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Abstract: Pneumoconiosis is a common occupational disease that can worsen with accompanying
infection. Torque teno virus (TTV) is a prevalent human virus with multiple genotypes that can
chronically and persistently infect individuals. However, the prevalence of TTV in pneumoconiosis
patients is still unclear. This research aims to detect the presence and prevalence of TTV in the alveolar
lavage fluid of pneumoconiosis patients in the Hunan Province of China using PCR. As a result, a
65.5% positive rate (19 out of 29) of TTV was detected. The TTV detection rate varies among different
stages of silicosis and different pneumoconiosis patient ages. Nine novel TTV genomes ranging in size
from 3719 to 3908 nt, named TTV HNPP1, HNPP2, HNPP3, HNPP4, HNPP5, HNPP6-1, HNPP6-2,
HNPP7-1 and HNPP7-2, were identified. A genomic comparison and phylogenetic analysis indicated
that these nine TTVs represent five different species with high genetic diversity which belong to the
genus Alphatorquevirus. HNPP6-1 and HNPP6-2 belong to TTV3, HNPP5 belongs to TTV13, HNPP1
belongs to TTV24, HNPP4 belongs to TTV20, and the others belong to TTV19. The genomes of
TTV HNPP1, HNPP6-1, and HNPP6-2 contain three putative open reading frames (ORFs) coding
for proteins, ORF1, ORF2, and ORF3, while the other six TTV genomes contain two ORFs coding
for proteins, ORF1 and ORF2. These results provide the first description of TTV epidemiology in
pneumoconiosis patients in China. The newly identified TTV genome sequences reveal the high
genetic diversity of TTV in pneumoconiosis patients and could contribute to a deeper understanding
of TTV retention and infection in humans.
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1. Introduction

Torque teno virus (TTV) is a small, non-enveloped virus with a single-stranded circular
DNA genome that belongs to the genus Alphatorquevirus within the family Anelloviridae [1].
The TTV genome is around 3.8 kb in size and contains a GC-rich untranslated region
(UTR) and two major open reading frames (ORFs), named ORF1 and ORF2, with putative
additional ORFs among different isolates. Overlap between the ORFs is common, and their
estimated sizes differ widely among isolates [2]. The putative ORF1 is the longest ORF of
TTV, covering approximately two-thirds of the entire viral genome. Currently, based on the
molecular phylogeny of ORF1, the Alphatorquevirus genus consists of 26 species, including
22 species infecting humans and 4 species infecting non-human primates [3-5]. TTV is
transmitted through various routes of infection, including fecal-oral, parenteral, sexual
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and vertical transmission, resulting in its widespread occurrence in different populations
and regions [6,7]. However, the global prevalence of TTV genotypes is highly diverse, and
the clinical consequences of TTV infection remain unclear.

In 1997, TTV was first identified in a case of post-transfusion hepatitis with an un-
known etiology in a human, leading to suspicions of its connection to liver disease [8].
Subsequently, numerous studies have proposed its association with various hepatic disor-
ders such as acute, chronic, and fulminant hepatitis. Furthermore, TTV has been detected
in patients with conditions such as thalassemia, hemodialysis, viremia, pulmonary fibrosis,
and idiopathic inflammatory myopathies. The prevalence of TTV is significantly higher
in patients with severe disease compared to those with mild disease [9-11]. On the other
hand, co-infections of TTV with other viruses have been extensively investigated. Studies
have reported that hepatitis patients co-infected with TTV have a higher mortality rate and
may be more likely to develop hepatocellular carcinoma compared to patients infected
with hepatitis B virus or hepatitis C virus alone [12-14]. Additionally, TTV was detected
in patients’ saliva during the SARS-CoV-2 epidemic [15-17]. Recent studies suggested
anellovirus as an ideal candidate for next-generation gene drug delivery based on its
characteristics [18]. Although there is no pathological evidence directly linking TTV to
the onset and progression of the disease, its presence in various diseases and its genome
characterization merit investigation.

