
Next	  generation	  sequencing:	  
applications	  for	  bacteria	  &	  viruses	  

Sarah	  Pendergrass	  PhD,	  MS	  
Center	  for	  System	  Genomics	  



•  One	  of	  the	  most	  direct	  uses	  of	  these	  new	  technologies	  
•  Iden=fica=on	  and	  discovery	  of	  microorganisms	  and	  viruses	  

•  Previous	  methods	  for	  iden=fica=on	  include	  
•  Viral	  and	  pan-‐microbial	  oligonucleo=de	  microarray	  analysis	  
•  Polymerase-‐chain	  Reac=ons	  (PCR)	  assays	  for	  known	  viruses	  
•  Viral/bacterial	  culture	  
•  Depending	  on	  method,	  can	  be	  =me	  consuming	  with	  poor	  sensi=vity	  

•  NGS	  can	  be	  used	  when	  these	  results	  are	  inconclusive	  

NGS:	  Applications	  



•  Useful	  for	  metagenomics	  
•  Gene=c	  material	  collected	  directly	  from	  the	  
environment	  
•  Detec=on	  of	  unknown	  disease-‐associated	  viruses/
bacteria	  and	  discovery	  of	  novel	  human	  viruses	  

•  Analysis	  of	  viral/bacterial	  genome	  variability	  within	  
the	  host	  
•  Microbiome	  studies	  

NGS:	  Applications	  



•  Drug	  response	  variability	  in	  pa=ents	  

•  Characteriza=on	  of	  contagious	  disease	  suscep=bility	  across	  
popula=ons	  
•  Started	  with	  GWAS	  
•  Extended	  with	  NGS	  

NGS:	  Applications	  



•  Discovery	  of	  an=bio=c	  targets	  for	  development	  of	  novel	  
an=bio=cs	  
•  Current	  trend	  of	  increasing	  an=bio=c	  resistance	  

•  Mul=ple	  drug	  resistant	  superbugs	  	  

•  Resistance	  when	  newly	  designed	  an=bio=cs	  are	  chemically	  similar	  to	  
previous	  ones	  already	  rendered	  ineffec=ve	  
•  	  An=bio=cs	  with	  NEW	  methods	  of	  ac=on	  

	  

NGS:	  Applications	  



•  Changes	  in	  	  
•  Human	  popula=ons	  
•  Ability	  for	  people	  to	  travel	  long	  distances	  quickly	  
•  Climate	  
•  Interfaces	  between	  animals,	  insects,	  and	  people	  
•  Human	  health	  status	  and	  ability	  to	  fight	  disease	  (HIV)	  

•  NGS	  useful	  for	  fast	  characteriza=on	  and	  detec=on	  of	  	  
•  Exis=ng	  and	  emerging	  zoono=c	  and	  arthropod	  transmiSed	  pathogens	  
•  Emergence	  and	  spread	  of	  new	  illnesses	  	  
•  Iden=fica=on	  of	  new	  illnesses	  

NGS:	  Applications	  



•  Growing	  list	  of	  epidemiological	  inves=ga=on	  of	  bacterial	  
pathogens	  

•  Predicted	  to	  include	  the	  drawing	  of	  more	  accurate	  
epidemiological	  outbreak	  maps	  

•  Deciphering	  of	  the	  evolu=onary	  history	  and	  gene=c	  makeup	  
of	  par=cular	  outbreak	  isolates	  

•  Metagenomics	  are	  also	  being	  proposed	  for	  infec=ous	  disease	  
detec=on	  

NGS:	  Applications	  
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Sequencing	  PlaWorms	  

Bacterial	  sequencing	  
454	  FLX	  Roche	  
Long	  reads	  for	  improved	  mapping	  in	  repe==ve	  regions	  
De	  novo	  assembly	  of	  sequences	  without	  a	  reference	  sequence	  is	  important!	  

(Reuters)	  -‐	  Illumina	  Inc	  signed	  a	  $17	  million	  contract	  to	  provide	  the	  
FDA	  with	  DNA	  sequencing	  product	  MiSeq	  and	  other	  reagents	  to	  help	  
the	  agency	  track	  food-‐related	  pathogen	  outbreaks	  



•  Bacterial	  Basic	  Steps	  
•  De	  novo	  assembly	  

•  Mapping	  sequence	  reads	  into	  con=guous	  sequences	  (con=gs)	  
•  Without	  a	  reference	  genome	  
•  Soaware	  approaches	  to	  do	  this	  (e.x.	  Velvet)	  

•  Now	  compare	  to	  a	  reference	  genome	  
•  Order	  con=gs	  against	  reference	  
•  MAUVE	  
•  ACT:	  Artemis	  Comparison	  Tool	  

NGS:	  Applications	  



•  Bacterial	  Basic	  Steps	  
•  Annotate	  

•  Gene	  finding	  
•  RAST,	  Prokka,	  DIYA,	  RATT	  
•  RAST	  can	  assist	  with	  producing	  a	  high-‐quality	  annota=on	  of	  the	  assembly	  
•  Genes	  can	  be	  viewed	  and	  compared	  to	  other	  genomes	  

•  Comparison	  to	  other	  genomes	  
•  Visualiza=on	  of	  these	  comparisons	  
•  BRIG,	  Mauve,	  ACT	  

NGS:	  Applications	  
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•  Viral	  Basic	  Steps	  
•  Sample	  library	  prep	  

•  DNA	  or	  RNA	  isolated	  from	  infected	  host	  or	  purified	  viruses	  

•  In=al	  BLAST	  and	  assembly	  of	  reads	  
•  Isola=on	  of	  poten=al	  virus	  sequences	  

•  Separate	  virus	  to	  non	  virus	  hits	  
•  Reassemble	  to	  longer	  con=gs	  
•  BLAST	  to	  iden=fy	  virus	  
•  Filling	  sequence	  gaps	  by	  PCR	  and	  Sanger	  sequencing	  

NGS:	  Applications	  

Liu	  et	  al,	  Viruses	  2011	  hSp://www.viprbrc.org/	  



•  Example	  of	  virus	  iden2fica2on	  
•  Iden=fica=on	  of	  hemorrhagic	  fever-‐associated	  arenavirus	  from	  
South	  Africa	  (Lujo	  virus)	  
•  Arenaviruses:	  RNA	  viruses	  in	  rodents	  
•  Most	  frequently	  transmiSed	  through	  exposure	  to	  rodent	  urine	  

Discovery	  of	  New	  Microorganisms	  and	  Viruses	  



•  Iden=fica=on	  of	  hemorrhagic	  fever-‐associated	  arenavirus	  from	  
South	  Africa	  (Lujo	  virus)	  
•  5	  cases	  of	  undiagnosed	  hemorrhagic	  fever,	  4	  fatal,	  aaer	  air	  transfer	  of	  a	  
cri=cally	  ill	  index	  case	  from	  Zambia	  to	  South	  Africa	  
•  Paramedic	  and	  other	  hospital	  staff	  
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Abstract

Lujo virus (LUJV), a new member of the family Arenaviridae and the first hemorrhagic fever–associated arenavirus from the
Old World discovered in three decades, was isolated in South Africa during an outbreak of human disease characterized by
nosocomial transmission and an unprecedented high case fatality rate of 80% (4/5 cases). Unbiased pyrosequencing of RNA
extracts from serum and tissues of outbreak victims enabled identification and detailed phylogenetic characterization
within 72 hours of sample receipt. Full genome analyses of LUJV showed it to be unique and branching off the ancestral
node of the Old World arenaviruses. The virus G1 glycoprotein sequence was highly diverse and almost equidistant from
that of other Old World and New World arenaviruses, consistent with a potential distinctive receptor tropism. LUJV is a
novel, genetically distinct, highly pathogenic arenavirus.
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Introduction

Members of the genus Arenavirus, comprising currently 22
recognized species (http://www.ictvonline.org/virusTaxonomy.
asp?version=2008), are divided into two complexes based on
serologic, genetic, and geographic relationships [1,2]: the New
World (NW) or Tacaribe complex, and the Old World (OW) or
Lassa-Lymphocytic choriomeningitis complex that includes the
ubiquitous arenavirus type-species Lymphocytic choriomeningitis virus
(LCMV; [3]). The RNA genome of arenaviruses is bi-segmented,
comprising a large (L) and a small (S) segment that each codes for
two proteins in ambisense coding strategy [4,5]. Despite this
coding strategy, the Arenaviridae are classified together with the
families Orthomyxoviridae and Bunyaviridae as segmented single-
strand, negative sense RNA viruses.

The South American hemorrhagic fever viruses Junin (JUNV;
[6,7]), Machupo (MACV; [8]), Guanarito (GTOV; [9]) and Sabia
virus (SABV, [10]), and the African Lassa virus (LASV [11]), are
restricted to biosafety level 4 (BSL-4) containment due to their
associated aerosol infectivity and rapid onset of severe disease.
With the possible exception of NW Tacaribe virus (TCRV; [12]),
which has been isolated from bats (Artibeus spp.), individual
arenavirus species are commonly transmitted by specific rodent
species wherein the capacity for persistent infection without overt

disease suggests long evolutionary adaptation between the agent
and its host [1,13–16]. Whereas NW arenaviruses are associated
with rodents in the Sigmodontinae subfamily of the family Cricetidae,
OW arenaviruses are associated with rodents in the Murinae
subfamily of the family Muridae.

Humans are most frequently infected through contact with
infected rodent excreta, commonly via inhalation of dust or
aerosolized virus-containing materials, or ingestion of contami-
nated foods [13]; however, transmission may also occur by
inoculation with infected body fluids and tissue transplantation
[17–19]. LCMV, which is spread by the ubiquitous Mus musculus as
host species and hence found world-wide, causes symptoms in
humans that range from asymptomatic infection or mild febrile
illness to meningitis and encephalitis [13]. LCMV infection is only
rarely fatal in immunocompetent adults; however, infection during
pregnancy bears serious risks for mother and child and frequently
results in congenital abnormalities. The African LASV, which has
its reservoir in rodent species of the Mastomys genus, causes an
estimated 100,000–500,000 human infections per year in West
African countries (Figure 1). Although Lassa fever is typically sub-
clinical or associated with mild febrile illness, up to 20% of cases
may have severe systemic disease culminating in fatal outcome
[20,21]. Three other African arenaviruses are not known to cause
human disease: Ippy virus (IPPYV; [22,23]), isolated from
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•  Iden=fica=on	  of	  hemorrhagic	  fever-‐associated	  arenavirus	  from	  
South	  Africa	  (Lujo	  virus)	  
•  454	  pyrosequencing	  of	  RNA	  extracts	  and	  serum	  and	  =ssues	  
•  Alignment	  of	  the	  sequences	  to	  the	  GenBank	  database	  using	  the	  Basic	  
Local	  Alignment	  Search	  Tool	  (BLAST)	  
•  BLASTn	  for	  nucleo=de	  sequences	  
•  BLASTx	  protein	  databases	  via	  nucleo=de	  query	  

Discovery	  of	  New	  Microorganisms	  and	  Viruses	  



•  Iden=fica=on	  of	  hemorrhagic	  fever-‐associated	  arenavirus	  from	  South	  
Africa	  (Lujo	  virus)	  
•  Iden=fica=on	  of	  the	  disease	  in	  72	  hours	  
•  First	  hemorrhagic	  fever–associated	  arenavirus	  from	  the	  Old	  World	  
discovered	  in	  three	  decades	  
•  Used	  a	  phylogene=c	  tree	  to	  show	  these	  rela=onships	  

Discovery	  of	  New	  Microorganisms	  and	  Viruses	  



•  A	  note	  on	  phylogene=cs	  
•  Alignment	  of	  nucleic	  acid,	  protein,	  or	  reference	  sequences	  between	  
organisms	  

•  Study	  of	  the	  evolu=onary	  history	  of	  species,	  organisms,	  genes	  or	  proteins	  
through	  the	  construc=on	  and	  analysis	  of	  mathema=cal	  en==es	  known	  as	  
trees	  or	  phylogenies	  

•  Phylogene=c	  tree—which	  is	  simply	  a	  graphic	  representa=on	  of	  the	  
computed	  results	  	  

Discovery	  of	  New	  Microorganisms	  and	  Viruses	  
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Abstract Metagenomics and the development of high
throughput next generation sequencing capabilities have
forced significant development in the field of phylogenetics:
the study of the evolutionary relatedness of the planet’s
inhabitants. Herein, I review the major tree-building strate-
gies, challenges and opportunities which exist in this rapidly
expanding field of evolutionary biology.

Introduction

Phylogenetics, derived from the Greek terms phylon (mean-
ing ‘tribe’) and genetikos (meaning ‘genitive’) is the study
of the evolutionary history of species, organisms, genes or
proteins through the construction and analysis of mathemat-
ical entities known as trees or phylogenies [1]. Darwin’s On
The Origin of Species first published in 1859 marked the
birth of phylogeny, a discipline whose primary aim is to
classify all living organisms—grouping all extant descen-
dants of a given ancestor within specific groups or clades
[2]. Phylogenetics also provides insights into the shared
properties of members within each clade, allowing us to
infer ancestral properties based on observable characteristics
of extant organisms.

Modern phylogenetic analysis involves the progressive
alignment of nucleic acid and/or protein sequences between
extant organisms. An inference is then generated to explain
the repartition of character states and the results presented as
a phylogenetic tree—which is simply a graphic representa-
tion of the computed results. A considerable limitation of
traditional morphology-based phylogeny methodologies is
the fact that reconstructing ancient evolutionary events

requires a significant amount of character changes. Further-
more, many of these morphological characters are likely
under selective pressure and subject to convergence [3].
Based solely on this criterion, most organisms lack suffi-
cient phenotypic characters to perform effective compara-
tive analyses [4]. However, rapid development of next-
generation DNA sequencing technologies coupled with sig-
nificant advances in the growing area of proteomics has
effectively overcome this limitation [5–7].

The accelerating accumulation of molecular sequence data,
arising from concerted large-scale genomic and metagenomic
sequencing projects, continues to provide countless opportu-
nities for uncovering evolutionary relationships [8–12]. In-
deed, while early molecular phylogenetic approaches centred
on individual DNA sequences coding for RNA or proteins, or
the derived amino acid sequences of the latter, more recent
analysis of whole genomes has led to the development of
phylogenomics—a powerful approach to analyse complete
genome sequences as a metasequence [13].

