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ABSTRACT

Summary: Metavir is a web server dedicated to the analysis of

viral metagenomes (viromes). In addition to classical approaches

for analyzing metagenomes (general sequence characteristics,

taxonomic composition), new tools developed specifically for viral

sequence analysis make it possible to: (i) explore viral diversity

through automatically constructed phylogenies for selected marker

genes, (ii) estimate gene richness through rarefaction curves and

(iii) perform cross-comparison against other viromes using sequence

similarities. Metavir is thus unique as a platform that allows a

comprehensive virome analysis.

Availability: Metavir is freely available online at:

http://metavir-meb.univ-bpclermont.fr

Contact: simon.roux@univ-bpclermont.fr

Supplementary Information: Supplementary data are available at

Bioinformatics online.
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August 29, 2011

1 INTRODUCTION

Describing environmental viral communities is a major challenge

for environmental microbiology. Viruses are known to intervene

in a broad spectrum of processes spanning population regulation,

horizontal gene transfer and major biogeochemical cycles (Suttle,

2007). However, the study of environmental viral communities is

made difficult by the fact that only a tiny fraction of their hosts

has been cultivated. Moreover, as no single gene is common to all

viral genomes, environmental viral communities cannot be studied

via approaches based on ribosomal RNA sequencing (Edwards and

Rohwer, 2005). One way around these limitations is to directly

sequence the viral communities. Such metagenomic approaches

can provide insights into the viral diversity of environments of

interests and are progressively gaining wider uses (Allen and Wilson,

2008). Existing bioinformatics tools implemented on web servers

dedicated to metagenome analyses are not specific to particular

biological entities (Meyer et al., 2008; Seshadri et al., 2007). Yet,

viral metagenomes (viromes) are by nature significantly different

from bacterial metagenomes. Indeed, very little is known about

viral communities and the strong sequence divergence and broad

gene richness found in viromes indicate a tremendous genetic

diversity (Kristensen et al., 2009). Yet this diversity remains

∗To whom correspondence should be addressed.

very poorly characterized as the databases lack annotated viral

sequences. Most virome sequences (i.e. reads) therefore differ

from previously described sequences (Edwards and Rohwer, 2005).

However, direct comparisons of virome sequences from disparate

locations often exhibit significant overlap, indicating that, although

our knowledge on viral genes remains sparse, the same genes are

seen everywhere (Polson et al. 2011). The unknown fraction of

the reads (between 65% and 95%) usually left aside in classical

metagenomic analyses represents extremely valuable data for

virome analysis. Furthermore, different marker genes describing the

different viral families are needed to further describe viral diversity

and none of these markers are available on existing ‘generalist’ web

servers.

To our knowledge, PHACCS (Phage Communities from Contig

Spectrum; Angly et al., 2005) is the only tool designed for

viral community sequencing, but it focuses on assessing the

structure of uncultured viral communities in terms of ecological

parameters.

Here we present Metavir, an interactive web server that

performs a comprehensive analysis of viromes. Classical analyses

are available (sequence characteristics, taxonomic composition).

Marker genes selected for each major viral families can be used

in a custom-designed procedure to perform phylogenetic analysis

on virome reads. The automatically generated phylogenetic trees

allow biologists to explore the viral diversity in a deep and precise

manner. Finally, specific tools have been developed to efficiently

deal with the vast unknown fraction. The gene richness of a virome

can be assessed and compared to other viromes, and viromes can

also be compared in terms of sequence similarity.

2 METHODS

Metavir provides users with a suite of tools inside a private environment

for analyzing viromes. After a registration step, the user can submit viromes

as fasta files. Metavir separates virome analysis into four major tools, as

illustrated in the Supplementary Material using the Sargasso Sea virome

(Angly et al., 2009).

2.1 Virome composition
Virome composition is assessed using the GAAS tool (Angly et al., 2009).

Virome reads are compared to complete viral genomes from the Refseq

database, and taxonomic affiliation results are normalized by genome length

in order to estimate the number of viral particles for each viral species in the

initial sample (Supplementary Fig. S1).

3074 © The Author 2011. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com
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2.2 Automatic phylogenies for marker genes
A procedure has been developed to insert metagenomic reads in phylogenetic

trees containing reference sequences for chosen marker genes. This is the first

automatic phylogeny generation procedure available for virome sequences.

