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Abstract

A low level of CD4+ lymphocyte cells makes end-stage HIV/AIDS patients highly susceptible to microbial infections. We have adopted

the next generation sequencing method to identify the spectrum of bacterial plasma and viral elements that might be present in these

patients. The HIV/AIDS plasma microbiome was dominated by bacterial elements in the taxonomical order Pseudomonadales, while

healthy people carried fewer bacterial DNA in the plasma. We have found that many of the bacterial elements in HIV/AIDS plasma are

similar to those of the microbes found in the human gut, suggesting potential acquisition of microbial elements from the gut. The HIV/

AIDS and normal plasma DNA virome shared some similarities in the presence of common ubiquitous eukaryotic viruses. The normal

DNA virome was mainly composed of viruses from Anelloviridae. In contrast, the HIV/AIDS DNA virome contained a large proportion

of bacteriophages, endogenous retroviruses and a non-human virus. In addition, several sequences, which might belong to novel bacteria

or endogenous retroviruses, were identified. Taken together, the use of high-throughput sequencing technology in unveiling microbial

metagenomics may facilitate future research in combating HIV/AIDS and its associated microbial complications.
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Introduction

Depletion of CD4+ T lymphocytes is one of the distinctive

features of HIV infection [1]. As a result of CD4+ lympho-

cytopenia, HIV/AIDS patients without antiretroviral therapy

are highly susceptible to infections by different microbes in

the natural environment [2]. Microbial infection is in fact a

hallmark of AIDS, which causes significant morbidity and

mortality [3,4]. The severe complications of such infections

can be preceded by asymptomatic bacteraemia or viraemia,

the characterization of which would be useful for supporting

clinical diagnosis and for the introduction of prophylaxis.

Elucidating the difference in the plasma microbiome and

virome between HIV/AIDS patients and healthy adults is

important because of the newly emerging paradigm that an

illness may be defined by a disruption of the normal

‘healthy’ microbiome or virome. However, the identification

of the metagenome of complex microbial elements may not

be possible using traditional culture methods [5,6]. Bacteria

cultivation usually takes a long time and is not feasible for

uncultivable species. Although 16S rRNA gene sequencing is

useful in clinical laboratories to identify the agent of infec-

tion [7,8], it will be too labour intensive to use this tech-
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nique to study complex samples such as environmental sam-

ples. Moreover, amplification of the 16S rRNA gene may

not always be feasible in studying clinical samples such as

plasma [9]. Unlike bacteria, which can be studied using uni-

versal primers for the 16S rRNA gene that is present in

every bacterial genome, viruses do not carry any conserved

genes for a ‘one-for-all’ detection. The classical method of

viral detection is by culturing the virus in susceptible cells

and detecting the virus signatures by different means.

Molecular detection of the viral DNA or RNA by polymer-

ase chain reaction (PCR) has been widely used in virology

laboratories for diagnosing viral infection [10]. Other typical

methods used in the recognition of viral antigens are

enzyme-linked immunosorbent assay (ELISA), Western blot-

ting and immunofluorescence. When the metagenome of a

complex sample is studied, a high throughput detection

method should be used. One of the suggested high-through-

put methods is detecting the viruses by means of micro-

array [11]. However, that will involve bioinformatic analysis

of conserved regions in a large diversity of viral antigens

and is limited to known viruses.

In this study, we have elucidated the metagenome of both

the bacterial and viral DNA elements in the plasma of treat-

ment-naı̈ve HIV/AIDS patients, as well as in healthy adults, by

means of primer-free next-generation sequencing. Knowing

the plasma microbiome information in HIV/AIDS patients will

be beneficial for the identification of the common bacteria

and viruses associated with these patients, thus improving

future HIV disease management.

Patients and Methods

Ethics statement

This study was conducted according to the principles

expressed in the Declaration of Helsinki. The study was

approved by the Institutional Review Board of Jiangsu Uni-

versity, China, and the Institutional Review Board of the Chi-

nese University of Hong Kong. All the studied subjects

provided written informed consent for the collection of sam-

ples and subsequent analysis.