Pneumoconiosis is a condition caused by inhaling mineral dust into the lungs, result-
ing in lung fibrosis and silicosis. Pneumoconiosis has recently become a significant public
health issue due to its global prevalence and higher mortality rate [19,20]. Additionally,
pneumoconiosis patients often experience co-infections with bacteria and viruses which
worsen the disease and make treatment more difficult. According to previous studies, the
positive rates of TTV in diseased and healthy populations are 2-90% [21,22]. However,
there have been no studies on TTV in patients with pneumoconiosis. In this study, we
collected alveolar lavage fluid samples from pneumoconiosis patients, revealing the pres-
ence of TTV in these samples. We also characterized and analyzed the genomes of nine
novel TTV variants. This is the first report of TTV detection in pneumoconiosis patients
with a complete genome analysis, and our findings indicate that TTV is widespread in
pneumoconiosis patients and exhibits a high degree of diversity. Therefore, more attention
should be paid to TTV in pneumoconiosis patients to explore its correlation with diseases.

2. Materials and Methods
2.1. Ethics Statement

Sample collection and all experiments in this study received ethics approval from the
Hunan Prevention and Treatment Institute for Occupational Diseases, with the ethics ap-
proval number LLYS2019008. All patients participating in the tests were verbally informed
of the purpose of collecting the samples and gave permission for their use.

2.2. Sample Collection

From 2019 to 2021, 29 alveolar lavage fluid samples were obtained from male pneu-
moconiosis patients in the Hunan Province of China, including 16 patients with silicosis
stage 1, 7 patients with silicosis stage 2, and 6 patients with silicosis stage 3, during routine
surveillance of pathogen control. All samples were stored on dry ice for short-term storage
and then transported to the laboratory and stored at —80 °C until use.

2.3. DNA Extraction and PCR Screening

Viral DNA was extracted from 200 pL alveolar lavage fluid samples using a TTANamp
Virus DNA /RNA Kit (Tiangen, Beijing, China), following the manufacturer’s instructions,
and stored at —80 °C. To screen for the presence of TTV DNA, a PCR was performed
using primers derived from the 5'UTR-based primers as described previously (NG133: 5'-
GTAAGTGCACTTCCGAATGGCTGAG-3'; NG147: 5'-GCCAGTCCCGAGCCCGAATTGCC-
3) [23]. A PCR amplification was performed using the Ex Taq® DNA Polymerase (Takara,
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Beijing, China). The PCR mixture (25 pL) contained 2 pL of extracted DNA, 2.5 puL of 10 x Ex
Taq Buffer (20 mM), 2.0 pL of dNTP Mixture (2.5 mM each), 0.4 uM of NG133/NG147
primers and 0.125 pL of Ex Taqg DNA polymerase (5 U/ uL). The mixtures were amplified
by 35 cycles of denaturation at 94 °C for 30 s, annealing at 60 °C for 30 s and extension at
72 °C for 30 s.

The PCR products were gel-purified and cloned into a T-Vector, and at least 3 pos-
itive clones of each fragment were sequenced using the Sanger method. The sequences
of the PCR products were compared with known sequences of TTV deposited in the
GenBank database.

2.4. Complete Genome Sequencing

After PCR screening and sequencing, samples which were singly positive for TTV were
selected to amplify the complete genomes. A nested long-distance PCR was performed
using primers derived from the 5’ UTR- and 3'UTR-based primers (NG133/NG135 for the
first round and NG134/NG136 for the second round) as described previously [23]. The
PCR amplification was performed using the PrimeSTAR® GXL DNA Polymerase (Takara,
Beijing, China). The first round of amplification was carried out in a total reaction volume
of 25 uL using 1 uL of extracted DNA, 5 pL of 5 x PrimeSTAR GXL Buffer, 2.0 uL of
dNTP Mixture (2.5 mM each), 0.4 uM of NG133/NG135 primers and 0.5 puL of PrimeSTAR
GXL DNA Polymerase for 35 cycles. Each cycle consisted of denaturation at 98 °C for
10 s, annealing at 60 °C for 15 s, extension at 68 °C for 3 min 30 s and a final extension
at 68 °C for 10 min. The second round was performed with 0.4 uM of NG134/NG136 or
NG149/NG132 using 1 pL of the round 1 PCR product diluted 100 times as a template
for 35 cycles of the same cycling parameters as in the first round. The PCR products were
gel-purified and cloned into the T-Vector, and at least three positive clones of each fragment
were sequenced by Sanger method. The obtained sequences were used to assemble the
viral genomes.

