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Abstract
Quali�ed blood from healthy donors may still contain infectious pathogens that could become important
threats to human life. The objective of this study was to screen for blood-borne viruses and analyze the
virome pro�les in plasma via metagenomic sequencing. A total of 1,200 plasma samples were collected and
mixed into 12 pools based on sampling time, then DNA and cDNA libraries were constructed for sequencing
which was carried out by Illumina NovaSeq 6000 system. After data cleaning and �ltering using
bioinformatic tools, 2336 viral reads via DNA sequencing and 61985 viral reads via cDNA sequencing were
obtained. Seven DNA viruses belonging to three families and one RNA virus were identi�ed from these reads.
Most of the viruses found in pooled plasma were considered non- pathogenic, especially anellovirus found in
all 12 pools and human pegivirus detected in 7 of the 12 pools. Three pathogenic viruses were found by DNA
sequencing, including human herpes virus 6A, human cytomegalovirus and Epstein-Barr virus. All of them
belong to the family Herpesviridae and their reads accounted for 7.9% (184/2336). Currently, data on
anellovirus and human pegivirus in China are scarce. The herpes virus, which has a high sero-prevalence, is
not a mandatory marker for blood screening. This study preliminary elucidated the virome spectra in blood
from quali�ed donors in Guangzhou and contributed to information regarding blood transfusion safety in
China.

Introduction
To improve the safety of blood supply, donors are routinely screened for a range of blood-borne pathogens
with highly sensitive screening tests[1]. In China, four pathogens were statutory tested: hepatitis b virus,
hepatitis c virus, human immunode�ciency virus and treponema pallidum. However, these are not the only
pathogens that can be transmitted through blood transfusion. As a matter of fact, quali�ed blood from
healthy donors may still contain infectious pathogens that could become important threats to human life[2,
3]. Although these pathogens may affect the treatment of the recipients and even cause serious diseases, it
is unpractical to systematically screen for all known transfusion-transmitted agents in donated blood. Blood
safety measures such as nucleic acid testing can be only applied to a limited variety of pathogens[4]. Thus, it
remains imperative to improve the blood safety, not only by routine methods to surveil well-characterized
pathogens, but also by new methodologies to discover unknown or unexpected pathogens[1].

Take advantage of next-generation sequencing (NGS) technology, it is possible to sequence all nucleic acids
present in a given sample and explore the microbial landscapes in a wide variety of samples, which is termed
“metagenomics” [5]. The application and improvements of metagenomics related to continuous advances in
NGS and bioinformatic approaches have shown that the viral abundance of clinical samples is much greater
than previously suspected[6]. Hence, we conducted a metagenomic analysis of virome pro�les in pooled
plasma from quali�ed donors in Guangzhou to screen for blood-borne viruses that were otherwise missed
using standard protocols and simultaneously surveil emerging/re-emerging infectious diseases.

Materials and methods
Sample collection and processing
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A total of 1,200 plasma samples were collected from quali�ed blood donors in Guangzhou. These plasma
were mixed into 12 pools based on sampling time (February 2021 to July 2022). Each pool contained 100
samples and 40ml (400µl per sample) of plasma, of which 10ml was �ltered through PVDF membrane
(Millex-GV, 0.22µm �lter unit) to remove blood cells and cellular microbes. The �ltered samples were stored in
a sterile container and preserved in -80℃ refrigerator before further processing.

Library construction and sequencing

1.4ml �ltered plasma from each pool was divided into two aliquots for DNA and RNA extraction using
QIAsymphony Circulating NA Kit. TURBO DNase was added into RNA extracts of 5 pools (pool 8–12) before
incubating for 15 minutes at 37℃ to eliminate residual cell-free DNA (Table S1). Next, the DNA/cDNA
libraries (PE150) were prepared using TruePrep DNA Library Prep Kit V2 for Illumina (Vazyme, TD503) and
The Nucleic Acid Detection Kit for Pathogens (Kingcreat, KS619-DNAmN24). Sequencing library from pool 1
to 7 was constructed using transposase. In contrast, sequencing library from pool 8 to 12 was constructed
using endonuclease. The concentration of library was measured by Qubit. Then the sequencing was carried
out by Illumina NovaSeq 6000 system with 300 cycles Reagent Kit.

