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Chapter 1

General 
introduction

Adapted from: Oude Munnink BB, van der Hoek L (2016). Viruses causing
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Viruses
Viruses have been of interest to scientists ever since Martinus Beijerinck discovered the tobacco mosaic virus in
1898 [1]. In the same year, the first virus infecting animals was discovered by Friedrich Loeffler and Paul Frosch.
They described a tiny particle which caused infection in calves, which is nowadays known as the foot and mouth
disease virus [2]. The first human virus was discovered in 1901 by Walter Read who reported about a human
virus which is the causative agent of yellow fever [3]. Since then, over 5,000 viruses have been described in detail.
By now it estimated that viruses are the most abundant biological entity on the planet: 1031 viruses are estimated
to populate the earth [4].

In the last century several epidemics were caused by viruses that have crossed the species barrier (zoonosis).
The most well-known are the outbreaks caused by influenza virus H1N1 and human immunodeficiency virus
type 1 (HIV-1). Influenza virus H1N1, also known as the Spanish Flu, caused a major outbreak from 1918 until
1920 and took the lives of approximately 50 million people [5]. HIV-1 was discovered in 1983 [6] and is currently
still spreading, with approximately 2 million new infections each year. The virus caused over 35 million deaths
and currently still 35 million people are infected with HIV-1 [7]. During the last decade several geographically
limited zoonotic viral outbreaks occurred, caused by SARS-CoV [8-11], MERS-CoV [12] and ebolavirus [13].

Infections of the gastrointestinal tract
The gastrointestinal tract is a vulnerable organ for infections as there is constant contact with the outside, mainly
via the oral route, but also via receptive anal sexual intercourse. Inflammation of the stomach and the intestines
(gastroenteritis) can cause nausea, vomiting and diarrhoea. Gastroenteritis is responsible for 2 to 3 million deaths
each year in children below the age of 5, making it one of the most common infectious disease-related cause of
death in developing countries [14]. While bacterial and parasitic gastrointestinal infections are declining as a
result of proper disposal of sewage and safe drinking water, viral gastroenteritis is not declining in developing
countries [15], whereas in the developed world viruses are the most common pathogens causing diarrhoea [16].
Population-based cohort studies in the Netherlands showed that between 33,5% and 54% of the gastroenteritis
cases could be explained by the presence of a viral enteropathogen [17]. 

The known: pathogenic viruses in the gastrointestinal tract
It lasted until 1972 before the first virus causing gastroenteritis was identified in an outbreak of diarrhoea in
Norwalk (norovirus) [18]. Shortly after the discovery of norovirus several other viruses causing  gastroenteritis
were discovered: in epithelial cells of children with gastroenteritis rotavirus was discovered [19], astrovirus was
discovered in infantile diarrhoea cases [20], enteric adenoviruses were discovered in feces of children with acute
diarrhoea [21], and sapovirus was discovered during an outbreak of gastroenteritis in an orphanage [22]. All
these viruses spread via the fecal-oral route through person-to-person transmission and are described in more
detail below. 

Noroviruses are part of the family Caliciviridae and their genome is around 7-8kb in length. Outbreaks of
norovirus gastroenteritis have been reported in cruise ships, health care settings, schools, and in the military, but
norovirus is also responsible for around 60% of all sporadic diarrhoea cases (diarrhoea cases where an entero-
pathogen could be found), reviewed in [23, 24]. The genome of norovirus contains three open reading frames
(ORFs). The first ORF (1738 residues) encodes for nonstructural viral proteins, the second (530 residues) and
the third ORF (212 residues) encode for the structural proteins [25]. At the moment six genogroups of norovirus
are described of which GI, GII and GIV are known to infect humans, with GII being the most prevalent geno-
group. The pathogenicity of norovirus infection has been tested in vivo. A stool sample from an individual
infected with norovirus was filtrated and given to healthy volunteers after which two out of three individuals
developed diarrhoea. A second passage of filtrated diarrhoeal stool was given to another set of volunteers and
caused diarrhoea in seven out of nine individuals [26]. The virus could not be propagated in pure cell culture,
but fluid harvested from the third serial passage in human fetal intestinal organ culture was able to cause diarrhoea
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in a healthy volunteer [26]. One year later, the presence of norovirus in the volunteers with diarrhoea was confirmed
by electron microscopy (EM) and antibodies against the virus were observed [18], providing further evidence
that norovirus is the causative agent in these cases of gastroenteritis.

Astroviruses account for about 10% of all sporadic diarrhoea cases [27]. Human astroviruses are part of the
unassigned family of Astroviridae and are single stranded, positive sense RNA viruses with viral particles of
around 35nm in diameter. After the initial identification of the human astrovirus, eight serotypes of the so-called
classical astroviruses have been identified (human astrovirus 1-8) [28]. The genome length ranges between 6-
8kb and the genome contains three open reading frames (ORFs) [29]. ORF1a encodes a serine protease, ORF1b
encodes an RNA dependent RNA polymerase (RdRp) and ORF2 encodes structural proteins. Astrovirus has
been isolated from diseased people, filtrated and administered to healthy individuals after which in some of the
volunteers diarrhoeal disease was observed and astrovirus was shed in their stools [30]. The virus can subsequently
be grown in human embryo kidney cells and was detected by EM [30]. 

Rotaviruses are segmented dsRNA viruses of the Reoviridae family. Of the 11 segments, 6 segments encode
for the structural proteins (VP1, VP2, VP3, VP4, VP6, and VP8) and 5 segments encode for the nonstructural
proteins (NSP1, NSP2, NSP3, NSP4, and NSP5) [31]. Rotaviruses are divided into six groups of which group
A, B, and C are capable of infecting humans. Rotavirus infection is the most common cause of viral gastroenteritis
among children, however also parents of infected children often become ill and as a result rotavirus is the second
most common cause of gastroenteritis in adults [32]. Studies in human volunteers have shown that infection
with rotavirus causes diarrhoea, results in shedding of the virus and a rise in antibody virus titer after infection [33]. 

Adenoviruses are non-enveloped linear dsDNA viruses with a genome length of 35-36kb. Adenoviruses are
members of the Adenoviridae and are responsible for around 1.5-5.4% of the diarrhoea cases in children under
the age of 2 years, reviewed in [34]. There are seven different adenovirus species (A-G) that consist of 57 different
types [35]. Adenovirus type 40 and 41 are associated with diarrhoea and these viruses can be cultured in 293T
cells [36]. Next to these two types, also adenovirus type 52 can cause gastroenteritis [37], although it has been
argued whether type 52 is actually a separate type since there is not sufficiently distance to adenovirus type 41 [38].

Sapoviruses are members of the Caliciviridae with a genome length of 7.3-8.3kb. In contrast to norovirus,
the sapovirus genome contains 2 ORFs: the first ORF (2301 residues) encodes the nonstructural and structural
proteins while the second ORF (169 residues) encodes a minor structural protein. There are five human geno-
groups of sapovirus described [39] that account for 2.2–12.7% of all gastroenteritis cases around the globe [17,
39, 40]. Sapovirus outbreaks occur throughout the year and outbreaks can be foodborne [41]. For sapoviruses it
has been described that the virus was not found before onset of an outbreak, that it was found in 95% of the patients
during an outbreak, while it declined to 50% after an outbreak, indicating that the virus introduces disease in a
naturally infected host [42]. 

Enteroviruses, and more specifically poliovirus, were first believed to be strictly neurotropic but thirty years
after the original discovery it was noted that the virus was also shed in feces during epidemics of poliomyelitis.
Later several different enteroviruses were found in the respiratory tract and in the gastrointestinal tract which all
spread via the fecal-oral route [43]. The pathogenicity of the enteroviruses in the gastrointestinal tract is poorly
understood, but it has been shown that patients with enterovirus infection may suffer from gastrointestinal symptoms
(diarrhoea and vomiting) [44], reviewed in [45], although a causal relationship still needs to be established.

The new: potential pathogenic viruses in the gastrointestinal tract
In the 1980’s and 1990’s some viral agents were identified for which the direct association with disease is less
clear. Aichi viruses are members of the Picornaviridae identified in fecal samples of patients with gastroenteritis
[46]. Aichi virus infection has been shown to elicit an immune response [47]. Since their discovery two case-



13

control studies were performed, but although both studies only found aichi virus in stools of diarrheic patients,
the prevalence of aichi virus (0.5% and 1.8%) was too low to find a significant association with diarrhoea [48,
49]. Toroviruses, part of the Coronaviridae were first identified in 1984 in stools of children and adults with
gastroenteritis [50]. Torovirus infection is associated with diarrhoea [51] and is more frequently observed in
immunocompromised patients and in nosocomial infected individuals [51]. Retrospective analysis of nosocomial
viral gastroenteritis in a pediatric hospital revealed that in 67% of the cases torovirus could be detected [52].
However, only a limited of studies report the detection of torovirus and therefore the true pathogenicity and  pre-
valence of this virus remains elusive. Picobirnaviruses belong to the Picobirnaviridae and were first detected in
feces of children with gastroenteritis [53]. Since the initial discovery, the virus has been detected in fecal samples
of several animal species and it has been shown that the viruses are genetically highly diverse without a clear
species clustering, reviewed in [54]. This high sequence diversity has also been observed within particular out-
breaks of gastroenteritis (Oude Munnink et al., unpublished findings and [55]), limiting the likelihood that
picobirnaviruses are actually causing outbreaks, as no distinct single source of infection can be identified.

Next generation sequencing and viruses in the gastrointestinal tract
In 1907 the first tissue culture system was developed which was regarded as the golden standard for virus detection
for a long time, reviewed in [56]. In the 1930s serology and electron microscopy were introduced which boosted
the discovery of new viruses. During the years, these methods developed fruitfully but especially viruses infecting
the gastrointestinal tract are difficult to culture. Throughout the last decades several DNA-based techniques
have been developed for virus discovery that boosted the identification of novel viruses in stool samples. The four
most used methods are: 1. Universal primer-PCR [57], 2. Random priming based PCR [58], 3. Virus Discovery
cDNA, Amplified Fragment Length Polymorphism (VIDISCA) [59], and 4. Sequence-Independent Single Primer
Amplification (SISPA) [60]. Universal primer-PCR is a virus discovery technique that uses universal primers
designed on conserved parts of a specific viral family, which can be used to detect novel variants of this viral
family. Random priming based PCR is a technique that randomly amplifies all nucleic acids present in samples
after which the resulting PCR products can be cloned and sequenced. SISPA and VIDISCA are virus discovery
techniques that are based on digestion with restriction enzymes after which adaptors can be ligated. These methods
have been successful in the discovery of novel viruses but there are some limitations. Universal primers are useful
to discover novel viruses of a chosen family but the primers, based on our present knowledge of the viral family,
may not fit on all unknown variants. Random priming PCR, SISPA and VIDISCA are sequence independent
amplification techniques. The disadvantage of random priming PCR, SISPA and VIDISCA is that the virus needs
to be present at a high concentration while the host background DNA and/or RNA should be minimal and preferably
not complex. 

In recent years sequence independent amplification techniques improved considerately by coupling of these
techniques to next-generation sequencing platforms and as a result several novel viruses have been described in
gastroenteritis cases, e.g. cosavirus [61], saffold virus [62], klassevirus/salivirus [63, 64], polyomavirus [65], bufavirus
[66], tusavirus [67], and recovirus [68] (described in detail below). Although these viruses are found in individuals
with diarrhoea, for most of them the degree of circulation (prevalence) and the ability to cause morbid conditions
or disease remains to be determined.

In the last decade, two novel clades of astroviruses have been discovered in stool samples from patients
with diarrhoea that are genetically far distinct from the classical astroviruses. The first clade consists of the VA-1,
VA-2, VA-3, VA-4, and VA-5 astroviruses that are genetically related to feline and porcine astroviruses while
the second clade consists of the MLB1, MLB2 and MLB3 astroviruses and form a separate cluster (see figure 1)
[69-75]. For these novel clades the pathogenicity remains to be determined since the viruses have been identified
in patients with and without diarrhoea. In some studies the infection was associated with diarrhoea whilst in
others no association could be found [72, 75, 76]. In addition an antibody response was observed against some
but not to all novel astrovirus types [77, 78]. Recently astroviruses have also been detected in blood plasma of a
febrile child [79] and in a frontal cortex biopsy specimen from a patient with encephalitis [80], suggesting that
astrovirus infection may not be limited to the gastrointestinal tract. 
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In 2008, Saffold virus, was detected in a stool sample from a pediatric patient with fever of unknown origin
[62]. Although Saffold virus type 3 was cultured on a human epithelial cervical carcinoma (HeLa) cell line, cytopathic
effects were observed and neutralizing antibodies have been found in serum samples [81], subsequent case-control
studies showed that the virus was not significantly associated with diarrhoea [82-84]. Also, in 2008 cosavirus
was identified in a patient with diarrhoea [61]. However, a case-control study showed that this virus was also
detected in a substantial number of individuals without diarrhoea and is not associated with diarrhoea [40, 85,
86]. Klassevirus/salivirus was identified in 2009 in two fecal samples from infants with gastrointestinal
disorders [63, 64]. In two studies the detection of this virus was associated with diarrhoea [64, 82] while in
another study no association with disease was found [87]. Serological evidence of human klassevirus infection
was obtained suggesting that the virus infects human cells [88]. 

With the use of next generation sequencing techniques also three novel polyomaviruses were identified
in human fecal samples. MW polyomavirus was identified in the stool of a healthy child from Malawi in
2012 [65] and in the same year MX polyomavirus was found in stool samples of patients with and without
diarrhoea from Mexico, California and Chili [89]. One year later STL polyomavirus was found in stool of a
healthy child from Malawi [90]. An antibody response against MX polyomavirus [91] and MW polyomavirus
[92] was observed although MW polyomavirus [93] and STL polyomavirus [94] were not significantly associated
with diarrhoea in two independent case-control studies. 

Bufavirus is a member of the Parvoviridae and was first described in 2012 [66]. Two case-controls in
Thailand and in Turkey showed that the virus was only found in patients with diarrhoea and not in controls [95,
96], however because of the low prevalence (respectively 0.3% in Thailand and 1.4% in Turkey) no significant
association with disease was found. Tusavirus, another recently described member of the Parvoviridae, was
identified in feces of a child from Tunisia with unexplained diarrhoea [67] and thus far this is the only study de-
scribing this virus. Recovirus is a novel member of the Caliciviridae and was found in diarrhoea samples from
Bangladesh [68]. Similar to tusavirus, thus far this is the only study describing this virus.

Phylogenetic analysis was performed with Mega software version 6.06 [114] generating a neighborhood joining tree with 500 replicates.
The scale bar indicates the number of substitutions per site and the number at the nodes represent the bootstrap values. ! indicates the VA/HMO
astroviruses, " indicates the MLB astroviruses and # indicates the classical human astroviruses.

Figure 1. Phylogenetic relationship of the capsid proteins 
of members of the Astroviridae
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Unexplained gastrointestinal disease and virus discovery
Despite the long list of pathogens and potential pathogens described above there are still enteric diseases that
are suspected to be caused by virus infections, yet remain negative in diagnostics. For instance in acute outbreaks
of gastroenteritis: in around 40% of all cases no causative agent can be identified [71, 97]. These unexplained
diarrhoea cases are even more often observed patients with immune deficiencies like advanced HIV-1 infection
[98, 99]. A second example is inflammatory bowel disease (including ulcerative colitis and Crohn’s disease), for
which it is estimated that around 1,4 million persons in the U.S. and 2,2 million persons in Europe suffer from
this disease [100]. It has been described that the enteric virome plays a role in these diseases [101], yet it is un-
certain if an (un)known or unexpected virus or a dysregulation in bacteriophages (and consequently the micro-
biota) is involved in disease.

Advanced virus discovery techniques are the perfect tools to address these issues, however, also viruses causing
infections in other parts of the body can be found in fecal samples. Some examples are JC Polyoma virus which
infect kidney epithelial cells [102], and rhinovirus [103], bocavirus [104] and coronavirus [105] which infect
respiratory epithelial cells. Furthermore HIV-1 can also be detected in fecal samples [106]. Therefore it is essential
that these kinds of studies are not only performed in stool samples from patient with disease, but also in appropriate
controls.

VIDISCA-454.
VIDISCA-454 is a sequence independent amplification next generation sequencing technique that is able to read
all nucleic acids in any given sample. Clinical samples are first pre-treated to reduce the amount of host specific
nucleic acids while the viral nucleic acids remains unaffected. This is done via centrifugation, to remove cell
debris and bacteria, and by DNase treatment to remove naked DNA present in the sample. The viral RNA/DNA
will remain intact because it is protected by a viral capsid [107]. Reverse transcription is the standard procedure
after the extraction of the nucleic acids followed by a second strand synthesis. The frequently cutting restriction
enzyme MseI (recognition site TTAA) cuts the double stranded DNA (dsDNA) in smaller fragments and, to
enable amplification, Roche 454 specific adapters are ligated to the digested DNA [108]. The resulting library
is clonally amplified via an emulsion PCR and subsequently sequenced on the Roche 454 sequencer (figure 2).
VIDISCA-454 has shown to be a sensitive assay in clinical respiratory samples [108] and it has been used in the
discovery of 2 novel bat parvoviruses [109], a novel genotype of torque teno mini virus [110], a new circovirus
[111], a novel papillomavirus type [112] and a new megalocytivirus [113].

Scope of this thesis
To determine the role of (un)known or unexpected viruses in diseases like diarrhoea, the first step is to investigate
the depth of sequencing which is required to detect a virus in clinical samples. In chapter 2, the sensitivity
of VIDISCA-454 was determined and this revealed that a depth of around 10,000 sequence reads is sufficient to
detect a virus in clinical materials if it is present in viral loads above 1000 copies per 100 l. In chapter 3, the
technique was applied to stool samples from HIV-1 infected individuals of which a substantial number suffered
from severe diarrhoea. One novel virus was found, the immuno deficiency asso ciated stool virus, which was ex-
clusively present in persons in advanced stages of HIV-1 infection. This study also revealed that the background
nucleic acids content in stool samples is very complex, much more complex than the background in respiratory
samples or serum samples which may hamper virus discovery. To increase the chance of virus detection is stool,
a new method in which VIDISCA is adapted to Illumina sequencing (ViSeq), is developed and described in
chapter 4. Not only 20,000,000 sequences reads per sequence run are obtained with an Illumina sequencing
run, versus 2,000,000 sequence reads on a Roche-454 sequencing run, also assembly of full length virus genomes
is possible with this method. Two novel viruses were identified using ViSeq. A novel member of the Picornavirales
(husavirus, chapter 5), very different from the known human picornaviruses and an intriguing novel astrovirus-like
agent was identified in stool of 32 HIV-1 positive and negative individuals (bastrovirus, chapter 6).

Since a lot of viral agents from different origins (e.g. bacteriophages and vegetable viruses) can be found in
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stool samples, an assay to enrich immunogenic viruses (antibody capture VIDISCA-454) and decrease background
is described in chapter 7. The functionality of this method in combination with a novel algo rithm to select
enriched reads is evaluated for immunogenic enteric viruses like noro viruses and sapoviruses. Chapter 8 describes
the discovery of a novel human rhinovirus C utilizing the antibody capture VIDISCA-454 method. The findings
in this thesis are discussed in chapter 9 and summarized in chapter 10 and 11.
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1Figure 2. Graphical representation of 
the VIDISCA-454 methodology
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Abstract
Virus discovery combining sequence unbiased amplification

with next generation sequencing is now state-of-the-art.

We have previously determined that the performance of

the unbiased amplification technique which is operational

at our institute, VIDISCA-454, is efficient when 

respiratory samples are used as input. The performance

of the assay is, however, not known for other clinical

materials like blood or stool samples. Here, we investigated

the sensitivity of VIDISCA-454 with feces-suspensions

and serum samples that are positive and that have been

quantified for norovirus and human immunodeficiency

virus type 1, respectively. The performance of VIDISCA-

454 in serum samples was equal to its performance in

respiratory material, with an estimated lower threshold

of 1000 viral genome copies. The estimated threshold in

feces-suspension is around 200,000 viral genome copies.

The decreased sensitivity in feces suspension is mainly

due to sequences that share no recognizable identity with

known sequences. Most likely these sequences originate

from bacteria and phages which are not completely 

sequenced.
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Introduction
The discovery of viral pathogens has been intensified in the last decades by improved molecular methods (SISPA

[1], random priming based assays [2], universal primers [3] and representational difference analysis [4]). With

the introduction of high throughput sequencing, the chance and possibilities of identifying a new virus increased

even more. The costs per nucleotide sequenced reduced dramatically, whereas the amount of data retrieved from

a single experiment increased massively. Consequently, retrieving thousands of sequence reads from a single

sample allows, in theory, identification of a virus even with moderate or low viral loads. The unbiased virus dis-

covery amplification method used at our institute is VIDISCA, a  restriction enzyme recognition based ampli-

fication technique that allows amplification of RNA or DNA sequences regardless of the genome composition

[5]. The PCR products of VIDISCA can easily be sequenced via next generation sequencing techniques when

adaptors carrying the Roche-454 necessary tail (A and B tails) are ligated during VIDISCA. The VIDISCA-454

assay allows virus amplification in respiratory clinical samples without the necessity to culture [6,7]. No more

than +/! 5000 reads from a respiratory sample are needed to have a satisfactory assay sensitivity of VIDISCA-

454 [6]. However, the question is if the method is sensitive enough for other clinical materials. A virus hunt to

identify novel viruses involved in various diseases, for example undiagnosed diarrhea or Kawasaki disease, will

have to be performed in materials other than respiratory samples. Most likely, these clinical materials have different

sample specific background, e.g. feces will contain a lot of bacteria that might lead to a reduced amplification of

viral sequences. Therefore, it is necessary to determine whether viral fragments can be detected in non-respiratory

clinical samples. In this study we focused on the performance of VIDISCA-454 in fecal material and serum samples.

Experimental Section 
Clinical samples 

Fecal samples were selected from a sample bank containing 56 HIV-1-infected adult patients with diarrhea, aged

above 17 who visited the out-patients clinic at the Academic Medical Center in the years 1994–1995 [10]. Fecal

samples were suspended in broth (1:3 dilution). Serum samples of HIV-1 infected individuals were obtained

from the Amsterdam Cohort Studies on HIV infection and AIDS. Serum sample selection was based on being

HIV-1 positive at entry of the Amsterdam Cohort Studies, CD4 counts below 300 cells/mm3, and at least 2 years

since entry of the Amsterdam Cohort Studies. Needle sharing was the most likely risk factor for HIV-1 infection.

The Amsterdam Cohort Studies has been conducted in accordance with the ethical principles set out in the declaration

of Helsinki and written informed consent has been obtained prior to data collection. The study was approved by

the Amsterdam Medical Center institutional medical ethics committee. 

Real Time HIV-1-RNA and Norovirus-RNA RT-PCR

Viral load of HIV-1 in serum was determined via real time RT-PCR (Abbott RealTime HIV-1 assay; Abbott Molecular),

and the fecal samples positive for norovirus were identified by real time RT-PCR using primers Noro-G1-F ATG

TTC CGC TGG ATG CG,  Noro-G1-R CGT CCT TAG ACG CCA TCA TC, Noro-G2-F CAA GAI CCI ATG

TTY AGI TGG ATG AG, Noro-G2-R TCG ACG CCA TCT TCA TTC AC, and Minor Groove Binding probes

Noro-G1-P TGG ACA GGA GAT CGC and Noro-G2-P TGG GAG GGC GAT CG with assay conditions as

described previously [9].
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VIDISCA-454

Cell debris, bacteria and mitochondria were removed from 110 µL feces suspension or serum by centrifugation

at 10,000 " g for 10 minutes. Residual DNA was degraded with 20 U TURBOTM DNase (Ambion). Virion-

protected nucleic acids were extracted by Boom isolation [11], and elution of nucleic acids was performed in

sterile H2O containing 10 µM of rRNA-blocking oligonucleotides (4 µM each, see [6]). The reverse transcription

and VIDISCA-454 were performed as described previously [6] with the following conditions: Reverse transcription

was performed with Superscript II (200 U, Invitrogen) in a mixture containing E.coli ligase (5 U, Invitrogen)

and non-rRNA binding hexamers [12]. The anchor ligation was performed with anchors based on primer A with

an identifier sequence (MIDs of 10 nt, see GS FLX Shotgun DNA Library Preparation Method Manual) and 1

anchor containing primer B. In total 14 different identifier sequences were used, allowing 14 samples to be

pooled on one region of a picotiterplate. Amplification by PCR, purification of products and emulsion PCR are

performed as described [6]. Samples were run on a 4 regions picotiterplate for the 454 Titanium system and processed

according to the emulsion small volume PCR protocol with 2 E6 beads per emulsion as input and 4 small volume

emulsions per region (direct titration protocol). Reads were assembled using the Codon Code software (version

3.6.1, Condoncode Corporation Dedham, MA). The search for viral sequences was performed with BLAST [13]

on the Dutch e-Science Grid with the e-BioInfra platform [14]. This BLAST implementation can take sequences

in SFF and FASTA format and performs a search against the GenBank non-redundant nucleotide database [15]

in parallel for all input data. For this study we used GenBank build 12-03-2012 and the following parameter

settings: -gapopen 5 -gapextend 2 -reward 2 -evalue 1 " 10!5.