2.5. Genomic and Phylogenetic Analysis

The ORF Finder (National Center for Biotechnology Information) was used to predict
potential open reading frames (ORFs) and their corresponding amino acid (aa) sequences.
The gene sequences and the encoded protein aa sequences were compared to those of
known viruses with complete genomes available in GenBank. MEGA7 was used to gen-
erate and edit sequence alignment [24]. The alignment datasets were used to generate
the phylogenetic trees by IQ-TREE 2 in BioAider, using the maximum likelihood (ML)
method with 1000 ultrafast bootstraps, and the most appropriate substitution aa model
was determined using ModelFinder according to the Bayesian information criterion (BIC)
method [25].

3. Results
3.1. TTV Detection in Pneumoconiosis Patients

To confirm the prevalence of TTV in pneumoconiosis patients, we performed a PCR
screening of 29 alveolar lavage fluid samples using primers designed in the 5’UTR con-
served region. The results showed that 19 out of the 29 samples tested positive for TTV,
resulting in an overall positivity rate of 65.5% (Table 1). Further grouping of pneumoco-
niosis patients based on age and silicosis stage revealed that the TTV detection rates of
pneumoconiosis patients with silicosis stages I, II and III were 52.3%, 71.4% and 83.3%,
respectively, and the TTV detection rates of pneumoconiosis patients aged <50, 51-60 and
>60 were 62.5%, 64.7% and 75%, respectively (Table 1). These results indicate that TTV is
widespread among pneumoconiosis patients, and the TTV detection rate varies among
different stages of silicosis and different pneumoconiosis patient ages.



Viruses 2024, 16, 1059

40f9

Table 1. Detection of TTV in bronchoalveolar lavage fluid of pneumoconiosis patients with different
classifications and ages.

Characteristic Positive Rate

1 9/16 (52.3%)
Stage I 5/7 (71.4%)
III 5/6 (83.3%)
<50 5/8 (62.5%)

Age 51-60 11/17 (64.7%)

>60 3/4 (75%)
Total 19/29 (65.5%)

3.2. Genome Characterization of Novel TTV's

To elucidate the genomic characterization of TTV in pneumoconiosis patients, six
samples showing strong positivity for TTV were chosen to amplify the complete genomes.
The replicons were cloned, sequenced and assembled to obtain the complete genomes.
Notably, three out of the six positive samples were able to amplify two different TTV strains
each, resulting in nine complete TTV genomes. The genomes of TTV HNPP1, TTV HNPP2,
TTV HNPP3, TTV HNPP4, TTV HNPP5, TTV HNPP6, TTV HNPP6-1, TTV HNPP7-1,
and TTV HNPP7-2 obtained in this research are 3830 nt, 3794 nt, 3741 nt, 3769 nt, 3908 nt,
3719 nt, 3773 nt, 3798 nt, and 3796 nt in size, respectively (Figure 1). All genomic sequences
have been deposited in GenBank with the accession numbers: PP374828-PP374836.
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Figure 1. Genome organizations of TTVs characterized in this study. Arrows indicate predicted
coding sequences and transcription directions. The orange sections refer to the GC rich region.

3.3. Analysis of Genomes of Novel TTVs

The circular genomic DNA of the nine novel TTV strains displays a range of lengths
from 3719 nt to 3908 nt, with a GC content ranging from 50.7% to 53.4%, respectively
(Table S1). The genomes were annotated via BLASTx and BLASTp searches, and two
typical open reading frames (ORF1 and ORF2) of the nine novel TTVs were identified. The
two ORFs were aligned as 5’'UTR-ORF1-ORF2-3'UTR. Moreover, an additional ORF3 was
identified in HNPP1, HNPP6-1, and HNPP6-2. As shown in Figure 1, the TTV coding
sequences are arranged in a clockwise direction on the same strand of circular single-
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stranded DNA, which is similar to other TTVs (Figure 1). The accurate locations and
lengths of the predicted ORFs, as well as the molecular weights of the corresponding
proteins, are listed in Table 2.