Data analysis and interpretation

High-quality sequencing data were obtained after �ltering out low-quality reads by the use of fastq (v0.22)
software. Human nucleic acid sequences were then removed by mapping reads to human reference genome
using bwa (v0.7.10) software. The remaining data were aligned to the microbial genome database using bwa
(v0.7.10) software. The whole database contained 36,497 microorganisms and 9,808 of them had integral
sequence of whole genome and detailed clinical analysis, which covered most of the known pathogenic
viruses. The number of reads, relative abundance and other indicators such as RPM-r (RPM de�ned as Reads
per million, RPM-r de�ned as RPM sample/RPM NTC) were used to classify and �lter the viruses in clean
data. Secondary �ltration of the pathogenic reads were obtained by self-developed machine learning
algorithm, with the most plausible reads retained and the less plausible ones removed.

Experimental procedures are represented in the schematic work�ow in Figure S1.

Results
Next-generation sequencing results

The adaptor sequences, duplicate and low-quality reads were removed from the raw data and more than
6 billion clean reads were generated from all these sample pools, with the lowest Q30 value of 86.17% (Table
S2 and Table S3). In total, more than 700GB of clean data were obtained, with each plasma pool producing
an average of 60 GB, consisting of approximately half DNA sequencing data and half cDNA sequencing
data. After further removal of sequences mapped to human, rRNA and carrier protein, 1,398,378,808 �ltered
reads were aligned to the microbial genome database. The results are shown in Table 1 and Fig. 1.
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Table 1
Statistical results of metagenomic sequencing

  raw bases clean bases clean reads �ltered reads

DNA sequencing 471,360,956,542 380,417,044,928 3,473,711,826 147,899,895

cDNA sequencing 466,978,164,490 358,171,050,246 3,351,172,578 1,250,478,913

Total 938,339,121,032 738,588,095,174 6,824,884,404 1,398,378,808

Filtered reads: sequencing data after removing adaptor sequences, duplicate sequences, low-quality
sequences and sequences mapped to human, rRNA and carrier protein.

Virus identi�cation in pooled plasma

After data cleaning and �ltering, a total of 64,321 viral reads were obtained (Table 2). Seven DNA viruses
belonging to three families and one RNA virus were identi�ed from these reads. Among the reads from DNA
sequencing (Fig. 2A), nucleotide sequences of the family Anelloviridae (Torque teno virus, TTV; Torque teno
midi virus, TTMDV; Torque teno mini virus, TTMV) accounted for 91.8% (2145/2336) and sequences of the
family Herpesviridae (human herpes virus 6A, HHV-6A; human cytomegalovirus, HCMV; Epstein-Barr virus,
EBV) accounted for 7.9% (184/2336). The remaining 0.3% (7/2336) reads were identi�ed as TTV-like mini
virus (TLMV). Among the reads from cDNA sequencing (Fig. 2B), GB virus C/human pegivirus (GBV-C/HPgV)
accounted for 96.2% (59602/61985), and anellovirus accounted for 3.8% (2383/61985).

Table 2
The numbers of viral sequences in plasma pools

  virus reads via DNA sequencing virus reads via cDNA sequencing

DNA virus reads 2336 2383

RNA virus reads 0 59602

Total 2336 61985

The viruses found by NGS and their reads in each plasma pool were detailed in Table 3. Most of the viruses
found in this study were generally considered to be non-pathogenic, and no highly pathogenic virus was
identi�ed. Upon DNA sequencing, anelloviruses which were highly diverse but non-pathogenic were found in
all 12 pools. TLMV were identi�ed in pool 11 and 12, but as with anellovirus, the pathogenicity of this virus
remained to be elucidated. Only three pathogenic viruses were detected: HHV-6A and CMV in pool 1, EBV in
pool 4. The cDNA sequencing led to the discovery of HPgV, an RNA virus belonging to the family Flaviviridae,
in 7 out of 12 pools, with unclear pathogenicity. Signi�cantly, anelloviruses were detected by cDNA
sequencing in 10 plasma pools, even though they were DNA viruses.
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Table 3
Virus detected in each pool by metagenomic sequencing

Pool DNA sequencing (reads) cDNA sequencing (reads)