The current review is designed not as an exhaustive review
of the state of the art of phylogenetic inference (a feat which I
have left to other more capable hands [14–16]) but merely as a
primer, a form of CliffsNotes if you will, to the complex and
rapidly expanding field of phylogenetics.

How to Build a Tree…

While several methods exist for inferring evolutionary re-
latedness, most can be classified as either distance- or char-
acter-based methods (as outlined in Fig. 1). Distance-based
methods employ an algorithm incorporating a model of
evolution to compute a distance matrix from which a phy-
logenetic tree is calculated by means of progressive cluster-
ing. Specifically, distances in the matrix relate to the number
of differences between each pair of sequences (be it DNA or
protein). The model of evolution specifies how amino acid
substitutions occurred in the protein sequence since they last
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shared a common ancestor. Finally, the tree is constructed
from the numerical data in the matrix, with the most closely
related sequences occupying a position on the tree which is
distant from the less closely related sequences. Both the
neighbour-joining (NJ) and the unweighted pair groupmethod
using arithmetic averages (UPGMA) approaches to tree build-
ing employ distance-based methods. Although effective,
distance-based methods have a number of significant disad-
vantages. NJ may compute different tress depending on the
order in which the constituent sequences are added. Further-
more, NJ provides only a single tree rather than a consensus
tree from several optimal or near-optimal candidates. Other
distance-based methods include the weighted neighbour-
joining method (which assigns less weight to longer distances
in the distance matrix, thus reducing the negative impact
of ‘long branch attraction/distraction’), the Fitch–
Margoliash (FM) method [17] and minimum evolution
(ME) method [18]. The FM method seeks the least
squared fit of all observed pair-wise distances to the
expected distance of a tree. The ME method also seeks
the tree with the minimum sum of branch lengths, but
unlike FMwhich uses all the pair-wise distances,ME fixes the
internal nodes, using the distance to external nodes, and then
optimises the internal branch lengths. Although FM and
ME are the most accurate of the distance-based methods
(particularly for longer sequences), they are more time-
consuming than NJ, which for the most part generates
similar results.

Character-based methods, including maximum parsimo-
ny (MP), maximum likelihood (ML) and Bayesian inference
methods, search for the most probable tree (or trees) for a
specific sequence set, based on characters at each position of
the sequence alignment. Each character is considered one at
a time to calculate the ‘tree score’—representing the mini-
mum number of changes for maximum parsimony, the log-
likelihood value for maximum likelihood and the posterior
probability for Bayesian inference. The distance matrix,
maximum likelihood and Bayesian inference methods all
make use of a substitution model and as such are model-

based, while maximum parsimony does not have an explicit
model, its assumptions being implicit [14].

MP seeks to find the tree(s) that are compatible with the
minimum number of substitutions among sequences i.e. the
fewest evolutionary changes. An advantage of MP is that it
provides diagnosable units for each clade and branch
lengths in terms of the number of changes on each branch.
However, a significant limitation of the MP approach is that
it requires strict assumptions of consistency across sites and
among lineages. Thus, MP performance is significantly
affected when mutational rates differ between conserved
and hyper-variable regions, or if evolutionary rates are high-
ly variable among evolutionary lineages.

ML methods are based on specific probabilistic models
of evolution and search for the tree with maximum likeli-
hood under these models. The model of evolution may be
empirical or parametric. The major advantage of likelihood
approaches is that they are based on powerful statistical
theory, which facilitates the application of robust statistical
hypothesis testing and significant refinements to the
resulting phylogenetic trees. However, while these strong
statistical foundations make ML techniques arguably the
most powerful approach in terms of phylogenetic recon-
struction, ML approaches are computationally intensive
and as a result significantly slower to process, limiting its
use to a relatively small number of sequences [19].

Bayesian inference, like ML, is a general methodology of
statistical inference. However, unlike ML, in which the model
parameters are unknown fixed constants, Bayesian inference
model parameters are considered to be random variables with
statistical distributions. Prior to data analysis, parameters are
assigned a prior distribution which is combined with the data
to generate the posterior distribution [14]. Recent advances in
computational approaches such asMarkov chain Monte Carlo
algorithms (which generate a sample from the posterior dis-
tribution) have significantly improved the tree-building prop-
erties of Bayesian inference [20, 21].

In practice, both distance- and character-based methods
tend to be used concurrently. An initial tree may be

Fig. 1 Tree-building methods.
Schematic overview of the
major analytical approaches to
Phylogenetic tree building
(modified from [1])
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•  Lujo	  virus	  
•  Phylogene=c	  rela=onships	  
between	  LUJV	  and	  
reference	  sequences	  

•  Characteriza=on	  showed	  
virus	  to	  be	  a	  unique,	  
gene=cally	  dis=nct,	  and	  
highly	  pathogenic	  
arenavirus	  

Briese	  et	  al.	  PLOS	  Pathogens,	  2009	  

Discovery	  of	  New	  Microorganisms	  and	  Viruses	  



•  Example	  of	  virus	  iden2fica2on	  
•  Three	  pa=ents	  who	  died	  of	  a	  febrile	  illness	  
•  Transplanta=on	  of	  solid	  organs	  from	  a	  single	  donor	  

•  Three	  died	  within	  6	  weeks	  of	  transplanta=on	  
•  Donor	  died	  of	  cerebral	  hemorrhage	  10	  days	  aaer	  returning	  to	  Australia	  
aaer	  a	  trip	  to	  rural	  Yugoslavia	  	  

•  Conven=onal	  molecular	  tests	  had	  not	  been	  informa=ve	  
•  Bacterial	  and	  viral	  cultures	  
•  PCR	  assays	  for	  a	  number	  of	  viruses	  
•  Viral	  and	  pan-‐microbial	  microarray	  analysis	  

Discovery	  of	  New	  Microorganisms	  and	  Viruses	  



•  Three	  pa=ents	  who	  died	  of	  a	  febrile	  illness	  
•  RNA	  purified	  from	  brain,	  cerebrospinal	  fluid,	  serum,	  kidney,	  and	  liver	  from	  
transplant	  recipients	  
•  Diges=on	  with	  DNase	  enzyme,	  elimina=ng	  human	  DNA	  
•  RNA	  was	  reverse	  transcribed	  and	  amplified	  with	  random	  primers	  
•  Sequenced	  with	  454	  pyrosequencing	  technology	  

T h e  n e w  e ng l a nd  j o u r na l  o f  m e dic i n e

994

ments. The sequences recovered ranged in size 
from 45 to 337 nucleotides, with a mean length 
of 162. Sequences derived from the amplification 
primer and highly repetitive sequences were 
eliminated, yielding a net of 94,043 sequences. 
These sequences were processed with the use of 
algorithms that subtract vertebrate sequences, 
assemble contiguous sequences, and compare the 
residual nucleotide and deduced amino acid se-
quences in all six potential open reading frames 
with motifs represented in databases of microbes.

At the nucleotide level, sequence data were 
uninformative; however, BLASTX analysis of the 
deduced protein sequence revealed 14 fragments 
that were consistent with Old World arenaviruses 

(12 S-segment and 2 L-segment fragments) shar-
ing the closest relationship to LCMV.

Primers were designed for RT-PCR experiments 
to detect viral RNA in clinical specimens, assess 
the similarity of viral sequences among individual 
organs and recipients, and extend the viral se-
quence needed to facilitate characterization. Viral 
RNA was present in a total of 22 of 30 speci-
mens of tissue, blood, or cerebrospinal fluid from 
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•  Three	  pa=ents	  who	  died	  of	  a	  febrile	  illness	  
•  Subtrac=on	  of	  vertebrate	  and	  highly	  repe==ve	  sequences	  
•  Clustered	  non-‐redundant	  sequences	  (Cd-‐hit)	  and	  assembled	  into	  
con=guous	  sequences	  
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•  Three	  pa=ents	  who	  died	  of	  a	  febrile	  illness	  
•  Sequences	  assembled	  and	  compared	  with	  mo=fs	  represented	  in	  databases	  
of	  microbes	  

•  Sequences	  consistent	  with	  an	  Old	  World	  arenavirus	  
•  A	  new	  arenavirus	  related	  to	  lymphocy=c	  choriomeningi=s	  viruses	  
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Background
Three patients who received visceral-organ transplants from a single donor on the 
same day died of a febrile illness 4 to 6 weeks after transplantation. Culture, poly-
merase-chain-reaction (PCR) and serologic assays, and oligonucleotide microarray 
analysis for a wide range of infectious agents were not informative.

Methods
We evaluated RNA obtained from the liver and kidney transplant recipients. Unbiased 
high-throughput sequencing was used to identify microbial sequences not found by 
means of other methods. The specificity of sequences for a new candidate pathogen 
was confirmed by means of culture and by means of PCR, immunohistochemical, 
and serologic analyses.

Results
High-throughput sequencing yielded 103,632 sequences, of which 14 represented 
an Old World arenavirus. Additional sequence analysis showed that this new arena-
virus was related to lymphocytic choriomeningitis viruses. Specific PCR assays 
based on a unique sequence confirmed the presence of the virus in the kidneys, 
liver, blood, and cerebrospinal fluid of the recipients. Immunohistochemical analy-
sis revealed arenavirus antigen in the liver and kidney transplants in the recipients. 
IgM and IgG antiviral antibodies were detected in the serum of the donor. Serocon-
version was evident in serum specimens obtained from one recipient at two time 
points.

Conclusions
Unbiased high-throughput sequencing is a powerful tool for the discovery of patho-
gens. The use of this method during an outbreak of disease facilitated the identifi-
cation of a new arenavirus transmitted through solid-organ transplantation.

The new england  
journal of medicine
established in 1812 march 6, 2008 vol. 358 no. 10
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•  Arenaviruses	  
•  Infec=on	  with	  lymphocy=c	  choriomeningi=s	  virus	  (LCMV)	  is	  usually	  mild	  
•  Human	  to	  human	  transmission	  of	  LCMV	  has	  been	  known	  for	  recipients	  
of	  solid-‐organ	  transplants	  with	  fatal	  consequences	  
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Novel, Divergent Simian Hemorrhagic Fever Viruses in a
Wild Ugandan Red Colobus Monkey Discovered Using
Direct Pyrosequencing
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Abstract

Background: Simian hemorrhagic fever virus (SHFV) has caused lethal outbreaks of hemorrhagic disease in captive primates,
but its distribution in wild primates has remained obscure. Here, we describe the discovery and genetic characterization by
direct pyrosequencing of two novel, divergent SHFV variants co-infecting a single male red colobus monkey from Kibale
National Park, Uganda.

Methodology/Principal Findings: The viruses were detected directly from blood plasma using pyrosequencing, without
prior virus isolation and with minimal PCR amplification. The two new SHFV variants, SHFV-krc1 and SHFV-krc2 are highly
divergent from each other (51.9% nucleotide sequence identity) and from the SHFV type strain LVR 42-0/M6941 (52.0% and
51.8% nucleotide sequence identity, respectively) and demonstrate greater phylogenetic diversity within SHFV than has
been documented within any other arterivirus. Both new variants nevertheless have the same 39 genomic architecture as
the type strain, containing three open reading frames not present in the other arteriviruses.

Conclusions/Significance: These results represent the first documentation of SHFV in a wild primate and confirm the
unusual 39 genetic architecture of SHFV relative to the other arteriviruses. They also demonstrate a degree of evolutionary
divergence within SHFV that is roughly equivalent to the degree of divergence between other arterivirus species. The
presence of two such highly divergent SHFV variants co-infecting a single individual represents a degree of within-host viral
diversity that exceeds what has previously been reported for any arterivirus. These results expand our knowledge of the
natural history and diversity of the arteriviruses and underscore the importance of wild primates as reservoirs for novel
pathogens.
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Introduction

Simian hemorrhagic fever virus (SHFV) was discovered during
an ‘‘explosive’’ outbreak of hemorrhagic disease in rhesus
macaques (Macaca mulatta) in 1964 [1]. Since then, sporadic
epidemics have occurred in macaques, likely as a result of contact
with, or iatrogenic transmission from, infected but asymptomatic
captive African monkeys [2,3,4]. Viruses related to SHFV have
not yet been found to infect humans, but the clinical manifesta-
tions of SHFV resemble those of other primate-associated
hemorrhagic fever viruses significant for human health (e.g. Ebola,
Marburg, Yellow fever), making SHFV of interest with respect to
emerging infectious disease surveillance and biodefense [4,5].
Although asymptomatic SHFV infections in captive patas
monkeys (Erythrocebus patas), vervet monkeys (Cercopithecus aethiops),

and baboons (Papio sp.) suggest that such species could be natural
SHFV reservoirs [2,3], the virus has never, to our knowledge, been
found in a primate in the wild.

SHFV is in the family Arteriviridae, which also contains equine
arteritis virus (EAV), lactate dehydrogenase elevating virus of mice
(LDV), and porcine reproductive and respiratory syndrome virus
(PRRSV) [6]. Similar to the other arteriviruses, SHFV has
a positive-sense RNA genome approximately 15 kb in length,
consisting of a short 59 untranslated region, two large open reading
frames (ORFs 1a and 1b) encoding the replicase plus various non-
structural proteins, a number of smaller downstream ORFs
encoding structural proteins, and a short 39 untranslated region
[7]. However, SHFV is unusual compared to the other
arteriviruses in that it contains three additional ORFs (2a, 2b,
and 3) immediately downstream of the replicase-encoding ORFs,

PLoS ONE | www.plosone.org 1 April 2011 | Volume 6 | Issue 4 | e19056

•  Kibale	  EcoHealth	  Project	  	  
•  Tropical	  forest	  changes	  and	  how	  they	  alter	  health-‐related	  outcomes	  
for	  people,	  domes=c	  animals,	  and	  wildlife	  

•  Interface	  between	  environmental	  change,	  animals,	  and	  humans	  
•  Kibale	  Na=onal	  Park	  in	  western	  Uganda	  

•  Zoono=c	  disease	  emergence	  
•  Fast	  rate	  of	  popula=on	  growth	  
•  High	  human	  disease	  burden	  (e.g.	  malaria,	  AIDS)	  
•  Excep=onal	  diversity	  of	  animal	  disease	  reservoirs.	  	  