Collection of plasma from HIV/AIDS patients and control

groups

Ten treatment-naı̈ve HIV/AIDS patients with a CD4+ lym-

phocyte count of 4–125 cells per microlitre (lL) were

recruited in Jiangsu Province, China. These patients (age,

36 ± 7 years; four males, six females) were not under anti-

retroviral therapy at the time that they were recruited.

Medical follow-up was given afterwards. An independent

control group of 10 healthy adults (24 ± 3 years; six males,

four females) were recruited from Hong Kong. Blood

samples were collected from the study subjects by applying

standard aseptic techniques and put into tubes containing

EDTA.

Extraction of plasma DNA

DNA was extracted from 200 lL plasma using the QIAamp

DNA blood mini kit (QIAGEN). The extracted plasma DNA

was dissolved in 200 lL H2O, which had been treated with

DNase. The DNase in the water was inactivated before use.

The extraction process was performed in a hood, pre-illumi-

nated with ultra-violet light for 30 min. Designated pipettes,

filter tips and other necessary equipment were used in this

project to avoid contamination of microbial DNA from the

environment. Unless otherwise specified, similar precaution-

ary measures were adopted in the other parts of the study,

including polymerase chain reactions.

Whole genome amplification of plasma DNA and Illumina

Solexa sequencing

The yield of plasma DNA extracted from 200 lL of plasma

from HIV/AIDS patients was only about 10 ng/lL, the sam-

ples were therefore amplified in order to have 10 lg DNA

for Illumina Solexa sequencing. To minimize individual varia-

tions of opportunistic infections by heterogeneous sources

of pathogens, 5 ng of total plasma DNA was taken from each

of the HIV/AIDS patients and mixed together. Similarly, 5 ng

plasma DNA was taken from each of the ten healthy individ-

uals and mixed together. The pooled plasma DNA was

amplified by the multiple displacement amplification method

using GenomiPhi V2 kit (GE Medical Systems). A reaction

without DNA template was included as a negative control.

Sequencing data analysis

The amplified and purified plasma DNA samples were

sequenced by paired-end Solexa short-read sequencing tech-

nology with an insert size of 250 base pairs (bp). The

sequence signals were analyzed using Illumina Genome Ana-

lyzer. All sequenced reads were assembled using Velvet [12]

with a hash length of K21. The sequence contigs assembled

using Velvet with K21 were filtered to remove those of less

than 100 nucleotides. Gene identity was determined by Basic

Local Alignment Search Tool (BLAST) using nucleotide

BLAST (BLASTn) and BLASTx searches against the microbial

genomes available on the NCBI dataset (http://

www.ncbi.nlm.nih.gov/) in January 2010 with an e-value of

<1 · 10)10 and a positive hit length of >50% as the cut-off.

Computer scripts were written by the Hong Kong Bioinfor-

matics Centre of the Chinese University of Hong Kong, to
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automatically align the numerous contigs to the nucleotide/

protein databases. A separate set of scripts were written for

the taxonomic analysis of the aligned microbial genomes,

which was retrieved based on the NCBI accession number.

Results

Metagenomic sequencing of the HIV/AIDS plasma microbi-

ome

Figure 1 shows the workflow of the experiments for analy-

sing the HIV/AIDS plasma microbiome. A total of

658 535 877 bp were generated for the HIV/AIDS plasma

microbiome in the Solexa sequencing including 1.43% of

human sequences. After filtering contigs with a length

shorter than 100 bp, about 16 308 contigs of 100 bp to

9.5 kb were left. The human and non-microbe contigs were

removed, leaving 2100 contigs (equivalent to 2379 hits) and

3878 contigs (equivalent to 4277 hits) from BLASTn and

BLASTx searches, respectively. The relative abundance of

microbial genomes was calculated by taking into account the

matched length of contigs and number of reads constituting

the region of matched contigs (coverage). The analysed con-

tigs were equivalent to a total of 48 811 322 bp, which

contributes to 7.41% of the total sequenced nucleotides. The

HIV-associated microbiome was dominated by bacteria from

the orders Pseudomonadales (35 297 430 bp, 72.31%), Lac-

tobacillus (2 400 333 bp, 4.92%), Burkholderiales (1 717 225

bp, 3.52%), Bacillales (1 264 882 bp, 2.59%) and Enterobacte-

riales (1 212 526 bp, 2.48%) (Fig. 2a, Table S1). We noticed

that some of the microbes could be found in the normal

human gut (Fig. S1).