Results and Discussion
The performance of VIDISCA-454 in feces was investigated using broth suspensions from a sample-bank collected

from HIV-1 infected individuals in 1994 and 1995 [8]. A norovirus infection was diagnosed in five people via

real time RT-PCR [9], the viral load in feces suspension ranged between 5 " 103 and 3 " 107 genome copies/mL.

VIDISCA-454 was performed as described previously for respiratory material [6], thus no extra purification methods

like filtration were performed. In total, 22,661 sequences were obtained for these five patients and 225 of them

were noroviral sequences. These sequences were present in the reads from three out of five positive patients. The

three VIDISCA-454 positive samples had a viral load of 2.5 " 107, 3.0 " 107 and 2.5 " 106 genome copies/mL,

and 103 out of 5301, 121 out of 4909, and 1 out of 3317 sequences were from noroviruses respectively (percentages

are shown in Figure 1). The two samples which were negative had lower copy numbers, 5 " 104 and 5 " 103

genome copies/mL, and no norovirus sequence was detectable in the 4160 and 4974 reads respectively. Subsequently,

the background sequences were examined to determine the source of the background. Surprisingly, hardly any

known sequence acts as main competitor: about 80% of the reads are “no-hits”. No-hits are sequences with good

quality and an average length that share no recognizable homology with known sequences of the non-redundant

NCBI database. The remaining 20% mainly consisted of bacterial sequences, probably originating from the gut

microbiota.



The performance of VIDISCA in blood products was investigated with sera from human immunodeficiency

virus type 1 (HIV-1) infected persons (n = 54). The viral load varied between 1.5 " 102 and 1 " 106, with a

mean of 5.6 " 104 RNA copies/mL. In total 278,944 VIDISCA-454-reads were retrieved, and 178 of them were

HIV sequences. The 178 sequences originated from 36 out of 54 samples (65%). The samples in which HIV-1

was not detected by VIDISCA-454 had low HIV-1 copy numbers (range 2 " 103 and 1.8 " 104; mean 5.4 " 103

RNA copies/mL), whereas the VIDISCA-454 positive samples ranged in viral load between 2 " 103 and 1 "

106 (mean 8.3 " 104). The plot with the percentage of viral hits in comparison to the viral load is shown in

Figure 1. It illustrates a trend: an increased percentage of viral sequences with higher viral loads. For comparison,

the relationship between viral load and percentage viral sequences for respiratory material and fecal material is

also included in Figure 1, and we observe that, in general, serum samples and respiratory samples have the same

performance. For respiratory material, the background in VIDISCA-454 mainly consists of human ribosomal

RNA (rRNA). In serum, the background is primarily of eukaryotic origin (33%), probably originating from

human DNA, and only 9.5% of all sequences were from rRNA. Furthermore, a substantial amount of sequences

were detected that originate from VIDISCA ingredients (vectors that produce the enzymes, etc.). This shows that

the material is relatively clean and requires no further purification. We can exclude the possibility that the vectors

were introduced in the clinical sample in our laboratory since most of the encountered vectors were never used. 

2

Performance of VIDISCA-454 in feces suspensions ($), serum (#), and respiratory copan-collected swabs ("). On the X-axis
the viral load in a clinical sample is indicated, on the Y-axis the percentage of viral sequence reads: HIV-1 (blood), 
norovirus (stool), coronaviruses, adenoviruses, picornaviruses and influenzaviruses (respiratory material). The 
viruses and percentages in the respiratory samples have been published previously [6].

Figure 1. Performance of VIDISCA-454



30

Conclusions 
Every clinical sample has its own background of VIDISCA-interfering non-viral nucleic acid. For respiratory

swabs, we determined that the background mainly consists of rRNA, and we have introduced several adjustments

to the VIDISCA protocol to select and enhance sequencing of everything that is different from rRNA [6]. The

background of other kinds of materials is unknown therefore we determined the performance and the background

in feces suspensions and serum. In general, the VIDISCA-454-performance in serum and respiratory material is

comparable with the same detection limit of approximately 10,000 copies/mL. Remarkably, the background in

serum is quite different from respiratory material. In respiratory material, the amount of ribosomal RNA is 35%,

while it is only 9.5% in serum samples. Careful inspection of the non-viral sequences showed that a substantial

amount of the sequences is unassigned, so without any homology with known sequences. In serum, the percentage

no-hits is about 10% and in fecal material 80%. This high amount of no-hits in feces could be attributed to the

high number of bacteria and phages in this material, many of which have not been fully sequenced and thus the

reads remain unassigned.

Acknowledgments
The Amsterdam Cohort Studies on HIV infection and AIDS, a collaboration between the Public Health Service

of Amsterdam, the Academic Medical Center of the University of Amsterdam, the Sanquin Blood Supply Founda -

tion, the University Medical Center Utrecht, and the Jan van Goyen Medical Center, are part of the Netherlands

HIV Monitoring Foundation and financially supported by the Center for Infectious Disease Control of the Nether-

lands National Institute for Public Health and the Environment. This study was supported by funding from the

European Community's Seventh Framework Programme (FP7/2007–2013) under the project EMPERIE, EC

grant agreement number 223498, and VIDI grant 016.066.318 from the Netherlands Organization for Scientific

Research (NWO). This work used resources provided by the BiG Grid, project the Dutch e-Science Grid, which

is financially supported by the Nederlandse Organisatie voor Wetenschappelijk Onderzoek (Netherlands Organ -

isation for Scientific Research, NWO).

Conflict of Interest
The authors declare no conflict of interest. 



31

References 
1. Allander T, Emerson SU, Engle RE, Purcell RH, Bukh J: A virus discovery method incorporating DNase treatment

and its application to the identification of two bovine parvovirus species. Proc. Natl. Acad. Sci. USA 2001, 98,
11609–11614.

2. Kapoor A, Slikas E, Simmonds P, Chieochansin T, Naeem A, Shaukat S, Alam MM, Sharif S, Angez M,
Zaidi S et al: A newly identified bocavirus species in human stool. J. Infect. Dis. 2009, 199, 196–200.

3. Woo PC, Lau SK, Huang Y, Tsoi HW, Chan KH, Yuen KY: Phylogenetic and recombination analysis of 

coronavirus HKU1, a novel coronavirus from patients with pneumonia. Arch. Virol 2005, 150, 2299–2311.
4. Chang Y, Cesarman E, Pessin MS, Lee F, Culpepper J, Knowles DM, Moore PS: Identification of herpesvirus-

like DNA sequences in AIDS-associated Kaposi’s sarcoma. Science 1994, 266, 1865–1869.
5. Van der Hoek L, Pyrc K, Jebbink, MF, Vermeulen-Oost W, Berkhout RJ, Wolthers KC, Wertheim-van

Dillen PM, Kaandorp J, Spaargaren J, Berkhout B: Identification of a new human coronavirus. Nat. Med. 2004,
10, 368–373.

6. De Vries M, Deijs M, Canuti M, van Schaik BD, Faria NR, van de Garde MD, Jachimowski LC, Jebbink
MF, Jakobs M, Luyf AC et al: A sensitive assay for virus discovery in respiratory clinical samples. PLoS. One 2011,
6, e16118.

7. Canuti M, Eis-Huebinger AM, Deijs M, de Vries M, Drexler JF, Oppong SK, Muller MA, Klose SM, 
Wellinghausen N, Cottontail VM, et al: Two novel parvoviruses in frugivorous New and Old World bats. PLoS.
One 2011, 6, e29140.

8. Van der Hoek L, Sol CJ, Maas J, Lukashov VV, Kuiken CL, Goudsmit J: Genetic differences between human

immunodeficiency virus type 1 subpopulations in faeces and serum. J. Gen. Virol. 1998, 79 ( Pt 2), 259–267.
9. Jansen RR, Schinkel J, Koekkoek S, Pajkrt D, Beld M, de Jong MD, Molenkamp R: Development and 

evaluation of a four-tube real time multiplex PCR assay covering fourteen respiratory viruses, and comparison to its 
corresponding single target counterparts. J. Clin. Virol. 2011, 51, 179–185.

10. Snijders F, Kuijper EJ, de Wever B, van der Hoek L, Danner SA, Dankert J: Prevalence of Campylobacter-

associated diarrhea among patients infected with human immunodeficiency virus. Clin. Infect. Dis. 1997, 24, 
1107–1113.

11. Boom R, Sol CJ, Salimans MM, Jansen CL, Wertheim-van Dillen PM, van der Noordaa J: Rapid and simple

method for purification of nucleic acids. J. Clin. Microbiol. 1990, 28, 495–503.
12. Endoh D, Mizutani T, Kirisawa R, Maki Y, Saito H, Kon Y, Morikawa S, Hayashi M: Species-independent

detection of RNA virus by representational difference analysis using non-ribosomal hexanucleotides for reverse 
transcription. Nucleic Acids Res. 2005, 33, doi:10.1093/nar/gni064.

13. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ: Basic local alignment search tool. J. Mol. Biol. 1990,
215, 403–410.

14. Luyf AC, van Schaik BD, de Vries M, Baas F, van Kampen AH, Olabarriaga SD: Initial steps towards a 

production platform for DNA sequence analysis on the grid. BMC. Bioinforma. 2010, 11, doi:10.1186/1471-2105-
11-598.

15. Benson DA, Karsch-Mizrachi I, Clark K, Lipman DJ, Ostell J, Sayers EW: GenBank. Nucleic Acids Res.
2012, 40, D48–D53.

2



32



33

Chapter 3

Unexplained diarrhoea in 
HIV-1 infected individuals

Oude Munnink BB, Canuti M, Deijs M, de Vries M, Jebbink MF, Rebers S, Molenkamp R, 

van Hemert FJ, Chung K, Cotten M, Snijders F, Sol CJA and van der Hoek L. 

Published in: BMC Infectious Diseases. 2014;14(22). doi: 10.1186/1471-2334-14-22.



Abstract
Background: Gastrointestinal symptoms, in particular

diarrhoea, are common in non-treated HIV-1 infected

individuals. Although various enteric pathogens have

been implicated, the aetiology of diarrhoea remains un-

explained in a large proportion of HIV-1 infected 

patients. Our aim is to identify the cause of diarrhoea for

patients that remain negative in routine diagnostics.

Methods: In this study stool samples of 196 HIV-1 

infected persons, including 29 persons with diarrhoea,

were examined for enteropathogens and HIV-1. A search

for unknown and unexpected viruses was performed

using virus discovery cDNA-AFLP combined with

Roche-454 sequencing (VIDISCA-454).

Results: HIV-1 RNA was detected in stool of 19 patients

with diarrhoea (66%) compared to 75 patients (45%)

without diarrhoea. In 19 of the 29 diarrhoea cases a

known enteropathogen could be identified (66%). 

Next to these known causative agents, a range of recently

identified viruses was identified via VIDISCA-454:

cosavirus, Aichi virus, human gyrovirus, and non-A 

non-B hepatitis virus. Moreover, a novel virus was 

detected which was named immunodeficiency-associated 

stool virus (IASvirus). However, PCR based screening

for these viruses showed that none of these novel viruses

was associated with diarrhoea. Notably, among the 34%

enteropathogen-negative cases, HIV-1 RNA shedding in

stool was more frequently observed (80%) compared to

enteropathogen-positive cases (47%), indicating that

HIV-1 itself is the most likely candidate to be involved

in diarrhoea.

Conclusion: Unexplained diarrhoea in HIV-1 infected

patients is probably not caused by recently described 

or previously unknown pathogens, but it is more likely

that HIV-1 itself plays a role in intestinal mucosal 

abnormalities which leads to diarrhoea.
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Background
One of the most affected sites in untreated human immunodeficiency virus (HIV)-infected persons is the gastro -

intestinal tract [1-5]. In these patients diarrhoea occurs frequently, especially in HIV-1 patients who are not

treated with anti-retroviral therapy. Routine diagnostics in fecal samples often remain negative, despite the sensitive

diagnostic assays which are now available. In this study our aim is to identify the cause of diarrhoea for patients

in which no enteropathogen could be found. There are several possible explanations why these patients remain

negative in routine diagnostics: First, HIV-1 itself might play a role. HIV-1 infected mucosal cells have been

observed in HIV-1 infected persons [6-11] and enterocytes exposed to HIV-1 show altered function and prolifer -

ation [12,13]. However, it has not been demonstrated that HIV-1 causes diarrhoea. Secondly, there are several

recent reports describing novel viral agents which are found in stool that could play a role in diarrhoea (see below),

and these agents are not yet included in routine diagnostics. Thirdly, an unknown or unexpected virus might be

causing diarrhoea.

One of the recently described gastrointestinal viruses is cosavirus, which was identified in 2008 as a member

of the Picornaviridae [14]. The virus was originally found in 2 patients with gastrointestinal infections [14,15].

However, its link with diarrhoea has not been established and a recent study in HIV-infected individuals detected

cosavirus in a substantial number of patients without diarrhoea [16]. Aichi virus is another recently described

picornavirus which was identified in fecal samples of patients with gastroenteritis [17]. Several manuscripts have

since then confirmed that the virus is associated with diarrhoea [18,19], although in one study, which included

children without diarrhoea, the association with disease could not be established since the amount of positive

samples was too low [20]. Human gyrovirus, a member of the Circoviridae, is the most unusual novel virus

which is found in gastrointestinal infections [21]. The virus is genetically very closely related to gyroviruses

found in chicken meat [22] and therefore it remains uncertain whether human gyrovirus in stool is a sign of gastro-

intestinal infection or a virus which is digested with food and shed in feces, like many food related viruses [23].

Identification of unknown and unexpected viruses is performed via virus discovery cDNA-AFLP followed by

Roche 454 sequencing (VIDISCA-454) [24]. This technique, which can detect single stranded and double stranded

RNA and DNA viruses [25], has been developed in our laboratory and is a sensitive next generation sequencing-based

assay which enables detection of known and unknown viruses in a wide range of different sample types, including

stool samples [24,26-28].

In the current study, a cohort of 196 HIV-1 infected individuals of whom 29 suffered from severe diarrhoea

was investigated. In this patient group we determined how many cases of diarrhoea could be explained by known

enteropathogens, recently described viruses and unknown viruses. 

Methods
Patients

One hundred and ninety-six HIV-1 infected patients, who visited the out-patient clinic at the Amsterdam Medical

Center in 1994 and 1995, not on active antiretroviral therapy, were asked to bring a fresh stool sample at their

next visit [29]. Criteria for inclusion in the study were proven HIV-1 infection and being aged 18 years or older. 
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Patients were asked to complete a questionnaire about the frequency and consistency of their stools during

the week before the stool was collected. The definition of diarrhoea was loose or watery stool at least 3 times a

day during the week prior to faeces collection (in accordance with the WHO guide lines for diarrhoea). In addition,

patients were asked for the occurrence of additional symptoms and use of medication that might affect the con-

sistency of stool. Hospital charts of patients were reviewed for additional clinical data and the local medical

ethical committee of the AMC approved the study. Demographical data of our study population are shown in

table 1. Cultures were performed less than 4 hours after the specimen was collected (see below). Blood for

serum storage and blood for CD4 cell count measurements were collected at the same date as stool collection.

Stool samples were suspended in broth (1:3 dilution, Oxoid nutrient broth no.2, pH 7.5 and 500 IU penicillin

per ml, 3 µg amphotericin B per ml). Serum and stool suspensions were stored at -80 °C until further use.

Table 1: Demographic data of the study population 

All Diarrhoea      No Diarrhoea 
(n=196) (n=29) (n=167)

Age, mean (SD) 41 (7) 41 (7) 41 (7)

Male (% of total) 93% (183) 97% (28) 93% (155)

CD4 count, mean (IQR)1 0.17 (0.04-0.29) 0.11 (0.01-0.20) 0.18 (0.04-0.29)

CDC stage2

1 22% (43) 9% (4) 91% (39)
2 29% (56) 13% (7) 88% (49)
3 49% (97) 19% (18) 81% (79)

Risk group
Homosexual 85% (166) 17% (28) 83% (138)
Heterosexual 11% (21) 5% (1) 95% (20)
Haemophiliac 1% (2) 0% (0) 100% (2)
Intravenous drug us 4% (7) 0% (0) 100% (7)
Blood transfusion 1% (1) 0% (0) 100% (1)

Anti-retroviral therapy 69% (136) 14% (19) 86% (117)

SI phenotype 32% (62) 21% (13) 79% (49)

P24 antigen in serum 16% (32) 3% (1) 97% (31)

HIV-1 RNA load >4.9 x 104 copies/ml 51% (99) 19% (19) 81% (80)

1 IQR = inter quartile range. 
2 Stage 1: symptom free, 2: AIDS related symptoms that were not AIDS defining, 3: AIDS defining illness according
to the CDC classification [48]. 
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CD4 cell counts

T lymphocyte immunophenotyping for CD4 was carried out by flow cytofluorometry. PBMC were stained with

CD4 mAb (Leu-3a-PE; Becton Dickinson, Mountain View, CA) according to the manufacturer's protocol.

Virus diagnostics

DNA was extracted from 110 µl stool suspensions by the Boom extraction method [30]. Reverse transcription

was performed as described [31]. Real time (RT-)PCRs specific for rotavirus A and C, enterovirus, human parecho-

virus, norovirus genogroup I and II, astrovirus, sapovirus and adenovirus 40, 41 and 52 was performed (see sup-

plementary table 1 for primer sequences) [31]. As internal control Equine Arteritis Virus (EAV) RNA was

included. HIV-1 RNA detection in stool was determined as described [32]. Screening for viruses which were

not in the diagnostic panel was done by PCR. Gyrovirus, Aichi virus, and non-A non-B hepatitis virus (NANBH

virus) were diagnosed via nested PCR (see supplementary table 1 for primer sequences). All positive signals were

confirmed by Sanger sequencing. 

Stool examination for intestinal parasites

Intestinal parasites were detected in fresh stool by light microscopy: examination of direct smears and the Ridley

aconcentration technique were both performed. Acid-fast staining was performed for detection of Cryptosporidia

and Isospora species. Fluorescent staining with Uvitex 2B (Ciba-Geigy, Basel, Switzerland) was performed for

detection of Microsporidia [33].

Culture of enteropathogenic bacteria. 

To isolate Salmonella and Shigella species, fresh stool specimens (within 4 hours after specimen collection) were

plated on cystine lactose electrolyte-deficient medium (Brocalin agar; Merck, Darmstadt, Germany), Salmonella-

Shigella agar (Merck), Hektoen enteric agar (Difco, Detroit), Rappaport medium (Difco), MacConkey agar (Becton

Dickinson, Cock-eysville, MD) and gram-negative broth (Hajna; Difco) as enrichment. A selective cefsulodin-irgasan-

novobiocin medium (Oxoid, Basingstoke, Hampshire, England) and a glucose broth enrichment medium were

used to isolate Yersinia species. Isolates were further characterized by using conventional bacteriologic methods,

as outlined [34]. A cell-culture assay was used to detect Clostridium difficile toxin [35]. The Campylobacter-selective

medium (modified Butzler medium) consisted of a solid 7% hemolyzed sheep blood–based agar (nutrient broth

no. 2) with cefoperazone (30 mg/L), rifampin (10 mg/L) and seroamphotericin B (2 mg/L) [29]. 

VIDISCA and Roche Titanium-454 sequencing

VIDISCA-454 was performed on 110 µl stool suspension as previously described by De Vries et al [25]. VIDISCA-

amplified nucleic acid - each with its own multiplex identifier (MID) - was quantified with the Quant-it dsDNA

HS Qubit kit (Invitrogen) and diluted to 106 copies/ml. All separate fractions were pooled and 4 pools from 14

different samples were used for a titration (DNA:beads ratio of 0.5:1, 1:1, 2:1 and 4:1) in an emulsion PCR ac-

cording to the suppliers’ protocol (LIB-A SV emPCR kit). Sequencing was done on a 4 region GS FLX Titanium

PicoTiterPlate (70x75) with the GS FLX Titanium XLR 70 Sequencing kit (Roche).
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Sequence analysis

Primer, MID and ribosomal RNA sequences were trimmed or removed from the reads. Sequences were assembled

with CodonCode Aligner software version 3.5.6. The consensus sequences (contigs) and the unassembled reads

were compared with the available sequences in Genbank [36] via the BlastN tool using default settings [37].

The blast output was used to create a taxonomic classification of the reads with Megan software version 3.9 [38].

The following settings were used: Min Support: 1, Min Score: 75, Min Score/Length: 0.75, Top Percent 100. Sequences

without homology to known sequences were compared with less stringent settings to the available sequences in

Genbank (expect threshold: 1000, Match/Mismatch Scores: 1.-1, Gap Costs: Existence: 2 Extension: 1), allowing

more mismatches to occur in the comparison. Subsequently, the taxonomic classification of reads was also made

with less stringent setting (Min Support: 1, Min Score: 10, Min Score/Length: 0.00, Top Percent 100). Supple-

mentary figure 1 represents a schematic overview of our analysis method. 

Statistical analysis 

Statistical analysis to determine the association with diarrhoea was performed with the Mid-P exact test, using

the two by two table from OpenEpi [39]. Statistical analysis for the CD4 cell counts and the HIV-1 load was

performed with the test of equality variance from OpenEpi [39]. 

Accession numbers

The complete genome sequence of NANBH-1 and NANBH-2 (uncultured phage WW-nAnB strain 2 and 3)

and IAS virus have been deposited in GenBank under the accession numbers KJ003981 – KJ003983. 

Results
Known enteropathogens 

To investigate how many diarrhoea cases of HIV-1 infected individuals could be explained by infections with

known pathogens, real time PCR, bacteria culture and microscopy was performed on stool samples of 196 HIV-

1 infected patients of whom 29 had severe diarrhoea. The known diarrhoea agents parechovirus, astrovirus, rota -

virus or adenovirus 40, 41 or 52 were not found in any of the 196 HIV-infected patients (see table 2). Sapovirus

was found in 3 patients with diarrhoea (10%) and once in the control group (patients without diarrhoea), whereas

norovirus was present in 10 patients with diarrhoea (34%) compared to 13 controls (7.8%). Statistical analysis

showed that norovirus as well as sapovirus are associated with diarrhoea (p value: 0.0006 and 0.02 respectively).

Enterovirus was present in 3 patients with diarrhoea (10%) and in 5 patients in the control group (3.0%), which

is statistically not significantly different. 

Five patients with diarrhoea (16.8%) were infected with bacteria: Salmonella n=1, Mycobacterium n=1 and

Campylobacter n=3. On the other hand, bacteria were also observed in 6 patients (3.6%) without diarrhoea (Clostridium

difficile n=1 and Campylobacter n=5). Shigella and Yersinia were not detected in patients with or without diarrhoea.

None of the bacterial infections were significantly associated with diarrhoea. Parasites were found in 6 patients

(21%) with diarrhoea (Cryptosporidia n=3, Giardia lamblia n=1 and Microsporidia n=2), and in 9 patients
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(5.4%) of the control group without diarrhoea (Cryptosporidia n=1, Giardia lamblia n=1 and Microsporidia

n=7). Of all parasitic infections, only Cryptosporidia was significantly associated with diarrhoea (p = 0.02). We

also screened for Cyclospora, Isospora, worm eggs and cysts but these pathogens were not significantly associated

with diarrhoea in our study population (data not shown). 

VIDISCA-454

After screening for known viruses, bacteria and parasites, 10 patients with diarrhoea (34%) remained without

diagnosis. We hypothesize that these patients are infected by an unknown or unexpected viral pathogen, and

therefore a search for unknown or unexpected viruses was performed. A total of 56 stool samples, including samples

that remained negative in diagnostics, were selected and investigated by VIDISCA-454. Approximately 5,000

sequences per sample were compared with all sequences in the non-redundant database of Genbank, using the

BLAST tool from NCBI (see supplementary figure 1). A total of 7,316 known viral sequences could be identified

this way (2.7% of all sequences, see table 3).