•  The	  project	  focuses	  on	  wild	  non-‐human	  primates	  
•  Known	  to	  exchange	  pathogens	  with	  local	  people	  and	  domes=c	  animals.	  

Zoono=c	  disease:	  transmission	  from	  animals	  to	  humans	  



•  Insect	  disease	  transmission	  
•  Insects	  are	  oaen	  affected	  with	  mul=ple	  
viruses	  

•  Tradi=onally,	  viruses	  isolated	  from	  
insects	  displaying	  abnormal	  phenotypes	  
due	  to	  infec=on	  

•  NGS	  is	  allowing	  for	  the	  iden=fica=on	  of	  
new	  viruses	  from	  insects	  

•  Viral	  sequences	  can	  now	  be	  derived	  
from	  whole	  insects	  or	  specific	  =ssues	  
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•  Arthropod-‐borne	  viruses	  explored	  in	  Aedes	  
aegyp=	  mosquitos	  	  

•  Experimentally	  infected	  with	  dengue	  virus	  
•  Pooled	  with	  noninfected	  mosquitos	  
•  RNA	  purified	  from	  mosquito	  pools	  subjected	  to	  
454	  sequencing	  

•  Led	  to	  correct	  iden=fica=on	  of	  infected	  mosquito	  
pools	  

Arbovirus Detection in Insect Vectors by Rapid, High-
Throughput Pyrosequencing
Kimberly A. Bishop-Lilly1*, Michael J. Turell2, Kristin M. Willner1, Amy Butani1, Nichole M. E. Nolan1,

Shannon M. Lentz1, Arya Akmal1, Al Mateczun1, Trupti N. Brahmbhatt1, Shanmuga Sozhamannan1,

Chris A. Whitehouse2, Timothy D. Read1¤

1 Biological Defense Research Directorate, Naval Medical Research Center, Silver Spring, Maryland, United States of America, 2 United States Army Medical Research

Institute for Infectious Diseases, Fort Detrick, Maryland, United States of America

Abstract

Background: Despite the global threat caused by arthropod-borne viruses, there is not an efficient method for screening
vector populations to detect novel viral sequences. Current viral detection and surveillance methods based on culture can
be costly and time consuming and are predicated on prior knowledge of the etiologic agent, as they rely on specific
oligonucleotide primers or antibodies. Therefore, these techniques may be unsuitable for situations when the causative
agent of an outbreak is unknown.

Methodology/Principal Findings: In this study we explored the use of high-throughput pyrosequencing for surveillance of
arthropod-borne RNA viruses. Dengue virus, a member of the positive strand RNA Flavivirus family that is transmitted by
several members of the Aedes genus of mosquitoes, was used as a model. Aedes aegypti mosquitoes experimentally infected
with dengue virus type 1 (DENV-1) were pooled with noninfected mosquitoes to simulate samples derived from ongoing
arbovirus surveillance programs. Using random-primed methods, total RNA was reverse-transcribed and resulting cDNA
subjected to 454 pyrosequencing.

Conclusions/Significance: In two types of samples, one with 5 adult mosquitoes infected with DENV-1- and the other with 1
DENV-1 infected mosquito and 4 noninfected mosquitoes, we identified DENV-1 DNA sequences. DENV-1 sequences were
not detected in an uninfected control pool of 5 adult mosquitoes. We calculated the proportion of the Ae. aegypti
metagenome contributed by each infecting Dengue virus genome (pIP), which ranged from 2.7561028 to 1.0861027.
DENV-1 RNA was sufficiently concentrated in the mosquito that its detection was feasible using current high-throughput
sequencing instrumentation. We also identified some of the components of the mosquito microflora on the basis of the
sequence of expressed RNA. This included members of the bacterial genera Pirellula and Asaia, various fungi, and a
potentially uncharacterized mycovirus.
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Introduction

Dengue virus types 1–4 are emerging members of the genus
Flavivirus in the Flaviviridae family, which consists of a group of
related enveloped viruses with positive-stranded RNA genomes
[1]. The four types can be distinguished through serologic assays,
though each is capable of causing a spectrum of disease ranging
from a mild or unapparent viral syndrome to severe and often
deadly manifestations of hemorrhagic disease known as Dengue
hemorrhagic fever (DHF) and Dengue shock syndrome (DSS).
DHF is characterized by a sudden onset of fever with
hemorrhagic complications such as petechiae and/or gastroin-
testinal hemorrhage and can be followed by shock and low blood
pressure, hallmarks of DSS [2]. There is no approved specific

therapeutic for dengue infection; treatment is limited to
supportive care.

The viruses are transmitted throughout the tropics and
subtropical areas by Aedes aegypti, a diurnal mosquito, and in
South East Asia by a related species, Ae. albopictus [3,4]. The
estimated global burden of disease caused by dengue is 100 million
cases per year with 250,000 to 300,000 cases of DHF annually, for
which the case fatality rate is 5% [2]. Although dengue is arguably
one of the more significant arthropod-borne (arbo-) viruses in
terms of the morbidity and mortality it causes [5], it is not the only
arbovirus that causes a significant threat to humans; West Nile
virus, Japanese encephalitis virus, yellow fever virus, and others
are also of major global concern [1]. Despite the ever-present
global threat caused by arboviruses, there is not yet a single
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A bs tr ac t

Background
A large outbreak of diarrhea and the hemolytic–uremic syndrome caused by an un-
usual serotype of Shiga-toxin–producing Escherichia coli (O104:H4) began in Germany 
in May 2011. As of July 22, a large number of cases of diarrhea caused by Shiga-toxin–
producing E. coli have been reported — 3167 without the hemolytic–uremic syndrome 
(16 deaths) and 908 with the hemolytic–uremic syndrome (34 deaths) — indicating 
that this strain is notably more virulent than most of the Shiga-toxin–producing E. coli 
strains. Preliminary genetic characterization of the outbreak strain suggested that, 
unlike most of these strains, it should be classified within the enteroaggregative pa-
thotype of E. coli.
Methods
We used third-generation, single-molecule, real-time DNA sequencing to determine 
the complete genome sequence of the German outbreak strain, as well as the genome 
sequences of seven diarrhea-associated enteroaggregative E. coli serotype O104:H4 
strains from Africa and four enteroaggregative E. coli reference strains belonging to 
other serotypes. Genomewide comparisons were performed with the use of these 
enteroaggregative E. coli genomes, as well as those of 40 previously sequenced E. coli 
isolates.
Results
The enteroaggregative E. coli O104:H4 strains are closely related and form a distinct 
clade among E. coli and enteroaggregative E. coli strains. However, the genome of the 
German outbreak strain can be distinguished from those of other O104:H4 strains 
because it contains a prophage encoding Shiga toxin 2 and a distinct set of addi-
tional virulence and antibiotic-resistance factors.
Conclusions
Our findings suggest that horizontal genetic exchange allowed for the emergence of 
the highly virulent Shiga-toxin–producing enteroaggregative E. coli O104:H4 strain 
that caused the German outbreak. More broadly, these findings highlight the way in 
which the plasticity of bacterial genomes facilitates the emergence of new pathogens.
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number, AFST00000000). We also carried out a 
comparative analysis with the sequence of another 
outbreak isolate, TY2482. (See the article by Rohde 
et al. elsewhere in this issue of the Journal for an 
analysis of sequence data obtained from TY2482.32) 
The Supplementary Appendix provides additional 
details regarding DNA sequencing,33,34 assembly, 
resequencing analysis, and detection of DNA struc-
tural variations, as well as the construction of phy-
logenetic trees and the characterization of lambda-
like phage elements, virulence factors, plasmids, 
and regions unique to the outbreak strain.

R esult s

Genome Sequencing and Assembly of 13  
E. coli Genomes

Using three sequencing instruments in parallel, 
we obtained coverage by a factor of approximately 
75 for each of the isolates sequenced (mean read 
length, 2067 bases), in approximately 5 hours per 
isolate (Table 1 in the Supplementary Appendix).

We used an integrative process (Fig. 1 in the 
Supplementary Appendix) to assemble the C227-11 
genome and obtained 33 contigs (N50 of 402 kb 

and a maximum contig size of 622 kb), covering 
99.7% of the bacterial chromosome at a level of 
accuracy of 99.97% (Table 3 in the Supplemen-
tary Appendix). (A contig is a contiguous sequence 
of DNA with no gaps; N50 is the contig length so 
that all contigs of that length or greater cover 50% 
of the bases in the genome.) Four additional contigs 
covered two large plasmids (approximately 88 kb 
and 75 kb) and a third 1.5-kb plasmid. The 1.5-kb 
plasmid could be fully resolved with two reads 
(Fig. 1 and Table 2 in the Supplementary Appendix). 
One of the plasmids is similar to the pAA plasmid 
found in typical enteroaggregative E. coli isolates.25 
The pAA plasmid of C277-11 (referred to here as 
pAA C277-11) encodes aggregative adherence fim-
briae (the AAF/I variant), the Aat complex, the dis-
persin protein, AggR, and other virulence factors 
characteristic of enteroaggregative E. coli (Fig. 1).

We compared the sequence of C227-11 with the 
six O104:H4 strains from Africa, the previously 
released sequence data from outbreak-linked iso-
lates, the available reference-genome sequences 
for the outbreak isolate TY2482, and the African 
enteroaggregative E. coli 55989 strain,8,26 in order to 
identify copy-number variations and small nucle-

Table 1. Isolates of Enteroaggregative Escherichia coli Sequenced or Analyzed in This Study.*

Isolate† Serotype Location of Isolate Source of Isolate Reference

O42 O44:H18 Peru Stool sample from child with diarrhea Nataro et al.28

17-2 O3:H2 Chile Stool sample from child with diarrhea Vial et al.29

JM221 O92:H33 Mexico Stool sample from adult with diarrhea Mathewson et al.30

C1010-00 Orough:H- Denmark Stool sample from child with diarrhea Olesen et al.31

55989 O104:H4 Central African 
Republic

Stool sample from adult with diarrhea Bernier et al.8 and Touchon et al.26

C35-10‡ O104:H4 Africa Stool sample from child with diarrhea SSI collections

C682-09‡ O104:H4 Africa Stool sample from child with diarrhea SSI collections

C734-09‡ O104:H4 Africa Stool sample from child without diarrhea SSI collections

C754-09‡ O104:H4 Africa Stool sample from child without diarrhea SSI collections

C760-09‡ O104:H4 Africa Stool sample from child without diarrhea SSI collections

C777-09‡ O104:H4 Africa Stool sample from child with diarrhea SSI collections

TY2482 O104:H4 Germany Stool sample from adult with diarrhea Rohde et al.32

LB226692 O104:H4 Germany Diarrhea in adult GenBank accession number, AFOB00000000

H112180280 O104:H4 Germany Diarrhea in adult www.hpa-bioinformatics.org.uk/lgp/genomes

C227-11 O104:H4 Denmark Diarrhea in adult This study

* All the isolates listed were sequenced (55989 and O42 were resequenced, and the others were newly sequenced) in this study, with the ex-
ception of TY2482, LB226692, and H112180280. SSI denotes Statens Serum Institute.

† Isolates shown in bold type are from the current outbreak (May 2011).
‡ These isolates are not from a single clonal outbreak and thus represent population-based diversity in the O104:H4 group.
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•  Isolated	  and	  sequenced	  E.	  Coli	  from	  stool	  samples	  
•  Real	  =me	  DNA	  sequencing	  to	  determine	  the	  complete	  genome	  
sequence	  of	  the	  strain,	  as	  well	  as	  seven	  other	  E.	  Coli	  strains	  from	  
elsewhere	  –	  5	  hours	  per	  isolate	  

•  Compared	  the	  sequences	  with	  other	  previously	  sequenced	  E.	  Coli	  
isolates	  

Representa=ves	  of	  best	  
studied	  strains	  of	  E.coli	  

Germany	  Samples	  

Six	  enteroaggrega=ve	  
E.Coli	  clinical	  isolates	  
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•  Isolated	  and	  sequenced	  E.	  Coli	  from	  stool	  samples	  
•  This	  strain	  	  
•  Did	  not	  have	  the	  pathogenicity	  island	  of	  enterohemorrhagic	  E.	  
Coli,	  which	  facilitates	  coloniza=on	  of	  the	  large	  intes=ne	  

•  Similar	  to	  an	  E.	  Coli	  isolate	  from	  a	  pa=ent	  in	  the	  Central	  African	  
Republic,	  that	  did	  not	  produce	  Shiga-‐toxin	  

	  



Discovery	  of	  New	  Microorganisms	  and	  Viruses	  T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med 365;8 nejm.org august 25, 2011712

otide variations among all the isolates (Fig. 1, and 
Table 3 and Fig. 3 in the Supplementary Appen-
dix). (See animation at NEJM.org.) The genomes of 
the isolates from the current outbreak (C227-11, 
TY2482, LB226692, and H112180280) were very 

similar, with only 236 differences in single-nucleo-
tide variants detected between TY2482 and C227-11 
(Table 3 and Fig. 3 in the Supplementary Appendix), 
suggesting that the outbreak is clonal. We observed 
structural variations between the C227-11 genome 
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•  Eight	  circular	  bands	  
represent	  tracks	  of	  the	  
isolates	  sequence	  
mapped	  against	  the	  
reference	  genome	  

•  Annota=ons	  indicate	  
posi=ons	  of	  known	  
virulence	  factor	  genes	  
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otide variations among all the isolates (Fig. 1, and 
Table 3 and Fig. 3 in the Supplementary Appen-
dix). (See animation at NEJM.org.) The genomes of 
the isolates from the current outbreak (C227-11, 
TY2482, LB226692, and H112180280) were very 

similar, with only 236 differences in single-nucleo-
tide variants detected between TY2482 and C227-11 
(Table 3 and Fig. 3 in the Supplementary Appendix), 
suggesting that the outbreak is clonal. We observed 
structural variations between the C227-11 genome 
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•  Gene=c	  exchange	  allowed	  
for	  the	  emergence	  of	  the	  
highly	  virulent	  Shiga-‐toxin	  
producing	  E.	  Coli	  strain	  that	  
caused	  the	  German	  
outbreak	  

