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Trichomonas vaginalis, which causes the most common nonviral sexually transmitted disease worldwide, is
itself commonly infected by nonsegmented double-stranded RNA (dsRNA) viruses from the genus Trichomo-
nasvirus, family Totiviridae. To date, cDNA sequences of one or more strains of each of three trichomonasvirus
species have been reported, and gel electrophoresis showing several different dsRNA molecules obtained from
a few T. vaginalis isolates has suggested that more than one virus strain might concurrently infect the same
parasite cell. Here, we report the complete cDNA sequences of 3 trichomonasvirus strains, one from each of the
3 known species, infecting a single, agar-cloned clinical isolate of T. vaginalis, confirming the natural capacity
for concurrent (in this case, triple) infections in this system. We furthermore report the complete cDNA
sequences of 11 additional trichomonasvirus strains, from 4 other clinical isolates of T. vaginalis. These
additional strains represent the three known trichomonasvirus species, as well as a newly identified fourth
species. Moreover, 2 of these other T. vaginalis isolates are concurrently infected by strains of all 4 trichomo-
nasvirus species (i.e., quadruple infections). In sum, the full-length cDNA sequences of these 14 new trichomo-
nasviruses greatly expand the existing data set for members of this genus and substantiate our understanding
of their genome organizations, protein-coding and replication signals, diversity, and phylogenetics. The com-
plexity of this virus-host system is greater than has been previously well recognized and suggests a number of
important questions relating to the pathogenesis and disease outcomes of 7. vaginalis infections of the human

genital mucosa.

Trichomonas vaginalis is a flagellated protozoan parasite that
colonizes the human genitourinary tract and is the causative
agent of trichomoniasis, the most common nonviral sexually
transmitted disease (STD) in the world (50). T. vaginalis infec-
tions are a cause of considerable morbidity worldwide, with
about 180 million new infections each year, the vast majority of
which occur in resource-poor settings in both developed and
developing countries (13, 29). In addition to causing symptom-
atic vaginitis, infections by 7. vaginalis are increasingly recog-
nized as being associated with other serious clinical outcomes,
including premature delivery, low birth weight, cervical cancer,
and prostate cancer, as well as an increased risk of infection by
HIV and human papillomavirus (4, 8, 13, 35). There is addi-
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tional concern because resistance to metronidazole, the first-
line treatment for trichomoniasis, is on the rise (38).

As an extracellular parasite, T. vaginalis colonizes the mu-
cosal surfaces of the human genitourinary tract without direct
invasion (parasite biology recently reviewed in reference 13).
Despite its extracellular life style, however, T. vaginalis can
effect mucosal damage through an apparent variety of mech-
anisms, some of which are dependent on epithelial cell contact
(e.g., adherence-based cytotoxicity) and others of which are
not (e.g., release of soluble factors such as proteinases) (re-
viewed in reference 13). Moreover, in many cases, 7. vaginalis
infection results in an exuberant host immune response that
leads to inflammation and further mucosal damage (13, 14, 31,
36). Notwithstanding the isolation and characterization of sev-
eral virulence factors in recent years, the pathogenesis of
trichomoniasis, as well as that of the other serious clinical
associations of 7. vaginalis infection, remains poorly under-
stood.

Many isolates of T. vaginalis, including fresh clinical isolates,
are infected with one or more double-stranded RNA (dsRNA)
viruses (1, 15, 17, 37, 42, 43, 47, 48). These T. vaginalis viruses
(TVVs) form isometric viral particles (4-6, 15, 41-43) that
contain a nonsegmented, 4,500- to 5,000-bp dsRNA genome
encoding a viral capsid protein (CP) and a viral RNA-depen-
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dent RNA polymerase (RdRp) in 2 overlapping open reading
frames (ORFs) (5, 6, 41). The CP ORF is expressed as an
independent protein, whereas the RdRp ORF is expressed
only as part of a CP/RdRp fusion protein following either a —1
or a +1 ribosomal frameshifting mechanism before termina-
tion of the CP ORF (5, 6, 26, 41). This fusion protein is also
incorporated into viral particles at low levels (5, 26) and per-
mits these particles to mediate viral RNA synthesis, both tran-
scription and replication (24). Based on these characteristics,
the TVVs have for some time been tentatively assigned to the
family Totiviridae of nonsegmented dsRNA viruses (19, 49).

The biological significance of T. vaginalis infection by TVVs
remains poorly understood. It appears that TVV infection is
generally a noncytopathic phenomenon that leads to stable,
persistent infections of the protozoan host without an extra-
cellular transmission phase (44). Transmission of TVV instead
occurs upon cell division and possibly also during mating (27).
Despite their nonlytic life style, infection by certain TVVs has
been shown to alter the surface expression of a highly immu-
nogenic 7. vaginalis protein, P270 (6, 23, 45), as well as the
expression profiles of cysteine proteinases that are known vir-
ulence factors (32). Thus, infection of 7. vaginalis by TVVs
could very conceivably modulate the pathogenicity of 7. vagi-
nalis infections of the human genital mucosa.

To date, the near-complete cDNA sequences of only 5 TVV
strains (5, 6, 25, 40, 41), plus the protein-encoding portions of
a sixth strain (51), have been reported to GenBank. Based on
these sequences, phylogenetic comparisons have contributed
to the recent creation of a new genus in the family Totiviridae,
designated Trichomonasvirus, to accommodate these viruses
(20). Accompanying the creation of this new genus has been
the formal recognition of 3 distinct trichomonasvirus species,
designated Trichomonas vaginalis virus 1, Trichomonas vagina-
lis virus 2, and Trichomonas vaginalis virus 3 (5, 6, 20, 41). Only
single strains of the second and third species have been re-
ported to date (5, 6).

The recognition of 3 distinct trichomonasvirus species, cou-
pled with the visualization by electrophoresis of several
dsRNA segments of similar sizes in TV V-infected T. vaginalis
isolates, has suggested the possibility of concurrent infection by
more than one TVV strain in the same parasite cell (5, 16, 22).
In this report, we identify a cloned clinical isolate of T. vaginalis
and determine the full-length cDNA sequences of 3 distinct
TVYV strains that are present in that isolate, one from each of
the 3 known trichomonasvirus species, thereby confirming the
capacity for concurrent (in this case, triple) infections of this
protozoan host. In addition, we report the full-length cDNA
sequences of an additional 11 TVVs obtained from 4 other
clinical isolates of T. vaginalis that we show to be each stably
infected with 1, 2, or 4 distinct TVVs. Included among these
additional sequences are those of 3 TVV strains representing
a new, fourth trichomonasvirus species, designated Trichomo-
nas vaginalis virus 4. The results presented here greatly expand
the existing data set for members of this genus and substantiate
our understanding of their genome organizations, protein cod-
ing, and replication signals.

MATERIALS AND METHODS

Ethics statement. Vaginal swab samples were obtained from women enrolled
for this study, with written informed consent, at the Onondaga County Depart-
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ment of Health STD Clinic in Syracuse, NY. The collection of these samples
occurred in agreement with the Declaration of Helsinki principles of human
research ethics and under protocols approved by the Institutional Review Boards
for human subject research at the SUNY Upstate Medical University and
Brigham and Women’s Hospital.

T. vaginalis isolates and culture. All T. vaginalis isolates were originally ob-
tained from symptomatic patients. Isolate UR1 (36, 39) was obtained from the
Monroe County STD clinic in Rochester, NY, in June 1999. Isolate UH9 was
obtained from Upstate University Hospital in Syracuse, NY, in September 2002
but has not been described in a previous report. Isolates OC3, OC4, and OC5
were all newly obtained from the Onondaga County STD Clinic in Syracuse, NY,
between November 2009 and January 2010.

T. vaginalis isolates were cultured in Diamond’s modified medium (pH 6.0)
with iron and 10% heat-inactivated horse serum (HyClone) at 37°C, as reported
previously (9). For RNA isolation, parasite cells were harvested in late log phase
(~24 h) by centrifugation at 1,000 X g for 10 min at 4°C. The cells were then
washed once with phosphate-buffered saline (pH 7.4) and pelleted at 5,000 X g
for 10 min at 4°C. The pellets were lysed immediately or in some cases frozen at
—70°C until use. For the experiment described in Results and Discussion, we also
reisolated T. vaginalis UR1 clones as agar-embedded colonies (10), followed by
regrowth into stocks.

dsRNA extraction. Upon thawing if previously frozen, ~1 X 107 pelleted T.
vaginalis cells were disrupted in lysis buffer (0.1 M sodium acetate, pH 5.0; 1%
sodium dodecyl sulfate) at room temperature, extracted with TRIzol reagent and
chloroform to remove protein and DNA, precipitated with isopropanol, washed
with 70% ethanol, and dissolved in water. Contaminating single-stranded RNA
was next selectively precipitated from the solution by incubation with 2 M LiCl
at —20°C for 30 min, followed by centrifugation at 10,000 X g for 30 min. The
remaining supernatant was enriched for dsRNA, which was lastly precipitated
from the solution by incubation with 4 M LiCl at —20°C for 30 min, followed by
centrifugation at 10,000 X g for 30 min. This pellet was dissolved in water to
create a working solution of dsRNA.