Several viruses known to cause diarrhoea were found: sapovirus, enterovirus and norovirus (see table 3). Further -

more, new candidate diarrhoea viruses were detected: human gyrovirus, cosavirus, and Aichi virus. In addition,

known viruses of which it is not likely that they are involved in diarrhoea were detected: human adenovirus D

3

Table 2: Prevalence of known enteropathogens

Diarrhoea (n=29) Non diarrhoea (n=167) P-value*

Norovirus 34% (10) 7.8% (13) 0.0006
Astrovirus 0% (0) 0% (0) -
Adenovirus 0% (0) 0% (0) -
Sapovirus 10% (3) 0.6% (1) 0.02
Enterovirus 10% (3) 3.0% (5) 0.20
Rotavirus 0% (0) 0% (0) -
Parechovirus 0% (0) 0% (0) -
HIV-1 in stool 66% (19) 45% (75) 0.06

Mycobacterium 3.4% (1) 0% (0) 0.29
Salmonella 3.4% (1) 0% (0) 0.29
Shigella 0% (0) 0% (0) -
Yersinia 0% (0) 0% (0) -
Clostridium diff 0% (0) 0.6% (1) 0.99
Campylobacter 10% (3) 3.0% (5) 0.20

Microsporidia 6.9% (2) 4.2% (7) 0.79
Giardia lamblia 3.4% (1) 0.6% (1) 0.55
Cryptosporidium 10% (3) 0.6% (1) 0.02

Pathogen negative 34% (10) 83% (139)

* P-values (Mid-P extract) in bold represent significant p-values for associating with diarrhoea
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viruses (type 23, 45 and 51, types which are not associated with diarrhoea), JC polyoma virus (probably originating

from urine [40]), hepatitis B virus, rhinovirus (probably originating from respiratory tract) and human papilloma

viruses. Furthermore torque teno viruses (TTV) and picobirnaviruses were found. TTVs represent an extremely

diverse set of viruses which can differ substantially in their genome sequence and the size of their genome. These

viruses have been detected in a large variety of clinical samples, and its association with any disease has not been

established thus far [41]. Also picobirnaviruses are exceptionally diverse, they have been detected in diarrhoea

patients, however, during outbreaks a diverse swarm of picobirnaviruses is observed making it less likely that

these viruses cause diarrhoea [42].

Interestingly, a high amount of sequences of Cryptosporidium parvum-virus was found in a patient infected

with Cryptosporidium parvum. Detection of this virus in stool of a patient never has been reported, although it

has been suggested to perform screening for the presence of this virus in environmental samples to determine if

water is infected with the parasite [43].

Two variants of non-A non-B hepatitis virus (NANBH-1 and NANBH-2) were found. The NANBH virus

has been described in the 1980’s in patients with non A non B hepatitis, at a time that hepatitis C virus was not

identified yet [44]. Since then no other study has investigated its presence in humans. NANBH viruses are

circular dsDNA viruses and since the viruses were found by VIDISCA-454 in two patients with unexplained

diarrhoea, their entire genome was sequenced. The viral genomes consists of 5,005 (NANBH-1) and 5,687

(NANBH-2) bps and both contain 4 open reading frames. The NANBH-2 virus is similar to the NANBH-1

except for a 687 nucleotide insertion in a non-coding region.

In addition, one novel virus was identified among the VIDISCA-454 reads, which we named immunodefiency-

associated stool virus (IAS virus). The virus was present in a high concentration in stool since large numbers of

sequence reads belonged to the virus (2201 of 7316 sequences, see table 2 and supplementary table 3). The complete

Virus                                   Amount of sequences

Bacteriophages 4269

IAS virus 2201

Plant viruses 1115

Cryptosporidium parvum virus 813

Torque Teno Virus 662

Norovirus 215

Sapovirus 90

Adenovirus D 84

Enterovirus 37

Virus                                   Amount of sequences

Cosavirus 11

NANB-1 virus 8

JC polyomavirus 4

Human papillomavirus 4

Aichi virus 3

Hepatitis B virus 3

Picobirnavirus 3

Gyrovirus 2

Rhinovirus A 1

Table 3: Quantification of the sequence reads from virus in stool samples 
of HIV-1 infected individuals.
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genome sequence of IAS virus was determined. This novel virus carries a dsDNA genome  of 99.980 bp. The

virus is exceptional because it displays no significant similarity to any of the viruses known thus far. Real time

PCR confirmed that the virus is present at a high load in the sample in which the virus was discovered (1 x 107

DNA copies/ml).

In addition to mammalian or vertebrate viruses, several bacteriophages and plant viruses were found. A total

of 1,115 plant virus sequences (0.4%) and 4,269 bacteriophage sequences (1.6%) were identified (see table 3

and supplementary table 2).

Screening for novel and unexpected viruses

Among the viruses which were detected via VIDISCA-454, there are several candidates that might be involved

in the patients’ diarrhoea. We focused on the most likely candidates to be involved in intestinal malfunctioning:

human gyrovirus, cryptosporidium parvum-virus, Aichi virus and cosavirus, together with the new IAS virus

and the unexpected NANBH virus. For these viruses a diagnostic PCR assay was developed (see supplementary

table 1 for primer sequences). Of note, TTV and picobirnavirus, found by VIDISCA-454, were not included in

the screening. Both virus families are extremely diverse and it is difficult, if not impossible, to develop proper

diagnostic primers that can detect all variants. Furthermore, in literature TTVs have not been related to gastro-

intestinal disease.

All 196 patients - diarrhoea patients and subjects without diarrhoea - were tested for the abovementioned viruses.

Cosavirus was found in 1 patient (3.4%) with and in 2 patients (1.2%) without diarrhoea (see table 4). Human

gyrovirus was detected in 33 individuals (17%): in 29 controls (17%) and 4 diarrhoea patients (14%). Also Aichi

virus was frequently found: 40 individuals (20%) were positive of whom 34 had no diarrhoea (20%) and 6 diarrhoea

(21%). IAS virus was detected in 2 patients with diarrhoea (6.9%) and in 6 individuals without diarrhoea (3.6%).

The NANBH virus was detected in 2 patients with diarrhoea (6.8%) and in 14 patients without diarrhoea (8.4%).

Thus, none of the novel or recently described viruses could be associated with diarrhoea. 

Intriguingly, detection of the IAS virus was associated with low CD4 cell counts (p<0.01, two-tailed t-test),

and exclusively occurred in patients with CDC-stage 2 or 3. In contrast, detection of NANBH virus and human

gyrovirus presence was not related to CD4 cell counts, and also occurred in the CDC-stage 1 patients (data not

shown). However, Aichi virus detection was strongly related to CDC stage of the patient (P<0.0001) with most

patients in CDC stage 2 or 3 being positive, however no relation with CD4 cell counts was observed.

Cryptosporidium parvum is a parasite which causes diarrhoea and screening for the virus which infects this parasite

can potentially be used as an additional marker, next to the microscopic analysis for identification of the parasite.

Microscope analysis showed that 3 patients with diarrhoea (10%) and 1 patient without diarrhoea (0.6%) were

infected with Cryptosporidium parvum. The virus infecting the parasite was found in 2 patients with diarrhoea

(6.9%) and in 3 patients without diarrhoea (1.8%) and was not associated with diarrhoea. Only one sample was

found positive in both assays. 

The role of HIV-1 itself in the unexplained diarrhoea was also examined. HIV-1 RNA was detectable in stool

of 19 patients with diarrhoea (66%) compared to 75 patients without diarrhoea (45%). This association was not
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significant (p value: 0.06). It could be that HIV-1 shedding is just a sign of infection by pathogens, and that

shedding of the virus occurs in case an enteropathogen disrupts the mucosal barrier. However, unexpectedly, in

the group without enteropathogens the frequency of HIV-1 RNA detection in stool was higher (8 out of 10,

80%) compared to the group where an enteropathogen could be found (9 out of 19, 47%), thus even an inverse

relationship between HIV-1 shedding and infection by known pathogens was measured.

Finally, we could exclude that the use of antibiotics or other treatment was the cause of diarrhoea. In total 91

patients were treated with antibiotics, most of them with a combination of sulfamethoxazole and trimethoprim

and there was no difference in antibiotic usage in diarrhoea cases compared to the control patients without diarrhoea

(41% versus 49%).

Discussion
Since the gastrointestinal tract is one of the most affected sites in untreated HIV-1 infections, the cause of diarrhoea

in HIV-1 infected individuals was sought. After testing for all known enteropathogens, a pathogenic agent was

detected in 66% of the diarrhoea cases. Virus infection accounted for 54% of the diarrhoea cases, bacterial infection

was identified in 17%, parasitic infection in 21% and also some dual infections were observed. Of all viruses,

norovirus accounts for the majority of infections (34%), followed by sapovirus and enterovirus (10% each). Still,

in 34% of the patients with diarrhoea the causative agent could not be found. A careful investigation of the cause

of unexplained diarrhoea in these 10 patients was performed using deep sequencing strategies. We were able to

identify several recently described and one new virus with VIDISCA-454 (e.g. NANBH virus, cosavirus, Aichi

virus, human gyrovirus and a novel IAS virus). However, no association between these viruses and diarrhoea was

observed.

Remarkably, the prevalence of Aichi virus in our study population was 20%, while previous studies only

showed a prevalence of 0.5-1.6% [19,45]. It could be that the virus is more frequently present in patients with

immunodeficiency. Furthermore, the sensitivity of our assay may also play a part. In our study a very sensitive

nested PCR assay was used which enables detection of the virus even if it is present at low concentrations. To exclude

that the high prevalence was caused by PCR contamination, all positive PCR products were sequenced. Variation

between the viruses from different patients was observed, thereby excluding contamination by a single source

(see nucleotide alignments in supplementary table 3).

Table 4: Prevalence of new viruses

Diarrhoea (n=29)      Non diarrhoea (n=167)                P-value

IAS virus 6.9% (2) 3.6% (6) 0.67
NANB virus 3.4% (1) 9.0% (15) 0.99
Cosavirus 3.4% (1) 1.2% (2) 0.77
Cryptosporidium parvum virus 6.9% (2) 1.8% (3) 0.32
Human gyrovirus 14% (4) 17% (29) 0.87
Aichi virus 21% (6) 20% (34) 0.99
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Human gyrovirus was detected in 33 patients. This study is the first study that shows that this virus was al-

ready present in the Netherlands in 1994 and 1995. The virus was present in 17% of the individuals without

diarrhoea, compared to 14% of the patients, indicating that it is unlikely that the virus is involved in disease.

Since antibody response against this virus has not been described thus far, combined with the fact that this virus

was also found in chicken [22], we hypothesize that detection of human gyrovirus in stool may very well be food

related.

Cryptosporidium parvum-virus PCR screening resulted in 5 positive samples, but it also showed that detection

of the virus is not associated with diarrhoea. Screening for cryptosporidium parvum-virus has already been sug-

gested as an alternative test to detect the parasite in surface water [43]. However, since microscopic analysis for

the parasite itself did show a diarrhoea-association, we propose that only screening for the Cryptosporidium parvum,

and not the virus infecting the parasite, should be performed in diagnostics of patients. 

The NANBH virus was present in some of our study subjects in high viral loads. Recently, an Inovirus (a bacteria

infecting virus family) was described by Cantalupo et al. [46] that resembles the NANBH virus (90% identity).

This resemblance strongly indicates that the NANBH-1 and the NANBH-2 viruses are bacteriophages and in

this respect it is not surprising that no correlation with diarrhoea was found here.

Finally, the role of HIV-1 self was investigated. Remarkably, although not significant, HIV-1 RNA was de-

tected more in stool samples in patients where no enteropathogen could be found compared to the group with

enteropathogen. This result indicates that shedding of HIV-1 in feces is not the direct result of damage to the

mucosal barrier by enteropathogens, but that HIV-1 itself may damage the mucosal barrier and cause diarrhoea.

Detection of HIV-1 in stool was not related to the stage of HIV-1 disease since CD4 cell count, CDC stage, and

HIV-1 viral load did not differ significantly between diarrhoea patients with enteropathogen and people without

enteropathogen (data not shown). The relatively low number of patients with unexplained diarrhoea is a limitation

of our study. In the future, a study focusing on unexplained diarrhoea should include more HIV-1 positive patients

with unexplained diarrhoea to be able to confirm our hypothesis that HIV-1 itself plays a role in gastrointestinal

disorders.

Conclusions
Virus discovery has in recent years revealed several previously unknown viruses for which it has been postulated

that they are involved in diarrhoea. In the study presented here we show that infection by these novel agents

does not explain the high frequency of diarrhoea in HIV-1 infected patients. Also the novel IAS virus could not

be linked to diarrhoea, but interestingly, it was associated with advanced stages of HIV-1 disease. Further invest -

igation of this virus may reveal whether the virus is a human virus or a virus infecting bacteria. Sequence com-

parison could not clarify this, since the virus has no sequence identity to any of the viruses known thus far.

In the early HIV-1 literature it has been shown that HIV-1 has an effect on enterocytes. This knowledge combined

with our detection of HIV-1 in stool - especially in those patients which remained negative in diagnostics - suggests

that HIV-1 may cause the gastrointestinal damage and the resulting diarrhoea. Further research with cell culture

based techniques is needed to reveal the role of HIV-1 in gastrointestinal disease.
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Abstract
We have developed a full genome virus detection process

that combines sensitive nucleic acid preparation optimised

for virus identification in fecal material with Illumina

MiSeq sequencing and a novel post-sequencing virus

identification algorithm. Enriched viral nucleic acid

was converted to double-stranded DNA and subjected

to Illumina MiSeq sequencing. The resulting short

reads were processed with a novel iterative Python 

algorithm SLIM for the identification of sequences with

homology to known viruses. De novo assembly was then

used to generate full viral genomes. The sensitivity of

this process was demonstrated with a set of fecal samples

from HIV-1 infected patients. A quantitative assessment

of the mammalian, plant, and bacterial virus content of

this compartment was generated and the deep sequencing

data were sufficient to assembly 12 complete viral 

genomes from 6 virus families. The method detected

high levels of enteropathic viruses that are normally

controlled in healthy adults, but may be involved in 

the pathogenesis of HIV-1 infection and will provide a

powerful tool for virus detection and for analyzing

changes in the fecal virome associated with HIV-1

progression and pathogenesis.
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Introduction
There are 219 virus species known to infect humans; calculations based on the rate of virus discovery indicate

that there may be 265 human virus species yet to be discovered [1]. The advances in deep sequencing processes

provide an important new tool for the identification of novel viruses. Correct phylogenetic analysis and virus

transmission studies are best performed with as much sequence information as possible. Given the relatively

small genome sizes of most viral genomes and the increased sequencing depth now available with deep sequencing

platforms, generating full genomes of novel viruses should become the standard for virus identification. The

characterization of novel full viral genomes present in clinical, animal or environmental samples is important for

diagnostics, for identifying unexpected pathogens and for discovering disease etiology. Sample origin can also

influence complexity: fecal samples have significant bacterial and dietary content and the derived nucleic acids

contain large amounts of bacterial, bacteriophage, and plant viral nucleic acids in the resulting sequence data

complicating detection of mammalian viruses.

Fecal material is a useful place to seek mammalian viruses for a number of reasons. The high titers and stable

virions of fecal viruses results in increased sequence recovery. Fecal viruses are often found in high titers further

improving detection. In addition to the enteric viruses that actually replicate in the gut, the fecal compartment

can contain respiratory viruses (e.g. coronavirus) and hepatitis viruses improving the range of detection. The

utility of searching for novel viruses in this compartment is well documented and deep sequencing of fecal derived

nucleic acids is a rich source of new viruses from bats [2-4], wild rodents [5], pigs on domestic farms [6], Califor nia

sea lions [7], wild pigeons [8] and human fecal material [9-11]. Changes in the fecal virome may be an extremely

important feature of AIDS pathogenesis and detailed characterization of the fecal virome may provide new under -

standing of HIV-1 pathogenesis [12]. Studies seeking virus in sewage [13,14], may present different set of dis-

covery challenges including concentration of diluted starting material, the mixture of material from multiple

individuals and species found in sewage and the risk that virus genome assembly creates an artificial chimera.

Algorithms to process deep sequencing data have been devised and these are providing important advances for

virus detection [15,16]. An assumption has been made that a single dominant host nucleic acid exists in the

sample. This may be the case with some sample types, however fecal material may include bacterial, fungal, plant

nucleic acid from either commensal organisms or diet.

These studies demonstrate that there are many useful ways to discover viruses in the fecal material using deep

sequencing. All of the studies so far have used manual or batch BLAST searching to identify the resulting se-

quences. Although this is quite effective, it is time consuming work, both implementing the BLAST searches

themselves or parsing the BLAST output to extract useful information. Furthermore, as sequencing technologies

have improved (e.g. moving from 454 to Illumina platforms) the total number of sequence reads to be processed

has increased 10 to 100 fold, further increasing the processing work. Furthermore, a common challenge facing

all virus detection in fecal material is the high content of bacteria and dietary nucleic acid that can interfere with

the detection of mammalian viruses. This bystander nucleic acid both consumes precious sequencing resources

and can dominate the resulting sequence data. Methods that improve or simplify virus detection amidst large

amounts of peripheral nucleic acid are needed. The work described here provides a computational solution to

simplify virus detection amidst the increasing amount of sequence data now available.
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The VIDISCA method was developed as a sensitive process for recovering viral nucleic acid from many types

of samples and for efficient amplification and identification of viral sequences based on restriction digestion, ligation

of common adapters and amplification with adapter specific primers. The method has been used successfully in

a number of virus detection applications [17,18], combined with 454 deep sequencing to identify pathogens

[19-22] and with autologous antibody capture to identify the immunogenic viruses within a sample [23]. The

method presented here is a combination of sample processing using VIDISCA enrichment for particle-protected

nucleic acid and conversion of RNA to double-stranded DNA (dsDNA) [19,20] followed by Illumina MiSeq

deep sequencing and SLIM iterative BLAST processing. The analysis of the larger quantities of sequence data

generated by this method required a novel iterative classification process, SLIM which removes abundant se-

quences and facilitates identification of rarer viral sequences amidst large amounts of host or bystander sequences.

The novel method, ViSeq, was used to document the viral content of human fecal samples from HIV-1 infected

patients and to provide full genome catalog of viruses found in this compartment in late stage AIDS patients.

Materials and Methods
Sample origin

Fecal samples were obtained from a sample bank of HIV-1 infected adult patients with diarrhea, aged above 18

who visited the out-patients clinic at the Academic Medical Center in the years 1994–1995 [24]. Fecal samples

were diluted 1:3 in broth (containing nutrient broth no 2 supplied by Oxoid, 500 IU penicillin per ml, 500 µg

streptomycin and 3 µg amphotericin B per ml. Cell debris, bacteria and mitochondria were removed from 110 µL

of this fecal suspension with a 10 minute centrifugation at 10,000"g. Residual DNA was degraded with 20 U

TURBO DNase (Ambion). Undigested nucleic acid (virion-protected) was extracted using the Boom method

[25], with elution of nucleic acids performed in sterile water. A reverse transcription reaction with Superscript

II (Invitrogen) was performed using non-ribosomal random hexamers [26]. Subsequently, second strand DNA

synthesis was performed with 5 U of Klenow fragment. Nucleic acids were purified by phenol/chloroform ex-

traction and ethanol precipitation.

Sequencing

Illumina MiSeg library prep was performed by standard Illumina methods. Briefly, each sample was sheared and

size fractionated to 400–500 bp in length, ligated to Illumina adapters with a unique barcode per sample, then

PCR amplified and multiplexed with 10 samples per run and sequencing was performed with an Illumina MiSeq

instrument to generate ca. 1–3 million 150 nt paired-end reads per sample. Residual adapter containing reads

were removed and reads were trimmed from the 3  to a median phred score of 30 and minimum length of 50 nt

using QUASR [27]. The short read data have been deposited in the European Nucleotide Archive with the ac-

cession numbers ERR233412-ERR233431.

Taxonomic analysis with Megan4

For each sample a random set of 100,000 reads was subjected to nucleotide BLAST analysis using a local instance
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of BLAST+ against the nr nucleotide database. Only hits with an expectation values < 0.001 were collected. A

comparative taxonomic classification of the BLAST output was performed with MEGAN version 4.70.4 [28]

and the MEGAN output was visualized as a heat map using Python scripts.

Identification of virus reads: the SLIM algorithm

For each sample a random set of 100,000 reads was selected and processed through an iterative blast algorithm

with the following features: the first read was subjected to a BLASTN search limiting search entries to 2000–

500,000 bp in length. The first BLASTN match with an e values below 0.001 was identified, the GenBank entry

for that BLAST hit was retrieved and all reads in the readset that map to this sequence were identified. The identity

of the BLAST hit was used to classify these mapped reads as viral or non-viral. If the read returned no significant

BLASTN hit, it was placed in the mystery bin. At the end of each round of BLAST/GenBank retrieval/mapping,

all mapped or mystery reads were removed from the readset to generate a remaining-reads set which was passed

into the next round. In this manner, abundant reads are classified and removed in the initial cycle of the pro-

cess ing. The SLIM algorithm is written in Python and is available upon request.

Assembly of full virus genomes

Full virus genomes were prepared from the raw dataset in the following manner. Initially SLIM was used to iden-

tify the closest full virus genomes for each sample. All reads in each sample were then mapped to the closest full

genome reference using BWA [29] to give an indication of the level of coverage in the data set. De novo genome

assembly was performed using SPAdes [30]. The resulting contigs were mapped directly to the expected viral

genomes using MUMmer [31]. In addition, the SPAdes-generated contigs were processed with SLIM to identify

all possible viral contigs. Coverage for each full genome was determined by mapping all reads to the final de

novo assembled genome and reporting the number of reads with Phred quality score of 30 or above for each po-

sition. Mean coverage values for all full genomes is shown in Table 1. The GenBank accession numbers for all

new complete or nearly complete viral genomes are listed in Table 1.

Results
We used the ViSeq method to analyze 20 fecal samples from HIV-1 infected individuals. An overview of the analysis

process is presented in Figure 1. A modified VIDISCA method was used to harvest protected nucleic acid from

the fecal material and to convert any RNA to cDNA using random-primed reverse transcription [19],[20]. The

cDNA was converted into dsDNA and after phenol/chloroform extraction and ethanol precipitation, the cDNA

was processed by shearing and adapter ligation into an Illumina library and subjected to MiSeq deep sequencing.

The resulting sequences were processed to remove adapter sequences and trimmed from the 3’ end to a median

Phred value of 30, resulting in a median value of 1.5"106 reads/sample. Raw sequencing data was trimmed to

remove low quality reads, analyzed for content using SLIM (Figure 2, see below) and subjected to de novo as-

sembly followed by SLIM for additional content identification. Sample details and the yield of sequence data are

provided in Table 1.
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Sensitivity of the ViSeq method

To determine the sensitivity of ViSeq, the ability of the process to detect a pathogen known to be present in the

fecal samples was assessed. Some samples contained norovirus at different genome loads as measured by real time

PCR. The total number of norovirus reads in each sample was determined by ViSeq followed by mapping all

reads to a close norovirus genome. This value was compared to the norovirus viral load determined by real-time

PCR. Norovirus reads ranging from 1 to 42,000 were detected across the sample set and there was a strong cor-

relation with the viral load measured by real time PCR (Figure 3). The cutoff for a positive clinical norovirus

diagnosis with this real-time PCR assay is a threshold cycle (Ct) of 40; the ViSeq method detected norovirus

with similar sensitivity, however without prior sequence knowledge required to design specific real-time PCR

primers. Although deep sequencing is currently not a faster alternative to a virus specific real time PCR assay, it

Sample Total  reads1 Known Agent2 Complete viral genome     GenBank  Mean
assembled3 Accession   genome  

number coverage4

1 1,212,092 Aichi virus
2 156,518 Norovirus
3 1,011,850 Norovirus Adenovirus_Amsterdam_1995 KJ194509 7.41
4 952,694 Cosavirus Cosavirus_Amsterdam_1994 KJ194505 64.85
5 1,257,100 Norovirus
6 1,719,448 Norovirus
7 1,012,842 Norovirus NV_Amsterdam_1994 KJ194504 264.67
8 1,077,900 Norovirus
9 1,279,402 Norovirus HBV_Amsterdam_1_1994 KJ194506 1.5
10 12,044,856 IAS virus5 HBV_Amsterdam_2_1994 KJ194508 4.79
11 3,347,066 Aichi virus TTV_Amsterdam_1994 KJ194503 2.16
12 2,426,096 Norovirus
13 2,533,908 Norovirus
14 1,612,944 Norovirus NV_Amsterdam_1_1995 KJ194500 24.88
15 2,474,006 NANB-1 virus
16 1,614,452 Norovirus NV_Amsterdam_2_1995 KJ194510 1263.51
17 3,344,548 Norovirus Adenovirus_Amsterdam_1995 KJ194501 97.56

HPV_Amsterdam_1995 KJ194499 2.14
NV_Amsterdam_3_1995 KJ194507 3.15
TTV_Amsterdam_1995 KJ194502 7.09

18 1,450,342 Norovirus
19 1,380,360 Norovirus
20 5,338,614 NANB-1 virus

1 Total number of MiSeq reads after removal low quality, short or adapter containing reads. 
2 Viruses known to be present in sample from preliminary analysis. 
3 Complete or nearly complete genomes obtained with de novo assembly. 
4 All reads mapped to de novo assembled genome using BWA [29] and the value reports the mean number of

times each position was sequenced. 
5 Immunodeficiency-Associated Stool virus (IASvirus) [43].

Table 1. Sample details
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Figure 1. An overview of the ViSeq process

Figure 2. An overview of the SLIM read classification process

Patial viral genomes

Complete viral genomes
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is clear that the two detection methods show similar levels of sensitivity for a known virus. Furthermore, the

four samples with norovirus Ct values below 27 provided sufficient sequence coverage for full genome assembly

(see below).