•  An	  enteroaggrega=ve	  E.	  coli	  
strain	  acquired	  a	  Shiga-‐
toxin–encoding	  phage	  

Eight	  Bands,	  Represen=ng	  the	  different	  E.Coli	  isolates,	  color	  indica=ng	  
coverage	  of	  the	  reference	  strain	  



Discovery	  of	  New	  Microorganisms	  and	  Viruses	  

•  An2bio2c	  resistance	  
•  Good	  drug	  targets	  must	  be	  

•  Essen=al	  for	  viability	  or	  required	  for	  disease	  
•  Unique	  to	  bacteria	  or	  at	  least	  significantly	  different	  from	  orthologous	  
genes	  in	  humans	  

•  For	  broad	  spectrum	  an=bio=cs,	  targets	  must	  be	  present	  in	  key	  
pathogenic	  bacteria	  

•  Current	  an=microbial	  agents	  target	  a	  small	  frac=on	  of	  the	  bacterial	  
genome	  
•  Good	  prospects	  for	  discovery	  of	  novel	  an=bacterial	  drugs	  

•  Sequencing	  provides	  an	  “in	  road”	  to	  iden=fying	  new	  targets	  
•  Iden=fica=on	  targets	  by	  compara=ve	  genomic	  analysis	  using	  
bioinforma=cs	  approaches	  such	  as	  sequence	  homology,	  structural	  
homology,	  cluster	  analysis	  and	  mo=f	  analysis	  	  



Discovery	  of	  New	  Microorganisms	  and	  Viruses	  

•  An2bio2c	  resistance	  
•  Sequencing	  of	  Stapylococcus	  aureus	  isolates	  collected	  from	  across	  
the	  globe	  provided	  unprecedented	  insights	  into	  an=bio=c	  resistance	  
of	  this	  superbug	  
•  Health	  care–associated,	  methicillin-‐resistant	  Staphylococcus	  aureus	  (HA-‐
MRSA)	  is	  a	  globally	  important	  human	  pathogen	  

•  Resistance	  mechanisms	  
•  Microevolu=on	  and	  molecular	  epidemiology	  	  



Discovery	  of	  New	  Microorganisms	  and	  Viruses	  

•  An2bio2c	  resistance	  
•  Sequencing	  of	  Stapylococcus	  aureus	  isolates	  collected	  from	  across	  
the	  globe	  

Phylogene=c	  evidence	  for	  intercon=nental	  spread	  and	  hospital	  transmission	  of	  ST239	  isolates	  



•  Clinical	  syndromes	  suspected	  to	  be	  of	  viral	  e2ology,	  and	  isola2on	  
of	  the	  causa2ve	  agent	  
•  Discovery	  of	  a	  new	  polyomavirus	  associated	  with	  most	  cases	  of	  Merkel	  
cell	  carcinoma	  
•  Rare	  and	  aggressive	  skin	  cancer	  	  	  
•  Typically	  affects	  elderly	  and	  immunocompromised	  individuals	  
•  Sugges=ve	  of	  an	  infec=ous	  origin	  

Discovery	  of	  New	  Microorganisms	  and	  Viruses	  



•  Discovery	  of	  a	  new	  polyomavirus	  associated	  with	  most	  cases	  of	  
Merkel	  cell	  carcinoma	  (MCC)	  
•  RNA	  purified	  from	  MCC	  samples	  and	  analyzed	  with	  454	  pyrosequencing	  
•  Digital	  transcriptome	  subtrac=on	  of	  all	  human	  sequences	  
•  Iden=fied	  sequence	  used	  as	  a	  star=ng	  point	  for	  whole	  genome	  
sequencing	  of	  this	  polyomavirus	  

Discovery	  of	  New	  Microorganisms	  and	  Viruses	  

mains of TRF1 and TRF2, these structural
variations emphasize that the TRFH domain
is a versatile framework for interactions with
different proteins.

The crystal structure of the TRF2TRFH-
ApolloTBM complex is corroborated by mutagen-
esis. Mutations of the conserved hydrophobic
residues of Apollo (F504, L506, and P508) or
TRF2 (F120) completely abolished the inter-
action both in vitro and in vivo (Fig. 4, F and
G). We further assayed the cellular localization
of wild-type and mutant Apollo by expressing
hemagglutinin (HA)–tagged proteins in human
telomerase reverse transcriptase (hTERT)–
immortalized human BJ fibroblasts. Although
wild-type Apollo showed the expected telo-
mere localization, the L506E/P508A double
mutant was distributed throughout the nucleo-
plasm with no obvious accumulation at telo-
meres (Fig. 4H). This result confirms the
structural information and indicates that the
binding of Apollo to the TRFH domain of
TRF2 is required for the telomeric localization
of Apollo.

We next asked whether other shelterin-
associated proteins might contain the F/Y-X-L-X-P
motif suggestive of an interaction with the
TRFH domain of TRF1 or TRF2. We identi-
fied this motif in PinX1, originally identified as
a TRF1-interacting protein in a yeast two-
hybrid screen (6). An 11-residue fragment of
PinX1 (R287-D-F-T-L-K-P-K-K-R-R297),
referred to as PinX1TBM, closely resembles
TIN2TBM (fig. S12A), suggesting that it may
bind to TRF1TRFH in the same fashion as does
TIN2TBM. ITC data confirmed the TRF1TRFH-
PinX1TBM interaction, whereas no measurable
interaction was observed between TRF2TRFH
and PinX1TBM (fig. S12B). Mutagenesis studies

showed that PinX1-L291 and TRF1-F142 are
critical for the interaction, whereas PinX1-P293
is not (fig. S12C). These results are consistent
with those of the TRF1TRFH-TIN2TBM inter-
action (Fig. 2D) and indicate that PinX1, like
TIN2, binds the TRFH domain of TRF1 but
not TRF2. Protein sequence database searches
showed many instances of telomere-associated
proteins containing the F/Y-X-L-X-P motif (fig.
S13). Future studies are needed to address
whether this motif mediates the TRF1/TRF2
binding of these telomere-associated proteins
in vivo.

Our results indicate that binding to the
TRFH docking site involves the sequence
F/Y-X-L-X-P in shelterin-associated proteins,
which contacts the same molecular recognition
surface of the TRFH domains of TRF1 and
TRF2 with distinct specificities. Because TRF1
and TRF2 play different roles in telomere
length homeostasis and telomere protection
(1), we propose that the TRFH domains of
TRF1 and TRF2 function as telomeric protein
docking sites that recruit different shelterin-
associated factors with distinct functions to the
chromosome ends.
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Clonal Integration of a Polyomavirus in
Human Merkel Cell Carcinoma
Huichen Feng, Masahiro Shuda, Yuan Chang,* Patrick S. Moore*

Merkel cell carcinoma (MCC) is a rare but aggressive human skin cancer that typically affects
elderly and immunosuppressed individuals, a feature suggestive of an infectious origin.
We studied MCC samples by digital transcriptome subtraction and detected a fusion transcript
between a previously undescribed virus T antigen and a human receptor tyrosine phosphatase.
Further investigation led to identification and sequence analysis of the 5387–base-pair genome of
a previously unknown polyomavirus that we call Merkel cell polyomavirus (MCV or MCPyV). MCV
sequences were detected in 8 of 10 (80%) MCC tumors but only 5 of 59 (8%) control tissues from
various body sites and 4 of 25 (16%) control skin tissues. In six of eight MCV-positive MCCs, viral
DNA was integrated within the tumor genome in a clonal pattern, suggesting that MCV infection
and integration preceded clonal expansion of the tumor cells. Thus, MCV may be a contributing
factor in the pathogenesis of MCC.

Polyomaviruses have been suspected as po-
tential etiologic agents in human cancer
since the discovery of murine polyoma

virus (MuPyV) by Gross in 1953 (1). However,

although polyomavirus infections can produce
tumors in animal models, there is no conclusive
evidence that they play a role in human cancers
(2). These small double-stranded DNA viruses

[~5200 base pairs (bp)] encode a variably spliced
oncoprotein, the tumor (T) antigen (3, 4), and
are divided into three genetically distinct groups:
(i) avian polyomaviruses, (ii) mammalian vi-
ruses related to MuPyV, and (iii) mammalian
polyomaviruses related to simian virus 40 (SV40)
(5). All four known human polyomaviruses
[BK virus (BKV), JCV, KIV, and WUV (6, 7)]
belong to the SV40 subgroup. In animals, in-
tegration of polyomavirus DNA into the host
genome often precedes tumor formation (8).

Merkel cell carcinoma (MCC) is a neuro-
ectodermal tumor arising from mechanorecep-
tor Merkel cells (Fig. 1A). MCC is rare, but its
incidence has tripled over the past 2 decades in
the United States to 1500 cases per year (9). It
is one of the most aggressive forms of skin
cancer; about 50% of advanced MCC patients

Molecular Virology Program, University of Pittsburgh Cancer
Institute, University of Pittsburgh, 5117 Centre Avenue, Suite
1.8, Pittsburgh, PA 15213, USA.
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•  Further	  novel	  human	  polyomavirus	  iden=fica=on	  
•  Isola=on	  of	  circular	  viral	  DNA	  from	  skin	  swabs	  
•  Further	  explora=on	  of	  Merkel	  cell	  polyomavirus	  and	  other	  
polyomaviruses	  that	  inhabit	  healthy	  human	  skin	  

•  Discovery	  of	  two	  previously	  unknown	  polyomavirus	  species	  
•  Human	  polyomavirus-‐6	  and	  7	  

•  Polyomavirus	  DNA	  shed	  from	  the	  skin	  in	  the	  form	  of	  assembled	  virons	  
	  

Discovery	  of	  New	  Microorganisms	  and	  Viruses	  
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Merkel Cell Polyomavirus and Two
Previously Unknown Polyomaviruses
Are Chronically Shed from Human Skin
Rachel M. Schowalter,1 Diana V. Pastrana,1 Katherine A. Pumphrey,1 Adam L. Moyer,1 and Christopher B. Buck1,*
1Tumor Virus Molecular Biology Section, Laboratory of Cellular Oncology, National Cancer Institute, Bethesda, MD 20892-4263, USA
*Correspondence: buckc@mail.nih.gov
DOI 10.1016/j.chom.2010.05.006

SUMMARY

Mounting evidence indicates that Merkel cell polyo-
mavirus (MCV), a circular double-stranded DNA virus,
is a causal factor underlying a highly lethal form
of skin cancer known as Merkel cell carcinoma. To
explore the possibility that MCV and other polyomavi-
ruses commonly inhabit healthy human skin, we
developed an improved rolling circle amplification
(RCA) technique to isolate circular DNA viral genomes
from human skin swabs. Complete MCV genomes
were recovered from 40% of healthy adult volunteers
tested, providing full-length, apparently wild-type
cloned MCV genomes. RCA analysis also identified
two previously unknown polyomavirus species that
we name human polyomavirus-6 (HPyV6) and
HPyV7. Biochemical experiments show that polyo-
mavirus DNA is shed from the skin in the form of
assembled virions. A pilot serological study indicates
that infection or coinfection with these three skin-
tropic polyomaviruses is very common. Thus, at least
three polyomavirus species are constituents of the
human skin microbiome.

INTRODUCTION

The Polyomaviridae are a family of nonenveloped viruses that
carry circular, double-stranded DNA genomes. The family is
named for some members’ ability to induce various types of
tumors in experimentally infected animals. For example, the pol-
yomaviruses BKV and JCV, which persistently infect the urinary
epithelia in a great majority of humans, can cause tumors in
experimentally inoculated rodents (Corallini et al., 1978; Ohsumi
et al., 1986). Although BKV and JCV have been indirectly associ-
ated with the development of various forms of human cancer,
such as prostate cancer and colorectal cancer (respectively),
conclusive proof of a causal relationship between BKV or JCV
and human cancers has remained elusive (reviewed in Abend
et al., 2009; Maginnis and Atwood, 2009). Two more recently
discovered human polyomaviruses, WUV and KIV (Allander
et al., 2007; Gaynor et al., 2007), have also been shown to infect
a majority of humans, but clear links between these two viruses
and human disease, including cancer, have not so far been iden-
tified (reviewed in Dalianis et al., 2009).

The recent discovery of a fifth human polyomavirus associated
with an unusual form of skin cancer called Merkel cell carcinoma
(MCC) has rekindled research interest in the possibility that
polyomaviruses cause cancer in humans (Feng et al., 2008;
reviewed in Zur Hausen, 2009). DNA sequences of the recently
discovered virus, named Merkel cell polyomavirus (MCV), are
present in about 80% of MCC tumor specimens. Furthermore,
MCV genomes have been shown to be clonally integrated into
the cellular DNA of some MCC tumors and their metastases.
A majority of MCC tumors also display ongoing expression of
the MCV large T antigen oncoprotein (Shuda et al., 2009). Taken
together, the results strongly suggest a causal relationship
between MCV and a majority of MCC cases.

Although serological evidence indicates that most adults
have been immunologically exposed to MCV (Carter et al.,
2009; Kean et al., 2009; Pastrana et al., 2009; Tolstov et al.,
2009), the nature of MCV infection in healthy individuals remains
unclear. Subgenomic fragments of MCV DNA have been
detected in a variety of healthy specimen types, including skin,
saliva, gut, and respiratory secretion samples (Feng et al.,
2008; Loyo et al., 2009; Wieland et al., 2009). At present, only
four full-length MCV genomes have been reported, each of
which was cloned by PCR-based amplification of tumor-derived
DNA (Feng et al., 2008; Katano et al., 2009). All four available
genomes carry truncating mutations in the T antigen gene in
a pattern typical of MCV sequences amplified from tumors
(Shuda et al., 2008). The tumor-derived reference isolate,
MCV-350, also encodes functional defects in its origin of replica-
tion and VP1 capsid protein gene (Kwun et al., 2009; Pastrana
et al., 2009).