Gel electrophoresis. For routine examination of dSRNA and reverse transcrip-
tion-PCR (RT-PCR) products, electrophoresis was performed on 0.8% agarose
gels in TAE buffer (40 mM Tris, 40 mM acetic acid, 1 mM EDTA, pH 8.0) and
0.5 mg/ml ethidium bromide at 4 V/cm for 45 min at room temperature. For
visualization of individual dsSRNA genomes from a single isolate, electrophoresis
was performed on 1.0% agarose gels in TBE buffer (89 mM Tris, 89 mM boric
acid, 2 mM EDTA, pH 8.0) at 1 V/cm for 24 h at 4°C, and gels were stained in
TBE containing 1 pg/ml ethidium bromide after electrophoresis.

RT-PCR and nucleotide sequencing. To screen T. vaginalis isolates for
trichomonasviruses, dSRNA extracts from cultured 7. vaginalis cells were used to
carry out RT-PCR using the Qiagen one-step RT-PCR kit with species-selective
screening primers (see Table S1 in the supplemental material), designed from
previously reported TVV sequences (5, 6, 25, 40, 41, 51). The presence of an
~500-bp band, which when sequenced showed homology to a known trichomo-
nasvirus sequence, was taken as confirmation for the presence of that species in
the T. vaginalis isolate.

For full-length sequencing of cDNA strands for trichomonasviruses from 7.
vaginalis isolates UR1 and UHY, various internal fragments of each viral genome
were amplified by reverse transcription followed by PCR, using other forward
and reverse primers designed from the previously reported TVV sequences (5, 6,
25, 40, 41, 51). The sequences from both strands of each amplified fragment were
then determined in full directly from the PCR products. For determining the
sequences from near the genome termini of TVV1-UR1 and TVVI1-UHY, a
poly(A) tail was added to both 3’ ends of each genomic dsRNA molecule.
First-strand cDNA synthesis was then performed with reverse transcriptase, a
dT17 primer that additionally ended with the reverse complement of the 5'- or
3’-terminal 10-nucleotide (nt) sequence from published TVV1 strains, and an
internal primer designed from the preceding sequencing results for these strains.
For determining the sequences from near the genome termini of TVV2-URI and
TVV3-URLI, a poly(A) tail was added to both 3’ ends of each genomic dSRNA
molecule. First-strand cDNA synthesis was then performed with reverse tran-
scriptase, a dT17 primer that additionally began with a 10-nt adapter sequence,
and an internal primer designed from the preceding sequencing results for these
strains. For confirming the sequences from the genome segment termini of
TVV2-URLI, a poly(G) tail was added to both 3" ends of each genomic dSRNA
molecule. First-strand cDNA synthesis was then performed with reverse tran-
scriptase, a dC19 primer that additionally ended with the reverse complement of
the single 5'- or 3’-terminal nucleotide of published TVV1 strains, and an
internal primer designed from the preceding sequencing results for these strains.
For each of these amplifications of genome termini performed after 3’ tailing,
sequences from one strand of each amplified fragment (reading toward the
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FIG. 1. dsRNA gel and TVV detection summary. (A) Preparations
of dsRNA extracted from the five 7. vaginalis isolates listed at top were
run on a 1% agarose gel overnight, followed by staining with ethidium
bromide. M, DNA markers (TracklIt 1-kb ladder from Invitrogen).
(B) Summary of PCR screening and TVV detection results confirmed
by determination of full-length cDNA sequences of the TVV genomes.

respective genome terminus) were then determined in full directly from the
respective PCR product. Sequences from near the genome segment termini of
TVV1-URI1, TVV1-UHY, TVV2-URI1, and TVV3-URI1 were also redetermined
and confirmed by using the protocol described in the next paragraph for the
trichomonasviruses from 7. vaginalis isolates OC3, OC4, and OCS.

For full-length sequencing of cDNA strands for trichomonasviruses from 7.
vaginalis isolates OC3, OC4, and OCS5, purified dsSRNA was first denatured in 30
mM methylmercury hydroxide for 10 min at room temperature, followed by
addition of a poly(A) tail to both 3’ ends of each dsRNA molecule using yeast
poly(A) polymerase (Epicentre Technologies). First-strand cDNA synthesis was
then conducted using SuperScript III reverse transcriptase (Invitrogen) and a
dT20 primer with the 5" 20-nt extension GCGATAGTCTCCGTTCAGGA. A
primer directed toward the latter sequence was then used, along with internal
TVV-directed primers for added specificity, to amplify and then sequence both
entire cDNA strands. All DNA sequencing was performed by GeneWiz, Inc.

Nucleotide sequence accession numbers. Full-length cDNA sequences of TVV
strains described in this paper were deposited in GenBank with the accession
numbers indicated: TVV1-URI1, HQ607513; TVV2-URI1, HQ607514; TVV3-
URI1, HQ607515; TVV1-UH9, HQ607516; TVV1-OC3, HQ607517; TVV2-
0OC3, HQ607518; TVV3-OC3, HQ607519; TVV4-OC3, HQ607520; TVV1-OC4,
HQ607521; TVV4-OC4 (renamed TVV4-1 as prototype of the new species),
HQ607522; TVV1-OCS5, HQ607523; TVV2-OC5, HQ607524; TVV3-OCS,
HQG607525; and TVV4-OC5, HQ607526.

RESULTS AND DISCUSSION

Strains of 3 trichomonasvirus species identified in a 7. vagi-
nalis clinical isolate, UR1. Extracts of previously characterized
T. vaginalis clinical isolate UR1 (36, 39) were analyzed by
agarose gel electrophoresis for the presence of dsRNAs. An
ethidium-stainable band was found to migrate in the 4,000- to
5,000-bp range relative to DNA markers. Upon further anal-
ysis by extended agarose gel electrophoresis, this band was
found to separate into at least 2 constituent bands (Fig. 1A).
Published evidence that TVV genome lengths are consistently
near this size and that T. vaginalis isolates might often be
concurrently infected with more than one TVV strain led us to
suspect that these bands represent the dsRNA genomes of at
least 2 different TVV strains that are coinfecting 7. vaginalis
URL.

We next used database sequences for the TVV2 prototype,
strain 1 (GenBank accession no. AF127178) (5, 20), and the
TVV3 prototype, strain 1 (GenBank accession no. AF325840)
(6, 20), to design forward and reverse primers for reverse
transcription (RT), PCR amplification, and sequencing of any
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TVV strains that may be associated with 7. vaginalis UR1. The
primers were designed to amplify an ~500-bp fragment from
the same, CP-encoding region of the TVV2 and TVV3 ge-
nomes but in a species-selective manner (see Table S1 in the
supplemental material). Each pair of primers (that designed
from TVV2-1 and that designed from TVV3-1) gave rise to an
~500-bp PCR product. Upon sequencing, these 2 PCR prod-
ucts were found to be distinct. The product from the primers
for TVV2-1 showed the strongest sequence identity to TVV2-1
in BLAST searches: 82% at the nucleotide level and 89%
identity at the amino acid level across the full length of the
PCR product. The product from the primers for TVV3-1, in
contrast, showed the strongest sequence identity to TVV3-1 in
BLAST searches: 81% at the nucleotide level and 92% identity
at the amino acid level across the full length of the PCR
product. Sequence identity between the 2 PCR products was
much lower: only 32% identity at the amino acid level. These
results indicate that 7. vaginalis UR1 is coinfected with at least
2 different TVV strains, one TVV2-like (designated TVV2-
UR1) and one TVV3-like (designated TVV3-UR1).