General taxonomic classification of reads

The species content of each sample was obtained by performing a nucleotide BLAST analysis of 100,000 random

reads from each sample and parsing the NCBI taxonomic data in the BLAST output using the Lowest Common

Ancestor algorithm implemented in MEGAN [28]. A read may share identity in multiple taxa, thus the algo-

rithm places the read in the lowest (most general) taxon that encompasses the set of all identified taxa for that

read. At least 5 read hits must occur before a taxon is considered present in the read set. The results of such a

taxonomic analysis are presented in Figure 4, organized into 15 taxonomic categories, with colors indicating the

Figure 3. Detection of norovirus by real-time PCR vs the ViSeq process

Detection of norovirus by real-time PCR vs the ViSeq process. Total ViSeq identified norovirus reads were compared to the Real time PCR
determined norovirus viral loads. Pearson’s correlation coefficient for all samples (20.69), for all samples with Ct values below 35 (0.63)
and for all samples with ViSeq reads above 10, (20.59), indicate a strong negative correlation between the two methods of measurements.
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number of reads found in each sample for that category (see color bar scale, Figure 4). Several patterns emerge

from such an analysis. The viral categories showed the widest range of results. Despite the pretreatment which

reduces bacterial material (via centrifugation and DNase treatment) a substantial amount of bacterial sequences

were found in these fecal samples (approximately 10%). A large proportion of the reads fail to return a significant

BLAST hit with a median of 69,000 of the 100,000 analyzed short reads found in the No Hit category. This

may be due to the short sequences, the stringent cutoff used (BLAST Expect value <0.001) and/or the large

amount of yet-to-be-characterized micro-organisms in the gut. One important feature becomes clear with such

a taxonomic analysis: there is seldom a single species of non-viral material present in these samples. For example,

one sample contained ca. 80% reads mapping to Phyllostachys edulis (a bamboo), and another sample had ca.

20% reads mapping to Sphingobacteria bacterium, etc. Because the samples contents were so varied, a strategy to

rapidly remove high frequency, sample-specific, non-viral reads was developed.

4

Figure 4. Taxonomy of reads in each sample

Taxonomy of reads in each sample. 100,000 random reads from each sample dataset were subject to a nucleotide BLASTN search and hits
with e values less than 0.001 were collected, and processed with MEGAN4 (see Materials and Methods). The Megan output was processed
using Python script to generate a heat map of total reads in each sample in each category. Values were grouped into 5 categories and depicted
with the following colors: less than 0 reads, white; 1–50 reads, grey; 51–500 reads, dark grey; 501 to 5000 reads, light green; 5001 to
50,000 reads, green, >50,000 reads, dark green (also see color bar scale to right of figure).
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Figure 5. A demonstration of SLIM function

A demonstration of SLIM function. 100,000 random reads reads from sample 17 were processed with SLIM. For each cycle, the number 
of reads classified as virus, non-virus and mystery, the number of reads removed and the number of reads remaining are plotted. The cycle
number and elapsed time is indicated below the graph, the cycle of identification of specific viruses is marked in the upper (virus_reads)
graph.
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Use SLIM to identify viral sequences

One approach to discovering viruses in deep sequence data is to first remove the abundant reads that dominate

the data. These abundant, non-interesting reads are often host or commensal organism ribosomal or repetitive

sequences. Manual subtraction of sequences mapping to individual species is possible, but becomes time-consuming

when there are multiple species to identify and remove. An iterative search-classify-remove process, SLIM, was

developed that addresses this difficulty (outlined in Figure 2). A read in the dataset is subjected to a nucleotide

BLAST search, if a significant BLAST hit is returned (Expect value less than 0.001) the full BLAST hit sequence

was retrieved from GenBank and a rapid mapping algorithm (MUMmer, [31]) was used to map all reads in the

dataset to the GenBank hit (Figure 2). Reads mapping to the GenBank hit were removed from the dataset and

categorized as virus or non-virus using identifiers from the GenBank entry. Reads not returning BLAST hits

with an Expect value less than the threshold (0.001 used here) were placed into the unknown, mystery category.

A new cycle of the process was then initiated with the remaining reads. This process limited the amount of com-

putational time spent identifying and removing sequences from abundantly represented species (e.g. from bacterial

ribosomal repeats).

A demonstration of the SLIM process is shown in Figure 5. A random set of 100,000 reads from sample 17

was processed with SLIM. The initial 10 cycles used a batch size of 10 reads, increased to 100 reads/batch from

cycles 11–1000 and then 300 reads per cycle thereafter. For each cycle, the numbers of reads classified as virus,

non-virus and mystery, the number of reads removed and the remaining reads were plotted. The time required

for 50 cycles (removal of ca 24,000 reads) was 95.7 minutes with 252 reads/minute removed. The highest rate

of read classification by SLIM occurred in the initial cycles. The average classification rate for cycles 1–10 in this

sample was 549 reads/minute for the first 10 cycles. Once the abundant reads were classified and removed, the

classification rate per minute fell to that of simple BLASTn searching and SLIM provided no additional advantage

(the rate for SLIM cycles 41–50 was 50.3 reads/minute). For comparison, straight BLASTn classification of reads

using the same batch sizes and BLASTn settings proceeded at 30 reads/minute and would require 800 minutes

to classify all 100,000 reads. Analysis of the entire 100,000 reads are required because the viral reads are distri-

buted randomly throughout the 100,000 read set. If the goal is to identify all virus reads present at sufficient

levels for secure virus identification by full genome assembly, straight BLASTn search required 800 minutes

while SLIM performed this in 95.7 minutes providing an 8.4 fold increase in processing speed.

The mammalian viruses discovered in the 50 cycles are indicated, while bacteriophage hits that were also col-

lected into the virus bin are shown as non-annotated red bars. Comparing these mammalian virus results to the

total mapping data (not shown), it is clear that it is not necessary to perform a BLAST search on each of the

100,000 reads. If a virus is present at sufficient levels for full genome assembly, it should be detected in the first

50 cycles of the SLIM process.

The three adenovirus peaks are a consequence of the stringency used for the mapping step. Each peak is the

consequence of the actual read returning a different adenovirus genome after BLASTn searching. For the mapping

and removal step in the process, the stringency is set to high level to avoid removing (and possibly misclassifying)

weakly homologous reads. We considered it more effective to leave the weaker homology reads in the remaining

4
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Figure 6. Quantitation of specific virus reads 
in each of the 20 samples

Quantitation of specific virus reads in each of the 20 samples. All reads for each sample (see Table 1 for total number of reads per samples)
were mapped to the indicated viral genomes using MUMmer [31]. The number of reads mapped to each virus (normalized for total reads in
each sample) is depicted by color (see color bar scale to right of figure).
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Figure 7. Open reading frame structure and phylogenetic analysis 
of the adenovirus genomes identified in this study

Open reading frame structure and phylogenetic analysis of the adenovirus genomes identified in this study. The ORF pattern of the full 
genomes grey (for all ORFs >100 amino acids in length), with the initial ATG in each ORF (vertical red bar) and all stop codons (verti-
cal black bars) are indicated. For clarity the stop codon positions were not marked in the adenovirus genomes. Also shown are the maximum 
likelihood trees inferred using PhyML version 3.0 under the general-time reversible substitution model. Among-site heterogeneity was 
considered through a discrete-gamma distribution model, and the robustness of the phylogeny assessed through bootstrap analysis of 1000
pseudo-replicates. The trees are marked with green node circles indicating the bootstrap support, (small green circle at 70% support, larger
green circle at 100% support, black nodes indicate support below 70%). The genomes identified in this study are marked in red.

for all ORFs >100 amino acids in length)
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Figure 8. Open reading frame structure and phylogenetic analysis 
of the human cosavirus genome identified in this study

Open reading frame structure and phylogenetic analysis of the human cosavirus genome identified in this study. Analysis and graphical 
presentation was performed as described in the legend to Figure 7.
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Figure 9. Open reading frame structure and phylogenetic analysis 
of the hepatitis B virus genomes identified in this study

Open reading frame structure and phylogenetic analysis of the hepatitis B virus genomes identified in this study. Analysis and graphical 
presentation was performed as described in the legend to Figure 7. The HBV reference genome set was from reference [44]
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Figure 10. Open reading frame structure and phylogenetic analysis 
of the human papillomavirus genome identified in this study

Open reading frame structure and phylogenetic analysis of the human papillomavirus genome identified in this study. Analysis and 
graphical presentation was performed as described in the legend to Figure 7. The HPV reference genomes are from reference [45]. 
For the phylogenetic analysis, the ORFS for E6-E7-E1-E2-L2-L1 were concatenated.



65

4

65

Figure 11. Open reading frame structure and phylogenetic analysis 
of the norovirus genomes identified in this study.

Open reading frame structure and phylogenetic analysis of the norovirus genomes identified in this study. Analysis and graphical presentation
was performed as described in the legend to Figure 7.
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Figure 12. Open reading frame structure and phylogenetic analysis 
of the Torque teno virus genomes identified in this study.

Open reading frame structure and phylogenetic analysis of the Torque teno virus genomes identified in this study. Analysis and graphical 
presentation was performed as described in the legend to Figure 7. The TTV reference set was from reference [34].
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read set and allow BLAST to identify a closer homology hit at a later step. Thus reads in cycle 2 returned hits to

Adenovirus 51 (GenBank JN226765) and Adenovirus 20 (GenBank JN226749) and mapping identified and

removed 5315 reads from the set. The cycle 12 peak was due to reads mapping to Human adenovirus 43 (GenBank

KC529648) and the mapping identified and removed 295 reads. The cycle 17 peak was due to a read mapping

to Human adenovirus 30 (GenBank KF268335). All of the adenovirus BLASTn hits from this sample fall within

the same Adenovirus species D as does the de novo assembled genomic contig from this sample (Adenovirus_

Amsterdam_1995, see below).

This iterative classification process was applied to 100,000 random reads from each of the 20 samples to identi -

fy the viral sequence content (Figure 6). The total number of reads in each sample mapping to the mammalian

viruses aichivirus, adenovirus, cosavirus, hepatitis B virus, human papilloma-virus, norovirus and Torque teno

virus reads, as well as to select bacteriophage and plant viruses was determined (Figure 6). This identified all

bacterial, plant and mammalian viruses in the samples that are available in GenBank. These results were consistent

with the more general taxonomic classification provided by MEGAN4 (Figure 4).

Full genomes of mammalian viruses

For several mammalian viruses, a substantial number of short reads were identified. Assembly of complete genomes

from these data was performed using de novo assembly with SPAdes [30]. An analysis of the novel virus open reading

frames (ORFs) in comparison with the expected ORFs for a given virus was performed to assess the validity of

the assembly (Figures 7, 8, 9, 10, 11, and 12). The novel genome or sub-genomic region was aligned to a

broad set of reference sequences, and maximum-likelihood (ML) phylogenetic trees were inferred (Figures 7, 8,

9, 10, 11, and 12).

In total, 12 full genomes of mammalian viruses could be generated. Viruses belonged to the RNA and DNA

viruses (cosavirus, adenovirus, hepatitis B virus, human papillomavirus, norovirus, and torque teno virus).

Human adenovirus reads could be detected in 16 of the 20 samples (Figure 6) with sufficient coverage in

samples 3 and 17 for assembly into complete genomes (Adenovirus_Amsterdam_1993, Adenovirus_ Amsterdam

_1995). The adenovirus genome, although large, is double-stranded DNA and this may account for the high re-

covery rate in the sequence set. Analysis of the open reading frame structures of the assembled genomes shows

the expected adenovirus ORFs (Figure 7). The two adenovirus genomes cluster within the group D adenoviruses,

consistent with an enteric infection (Figure 7).

Cosavirus is a new genus in the Picornaviridae family first described in 2008 [32,33]. Consistent with the

frequent identification of this virus in fecal samples, cosavirus sequences were detected in 5 of the 20 samples

(Figure 6). Reference-based mapping of the sample 4 reads to either of the two closest cosavirus genomes was

unable to generate a complete genome (results not shown), however de novo assembly of the sample 4 reads gen-

erated a full length genome (Cosavirus_Amsterdam_1994) with the expected conserved features of a cosavirus

(Figure 8). The genome has a low G/C content of 43.15%, similar to that reported for cosavirus (43.8%, [32]).

A methionine codon at nucleotide position 746 is within a standard Kozak sequence (RNNAUGG : AATATGG)

and a short stretch poly-pyrimidine is found just upstream (TTTTCCTTTT). Cosaviruses typically encode a

4
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single large open reading frame that is translated into a polyprotein and processed into 11 proteins. The

Cosavirus_Amsterdam_1994 genome shows the expected large open reading frame of a cosavirus (Figure 8) with

the predicted protease cleavage sites conserved relative to other cosaviruses (results not shown). According to the

classification proposed by Kapusinszky et al. [33], Cosavirus_Amsterdam_1994 can be considered a new genotype

within the D species, since the VP1 amino acid sequence is less than 88% identical to the other 5 cosavirus D-

serotypes, while phylogenetically it clearly clusters within the cosavirus group D (Figure 8). As expected, the re-

combinant E2/D cosavirus (Nigeria_2007_JN867757) is phylogenetically placed between species D and E, when

performing the analysis on the whole genome. According to our analysis, the closest relative to Cosavirus_Amster-

dam_1994 is genotype D1 (VP1 AA sequence identity: 69.1%) and the most distant is genotype D3 (54.9%),

while the identity range between all the other genotypes is 52.4–63.9%. To our knowledge, only 5 genotypes

within the cosavirus D species are known (D1 to D5, excluding the E2/D recombinant whose VP1 belongs to

species E). The new genotype described here is the first member of genotype D6. Interestingly, between the only

2 complete genomes of species D (D1 and D6), the recombinant cosavirus E2/D is more closely related to serotype

D6 than to serotype D1 (AA identity after the breakpoint of E2/D vs. D1 is 94.3%, while vs. D6 is 96.8%).

Hepatitis B viral sequences were detected in 3 samples (Figure 6). The HBV reads in samples 9 and 10 could

be assembled into complete viral genomes with the expected HBV ORF structure (HBV_Amsterdam_1_1994,

HBV_Amsterdam_2_1994). HBV_Amsterdam_1_1994 clusters with HBV genotype A1, HBV_Amsterdam_

2_1994 clusters with HBV genotype G (Figure 9). The presence of HBV in fecal samples has been previously

observed [10].

Human papillomavirus sequences were detected in 5 samples (Figure 6), with a partial genome from sample

12 (ca. 60% genome coverage, results not shown) and a complete genome assembled from sample 17 (HPV_Amster-

dam_1995, Figure 10). HPV_Amsterdam_1995 clustered with HPV type 7 and type 91 alpha-papillomaviruses

and shows the expected ORFs for this virus (Figure 10).

Norovirus sequences were detected in 14 of the 20 samples (Table 1, Figure 6) with genomes assembled from

samples 7, (NV_Amsterdam_1994) sample 14 (NV_Amsterdam_1_1995), sample 16 (NV_ Amster-

dam_2_1995) and sample 17 (NV_Amsterdam_3_1995). NV_Amsterdam_1994 and NV_Amsterdam_1_1995

clustered with a Norwalk-like virus from 2000. NV_Amsterdam_2_1995 clusters with the GI noroviruses, while

NV_Amsterdam_3_1995 is most closely related to an older calicivirus from Hawaii (Figure 11). All four noro-

viruses showed the expected three large open reading frames (Figure 11).

Infection with Torque teno virus (TTV) was detected in 14 of the 20 samples (Figure 6) consistent with the

ubiquitous human distribution of this virus. De novo assembly allowed the generation of 5 TTV contigs 2500

nt or larger. The larger heterogeneity in TTV [34] make it difficult to determine if the shorter contigs are au-

thentic genomes or fragments, so we report only the two full genome-sized contigs from sample 6 (TTV_Am-

sterdam_1994) and sample 17 (TTV_Amsterdam_1995). Analysis of the open reading frame structures of the

assembled genomes shows the expected TTV ORFs (Figure 12), the two genomes are more closely related to the

diverse gamma TTV [34], [35].
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Bacteriophages

A large number of reads mapping to plant viruses and to bacteriophages were identified. The bacterio-phage and

plant viral content of the mammalian gut virome has been described previously [36,12]. Lactococcus phage fre-

quently infects the bacterial cultures used in cheese production [37] and can be a frequent dietary component as

a result of cheese consumption. Lactococcus phage sequences were identified in 19 of the 20 samples. Two samples

contained sufficient material for complete genomes (sample 6, 178041 reads, sample 11, 12634 reads) although

a proper analysis of these genomes is beyond the scope of this study.

A virus associated with non-A, non-B hepatitis (NANB-1) was identified in patients in the early 1980s [38-

41]. The disease potential of NANB-1 is still controversial and the virus is likely to be a bacteriophage [13].

NANB-1 was detected in two of the fecal samples (sample 15, sample 20) and sufficient sequence was available

to assemble a partial (80%, sample 15) or a complete (sample 20) genomes.

Sequences mapping to an Enterococcus phage were identified in several samples, sufficient reads were present

in sample 9 to assembly a genome-sized contig.

Plant viruses

All samples contained at least one plant virus and most contained sequences from several plant viruses. Complete

genome-sized contigs related to Tobacco mild green mosaic virus (TMGMV), Paprika mild mottle virus, Cu-

cumber green mottle mosaic virus, Tomato mosaic virus (TMV) and a partial genomes of Grapevine rupestris

vein (GRV) feathering virus were assembled from the data. These plant viruses are not known to be associated

with human disease and their presence may simply reflect recent dietary consumption.

Discussion
The novel process reported here, ViSeq, provides a quantitative picture of the viral content of human fecal samples.

The method shows detection sensitivity approaching real-time PCR assay levels, how-ever without a priori se-

quence information on the target viruses. For many of the viruses detected, the depth of sequencing provided by

the method allows assembly of full viral genomes. In order to process the increased quantity of sequence data gen-

erated by this method, we have developed a virus identification algorithm, SLIM which employs iterative cycles

of BLAST identification, clustering and read removal. The combined ViSeq and SLIM method facilitated the

identification and assembly of 12 complete mammalian virus genomes (including a previously unknown cosavirus

genotype) from the 20 fecal samples without prior sequence data on these viruses.

The goal of the virus detection is to provide sufficient evidence that a virus is present in a sample and we

believe that full genome assembly is a useful standard. One can calculate that a 5000 nt virus genome at 10 fold

coverage requires 50,000 nt of sequence or 333, 149 nt reads. 333 reads in a dataset of 1 million reads corresponds

to 33 reads in 100,000 (0.033%) and would be a good practical cutoff for reliable virus detection.

The SLIM algorithm provides a useful tool for virus detection work. The algorithm does not require large

amounts of computer memory and can be run locally on a laptop as long as internet access is available for the

BLAST and GenBank calls. One obvious step for future improvement lies in the handling of the BLAST unidenti -
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fied reads. The current virus identification methods, including those described in this work, rely heavily on the

data in GenBank. However, a large fraction of the sequence data generated here was not classified by nucleotide

BLAST searches. Malboeuf et al. [42] also noted a similar high level of unknown sequences (48–95%) in their

analysis of viral samples, highlighting the challenges of identifying short read data using BLAST. Future efforts

will focus on alternate virus identification to characterize these novel sequences.

Recently it has been hypothesized that the enteropathy associated with AIDS may be a consequence of elevated

replication of enteric viruses promoted by the immune system decline late in AIDS [12]. This in turn may lead

to leakage of bacterial endotoxin and T-cell activation promoting further HIV-1 replication. The diversity of the

fecal virome during SIV infection showed a much higher level of   vertebrate viral genome content and diversity

in pathogenic SIV infection (Rhesus monkey) compared to non-pathogenic SIV infection (African Green Monkey)

[12]. A number of potentially enteropathic viruses showed elevated levels during pathogenic SIV infection, in-

cluding adenovirus. Consistent with the non-human primate data, adenovirus, HPV, HBV and norovirus were

identified in sufficient levels in HIV-1 infected human fecal samples for full genome assembly. The methods de-

scribed here would provide a sensitive method of tracking the fecal virome during AIDS progression and could

reveal the replication of pathogenic viruses as a consequence of immune decline.
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Abstract
Recently, four new viruses belonging to an unassigned

family within the order Picornavirales were identified

in excrements of healthy carp (fisavirus) and pigs (po-

savirus 1, 2 and 3). We report the detection and char-

acterization of a fifth virus present in human faeces.

The virus, named human stool-associated RNA virus

(husavirus), contains a single ORF encoding a putative

2993 AA polyprotein, with a Hel-Pro-Pol replication

block, typical for the Picornavirales. Phylogenetic ana-

lysis revealed that the closest relative to husavirus is po-

savirus 1, and together they cluster with fisavirus,

posavirus 2 and 3 and a roundworm (Ascaris suum)

derived virus. Husavirus was detected in eight human

stool samples collected in 1984 (n = 2), 1985 (n = 4),

1995 (n = 1) and 2014 (n = 1). From three strains of

husavirus from 1984 and 1985 the full genome se-

quence was determined, showing less than 5 % intraspe-

cies variation in the nucleotide composition. The host of

this virus remains to be determined.
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The order Picornavirales includes the families Disictroviridae, Iflaviridae, Marnaviridae, Secoviridae and

Picornaviridae. Members of the order Picornavirales are known to infect a wide variety of hosts, including

vertebrates, arthropods, algae, humans, insects and plants [1]. Picornaviruses are associated with a broad range

of human diseases ranging from mild upper respiratory infections (e.g. the common cold) to severe and lethal

infections (e.g. polio and foot and mouth disease).

Members of the order Picornavirales are positive sense ssRNA viruses with a genome length between 7.2 and

9.8 kb. Typically, the virus consists of a single positive strand RNA molecule which encodes one polyprotein that

is subsequently cleaved by proteases [2], although several picornaviruses with segmented RNA genomes have

been identified infecting plants [1]. All members of the order Picornavirales contain a Hel-Pro-Pol (Helicase,

Protease and RNA-dependent RNA polymerase; RdRp) replication block [1]. Recently, some highly divergent

members of the order Picornavirales have been discovered: fish stool-associated RNA virus (fisavirus) in the in-

testinal content of a healthy carp [3] and porcine stool-associated RNA viruses (posaviruses) in the faeces of

healthy pigs [4,5]. These viruses cluster with a cDNA sequence found in Ascaris suum [6], which most probably

is the RdRp sequence of a virus infecting this parasite [4].

To investigate if humans carry members of this highly divergent unassigned family within the order Picorna-

virales, a search was performed in 181 randomly chosen faecal samples of predominantly healthy human immuno-

deficiency virus (HIV)-1 positive ( n = 85) and HIV-1 negative ( n = 96) men having sex with men (Amsterdam

Cohort studies on HIV-1 infection and AIDS [7]). Informed written consent was obtained from all participants

of this study, and also from the participants of the studies mentioned below, and the studies were approved by

the Medical Ethical Committee of the Academic Medical Center, Amsterdam. All procedures followed were in

accordance with the ethical standards of the responsible committee on human experimentation (institutional and

national) and with the Helsinki Declaration of 1975, as revised in 2000.

As the novel Picornavirales members show large variation, the ViSeq next generation virus discovery technique

was used. This method allows identification of any virus regardless of its genome composition, with sequence

reads obtained via Illumina MiSeq sequencing. Library preparation and sequencing was performed as described

[8]. In six samples, a novel virus species was identified that showed some identity to fisavirus and posaviruses,

and we tentatively named the virus human stool-associated RNA virus (husavirus). In three samples (ACS160,

ACS178 and ACS200) the number of sequence reads from the virus had enough depth and overlap to allow as-

sembly of the full viral coding sequence using SPAdes [9]. The complete viral coding sequences of husavirus

strains ACS160, ACS178 and ACS200 share 95 % to 97 % nucleotide identity and 98 % to 99 % amino acid iden-

tity, and have been deposited in GenBank (accession numbers KT215901–KT215903). To confirm the presence

of the virus and determine the virus concentration, a real-time reverse transcriptase (RT)-PCR was performed on

the 181 stool samples. Reverse transcription was performed with MMLV-Reverse Transcriptase, as described by

de Vries et al. [10]. Real-time PCR was performed using the standard protocol for a Rotor-Gene Probe RT-PCR

kit (Qiagen) with GCCACTTCAGAGCGATACAA and AGAAGTTCCCAAACCCACAT as primers and

5 FAM-AGGGCGTGCAAGTAGATCAGACACA-TAMRA3  as the probe. The presence of the virus was con-

firmed in all six samples and no additional patients shedding this virus were found. The virus concentration
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Table 1. Predicted 3Cpro protein cleavage sites in husavirus and fisavirus

Husavirus ACS200 Fisavirus (NC_025836)

Position Residue Sequence Position Residue Sequence

431 Q LPEAQGVFS 147 Q DFEAQGLGD
554 Q PVVPQGLDS 277 Q KWEAQGPEA
921 E FEPLEGGDW 673 Q PNESQGLGE
984 Q VIHEQLMIE 691 Q DFESQGPGK
1155 E KPRTEGDVQ 710 Q EPAQQGMNE
1653 Q SVNVQGLSQ 1027 Q ITFGQSPPS
1833 E RAMKEGDME 1062 E ILEIEGVPH
2172 Q PLVAQGPRM 1404 Q IARKQGKTD
2749 Q DLVAQGAEE 1540 Q HPQFQGAAY

1783 Q GFVAQGPVV
2084 Q VPIEQAFPG
2451 Q QFEAQGPEK
2696 Q KVFTQGVGG

Genome organization of husavirus, fisavirus and posaviruses. Genome organization and positions of conserved domains of husavirus
ACS200, fisavirus and posaviruses were determined using the NCBI conserved domain search in combination with the Pfam conserved 
domain search [12, 13]. From light grey to dark grey, the RNA helicase domain (1), the 3C protease (2), the RdRp (3), the capsid 
domains (4), the p-loop NTPase super family (5) and the cricket paralysis virus capsid super family domain (6) are indicated.