For the control group of healthy adults, a total of

410 000 000 bp were generated. Contigs assembly was per-

formed on this dataset in the same way as analysing the HIV/

AIDS plasma microbiome. A total of 337 857 contigs longer

than 100 bp were analysed for their taxonomy and abun-

dance. It included 140 653 contigs of human sequences,

which were made up of 141 246 585 bp (34.45% of

sequenced nucleotide). A total of 25 contigs with bacterial

hits were found in BLASTn and BLASTx searches. These

microbial contigs consisted of 34 408 bp, which was equiva-

lent to 0.0084% of the total sequenced nucleotides. Unlike

the HIV/AIDS plasma microbiome, the most dominant order

of microbes in normal plasma was Clostridiales (14 758 bp,

42.89%), followed by Verrucomicrobiales (8141 bp, 23.66%)

and Burkholderiales (5528 bp, 16.07%) (Fig. 2b, Table S2).

Intriguingly, there was only one contig for Clostridiales,

which contributed to more than 14 kb in weight.

For comparison, HIV/AIDS and normal plasma microbio-

mes were presented as relative weight in log10 scale against

the taxonomy of microbes in the finest rank, given that the

preciseness of classification was maintained (Fig. 2c). All the

genetic materials of bacteria found in normal healthy adults

FIG. 1. Workflow of analysis of plasma bac-

terial elements in HIV/AIDS patients. The

plasma DNA extracted from AIDS patients

was amplified and sequenced using Illumina

Solexa sequencing. The sequence reads were

assembled in contigs and aligned against the

reference nucleotide collection (nt). The con-

tigs without matches in BLASTn were aligned

with the protein sequences collection (nr)

using BLASTx. The contigs with matches

were further analysed for the identity and rel-

ative abundance.
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were also found in HIV/AIDS patients. These include

Verrucomicrobia, Pseudomonadales, Burkholderiales,

Clostridiales, Cyanobacteria, Bacteroidetes and Actinobacte-

ria. By comparison, the HIV/AIDS plasma microbiome carried

some specific bacteria from Vibrionales, Pasteurellales,

Enterobacteriales, Alteromonadales, Neisseriales, Lactobacill-

ales and Bacillales. It also carried some Archaea materials

and a number of sequences for miscellaneous bacteria. The

presence of some of these bacterial elements in individual

samples was validated by conventional PCR (Fig. S2).

Comparison of viral materials in plasma of HIV/AIDS

patients and normal adults

The HIV/AIDS plasma virome was dominated by bacterial

phages, which contributed to 84.51% of total plasma viral

groups (nine contigs of high coverage) (Fig. 3a). Human

(a)

(b)

(c)

FIG. 2. Plasma microbiomes in HIV/AIDS

patients and healthy adults. (a) The relative

abundance of bacterial elements found in the

HIV/AIDS patients. The left panel shows the

most abundant order of bacteria, dominated

by Pseudomonadales (72.31%), Lactobacillales

(4.92%) and Burkholderiales (3.52%), etc. The

right panel shows the less abundant microor-

ganisms per phylum. (b) The relative abun-

dance of microbial genomes in healthy adults.