The extent to which the complete genomes of tumor-derived
MCV strains are distinct from strains circulating among healthy
individuals is not known. To further explore the tissue tropism
and sequence diversity of MCV in individuals without MCC, we
set out to capture full-length wild-type (WT) MCV DNA shed
from the skin of healthy volunteers. Detection of MCV DNA
was facilitated by a method known as rolling circle amplification
(RCA), a random-primed extension reaction that employs a high-
fidelity DNA polymerase from bacteriophage phi29 to selectively
amplify circular DNA molecules, such as polyomavirus genomic
DNA (reviewed in Johne et al., 2009).

Analysis of cloned RCA products revealed the presence of WT
MCV genomes, as well as a variety of other circular dsDNA mole-
cules, including sequences of a wide variety of human papillo-
mavirus (HPV) species known to infect the skin. Sequencing
of cloned RCA products also revealed the existence of two

Cell Host & Microbe 7, 509–515, June 17, 2010 ª2010 Elsevier Inc. 509



•  Characteriza2on	  of	  Ebola	  	  
•  99	  Ebola	  virus	  genomes	  collected	  from	  78	  Ebola	  pa=ents	  
•  300	  gene=c	  changes	  making	  these	  dis=nct	  from	  previous	  outbreaks	  
	  

Discovery	  of	  New	  Microorganisms	  and	  Viruses	  



•  Metagenomics	  
•  Studies	  of	  the	  collec=ve	  set	  of	  genomes	  in	  mixed	  microbial	  
communi=es	  

•  Material	  obtained	  directly	  from	  the	  environment,	  such	  as	  clinical	  
samples	  

•  Evalua=on	  of	  the	  diversity	  of	  an	  actual	  sample	  
•  Metagenomes	  of	  microbial	  communi=es	  include	  human	  body	  
niches	  
•  Microbiome	  –	  the	  en=re	  popula=on	  of	  microbes,	  bacteria,	  fungi,	  and	  
viruses	  that	  colonize	  the	  human	  body	  

Investigation	  of	  microbial	  communities	  



•  Home	  microbiome	  
•  Each	  ver=cal	  bar	  is	  one	  shoe	  or	  cell	  
phone	  

•  Each	  color	  represents	  a	  different	  
species	  of	  bacteria	  

•  The	  larger	  the	  colored	  block,	  the	  
more	  prevalent	  the	  species.	  	  

Investigation	  of	  microbial	  communities	  

hSp://homemicrobiome.com/microbial-‐biodiversity-‐of-‐cell-‐phones-‐and-‐shoes/	  



•  Human	  Microbiome	  	  
•  Study	  surveying	  bacteria	  from	  up	  to	  27	  sites	  in	  healthy	  adults	  on	  four	  
occasions	  

•  Interpersonal	  variability	  was	  high,	  but	  individuals	  exhibited	  minimal	  
temporal	  variability	  

Investigation	  of	  microbial	  communities	  

dissociation (deprotonation), rather than decom-
position into CO2 and H2O, which takes place
with an effective rate constant of 1.8 · 101 s–1 (18).
This conclusion also holds for H2CO3, though
the opposite is still commonly asserted by chem-
istry textbooks (5, 42). Carbonic acid acts like
an ordinary carboxylic acid on nanosecond time
scales with an acidity comparable to that of formic
acid. This considerable acidity of carbonic acid
should henceforth be considered in the context
of CO2-rich aqueous environments. In partic-
ular, potential surface and deep-sea interfacial
chemical reactivity of intact H2CO3 with solid
substrates remains uncharted.

By comparing the magnitude of the D2CO3

signal at long pulse delays with the DCO3
–

bleach signal and using the known value for the
extinction coefficient of DCO3

– (933.5 M–1 cm–1),
we can derive a cross section of 750 T 50 M–1

cm−1 for the C=O stretching mode of aqueous
carbonic acid, which is comparable to that of
carboxylic acids. This cross section should be
sufficient to facilitate time-resolved IR studies
of carbonic acid generation, deprotonation, and
dehydration dynamics in biophysical systems.
Probing the reaction dynamics of Eqs. 1 and 2 in
the forward and backward directions as a func-
tion of ionic strength, temperature, and pressure
will help in the determination of the reaction
equilibrium constants under conditions that are
relevant for the global carbon cycle.
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Bacterial Community Variation
in Human Body Habitats Across
Space and Time
Elizabeth K. Costello,1 Christian L. Lauber,2 Micah Hamady,3 Noah Fierer,2,4
Jeffrey I. Gordon,5 Rob Knight1,6*

Elucidating the biogeography of bacterial communities on the human body is critical for
establishing healthy baselines from which to detect differences associated with diseases.
To obtain an integrated view of the spatial and temporal distribution of the human microbiota,
we surveyed bacteria from up to 27 sites in seven to nine healthy adults on four occasions.
We found that community composition was determined primarily by body habitat. Within habitats,
interpersonal variability was high, whereas individuals exhibited minimal temporal variability.
Several skin locations harbored more diverse communities than the gut and mouth, and skin
locations differed in their community assembly patterns. These results indicate that our microbiota,
although personalized, varies systematically across body habitats and time; such trends may
ultimately reveal how microbiome changes cause or prevent disease.

The human body hosts complex micro-
bial communities whose combined mem-
bership outnumbers our own cells by at

least a factor of 10 (1, 2). Together, our ~100
trillion microbial symbionts (the human mi-
crobiota) endow us with crucial traits; for ex-

ample, we rely on them to aid in nutrition, resist
pathogens, and educate our immune system
(1, 3). To understand the full range of human
genetic and metabolic diversity, it is necessary to
characterize the factors influencing the diversity
and distribution of the human microbiota (4, 5).

Determining our microbiota’s role in dis-
ease predisposition and pathogenesis will de-
pend critically upon first defining “normal”
states (5). Prior studies of healthy individuals
have focused on particular body habitats includ-
ing the gut (6, 7), skin (8–10), and oral cavity
(11, 12), and have revealed microbial com-
munities that were highly variable both within
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•  Metagenomes	  of	  microbial	  communi=es	  that	  occupy	  human	  
body	  niches	  
•  Es=mated	  to	  have	  a	  gene	  content	  100-‐fold	  greater	  than	  the	  
human	  genome	  

•  Collec=ons	  of	  genes	  encoding	  a	  wide	  array	  of	  biochemical	  and	  
physiological	  func=ons	  
•  May	  be	  relevant	  in	  healthy	  and	  disease	  condi=ons	  
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•  Metagenomes	  of	  microbial	  communi=es	  that	  occupy	  human	  
body	  niches	  
•  Deep	  sequencing	  of	  clinical	  samples	  allows	  iden=fica=on	  and	  
characteriza=on	  
•  Novel	  pathogens	  
•  Host	  response	  to	  infec=on	  

Investigation	  of	  microbial	  communities	  

Metagenomics and development of the gut microbiota in infants
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Abstract

The establishment of a balanced intestinal microbiota is essential for numerous aspects of human health, yet the microbial colonization

of the gastrointestinal tract of infants is both complex and highly variable among individuals. In addition, the gastrointestinal tract micro-

biota is often exposed to antibiotics, and may be an important reservoir of resistant strains and of transferable resistance genes from

early infancy. We are investigating by means of diverse metagenomic approaches several areas of microbiota development in infants,

including the deployment of functional capabilities at the community level, the presence of antibiotic resistances and the population

dynamics of the most abundant genera.
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Introduction

Although essential for health, the development of the gastro-

intestinal microbiota is poorly understood. 16S rDNA analy-

ses have established that, throughout the first year of life,

the gastrointestinal tract (GIT) microbiota changes continu-

ously until reaching an adult-like composition at roughly

12 months, but the process is highly variable among individu-

als [1]. Vaishampayan et al. [2] performed a case study where

faecal samples from a mother and her infant at 1 and

11 months after delivery were utilized to construct four

large-insert metagenomic libraries, one for each individual at

each time point. This approach enabled the taxonomic and

functional characterization of the microbiota in the samples.

Although all samples shared the same phyla, there were large

differences in composition at the genus level between

mother and infant as well as between time points within indi-

viduals. By 1 month of age the infant had already acquired a

functional gene repertoire broadly analogous to that of the

mother. From a population dynamics perspective, maternally

inherited populations detected in the infant at 1 month had

been lost by 11 months, suggesting that early colonizers can

be easily replaced by externally acquired species. Such

dynamics limit the potential for development of long-term

co-adaptations between specific bacterial and host genotypes.

Rather, an intermittent pattern of interactions between dif-

ferent strains and human genotypes is likely to result in a

diffuse process of coevolution among all interacting part-

ners [2].

Potential for maternal transmission of the
GIT microbiota

Nevertheless, the presence of maternal GIT phylotypes in

the young infant raises the possibility of direct vertical trans-

mission of GIT bacteria. How may such transmission take

place? Infants acquire vaginal bacteria during their passage

through the birth canal [3], but the vagina carries a limited

diversity of bacteria with dominant genera distinct from

ª2012 The Authors

Clinical Microbiology and Infection ª2012 European Society of Clinical Microbiology and Infectious Diseases
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•  The	  human	  virome	  
•  Descrip=on	  of	  viral	  communi=es,	  including	  bacteriophages	  in	  the	  
human	  body	  
•  Their	  rela=onship	  with	  health	  and	  disease	  

•  Characteriza=on	  of	  fecal	  viromes	  and	  rela=ons	  with	  bacterial	  
metagenomes	  

•  Characteriza=on	  of	  the	  virome	  in	  the	  skin	  of	  healthy	  individuals	  
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•  The	  human	  virome	  
•  Bioinforma=c	  annota=on	  strategies	  may	  help	  in	  the	  iden=fica=on	  
and	  quan=ta=ve	  descrip=on	  of	  pathogenic	  viruses	  

Investigation	  of	  microbial	  communities	  
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Viral metagenome analysis to guide human pathogen
monitoring in environmental samples
K. Bibby, E. Viau and J. Peccia

Department of Chemical and Environmental Engineering, Yale University, New Haven, CT, USA

Introduction

Next-generation DNA sequencing has recently been
applied to study viral metagenomes (viromes) in varied
environmental matrices including fresh water (Djikeng
et al. 2009; Lopez-Bueno et al. 2009), oceans (Angly et al.
2006) and reused wastewater (Rosario et al. 2009). Most
of these studies are interested in describing gene diversity,
but a potential application within virome studies is to
determine which human viral pathogens are most pre-
valent in a given environmental matrix. The major
limitation to method extension towards human viral
identifications is that postsequencing bioinformatic proto-
cols for analysing viromes are in nascent stages of devel-
opment and require careful consideration to produce the

high-quality virome annotations required for pathogen
identification. Viruses do not contain ubiquitous genetic
elements such as the 16s rRNA encoding genes (Rohwer
and Edwards 2002); hence, virome studies must sort and
assemble sequences that could come from any location on
the viral genome. Unresolved virome construction and
annotation concerns include uncertainty about the opti-
mal sequence read length for identification, as well as
appropriate use of databases and database search pro-
grams. An additional limitation is the unknown sequenc-
ing depth required to reach the rare human viruses
amidst the ubiquity of bacteriophages in the environment
(Breitbart and Rohwer 2005).

The goal of this study was to develop and test a method
for describing the diversity of human pathogenic viruses in

Keywords

bioinformatics, biosolids, next-generation DNA

sequencing, pathogen, viral metagenome,

virome, virus.
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Abstract

Aims: The aim of this study was to develop and demonstrate an approach for
describing the diversity of human pathogenic viruses in an environmentally iso-
lated viral metagenome.
Methods and Results: In silico bioinformatic experiments were used to select
an optimum annotation strategy for discovering human viruses in virome data
sets and applied to annotate a class B biosolid virome. Results from the in silico
study indicated that <1% errors in virus identification could be achieved when
nucleotide-based search programs (BLASTn or tBLASTx), viral genome only
databases and sequence reads >200 nt were considered. Within the 51 925
annotated sequences, 94 DNA and 19 RNA sequences were identified as human
viruses. Virus diversity included environmentally transmitted agents such as
parechovirus, coronavirus, adenovirus and aichi virus, as well as viruses associ-
ated with chronic human infections such as human herpes and hepatitis C
viruses.
Conclusions: This study provided a bioinformatic approach for identifying
pathogens in a virome data set and demonstrated the human virus diversity in
a relevant environmental sample.
Significance and Impact of the Study: As the costs of next-generation sequenc-
ing decrease, the pathogen diversity described by virus metagenomes will pro-
vide an unbiased guide for subsequent cell culture and quantitative pathogen
analyses and ensures that highly enriched and relevant pathogens are not
neglected in exposure and risk assessments.
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•  Reliance	  on	  laboratory	  isola=on	  of	  bacteria	  for	  iden=fica=on	  
and	  characteriza=on	  of	  an	  outbreak	  strain	  
•  In	  vitro	  culture	  can	  prove	  slow,	  difficult,	  impossible	  

•  Iden=fica=on	  of	  outbreak	  strain	  can	  be	  difficult	  if	  it	  does	  not	  
belong	  to	  a	  known	  variety	  or	  species	  	  

•  Metagenomic	  sequencing	  of	  nucleic	  acids	  recovered	  directly	  
from	  samples	  without	  culture	  or	  target-‐specific	  enrichment	  or	  
amplifica=on	  
•  Promising	  for	  speeding	  up	  iden=fica=on	  of	  an	  outbreak	  strain	  

Investigation	  of	  microbial	  communities	  



•  Fecal	  samples	  	  
•  E.	  Coli	  outbreak	  in	  Germany	  in	  May	  2011	  
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•  Fecal	  samples	  	  
•  E.	  Coli	  outbreak	  in	  Germany	  in	  May	  2011	  

Investigation	  of	  microbial	  communities	  

identified by MALDI-TOF mass spectro-
metry fingerprinting,11 and also tested for
toxin production with the C diff Quik
Chek Complete test, according to the
manufacturer’s instructions.