Figure 1. Genome organization of husavirus, fisavirus and posaviruses
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varies between 5.0 " 106 copies to 1.8 " 104 copies ml ! 1 of stool suspension (1: 3 dilutions in broth [11]).

The near complete genome of husavirus consists of 9335 nt and encodes one putative polyprotein of 2993 aa.

In this polyprotein, five conserved domains could be identified by an NCBI combined with a Pfam conserved

domain search (Figure 1) [12,13], which included a Hel-Pro-Pol replication block. The putative RdRp protein

and capsid protein show some identity to the other stool-associated RNA viruses, yet no more than 39 % amino

acid identity (posavirus 1) for the RdRp protein and 34 % amino acid identity for the capsid protein (posavirus 1).

The phylogenetic relationship was determined by aligning the putative encoded RdRp protein with repres-

entative members of the order Picornavirales using Cobalt [14]. A maximum-likelihood tree was built with

MEGA after performing a model test to identify the best fitting substitution model (version 6.0.6 [15]). Husa-

virus clusters together with posavirus 1 within the unassigned stool-associated RNA viruses, yet is clearly distant

from the other posaviruses, fisavirus and the Ascaris suum virus (Figure 2).

The stool samples that were used in the search for husavirus were collected in 1984 and 1985 from men parti-

cipating in the Amsterdam Cohort Studies on HIV-1 infection and AIDS. Detection of the virus was, however,

not significantly related to being HIV-1 positive or negative (husavirus was detected in 5 % of the HIV-1 positive

persons and 2 % of the HIV-1 negative persons). To investigate whether the virus is still circulating, stool samples

collected at a more recent date were investigated. Of two hundred faecal samples collected in 1994 and 1995

5

Phylogenetic analysis of the RdRp protein. Phylogenetic analysis was performed with MEGA software version 6.06 [15] generating a
maximum-likelihood tree with 1000 replicates. The LG+G+I amino acid model was chosen by the best model fit method in MEGA. The
closed circles indicate the three husaviruses, numbers at nodes the bootstrap values, and the scale bar indicates 0.5 substitutions per site.

Figure 2. Phylogenetic analysis of the RdRp protein.
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from HIV-1 infected persons [11,16], one stool sample was positive in husavirus diagnostics (3.8 " 105 copies

ml ! 1 of stool suspension). Furthermore, in silico screening of our faecal sequence databases resulted in the iden-

tification of husavirus in one recently sampled patient (2014) with ulcerative colitis (13 of the 3106 sequence

reads, 86–94 % nucleotide identity to the 1984/1985 strains). Hence it can be concluded that husavirus has been

present in human faeces for at least 30 years.

It could be that such stool-associated RNA viruses are not actually infecting the intestinal cells of the animal

or human providing the stool sample. Instead, it could be that a nematode species in the gut is the actual host

for this group of viruses, a hypothesis founded by the fact that an RdRp like cDNA sequence found in Ascaris

suum clusters within the virus family [4]. Whether this is indeed the case, and more importantly whether this

is true for husavirus, remains to be determined. Detection of negative strand RNA of this virus would indicate

active replication of the virus in the human gastrointestinal tract; however, these replication intermediates are

extremely unstable in stool since they are not protected by a viral capsid, as is viral genomic RNA. Human stool

contains a comprehensive set of viruses originating from all kinds of sources. Besides genuine human viruses,

there are dietary viruses (e.g. viruses from plants [11,17]) and viruses derived from animals [18], as well as bac-

teriophages and viruses infecting protozoa (e.g. Cryptosporidium parvum virus [11]). The presence or shedding

of viruses from nematodes resident in the human gut has, to our knowledge, not been described thus far.

In conclusion, in this study, a novel RNA virus is described which is a member of a novel virus family within

the order Picornavirales. The virus has been detected in human faecal samples collected over a 30 year period.

Further studies to define the host and disease association are needed.
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Abstract
Several novel clades of astroviruses have recently been

identified in human fecal samples. Here we describe a

novel astrovirus-like RNA virus detected in human

stools, which we have tentatively named bastrovirus.

The genome of this novel virus consists of 6,300 nucleotides

organized in 3 open reading frames. Several sequence

divergent strains were detected sharing 67%-93% 

nucleotide identity. Bastrovirus encodes a putative

structural protein that is homologous to the capsid 

protein found in members of the Astroviridae family

(45% amino acid identity). The virus also encodes a

putative non-structural protein that is genetically 

distant from astroviruses but shares some homology to

the non-structural protein encoded by members of the

Hepeviridae family (28% amino acid identity). 

This novel bastrovirus is present in 8.7% (35/400) of

fecal samples collected from 300 HIV-1 positive and

100 HIV-1 negative individuals suggesting common

occurrence of the virus. However, whether the source of

the virus is infected human cells or other, e.g. dietary,

remains to be determined. 
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Introduction
Human astrovirus infections account for up to 10% of the sporadic diarrhoea cases in children globally [1, 2].

Human astroviruses belong to the unassigned family of Astroviridae, genus Mamastrovirus and are single-

stranded positive-sense RNA viruses. The 6 to 8 kb virus genome is organized in three open reading frames

(ORFs) encoding a serine protease (ORF1a), an RNA dependent RNA polymerase (RdRp) (ORF1b) and a struc-

tural protein (ORF2) [3]. Within the Astroviridae the 3’ domain of the gene encoding the structural protein is

conserved while the 5’ end is more variable [4]. Astroviruses translate ORF1b via ribosomal frame shifting, and

their structural proteins lack a helicase domain [5]. Recombination among astroviruses may occur at a breakpoint

hotspot at the junction between ORF1b and ORF2 [6]. 

Following the first identification of human astrovirus in 1975 [7], eight serotypes of human astrovirus have been

defined (human astrovirus 1-8 [8]). Two new clades of astroviruses have been described in stool samples from pa-

tients with diarrhoea [9, 10]. The first novel clade of astroviruses consists of the human, mink, and ovine-like

astrovirus (HMOAstV) species A-C and the VA1-VA3 species. VA1 was identified in an outbreak of acute gastro -

enteritis in the USA [10], and the VA2 and VA3 species were found in stool samples from children with diarrhoea

in India [11]. The HMOAstV-A, -B and -C were identified in stools from Nigeria, Pakistan and Nepal and were

found in adults and children with and without diarrhoea [12]. This clade is not confined to human astroviruses,

animal astroviruses also cluster within this clade [12]. The second novel clade consists of the MLB1 and MLB2

astroviruses identified in stool samples of pediatric diarrhoea patients from Australia and India respectively [9,

11]. Recently, astrovirus MLB3 and VA4 were discovered in stool samples from children in India [13] and astro -

virus VA5 was discovered in Gambia [14], further expending the two novel clades.

Human astrovirus 1-8 infection is typically associated with diarrhoea. Kurtz et al. [15] showed that a filtrate from

fecal material with astrovirus can lead to diarrhoeal illness and shedding of large amounts of astrovirus in feces [15].

For the other clades of human astroviruses the association between the virus and diarrhoeal illness is less clear. MLB3

was found in 4 diarrhoea cases and in one asymptomatic person and VA4 was found in 2 diarrhoeal patients but no sig-

nificant association with diarrhoea was found in a cohort consisting of 400 diarrhoeal patients and 400 healthy children

[13]. In another study in Kenya and Gambia, MLB1 was found to be significantly associated with diarrhoea while

MLB3 and human astrovirus 1-8 were not associated with diarrhoea [14]. Animal astrovirus infections generally mani -

fest as a relatively mild enteric disease [16], but astrovirus infection in ducks may lead to fatal hepatitis [17].

Hepatitis E viruses are single stranded, positive sense RNA viruses that can cause liver disease. Hepatitis E

virus is part of the unassigned family of Hepeviridae [18] and has a genome length of around 7,5 kb which is or-

ganized in three ORFs which code for non-structural proteins (ORF1), structural proteins (ORF2) and regulatory

proteins (ORF3) [19, 20]. Hepatitis E virus is transmitted via the fecal-oral route [21] and is estimated to infect

3,4 million individuals per year in developing countries [22]. Four genera of Hepeviridae have recently been proposed:

Orthohepevirus, Chiropteranhepevirus, Avihepevirus and Piscihepevirus [23]. Only members of the genera

Orthohepe virus, consisting of four genotypes, have been detected in humans. Genotype 1 and 2 are exclusively

found in humans, are mainly prevalent in developing countries and are spread via fecal-oral contact of infected water.

Genotypes 3 and 4 are mainly found in developed countries, are of zoonotic origin and are spread via fecal-oral contact

of infected pig meat, direct exposure or infected water [24].
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In the current study, an intensive search for novel viruses using next generation sequencing data obtained

from stools of predominantly healthy individuals is described and several novel astrovirus-like RNA viruses,

tent atively named bastroviruses (basal astrovirus) are reported.

Material and methods
Sample collection

Two hundred fecal samples collected in 1984 and 1985 from participants of the Amsterdam Cohort Studies on HIV-

1 infection and AIDS were included in this study. HIV-1 positive (n=100) and HIV-1 negative (n=100) men having

sex with men were part of the study. Furthermore, 200 samples from HIV-1 infected patients visiting the outpatient

clinic at the Academic Medical Center in 1994 and 1995 were included. Informed written consent was obtained from

all participants of this study and the studies were approved by the Medical Ethical Committee of the Academic Medical

Center, Amsterdam. All procedures followed were in accordance with the ethical standards of the responsible committee

on human experimentation  (institutional and national) and with the Helsinki Declaration of 1975, as revised in 2000.

At the time of collection fecal samples were diluted 1:3 in broth (containing nutrient broth no.2 supplied by Oxoid,

500 IU penicillin per ml, 500 µg streptomycin and 3 µg amphotericin B per ml) and stored at -80oC. 

Sequencing of stool samples

Samples were deep sequenced using the Viseq method [25]. Briefly, 150 µl of fecal suspension was centrifuged

for 10 minutes at 10,000xg, and a DNase treatment (20 U TURBO DNase, Ambion) was performed on the super-

natant. Nucleic acids were extracted using the Boom method [26], followed by reverse transcription with Superscript

II (Invitrogen) and Endoh primers [27]. Second strand synthesis was performed using Klenow polymerase (5U,

Invitrogen) followed by phenol/chloroform/isoamylalcohol extraction and ethanol precipitation.

Illumina sequencing was performed by the standard methods for the paired-end Illumina MiSeq library pre-

paration. Each sample was sheared and fractionated to an average length of 400-500 bp after which adaptors

with sample specific barcodes were ligated. Samples were PCR amplified and sequenced with an Illumina MiSeq

instrument [25] to generate 149 nt paired end reads. 

Sequence analysis and statistical analysis

Adapter sequences were removed and sequence reads were trimmed to a median Phred score of 30 and minimum

length of 125 nucleotides using QUASR [28]. Reads that passed quality control filter were de novo assembled

using SPAdes version 3.5.0 [29] followed by improve_assembly [30]. The resulting contigs were compared to

all entries of the GenBank non-redundant database [31] using the local NCBI BLAST tool from NCBI [32].

The following settings were used: expect threshold 1000, Match/Mismatch Scores 1/-1, Gap Costs: Existence 2

and Extension 1. Two overlapping ORFs were found, the overlap between the ORF1/ORF2 junction was con-

firmed by specific PCRs (for each of 7 viruses) aiming at this region and Sanger sequencing.

Conserved functional domains in the bastroviruses encoded proteins were determined via Pfam analysis [33]

and with a search against the NCBI conserved domain database [34]. Simplot analysis [35] was performed to visualize
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the nucleotide identity of bastroviruses along the genome. The GC content of bastroviruses, human astroviruses

and hepatitis E viruses was determined using Geneious 8.1.7 software [36]. Statistical analysis was performed

with the Mid-P exact test, using the two by two table from OpenEpi [37].

Phylogenetic analysis and antigenic epitope prediction

All complete structural and non-structural refseq and Swiss-prot sequences from the Hepeviridae and the Astro-

viridae from GenBank (retrieved on 20-04-2015) were aligned using Cobalt software from the NCBI [38].

Phylogenetic maximum likelihood trees were constructed with MEGA software version 6.06 [39] using the model

that was predicted to be the best model fitting after performing a model selection test. To test robustness of the

evolutionary analysis a bootstrap analysis of 1,000 replicates was performed. Identity plots for the bastroviruses

were made with BioEdit software version 7.2.5 [40]. Antigenic epitopes were predicted using the SVMTrip tool

[41]. Only antigenic epitopes larger than 10 amino acids present in at least three bastroviruses were reported. 

Codon usage

Condon usage was characterized by means of plotting the effective number of codons (ENC-values) of bastrovirus,

astrovirus and hepatitis E virus genes versus their GC-content at the 3rd codon positions (GC3-values): the “Nc-

plot” [42]. A continuous line indicates theoretical ENC values with random codon usage as a function of GC3.

Deviation from this line in the direction of lower ENC-values points to translational selection acting in favor of

a preferred set of codons, as has been described for highly expressed genes in yeast [43] and Escherichia coli [44].

Calculations were performed in Excel.

Bastrovirus diagnostics

To screen samples for the presence of bastrovirus, nucleic acids were isolated via Boom isolation and reverse tran-

scription was performed with MMLV-Reverse Transcriptase, as previously described [45]. A nested PCR was de-

veloped targeting the conserved 5’ end of the bastrovirus genome. Amplifications were performed using Dreamtaq

DNA polymerase (Thermo Scientific). The first amplification was performed using primers BV_1FW (5’-TCCG-

GGTTCTCMVTGAYCTC-3’) and BV_1RE (3’-GGYCKGGGSTCRATCTGG-5’), following thermal cycling

profile of 5 min at 95oC, 40 cycles of 95oC for 30 seconds, 55oC for 30 seconds, and 72oC for 1 minute followed by a

final elongation step of 7 minutes at 72oC. A nested PCR was performed using primers BV_1FW_NE (5’-CGGCBT-

GGYACCTRYTGTC-3’) and BV_1RE_NE (3’-ATCTGGATGGTGTAGAACCA-5’) and with the cycling profile: 5

min at 95oC, 25 cycles of 95oC for 30 seconds, 55oC for 30 seconds, and 72oC for 1 minute followed by a final elongation

step of 7 minutes at 72oC. PCR products were visualized via agarose gel electrophoreses and sequencing of PCR amp-

licons was performed using the BigDye Terminator v1.1 protocol (ABI life science). To exclude that extraction reagents

were the source of the virus, seven bastrovirus positive samples were also isolated with MagNA Pure nucleic acid isola -

tion (Roche). 
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Table 1. Characteristics of the different bastroviruses and 
the amount of sequence reads derived from bastrovirus

Length ORF1 ORF2 ORF3 Amount of sequence Genome coverage
reads derived from 
bastrovirus

Bastrovirus 1 6207 nt 1280 AA 666 AA 146 AA 778 18.80x
Bastrovirus 2 6087 nt 1280 AA 666 AA 96 AA 2205 54.34x
Bastrovirus 3 6336 nt 1279 AA 674 AA 138 AA 3869 91.60x
Bastrovirus 4 6300 nt 1279 AA 670 AA 137 AA 2819 67.11x
Bastrovirus 5 6040 nt 1279 AA 671 AA 76 AA 560 13.91x
Bastrovirus 6 6017 nt 1282 AA 666 AA 70 AA 811 20.22x
Bastrovirus 7 6339 nt 1279 AA 670 AA 137 AA 636 15.05x

Genome organisation and position of conserved domains of bastrovirus, hepatitis E virus (NC_001434.1) and astrovirus
(NC_001943.1). Conserved domains were determined using a NCBI conserved domain search in combination with a Pfam conserved 
domain search [33, 34]. Dark blue (1) indicates the viral methyltransferase, red (2) the Viral (superfamily 1) RNA helicase, dark 
green (3) the RdRp, orange (4) the astrovirus capsid protein precursor, light yellow (5) the Y-domain, light green (6) the Hepatitis E 
papain-like cysteine protease, purple (7) the Hepatitis E virus putative capsid domain, light blue (8) the Hepatitis E virus structural 
protein 2 and dark yellow (9) the trypsin-like peptidase domain.

Figure 1. Genome organisation and position of conserved domains of 
bastrovirus, hepatitis E virus and astrovirus
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Table 2. Percentage amino acid identities between the coding regions among 
the identified bastroviruses (BV) proteins

Putative non-structural protein BV-1 BV-2 BV-3 BV-4 BV-5 BV-6 BV-7
Bastrovirus 1 x 0.939 0.636 0.746 0.755 0.756 0.745 
Bastrovirus 2 x 0.642 0.746 0.761 0.752 0.749 
Bastrovirus 3 x 0.642 0.653 0.647 0.647 
Bastrovirus 4 x 0.935 0.853 0.974 
Bastrovirus 5 x 0.852 0.938 
Bastrovirus 6 x 0.853 
Bastrovirus 7 x

Putative structural protein BV-1 BV-2 BV-3 BV-4 BV-5 BV-6 BV-7
Bastrovirus 1 x 0.898 0.768 0.835 0.845 0.840 0.838
Bastrovirus 2 x 0.727 0.787 0.792 0.787 0.787
Bastrovirus 3 x 0.758 0.760 0.756 0.757
Bastrovirus 4 x 0.931 0.868 0.977
Bastrovirus 5 x 0.876 0.936
Bastrovirus 6 x 0.868
Bastrovirus 7 x

Phylogenetic tree of the amino acids sequences
encoding the putative ORF2 capsid protein of
bastrovirus and members of the Astroviridae
family. Maximum likelihood tree was construc-
ted using the LG+G amino acid model, as the
best-fit model determined by MEGA [39],
with 1,000 bootstrap replications. 
Tree was mid-point rooted for 
clarity and only bootstrap values 
>75% were shown. The scale 
bar indicates the number of 
substitutions per site.

Figure 2. Phylogenetic tree of the amino acids sequences encoding the putative ORF2
capsid protein of bastrovirus and members of the Astroviridae family
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Table 3. Clinical data recorded for the cohort members and 
the number of cases in which bastrovirus was identified

Symptoms/Disease: Bastrovirus + (n=32) Bastrovirus - (n=168) P value
HIV infection 44% (14) 51% (86) 0,45
Tiredness 0% (0) 3,0% (5) 0,41
Fever 3,1% (1) 1,8% (3) 0,63
Night sweats 6,3% (2) 11% (18) 0,48
Nausea 0% (0) 1,2% (2) 0,70 
Diarrhoea 3,1% (1) 1,2% (2) 0,48
Weight Loss 3,1% (1) 1,2% (2) 0,48
Cough 0% (0) 13% (22) 0,02
Wheeze 13% (4) 6,0% (10) 0,97
Skin disorders 13% (4) 4,2% (7) 0,1
Hepatitis 22% (7) 14% (24) 0,29
Cold sore 6,3% (2) 14% (23) 0,26
Herpes Zoster infection 6,3% (2) 9,5% (16) 0,60 
Fungal infection 6,3% (2) 3,6% (6) 0,41
Herpes genitales infection 3,1% (1) 15% (26) 0,05

Phylogenetic tree of the amino acids sequences encoding the ORF1 RdRp domain of bastroviruses, astroviruses and hepatitis E viruses.
Maximum likelihood tree was constructed employing the LG+G+I amino acid model as a best-fit model determined by MEGA [39]. Tree
was mid-point rooted for clarity and only bootstrap values >75% were shown. The scale bar indicates the number of substitutions per site.

Figure 3. Phylogenetic tree of the amino acids sequences encoding the ORF1 RdRp
domain of bastroviruses, astroviruses and hepatitis E viruses
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Table 4. Conserved domains identified in the amino acid sequence 
of the bastrovirus structural and non-structural proteins

Identified Description Start End AA identity AA identity  
domain (HepE) (Astro)

ORF1 Vmethyltranf Viral methyltransferase 37 333 25% N.A.
ORF1 Viral_helicase1 Viral (superfamily 1) RNA helicase 503 740 35% N.A.
ORF1 RdRp_2 RNA dependent RNA polymerase 956 1237 30% N.A.
ORF2 Astro_Capsid Astrovirus capsid protein precursor 5 504 N.A. 45%

N.A. = Not Applicable

Nc plot of bastrovirus, hepatitis E virus (NC_001434.1) and astrovirus (NC_001943.1). The proportion of G+C at the third codon
position (GC3, X-axis) is plotted versus the effective number of codons (ENC values, Y-axis). The gray bell-shaped curve indicates the
ENC values at corresponding values of GC3. Bastroviral, astroviral en hepatitis E viral  ORFs are in red, blue and green, respectively.
The ORFs 1 and 2 are in diamond and square format, respectively. The blue triangle indicates the ORF1b of astrovirus. 

Figure 4. Nc plot of bastrovirus, hepatitis E virus 
and astrovirus
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Accession numbers

The genomic sequences of the bastroviruses have been deposited in the GenBank database under the accession

numbers KU318315-KU318321.

Results
A search for astroviruses was performed on 200 randomly chosen fecal samples of predominantly healthy HIV-1 positive

(n=100) and HIV-1 negative (n=100) men having sex with men (Amsterdam Cohort studies on HIV-1 infection

and AIDS [46]). The RNA from these stool samples was converted to DNA with random priming and the res -

ulting material was sequenced to high coverage with Illumina MiSeq. Short read sequences were de novo assembled

and resulting contigs were examined for homology to known viruses. Several novel astrovirus-like virus genomes were

identified that showed partial homology to both astrovirus and hepatitis E virus reference genomes. The agent,

subsequently named bastrovirus, was only detectable in fecal samples after reverse transcription and was still de-

tectable in fecal samples after passage through a 0.2 µm filter, indicating that bastrovirus is virus-like in size and

is encoded by an RNA genome (data not shown). Since another exotic recombinant virus has recently been detected

in silica - used to isolate nucleic acid - [47-49], 7 bastrovirus positive samples were also extracted using the

MagNA Pure method followed by sequencing. In all cases the same patient-specific virus was detected, thereby

excluding that bastrovirus originates from treatment-ingredients.

Complete genome sequence analysis

The complete genome of bastrovirus, assembled from the short-read data encodes three predicted open reading

frames (ORFs). The largest ORF (ORF1, 1280 amino acids) most likely encodes for non-structural proteins (see

below), whereas the second ORF (ORF2, 666 amino acids) most likely encodes for a protein containing homology

to a conserved astrovirus capsid protein precursor domain (Figure 1 and Table 1). A third small ORF (ORF3,

137 amino acids) of unknown function is located at the 3' end of the genome. 

Complete coding regions for the putative structural and non-structural protein of bastrovirus were obtained

from 7 independent fecal samples (see Table 1 for virus characteristics). All genomes shared the same genomic

organization and displayed 67% to 93% identity at amino acid level in the putative non-structural ORF1 protein

and 73% to 98% amino acid identity in the putative structural ORF2 protein (Table 2). All bastroviruses genomes

encoded similar conserved amino acid domains but regions flanking these conserved domains showed more variability

(Supplementary Figure 1). The first 40 N-terminal residues and the last 242 C-terminal residues of the capsid

protein of bastroviruses are highly variable (Supplementary Figure 2). Several antigenic epitopes with a length over 10

amino acids could be identified and those were particularly concentrated at the C-terminal side of the putative

capsid protein whereas no antigenic epitopes were identified at the N-terminal part (Supplementary Figure 2). 

Prevalence

A sensitive nested bastrovirus PCR targeting the conserved 5’ region of the genome revealed that 32 out of 200

HIV-1 positive (n=100) and HIV-1 negative (n=100) individuals in this cohort contained the virus in their stool.
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There were no associations of bastrovirus content with diarrhoea or other reported clinical symptoms or disease

(Table 3). However, because the number of diarrhoeal cases was low in this cohort (n=3), the survey was expanded

to include fecal samples from 200 additional patients collected in 1995-1996 of which 29 had diarrhoea [50].

Bastrovirus sequences were detected in 3 individuals of the 200, all diarrhoea-free. 