We also used database sequences for 4 different TVV1
strains—the prototype, strain 1 (TVV1-1) (GenBank accession
no. TVU08999) (20, 41), and 3 other strains designated TVV1-
T5, TVV1-Ch (Ch for Changchun), and TVVI-IH-2
(GenBank accession no. TVU57898, DQ270032, and DQ528812,
respectively) (25, 40, 51)—to design consensus forward and
reverse species-selective primers (see Table S1 in the supple-
mental material) for RT, PCR amplification, and sequencing
of any TVV1-like strain(s) that may also be infecting 7. vagi-
nalis UR1. The primers were designed to amplify an ~500-bp
fragment from a CP-encoding region of the TVV1 genome,
which partially overlapped the region that was analyzed above
for TVV2 and TVV3. Using each pair of these TVV1-specific
primers, an ~500-bp PCR product was again obtained. Upon
sequencing, each of these PCR products was found to show the
strongest sequence identity to the 4 TVV1 strains in BLAST
searches: 76 to 80% at the nucleotide level and 79 to 86%
identity at the amino acid level across the full length of each
PCR product. Pairwise sequence identities between these
TVV1-specific PCR products and the preceding TVV2- and
TVV3-specific PCR products were much lower: =20% identity
at the amino acid level. These results indicate that 7. vaginalis
URL is also infected with a TVVl-like strain (designated
TVV1-UR1) (see summary of PCR screening results in Fig. 1B).

To determine the remaining sequences from the 3 TVV
strains infecting 7. vaginalis isolate UR1, we used a strategy for
RT-PCR with species-selective primers (see Table S1 in the
supplemental material) to obtain several other, overlapping
amplicons, which in combination spanned all but the termini of
the TVV genomes. We then used these and other primers to
determine sequences directly from the purified PCR products.
In this manner, we were able to determine fully overlapping
sequences from each genomic strand (plus or minus) of each
virus. To complete these sequencing efforts, we modified a
well-established protocol (18) for amplifying regions proximal
to and including the genome termini to generate PCR products
for direct sequencing. This protocol involved 3’ poly(A) or
poly(G) tailing of both genomic RNA strands, which were
previously untailed, followed by tail-specific priming for RT
and PCR. For PCR, a second primer was matched to an in-
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ternal region of each TVV genome to provide strain specificity
for each amplification. Using this protocol, we were able to
complete determination of the full-length sequence of each
viral genome. Analyses of the sequences are described below.

Confirmation of TVV triple infection of 7. vaginalis URI.
Having gained evidence for 3 different TVV strains in 7. vagi-
nalis UR1, we recognized that this parasite isolate had been
passaged, but not clonally purified, from the original patient
sample (36, 39). The URI stock used in the preceding exper-
iments could thus conceivably represent a mixture of 7. vagi-
nalis strains, each containing different viruses. To address this
possibility, we reisolated 7. vaginalis UR1 clones as agar-em-
bedded colonies (10) and repeated the preceding analyses on
amplified stocks derived from the clonally purified parasite.
The results showed that the cloned parasite contains the same
3 TVV strains as identified in the preceding section. Thus, T.
vaginalis URL1 is indeed concurrently infected with at least 3
different TVV strains, one from each of the 3 known trichomo-
nasvirus species (20).

Strains of 4 trichomonasvirus species identified in 4 other 7.
vaginalis clinical isolates. We used similar strategies for gel
detection of dsRNA, RT-PCR amplification, and direct se-
quencing from the PCR products to determine full-length se-
quences for the TVV strains associated with 4 other T. vagi-
nalis clinical isolates: UH9, which was obtained in 2002 from
Upstate University Hospital in Syracuse, NY, and OC3, OC4,
and OCS5, which were obtained in 2009 to 2010 from the On-
ondaga County Health Department’s STD Clinic in Syracuse,
NY. For T. vaginalis UH9, RNA gels showed a single band
near the 5,000-bp marker, comigrating with the lower RNA
band from 7. vaginalis UR1 (Fig. 1A). RT-PCR screening and
initial sequencing then identified the presence of only a TVV1
strain (designated TVV1-UHY) (Fig. 1B). For T. vaginalis iso-
lates OC3, OC4, and OCS5, on the other hand, RNA gels
showed a double band near the 5,000-bp marker, comparable
to those from T. vaginalis UR1 (Fig. 1A). RT-PCR screening
and initial sequencing then identified the following: for 7.
vaginalis OC3, the presence of a TVV1, a TVV2, and a TVV3
strain (designated TVV1-OC3, TVV2-OC3, and TVV3-OC3,
respectively); for T. vaginalis OC4, the presence of a TVV1
strain (designated TVV1-OC4) as well as a more divergent
strain only distantly related to TVV1, -2, or -3; and for T.
vaginalis OCS, the presence of a TVV1, a TVV2, and a TVV3
strain (designated TVV1-OCS5, TVV2-OCS, and TVV3-0CS,
respectively) (Fig. 1B). In subsequent work, we were able to
determine the full-length sequence of each of these 9 viral
genomes, which combined with those determined from 7. vagi-
nalis UR1 represent a total of 12 new full-length sequences:
ones from 5 new TVV1 strains, 3 new TVV2 strains, and 3 new
TVV3 strains and one new divergent strain that we consider to
be the prototype of a new species, Trichomonas vaginalis virus
4 (prototype strain designated TVV4-1).

Having identified the divergent strain TVV4-1 in T. vaginalis
OC4, we designed new screening primers (see Table S1 in the
supplemental material) based on the TVV4-1 sequence in an
effort to detect additional TVV4 strains that might be present
in the other 4 T. vaginalis isolates examined in this study. In this
manner, a new TVV4-related RT-PCR amplicon was gener-
ated from T. vaginalis OCS, although not from UR1, UH9, or
OC3. Upon sequencing, this amplicon was found to exhibit
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strong sequence identity to TVV4-1 OC4, confirming it as a
second TVV4 strain, TVV4-OCS5. Notably, this result com-
bines with preceding data in this report to indicate that T.
vaginalis OCS5 harbors 4 different TVV strains, one from each
of the four known species (Fig. 1B). In subsequent work, we
determined the full-length sequence of TVV4-OCS5, bringing
the total of new full-length TVV sequences determined in this
study to 13.

After obtaining full-length sequences from the 13 new TVV
strains, we recognized that our initial sets of species-selective
screening primers, which were based on the 5 full-length TVV
sequences that had been reported to GenBank by the time that
this study was begun, bound to sequence regions that were not
absolutely conserved among the different new strains of each
trichomonasvirus species. To ensure that no TVV2, -3, or -4
strains had been missed in our initial screens due to poor
priming, we used all 18 now-available full-length TVV se-
quences to identify absolutely conserved regions of 17 nt or
longer within each of these species (see Table S2 in the sup-
plemental material). We then redesigned new sets of screening
primers based on these regions (Table S1) and rescreened T.
vaginalis isolates UR1, UH9, OC3, and OC4 for viruses that
may have been previously missed. In this manner, a TVV4-
related RT-PCR amplicon was newly obtained from 7. vagina-
lis OC3. Upon sequencing, this amplicon was found to exhibit
strong sequence identity to the other TVV4 strains, confirming
the presence of a new virus, TVV4-OC3. In contrast, no RT-
PCR amplicons were yet obtained for a TVV2-, TVV3-, or
TVVd4-like strain in T. vaginalis UH9; for a TVV4-like strain in
T. vaginalis UR1; or for a TVV2- or TVV3-like strain in 7.
vaginalis OC4. Combined with preceding data in this report,
these new results indicate that 7. vaginalis OC3 is another
parasite isolate like 7. vaginalis OCS that harbors 4 different
TVV strains, one from each of the four known trichomonas-
virus species (Fig. 1B). In subsequent work, we were able to
determine the full-length sequence of TVV4-OC3, bringing
the total of new full-length TVV sequences determined in this
study to 14, including the 3 new TVV4 strains. These addi-
tional sequences are included in the analyses and comparisons
described below.