The relative abundance of microbes in a nor-

mal control group was denoted in order and

was dominated by Clostridiales (42.89%), fol-

lowed by Verrucomicrobiales (23.66%) and

Burkholderiales (16.07%). (c) Relative abun-

dance of microbes in HIV/AIDS patients com-

pared with the normal control group. The

relative abundance of different groups of

microbes was presented in Log10 scale with

respect to the finest rank of taxonomy, basi-

cally in order rank. The broader level of tax-

onomy includes phylum, indicated in square

bracket [ ] or super-kingdom in curly brace

{ }.
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endogenous retroviruses K contributed to 14.34% of the

virome. The most abundant phage group was Bacteriophage

(40.97%), followed by Enterobacteria phage (25.75%) and

Pseudomonas phage (17.79%). Surprisingly, the non-human

virus bluetongue virus was also found in HIV/AIDS patients.

This virus, which infects ruminants, contributed to 1.15% of

the virome [13,14]. In contrast, the normal plasma virome

did not contain any bacterial phages. It consisted of a few

species of Anelloviruses. The dominant group of viruses was

Torque teno virus (TTV) (87.20%), followed by Torque teno

midi virus (TTMDV) (10.12%). SEN virus and small anello-

virus constituted 2.03% and 0.65% of the normal virome,

respectively. No human endogenous retrovirus K DNA was

sequenced (Fig. 3b).

Identification of novel bacteria and viruses in the sequencing

data sets

We have analysed the longest contig in the HIV/AIDS

microbiome by mapping it to the quickly expanding bacteria

reference genomes. Some previously unmatched contigs

were later found to belong to Aerococcus viridans (A. viridans)

when its genome was first available in November 2010. We

identified 24 genes of A. viridans in 13 contigs found in the

HIV/AIDS plasma microbiome (Fig. 4). The 13 selected con-

tigs in the HIV/AIDS plasma microbiome contributed to

58 343 bp in total, equivalent to 2.91% of the whole genome

of A. viridans.

We noticed that many of the contigs representing the

human endogenous retrovirus (HERV) K actually had less

than 60% similarity to the current HERV genome on the

NCBI nt/nr protein reference database. As shown in Table 1,

the nucleotide BLAST results of all the five contigs of HERV

showed a nearly 100% identity to human chromosome.

However, when the contigs were searched by BLAST analy-

sis against the reference nucleotide translated database using

BLASTx, only human endogenous retrovirus K was found.

Phylogenetic analysis shows that these HERV sequences

were distinctively different from all the existing HERV-K

genomes Fig. S3.

Discussion

We have used the unbiased high-throughput sequencing

technology in profiling the plasma microbiomes and viromes

in two groups of Chinese subjects. The reliability of the

contig assembly was validated by the BLAST searching and

PCR results (Supporting information). The results of valida-

tion experiments suggested, for the first time, the associa-

tion of opportunistic bacteria Moraxella osloensis and

(a)

(b)

FIG. 3. Plasma viromes in HIV/AIDS patients and healthy adults. (a)

The major population of the HIV/AIDS plasma virome was bacterial

phages (84.51%), dominated by bacteriophage (40.97%) and entero-

bacteria phage (25.75%). Human endogenous retrovirus K contrib-

uted to 14.34% of the plasma virome. A non-human Bluetongue

virus was also found (1.15%). (b) Unlike the HIV/AIDS plasma virom-

e, the normal virome did not contain bacterial phages. Torque teno

virus (87.20%) and Torque teno midi virus (10.12%) constituted the

largest viral communities in this virome. SEN virus (2.03%) and small

anellovirus (0.65%) were also found in the plasma virome.
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Psychrobacters with HIV infection. We have also detected a

few microbial genetic elements in the plasma of healthy

adults, suggesting the presence of bacterial genomes in

apparently healthy people. The bacterial elements detected

may belong to the bacteria that contributed to the major

opportunistic infections in HIV/AIDS patients. Thus, the dif-

ferences in the plasma microbiomes of normal adults and

HIV/AIDS will be important in understanding the risk of

opportunistic infections in immuno-compromised people.

Alternatively, these bacterial sequences may be genetic

materials of bacteria that await removal by the immune sys-

tem, due to the fact that the presence of exogenous nucleic

acids in our circulation, such as human DNA [15], viral

DNA [6] or fetal DNA in pregnant women [16], does not

provoke immune attack.