Genetic relatedness to other known viruses

The genome organization of bastrovirus differs from members of the Astroviridae family. Astrovirus genomes

contain ORF1a, ORF1b, and ORF2, with partial overlap between ORF1a and ORF1b (both encoding non-

structural proteins). The second ORF (ORF1b) in astroviruses is translated via ribosomal frameshifting [5]. How -

ever, ORF1 of bastrovirus is predicted to be translated as one large precursor protein. The predicted domains of

ORF1, conserved amongst the bastroviruses, were not found in members of the Astroviridae and an identity

search revealed that these domains showed homology to members of the Hepeviridae (ranging between 25% and

35% amino acid identity, Table 4). Both bastrovirus and hepatitis E virus encode putative viral methyl-

transferase, putative viral RNA helicase and putative RdRp domains but bastrovirus ORF1 seems to lack the

Y-domain and papain-like cysteine protease domain that are present in ORF1 of hepatitis E virus (Figure 1). To

exclude that the genome organization of bastrovirus was the result of artificial de novo assembly, the ORF1/ORF2

connection was confirmed by PCR and Sanger sequencing for all seven bastroviruses.

The putative structural protein encoded by the bastrovirus ORF2 was 666 and 674 amino acids long and

showed 44% to 45% amino acid identity to astrovirus ORF2 protein. Phylogenetic analysis based on the amino

acid sequence of this putative structural protein, focusing on the more conserved amino acid residues 1 – 424,

showed clustering of bastroviruses within the Astroviridae. The bastrovirus ORF2 clearly groups with other human

astroviruses with the closest relatives being the recently discovered human MLB astroviruses (Figure 2). 

Phylogenetic analysis based on amino acid sequences of the putative RdRp protein, considered the most con-

served part of the putative non-structural protein, showed that bastroviruses are distinct but related to astrovirus

and hepatitis E virus (Figure 3). In support of this phylogenetic analyses based on the amino acid sequences of

the individual conserved domains (the viral methyltransferase and the viral helicase) consistently show segregation

of bastroviruses and members of the Hepeviridae into separate groups (Supplementary Figure 3 and 4).

It was not possible to perform a recombination analysis to verify whether a recombination event between

ancient viruses was at the origin of bastroviruses since bastroviruses, astroviruses and hepatitis E viruses are too

divergent from each other. As an alternative, the nucleotide composition of bastrovirus was determined and com-

pared to the nucleotide composition of astrovirus and hepatitis E virus. Nucleotide compositional analysis (Supple-

mentary Table 1) revealed a preference for C&G nucleotides at the expense of A&U in the two ORFs of bastrovirus.

In each ORF the effective number of codons can be plotted versus the G+C proportion at the 3rd codon position

in bastrovirus, astrovirus and hepatitis E virus, to determine if the viral characteristics may confirm our hypothesis

of recombination [43, 44], however, the GC3 content and the nucleotide composition in both bastrovirus ORFs

is nearly identical (Figure 4), making it unlikely that bastrovirus is the result of a recent recombination event

of astrovirus and hepatitis E virus.

6
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Discussion
Similarities between Astroviridae and Hepeviridae have been described in literature [51]. Originally, hepatitis

E virus was classified as a member of the Caliciviridae based on morphological similarities but the virus was re-

classified to the currently unassigned family Hepeviridae [18]. Recently, the three-dimensional structure of the

astrovirus capsid has revealed similarities with the capsid shells and the dimeric spikes of hepatitis E viruses capsids

[51]. Therefore, it has been suggested that these two viral families are related and may share common capsid assembly

and activation mechanisms [51] suggesting a distant common ancestor. The novel bastrovirus described here may be

related to this common ancestor. The putative bastrovirus ORF2 capsid protein shares limited amino acid identity

with the Astroviridae while the putative non-structural ORF1 protein has no recognizable similarity to this fam ily.

Instead the amino acid sequence of the ORF1 non-structural protein in bastroviruses is predicted to contain func-

tional domains that are found in members of the Hepeviridae. The similarities of bastrovirus with astrovirus and

hepatitis E virus suggest an exchange of sequences early in bastroviral evolution. Subsequently, bastrovirus has

evolved during a prolonged period of time towards the nucleotide composition and codon usage characteristic

for the currently circulating species.

Seven complete coding sequences of bastroviruses were obtained showing 67% to 93% nucleotide identity,

corresponding to 63% to 98% amino acid identity to each other. This diversity across a small cohort suggests

that if bastrovirus does infect humans, the virus is not recently introduced and has most likely circulated in hu-

mans for some time. Alternately the observed diversity was generated in another host or hosts and was introduced

to humans as a food contaminant or zoonosis from pets, livestock, or wild animals.

A bastrovirus-specific PCR revealed that the virus is present in 35 of the 400 (8.7%) stool samples examined.

Bastrovirus was found in 32 of the 200 fecal samples from 1984-1985 and in 3 of the 200 fecal samples from

1994-1995, indicating sustained presence of bastrovirus. The lower prevalence of bastrovirus in the 1994-1995

cohort could be reduced prevalence or due to reduced sensitivity of the primers due to virus evolution in the

later cohort. 

All bastroviruses detected share a similar genome organization and contain the same predicted conserved do-

mains in the non-structural ORF1 (viral methyltransferase, viral helicase and RdRp). The domains share identity

with domains from members of the Hepeviridae. However, hepatitis E virus encodes a putative Y-domain and a

putative papain-like cysteine protease domain that were not found in bastroviruses. These additional domains

are either not necessary for bastrovirus replication or are replaced by alternate proteins. The structural protein of

bastrovirus shares the highest sequence identity with members of the Astroviridae.

In the 2 cohorts studied here, the presence of bastrovirus was not correlated with diarrhoea, hepatitis, or any of the

monitored symptom or disease. Future screening for the presence of bastrovirus in unexplained cases of diarrhoea or

hepatitis are needed to determine the pathogenicity of this novel agent. The multiple bastrovirus full genomes re-

ported here will provide useful references for future virus discovery efforts. 
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Abstract
Discovery of new viruses has been boosted by novel deep

sequencing technologies. Currently, many viruses can 

be identified by sequencing without knowledge of the

pathogenicity of the virus. However, attributing the 

presence of a virus in patient material to a disease in

the patient can be a challenge. One approach to meet

this challenge is identification of viral sequences based

on enrichment by autologous patient antibody capture.

This method facilitates identification of viruses that

have provoked an immune response within the patient

and may increase the sensitivity of the current virus 

discovery techniques. To demonstrate the utility of this

method, virus discovery deep sequencing (VIDISCA-

454) was performed on clinical samples from 19 pa-

tients: 13 with a known respiratory viral infection and

6 with a known gastrointestinal viral infection. 

Patient sera was collected from one to several months

after the acute infection phase. Input and antibody 

capture material was sequenced and enrichment was 

assessed. In 18 of the 19 patients, viral reads from 

immunogenic viruses were enriched by antibody capture

(ranging between 1.5x to 343x in respiratory mater -

ial, and 1.4x to 53x in stool). Enriched reads were

also determined in an identity independent manner by

using a novel algorithm Xcompare. In 16 of the 19 

patients, 21% to 100% of the enriched reads were 

derived from infecting viruses. In conclusion, the 

technique provides a novel approach to specifically 

identify immunogenic viral sequences among the bulk 

of sequences which are usually encountered during 

virus discovery metagenomics.
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Introduction
Virus infections are a continuous threat to the human population; e.g. HIV, hepatitis viruses, and influenza viruses

constitute a large proportion of morbidity and mortality each year. Apart from infection with well-described

viruses, outbreaks with previously undescribed viruses occur regularly (e.g. SARS-CoV, MERS-CoV) [1–4].  Further -

more, respiratory tract infections and diarrhoea in young children or immunocompromised persons often test

neg  ative for known viruses, and could very well be caused by yet unknown pathogens. 

Discovery of new viruses in the last decade has been boosted by large improvements in sequencing technology.

These methods form the basis for improved virus discovery processes capable of generating 105-107 sequence

reads directly from a clinical sample. A virus discovery method to amplify RNA and DNA virus sequences

directly in patient material (VIDISCA-454) without prior knowledge of the viral genome sequence has been de-

veloped [5]. The resulting DNA library is then subjected to Roche-454 next generation sequencing and this

method has been successfully used to identify human coronavirus NL63 [6], a novel HIV-1 subtype [7], and 2

novel parvoviruses in bats [8]. 

One limitation of the current technique is that a substantial amount of non-viral RNA and DNA derived

from the host or from other agents in the sample can dominate the resulting sequences. Especially in respiratory

samples, ribosomal RNA is massively present, over 80% of all sequence reads derived from a clinical sample ori-

ginate from this material [9]. Sequence reads from fecal samples can be dominated by bacterial or dietary com-

ponents. A method for focusing sequencing on immunogenic viruses was sought.

Another limitation of the current techniques is that detection of reads derived from a known virus does not

necessarily indicate that this virus is a pathogen. Recently, many new viruses have been identified in human

samples without clear association with disease, necessitating further detailed investigations to determine the patho -

genicity of the virus [10–13]. 

To facilitate the detection of immunogenic viruses and to reduce the detection of non disease-related viruses (bacterio -

phages and plant viruses) and host cellular RNA, a technique was developed that uses convalescent serum of the

patient to concentrate viruses that have elicited and immune response prior to sequencing. Comparing the se-

quences derived from input and antibody captured material identifies immunogenic agents and can provide an

important first step in identifying a disease-related virus. 

Methods
Samples

Respiratory samples were collected during the GRACE study. Flocked nasopharyngeal swabs (Copan) were col-

lected in universal transport medium (UTM). In addition, a single nasopharyngeal specimen was obtained at the

Academic Medical Center from a patient with an upper respiratory tract infection. 

Fecal samples were selected from a sample bank from 196 HIV-1-infected patients with and without diarrhea,

aged above 18 who visited the out-patients clinic at the Academic Medical Center in the years 1994–1995. Fecal

samples were suspended in broth (1:3 dilution, Oxoid nutrient broth no.2, pH 7.5).

7
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Ethical approval

Ethics review committees in each country approved the study, Cardiff and Southampton (United Kingdom):

Southampton & South West Hampshire Research Ethics Committee A; Utrecht (Netherlands) Medisch Ethische

Toetsingscommissie Universitair Medisch Centrum Utrecht; Barcelona (Spain) Comitè ètic d'investigació clínica

Hospital Clínic de Barcelona; Mataro (Spain): Comitè d'Ètica d'Investigació Clínica (CEIC) del Consorci Sanitari

del Maresme; Rotenburg (Germany) Ethik-Kommission der Medizinischen Fakultät der Georg-August-Universität

Göttingen, Antwerpen (Belgium): UZ Antwerpen Comité voor Medische Ethiek; Lodz, Szeczecin, and Bialystok

(Poland): Komisja Bioetyki Uniwersytetu Medycznego W Lodzi; Milano (Italy) IRCCS Fondazione Cà Granda

Policlinico; Jonkoping (Sweden): Regionala etikprövningsnämnden i Linköping; Bratislava (Slovakia): Etika Ko-

misia Bratislavskeho; Gent (Belgium): Ethisch Comité Universitair Ziekenhuis Gent; Nice (France) Comité de

Protection des Personnes Sud-Méditerranée II, Hôpital Salvator; Jesenice (Slovenia): Komisija Republike Slovenije

za Medicinsko Etiko. Written informed consent was provided by all study participants. 

Collection of fecal material was performed in accordance with the ethical principles set out in the declaration

of Helsinki and written informed consent has been obtained prior to data collection. The study was approved by

the Amsterdam Medical Center institutional medical ethics committee.

Antibody capture

Respiratory and fecal samples were centrifuged (10,000 g) and 150 µl of the supernatant was mixed with 50 µl

Dynabeads protein A and G (1:1, Invitrogen). After 20 minutes incubation, 10 µl of autologous convalescent

serum of the patient was added to the mixture (Table 1). After a 20 minutes incubation with continuous shaking

at room temperature, samples were washed six times with PBS using a magnetic particle concentrator. Universal

transport medium with TURBOTM DNase (2U/µl, Ambion) was added to the antibody-antigen complex and

samples were incubated at 37oC for 30 minutes. The complexes were lysed with Boom-lysis buffer L6 and the

lysate was used as input for Boom extraction [14], followed by VIDISCA-454 sequencing as described below.

Patient ID !T since acute phase
Patient 1 1 month

Patient 2 1 month

Patient 3 1 month

Patient 4 1 month

Patient 5 1 month

Patient 6 1 month

Patient 7 1 month

Patient 8 1 month

Patient 9 1 month

Patient 10 1 month

Patient ID !T since acute phase
Patient 11 1 month

Patient 12 1 month

Patient 13 2 months

Patient 14 3 months

Patient 15 5 months

Patient 16 3 months

Patient 17 8 months

Patient 18 4 months

Patient 19 13 months

Table 1. Collection of serum in month(s) after infection
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Real time RT-PCR for ribosomal RNA 

Real time PCR for ribosomal RNA was performed as described [5] using primer set 5/6 and the rRNA28S_3674

probe. The platinum quantitative PCR Supermix-UDG system (Invitrogen) was used. 

VIDISCA and Roche Titanium-454 sequencing 

VIDISCA-454 was performed as previously described [5]. In short, samples were centrifuged for 10 minutes at

10,000g and the supernatant was treated with DNase. Subsequently, nucleic acids were extracted by the Boom

extraction method [14]. rRNA-blocking oligonucleotides were added to prevent amplification of ribosomal RNA

and a reverse transcription reaction with Superscript II (Invitrogen) was performed using non-ribosomal random

hexamers [15]. Subsequently, second strand DNA synthesis was performed with 5 U of Klenow fragment (Westburg).

Double-stranded DNA was purified by phenol/chloroform extraction and ethanol precipitation and digested

with Mse I restriction enzyme (New England Biolabs). Adaptors with different Multiplex Identifier sequences

(MIDs) were ligated to the digested fragments of the different samples. Next, a PCR with adaptor-binding primers

was performed. After purification (Agencourt AMPure XP PCR, Beckman Coulter), the purified DNA was quant -

ified with the Quant-it dsDNA HS Qubit kit (Invitrogen) and diluted to 107 copies/µl. Samples were pooled and

Kapa PCR (Kapa Biosystems) was performed to determine the quantity of amplifiable DNA in each pool. Sub-

sequently, the Bioanalyser (hsDNA chip, Agencourt) was used to determine the average nucleotide length of the

libraries and the pools were diluted until 106 copies/µl to be used for a titration (DNA:beads ratio of 0.5:1, 1:1,

2:1 and 4:1) in an emulsion PCR according to the suppliers’ protocol (LIB-A SV emPCR kit). Sequencing was

done on a 2 region GS FLX Titanium PicoTiterPlate (70x75) with GS FLX Titanium XLR 70 Sequencing kit (Roche).

Sequence analysis 

Primers, MIDs and ribosomal RNA sequences were trimmed from the reads. Sequences were compared with all

available sequences in the nonredundant Genbank database [16] via the BlastN

(http://blast.ncbI.nlm.nih.gov/Blast.cgi) tool [17]. The following Blast settings were used: expect threshold:

1000, Match/Mismatch Scores: 1.-1, Gap Costs: Existence: 2 Extension: 1.  The blast output was subsequently

used to create a taxonomic classification of the reads with Megan software version 4.70.4 [18]. The following

settings were used: Min Support: 1, Min Score: 80, and Top Percent 100. The sequences reads are submitted to

the European Nucleotide Archive, accession number PRJEB4561.

Enrichment index

The percentage of viral sequences was calculated by dividing the number of virus derived reads in the sample by

the total numbers of reads in the same sample. The enrichment index was calculated by dividing the percentage

of viral sequences in the captured sample by the percentage viral sequences in the input sample. A value above

1 indicates antibody capture of the virus, which suggests a immunogenic course of infection.

7
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Determination of enriched sequences

To identify sequences which are enriched by antibody capture, input and enriched sequences were compared

using a Python algorithm xcompare (source available on request). The algorithm is comprised of the following

steps: the identification of identical or nearly-identical sequences within the input subset was performed by cre-

ating a custom BLAST database [19] comprising all the reads derived from the input sample and subsequently

performing a BLAST search within this database towards its own sequences. Via this method a list of closely re-

lated sequences could be created which were extracted and aligned via MUSCLE 3.8.31 [20,21] (maximum num-

ber of iterations: 1; diagonal optimization enabled) and both consensus sequences and unique sequences were

joined into a unique fragment library. In turn, this unique fragment library was converted into a second custom

BLAST database, against which the reads obtained from the enriched sample were compared. For the BLAST

comparison the following settings were used: E-value threshold 3E-60 for within the input sample library and

3E-25 for between the enriched and input samples library; word size: 11; match/mismatch scores 1/-2; gap existence/

extension penalty: 5/2. 

The second BLAST analysis yields the percentage of sequence space occupied by each fragment in the original

sample (number of reads comprising a fragment, divided by the total number of reads in the input sample library)

and the enriched sample (number of sequences in the enriched sample matching to a specific fragment, divided

by the total number of reads in the enriched sample library). The ratio between these percentages is calculated

and all fragments with a ratio higher than 1.0 were extracted and further analyzed. 

Results 
Serum collected a few weeks to a few months after respiratory or gastrointestinal infection generally contains a

substantial amount of pathogen-specific immunoglobulin type G (IgGs) with a proportion of these antibodies

binding to virus surface exposed epitopes [22–24]. These IgGs can be bound to magnetic beads and used to cap-

ture a target virus and to separate it from non-viral material (e.g. ribosomes) or non-immunogenic viruses (e.g.

plant viruses in stool). After deep sequencing, comparison of reads in the captured material to reads in the input

material should reveal virus-specific reads via capture by the antibodies. We tested this strategy in 13 respiratory

samples, diagnosed as containing one of the following viruses: human parainfluenza virus 1, 2 and 4, human rhinovirus,

human metapneumovirus virus, influenza virus A and B, human respiratory syncytial virus and human coronavirus

229E, OC43 and NL63. We also tested 6 fecal samples containing adenovirus, norovirus, enterovirus and sapo-

virus. Autologous convalescent sera collected one to a few months after infection was available for all samples

(see table 1). Plant viruses and enterobacteriophages - viruses which are frequently present in feces - were used

as negative control. These viruses are not known to elicit an immune response and are not expected to be captured

by the antibody-bound beads. 

Enrichment index 

Of the 13 respiratory samples and the 6 fecal samples, a total of 110,752 reads were obtained from the input ma-

terial and 93,779 reads were obtained from the antibody captured material with a median read length of 159
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nucleotides. For each patient the enrichment index was determined by calculating the ratio between the percent -

age of viral reads in the captured sample versus the input sample (Table 2). 

For all respiratory samples the enrichment index was above 1.0, indicating that in every sample tested the

number of viral reads increased after capture. The human coronaviruses OC43, NL63 and 229E were detected

with an enrichment index of 169, 343 and 23 respectively. In a second NL63 case (patient 6), the virus was en-

riched 20-fold. The parainfluenza viruses 1, 2 and 4 infections were detected with an enrichment index of 1.5,

54 and 19 respectively. The enrichment index for the metapneumovirus was 7.2, while it was 1.6 for the respi-

ratory syncytial virus. Human rhinovirus infection was observed in two different patients and the enrichment

index was 1.9 and 3.1 respectively. Influenza B virus was detected with an enrichment index of 3.3 and influenza

A virus with an enrichment index of 25.

Fecal samples were analyzed by the same process. Norovirus infection was observed in two patients and enriched

20-fold and 11-fold. Adenovirus was also detected in a patient with norovirus infection and no enrichment for

adenovirus was scored (0.9). Enterovirus reads were detected with an enrichment factor of 5.2 in one case but enterovirus

reads were not enriched (enrichment factor of 0.0) in a second case. Viral reads derived from sapovirus were detected

in samples from two patients with an enrichment factor of 4.9 and 1.4 respectively. Hepatitis B viral reads were

detected in patient 19 with an enrichment factor of 53. As controls, a plant virus (cucumber mosaic virus) and

an enterobacteriophage were tested. These viruses had an enrichment index of 0.08 and 0.01 respectively, indic -

ating that there presence was reduced in the captured material.

Consistent with capture working as anticipated, reads derived from human ribosomal RNA showed a consistent

reduction in the antibody captured fractions with an average decrease of 1,000 fold (a median decrease of 9.6 Ct

7

Decrease in ribosomal RNA after anti-
body capture. Ribosomal RNA was 
measured in the input material and the
captured material. On the Y-axis the 
Ct value of the real time PCR on the
cDNA is shown.

Figure 1. Decrease in ribosomal RNA after antibody capture.
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values, Figure 1). Greater than 90% of the reads showing decreased levels were of ribosomal RNA origin in

11 of the 13 patients. In the two other cases the amount of ribosomal RNA was low in the input material, but

commensal bacterial reads were massively present and for these patients a strong decrease (>70%) was observed

in the number of bacterial reads (data not shown).

Identity independent enrichment

The enrichment index shows that viral reads appear more frequently in the antibody-captured material compared

to the input. This increase can also be used to identify viruses without the necessity of having sequence similarity

to known viruses that can be probed by Blast to search for identity. Since restriction enzyme digestion is part of

the protocol, identical fragments of the same size will be generated from identical viruses and this means that

the number of these identical fragments should increase if the relative load of the virus increases. Xcompare was

used to calculate the frequency distribution between the input and the captured reads (see Materials and Methods).

Reads present in higher quantity in the captured samples compared to the input samples were selected. Reads

originated from archaea, bacteria or eukaryota were excluded and the remaining reads, (Enriched Analysis Reads,

EAR), were further investigated.

EAR values ranged from 0 to 3019 (Table 3). In respiratory samples, almost all EAR were derived from

viruses. In patients 3-13, 98-100% of all EAR sequences were of viral origin. Also in fecal samples, virus reads

represent the majority of the EAR. In patient 14, 30% of the EAR were derived from norovirus and 50% from

adenovirus. In patient 15, all 3019 enriched reads were derived from norovirus. In patient 16 none of the 42

EAR were derived from an enterovirus, and also in patient 18 no enterovirus reads were detected in the EAR as

expected since no enterovirus reads were present in the captured reads. Sapovirus sequences were detected in the

EAR of patient 17 and 18, 21% and 65% respectively. In patient 19, 62% of the EAR were derived from a hep-

a titis B virus. The plant virus and the enterobacteriophage were not detected in the EAR of patient 15 and 19.

Discussion
A new method is described that facilitates virus identification by enriching viral material with convalescent au-

tologous patient antibody capture followed by deep sequencing. For all samples tested here, an increase in percentage

of viral reads was detected when compared to the input sample. In 9 out of the 21 viruses the amount of viral

reads after capture increase 10-fold or more.

By using the Xcompare script, enriched reads in the antibody captured sample could be determined in an identity

independent manner. In 11 out of the 13 patients, between 98% and 100% of the enriched analysis reads were of mam-

malian viral origin. In fecal samples between 21% and 100% viral reads were detected in the EAR in 4 out of 6 cases.

Surprisingly, in two patients with enterovirus infection, no viral reads were detected in the EAR.

Of note are patient 1 and 2. For both patients viral reads were increased after capture (table 2), but the EAR

contained no PIV-1 or PIV-2 sequences (table 3). This was caused by the comparison used to determine the EAR;

reads which are present in the input are included in the analysis (see material and methods). Apparently the low

number of viral reads in the captured material were from a different part of the viral genome than the few reads
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of the viral reads in the input. Therefore, it has to be kept in mind that using this approach during data analysis

might diminish the chance to identify viruses which are hardly present in the input material when identification

is only based on the detection of enriched sequences. On the other hand, inclusion of the reads which are only

present in one of the two libraries might lead to wrong interpretations by the presence of experimental artefacts

due to PCR errors and/or chimeric PCR products. 

Also enteroviruses were poorly captured. A possible explanation might be that the bacteria or bacteriophage

background in fecal samples is high which makes it more difficult to enrich a virus with a relatively low load.

Nonetheless, we were able to reduce the amount of reads originating from bacteriophages and plant viruses (en-

richment index of 0.01 and 0.08), indicating that this method can efficiently reduce the background in fecal

samples. Furthermore, it could be that the immune response to enteroviruses is poor, especially in immunocom-

promised patients, which is the case in our study patients with diarrhoea. These patients were HIV-1 positive

with relatively low CD4 counts (0.18 and 0.05 x 109 cells/L in the two patients with enterovirus infection). On

the other hand, it has been published that HIV-1 infected patients are not hampered in their immune response

to enteroviruses, and chronic shedding is as rare as in the normal population [25].