Table 2. Predicted open reading frames (ORFs) of TTV and molecular masses (kilo Dalton) and

isoelectric point (pI) values of potential encoded proteins.

Length

TTV Virus ORFs Strand Position Mw pl
nt aa kDa

ORF1 + 615-2915 2301 766 90.7 10.48

TTV HNPP1 ORF2 + 271-741 471 156 16.8 6.15
ORF3 + 24983058 561 186 20.8 1121

ORF1 + 5962833 2238 745 88.7 10.28

TTV HNPP2 ORF2 + 237-728 492 163 17.2 7.8
ORF1 + 596-2830 2235 744 88.5 10.29

TTV HNFP3 ORF2 + 237-728 492 163 17.0 7.38
ORF1 + 5952847 2253 750 89.1 10.41

TTV HNPP4 ORF2 + 260-721 162 153 167 6.79
ORF1 + 5922964 2373 790 924 10.69

TTV HNPPS ORF2 + 260-733 474 157 16.9 722
ORF1 + 587-2797 211 736 85.9 10.50

TTV HNPP6-1 ORF2 + 237-710 474 157 16.8 7.82
ORF3 + 2809-2988 180 59 7.1 9.66

ORF1 + 589-2799 211 736 85.9 10.50

TTV HNPP6-2 ORF2 + 239-712 474 157 16.8 7.82
ORF3 + 2811-2990 180 59 7.1 9.66

ORF1 + 5962831 2286 761 90.5 10.26

TTV HNFF7-1 ORF2 + 237-728 492 163 17.3 7.79
ORF1 + 5972834 2238 745 88.8 10.28

TTV HNFP7-2 ORF2 + 238-729 492 163 17.3 7.79

The nine novel TTV genomes share several common characteristics with previously
reported TTVs. ORF1 is the longest ORF and encodes a protein of 736 aa to 790 aa
with an arginine-rich N-terminus, conserved amino acid motifs, and a downstream poly-
adenylation signal. ORF1 is predicted to encode the putative capsid and replication-
associated protein [26]. Notably, the N-terminal region of ORF1, which contains amino
acids that can form multiple motifs conforming to K/R-X-X-R (X refers to an arbitrary amino
acid) is hypothesized to be cleaved by furin, thereby activating the activity of ORF1. Rolling
circle replication (RCR) is the mode of replication of most ring DNA viruses. All TTV
ORF1s (except TTV HNPP4) were found to have the RCR motif III: Y-X-X-K. The conserved
WGGN motifs may be associated with putative helicase activity. Additionally, conserved
motifs such as FYR, KWY and FQVL were discovered in ORF1 (Figure S1, Table 51). ORF2
may encode a protein with phosphatase activity or a peptide capable of suppressing NF-«B
pathways [27]. ORF2 of the nine TTVs encodes putative proteins between 153 and 163 aa in
the same orientation and overlapping with the N-terminal end of ORF1. This region that
contains a highly conserved W-X7-H-X3-C-X1-C-X5-H (CAV-like) motif.

3.4. Gene Similarities and Phylogenetics of Novel TTV

We further compared the nt and aa identities of the putative ORF1 for species de-
marcation between these nine TTVs and other related TTVs. As shown in Table S1, the nt
sequences of ORF1 and ORF2 for TTV HNPP6-1 are identical to those of TTV HNPP6-2,
respectively, indicating that these two TTVs belong to the same species. TTV HNPP7-1,
HNPP7-2, HNPP2, and HNPP3 also showed high nt and aa sequence identities, higher
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than 88% in ORF1, suggesting that these four strains are from the same virus species. On
the other hand, the ORF1 nt identity for the remaining three TTVs, HNPP1, HNPP4, and
HNPP5, ranged from 47% to 52%, whereas the corresponding aa identity ranged from 36%
to 43%.