Phylogenetics. The 14 new TVV strains identified and se-
quenced in this study were examined for assignment to one of
the 3 known trichomonasvirus species (5, 6, 20, 41), first based
on amplification by species-selective primers (see Table S1 in
the supplemental material) and later based on comparisons of
relative overall sequence similarities with other strains of each
species (Fig. 2). Assignments were then further corroborated
by more formal phylogenetic analyses (Fig. 3). The illustrated
phylogram is a representative one that employs the prototype
of the family Totiviridae, Saccharomyces cerevisiae virus L-A
(ScV-L-A) (21), as an outgroup and includes the other 5 TVV
strains for which putatively full-length cDNA sequences have
been deposited in GenBank to date. The 19 total TVV strains
cluster into 3 well-defined clades reflecting species Trichomo-
nas vaginalis virus 1, Trichomonas vaginalis virus 2, and
Trichomonas vaginalis virus 3, with strains TVV4-1, TVV4-
0OC3, and TVV4-OCS huddling outside these 3 other clusters
and thus proposed to represent a previously unrecognized
fourth species, Trichomonas vaginalis virus 4. As recently noted
(6, 20), TVV2 and TVV3 strains are more closely related to
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145 46 46 45 45 44 46 44 [50 50 49 50 (8 8 85 100 [ 53 52 53
1146 46 46 46 46 45 45 45 149 50 49 48 (56 56 57 55 |100 91 91
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FIG. 2. Pairwise sequence comparisons of the 19 TVV sequences. Percent identities for pairwise comparisons of the full-length genomic
nucleotide sequences are shown below and left of the 100% diagonal, and those of the predicted CP/RdRp amino acid sequences are shown above
and right of that diagonal. Pairwise alignments were performed by the program EMBOSS::needle(global), with default settings, at http://www
.ebi.ac.uk/Tools/emboss/align. Clusters of percent identity scores of =78%, reflecting the four trichomonasvirus species (TVV1, -2, -3, and -4), are
highlighted by background shading. Previously reported species and strains are indicated by boldface.

each other than either is to TVV1 strains, and the TVV4
strains are now seen to fall within that supercluster as well,
more closely related to TVV3 than to TVV2 strains (Fig. 2 and
3). Based on current results, we conclude that a whole-genome
(nucleotide) or CP/RdRp (amino acid) pairwise identity score
of <60% is an appropriate cutoff for assigning strains to dif-
ferent trichomonasvirus species (Fig. 2).

How many different trichomonasviruses are present in each
T. vaginalis clinical isolate? To date, we have obtained agar-
embeded clones for only one 7. vaginalis isolate, UR1, and
thereby formally shown it to be concurrently infected by strains
of 3 different trichomonasvirus species. For the other parasite
isolates in which strains of multiple trichomonasvirus species
were found (OC3, OC4, and OCS), though it remains possible
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TVV1-0C5
TVV1-UH9

100 TW1-0C4
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TVV3-1

TVV3-UR1

TWV3-0C3

TW3-0C5

TVV4-1
TVV4-0C5

TVV4-0C3
ScV-L-A

FIG. 3. Phylogenetic tree for the 19 aligned TVV CP/RdRp sequences. Multiple sequence alignment was performed by the program MUSCLE
v3.7, without subsequent curation. Bayesian phylogenetic analysis was then performed by the program MrBayes v3.1.2 with 10,000 iterations, a
sampling interval of 100, and a burn-in period of 100. The tree was drawn with TreeDyn v198.3. All of the preceding steps were done online at
http://www.phylogeny.fr (11), with the default setting unless otherwise indicated. The tree was lastly refined for publication using the program
FigTree v1.3.1. Outgroup: ScV-L-A, Saccharomyces cerevisiae virus L-A (GenBank accession no. J04692), type species of the family Totiviridae.
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that these isolate stocks contain mixtures of parasites infected
with different single TVV strains, we consider it highly likely
that these other parasites are also concurrently infected, in-
cluding in the case of isolates OC3 and OCS5, which were found
to contain strains of all 4 trichomonasvirus species. Another
important point is that the number of TVV strains that we have
so far identified in each parasite isolate should be viewed as
only the minimum number that may be present, potentially
limited in this study by our capacity to design appropriate
primers to amplify each viral genome. Thus, it remains possible
that additional TVV strains will be found in these same para-
site isolates in future studies. Regarding the latter point, future
studies involving next-generation sequencing to survey more
completely the TVV contents of different 7. vaginalis isolates
seem especially warranted.

Important biological considerations relating to concurrent
infections by multiple trichomonasviruses. The apparent com-
monness of stable concurrent infections by strains of 2, 3, or 4
different trichomonasvirus species in 7. vaginalis clinical iso-
lates raises a number of interesting questions with regard to
the biological basis and consequences of such concurrent in-
fections. Do the strains of different trichomonasvirus species
interact in some manner that promotes concurrent infections?
Can the proteins of one trichomonasvirus species package and
replicate the RNAs of the other trichomonasvirus species? Can
the CPs or CP/RdRps of different trichomonasvirus species
coassemble into functionally chimeric capsids? Do the strains
of different trichomonasvirus species replicate and assemble in
different regions of the parasite cell so as to reduce such in-
teractions suggested in previous questions? Are important ef-
fects on the host parasite restricted to particular trichomonas-
virus species or to particular combinations of those species?
Are potential effects on human clinical illness restricted to T.
vaginalis strains infected with strains of particular trichomon-
asvirus species or with particular combinations of those spe-
cies? These and other important questions should be the topics
of future studies.

Concurrent stable infections of host cells with 2 distinct
viruses are known to occur for members of the genera Totivirus
(e.g., ScV-L-A and ScV-L-BC; Ustilago maydis virus HI [UmV-
H1] and UmV-H2) and Victorivirus (e.g., Sphaeropsis sapinea
RNA virus 1 [SsSRV1] and SsRV2) in the family Totiviridae (19,
49). No examples of heterologous encapsidation have been
reported in these cases. Concurrent infections may be of com-
mon occurrence among fungal viruses, as well as protozoan
viruses, because of the intracellular means by which they are
transmitted in nature and their commonly nonlytic life style.
The identification of not just double but even triple and qua-
druple infections of host cells in this study is unusual if not
unprecedented.

Diagnostic implications. The substantial expansion of
known full-length TVV sequences presented in this report,
along with the identification of a fourth, previously unknown
trichomonasvirus species, offers greatly improved opportuni-
ties for detection of trichomonasvirus infections in clinical iso-
lates of T. vaginalis. In addition to use for designing primers for
PCR-based detection methods as in this study, the expanded
repertoire of TVV sequences should improve the quality of
nucleic acid microarrays by allowing detection of TVV RNA
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TABLE 1. Basic characteristics of TVV genome sequences

TVV strain le(ggtnhor(?)ep) Mass (MDa)* G:C( g/;))r;tent
TVVI-URI 4,684 3.01 16
TVV1-UHY 4,678 3.00 45
TVV1-OC3 4,684 3.01 45
TVV1-0C4 4,680 3.01 45
TVV1-OC5 4,680 3.01 45
TVV1-1° 4,647 2.98 45
TVVI-TS 4,648 2.98 45
TVVI-TH2 4,647 2.98 45
TVV2-URI 4,674 3.00 45
TVV2-0C3 4,674 3.00 45
TVV2-0C5 4,671 3.00 45
TVV2-1 4,674 3.00 46
TVV3-UR1 4,845 3.11 47
TVV3-0C3 4,846 311 48
TVV3-0C5 4,342 311 48
TVV3-1 4,844 3 48
TVVa-1 4,943 3.18 49
TVV4-0C3 4,944 3.18 49
TVV4-OC5 4942 3.18 49

“ As calculated at http://mbcf.dfci.harvard.edu/docs/oligocalc.html.
? Sequences previously reported to GenBank are shown in bold.

based on strongly conserved sequences within each trichomo-
nasvirus species (2).

Similar lengths of the new TVV genomes. Some basic char-
acteristics of the newly sequenced TVV genomes are listed in
Table 1. The genome lengths of all 14 of these TVV strains
vary across only a narrow range from 4,670 to 4,944 bp. These
values are consistent with the electrophoretic mobilities of the
genomic dsRNA molecules on agarose gels (Fig. 1). For new
strains within each species, the range is even much narrower:
4,678 to 4,684 bp for TVV1, 4,671 to 4,674 bp for TVV2, 4,842
to 4,846 bp for TVV3, and 4,942 to 4,944 bp for TVV4.

Among the putatively full-length sequences of TVV strains
previously deposited in GenBank, the one TVV2 sequence and
the one TVV3 sequence each fall within the respective range
of genome lengths for those trichomonasvirus species observed
in the current study (Table 1). Notably, however, the 3 previ-
ously deposited TVV1 sequences fall outside this range and
are instead consistently 30 to 40 bp shorter than the TVV1
sequences newly determined here. Upon aligning all 8§ TVV1
sequences, it is clear that each of the previously deposited
TVV1 sequences is missing 30 to 40 bp from the 5’ end of the
genomic plus strand (Fig. 4A). In other words, the previously
deposited TVV1 sequences appear to have been truncated at
that end. Although it is conceivable that the previous TVV1
sequences represent a distinct clade in which these terminal
sequences are indeed absent, phylogenetic trees do not support
that conclusion, since the old and new TVV1 sequences are
intermixed (Fig. 3). Thus, we conclude that the previously
deposited TVV1 sequences were likely truncated due to se-
quencing errors. In fact, in our new TVV1 sequences, the
sequence aligning with the end of the previous sequences is
immediately preceded by a long U-rich tract (Fig. 4A), which
may have been confused with a homopolymer tail in the pre-
vious studies.