7

Table 2. Reads of pathogenic viruses after antibody capture

Patient ID Virus                 % viral reads in input     % viral reads in capture              Enrichment indexa

Patient 1 PIV-1 0.26% 0.38% 1.5
Patient 2 PIV-2 0.07% 3.6% 54
Patient 3 PIV-4 0.78% 15% 19
Patient 4 HRV 42% 77% 1.9
Patient 5 hMPV 1.4% 9.9% 7.2
Patient 6 NL63 1.7% 33% 20
Patient 7 RSV 18% 29% 1.6
Patient 8 Inf B 0.61% 2.0% 3.3
Patient 9 Inf A 3.0% 75% 25
Patient 10 OC43 0.35% 59% 169
Patient 11 NL63 0.14% 48% 343
Patient 12 229E 0.55% 13% 23
Patient 13 HRV 1.4% 4.5% 3.1
Patient 14 Norovirus 0.16% 3.2% 20
Patient 14 Adenovirus 3.9% 3.7% 0.9
Patient 15 Norovirus 8.3% 88% 11
Patient 16 Enterovirus 0.03% 0.18% 5.2
Patient 17 Sapovirus 0.08% 0.40% 4.9
Patient 18 Sapovirus 3.2% 4.5% 1.4
Patient 18 Enterovirus 1.0% 0.00% 0.00
Patient 19 Hepatitis B virus 0.05% 2.50% 53
Patient 15 Cucumber mosaic virusb 0.36% 0.03% 0.08
Patient 19 Caudoviralesb 63% 0.62% 0.01

a The enrichment index is calculated by dividing the percentage of virus reads in the captured material by the
number of virus reads in the input material.

b Control, non pathogenic viruses
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Antibody response to a virus infection can vary, depending on the virus, but also age and immune state of pa-

tients. Also, antibodies subclasses can differ; some viruses elicit a strong IgG response, while others induce a re-

sponse dominated by IgA. In our antibody capture experiment, a combination of protein A and G coupled beads

was used. Both proteins strongly bind to IgGs, but not or less efficient to IgA. It has been shown that serum an-

tibodies, for instance against PIV-1 are not neutralizing efficiently, and that especially secretory IgA plays an

important role in preventing re-infection [26,27]. To address that point, protein L coupled beads, which are able

to capture IgA, were tested. However, no difference was observed in the amount of PIV-1 or enterovirus capture

(data not shown).

To date many new viruses have been identified [10–13], yet for a substantial number the link with disease

remains to be established. Especially in stool samples, which contain many unknown viruses, it is important to

determine whether novel viruses are pathogenic. A pathogenic virus elicits an immune response in the host, whereas

bacteriophages and plant viruses, which are also massively present in stool, do not. The restriction that the agent

has to be recognized by the patients’ antibodies adds an important selectivity tool to virus discovery when one

wants to focus on pathogenic viruses.

Table 3.  Reads of pathogenic viruses after antibody capture

Patient ID Virus           Sequences in the enriched analysis-poola % Viral sequences
Patient 1 PIV-1 0 0%
Patient 2 PIV-2 0 0%
Patient 3 PIV-4 99 98%
Patient 4 HRV 1945 100%
Patient 5 hMPV 65 100%
Patient 6 NL63 177 100%
Patient 7 RSV 636 99%
Patient 8 Inf B 13 100%
Patient 9 Inf A 1634 100%
Patient 10 OC43 71 100%
Patient 11 NL63 249 100%
Patient 12 229E 15 100%
Patient 13 Rhino A 124 100%
Patient 14 Norovirus 349 30%
Patient 14 Adenovirus 349 50%
Patient 15 Norovirus 3019 100%
Patient 16 Enterovirus 121 0.00%
Patient 17 Sapovirus 42 21%
Patient 18 Sapovirus 246 65%
Patient 18 Enterovirus 246 0.00%
Patient 19 Hepatitis B virus 21 62%
Patient 15 Cucumber mosaic virusb 3019 0.00%
Patient 19 Caudoviralesb 21 0.00%

a Only enriched sequences with the potency to be viral are shown, so no known bacterial, human, fungal, etc. or
other sequences are included.

b Control, non pathogenic viruses
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In summary, a new selective approach for virus discovery is presented that enables detection of viruses that

have recently elicited an immune response resulting in antibody production. The method appears to be an effective

tool for reducing host DNA/RNA and bystander virus sequences and provides a selection for viruses that are

able to elicit an antibody response, thus agents that are possibly pathogenic for the host. Moreover, the possibility

of comparing reads obtained after antibody capture with reads obtained from the input samples is useful for identi-

fying sequences not yet labelled in Genbank. Further analysis of those sequences (e.g. via genome walking) will

allow the identification and characterization of viruses which are highly divergent from the currently known

virus families.
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Abstract
Causative agents for more than 30 percent of respiratory

infections remain unidentified, suggesting that un-

known respiratory pathogens might be involved. In this

study, antibody capture VIDISCA-454 (virus dis-

covery cDNA-AFLP combined with Roche 454 high-

throughput sequencing) resulted in the discovery of a

novel type of rhinovirus C (RV-C). The virus has an

RNA genome of at least 7054 nt and carries the 

characteristics of rhinovirus C species. The gene 

encoding viral protein 1, which is used for typing, has

only 81% nucleotide sequence identity with the closest

known RV-C type, and, therefore, the virus represents

the first member of a novel type, named RV-C54.
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Introduction
Viral respiratory infections cause serious health problems in human populations. Many agents can infect and replicate

in the respiratory tract, however, causative agents for 30 percent of respiratory infections remain unidentified

[1,2,3], suggesting that not-yet-identified pathogens, including viruses, remain to be discovered. Many of these

unknown viruses may be difficult to propagate in culture and for this reason, culture- and sequence-independent

metagenomic methods are needed to identify these agents. VIDISCA-454 (virus discovery cDNA-AFLP, amplified

fragment-length polymorphism combined with Roche 454 high-throughput sequencing) includes a reverse tran-

scription, second strand synthesis, restriction enzyme digestion, ligation to adaptors, PCR amplification, and

deep sequencing to generate virus sequences independent of the viral characteristics and its genome composition

[4,5,6,7,8,9,10]. Discovery of unknown pathogens in respiratory samples can be complicated by high concen-

trations of ribosomal RNA (rRNA), which competes for sequence space, reducing the number of reads that ori-

ginate from viruses [11]. Furthermore, attributing the presence of a virus in patient material to a disease, or even

an infection, can be a challenge. In particular, new viruses have been identified in human respiratory samples by

sensitive deep sequencing techniques, but a clear association of a new virus with a disease requires further detailed

investigations (e.g., torque teno mini virus and gamma human papillomavirus are not yet established as human

pathogens [6,12,13]). Another difficulty is to recognize new viruses among the massive amount of sequence data

generated. With most currently used methods, virus identification is dependent on the identity of the new virus

to already known virus genomes. National Center for Biotechnology Information (NCBI) Blast tool searches can

identify viruses if a closely related virus is present in GenBank, but highly divergent virus sequences may remain

unrecognized.

To overcome these limitations in virus discovery, we recently developed a modification of the VIDISCA-454 method

by adding an antibody capture step. This method uses host antibodies elicited by an infection, obtained from

convalescent serum one month after the respiratory illness. These antibodies are used to enrich the causative viral

agent from the respiratory material that was collected during the acute phase of the infection. The advantage of

the antibody capture approach is multi-fold: (1) it decreases the background rRNA increasing the relative per-

centage of virus sequence reads (2) it identifies viruses that induced an immune response in the patient, which

increases the chance to find a pathogenic virus; and (3) it allows the identification of new viruses that have very

low identity to known viruses [14]. In this study we identified a new type of rhinovirus C with this novel antibody

capture VIDISCA-454 method.

Rhinoviruses are non-enveloped viruses with a single-stranded positive-sense RNA genome of approximately

7200 nt. Their genome encodes a single open reading frame (ORF) encoding a polyprotein that is cleaved into

four structural proteins (VP1, VP2, VP3 and VP4) and seven non-structural proteins (2A, 2B, 2C, 3A, 3B, 3C

and 3D) [15]. VP1-4 form the capsid that surrounds the RNA genome, while the remaining nonstructural proteins

are involved in viral genome replication and virion assembly [16]. Rhinoviruses belong to the Enterovirus genus

within the Picornaviridae family [17] and three species are known: RV-A, RV-B, and RV-C [17]. Rhinoviruses

were first discovered in the 1950s and have been linked to the majority of upper respiratory tract infections in

humans. Furthermore, RV-C infection is found in about half of all rhinovirus infections in young children [18].
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Despite being highly prevalent, RV-Cs are however difficult to culture, with replication reported on commercial

3D human upper airway epithelia [19], sinus mucosal organ culture [18], human primary bronchial [20], and

sinus epithelial cells [21]. According to the latest classification, 53 Rhinovirus C types have been identified thus

far [22] with the novel virus identified here named RV-C54 by the International Committee on Taxonomy of Viruses

(ICTV) Picornaviridae Study Group [22].

Materials and Methods
Clinical Samples

The respiratory sample was collected in 2009 during the GRACE study [23,24] from a 35-year-old female patient.

A flocked nasopharyngeal swab (Copan, Brescia, Italy) was collected in universal transport medium (UTM). The

serum was collected 5 weeks after acute infection (convalescent serum), at that time the patient was symptom

free. During the acute phase the patient had respiratory complaints including rhinorrhea, severe shortness of breath,

wheeze and phlegm production. The sample tested negative by real time PCR for known viruses including influenza

virus A, influenza virus B, respiratory syncytial virus, rhinoviruses, human parainfluenza viruses 1–4, adenovirus,

bocavirus, human metapneumovirus, polyomaviruses KI and WU, and human coronaviruses-OC43, -229E, and

-NL63. Furthermore, all bacterial diagnostics remained negative including Mycoplasma pneumoniae, Chlamydophila

pneumoniae, Bordetella pertussis,Legionella pneumophila, Streptococcus pneumoniae, and Haemophilus spp.

Ethical Approval

The ethics review committee in Barcelona (Spain) Comitè ètic d'investigació clínica Hospital Clínic de Barcelona

approved the study.

Antibody Capture

The respiratory sample was centrifuged (10,000 g) and 150 µL of the supernatant was mixed with 50 µL of a

mixture containing Dynabeads protein A, Dynabeads protein G, and BcMag protein L magnetic beads (suppliers

Invitrogen, Carlsbad, CA, USA and Bioclone, San Diego, CA, USA). After 20 min incubation, 10 µL of convalescent

serum was added to the mixture. After a subsequent 20 min incubation with continuous shaking at room tem-

perature, samples were washed six times with PBS using a magnetic particle concentrator. Universal transport

medium with TURBO™ DNase (Ambion, Austin, TX, USA) was added to the antibody-antigen complex and

samples were incubated at 37 °C for 30 min. The complexes were lysed with Boom-lysis buffer L6 [25] and the

lysate was used to isolate the nucleic acids with the Boom extraction method with elution in sterile water [25].

VIDISCA and Roche Titanium-454 Sequencing

VIDISCA-454 was performed on the sample (input) and after antibody-capture. The pretreatment to enrich for

capsid protected nucleic acids in the input was performed as previously described [9]. In short, input sample was

centrifuged for 10 min at 10,000 g and the supernatant was treated with TURBO™ DNase (Ambion). Sub-

sequently, nucleic acids were extracted by the Boom extraction method [25], with elution in sterile water con-
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taining rRNA-blocking oligonucleotides to prevent amplification of rRNA [9]. The nucleic acids from the input

original samples (“input”) and nucleic acids from the captured material (“enriched”) were reverse transcribed

into cDNA with Superscript II (Invitrogen) using non-ribosomal random hexamers [26]. Second strand DNA

synthesis was performed with Klenow fragment (New England Biolabs, Ipswich, MA, USA) and double-stranded

DNA was purified by phenol/chloroform extraction and ethanol precipitation. The double stranded DNA was

digested with MseI restriction enzyme (New England Biolabs). Adaptors were ligated to the digested fragments

followed by a size-selection purification to reduce the amplification of DNA fragments smaller than 200 bp

using Agencourt AMPure XP beads (Beckman Coulter, MA, USA). A 28-cycle PCR with adaptor-binding primers

was executed, combined with a purification of the PCR products (Agencourt AMPure XP PCR, Beckman Coulter,

MA, USA) to remove excess primers and short PCR-fragments. The DNA concentration was determined with

the Quant-it dsDNA HS Qubit kit (Invitrogen) and the KAPA Library Quantification kit (Kapa Biosystems,

Wilmington, MA, USA). Subsequently, the Bioanalyser (hsDNA chip, Agilent Technologies, Santa Clara, CA,

USA) was used to determine the average nucleotide length of the library which was diluted until 106 copies/µL,

clonally amplified in an emulsion PCR according to the suppliers’ protocol (LIB-A SV emPCR kit, Roche, Mannheim,

Germany), and sequenced on a GS FLX Titanium PicoTiterPlate (70 " 75) with the GS FLX Titanium XLR 70

Sequencing kit (Roche, Mannheim, Germany). Adaptor sequences and rRNA sequences were trimmed and removed

from the obtained sequence reads.

Xcompare2 Pipeline

To identify sequences enriched by antibody capture, reads obtained from the input sample (input dataset) and

from the post capture sample (enriched dataset) were compared to each other using the Python (version 2.7.8)

based Xcompare2 pipeline (source available on request). The Xcompare2 script creates a custom BLAST nucleotide

database [27] comprised of all reads within the input dataset, and subsequently identifies identical or near-identical

sequences (based on sequence identity) within the same input dataset by performing a stringent BLASTN search

(Dust filter disabled, E-value: 3E-60, word size: 11, match/mismatch scores 1/!2, gap existence/extension penalty:

5/2) with this database utilizing the input sequences as a query. These BLAST results are used to construct a new

library, containing both unique read sequences and consensus sequences of reads found multiple times (aligned

with MUSCLE (Version 3.8.31, 2013) [28,29] with the following settings: maximum number of iterations: 1;

diagonal optimization enabled, and metadata on sequence abundance). This library is converted into a second

custom BLAST database (flat database) to which sequences from the enriched dataset are compared using BLASTN

(Dust filter disabled, E-value: 3E-60, word size: 11, match/mismatch scores 1/!2, gap existence/extension penalty:

5/2). The results obtained from the second stage BLAST analysis are used to identify sequences, which are either

unique or more frequently detected in one of the two datasets (input or enriched). For every sequence present in

both the input and enriched dataset the Enrichment Index is calculated as the ratio between the percentage of

sequence space occupied by each unique sequence in the input dataset (number of reads in the input library matching

the unique sequence divided by the total number of reads of the library) and the enriched dataset (number of

reads in the enriched library after antibody capturing matching the unique sequence divided by the total number

8
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of reads of the library). Sequences which are observed solely in either the input or the enriched datasets are auto-

matically flagged and stored separately for manual inspection. In this study all sequences with an Enrichment

Index higher than 1.0 and sequences identified only in the enriched sequence set, were extracted and further

analyzed.

Sequence Analysis

Sequences were compared with all available sequences in the non-redundant GenBank database [30] via the

BLASTN (http://blast.ncbI.nlm.nih.gov/Blast.cgi) tool [31]. The following settings were used: expect threshold:

1000, Match/ Mismatch Scores: 1/!1, Gap Costs: Existence: 2 Extension: 1. The output was subsequently used

to create a taxonomic classification of the reads with Megan software version 5.6.1, (University of Tübingen, Tübingen,

Germany, 2014) [32]. The following settings were used: Min Support: 1, Min Score: 10, Top Percent: 100 and

Max expected: 100.

Full-Length Genome Sequencing

Full length sequencing of the rhinovirus C genome was performed via the VIDISCA procedure for enrichment

of particle-protected nucleic acid isolation and conversion of RNA into double stranded DNA (described above),

followed by Illumina MiSeq deep sequencing, exactly as described [33]. The complete genome sequence of the

new type of RV-C has been deposited in the GenBank sequence database under accession number KP282614.

Phylogenetic Analysis

Phylogenetic analyses (neighbor-joining method, Maximum Composite Likelihood model) were conducted using

MEGA, version 6 [34]. A thousand replicates were performed to add significance to the branches of the tree, and

a bootstrap value >80 was considered significant.

Virus Genome Characterization

NetPicoRNA program [35] was used to predict potential cleavage sites of the 2A and 3C protease. Mfold software

(State University of New York at Albany, New York, NY, USA, 2003) [36] was applied to generate a viral RNA

secondary structure. The identity was investigated by pairwise alignment using ClustalX Version 2.1 (University

College Dublin, Dublin, Ireland, 2007) [37]. The recombination detection program (RDP) version 4 (University

of Cape Town, Cape Town, South Africa, 2014) [38] was used to identify genetic recombination events.

Results
Within the GRACE study lower respiratory tract infections are examined for known viruses and bacteria [39].

Some of the infections remain unexplained as all diagnostic tests remain negative. Such a patient, with a rhinorrhea,

severe shortness of breath, wheeze and phlegm production was the source of the virus material examined here.

Since convalescent serum was available, antibody capture VIDISCA-454 was performed [14] in order to reduce

rRNA background and focus only on viruses to which the patient had developed an immune response. In total
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6569 sequence reads were obtained from the untreated material and 11,819 reads from the antibody-mediated

captured material. As expected the amount of rRNA in the capture dataset was low (3% in captured sample

compared to 35% in the untreated input).

To identify sequences enriched by antibody capture, reads obtained from the input sample (input dataset) and

from the post capture sample (enriched dataset) were compared to each other using the Xcompare2 pipeline (see

Materials and Methods). The script creates and compares two unique fragment libraries for both input and anti-

body-captured datasets to calculate the Enrichment Indices. Two consensus sequences only found in the captured

sequence library showed some identity to rhinovirus C. This enrichment indicates that antibodies from the patient

had captured the virus, strengthening the assumption that rhinovirus C was the cause of the lower respiratory

tract infection.

The shared nucleotide identity of the VIDISCA sequences with known rhinovirus C sequences was on average

73%. Since only full genome sequences can reveal whether it truly represents a new rhinovirus type or a recom-

binant virus, the complete genome sequence was determined with the ViSeq method, that uses Illumina MiSeq

sequencing and has the capacity to reveal a full-length virus genome sequence within one run [33]. The full-length

genome was 7054 nt in size, with a single large ORF of 6447 nt. The base composition of the RNA genome is

rich in A (31.5%) and U (25.2%) and relatively poor in G (22.0%) and C (21.3%), a property similar to other

rhinoviruses [40]. The single large ORF runs from nucleotide position 608 to 7054 preceded by a 5' untranslated

region (UTR). The ORF encodes a polyprotein of 2148 amino acids, which in analogy to other rhinoviruses is

probably cleaved by virally encoded proteases (2A and 3C) to yield 11 proteins. Proteinase cleavage sites on the

polyprotein were predicted by the NetPicoRNA program [35] and potential cleavage sites are listed in Table 1.

At the VP4/VP2 junction there is the Met 67/Ser 68 cleavage site, similar to what has been described for other

RV-Cs [41]. Another characteristic typical for RV-C is the isoleucine at the termination of the 3D polymerase

gene. Additionally, RV-C54 encodes this isoleucine.

Analysis of the rhinovirus genome secondary structure by Mfold revealed that the 607 nt long 5' UTR contains

a strong secondary structure at position 1 to 87 (Figure 1A), which is somewhat different from the cloverleaf

secondary structure motif described previously [40,41], as one arm is missing. This strong secondary structure

is followed by a spacer tract (88-GCUAUCCCCCCCAACUUAUGUAAU-107, [42]) and an internal ribosome

8

Table 1. 2A and 3C protease cleavage sites prediction

Position Protease Sequence
841 2A DSIKTA * GPSDL
330 3C SNRTQ * GLPV
537 3C VQSGQ * GAIL
983 3C LATTQ * GPIT
1329 3C LVIRQ * GFKT
1407 3C NAIFQ * GLG
1482 3C LCMTQ * GAY
1504 3C RAVVQ * GPQH1
1687 3C FVESQ * GEII
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entry site (IRES). The IRES length is 498 nt (109–606) and forms an unbranched stem in the 3' part of the predicted

RNA structure. As has been shown for other rhinoviruses, in the new type of RV-C the last AUG of the IRES

and the open reading frame AUG create a variably pair (Figure 1B), facilitating ribosome entry in a specific me-

chanism known for rhinoviruses [42]. Within the VP4/VP2 gene of RV-Cs, there is a cis-acting regulatory element

(CRE), and in the RV-C54 this CRE is located between nucleic acid positions 220–267 (Figure 1C).

A comparison of the VP1 encoding region revealed that the new virus shares 81% nucleotide identity with

its closest relative RV-C29. Phylogenetic analysis was performed based on the VP1 and VP4/VP2 regions using

available sequences in the GenBank and the inferred phylogenic trees are shown in Figures 2 and 3. The closest

relatives based on the VP4/VP2 sequences of strains that are completely typed are RV-C45 and RV-C29 with

85.0% and 84.8% identity, respectively. However, there are eleven additional strains of which only the VP4/VP2

sequences are available in GenBank. These strains are awaiting type assignments when their complete genome

or VP1 sequences have been determined. The VP4/VP2 sequence of RV-C54 has close identity with one of these

unassigned strains (95% at nt level: rhinovirus isolate RV1039 (EU752398.1), see Figure 3). Analysis by the

ICTV picornavirus study group using the complete viral genome sequence confirmed that our virus is the prototype

of a new type, named RV-C54.

Attempts to culture the virus on differentiated airway epithelial cells (HAE) failed. As the virus was missed

in diagnostics, the primers and probe (designed based on 5' UTR region of the RV-C genomes, nucleic acid posi -

Figure 1. Predicted RNA structures of (A) the complete 5' UTR; (B) ribosomal entry
structure within the IRES; (C) cis acting regulatory element in the VP2/VP4 gene
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tions 406–558) sequences of the real time PCR for rhinoviruses were examined in more detail. There are two

mismatches in one of the primer binding site used for rhinovirus PCR, which probably caused the negative result

in the RV diagnostic test (Figure 4).

8

Figure 2. Phylogenetic tree based on 
nucleotide sequences of the VP1 gene

Phylogenetic tree based on nucleotide sequences of the VP1 gene. The neighbor-joining tree (Maximum Composite
Likelihood model) was evaluated by 1000 bootstrap pseudo-replicates. RV-C54 is indicated in bold.
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Discussion
In this study a new type of rhinovirus (RV-C54) was identified in a patient with respiratory symptoms. The virus

was discovered using antibody capture VIDISCA-454, a culture- and sequence-independent virus discovery tech-

nique applicable to detect both RNA and DNA viruses. We have previously shown that the method facilitates

virus identification by enriching viral material with convalescent autologous patient antibodies prior to deep se-

quencing [14]. The requirement that an agent is recognized by the patient’s antibodies adds an important selec-

Figure 3. Phylogenetic tree based on 
nucleotide sequence of the VP4/VP2 gene

Phylogenetic tree based on nucleotide sequence of the VP4/VP2 gene. The neighbor-joining tree (Maximum Com-
posite Likelihood model) was evaluated by 1000 bootstrap pseudo-replicates. RV-C54 is indicated in bold. Se-
quences of strains awaiting complete genome or VP1 sequencing, and thus their final type assignment, are
indicated with GenBank accession numbers only.
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tion for immunogenic viruses [14]. The discovery of a new rhinovirus type by the antibody capture technique

demonstrates that the method can be used on clinical samples and that it has good potential to identify novel

immunogenic and likely pathogenic viruses. Although the immunogenicity of rhinoviruses is known, in case of

a completely new virus for which no prior data is available, the antibody capture gives a strong indication of in-

fectivity in human cells and immunogenicity. The enrichment index can be used to exclude non-immunogenic

viruses or viruses from other sources, including ingredients used in sample preparation or contaminants of the

sample.

The full genome sequence of the novel virus was used to classify the virus. RV-C strains are not easily cultivable

in vitro, and RV-C typing, thus, far has been based on phylogenetic analysis with the VP1, VP4/VP2 and the 5'

UTR coding region [17]. According to the most recent proposal for classification of rhinoviruses, a threshold of

13% divergence for VP1 nucleotide sequences is used for type assignment of RV-A and RV-C [17], and 12% divergence

at the nucleotide level of RV-B VP1 [17]. Since RV-C54 virus has 19% divergence in the VP1 region, the virus

is classified as a new type [22].

One of the important causes for diversification of Rhinovirus species is genetic recombination [15]. This can

create additional serotypes. We compared RV-C54 by RDP software with 30 full-length genome sequences of

RV-Cs available in GenBank, but found no evidence of recombination with known RV-Cs. Interspecies recom-

bination has also been described for the 5' UTR and 2A region between RV-A and RV-C, therefore, we checked

if there was more identity with RV-A at these parts of the genome, however, there was no evidence for recombina -

tion with any of the known RV-A types.

In conclusion, our results highlight the strength of the antibody capture method to identify novel viruses

that have elicited an immune response in the host.
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Discussion
The first part of this thesis describes next generation sequencing techniques that can be used to identify viruses

in stools. These techniques were validated and used to identify (novel) viral agents in unexplained diarrhoea cases

in late stage HIV-1 infected individuals. The second part of this thesis describes the discovery and characterisation

of two novel viruses identified in human stool samples of predominantly healthy early stage HIV-1 and non HIV-

1 infected individuals. The last part of this thesis describes a novel technology that can be used to enrich for

known and novel immunogenic viruses. 

Investigation of unexplained diarrhoea cases in late stage HIV-1 infected individuals

The gastrointestinal tract is one of the most affected sites in untreated HIV-1 infection [1,2] and routine dia-

gnostics in these diarrhoea cases often remains negative [3,4]. We show that VIDISCA-454 is a sensitive assay

for detecting viruses in fecal suspensions (chapter 2) and started a quest for known and novel viruses in late stage

HIV-1 infected individuals with unexplained diarrhoea (chapter 3). Although no viral agents were identified

that could explain the unexplained diarrhoea cases, this study does contribute to the understanding of the HIV-

1 related enteropathology frequently observed in late stage HIV-1 infected individuals. 