DNA Extraction
The 300-mg aliquots of each stool
sample were mixed with 1.4 mL of ASL
buffer (Qiagen) and transferred to a
SK38 stool-grinding tube (Precellys).
Samples were homogenized for 2!30

at 6000 rpm in a Precellys 24-tissue ho-
mogenizer, incubated for 10 minutes at
95"C, and then centrifuged for 2 min-
utes at 12 000 rpm. The DNA was ex-
tracted from a 1.2-mL sample of each
supernatant using the QIAamp stool
kit (Qiagen) according to the manu-
facturer’s instructions. Samples were
quantified with a Quant-iT PicoGreen
dsDNA Assay Kit (Life Technologies)
and the total amount of DNA for each
sample varied between 140 ng and 3 #g.

Library Preparation and
High-Throughput Sequencing
Calculations suggested that 48 samples
could be analyzed to the desired depth
of coverage on a single HiSeq 2500 in
rapid-run mode at Illumina Inc. These
samples were prepared for sequencing
at the University of Birmingham. Bar-
coded DNA fragment libraries were gen-
erated with 0.25 ng input of DNA using
a Nextera XT (Illumina) sample prepa-
ration kit and the 24 indices from the

Figure 1. Workflow for Identification and Characterization of an Outbreak Strain Using Metagenomics

45 Fecal samples
40 STEC-positive samples

(34 patients)
5 STEC-negative samples

(5 patients with diarrhea)

LIBRARY PREPARATION AND
HIGH-THROUGHPUT SEQUENCING

DNA EXTRACTION BIOINFORMATICS

Samples homogenized

DNA extracted

Set of sequencing reads representing
   45 sample-specific metagenomes

Microbial sequence reads assembled into
   collection of environmental gene tags (EGTs)

Assembly Phase

Alignment Phase

Phylogenetics Phase

Individual libraries from
   10 fecal samples
   sequenced on MiSeq 

Pooled libraries from 44
   fecal samples sequenced
   on HiSeq 2500

EGTs that match reads from fecal samples
   from healthy individuals discarded

Draft genome of outbreak
   strain obtainedb

EGTs found in sequences from ≥20 fecal
   samples from outbreak selected

Fecal DNA extracts fragmented and bar-coded
   to generate sequencing librariesa

MiSeq run to quantify and
   recalibrate sequencing
   libraries

Additional EGTs using abundance and pair-end
   information recruited

Amount of sequence from E coli outbreak
   strain in each fecal sample determined

Sequences identified from pathogens other
   than the outbreak strain in each fecal
   metagenome

450 Outbreak-specific EGTs

Human DNA sequences screened out

Molecular clusters of clonal template DNA are generated onboard the HiSeq 2500 and MiSeq instruments. These instruments then take 40 and 27 hours, respectively,
to generate 151 base paired–end reads (ie, each individual DNA fragment is sequenced or read from both ends). Bioinformatics analysis then follows, starting with
individual sequence reads. Further details are available in the eSupplement at http://www.jama.com. STEC indicates Shiga-toxigenic Escherichia coli.
aA sequencing library is a collection of DNA fragments from a sample that are ready for sequencing. These fragments have short adapter molecules with known se-
quence ligated to each end and a sample-specific bar-code sequence used to identify the source of the fragment after sequencing.
bA draft genome is a usable collection of sequences from a genome, which may still contain ambiguities and uncertainties about the order of fragments.

OUTBREAK OF SHIGA-TOXIGENIC ESCHERICHIA COLI

1504 JAMA, April 10, 2013—Vol 309, No. 14 ©2013 American Medical Association. All rights reserved.
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•  Metagenomic	  analysis	  of	  tuberculosis	  in	  a	  mummy	  
•  Mummies	  found	  in	  Vac	  Hungary	  
•  Terézia	  Hausmann	  died	  on	  December	  25,	  1797,	  at	  28	  years	  of	  age	  
•  Chest	  X-‐ray	  suggested	  tuberculosis	  

•  Molecular	  analyses	  of	  a	  chest	  sample	  obtained	  from	  the	  body	  
confirmed	  a	  diagnosis	  of	  tuberculosis	  

•  Provided	  some	  limited	  genotypic	  data	  and	  quan=ta=ve	  informa=on	  
that	  suggested	  extremely	  good	  preserva=on	  of	  mycobacterial	  DNA	  

•  Sequencing	  of	  DNA	  recovered	  from	  uncultured	  samples	  
without	  target-‐specific	  amplifica=on	  or	  enrichment	  
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•  Single	  sample	  of	  lung	  =ssue	  
•  8%	  of	  reads	  aligned	  against	  the	  M.	  tuberculosis	  reference	  
strain	  H37Rv	  

•  Compared	  the	  metagenomic	  M.	  tuberculosis	  reads	  with	  H37Rv	  
•  Evidence	  that	  the	  person	  had	  a	  mixed	  infec=on	  with	  two	  M.	  
tuberculosis	  genotypes	  

•  Both	  strains	  in	  the	  mummy	  resemble	  a	  strain	  from	  an	  outbreak	  
that	  occurred	  in	  Germany	  from	  1998	  through	  2010	  	  

Investigation	  of	  microbial	  communities	  



•  Metagenomic	  analyses	  in	  the	  honey	  bee	  
•  One	  of	  the	  first	  uses	  of	  NGS	  for	  virus	  discovery	  in	  insects	  
•  Colony	  collapse	  disorder	  (CCD)	  
•  Determined	  Israeli	  acute	  paralysis	  virus	  (IAPV)	  was	  a	  significant	  
indicator	  of	  CCD	  

•  Microbiome	  of	  the	  honey	  bee	  
•  NGS	  has	  been	  used	  to	  iden=fy	  four	  novel	  viruses	  in	  honey	  bees	  
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•  Viral	  metagenomics	  
•  Metagenomic	  data	  originate	  from	  heterogeneous	  microbial	  
communi=es	  

•  Vast	  majority	  of	  viruses	  isolated	  from	  environmental	  samples	  are	  
novel	  and	  consequently	  most	  of	  their	  genes	  do	  not	  have	  homologous	  
sequences	  in	  the	  public	  databases,	  making	  func=onal	  annota=on	  
even	  more	  difficult	  
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•  Further	  study	  of	  fecal	  viromes	  
•  Sequencing	  of	  virus-‐like	  par=cles	  and	  bacteria	  isolated	  from	  fecal	  
samples	  	  

•  Collected	  from	  healthy	  monozygo=c	  twins	  and	  their	  mothers	  
•  Three	  =me	  points	  over	  a	  one	  year	  period	  
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ARTICLES

Viruses in the faecal microbiota of
monozygotic twins and their mothers
Alejandro Reyes1, Matthew Haynes2, Nicole Hanson2, Florent E. Angly2,3, Andrew C. Heath4, Forest Rohwer2

& Jeffrey I. Gordon1

Viral diversity and life cycles are poorly understood in the human gut and other body habitats. Phages and their encoded
functions may provide informative signatures of a human microbiota and of microbial community responses to various
disturbances, and may indicate whether community health or dysfunction is manifest after apparent recovery from a disease
or therapeutic intervention. Here we report sequencing of the viromes (metagenomes) of virus-like particles isolated from
faecal samples collected from healthy adult female monozygotic twins and their mothers at three time points over a one-year
period. We compared these data sets with data sets of sequenced bacterial 16S ribosomal RNA genes and
total-faecal-community DNA. Co-twins and their mothers share a significantly greater degree of similarity in their faecal
bacterial communities than do unrelated individuals. In contrast, viromes are unique to individuals regardless of their degree
of genetic relatedness. Despite remarkable interpersonal variations in viromes and their encoded functions, intrapersonal
diversity is very low, with .95% of virotypes retained over the period surveyed, and with viromes dominated by a few
temperate phages that exhibit remarkable genetic stability. These results indicate that a predatory viral–microbial dynamic,
manifest in a number of other characterized environmental ecosystems, is notably absent in the very distal intestine.

The diversity of viruses in the gut, and their role in the assembly,
maintenance and adaptations of the microbiota and its pool of genes
(microbiome), remains unclear. In many environments, the domi-
nant ecological relationship between viruses and their microbial
hosts is predatory and follows Lotka–Volterra (or ‘kill the winner’)
dynamics. This dynamic is characterized by top-down control of
microbial communities (that is, microbial biomass is significantly
below the carrying capacity of the habitat), rapid microbial and viral
population shifts, and evidence of Red Queen coevolution (in other
words, escape strategies in the prey population are countered by
predator adaption). One manifestation of this ‘arms race’ is positive
selection on loci such as bacterial O antigens and clustered regularly
interspaced short palindromic repeats (CRISPR) elements1,2, and viral
tail fibres3. In contrast to this predator–prey dynamic, there is another
viral life cycle where temperate rather than lytic viruses are longer-
term contributors to microbial host phenotypes through provision of
adaptive genes. This dynamic can change the metabolic capacities of
free-living bacteria and obligate intracellular mutualists4, as well as the
lifestyles of pathogens5. In fact, many of the differences between closely
related microbial strains arise from prophage insertions6,7.

Sampling the DNA virome

Recent studies of the human gut virome have focused on pathogen
discovery8 or have analysed a few individuals without defining the
microbial composition of their gastrointestinal tracts9–11. In this
Article, we characterize the faecal viromes of four pairs of adult female
monozygotic twins and their mothers. All were healthy and none had
received antibiotics in the six-month period before sampling. Faecal
samples were obtained at the beginning of the study, two months later
(50 6 9 d) and one year later (364 6 10 d). Virus-like particles (VLPs)
were purified from 32 frozen faecal specimens. Because the yield of
VLP DNA from 2–5 g of faeces averaged 500 ng, we performed random

amplification of the purified viromes to obtain sufficient material for
shotgun 454 GS FLX pyrosequencing. After quality filtering, our final
data set contained 280,625,127 nucleotides (Supplementary Table 1).
We verified the reproducibility of the protocol by sequencing repli-
cates from five samples (Supplementary Table 1 and Methods). One
additional sample was subjected to deeper sequencing (70,157,333
nucleotides). We characterized bacterial taxa represented in faecal
samples by pyrosequencing their 16S rRNA genes (Supplementary
Table 2). We had previously performed12 shotgun sequencing of total
faecal DNA isolated from the 12 frozen samples obtained at the first
time point that in this work were used to prepare purified VLPs (Sup-
plementary Table 3).

Prominence of prophages and phages

We generated a custom non-redundant viral database (NR_Viral_
DB) to facilitate analysis of VLP-derived metagenomic data sets
(Methods). The NR_Viral_DB contained 4,193 genomic sequences
(96.2 megabases): 73.3% were eukaryotic viral genomes and 25.8%
were phages and prophages; 76.9% of the phages and prophages were
double-stranded-DNA phages, mostly members of the order
Caudovirales. The bacterial hosts of these known bacteriophages
are principally members of Proteobacteria (54%), Firmicutes
(32%) and Actinobacteria (7%).

A relaxed search against the NR_Viral_DB (tBLASTX; E value,
,1023) showed that 81 6 6% (mean 6 s.d.) of reads generated in this
study did not match to any known viruses (Supplementary Fig. 1).
However, most of the identifiable viruses in the 32 VLP-derived viromes
were prophages or phages generally classified as temperate (Fig. 1). The
Podoviridae illustrate this point: this family consists of both lytic and
temperate members and in the faecal viral community its dominant
representatives were temperate (for example coliphage P22-like). The
predicted hosts of the identifiable phages and prophages were members

1Center for Genome Sciences and Systems Biology, Washington University School of Medicine, St Louis, Missouri 63108, USA. 2Department of Biology, San Diego State University, San
Diego, California 92182, USA. 3Advanced Water Management Centre, The University of Queensland, Brisbane, Queensland 4072, Australia. 4Department of Psychiatry, Washington
University School of Medicine, St Louis, Missouri 63108, USA.
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•  Study	  of	  fecal	  viromes	  
•  Co-‐twins	  and	  mothers	  shared	  a	  significantly	  greater	  degree	  of	  
similarity	  in	  their	  bacterial	  faecal	  communi=es	  than	  unrelateds	  	  

•  Viromes	  were	  unique	  to	  individuals	  regardless	  of	  relatedness	  
•  Interpersonal	  varia=on	  in	  viromes	  was	  low,	  with	  >	  95%	  of	  
virotypes	  maintained	  over	  the	  period	  surveyed	  

Investigation	  of	  microbial	  communities	  

ARTICLES

Viruses in the faecal microbiota of
monozygotic twins and their mothers
Alejandro Reyes1, Matthew Haynes2, Nicole Hanson2, Florent E. Angly2,3, Andrew C. Heath4, Forest Rohwer2

& Jeffrey I. Gordon1

Viral diversity and life cycles are poorly understood in the human gut and other body habitats. Phages and their encoded
functions may provide informative signatures of a human microbiota and of microbial community responses to various
disturbances, and may indicate whether community health or dysfunction is manifest after apparent recovery from a disease
or therapeutic intervention. Here we report sequencing of the viromes (metagenomes) of virus-like particles isolated from
faecal samples collected from healthy adult female monozygotic twins and their mothers at three time points over a one-year
period. We compared these data sets with data sets of sequenced bacterial 16S ribosomal RNA genes and
total-faecal-community DNA. Co-twins and their mothers share a significantly greater degree of similarity in their faecal
bacterial communities than do unrelated individuals. In contrast, viromes are unique to individuals regardless of their degree
of genetic relatedness. Despite remarkable interpersonal variations in viromes and their encoded functions, intrapersonal
diversity is very low, with .95% of virotypes retained over the period surveyed, and with viromes dominated by a few
temperate phages that exhibit remarkable genetic stability. These results indicate that a predatory viral–microbial dynamic,
manifest in a number of other characterized environmental ecosystems, is notably absent in the very distal intestine.

The diversity of viruses in the gut, and their role in the assembly,
maintenance and adaptations of the microbiota and its pool of genes
(microbiome), remains unclear. In many environments, the domi-
nant ecological relationship between viruses and their microbial
hosts is predatory and follows Lotka–Volterra (or ‘kill the winner’)
dynamics. This dynamic is characterized by top-down control of
microbial communities (that is, microbial biomass is significantly
below the carrying capacity of the habitat), rapid microbial and viral
population shifts, and evidence of Red Queen coevolution (in other
words, escape strategies in the prey population are countered by
predator adaption). One manifestation of this ‘arms race’ is positive
selection on loci such as bacterial O antigens and clustered regularly
interspaced short palindromic repeats (CRISPR) elements1,2, and viral
tail fibres3. In contrast to this predator–prey dynamic, there is another
viral life cycle where temperate rather than lytic viruses are longer-
term contributors to microbial host phenotypes through provision of
adaptive genes. This dynamic can change the metabolic capacities of
free-living bacteria and obligate intracellular mutualists4, as well as the
lifestyles of pathogens5. In fact, many of the differences between closely
related microbial strains arise from prophage insertions6,7.