RNA gels. For the T. vaginalis strains showing 2 dsRNA
bands in Fig. 1B, we interpret these 2 bands as an upper band
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5~ -GCAAAAAG . AGGGAGUCACCCACUUUCCUCUUUUUGCACCCCAACAUUGUCACCUCAUCA 59
TVV1-UH9  5°-GCAAAAAG.AGGGAGUGAUCCACUUUCCUCUUUUU.GCACCCAACAUUGUUACAUCAUCA 58
TVV1-0C3  5°-GCAAAAAG.AGGGGGUCAUCCACUUCCCUCUUUUU.GCACUCAACAUUUUCACCUCAUCA 58
TVV1-0C4 57 -GCAAAAAG.AGGGAGUGAUCCACUUUCCUCUUUUU.GCACCCAACAUUGUUACAUCAUCA 58
TVV1-0C5 5 -GCAAAAAGGAGGGAGUAGUCCGCUCUUCUCCUUUUUGCACUCAACAUUUUUACUCCAUCA 60
khkhkhkhkkkk *hhkkk k% *%k k% kkk *kkk * kkkkkkk * %% * %k kk Kk
TVV1-1 ACUCAACAUUGCUACUUCAUCA 22
TVV1-T5 ACUCAACAUUUUCACUCCGUCA 22
TVV1-IH2 ACUCAACAUUGCUACUCCGUAU 22
TVV2-URL  5°-GCUUUGAA.GGAGUGACGACCUUCAGAGUCCAGGCUUAAUUAGCUUGGUCAGAUACUCCU 59
TVV2-0C3  5°-GCUUUAAAAGGAGUGACGACCUUUAAAGCCCAGGCCUAACCAGCCUGGUCAGAAACUCCU 60
TVV2-0C5  5°-GCUUUGAA.GGAGUGACGACCUUCUAAGCCCAGGCCUCGACAGCCUGGUCAGACACUCCU 59
khkkkk *k hhkkkhkkkhkkkkkkkk *k khkkkkk * *khkk khkkkkkkk *hkkkkk
TVV2-1 .CUUUGAA . GGAGUGACGACCUUUAAAGCCCAGGCCUAAUCAGCCUGGUCAGACACUCCU 58
TVV3-UR1  5°-GCUUAAAAAGCGAAGUCCACUUUUUAAGCCGGUUUAACUUCAACCGUGAAUACCAGGGCA 60
TVV3-0C3  5°-GCUUAAAAGGUCUAGUCCACUUUUUAAGCCGGCUAUACUUCGCCGUAGA . CACUUGGGCA 59
TVV3-0C5  5°-GCUUAAAAGCU.UAGUCCACUUUU.AAGCCGGUCAUACUUCAACCGUGA . UACCGGGGCA 57
khkkkkkkk khkkkhkhkhkkhkhkk hkhkkkkkk *kkkk * * % * % *kkk*k
TVV3-1 .CUUAAAAAGCCUAGUCCACUUUUUAAGCCGGUUAGACUUCACCGUAGA . UACUUGGGCA 58
TVV4-1 5 ° - GCUUAAAGUCCCAGUGAGCUUUAAGCACCAGAAGUCGCAGCAUAGCACCACAAUAUUUCA 60
TVV4-0C3  5°-GCUUAAAGUCCCAGUGAGCUUUAAGCACCAGAAGUCGCAGCAACAAACAGUUGUACUUUA 60
TVV4-0C5 5 -GCUUAAAGCCCCAGUGAGCUUUAAGCACCAGAAGUCGCAGCAUUACACUAUCAUGCCUUA 60
khkhkhkhkhkkk hhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhhkhkhhhkhkhkhkhkhkhkhkk * % * * %

B tvvi-uri AAAAAGUCUCUAUAGUUGCUCAAGACAUAU . AUGAGCCAGAU. GGCCCUGCUAUACCUUC-3~ 4684
TVV1-UH9 ... .AGUCUCUAUAGUUGCUCAAGACUUA. . AUGAGCCAGAU. GGUCUCACUAUACCUUC-3~ 4678
TVV1-0C3 . . AAAGUCUCUGUAGUUGCUCAAGACUUAUAAUGAGCCAGUU . GGUCUCAGUAUACCUUC-3~ 4684
TVV1-0C4 ... .AGUCUCUAUAGUUGCUCAAGACUUAUAAUGAGCCAGUU . GGUCUCACUAUACCUUC-3~ 4680
TVV1-0C5 .AAAAGUCUCUAUAGUUGCUCAGGACAUAU . AUGAGCCAGAU .. GGCCCCGCUAUACCUUC-3~ 4680

khkkhkhkhkdk hhkhkhkkhkhkhkdkdk *hkdk *% khkkkhkkhkkk * %%k % khkhkkkkkkk
TVV1-1 .AAAAGUCUCUAGAGUUGCUCAAGACUUAUAAUGAGCCAGUUUGGUCUCACUAUACCUUC 4647
TVV1-T5 AAAAAGUCUCUAUAGUUGCUCAAGACU. ACAAUGAGCCAGAU. GGCCCCGCUAUACCUUCG 4648
TVV1-IH2 .GAAAGUCUCUAUGGUUGCUCAAGACUUAUAAUGAGCCAGAUCGGCCUCACUAUACCUUC 4647
TVV2-URL GCCAAAAAACCUUACAAAACUACUCGGCUAGAGUAGGAGAGUAAUAUCAACUCUUAUGUC-3~ 4674
TVV2-0C3 GCCAAAAA . UCUUACAAAACUACUCGGCUAGAGUAGGAGAGUAAUAUCAACUCUUAUGUC-3~ 4674
TVV2-0C5 GACACAA. . UCUUACAUAACUACUCGGCUAGAGUAGGAGAGUAAUAUCAACUCUUACGUC-3~ 4671
* k% k% khkhkhkhkk hhkkhkhkkhkhkhkhkhkhhkhkhkhkhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhhkhkhkhkhkkkkx **%k%
TVV2-1 GACAAAA. .UCUUACAUAACUACUCGGUUAGAGUAGGAGAGUAAUAUCAACUCUUACGUCAAC 4674
TVV3-UR1 CAGUGUUACUGUUGUGUGUAUCGCUCUAGGCACACGAACGUACUACCCCACGUUUAGUUC-3~ 4845
TVV3-0C3 CAGUGUUACUGUUGUGUGUAUCGCUCUAGGCACACGAACGUACUACCCCACGUUUAGUUC-3~ 4846
TVV3-0C5 CAGUGUUACUGUUGUGUGUAUCGCUUUAGGCACACGAACGUACUACCCCACGUUUAGUUC-3~ 4842
khkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkk hhkhkhkhkhkhkhkhkhkhkhkhhkhkhkhkhhkhkhkhkhkkhkhkhkhkhkhkhkkkkk
TVV3-1 CAGUGUUACUGUUGUGUGUAUCGCUCUAGGCACACGAACGUGCUACCCCACGUUUAGUUCA 4844
TVV4-1 AAACAAACCAUACGUCUCAGCACCAGCUUAGUGCUAGACCUAUGACUCCCGGUCUUCCUC-3~ 4943
TVV4-0C3 UAACAACCCAUACGUCUCAGCACCAGCUUUGUGCUAGACCUAUGACUCCCGGUCUUCCUC-3~ 4944
TVV4-0C5 UAACAACCCAUACGUCUCAGCACGCGCUUUGUGCUAGACCUAUGACUCCCGGUCUUCCUC-3~ 4942
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FIG. 4. Terminal sequences of TVV plus strands. Sequences at the 5’ (A) and 3’ (B) termini are shown. Multiple sequence alignments for the

viruses within each species (TVV1, -2, -3, and -4) were performed by the program Clustal 2.0.12, with default settings, at http://www.ebi.ac.uk
/Tools/clustalw2. Gaps within each sequence are indicated by periods. Conserved positions in the consensus are indicated by asterisks below each
set of newly determined sequences. Previously reported TVV sequences are shown below the consensus in each set. The positions of the rightmost

nucleotide in each line of sequence are indicated at right.

representing the TVV3 and/or TVV4 genome and a lower
band representing the TVV1 genome with or without a comi-
grating TVV2 genome. Thus, T. vaginalis UH9, which we have
identified to contain only a TVV1 strain, shows only the lower

band, and T. vaginalis OC4, which we have shown to contain
only a TVV1 and a TVV4 strain, still shows both bands. The
lower mobility of the TVV3 and TVV4 genomes according to
this interpretation is consistent with their lengths being greater
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FIG. 5. Predicted 5’ stem-loop structures in full-length TVV plus-strand sequences. Structures were predicted by the program RNAfold, with
default settings, at http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi. Results for the four TVV strains from 7. vaginalis isolate OC5 are shown as
representative examples. Note that the stem encompasses the 5’ terminus, nucleotide G1, in each virus.

than those of TVV1 and TVV2 (Table 1). Moreover, the co-
migration of the TVV1 and TVV2 genomes according to this
interpretation is consistent with their similar lengths (Table 1).
We continue to investigate methods to provide better electro-
phoretic separation of all four viral genomes.