A novel immunodeficiency-associated stool virus (IASV), associated with low CD4 cell counts, was identified

in this study. IASV was only found in individuals with advanced HIV-1 disease progression, but the reason for

this remains mysterious. It can be that IASV is normally present inside CD4 cells and is released from CD4 cells

upon HIV-1 infection. However, a more likely explanation could be that immunocompetent individuals can clear

IASV infection, whereas late stage HIV-1 infected individuals may be unable to do so. To test this hypothesis,

stools of immunocompromised patients, other than HIV-1 related, could be tested for the presence of IASV. 

Next to IASV, also aichi virus was found more often in late stage HIV-1 infected individuals. Recently, a

study was performed in HIV-1 infected and non HIV-1 infected children with diarrhoea and this study confirmed

our observation that aichi virus is more frequently detected in HIV-1 infected individuals [5]. In literature it has

been shown that pathogenic simian immunodeficiency virus (SIV) infection in monkeys is associated with an ex-

pansion of the enteric virome [6]. Not only enteric pathogenic viruses but also commensal viruses are more

present in pathogenic SIV infected monkeys. Enrichment of the general enteric virome might also occur in humans

and could explain why IASV and aichi virus are found more often in late stage HIV-1 infected individuals.

Complete viral genome sequencing

VIDISCA-454 relies on libraries generated via digestion with a restriction enzyme [7]. Due to the strict position

of recognition sites no complete genomes of novel viruses can be generated. However when describing a new

virus or a new variant of a virus, preferably the complete genome of this virus should be determined. This does

not only facilitate the generation of primers for sensitive and specific diagnostic assays, but also allows virus genome

analysis, e.g. for the identification of functional domains, for molecular epidemiological investigations and for

virus evolution studies. To enable complete genome characterization directly after next generation sequencing,

a random shearing technique followed by Illumina deep sequencing (ViSeq) may be the solution to obtain sufficient
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overlapping sequence reads. The power of ViSeq was demonstrated in fecal samples from late stage HIV-1 infected

individuals, in whom 12 complete genomes from 6 different viral families could be generated (chapter 4). Since

this method has proven to be a powerful tool to generate complete viral genomes, ViSeq was applied to 200 fecal

samples of predominantly healthy early stage HIV-1 and non HIV-1 infected individuals from 1984 and 1985,

and complete coding sequences of two novel viruses were identified: husavirus (chapter 5) and bastrovirus (chapter 6).

Husavirus is a novel member of the Picornavirales with the recently discovered posaviruses [8,9] and fisavirus

[10] being the closest relative. The infectious host of these viruses needs to be determined but it has been sug-

gested that these viruses may infect parasite species residing in the gut of the infected host [9]. However, husavirus

only shares limited identity to the RdRp protein of posavirus (30% AA identity) and fisavirus (29% AA identity).

Therefore several different parasite species should be tested for the presence of these viruses, although other in-

fectious hosts, including humans or bacteria of the gut should not remain unexplored.

Bastrovirus is a novel astrovirus-like virus that encodes a putative protein with an astrovirus structural protein

domain but also a putative protein domain that looks more like a non-structural protein derived from hepatitis

E virus. Seven complete coding sequences of bastrovirus were obtained that are especially variable in the predicted

immunogenic parts of the capsid protein. This suggestion of adaptive immune pressure indicates that bastrovirus

infects vertebrates. Therefore several different animal species can be screened for the presence of other bastrovirus

variants, types or species. Several sequence databases containing sequences derived from porcine, lemur, cat, fish,

and monkey samples were screened in silico for the presence of bastrovirus or bastrovirus-like sequences, but

thus far the virus is only found in human stools (Oude Munnink et al., unpublished data). Since hepatitis E virus

replicates in human liver cells [11] and astrovirus infections are also observed at other sites of the body in animals

[12] and humans [13,14], not only the gastrointestinal tract but also other sites of the body should be investigated

for the presence of bastrovirus. Serum samples obtained from individuals that shed bastrovirus in their stools

were tested but remained negative for bastrovirus (Oude Munnink et al., unpublished data).

Together these data indicate that we have developed a sensitive next generation sequencing technique that is, in

combination with the development of several novel genome assembly and iterative sequence classification algo-

rithms, able to generate complete viral coding sequences directly from clinical stool specimens. Since this method

uses a sequence independent amplification technique, virtually all viruses present in stool samples can be detected,

including novel viruses. 

Difficulties in determining the pathogenicity of novel viruses

Recently several novel gastrointestinal viruses have been identified in patients suffering from diarrhoea [15-20]

but for most of these agents the pathogenicity remains to be determined. Also in this thesis novel viruses are de-

scribed without a clear association with disease. The identification and characterization of these novel viruses

certainly increased our knowledge about viruses that can be found in the gastrointestinal tract of humans. Ho-

wever, a high quantity of virus in stools does not mean that the virus is replicating in the examined host. It has

been shown that dietary viruses [21], viruses derived from animals [22], bacteriophages [23] and viruses infecting

protozoa (chapter 3) can be found in human stool samples [21]. These agents can also be found in high viral



135

loads, for instance in some cases the cucumber mosaic virus can be detected in over 50% of all sequence reads de-

rived from a human stool sample (Oude Munnink et al., unpublished data). 

On the other hand, the lack of a significant association of a certain virus with disease does not exclude that the

virus can infect human cells. The initial association of virus with disease can be misleading since prolonged shead -

ing of viral agents and asymptomatic infections have been described. Prolonged shedding of norovirus has been

observed for up to 47 days in infants [24] and even up to 182 days in adults [25]. In addition, asymptomatic noro -

virus infections are observed in infants and adults [26,27]. Also for other pathogenic enteric viruses, like adeno-

virus, astrovirus and rotavirus, prolonged shedding and asymptomatic infections have been described [28-30].

Prolonged and asymptomatic shedding of enteric viruses especially occurs in immunocompromised individuals,

reviewed in [31]. The occurrence of asymptomatic shedding makes it difficult to associate viruses with disease

and might be the reason why many recently identified viruses in first instance are not clearly associated with

diarrhoea.

Koch already recognized in 1891 that associating the presence of a certain agent with a certain disease is complex,

and therefore he postulated guidelines that should be followed before a microbe can be classified as a pathogen

[32]. His postulates can be summarized in three points: (1) the microbe occurs in every case of the disease in

question and under circumstances which can account for the pathological changes and clinical course of the dis-

ease, (2) the microbe occurs in no other disease as a fortuitous and nonpathogenic parasite, and (3) after being

fully isolated from the body and repeatedly grown in pure culture, the microbe can induce the disease anew. If a

microbe has fulfilled these three postulates it can be stated that: “the occurrence of the microbe in the disease can

no longer be accidental, but in this case no other relation between it and the disease except that the microbe is the

cause of the disease can be considered”. Since then, attempts have been made to adjust the Koch’s postulates spe-

cifically for viruses and the current methodologies deployed [33,34]. 

The major change Rivers made in his alternative postulates is that the third Koch’s postulate is replaced by

the measurement of a specific immune response against the infectious agent. However due to the lack of an efficient

cell culture system [35-37], difficulties in antigen synthesis and high levels of viral genetic diversity within viral

groups, reviewed in [38], fulfilling these alternative postulates is also often difficult. Fredricks et al., changed

the postulates to better match the frequently used case-control studies. The basis of their postulates is that a nucleic

acid sequence belonging to a putative pathogen should be present in host or tissue samples in most cases of an

infectious disease while fewer, or no copy numbers should be present in tissue or host samples without disease.

For enteric viruses however, these postulates are less applicable since enteric viruses can be shed for a prolonged

time, as described above. 

Adding significance to virus discovery in stool samples

Since viruses from diverse sources can be detected in human fecal samples, it is important to make a distinction

between human viruses and for instance food-derived viruses. To that point a selection should be made, preferably

prior to next generation sequencing. Bacteriophages, plant viruses and animal viruses are biologically indistin-

guishable from human viruses because they are the same size, harbour RNA or DNA and cover their genomic
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material by a capsid like structure. The only difference may be that viruses infecting human cells induce an im-

mune response in the host while those that do not infect human cells do not. Therefore a novel next generation

sequencing method that makes use of antibodies to enrich for immunogenic viruses was developed. This method

specifically captures immunogenic viruses while non-immunogenic viruses are not captured. This novel method

was validated on several fecal samples containing adenovirus, sapovirus, norovirus, or enterovirus (chapter 7). 

While adenovirus, sapovirus and norovirus are efficiently captured utilizing this method, it was surprising to

notice that in one patient the enterovirus was not captured. The genotyping tool for enteroviruses [39] revealed

that this patient shed enterovirus A90, a recently described enterovirus detected in a fecal sample of a patient

with diarrhoea [40]. While not much is known about this enterovirus type, for other enteroviruses it has been

described that they use the upper respiratory tract and the small intestine to enter the body to subsequently rep -

licate in lymphoid tissue [41]. In general enteroviruses are not regarded as one of the major causative agents of

gastroenteritis according to several reviews [42,43]. Occasionally diarrhoea is observed as accompanying symptom

but it is seldom the only manifestation of enterovirus infection and most of the times the least severe complaint

[41]. Although some types of enteroviruses are causing more gastrointestinal problems than others [44], not

much is known about the pathogenicity of enteroviruses in the intestines. The presence of enterovirus was also

not associated with diarrhoea in our study (chapter 3). 

The power of the antibody capture technique in combination with ViSeq is demonstrated by the discovery of

a novel rhinovirus C type in a respiratory sample (chapter 8). This virus was not detected in rhinovirus diagnostic

PCR, most probably due to two mismatches at the 3’ end of the forward primer. Therefore the detection and

complete genome determination of this novel rhinovirus type C contributes to the future development of a more

sensitive rhinovirus diagnostic PCR assay and perfectly demonstrates the necessity to generate complete genome

sequences after detecting novel viruses.

Antibody capture and the newly identified viruses

Since the antibody capture method works for classical enteropathogenic viruses, this methodology was also applied

in an attempt to capture the newly identified viruses described in this thesis. An antibody capture VIDISCA-

454 was performed on two bastrovirus positive samples. In one sample the bastrovirus load was too low, and the

bastrovirus was not detected in the input material nor in the capture fraction, while in the other sample 14 se-

quence reads derived from bastrovirus were found in the input material while it was undetectable in the captured

material (Oude Munnink et al., unpublished data). This data indicates that bastrovirus might not induce a

(strong) immune response in humans, but this finding should be interpreted with care. Bastroviruses were ori-

ginally detected using ViSeq, which typically results in several million sequence reads per sample, while VIDISCA-

454 in this case only resulted in between 1,015 and 5,814 sequence reads per sample. Also, samples underwent

an additional freeze-thaw step, which might explain why bastrovirus was detected in low quantities in one sample

while it was undetectable in another sample. For husavirus no antibody capture experiment was performed because

the viral load of husavirus was even lower than the load in the two bastrovirus samples. 

This result demonstrates one of the major limitations of the antibody capture method: the virus has to present
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with high viral loads. While using the antibody capture method the background (e.g. nucleic acids derived from

plant virus, bacteria or from the host) is drastically reduced and the amount of immunogenic viruses relatively

increases. However, also some immunogenic viral content is lost during the process. In respiratory samples, the

amount of ribosomal RNA declines with 2-3 logs after antibody capture, but also the viral load declines with 1-

2 logs (chapter 7 and unpublished data). The efficiency of this process could potentially be improved by using

dynabeads with a broader binding capacity. Typically an acute enteric infection results in the production of serum

IgG antibodies and secretory IgA in the gastrointestinal tract [45]. Therefore dynabeads protein A and G, which

are able to capture IgG antibodies, were used. However, to broaden the binding range also protein L can be used,

which is able to bind IgA, IgD, and IgM antibodies. 

Future perspective

Next generation sequencing techniques have flourished over the last coupled of years. By now it is relatively easy

to immediately generate complete viral genomes after next generation sequencing, as demonstrated by the novel

methodologies described in this thesis. Therefore it is time for the next step, trying to immediately add signific -

ance to the finding of a novel, potential pathogenic, viral agent. 

Several approaches have been attempted to develop a methodology to facilitate this. One method to enrich

for eukaryotic viruses prior to next generation sequencing is the so-called VirCapSeq-VERT, which uses ~2

million probes that covers all genomes of members of the viral taxa known to infect vertebrates. These probes

are ligated to the library before next generation sequencing and have shown to result in a 100 – 10,000 fold in-

crease in viral reads [46]. Another method to only enrich for immunogenic viruses is the use of the antibody cap-

ture method. However next to their potential, both methods also have some limitations: VirCapSeq-VERT is

unable to detect novel viruses while for the antibody capture method convalescent serum needs to be available.

Potentially, using pooled serum from the same community as the patient can solve a lack of convalescent serum.

At the moment the most straightforward method to demonstrate association with disease is using case-control

studies. In order to perform such studies large amounts of matched stool samples have to be collected in case and

control groups from the same geographical locations in the same period of the year. In the recent years case-

control studies were performed using conventional real time PCRs, yet in the future next generation sequencing

techniques can be used for such case-control studies. Since it allows detection of virtually all viral nucleic acids,

next generation sequencing has an advantage compared to specific PCRs. Next generation sequencing prevents

the necessity to perform numerous PCRs to screen for all viruses suspected to be associated with disease, and

novel variants of currently known viral families or novel virus species can be detected which can be particularly

beneficial if only few reference genomes are available. The major benefit of such case-control sequence databases

is that in the future immediately the most important question can be answered if a novel virus is identified in

diarrhoea cases: is the virus likely to cause disease?

In conclusion, the long list of viruses identified in the gastrointestinal tract is most probably not final yet. It

is to be expected that several novel viruses will be described in the near future, since the identification of these

agents using the current next generation sequence technologies is no longer a difficulty. Therefore, adding relevance
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to the discovery of novel viruses should be the main goal for future studies. One way forwards is increasing the

sensitivity of the antibody capture assay through which it can also be used for samples with low viral loads. Another

alternative is the construction of a large database containing sequence reads of several matched case and control

groups that can be accessed in case a novel virus is identified. 
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Chapter 10

Summary
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Summary
The gut, among all parts of the human body, carries the most diverse virome. Enteric human viruses can reside

in the gut (e.g. during an acute infection), but dietary viruses and bacteriophages outnumber the quantity of

these viruses. The research presented in this thesis is focused on unknown viruses within the gut virome of people

with unexplained disease. Several viruses, that have thus far remained unrecognized, are presented in this thesis.

Whether it is likely that these novel viruses indeed infect humans has been examined for each of them.

In chapter 2, we present the virus discovery tool VIDISCA-454 that allows sequencing of viruses directly

from clinical stool specimens. A depth of around 10,000 sequence reads is sufficient to detect a virus in clinical

materials if it is present at viral loads above 100,000 copies/ml. The method was applied to a set of fecal samples

collected from HIV-1 infected patients with and without diarrhoea (chapter 3), of which most were in late stage

of infection. One novel virus was identified (IAS virus). Remarkably, this virus was only found in late stage HIV-

1 infected individuals, hence the name immunodeficiency-associated stool virus.

While performing data analysis on the VIDISCA-454 sequenced human stool samples, it was observed that

the background nucleic acids in stool samples are very complex. This complex background might hamper virus

discovery. Therefore, a new method in which VIDISCA is adapted to Illumina sequencing (ViSeq) is developed

(chapter 4). The Illumina machine does not only allow more in depth sequencing but also the generation of com-

plete genome sequences because the dsDNA is randomly sheared instead of digested with a restriction enzyme

(used in VIDISCA). While using this method, two complete genomes of novel viruses were detected in fecal

samples of predominantly healthy individuals, tentatively named husavirus (human stool associated virus) and

bastrovirus (basal astrovirus).

Husavirus clusters within a novel group of the Picornaviridae (chapter 5). This novel group is very diverse

and contained only 4 members before the detection of husavirus: one virus from fish (fisavirus) and three viruses

from pigs (posavirus 1, 2 and 3). Husavirus could be the first human member of this mysterious and diverse

group of the Picornaviridae, yet we could not determine whether this virus is likely to infect human cells, e.g.

measure antibody response, association with disease, variation in antigenic regions. So despite the presence of

the virus in various human fecal samples collected over a period of 30 years, the role and origin of this virus in

the gut remains an enigma. 

Bastrovirus is an RNA virus with a genome of around 6300nt (chapter 6). The viral genome carries two open

reading frames (ORFs), one coding for a putative structural protein and one coding for a putative non-structural

protein. The closest relative of bastrovirus at first glance the family of astroviruses, with measurable amino acid

identity of 45% based on the structural protein. Bizarrely, this relatedness is invisible when the non-structural

protein is used in amino acid alignments. Instead, the non-structural protein presents some resemblance with

the Hepeviridae. A total of 7 full genome sequences were compared and for all 7 the same discordant phylogenetic

clustering was observed.

Despite the unusual genome composition, detection of the bastrovirus in the gut is not rare, the virus is

present in 8.7% (35/400) of fecal samples collected from 300 HIV-1 positive and 100 HIV-1 negative individuals

suggesting common occurrence of the virus. The variation we observed among the 7 strains was large (67%-93%
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interspecies variation) and the variation was highest at those regions containing suspected antigenic regions (pre-

dictions based on hydrophobicity). Therefore the host of bastrovirus is most likely a vertebrate, either the person

donating stool, or alternatively a vertebrate that is prepared as food, and in the latter case bastrovirus is a dietary

virus. 

The abovementioned quests for viruses and their natural host nicely illustrate the difficulty in proving that a

novel virus is a human virus. It would make virus discoverers’ life easier if dietary viruses and bacteriophages are

excluded from a stool sample, prior to library preparation and sequencing. To address that point an assay to spe-

cifically enrich for immunogenic viruses is developed and presented in chapter 7: antibody capture VIDISCA-

454. A selection step is included that makes use of antibodies in serum to catch only those viruses in stool to

which we have mounted an antibody response. The proof of principle was demonstrated for enteric human viruses

like norovirus and sapovirus, that indeed were captured and sequenced, whereas at the same time dietary viruses

like cucumber mosaic virus and a bacteriophage were not captured and their sequences enormously decreased

among the gut virome sequence reads. This method was subsequently successfully applied to a set of respiratory

samples in which we successively discovered a novel rhinovirus type C (chapter 8).

10
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Chapter 11

Samenvatting
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Samenvatting
De darmen bevatten een divers scala aan verschillende virussen. Naast humane darmvirussen (bijvoorbeeld aan-

wezig tijdens een acute infectie) kunnen ook bacteriofagen en virussen afkomstig uit voedsel in de darmen ge-

vonden worden. Het onderzoek dat beschreven word in dit proefschrift is gericht op onbekende virussen in de

menselijke darmen. Meerdere virussen die tot nu toe onbekend waren worden gepresenteerd in dit proefschrift.

Voor elk van deze nieuwe virussen hebben we uitgezocht of het aannemelijk is dat deze virussen daadwerkelijk

mensen kunnen infecteren.

In hoofdstuk 2 presenteren we VIDISCA-454, een “virus discovery” techniek die in staat is om virussen direct

uit klinische ontlasting monsters te sequensen. Een diepte van ongeveer 10.000 sequenties per monster is vol-

doende om het virus aan te kunnen tonen indien het aanwezig is in een virale load van tenminste 100.000 ko-

pieën/ml. Deze techniek hebben we toegepast op ontlasting monsters van HIV-1 geïnfecteerde personen die last

hebben van onverklaarbare diarree (hoofdstuk 3). Veel personen verkeerden in een laat stadium van een HIV-1

infectie (+/- 50% met diagnose AIDS). In deze monsters hebben we één nieuwe virus gevonden. Opmerkelijk

genoeg werd dit virus alleen gevonden in HIV-1 geïnfecteerde personen met diagnose AIDS, of personen met

AIDS-gerelateerde symptomen, vandaar ook de naam: immunodeficiency-associated stool virus (IASV).

Tijdens het analyseren van de sequenties, gegenereerd met VIDISCA-454, werd het duidelijk dat de achter-

grond nucleïne zuren in ontlasting monsters erg complex is. Deze complexe achtergrond bemoeilijkt de detectie

van nieuwe virussen. Daarom hebben we een nieuwe techniek opgezet waarin VIDISCA is aangepast voor het se-

quensen op een Illumina machine (ViSeq, hoofdstuk 4). Het sequensen op een Illumina machine genereert niet

alleen meer sequenties, maar het zorgt er ook voor dat complete genoom sequenties van virussen kunnen worden

bepaald omdat het dsDNA willekeurig in stukjes wordt geknipt in plaats van op herkenningssequenties (zoals

TTAA bij VIDISCA-454). Tijdens het toepassen van deze techniek op ontlasting monsters werden twee nieuwe

virussen gevonden: het husavirus en het bastrovirus.

Husavirus behoort tot een nieuwe groep van de familie Picornaviridae (hoofdstuk 5). Deze groep is erg divers

en had maar 4 leden voor de ontdekking van husavirus: een virus gevonden in vissen (fisavirus) en drie virussen

gevonden in varkens (posavirus 1, 2 en 3). Husavirus kan het eerste humane lid van deze diverse en mysterieuze

groep virussen zijn, maar wij konden niet bepalen of dit virus mensen infecteert. We vonden bijvoorbeeld geen

associatie met ziekte en geen variatie in antigene gebieden. Wel zagen we dat het virus regelmatig in de darm te

vinden is gedurende een tijdspanne van 30 jaar. 

Bastrovirus is een RNA virus met een genoom die bestaat uit ongeveer 6300 nucleotiden. Het genoom bevat

twee open reading frames (ORFs) waarvan er een codeert voor een mogelijk structureel eiwit en de ander waar-

schijnlijk voor een niet-structureel eiwit. Op het eerste oog lijkt bastrovirus het meest op astrovirussen, met 45%

identiteit op aminozuur niveau (structureel eiwit). Deze identiteit is echter niet aanwezig in het niet-structurele

eiwit. Sterker nog, dit eiwit lijkt meer op een niet-structureel eiwit van de Hepeviridae. In totaal zijn er 7 geno-

men in het geheel bekeken van 7 bastrovirus varianten en alle 7 laten de discordante gelijkenis zien.

Ondanks de ongebruikelijke genoomorganisatie is bastrovirus detectie in de darm niet ongewoon, in 8.7%

(35/400) van de ontlastingsmonsters, van 300 HIV-1 positieve en 100 HIV-1 negatieve individuen, werd het
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bastrovirus gevonden. We vonden veel variatie binnen de 7 verschillende bastrovirus types (67%-93% intraspecies

variatie) en de verschillen waren het grootst in de regio’s die waarschijnlijk antigeen zijn (voorspelling gebaseerd

op hydrofobiciteit). Hierdoor is het aannemelijk dat bastrovirus een gewervelde infecteert, hetzij de persoon die

de ontlasting heeft gedoneerd, hetzij consumptiedieren (zoals rund, varken, kip) die door de persoon zijn opge-

geten, aangezien virussen in voedsel in ontlasting terecht kunnen komen.

De bovenstaande zoektocht naar virussen en welke host ze kunnen infecteren geeft weer hoe moeilijk het is

om te bewijzen dat een nieuw virus een humaan virus is. Het zou ons leven een stuk makkelijker maken als bacterio -

fagen en virussen afkomstig uit voedsel voor het sequensen zouden kunnen worden geëxcludeerd. Daarom is er

een techniek ontwikkeld die specifiek immunogene virussen verrijkt: antibody capture VIDISCA-454 (hoofdstuk

7). Een selectie stap is toegevoegd die gebruik maakt van antilichamen uit serum om alleen virussen uit ontlasting

te verreiken waartegen we antilichamen hebben opgewekt. Deze methode werkt voor humane darmvirussen zoals

norovirus en sapovirus, terwijl bacteriofagen en virussen afkomstig uit voedsel, zoals het komkommer mozaïek

virus, niet worden gevangen, met bijbehorende reductie van sequenties van deze virussen. Deze techniek is vervolgens

succesvol toegepast op een set respiratoire monsters waarin we een nieuw type rhinovirus C hebben ontdekt

(hoofdstuk 8).

Het onderzoek beschreven in dit proefschrift laat zien dat darmen verscheidene virussen bevatten waarvan we

tot voor kort het bestaan niet wisten. Deze nieuwe virussen kunnen hypothetisch nieuwe pathogenen zijn voor

de mens, maar het is even waarschijnlijk dat ze onschadelijk zijn, en bijvoorbeeld afkomstig uit voedsel. Het is

zelfs mogelijk dat de virussen kunnen zorgen voor welzijn, bijvoorbeeld als een virus een darm-pathogeen (zoals

een parasiet) infecteert. Dit scala aan mogelijkheden laat zien dat een frisse en open blik essentieel is bij onderzoek

naar virussen in ontlasting.

11
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