Based on the nucleotide sequences of ORF1, we constructed a phylogenetic tree using
nine TTVs from pneumoconiosis patients and 46 other TTVs from GenBank. The results
show that these TTVs were classified into five distinct TTV species. The major branches of
the phylogenetic tree were well supported (Figure 2). HNPP6-1 and HNPP6-2 clustered
with TTV 3. HNPP1, HNPP4, and HNPP5 were clustered with TTV 24, TTV 20, and TTV
13, respectively. In addition, HNPP2, HNPP3, HNPP7-1, and HNPP7-2 all belonged to the
same evolutionary species as TTV 19.

TTYV species
AB038621 TTV 29, isolate TTVyon-KC009 TTV3
AB038624 TTV 29, isolate TTVyon-KC197
AB064596 TTV 29, isolate CT25F TTVI3
AB064597 TTV 29, isolate CT30F
AB064599 TTV 28, isolate JTO3F TTV 24
AB064602 TTV 28, isolate JT19F
AB064601 TTV 28, isolate JT14F TTV 20
AB064600 TTV 28; isolate JTOSF
AB060598 TTV 28, isolate SAa-07u TTVI19

FJ392117 TTV31, solate TWS53A37
KJ082064 TTV 31, isolate Hebei-1
AF435014 TTV 6, isolate KAV

AJ620212 TTV 6, isolate tth6

AJ620213 TTV 6, isolate tth10

AJ620215 TTV 6, isolate tth18

AB064604 TTV 12, isolate CT39F
AB064605 TTV 12, isolate CT44F
AB064607 TTV 10, isolate JT34F
GU797360 TTV 10, isolate BIS8-17
MN765978 TTV 5, isolate SAfiA-110-9
AF345523 TTV 35, isolate TCHN-C1
NC_014069 TTV 4, isolate Pt-TTV6
0L694827 TTV 2, isolate TTV-AMS-S1-27
AB049608 TTV 2, isolate CH71
0Q064592 TTV 3, isolate SA 12
0Q064605 TTV 3, isolate TTV_SA 9
MN765369 TTV3, isolate SAfiA-320-7
MN765515 TTV3, isolate SAfiA-789-1

” MH649092 TTV3, isolate ctbg012

76 ® TTV HNPPG6-1

® TTV HNPP6-2

® TTV HNPP5

MN767158 TTV 13, isolate SAfiA-124-19
MN767195 TTV 13, isolate SAfiA-866-373
ABO017613 TTV 16, isolate TUSO1
OL548870 TTV 17, isolate SAfiA-92-27
0L694809 TTV 15, isolate AMS-S1-09
AB028668 TTV 15, isolate TINO1
AB060596 TTV 21, isolate SA{-09
AB060597 TTV 24, isolate SAa-01
MN765673 TTV 24, isolate SAfiA-99-6
0OP985294 TTV 24, isolate hb036-anello-1
® TTV HNPP1

® TTV HNPP4

MN765271 TTV 20, isolate SAfiA-235-4
MN765291 TTV 20, isolate SAfiA-461-2
AB025946 TTV 19, isolate SANBAN
AB028669 TTV 19, isolate TIN02

® TTV HNPP3

® TTV HNPP2

MN766632 TTV 19, isolate SAfiA-818-12
MN767703 TTV 19, isolate SAfiA-228-0
AF345529 TTV 19, isolate TCHN-G2

® TTV HNPP7-1

® TTV HNPP7-2

Figure 2. A phylogenetic analysis of human TTV. The tree was constructed based on the alignment of
complete nucleotide sequences of ORF1 by the maximum likelihood method with 1000 bootstrap
replicates. Bootstrap values above 50% are shown. Yellow indicates TTV 20. The pink square indicates
TTV 13. Light brown indicates TTV 19. The cyan square indicates TTV 24. The light blue square
indicates TTV 3. For all TTVs included in the tree, GenBank accession numbers and full names are
shown. The nine novel TTVs detected in this study are indicated in bold with solid circles.