Terminal sequences. Sequences at the extreme ends of viral
dsRNA genome segments, though outside the protein-coding
region(s), are commonly conserved among related strains be-
cause they include important signals for RNA synthesis and/or
packaging. For example, the 3’ end of each strand must be able
to be recognized, or at least well accommodated, by the viral
RdRp for proper initiation of plus- and minus-strand synthesis.
For the strains within each trichomonasvirus species, we ob-
serve that there are indeed fully conserved sequences at both
ends, with the lengths and identities of these sequences varying
between species (Fig. 4). At the 5’ end of the plus strand (Fig.
4A), there is the 8-nt sequence 5'-GCAAAAAG in our 5 new
TVV1 strains, the 5-nt sequence 5'-GCUUU in our 3 new
TVV2 strains, the 8-nt sequence 5'-GCUUAAAA in our 3
new TVV3 strains, and the 8-nt sequence 5'-GCUUAAAG in
our 3 new TVV4 strains. At the 3’ end of the plus strand (Fig.
4B), there is the 9-nt sequence UAUACCUUC-3' in our 5 new
TVV1 strains, the 3-nt sequence GUC-3' in our 3 new TVV2
strains, the 34-nt sequence UAGGCACACGAACGUACUA
CCCCACGUUUAGUUC-3’ in our 3 new TVV3 strains, and
the 30-nt sequence GUGCUAGACCUAUGACUCCCGGU
CUUCCUC-3" in our 3 new TV V4 strains. Of additional note
in these comparisons is that all of our new TVV sequences
contain a conserved dinucleotide at each end, 5'-GC and UC-
3’, which we therefore propose to be characteristic of all mem-
bers of the genus Trichomonasvirus.

RNA folding predictions can be useful for identifying struc-
tures important for packaging, RNA synthesis, or translation
(9). With regard to the 5'-proximal plus-strand sequences of
the 14 new TVV strains described in this study, an interesting
observation is that all exhibit the capacity to form a 26- to
38-nt-long stem-loop structure that begins with the 5'-terminal

G residue and ends with a downstream C (or in one case U)
residue that base pairs with the 5’-terminal G at the base of the
predicted stem (Fig. 5). For all but 1 of the 14 new TVV
strains, this stem-loop is present in the predicted minimum-
free-energy (MFE) structure for the whole plus strand. We
propose that this 5'-terminal stem-loop is involved in protect-
ing that end of each TVV plus strand from degradation in
infected cells and that it may play other roles as well in pack-
aging, RNA synthesis, or translation. A similar structure is not
consistently predicted for the 3’-proximal plus-strand se-
quences of the 14 new TVV strains, and indeed in all of the
predicted centroid structures and all but 2 of the predicted
MEE structures for the whole plus strand, four residues at the
3’ terminus are unpaired, which may be important for RdRp
recognition.

Another interesting observation from RNA folding predic-
tions is that the plus-strand RNAs of all 14 new TVV strains
described in this study exhibit a propensity for 5’-3" association
through sequences at or near the 2 termini. Even though base
pairing between the terminal regions does not usually appear
in the MFE structure predicted for each TVV plus strand, the
propensity for 5'-3" association is consistently seen in the base-
pairing probability matrix (28) of each RNA (see Fig. S1 in the
supplemental material). In other viruses, 5'-3" association has
also been proposed to be important for packaging, RNA syn-
thesis, or translation (7, 30).

Terminal UTRs. The plus-strand 5’ untranslated regions
(UTRs) of all 14 new TVV strains are quite long, ranging from
295 to 363 nt. For the strains within each species, the range is
even narrower and also distinct for each trichomonasvirus spe-
cies: 322 to 326 nt for TVV1 strains, 295 to 297 nt for TVV2
strains, 359 to 363 nt for TVV3 strains, and 337 to 338 nt for
TVV4 strains (Table 2; Fig. 6). The putatively full-length se-
quences of TVV2 and TVV3 strains previously deposited in
GenBank include 5" UTRs consistent with these respective
ranges. The putatively full-length sequences of TVV1 strains
previously deposited in GenBank include 5 UTRs that are
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TABLE 2. Basic plus-strand coding characteristics of TVV genome sequences

ORF (nucleotide positions)®
TVV strain

Length (aa), mass (kDa) Lengths (nt) of

cp RdRp cp CP/RdRp® 5’3" UTRs"
TVVI1-UR1 271-2359 2346-4613 678, 74.0 1,429, 159 325, 68
TVV1-UH9 319-2358 2345-4612 678, 74.6 1,429, 160 324, 63
TVV1-0C3 321-2360 2347-4614 678, 74.5 1,429, 160 326, 67
TVV1-0C4 316-2358 2345-4612 678, 74.6 1,429, 160 324, 65
TVV1-0C5 317-2356 2343-4610 678, 74.1 1,429, 160 322, 67
TVVI1-1¢ 282-2321 2308-4575 678, 74.9 1,429, 160 287, 69
TVV1-T5 280-2319 2306-4573 678, 74.4 1,429, 160 285, 72
TVV1-IH2 282-2321 2308-4575 678, 74.6 1,429, 160 287, 69
TVV2-URI1 204-2423 2330-4603 709, 78.3 1,436, 162 296, 68
TVV2-0C3 205-2424 2304-4604 709, 78.2 1,436, 162 297, 67
TVV2-0C5 236-2422 2218-4602 709, 78.4 1,436, 162 295, 66
TVV2-1 236-2422 2302-4602 709, 78.5 1,436, 162 295, 69
TVV3-URI1 345-2486 23064690 708, 79.3 1,443, 162 362, 152
TVV3-0C3 346-2487 2307-4691 708, 79.0 1,443, 162 363, 152
TVV3-0C5 342-2483 2390-4687 708, 79.2 1,443, 162 359, 152
TVV3-1 342-2483 2390-4687 708, 79.4 1,443, 162 359, 154
TVV4-1 311-2575 2461-4779 746, 81.5 1,481, 165 337, 161
TVV4-0C3 312-2576 2372-4780 746, 81.5 1,481, 165 338, 161
TVV4-0C5 311-2575 2461-4779 746, 81.7 1,481, 165 337, 160

“ Open reading frame as defined by bracketing stop codons.

® First conserved Met codon within the CP ORF has been interpreted as the start codon.
¢ A +1 or —1 frameshift has been included within the second conserved trinucleotide of the proposed slippery sequence to allow interpretation of CP/RdRp length.
4 Untranslated regions at the genomic plus-strand termini. The 3’ UTR has been defined as excluding the RdRp stop codon.

¢ Sequences previously reported to GenBank are shown in bold.

consistently 30 to 40 nt shorter than those reported here, due
to the putative sequencing-based truncations suggested above.
For all of the TVV strains, the long 5" UTRs are consistent
with containing signals not only for RNA synthesis and pack-
aging but also for regulating translation, such as in the form of
an internal ribosome entry site. Indeed, among the 14 newly
determined TVYV sequences, the 5" UTRs include as many as
8 AUG codons preceding the conserved AUG near the begin-
ning of the CP ORF, suggesting that some mechanism must be
in operation to allow sufficient bypass of these upstream po-
tential start codons for ribosomes to gain access to the proper
downstream start codon for CP translation.

The plus-strand 3’ UTRs of all 14 new TVV strains are much
shorter than the 5" UTRs, varying across only a narrow range
from 63 to 161 nt (Table 2; Fig. 6). For the strains within each
trichomonasvirus species, the range is even narrower: 63 to 68
nt for TVV1 strains, 66 to 68 nt for TVV?2 strains, 152 nt for
TVV3 strains, and 160 to 161 nt for TVV4 strains. The puta-
tively full-length sequences of TVV1, TVV2, and TVV3 strains
previously deposited in GenBank include 3" UTRs consistent
with these respective ranges.