Phylogenies are of great utility to virome research due to the tremendous

diversity observed in viral sequences and the lack of representative sequences

in the databases. If enough reads are homologous to the marker gene,

phylogenies can be generated from 100 bp reads but the procedure provides

even better results with 400 bp reads commonly generated today by NGS

tools such as 454 TITANIUM.

For each marker available, reference sequences have been retrieved from

the PFAM database and aligned using MUSCLE (Edgar, 2004). A BLASTx

is computed to detect potential homologous sequences in the virome, and

all metagenomic reads having a BLAST hit against one of the reference

sequences with an E-value < 10−3 are gathered. These sequences are then

compared to NR (BLASTx), and excluded from the analysis if their best

BLAST hit does not correspond to the studied marker. The remaining reads

are assembled using Cap3 (Huang and Madan, 1999) (98% identity on

35 bp) to be able to work with longer sequences. These parameters should

only group sequences from the same virotype (Angly et al., 2005). These

sequences are translated into protein sequences and then aligned against

the reference alignment via a HMM profile using HMMER (Eddy, 1998). In

order to generate trees containing several metagenomic sequences, alignment

bounds for each metagenomic sequence are collected and used to define

multiple subalignments. Alignments are cleaned using Gblocks (Talavera

and Castresana, 2007) and used to generate phylogenetic trees with 100

bootstraps using PhyML (Guindon et al., 2009). Finally, the tree is rooted

and monophyletic groups are highlighted via Scriptree (Chevenet et al., 2010)

(Supplementary Fig. S2). This analysis is already available for the main viral

families through different marker genes, such as VP1 for Microviridae, or

TerL for Caudovirales. Users can request specific marker genes using a form

on the website.

2.3 Virome comparison
In order to compare viromes in their entirety rather than only their small

known fraction, a qualitative comparison of viromes based on sequence

similarity (tBLASTx comparison) is computed as described in a previous

work on bacterial metagenomes (Martín-Cuadrado et al., 2007). Virome

samples of 50 000 sequences of 100 bp are used in order to have comparable

results. Each sample is compared to every other sample using tBLASTx. A

similarity score between virome A and virome B is then computed as the

sum of best BLAST hit scores of virome A reads against virome B reads.

Finally, the resulting score matrix (i.e. similarity scores for all virome pairs)

is used to cluster viromes using R software and the pvclust package, working

with default parameters and 100 bootstraps (Suzuki and Shimodaira, 2006).

Users can choose to compare any virome subsets (Supplementary Fig. S3).

2.4 Rarefaction curves
Here again utilizing the whole virome rather than only the reads identified

by BLAST, the rarefaction curves are computed to assess the gene richness

of the viromes (Raes and Bork, 2008). Viromes can then be compared using

this view of the genetic diversity within a viral community. Clusters are

computed with Uclust (Edgar, 2010) and three thresholds are proposed: 75,

90 and 98%. A Perl script counts the number of different clusters generated

for a given number of input sequences, in order to plot rarefaction curves.

These rarefaction curves are computed on whole viromes (Supplementary

Fig. S4), which makes it possible to determine whether the entire gene pool

is sampled in the virome (in which case the rarefaction curve would level off),

and on virome samples (50 000 sequences of 100 bp), in order to compare

gene richness between different ecosystems (Supplementary Fig. S5). Users

can select any virome subset to be plotted into rarefaction curves. Curves

are dynamically generated with JS Charts.

3 WEB INTERFACE AND IMPLEMENTATION

A set of previously published viromes has already been included

in Metavir as public projects available for any user (registered or

not). Private projects are restricted to the user who uploaded the

project, until such time as the user decides to make it public. Metavir

computations are distributed on a cluster allowing multiple parallel

runs (40 CPU). A full analysis of a large-sized virome (600 000

reads of 400 pb) would take a few days in total.

Funding: This work was supported by the French ‘Defence

Procurement Agency’ (DGA).