4. Discussion

In the Anelloviridae family, anelloviruses in the three genera Alpha-, Beta- and Gamma-
torquevirus have been frequently detected in human samples. The ICTV classified these
viruses based on genome size, and they are usually known as Torque teno virus (TTV,
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3.9 kb), Torque teno mini virus (TTMYV, 2.8-2.9 kb) and Torque teno midi virus (TTMDV,
3.2 kb), respectively [1]. Anelloviruses display extensive genetic diversity and have been
detected in human blood and various tissue types. In addition to its immune escape char-
acteristics, annellovirus is a compelling candidate for a next-generation genetic medicine
vector. Recently, a gene delivery vector called “Anellovector” was successfully developed
based on a human commensal anellovirus [18].

Since the initial report on TTV, studies have indicated its presence in different diseases
such as hepatitis, pneumonia, and trans-fusional diseases [15,28]. However, there have
been no reports of TTV in pneumoconiosis patients. In this study, we detected the presence
of TTV in pneumoconiosis patients for the first time and identified nine complete TTV
genomes. A genetic evolutionary analysis of ORF1 showed that these nine TTVs belonged
to five different TTV species along with TTV strains that were recently identified. These
findings suggest a significant level of genetic diversity of TTV in pneumoconiosis patients.

Even though TTV is a DNA virus, the nucleotide sequence of its genome shows a
high degree of divergence; each of the known 22 human TTV species contains various
strains [3,5,29]. In this study, according to the most recent TTV categorization, pneumoco-
niosis patient #5 was co-infected with TTV HNPP7-1 and HNPP7-2, and the nt sequence
identities of ORF1 and ORF2 of these two TTVs were higher than 97%, indicating that
they belonged to the same species. Pneumoconiosis patient #10 was co-infected with TTV
HNPP1 and HNPP2. The nt sequence identities of ORF1 and ORF2 of these two TTVs
were 55% and 58%, respectively, and they belonged to distinct TTV species. Furthermore,
pneumoconiosis patient #2 was co-infected with TTV HNPP5 and HNPP6-1. However, the
nt identities of ORF1 of these two TTV strains were significantly lower, and they belonged
to different species. These findings imply that different TTV strains can infect the same
pneumoconiosis patient. Further research is needed to investigate the consequences of
different TTV genotypes infecting the same patient.

Despite their high genetic divergence, all nine newly identified TTV genomes display
a conserved genetic organization. They have a coding region that contains the major open
reading frame, ORF1, as well as an overlapping ORF2 and several other ORFs (Table 2).
Additionally, these TTV genomes are roughly the same size. It is worth noting that the
ORF3 of TTV HNPP1 is 186 aa, whereas the ORF3 of both HNPP6-1 and HNPP6-2 is 59 aa.
This may be a result of nucleotide deletions or mutations during TTV gene evolution.

TTV can be detected in different regions and populations, regardless of age, sex, or
socioeconomic status. It can reach a prevalence rate of up to 90% in healthy individuals [21,28].
In our study, the positive rate of TTV in pneumoconiosis patients was 65.5%, which is lower
than in the general population. This could be related to the small number of lung lavage
fluid samples or immune system variability among individuals or different sample types.
Additionally, our results preliminary showed that age and silicosis staging had an effect on
TTV infection in pneumoconiosis patients. Given the small number of samples collected in
this study, comparing the positive rates of TTV in groups may not reflect its true results.
In future research, collecting more samples from patients with different ages or stages
of silicosis will help to better study the relationship between TTV and pneumoconiosis
patients. TTV is almost prevalent worldwide and is insensitive to current antiviral drugs.
Many consider TTV a harmless endosymbiont, but there is no direct biological evidence for
this. At present, there is a lack of cell and animal infection models for TTV. Future progress
and improvement in these areas will promote research on the functions of TTV.

5. Conclusions

In summary, our results revealed that TTV is commonly found in the alveolar lavage
fluid of pneumoconiosis patients, with an overall prevalence of 65.5%. Furthermore, we
discovered nine complete TTV genomes. Through a phylogenetic analysis of ORF1, we
determined that these nine TTV isolates belonged to five viral species. However, additional
investigation is needed to determine whether these TTVs are directly associated with
disease in pneumoconiosis patients.
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Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/v16071059/s1. Figure S1: Amino acid comparison of ORF1 among
9 novel TTV variants. The black boxes indicate unique sites or motifs; Table S1: Torque teno virus
genome size, GC content and gene and protein sequence identities.
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