Coding strategies for CP and RdRp. The plus-strand se-
quences of all 14 new TVV strains in this study contain 2 long,
partially overlapping ORFs (Table 2; Fig. 6). In each case, the
upstream ORF encoding CP overlaps the downstream ORF
encoding RdRp by 14 to 205 nt. In all 8 full-length TVV1
sequences determined to date, this overlap region is consis-
tently only 14 nt, bracketed by an upstream UAG stop codon
that immediately precedes the RARp ORF and a downstream
UAA stop codon that terminates the CP ORF (Fig. 7). In
TVV2, -3, and -4 strains, the overlap region is larger and more
variably sized: 94 to 205 nt in TVV2 strains, 94 to 181 nt in
TVV3 strains, and 115 to 205 nt in TVV4 strains. Inside the
overlap region in each virus, regardless of species, is a putative

“slippery sequence” (XXXYYYZ heptanucleotide) that pro-
motes ribosomal frameshifting during translation to allow by-
pass of the impending CP stop codon and consequent exten-
sion of translation to yield the CP/RdRp fusion protein. This
putative slippery sequence is CCCUUUU in all TV V1 strains,
GGGCCCCin all TVV2 strains, and GGGCCCU in all TVV3
and TVV4 strains. In TVV1 strains, the RARp ORF is in the
+1 frame relative to CP, and thus, the productive frameshift-
ing event must be +1, or perhaps —2. In TVV2, -3, and -4
strains, the RARp ORF is in the —1 frame relative to CP. This
divergent property of TVV1 versus TVV2, -3, and -4 strains,
+1 versus —1 frameshifting, correlates with their relative sep-
arations in phylogenetic analyses (Fig. 1). Expression of RdRp
as part of a CP/RdRp fusion protein consequent to ribosomal
frameshifting (usually —1) has been demonstrated for several
other members of the family Totiviridae (19, 49), and in the
case of TVV1-1 and TVV2-1, the CP/RdRp fusion product has
been demonstrated by immunoblotting (5, 26). Further dissec-
tion of frameshifting mechanisms in the different TVV strains
is a subject of current investigation, including analysis of po-
tential RNA structure elements (e.g., pseudoknots) that may
have important regulatory functions as seen in some other
members of the family Totiviridae (12, 46). One observation of
potential interest is that Y = C is disfavored in the slippery
sequences of —1 frameshifting signals from a wide range of
animal, plant, and fungal viruses (3), and thus, its presence in
TVV2, -3, and -4 strains represents a deviation that might
relate to divergent ribosomal mechanisms in the more primi-
tive eukaryotic host 7. vaginalis.

Conserved regions of CP and RdRp. Multiple sequence
alignments of the 19 predicted CP/RdRp fusion protein se-
quences (14 new and 5 old) used in Fig. 2 and 3 revealed only
limited conservation in the CP region. This finding is consistent
with low pairwise identity scores between the CPs of strains
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TVV1-0C5
1 323 2359 4680
= AUG ORF1 (CP) UAA 3:
UTR 2343 4613 UTR
GCA ORF2 (RdRp) UAA
T+1
TVV2-0C5
1 296 2425 4671
pra AUG ORF1 (CP) UAA 3:
UTR 2218 4605 UTR
GAU ORF2 (RdRp) UAA
1
TVV3-0C5
1 360 2486 4842
— ORF1 (CP) UAA |
UgrR 2390 4690 U3TR
GGG ORF2 (RdRp) UGA
t.
TVV4-0C5
1 338 2578 4942
— ORF1 (CP) UAA 3;
UTR 2461 4782 UTR
AuC ORF2 (RdRp) UAA

1.

-

ribosomal
frameshift(s)

FIG. 6. Coding diagrams for full-length TVV plus-strand sequences. ORF1 (CP) and ORF2 (RdRp) are diagrammed for TVV1, -2, -3, and -4
strains. The first and last codons for each ORF are indicated. In each virus, the RdRp is thought to be expressed as a CP/RdRp fusion following
ribosomal frameshifting as indicated. 5’ and 3’ untranslated regions (UTRs) are also labeled, along with the position numbers of the first and last
nucleotides of each genome and ORF. The specific nucleotides and nucleotide position numbers in this figure are shown for the four TVV strains

from T. vaginalis isolate OCS5 as representative examples.

from different trichomonasvirus species (see Fig. S2 in the
supplemental material) and is also well illustrated in a moving-
average similarity plot obtained from the consensus of the 19
aligned CP/RdRp sequences (Fig. 8). Thus, although the 3-di-
mensional CP structures of the different TVV strains might be
expected to be relatively similar, such structural conservation is
not well reflected in the primary sequences. Of potential in-
terest, however, are the few small regions of conserved CP
sequences that are in fact seen, e.g., those labeled a to f in Fig.
8 (for aligned sequences, see Data Set S1 in the supplemental
material). Whether these conserved regions have primarily
structural or functional significance remains to be determined.

Multiple sequence alignments of the 19 predicted CP/RdRp
sequences revealed higher levels of conservation in the RdRp
region than in the CP region. This finding is consistent with the
higher pairwise identity scores between the RdRp sequences of
strains from different trichomonasvirus species (see Fig. S2 in
the supplemental material) and is also well illustrated in the
moving-average similarity plot described above (Fig. 8). In the

RdRp region of that plot, several peaks of conservation are
observed, mostly corresponding to the 8 RdARp motifs known
to be conserved among dsRNA viruses (34), as labeled 1 to 8
in Fig. 8 (aligned sequences shown in Data Set S1). Also of
interest are the additional small regions of conserved se-
quences seen near the N-terminal end of the RdRp region, as
labeled A and B in Fig. 8 (aligned sequences shown in Data Set
S1). Region A is especially interesting in that it aligns with a
region of the ScV-L-A RdRp that has been previously shown
to be required for plus-strand RNA binding in vitro and pack-
aging into virus particles in vivo (33). Perhaps not surprisingly,
due to its expected role as a flexible hinge between the CP and
RdRp regions, the frameshift region of the CP/RdRp fusion
proteins is one of especially low conservation in the moving-
average plot (Fig. 8).

Additional plus-strand ORFs. Viral genome sequences of-
ten contain additional, moderately sized ORFs (encoding
=100 amino acids [aa]) of unknown translatability or signifi-
cance. In the TVV2-1 plus-strand sequence, for example,



