system, which play important role in pathogenesis.

Hartl suggests that the rate of deleting junk DNA decides genome size, and a low
rate would accumulate many pseudogenes, longer introns, and intergenic regions in a
genome [23-25]. However it is different in T. vaginalis, where there might be many
pseudogenes but very little introns. Is it possible that those pseudogenes are not real junk
and do serve a purpose in certain situation? That is not impossible! It was discovered that
pseudogenes could act as the supplier of certain variable region to immunoglobulin gene
in chicken [26], and that some pseudogenes conserve their sequences and can still be
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revived and functional in cow and human [27], but the mechanism is not totally
understood yet.

4, Conclusion and Future Work

T. vaginalis has an enormously large genome, and many protein families underwent
massive duplication. We proposed a research project to study transmembrane cyclase in
T. vaginalis, a very important protein in cell signal transduction. Our initial results show
that there are over 100 copies of genes in this family, about half are full length genes, and
nearly half are pseudogenes that are initially confirmed by the sequencing trace files. The
family can be roughly separated into two groups by sequence similarity based on their
cyclase domains, which is very well conserved in both complete genes and surprisingly
pseudogenes too.

The conservation of cyclase domain in pseudogenes is not expected. We suggested
three possible reasons: a) sequencing error and stop-codon read-through which will be
tested by our experiments; b) recency of duplication and mutation. It is likely to be true
but can not explain some discrepancies between the TM region and cyclase domain, and
between the group A and group B. c) The likelihood of functional pseudogene which is
possible but does not have any evidence until we see more experimental support.

We also tried to look into how cyclase genes were duplicated. We found that they
are not in subtelomere, and there is no evidence to support that they might be copied with
repeats, retrotransposons, or flanking regions.

We hope that after a larger survey on other duplicated protein families and having
more experimental data on the pseudogenes, we could shed light on why T. vaginalis
possesses such a huge genome, how genes are duplicated, the quantity of its pseudogenes,
and their evolution histories.
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