TTV TTMDV TTMV HHV-
6A

CMV EBV TLMV TTV TTMDV TTMV GBV-C

1 13     180 2     2 20   1092

2 13               59   1223

3   2           90 87 255  

4 8         2   18 476 76  

5 8 1           336 4   271

6 8             261 216 20  

7 4             89 287 28 691

8 245 223 30         5 20 4  

9 169 83 5         2 2   7493

10 115 196 4               22777

11 234 359 76       3        

12 155 151 43       4 24 2   26055

Virus spectra of 12 plasma pools

Although virus abundance in each plasma pool was not high, the virus pro�les of these pools varied
considerably, as showed in the relative abundance map (Fig. 3). This variation was mainly related to the
abundance and diversity of anelloviruses, which were detected in all 12 plasma pools. Pools 8 to 12 had a
higher anellovirus abundance than pools 1 to 7 in DNA sequencing. But in cDNA sequencing, relatively more
anellovirus reads were identi�ed from the latter (Fig. 4).

Discussion
Blood screening, especially nucleic acid testing, has greatly improved the safety of the blood products,
however, these measures can only cover a limited range of pathogens. In recent years, metagenomics
technology with the advantages including high e�ciency and broad pathogen coverage has been used to
analyze various biological samples, and has also proven remarkably useful in studies of infectious
diseases[3]. For instance, Cache Valley virus, a mosquito-borne virus that is a rare cause of disease in
humans, has recently been discovered to be transmitted through blood transfusions and cause
meningoencephalitis in recipients by metagenomic next-generation sequencing after ruling out more
common etiologies [7]. Since screening for all viruses in blood respectively is obviously impossible,
metagenomic sequencing is regarded as a promising method to understand the microbiome in blood and
thereby improve the safety of blood supply. In this study, we used Illumina NovaSeq 6000 sequencing system



Page 6/13

for metagenomic analysis to reveal the virus composition of pooled plasma from 1200 quali�ed blood
donors in Guangzhou.

This study has revealed the common presence of apparently non-pathogenic viruses in blood, particularly
anellovirus and human pegivirus. Anellovirus, probably the most abundant viruses of the human blood
virome, was observed among healthy people in many countries and regions[4, 6, 8–12]. The prevalence of
anellovirus is highly variable, the infection rate in healthy populations in Japan is close to 100%, while in
Britain and America are approximately 10%[11–13]. Currently, data on anellovirus in China are scarce[3], but
we speculated that the prevalence may be high because all plasma pools in this study contained the
nucleotide sequence of the virus. The high prevalence of anellovirus is a consequence of the multiple
transmission routes, including parenteral, sexual, and vertical routes[8]. Because of the extensive
polytropism, anellovirus have been observed in many other body compartments, other than in human
blood[14]. In addition, the discovery of anellovirus by cDNA sequencing in this study indicated that these
viruses might be constantly active and infective. Since anellovirus bloom in diversity or quantitative
abundance was documented in conditions related to immune suppression[15–17], it has been suggested
that pathogenesis may be conditional, acting as an aggravating factor or as an opportunistic agent[18].
However, whether a high viral load of anelloviruses in blood can cause clinical symptoms even disease in
humans remains ambiguous[3, 19, 20] due to the available but contradictory data[14]. More detailed studies
are needed to evaluate if anellovirus might exert pathogenic effect. At present, anelloviruses are still
considered part of the natural human virome because of their high prevalence and largely asymptomatic
persistence[21].

HPgV, another frequently described viral component of the healthy blood donor virome, is also considered a
commensal virus without pathogenicity and clinical importance[6, 22]. Similar to the anellovirus, serological
prevalence of HPgV has shown large variability in the general population[22]. Epidemiologic studies suggest
that 1–4% of healthy donors in most developed countries are viraemic at the time of blood donation, while in
developing countries, blood donor viraemia prevalence is higher, approaching 20% in some regions of the
world[22]. In this study, more than half pools contained HPgV. The number of HPgV reads in two pools was
particularly high, which might be caused by individual samples. HPgV infection may persist for decades, but
most healthy individuals clear viremia within 2 years of infection[23]. By lack of clari�cation on associations
between HPgV and disease, it is not a target agent for blood screening so far. Moreover, several studies have
suggested that HPgV may impact HIV disease and improve survival in positive individuals[24–28], but others
have not found such potential association[8, 29, 30]. There needs to be more evidence to elucidate the
potential bene�ts of HPgV chronic infection.