Sampling the DNA virome

Recent studies of the human gut virome have focused on pathogen
discovery8 or have analysed a few individuals without defining the
microbial composition of their gastrointestinal tracts9–11. In this
Article, we characterize the faecal viromes of four pairs of adult female
monozygotic twins and their mothers. All were healthy and none had
received antibiotics in the six-month period before sampling. Faecal
samples were obtained at the beginning of the study, two months later
(50 6 9 d) and one year later (364 6 10 d). Virus-like particles (VLPs)
were purified from 32 frozen faecal specimens. Because the yield of
VLP DNA from 2–5 g of faeces averaged 500 ng, we performed random

amplification of the purified viromes to obtain sufficient material for
shotgun 454 GS FLX pyrosequencing. After quality filtering, our final
data set contained 280,625,127 nucleotides (Supplementary Table 1).
We verified the reproducibility of the protocol by sequencing repli-
cates from five samples (Supplementary Table 1 and Methods). One
additional sample was subjected to deeper sequencing (70,157,333
nucleotides). We characterized bacterial taxa represented in faecal
samples by pyrosequencing their 16S rRNA genes (Supplementary
Table 2). We had previously performed12 shotgun sequencing of total
faecal DNA isolated from the 12 frozen samples obtained at the first
time point that in this work were used to prepare purified VLPs (Sup-
plementary Table 3).

Prominence of prophages and phages

We generated a custom non-redundant viral database (NR_Viral_
DB) to facilitate analysis of VLP-derived metagenomic data sets
(Methods). The NR_Viral_DB contained 4,193 genomic sequences
(96.2 megabases): 73.3% were eukaryotic viral genomes and 25.8%
were phages and prophages; 76.9% of the phages and prophages were
double-stranded-DNA phages, mostly members of the order
Caudovirales. The bacterial hosts of these known bacteriophages
are principally members of Proteobacteria (54%), Firmicutes
(32%) and Actinobacteria (7%).

A relaxed search against the NR_Viral_DB (tBLASTX; E value,
,1023) showed that 81 6 6% (mean 6 s.d.) of reads generated in this
study did not match to any known viruses (Supplementary Fig. 1).
However, most of the identifiable viruses in the 32 VLP-derived viromes
were prophages or phages generally classified as temperate (Fig. 1). The
Podoviridae illustrate this point: this family consists of both lytic and
temperate members and in the faecal viral community its dominant
representatives were temperate (for example coliphage P22-like). The
predicted hosts of the identifiable phages and prophages were members
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•  Quasispecies	  
•  Viral	  popula=ons	  rapidly	  adapt	  to	  changing	  environments	  by	  
selec=on	  of	  variants	  with	  beSer	  fitness	  

•  Important	  viral	  proper=es	  may	  not	  be	  best	  explained	  by	  a	  
consensus	  sequence	  
•  Requires	  knowledge	  about	  microvariants	  present	  in	  viral	  popula=ons	  
•  Knowledge	  relevant	  to	  	  
•  Viral	  evolu=on	  
•  Spread	  
•  Evasion	  of	  immune	  response	  
•  An=-‐viral	  drug	  resistance	  
•  Vaccine	  development	  and	  manufacture	  
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•  Quasispecies	  
•  HIV	  quasispecies	  	  
•  HIV	  is	  highly	  heterogeneous	  

•  High	  turnover	  rates	  
•  High	  viral	  load	  
•  Replica=on	  mediated	  by	  error	  prone	  reverse	  transcriptase	  enzyme	  
•  Recombina=on	  shuSling	  muta=ons	  between	  viral	  genomes,	  leading	  
to	  an=genic	  shias	  and	  altera=ons	  in	  virulence	  
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•  Quasispecies	  
•  HIV	  quasispecies	  	  
•  454	  pyrosequencing	  methods	  analzying	  the	  variable	  regions	  of	  
heavy	  and	  light	  chains	  of	  neutralizing	  an=bodies	  against	  HIV	  in	  
the	  blood	  obtained	  from	  HIV-‐1	  infected	  individuals	  

•  Understanding	  how	  broadly	  neutralizing	  an=bodies	  develop	  
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Focused Evolution of HIV-1
Neutralizing Antibodies Revealed by
Structures and Deep Sequencing
Xueling Wu,1* Tongqing Zhou,1* Jiang Zhu,1* Baoshan Zhang,1 Ivelin Georgiev,1

Charlene Wang,1 Xuejun Chen,1 Nancy S. Longo,1 Mark Louder,1 Krisha McKee,1 Sijy O’Dell,1

Stephen Perfetto,1 Stephen D. Schmidt,1 Wei Shi,1 Lan Wu,1 Yongping Yang,1 Zhi-Yong Yang,1

Zhongjia Yang,1 Zhenhai Zhang,1,2 Mattia Bonsignori,3 John A. Crump,4,5 Saidi H. Kapiga,6

Noel E. Sam,5,6 Barton F. Haynes,3 Melissa Simek,7 Dennis R. Burton,8,9 Wayne C. Koff,7

Nicole A. Doria-Rose,10 Mark Connors,10 NISC Comparative Sequencing Program,11

James C. Mullikin,11 Gary J. Nabel,1 Mario Roederer,1 Lawrence Shapiro,1,2

Peter D. Kwong,1† John R. Mascola1†

Antibody VRC01 is a human immunoglobulin that neutralizes about 90% of HIV-1 isolates. To
understand how such broadly neutralizing antibodies develop, we used x-ray crystallography and 454
pyrosequencing to characterize additional VRC01-like antibodies from HIV-1–infected individuals.
Crystal structures revealed a convergent mode of binding for diverse antibodies to the same
CD4-binding-site epitope. A functional genomics analysis of expressed heavy and light chains revealed
common pathways of antibody-heavy chain maturation, confined to the IGHV1-2*02 lineage, involving
dozens of somatic changes, and capable of pairing with different light chains. Broadly neutralizing
HIV-1 immunity associated with VRC01-like antibodies thus involves the evolution of antibodies to a
highly affinity-matured state required to recognize an invariant viral structure, with lineages defined
from thousands of sequences providing a genetic roadmap of their development.

HIV-1 exhibits extraordinary genetic di-
versity and has evolved multiple mech-
anisms of resistance to evade the humoral

immune response (1–3). Despite these obstacles,
10 to 25% of HIV-1–infected individuals de-
velop cross-reactive neutralizing antibodies af-
ter several years of infection (4–9). Elicitation
of such antibodies could form the basis for an
effective HIV-1 vaccine, and intense effort has
focused on identifying responsible antibodies
and delineating their characteristics. A variety of
monoclonal antibodies (mAbs) have been iso-

lated that recognize a range of epitopes on the
functional HIV-1 viral spike, which is composed
of three highly glycosylated gp120 exterior en-
velope glycoproteins and three transmembrane
gp41 molecules. Some broadly neutralizing anti-
bodies are directed against the membrane-
proximal external region of gp41 (10, 11), but
the majority recognize gp120. These include
the quaternary structure–preferring antibodies
PG9, PG16, and CH01-04 (12, 13); the glycan-
reactive antibodies 2G12 and PGT121-137 (14,
15); and antibodies b12, HJ16, and VRC01-03,
which are directed against the region of HIV-
1 gp120 involved in initial contact with the CD4
receptor (16–19).

One unusual characteristic of all these gp120-
reactive broadly neutralizing antibodies is a high
level of somatic mutation. Antibodies typical-
ly accumulate 5 to 15% changes in variable
domain–amino acid sequence during the affinity
maturation process (20), but for these gp120
reactive neutralizing antibodies, the degree of
heavy chain–somatic mutation is markedly in-
creased, ranging from 19% for the quaternary
structure–preferring antibodies (12), to 31% for
antibody 2G12 (21, 22), and to 40 to 46% for
the CD4-binding-site antibodies, HJ16 (17),
VRC01, VRC02, and VRC03 (18) (table S1).

In the case of VRC01, the mature antibody
accumulates roughly 70 total changes in amino
acid sequence during the maturation process. The
mature VRC01 can neutralize ~90% of HIV-1 iso-
lates at a geometric mean inhibitory concen-
tration (IC50) of 0.3 mg/ml (18), and structural

studies show that it achieves this neutralization
by precisely recognizing the initial site of CD4
attachment on HIV-1 gp120 (19). By contrast, the
predicted unmutated germline ancestor of VRC01
has weak affinity for typical strains of gp120
(in the millimolar range) (19). Moreover, with
only three VRC01-like antibodies identified in a
single individual (donor 45), it has been unclear
whether the VRC01 mode of recognition, genetic
origin, and pathway of affinity maturation rep-
resent general features of the B cell response to
the CD4-binding site of HIV-1 gp120. Here, we
explore how broadly neutralizing HIV-1 immuni-
ty associated with VRC01-like antibodies de-
velops, with an analysis of dozens of neutralizers
from additional donors to answer questions of
generality and to trace pathways of affinity ma-
turation with thousands of VRC01-like antibody
sequences.

Isolation of neutralizing antibodies from
donors 74 and 0219 with a CD4-binding-site
probe. We previously used structure-guided
resurfacing to alter the antigenic surfaces on
HIV-1 gp120 while preserving the initial site of
attachment to the CD4 receptor (18). With the
resurfaced stabilized core 3 probe (RSC3), over
30% of the surface residues of core gp120 were
altered and the conformation stabilized by the ad-
dition of interdomain-disulfide bonds and cavity-
filling point mutations (18). We used RSC3 and
a mutant version containing a single amino acid
deletion in the CD4-binding loop (DRSC3) to
interrogate a panel of 12 broadly neutralizing
sera derived from the IAVI protocol G cohort of
HIV-1–infected individuals (6, 23) (Fig. 1A). A
substantial fraction of neutralization of three se-
ra (23, 57, and 74) was specifically blocked by
RSC3 compared with DRSC3, indicating the pres-
ence of CD4-binding-site–directed neutralizing
antibodies. RSC3-neutralization competition as-
says also confirmed the presence of CD4-binding-
site antibodies in the previously characterized
sera 0219, identified in the Center for HIVAIDS
Vaccine Immunology (CHAVI) 001 cohort (8)
(Fig. 1A). Peripheral blood mononuclear cells
(PBMCs) from protocol G donor 74 (infected
with A/D recombinant) and from CHAVI do-
nor 0219 (infected with clade A) were used
for antigen-specific B cell sorting and antibody
isolation. For donors 74 and 0219, respectively,
a total of 0.13% and 0.15% of IgG+ (immuno-
globulin G) B cells were identified (Fig. 1B and
fig. S1). The heavy- and light-chain immuno-
globulin genes from individual B cells were am-
plified and cloned into IgG1 expression vectors
that reconstituted the full IgG (18, 24). From
donor 74, two somatically related antibodies
named VRC-PG04 and VRC-PG04b demon-
strated strong binding to several versions of gp120
and to RSC3 but >100-fold less binding to DRSC3
(fig. S2 and table S2). From donor 0219, five
somatically related antibodies named VRC-CH30,
31, 32, 33, and 34 displayed a similar pattern of
RSC3/DRSC3 reactivity (fig. S2 and table S2).
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•  Quasispecies	  
•  Other	  quasispecies	  

•  Total	  RNAs	  extracted	  from	  a	  pa=ent	  who	  died	  of	  viral	  pneumonia	  
due	  to	  pandemic	  2009	  influenza	  A	  virus	  

•  Human	  rhinovirus	  genome	  in	  pa=ent	  infected	  with	  the	  same	  HRV	  
strain	  for	  two	  years	  
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•  Drug	  resistance	  muta=ons	  in	  pa=ents	  
•  An=viral	  drug	  resistance	  
•  Deep	  sequencing	  to	  detect	  low	  abundance	  drug	  resistance	  

•  HIV	  variants	  
•  Hepa==s	  C	  virus	  	  
•  HCV	  minor	  variants	  

•  High	  sensi=vity	  for	  minor	  variants	  

Drug	  resistance	  mutations	  in	  patients	  

Extensive Genome-Wide Variability of Human
Cytomegalovirus in Congenitally Infected Infants
Nicholas Renzette1, Bornali Bhattacharjee1, Jeffrey D. Jensen2, Laura Gibson3, Timothy F. Kowalik1,4*

1 Department of Microbiology and Physiological Systems, University of Massachusetts Medical School, Worcester, Massachusetts, United States of America, 2 Program in
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Abstract

Research has shown that RNA virus populations are highly variable, most likely due to low fidelity replication of RNA
genomes. It is generally assumed that populations of DNA viruses will be less complex and show reduced variability when
compared to RNA viruses. Here, we describe the use of high throughput sequencing for a genome wide study of viral
populations from urine samples of neonates with congenital human cytomegalovirus (HCMV) infections. We show that
HCMV intrahost genomic variability, both at the nucleotide and amino acid level, is comparable to many RNA viruses,
including HIV. Within intrahost populations, we find evidence of selective sweeps that may have resulted from immune-
mediated mechanisms. Similarly, genome wide, population genetic analyses suggest that positive selection has contributed
to the divergence of the HCMV species from its most recent ancestor. These data provide evidence that HCMV, a virus with a
large dsDNA genome, exists as a complex mixture of genome types in humans and offer insights into the evolution of the
virus.
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Introduction

Human cytomegalovirus (HCMV) is member of the b-
herpesvirus family. It is a ubiquitous, opportunistic pathogen,
with seroprevalence of 30–90% in the United States [1]. In
healthy individuals, primary HCMV infection is usually asymp-
tomatic or can result in a mild febrile illness. However, infection
persists throughout the life of the host. HCMV infections can be
problematic for those with compromised or immature immune
systems. For example, congenital HCMV infection is the leading
cause of birth defects resulting from an infectious agent, affecting
about 0.5% of all live births [2] and costing the U.S. Health care
system ,$2 billion annually [3]. Long term sequelae of congenital
HCMV infections include deafness, blindness and/or mental
disability [4].