Here we also provide evidence that genetic materials of

gut microbes are present in patient plasma (Supporting infor-

mation) [17]. Our gastrointestinal (GI) tract is the most

complex part of our immune system as the GI tract needs

to differentiate between food proteins, drugs and oral DNA

vaccines from the infectious agents [18]. In fact, the gut

mucosal layer is more abundant in activated CD4+ cells than

in the circulation system. Therefore, the majority of the

depleted CD4+ T-cells in HIV infection reside in the gut

[19,20]. It has been recently suggested that the microbial ele-

FIG. 4. Identification of potential novel microbial sequences in the

HIV/AIDS microbiome. This figure shows the genetic map of Aerococ-

cus viridans ATCC 11563 and the mapped contigs. The localization of

the contigs found in the HIV/AIDS plasma microbiome was shown in

grey boxes. The blue arrows indicate the A. viridans genes aligned

with the contigs with the orientation of transcription.
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ments, leaked from the damaged gut, are the drivers for pro-

gressive CD4+ T-cell depletions [21] and for most of the

severe sepsis (with unknown causes) in patients with critical

illness [22]. These studies also suggested that the transloca-

tion of bacterial DNA could be attributed to the depletion

of CD4+ T cells in the mucosal layer of the gastrointestinal

tract in chronic HIV infection [23,24].

We have also examined the plasma viromes in the two

groups of study subjects. The presence of bacteriophages in

the HIV/AIDS virome may, in another way, reflect the pres-

ence of bacteria in patients’ plasma that are circulating with

the systemic blood flow. Nevertheless, it is also possible that

the phages enter the blood stream by passing through the

digestive system, as exemplified by the plant virus Pepper

Mild Mottle Virus (PMMV) in food, which was proven to

enter the circulation via the gastrointestinal system [25]. We

have also found the presence of ruminant virus bluetongue

virus in the HIV/AIDS DNA virome, suggesting that patients

with HIV/AIDS may be susceptible to infection by non-human

viruses. On the contrary, the normal virome mainly contains

Anelloviruses but no bacteriophage was found, suggesting

that the bacterial elements found in the normal microbiome

may be the remains of non-living bacteria. The non-predomi-

nance of Anellovirus in the HIV/AIDS virome can be

explained by the presence of a large microbiome, acting as

preferential MDA targets. Another limitation of our virome

study is that the adopted protocol was restricted to the

investigation of DNA viral sequences. Thus, viruses of RNA

origin such as HIV cannot be revealed.

In aiming to reveal potential novel DNA in this study, the

free human nucleic acids in the plasma were not pretreated

by nucleases. Therefore, after removing the sequence of

human DNA by computation analysis, we were able to find

five contigs that might be the coding genes of human endog-

enous retroviruses (HERV). Actually, HERV sequences com-

prise about 8% of the human genome [26,27]. These viruses

are thought to have infected humans and integrated into the

human genome many millions of years ago. With the success

in reconstituting the HERV-K genome, it was implicated that

the ‘dormant’ retroviral gene fragments may still possess the

ability to encode proteins such as the retrovirus polymerase

and envelope protein [28,29]. More strikingly, it has been

shown that the HERV-K fragment in the human genome can

be ‘reactivated’ by other exogenous retroviruses such as

HIV [27].

In this study, the next-generation sequencing technology

was used in determining the bacterial and viral metagenomes.

All subjects were of Chinese origin living in southern China

with similar weather conditions and culture. While there is

no information on the influence of environmental factors on

the microbiome, this type of study will always benefit from

recruiting subjects from the same living environment. More-

over, additional cohorts from different living environments

should be investigated in the future in order to make more

robust conclusions. Besides, there are always potentially con-

taminated sequences in the datasets. Unfortunately, we can-

not ‘kill’ DNA and there is no universal standard of adequate

precaution. In this manner, metagenomics are always pre-

sented in relative proportion of different species and only

the dominating population is analysed critically. In summary,

this study on the plasma microbiome and virome will help us

to better understand the spectrum of circulating microbial

elements in our blood, though their mode of ‘existence’

awaits further studies.
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