Only three de�nitely pathogenic viruses had been found, CMV, EBV and HHV-6A. They all belong to the family
Herpesviridae. The blood collection and supply system in China does not perform routine screening for
herpes virus. However, whether herpes virus detection should be performed for certain blood recipients is
worth consideration. For instance, CMV caused mostly mild febrile symptoms in immunocompetent
individuals[31]. But populations undergoing frequent transfusions with low and defective immune function
are particularly susceptible to acquiring CMV infection from blood transfusion and can suffer severe
consequences[3, 32]. In some countries, such as Brazil, CMV serological test is requested when blood
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products are used by speci�c vulnerable patient populations[33]. In the U.S., CMV antibody testing is
performed on a portion of blood donations, including all platelet donations, to meet the demand of hospital
for CMV seronegative blood products. According to an epidemiological study in China, the sero-prevalence of
CMV, EBV and HHV-6 are 97.3%, 99.8% and 62.0%, respectively[34]. Not many herpes virus sequences were
detected in this study, probably because the herpes virus does not replicate actively in healthy individuals. In
this study, we did not perform a comprehensive research and analysis that can be accurately re�ective of the
prevalence of herpes virus among healthy/quali�ed blood donors in Guangzhou. But such a high sero-
prevalence of herpes virus in China should be an area of focus for public health and transfusion medicine,
and we would encourage blood centers to initiate epidemiological surveys targeting herpes viruses to
understand the prevalence and potential health risks of these viruses and adjust screening strategies
according to local epidemiology.

Another interesting �nding in our study was the effect of different enzymes used to construct libraries on
sequencing results. The number of anellovirus reads in DNA sequencing libraries constructed with
transposase was lower than that of libraries constructed with endonuclease. One possible explanation is that
the genome of anellovirus is single-stranded DNA, while transposase is more likely to recognize double-
stranded DNA. DNase was not applied in pool 1–7 before construction of cDNA sequencing library. The
single-stranded DNA remaining in the RNA extracts from these sample pools might be synthesized into cDNA
by reverse transcriptase, leading to more anellovirus reads in the cDNA sequencing. These �ndings strongly
suggested that metagenomic sequencing results must be interpreted with caution, owing to non-
standardized experimental procedures.

For economy of cost, we adopted the strategy of mixing every 100 samples into one pool, which might lead
to some low-load viruses being missed. In addition, determining whether the virus is infectious is also
di�cult, beacaus only genetic sequences can be obtained[35]. Due to these defects, metagenomic analysis
for monitoring the additional risk of transfusion-borne pathogens is not yet in general use at present.
Nonetheless, as a superior technology for the discovery of unknown or unexpected pathogens compared to
the traditional methods, with further improvements, metagenomic analysis combined with next-generation
sequencing would become a useful tool in blood transfusion safety and epidemiological surveillance.
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Figure 1

Pie charts of sequencing reads in plasma pools

The percentage of human sequences, �ltered reads (non-human sequences), and low-complexity reads
(adaptor and duplicate sequences) are represented by pie charts. (A) shows the result of DNA sequencing.
(B) shows the result of cDNA sequencing.

Figure 2
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Summary of the metagenomics analysis of virus pro�les in pooled plasma

The percentage for the areas corresponds to the percentage of number of reads detected in all the sequenced
pools for each class of pathogens. (A) shows the result of DNA sequencing. The proportion of CMV, EBV and
TLMV was 0.1%, 0.1% and 0.3%, respectively. (B) shows the result of cDNA sequencing.

Figure 3

Relative abundance of nucleic acid sequences in each pool with virome analyzed using DNA sequencing (A)
and cDNA sequencing (B)

The percentage ratio of read numbers of sequences matched with TTV (blue), GBV-C (green) and other
viruses are indicated.
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Figure 4

The abundance of anellovirus in each pool

Each bar represents the percentage ratio of read numbers in each plasma pool (anellovirus reads / �ltered
reads). ppm: parts per million
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