HCMV contains the largest genome of any human virus with a
dsDNA genome of ,236 kilobase pairs [5]. Sequence analysis
predicts that the genome encodes approximately 164 open
readings frames (ORFs) [6]. The genome contains two unique
regions (termed UL and US) that are flanked by repeats (termed RL

and RS) both internally and terminally, although the internal RL

region is not present in clinical isolates or low passage strains.
Previous work with cell culture passed virus has shown that the
genome of HCMV displays sequence variability. For example, the
laboratory strain AD169 is a highly passaged, attenuated variant.

The genome of AD169 as compared to low passage strains has an
approximately 15 kb deletion which encodes an additional 19 or
22 open ORFs, referred to as the UL/b’ region [6,7,8].
Approximately 20 ORFs of HCMV have been shown to exhibit
nucleotide variability when sequenced from infected hosts
[9,10,11,12,13,14,15,16,17,18,19]. These studies have often fo-
cused on the variability of ORFs encoding envelope glycoproteins
or ORFs of UL/b’, which are thought to be important for
pathogenesis. As examples, UL55 and UL73, encoding the gB and
gN glycoproteins, respectively, commonly exist as one of 4
genotypes, with less common genotypes also identified [19,20].
In the UL/b’ region, UL144, encoding a TNF-a receptor [21],
and UL146 and UL147, encoding a-chemokines [22], also show
significant variability among hosts [9,14,23,24,25].

Although it is known that HCMV is polymorphic among hosts,
the source of the variability remains unresolved. There are at least
two possibilities to explain the observation. The first is that de novo
mutations arise upon introduction into a new host, resulting in a
unique strain for each individual. The second possibility is that
multiple HCMV genotypes exist within each host, and infection
into a new host represents a selection event whereby a new
dominant genotype is selected for and detected in subsequent
assays. In support of this model, others have found evidence of
mixed genotype populations at the few loci examined. Mixed
populations have been observed when measuring gB genotypes
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Characterization of Quasispecies of Pandemic 2009
Influenza A Virus (A/H1N1/2009) by De Novo Sequencing
Using a Next-Generation DNA Sequencer
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Abstract

Pandemic 2009 influenza A virus (A/H1N1/2009) has emerged globally. In this study, we performed a comprehensive
detection of potential pathogens by de novo sequencing using a next-generation DNA sequencer on total RNAs extracted
from an autopsy lung of a patient who died of viral pneumonia with A/H1N1/2009. Among a total of 9.46106 40-mer short
reads, more than 98% appeared to be human, while 0.85% were identified as A/H1N1/2009 (A/Nagano/RC1-L/2009(H1N1)).
Suspected bacterial reads such as Streptococcus pneumoniae and other oral bacteria flora were very low at 0.005%, and a
significant bacterial infection was not histologically observed. De novo assembly and read mapping analysis of A/Nagano/
RC1-L/2009(H1N1) showed more than6200 coverage on average, and revealed nucleotide heterogeneity on hemagglutinin
as quasispecies, specifically at two amino acids (Gly172Glu and Gly239Asn of HA) located on the Sa and Ca2 antigenic sites,
respectively. Gly239 and Asn239 on antigenic site Ca2 appeared to be minor amino acids compared with the highly
distributed Asp239 in H1N1 HAs. This study demonstrated that de novo sequencing can comprehensively detect pathogens,
and such in-depth investigation facilitates the identification of influenza A viral heterogeneity. To better characterize the A/
H1N1/2009 virus, unbiased comprehensive techniques will be indispensable for the primary investigations of emerging
infectious diseases.
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Introduction

In April 2009, an H1N1 triple-reassortant swine influenza virus
(A/H1N1/2009) was detected in humans with febrile respiratory
illness in North America [1], and the virus has rapidly spread
worldwide by human-to-human transmission. According to the
disease outbreak news from the World Health Organization, at
least 14,711 people died from A/H1N1/2009 between April 2009
and January 2010 (http://www.who.int/csr/don/en/). Fatal cases
from A/H1N1/2009 viral infection were summarized in a report
by Gill et al. [2].

The genome of influenza A virus (family Orthomyxoviridae)
consists of 8 single-stranded negative sense RNA molecules
spanning approximately 13.5 kb. The segments range in length
from 890 to 2341 nucleotides (nt) and encode a total of 11 proteins
[3]. Genetic diversity in influenza virus results from a high
mutation rate associated with replication using a low-fidelity RNA
polymerase and the reshuffling (reassortment) of segments among
coinfecting strains. Multiple-reassortant influenza viruses from
avian, human, and swine origins emerged as major pandemic

influenza viruses (i.e., 1918 H1N1, 1957 H2N2, and 1968 H3N2)
causing significant mortality in humans in the 20th century [4].
Such an ‘‘antigenic shift’’ by multiple reassortant drives the
emergence of pandemic influenza viruses, with their severity and
clinical outcome always unpredictable [5].

Influenza A virus can evade antibodies specific to its attachment
protein, hemagglutinin (HA), by the accumulation of amino acid
substitutions in HA epitopes [6]. This ‘‘antigenic drift’’ in HA
epitopes [7] affects recognition by antibodies that neutralize viral
infectivity by blocking the interaction of HA with sialic acid
residues on host-cell membranes. The H1 subtype HA has four
antigenic sites recognized by monoclonal antibodies with high
neutralizing activity, designated Sa, Sb, Ca, and Cb [8]. In
addition, 8 continuous B cell/antibody epitopes for human H1N1
HA proteins have been experimentally defined by the Immune
Epitope Database and Analysis Resource (IEDB: http://www.
immuneepitope.org/) [9]. Immune epitope analysis of HA
epitopes in A/H1N1/2009 is also summarized in the Influenza
Research Database (http://www.fludb.org/brc/homeExtraPage.
do?decorator=influenza&extraPage=separate) [10].
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Deep Sequencing Reveals Highly Complex Dynamics of Human
Cytomegalovirus Genotypes in Transplant Patients over Time!
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In lung transplant patients undergoing immunosuppression, more than one human cytomegalovirus
(HCMV) genotype may emerge during follow-up, and this could be critical for the outcome of HCMV infection.
Up to now, many cases of infection with multiple HCMV genotypes were probably overlooked due to the
limitations of the current genotyping approaches. We have now analyzed mixed-genotype infections in 17
clinical samples from 9 lung transplant patients using the highly sensitive ultradeep-pyrosequencing (UDPS)
technology. UDPS genotyping was performed at three variable HCMV genes, coding for glycoprotein N (gN),
glycoprotein O (gO), and UL139. Simultaneous analysis of a mean of 10,430 sequence reads per amplicon
allowed the relative amounts of distinct genotypes in the samples to be determined down to 0.1% to 1%
abundance. Complex mixtures of up to six different HCMV genotypes per sample were observed. In all samples,
no more than two major genotypes accounted for at least 88% of the HCMV DNA load, and these were often
accompanied by up to four low-abundance genotypes at frequencies of 0.1% to 8.6%. No evidence for the
emergence of new genotypes or sequence changes over time was observed. However, analysis of different
samples withdrawn from the same patients at different time points revealed that the relative levels of repli-
cation of the individual HCMV genotypes changed within a mixed-genotype population upon reemergence of
the virus. Our data show for the first time that, similar to what has been hypothesized for the murine model,
HCMV reactivation in humans seems to occur stochastically.

Human cytomegalovirus (HCMV) is the most important
viral pathogen affecting patients after solid organ transplanta-
tion (12, 18, 29). Lung transplant recipients have an especially
high risk of acquiring severe and sometimes fatal HCMV in-
fections, which are also associated directly or indirectly with
graft rejection and bronchiolitis obliterans syndrome (6, 53).

Human cytomegalovirus is a double-stranded DNA virus
with a genome size of about 236 kb that is predicted to contain
165 protein-coding genes (9). Although most of the HCMV
genome is highly conserved among the various HCMV strains,
a subset of genes exhibits a high degree of variability, as has
been shown by genome-wide sequence analysis as well as by
examination of individual genes. A high level of genetic het-
erogeneity usually occurs in a limited number of distinct ge-
notypes (9, 32, 33). Among the most variable genes are the
viral envelope glycoprotein N (gN) and gO genes and the gene
encoding the predicted membrane glycoprotein UL139. Se-
quence analysis of highly polymorphic regions within these
three genes allows the discrimination of seven distinct gN ge-
notypes (30, 31) and eight distinct gO and UL139 genotypes (3,
24, 35, 45). The existence of such a large number of distinct
genotypes provides a useful tool for investigating HCMV pop-
ulation diversity within a host.

Reinfection with different HCMV strains is possible in the
human host, and several strains can accumulate during a per-
son’s lifetime (26). In transplant patients, not only the recipi-

ent’s own pretransplant latent HCMV strains but also donor-
acquired HCMV strains can accumulate and may replicate
when the patient is undergoing immunosuppressive therapy.
There is mounting evidence that the occurrence of mixed
HCMV infections in lung transplant recipients is disadvanta-
geous for these patients (17, 23, 34). So far, however, the extent
to which patients are typically infected with multiple HCMV
strains is not known. Various methods have been applied for
discriminating genetically distinct HCMV strains in clinical
material during HCMV infection by taking advantage of se-
quence polymorphisms within variable genes. However, the
most frequently used HCMV genotyping methods, such as
traditional Sanger DNA sequencing (3, 30, 45), restriction
fragment length polymorphism of PCR products (27, 31, 35),
and genotype-specific PCR assays (24), lack sensitivity and are
not quantitative. Even cloning of PCR products and subse-
quent Sanger sequencing do not allow a sensitive assessment of
the genotypes present unless an extremely large number of
individual clones is sequenced. Improved genotype-specific
real-time-PCR-based assays have been established recently for
gB and gH genotyping, and these allow simultaneous detection
and quantitation of distinct genotypes in mixed infections
down to a level of 5% or even less (14, 28).

In the present study, we determined the relative amounts of
different HCMV genotypes in clinical samples from lung trans-
plant patients by using the highly sensitive ultradeep-pyrose-
quencing (UDPS) technology. UDPS genotyping of three of
the most variable genes within the HCMV genome, the gN,
gO, and UL139 genes, revealed that there is a substantially
higher diversity of HCMV genotype populations in patients
with mixed HCMV infection than has been recognized previ-
ously and that the HCMV strains show a distinct pattern in
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SEQUENCE NOTE

Use of Massive Parallel Pyrosequencing for Near Full-Length
Characterization of a Unique HIV Type 1 BF Recombinant

Associated with a Fatal Primary Infection

Alessandro Bruselles, Gabriella Rozera, Barbara Bartolini, Mattia Prosperi, Franca Del Nonno,
Pasquale Narciso, Maria R. Capobianchi, and Isabella Abbate

Abstract

Near full length genome characterization of a BF recombinant from a patient who died from multiorgan failure
during HIV-1 seroconversion is reported. Massive parallel pyrosequencing was used with the shotgun approach.
Intrahost genetic variability along the whole genome was calculated and coreceptor usage of viral quasispecies
was predicted. A consensus sequence was established to perform subtype assignment, phylogenetic analysis,
and recombination tests. The sequence clustered with two recently described BF unique recombinant forms from
Brazil, consistent with the recombination pattern, yielding breakpoints located at the same positions, with the
exception of the second env breakpoint. The actual prevalence of recombinant forms is probably underestimated
if partial genomic regions are considered. Here the first full length BF recombinant from Italy is described,
together with an evaluation of quasispecies heterogeneity. Our data provide evidence that next generation
sequencing may provide a major contribution to HIV-1 molecular epidemiology and to the comprehension of
intrapatient heterogeneity.

HIV-1 infection is rarely diagnosed during primary
infection, as the clinical presentation is generally mild.

However, some people may suffer an acute mononucleosis-
like illness during seroconversion.1 Rare presentations of
primary infection with encephalopathy, pneumonitis, and
rhabdomyolysis accompanied by acute renal failure, eventu-
ally associated with a fatal outcome, may also occur.2 In the
present study, we characterized the HIV-1 genome present in
an infected patient who died from multiorgan failure during
seroconversion.

The patient was an 24-year-old Italian man with high risk
sexual behavior (bisexual) and abuse of drugs and alcohol
who contracted the infection in Italy. He was in good health
before admission to the hospital and reported that he had had
high risk sexual intercourse in the previous 3 weeks. At ad-
mission, he presented with fever of acute onset and a 4-day
history of chills, myalgia, headache, and diarrhea. The patient
displayed a very high plasma viremia (>10,000,000 cp=ml, as
determined by Versant Siemens on diluted samples) together
with a high proviral burden in different body areas (lung,
3153 copies=million cells; liver, 1372 copies=million cells;
lymph nodes, 746 copies=million cells), as determined by

quantitative real-time polymerase chain reaction (PCR) tar-
geting the LTR region as described elsewhere.3 Serological
tests for HIV-1 were suggestive of a primary infection (fourth
generation EIA positive, Western blot negative, p24 positive).
Other serological tests, molecular tests, and sample cultures
(blood and sputum) for bacterial, fungal, parasitic, and all
viral (other than HIV) infections were negative. To perform a
molecular analysis of the full-length HIV-1 genome, HIV-1
RNA was extracted from the plasma using the QIAmp Viral
RNA kit (Qiagen, Hilden, Germany) and retrotranscribed
with the reverse primer UNINEF70 close to the 30 end4 and
SuperScriptTM III RT (Invitrogen, Carlsbad, CA), according
to the manufacturer’s instructions.

Full-length sequencing was then undertaken by massively
parallel pyrosequencing, with 454 Life Science technology,
GS-FLX Platform (Roche, Applied Science), leading to a
deep resequencing of the genome with the ability to directly
evaluate the variability at each nucleotide position. To apply
this technology, a preliminary amplification of the retrotran-
scribed cDNA was performed by primer-specific nested
PCR, with 5 U of Expand Long template PCR enzyme mixture
(Roche), which produced amplicons covering almost the
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