TVV1-UR1 CUUACGCCUUCGCGUAGGCA UGAGUAAGGCUGUACGUUGUGGCCCUAUAAUAC 2388
TVV1-UH9 UUUACGUCAGAGGGUAGGUU UGAGUAAAGCUGUACGUUGUGGCCCUAUAAUAC 2387
TVV1-0C3 UUUACGUCAGAGGGUAGGUU UGAGUAAGGCUGUACGUUGUGGCCCUGUAAUAC 2389
TVV1-0C4 AUUACGUCAGAGGGUAGGUU UGAGUAAGGCUGUACGUUGUGGCCCUAUAAUAC 2387
TVV1-0C5 CUUACGCCUCCGCGUAGGCA UGAGUAAGGCUGUACGUUGUGGCCCUAUAAUAC 2385
TVV1-1 CUUACGCCUCCGCGUAGGAU UGAGUAAAGCUGUACGUUGUGGCCCCGUAAUAC 2350
TVV1-T5 CUUACGCCAACGUGUAGGUA UGAGUAAAGCUGUACGUUGUGGCCCUGUAAUAC 2348
TVV1-IH2 CUUACGUUACCACGUAGGUG UGAGUAAGGCUGUACGUUGUGGCCCUGUAGUAC 2350
TVV2-UR1 UGAGAUUUACCACUGGCGUGACCAUGGAAAUCUCACACGUCCAUAUUCGUGCCACAUCCU 2275
TVV2-0C3 UGAGAUUUACCAGUGGCGUGACCACGGAAAUCUUACACGUCCAUAUUCGUGCCACAUCCU 2276
TVV2-0C5 UGAGAUUUACCAAUGGCGCGACCAUGGAAAUCUCACACGCCCAUAUUCGUGCCACAUCCU 2274
TVV2-1 UGAGAUUUACCAUUGGCGCGACCAUGGAAAUCUCACACGUCCAUAUUCGUGCCACAUCCU 2274
TVV2-UR1 CGACAGCGAAGGAUUACAAUUCGCUGACGUCUCCAACGGACGGACACGAGGUAAAAUCCU 2335
TVV2-0C3 CGACAGCGAAGGAUUGGAAUUCGCUGACGUCUCCAACGGACGGUCACGGGGCAAGCUCCU 2336
TVV2-0C5 CGACAGUCAAGGACUCGAAUUCGCCGAUGUUUCCAACGGACGGUCACGUGGAAAGAUCCU 2334
TVV2-1 CGACAGUCAAGGACUCGAGUUUGCUGACGUUUCCAACGGACGGUCACGCGGAAAGAUCCU 2334
TVV2-UR1 CGUUGUCGUCAACACACCGCUCAAGACAAGCGCUGCCUAUCA! AGCUUCGCGCC 2395
TVV2-0C3 CGUUGUCGUCACCACACCGCUCAAGACAAGCGCUGCCUACCA! AGCUUCGCGCC 2396
TVV2-0C5 CGUGGUCGUCAACUCACCACUCAAAACAUGCGCUGCCUACCA! AGCUUCGCGCC 2394
TVV2-1 UGUGGUCGUCAACUCACCCCUCAAGACAUGCGCUGCCUACCA! AGCUUCGCGCC 2394
TVV2-UR1 AAAGCCGGGCAGCGCUAUGUGGAACGAAUAAACCAAUGCGGGGGCGACGUCAUCUAUCCG 2455
TVV2-0C3 AAAGCCGGGCAGCGCUAUGUGGAACGAAUAAACCAAUGCGGGGGCAACGUCAUCUAUCCG 2456
TVV2-0C5 AAUGCCGGGCAGCGCCAUGUGGAACGAAUAAACCAAUGCGGGGGCAGCGUCAUCUAUCCG 2454
TVV2-1 AAAGCCGGGCAGCGCCAUGUGGAACGAAUAAACCAAUGCGGGGGCAGCGUCAUCUAUCCG 2454
TVV3-UR1 UGACCACGGCUACCUCGCCCGCCCAUACGCGUGCCACAUUGUCGACUCAGAUGGCAUCGA 2362
TVV3-0C3 UGACCACGGCUACCUUGCCCGCCCAUACGCAUGUCACAUCGUCGACUCAGACGGCAUCGA 2363
TVV3-0C5 UGAUCAUGGCUACCUCGCUCGCCCAUACGCGUGCCACAUCGUUGAUUCAGAUGGCAUCGA 2359
TVV3-1 UGAUCACGGCUACCUUGCUCGUCCAUACGCGUGCCAUAUUAUCGAUUCAGAAGGCAUAGA 2359
TVV3-UR1 AUUCUACGACAAGUCCAAUGGUCUCUACAAGGGACGCGUCAACGUCCUCGUUUCCGGAUU 2422
TVV3-0C3 GUUCUACGACAAAUCCAACGGUCUCUACAAGGGACGCGUCAAUGUCCUCAUCUCUGGAUU 2423
TVV3-0C5 AUUCUACGACAAAUCCAACGGUCUCUAUAAGGGACGCGUCAACGUUCUCAUUUCCGGAUU 2419
TVV3-1 AUUCUACGACAAAUCCAACGGUCUCUAUAAGGGCCGUGUCAAUGUCCUUGUUUCUGGAUU 2419
TVV3-UR1 UGCCAUUCCAGGACGCGCAUAUCA CGCUCGCAGGUAGCAACAGAGGCCGCCCA 2482
TVV3-0C3 CGCCAUCCCAGGUCGCGCAUACCG CGCUUGCCGGUAGCAACAGAGGCCGCCCA 2483
TVV3-0C5 UGCCAUUCCAGGUCGCGCAUAUCA CGCUUGCAGGUAGCAACAGAGGCCGCCCA 2479
TVV3-1 UGCCAUCCCAGGUCGCGCGUAUCA CGCUUGCAGGUAGCAACAAUGGCCGCCCA 2479
TVV3-UR1 GAUCUAAGCGACGUCCCGGCGACAGGAAGUCUGUCCAACCUCAUCGACCUUUCGAAAGCA 2542
TVV3-0C3 AGUCUGAGCGACAUUCCGGCGACAGGAAGUCUGUCCAACCUCAUCAGCCUUUCUAAAGCA 2543
TVV3-0C5 GAUCUAAGCGACGUCCCGGCGACAGGAAGUUUGUCCAACCUCAUCUACCUUUCUAAGGCA 2539
TVV3-1 GAUCUAAGCGACGUCCCGGCGACAGGAAGUCUGUCCAACCUCAUUACCCUUUCCAAAGCA 2539
TVV4-1 CGACGUCCUUCAGGUUUGGAACGAUCACGGCUACAUCGCGCGCCCUUACGCUUGCCACAU 2427
TVV4-0C3 UGACGUUCUACAGGUCUGGAACGAUCACGGCUACAUCGCGCGUCCUUACGCUUGCCACAU 2428
TVV4-0C5 CGACAUCCUCCAGGUUUGGAACGAUCACGGCUACAUCGCACGCCCUUACGCUUGCCACAU 2427
TVV4-1 CGUCGAAUCCAUCAACGUCGAAAUCUACGAUAAGUCAAAUGGUGCUUACAACGGAUGGAU 2487
TVV4-0C3 CGUCGAAUCCAUCAACGUCGAAAUCUACGACAGAUCCAAUGGCGCUUACAACGGAUGGAU 2488
TVV4-0C5 CGUCGAAUCCAUCAAUGUCGAGAUCUACGAUAAAUCAAAUGGCGCCUACGAAGGAUGGAU 2487
TVV4-1 UCAGGCACUCGUCGGCGGCUUCGGUGUUCCGGAGCGCUGCUACAU CGUCUGCA 2547
TVV4-0C3 UCAGGCGCUCGUCAGCGGCUUCGGUGUUCCGGAGCGCUGCUACAU CGUCUGCA 2548
TVV4-0C5 CCAAGCGCUCGUCGGCGGCUUCGGUGUCCCCGAACGCUGCUACAU CGUCUGCA 2547
TVV4-1 GGUAGCAGGCGGCGCCCCCUCUGCCCUUUAAAGGGCAGUAAUCGCGCAGUAGCACUGCAU 2607
TVV4-0C3 GGUAGCAGGAGGCGCCCCCUCUGCCCUUUAAAGGGCAGCAAUUGCGCAGUAGCACUGCAU 2608
TVV4-0C5 GGUAGCAGGAGGCGCCCCCUCUGCCCUUUARAGGGCAGCAAUUGCGCAGCAGCACUGCAU 2607

FIG. 7. Frameshifting region of TVV plus-strand sequences. Multiple sequence alignments for the viruses within each trichomonasvirus species
(TVV1, -2, -3, and -4) were performed by the program Clustal 2.0.12, with default settings, at http://www.ebi.ac.uk/Tools/clustalw2. No gaps are
present in the illustrated region. Previously reported TVV sequences are shown at the bottom of each set. The positions of the rightmost nucleotide
in each line of sequence are indicated at right. The proposed slippery sequence (XXXYYYZ heptanucleotide) in each virus is underlined and
colored green. The stop codon defining the 5’ end of the RARP ORF in each virus is underlined and colored blue. The stop codon defining the

3" end of the CP ORF in each virus is underlined and colored red.
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FIG. 8. Similarity plot for the consensus of the 19 aligned TVV CP/RdRp sequences. The multiple sequence alignment was the same as that
for Fig. 3. Similar scores were averaged over running windows of 21 amino acid positions. Scoring was as follows: identical in all 19 sequences, 4;
very similar in all 19 sequences, 2; similar in all 19 sequences, 1. Averaging and graphing were performed with Microsoft Excel 2004 v11.6.
High-scoring peaks in the CP region are labeled a to f. RdRp motifs are labeled 1 to 8, and other high-scoring peaks in the RdRp region are labeled

A and B.

Bessarab et al. (5) noted the presence of 2 such ORFs: ORF3
at nucleotide positions 936 to 1775, encoding 219 aa from the
first AUG codon, and ORF4 at nucleotide positions 1794 to
2495, encoding 233 aa from the first AUG start codon. Efforts
failed, however, to detect these potential translation products
by immunoblotting with peptide-directed antisera. All of the
newly sequenced TVV strains in this report, except for TVV3-
OC3 and TVV3-0C5, include a few additional ORFs of =100
aa in length in their plus-strand sequences. A total of 23 such
OREFs are present in these 12 other strains, and they could
potentially encode proteins between 101 and 271 aa in length.
Among these ORFs, the only ones that appear worthy of some
consideration, in that they are found in all strains to date of a
particular species, are those in TVV2 strains corresponding to
the previously identified ORF3 of TVV2-1 (5). Even in that
case, however, the corresponding ORFs show variable start
and stop positions and lengths (e.g., encoding 136 to 271 aa)
among the one old and three new TVV2 strains. We therefore
consider it unlikely that any of these additional ORFs in the
TVV plus-strand sequences are functionally significant.
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