Conflict of Interest: none declared.
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�������������1��2�6�����5����������������1��������,')0�����"�) �-�5�

<?�=� �4����� � �����������1 �
/+�� ����+&����� ���� ���� �*������������ ��1�

5������ � ������� � 8&������ � �.4/ � � �<?�=: � ����" �9���!�� �<??=� �4��� � ��
�����������1��/�����!���4�������!��!��5��������1������4��������&������
��������!��5����������"����) �-�5�4������������������������1�
/ +�����

�+&����4
������	�����!�!��5��������������2���!����&����������������

�����"��!��������"������������11������1������������������1����"�"�����! �

��2���!��4 �(���"� ����) �-�5�������� ��"����� � ��1����!� �&������� � ������
��5����1���	�����!�!��5�������������!��5�����1�����!���������4�������
!��5�������� � ��� � ����� � �� � 8�: � ���� � ) �-� � ��� � �11�������� � �1 � ��!��

5����!����"�����8��:������) �-�������11����������1���!��!����"������8���:�

��4����!��������!�������11����������1���!��!����"4������ '���11���������
�������"���������7��������!!��������������5����������������"���!����"�#��5�

���1�&���11��������"�����8�1��&�������:�����!����������1�����!��!����"������

�����11��������������������������"�����!��������	��������&����1����������

) �-������1��������������!����"����4
�������� � ��11����� � !��������"� � �1 � ��� � 5����!��� � ���� � ����

!��5����4 ��� "����� � 5������ � ��2���!� � !��������" �4��� � ����� � ��11������
�����������8A@��E/�����EBH��1�����������:����5��1����������"�(!�����<?@=4�
��������!��������"�������������5���������2���!�������������"�������#�

���� ���� � 1���� � ������� ��� ���;�� � ��� ����� � �������&��� ��� � � � ���� � 1�� � ��
>�!7����������!��<??=4������������!�����������������������"�������������
!������ � 4��� � ���� � ����� � ��� � ����&�� � 1��� � 1������ � ����������4 ���!��
!��5����������������+�����������!�������������11�����������������������
*��� � ������ � ����� � �� � ��� � �11�������� � �1 � ����� � �������4 � ������
!��������"���������5�����������"����������1�!�����!��&������4
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5�"� � ��4 �5��&���� � "������ � ��1��������� � ����� ����� � 5����!���� � ����
!����"��11��������������4���������1������������������!��������������1�!����"��

���������������2��������5�����8!����"���5���������4��7�:4�2�������������
�� � ���5��� � ���� � ������!��&� � 1������ � ����4��" � �� � ����!� � !����"� � ����� � ���

��	�����!����1��!��������11����������1���5����!����"���������!����"���;�� �

����������	�����!��11��������4
�����������1�!����"����������������������&��������1�����!��

����&������!����"�������������!��&����5�����4������"���5����-6$�����

������5����+;5��5��"��4 ���!��"�����11��������������1��2�&�����"�������
����*����5����������������������!�����4�����&�������������"�����!���
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�������;������!����"�������������1�����!������4

-���������������4����!����"������&�����"��������������4����

��11������!����"��!���������5������4���������������!��&�����4��74�0������� �
�� � ��7� � ���� � �!!���� � ��� � ����&��� � ������������ � ���4��� � !����"� � ����

"������� � ��� ���� ����� � ��� ����� �) �-������ ���� �) �-������ � �"������

��1��2����������1��1�����"���� �!�������� 1�� ���	�����! ��11���������8�4�4 ��+
&�������4��������
/+�:��������&��"������+�!����4��������
/H����"���1����

���������) �-���������+�!����1�������������������5�������������!����"�
���4��74�'����!�5�+4�� �<?.=� ��������������5������������4��7������4��"�
����� � �� � ��� � !����"� � ��� � ��1����!� �"������ � �� � ������ � ��� � ��2���!��

������������ ��� ���"��4 ���11����� ��5��������� ��&������� � �� �!������;� � ����
���4��7����!���������!������"��1���"������������) �-�����+�!���������

���5�����1������������"�����4�����4����������!����"������1�������"��1���

��!������������������ ��� � ��� �!������"��1 �"��������������������� ����
��	�����4��������������1�1���������������5��5������������!��������������1�
�����������"������5����������!����4
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!�����������������5����!���������������4����!����"������"����������������

!����"������!��������������4��74������!��5���������������5�����������"��
��5����-6$���� ���5����+;5�4 �,��� ���� � �11�������� ��1 ���!� �"��� � ���
���5����� �4��� � !��!7��� � ��� � � � 2���� �5�5+�5 � �� � ���� � �� � !���"� � ����
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"���������������������&���"��4�����&���������������������:����!����4�

������� � �� � ��������!���� � ��4������� � ��� � ���� � �� � ��� � ��4 � ��1����!��
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��2���!�� � ��!����� � �� � 5����"�����! � ����� � ��� � ��2���!�� � ��!����� � ���

��!�������� � 5����:4 � ��� � ������ � 1��� � ��� � ��	�����! � ������5 � ���
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���"���1�����1���������������11������1����1�����!��"���4�
'����" � ����������� � ��� � �&������� � �� � $��)��7 � 1��� � 1�������
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5����!�����+����� � &�!������ � 1����� � ���� � �� � ����1� � ����" � "��5��!��
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5�1�����5�"�1����1�����4
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��2�����:4
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�4� � ��11����� � �������� � 1��� � ��� � ����� � "�� � &����� �4����
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� � ��� ��1 �
.�����"�����! � ��������� � 1����&����� ����5����4�� ������ ���
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K9�����$�������K ��� �����&��:4 ������ �����"������� ���2���!���4����
?@?�$-����������8BB?.�B��������1 ��@/��5� L ��
/���:� �4��� � ����������

����"�����������������������!���1�������"���&�����!��������������"���

5������������������������������&������4��4������&�������4����1�������"��
1��L��4�1����������89
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8<
A=� � �&������K9�����"�� �C��������>�!��K �1����5��>�!��K9�����$���

��������K � �� � ����&��:4 � ���� � ��������� � ������� � 4�� � ���� � ���� � ���
���������� � ����5������������ ��11�������� ������4���!���������!����� �� � ��� �

����������1�!����"�4
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����&�����4�5��&����������"���4��������1�!�����

�����;� � ��� � �4� � �	�����" � ��5�� � �1 � �������� � ���� � !�� � ���

�5������������"�������������� # � 8�: �&�������!��5������1�

��4 � ������ � ������ � "�������� � ����" � 5�����2���!��"�

��!�����"� � ��� � 8��: � &������ � ��������� � ���� � !����"�� � ��

������"� � ������ � 5������� � 4��� � �������� � ��2���!�� � 4����

0������� � ��!�����"� � �� � ?@?4 � ��� � ��11����� � ��&�������
�������!�� � �� � ���� ������!��5� �4��� � �� � ����������� � ����"�

�������5����1����������8������������?@?������ �<?E=� ����

0������� � ��������� � !����"� �<
A=:� � ��� � 1��� � ����� � "���
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��� � ������� � &������ � �1 �����&�� �<�@=� 4�� � �����
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4���������1��������1���������������5�!�1�!���������"����

����� � # � 8�: �� � ��	�����!�!��5������������������� � 8��: � ����

"�����������1� ����1�!�����!��&��� � 8���: � ����!��5��������1�

�������� � ����" � 5���4��� � &����� � ��2���!� � ���������� � ����

8�&:���5����"�����!������5�5�����4������&���������"�������
5���������������!��������1��������������������������&�����

���5��� � ��� � �1��� � ��2���!�� � �� � � � ���"�� � ?@?�

5�����2���!��" � ��� � ���� � !�� � �� � ������ � �����5��	��4�
�����5�� � �������� � ����4 � �� � ����� � �5����� � �� � ���5�����

������!� � �� � ��&���������� � !���������� �<

� � ��� � @/C
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�1 �����&��4 � 0������ � �� � ��� � ������� � &������ � �1 �����&����
����1�!���� � !��&�� � ��� � ��!�5��!�� � �) �-�	 � !��5�������

4�����������������������4��"����!��5������11��������������4�
0���������4�&������������������!�����4������������!��5����

&������4��������������������1�������������4������5��&���
4�������5�!������������������������5�����1�����������������

���� ��	5�����!�4 �����������4����� �4�� �����������# � ����
��!�������� � 5��� � ��������� � 4��!� � ��7�� � �� � 5������� � ���

�!!����������������������������������4����&����������������

��&�����"�������1���������4
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���������������;������"���������"�� �<��=���������5������
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!��5���� � �� � �4� �4��� � # ������5�� � !��5�������� � !�� ����

���"���������������3�����!��������������!���������5������

����������������!��!���4��������"�������+��������&���5���

������!��&� � ������54� �� � �� � �	��5��� � ��!� � � � ��	�����!�
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"���8��"����
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��!�����5��"��"���5������1��������������11����������������
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�� ��!������ � �����&����� � �� � �������� � �1 � &������

�������������������>�������1��������������������������������

7��4��&�������2���!��<@�=�����!������������1���������"���

&�������8��5��1���"����
:4 �0� ������!����	����������������
!������� �&������� �� � ����� ���������������� � ���������� ������

�������11��������1��!����������1�5����!����� ��������4 �3+����
��!������� � 1��2���!� � ���� � 4�� � 5��&�� ��� � �� � ���� � ���

������"���� � &������ � 1��� � ��11����� � ������ � ��� � �� � ��4�

�&���������������&��4���������������4����55������������
.�
����� � "�� � �������� � ����" � ?+��� � ��!���������

8�������!��������: � ��� � � � ���+�����! � �����������������

�!����"�8��"�����:4�������������������"���������������������
�����������������������4�8<?E=��1�"����@�:#��&�������"������
�����8M��9�� :��������������1������&�����!����������������

��>�� � 1�!��� � �1 � ��11����!�� � ���4��� � �������� � �� � ����

����&�����������������&����������������1���!�����>�!��!���

���"���5���8M
��9
��9��� 
�� ������ �:4 ��������������
&�������1�������>�!������������������������������������

����"���;� � �&�� � ���� � ����!����" � ���� � ��!� � ����&������

!�������������2���&��������������"��������������4������������
�������� ������������� � ������2���!����������� >��� ���� ����

�11������� � ���� � 5��&���� � ��1��������� � ���� � !����� � ���

����!��������1�������	�����!�!��5��������4
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��������

*����"�����!��������������1�5����!�������������� ���

�������5�!�1�! �&���� �"���5��������!���������� �4��������

�&������� � �� � ��� � 1���� � &������ � �1 �����&�� �<�@=4 ��� � ���
���&������5����"�����!����7���������&��������1���&��������

��&���� ����7���"�����4�����&��������1��� ������>���&�����

"���5����������������1����7��������������	5���������
��

���7���� ��������1����4��"������D ���2�����4 � 0� �����&���
��
������1������!������&����������!�������������"���������

����!��� ����7�� �4��� ����� � �� �!��5��� �� � ���� � ��!�����"�

���� � ����� � &����� � ����� � ��� � ��1����!� � ��2���!��4�
9�4�&��� � ��� � ��!7 � �1 � ��1����!� � ������� � !���� � �� � �����

&������ � �� ����� � �!�������� � ������ � ��� � �������� � �1 � ��!��

�������� � �� � �� � �1��� � ������� � �� � ��� � "��������� � �1�

��&���������� � !����� � 1�� � 1��� � ��1����!��4 � 9�4�&����
���5�����1������������"���������������1�����������!�������

������� � &������ �<A� � 
�� � @�=4 �����&�� � � � ��4 � �11��� � ����
�55�������� � �� � !��5��� � 5����"�����! � ����� � ���� � ��!�����

������1������11������&��������4��!��!�����������5����"����

���������&��4��1�������&������������!�����5������4�������

5�����&�����7�����4�������5���������5��!����������4�������
�	��5��� � 4� � !����!��� � ��!� � �� � �������� � �� � ����

�����	����&
�����1�������1�������	������������������1�����

��������������"���5����@��1�����
.�������"���&��������

������@����5��������"�1�����4������&�������8 ������9
���
��"����
:4�����5�!���5�������5�������,��5���������������
1�� � ��5��!����� � �� � !�����&�� � ������ � ���� � 1����� � ��� � �����

"����4����������������7��������������������5����"�����!�

�����������5���1�����5��"���������&������������������"���

&�������8��"�����:4 �����	5�!�����������2���!���������&���
��� �"������� � ���� � ��!�����5��"��� � ��� ��� �&����� � ������

�55���� ���������7��� ��������� ���!���� �8-�����5��&����: ����

��7������! � &������ � 8"������	����:�� 0���������"��� � &������

 �����	 	�	��!�����	����������	"����	#��	�����$	��	�#�	 %	��������	���	�#�	#���	���	������	���	�����	��	���	"
&  $�	6������5�!��������
!�����1�����!!�����"���������5+��+�����,')0���	�����������"���5��!������1������������1������4������������!��!74�'���������&���������+��������
����"�����������"��������5����"���������������1������!�����>�!�4�-��5���������������!!�����"�������������8M�#���+����������9�# 	��"��1��L��4�1�����
������ #���4�1��L��"��1����:����������1��������5���!����!������1����������"�����"��1������	5��������8�
�������A������B:4�
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��9��� 
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 �����	'	�	(#����������	����	�����	��	�)�	(���
	��*������	"( ��	�����	( &' +,$�	6�������1�������>�!��9
����� ��1���4��!��*�!�&�������
4������������������&���&�����1�����4�-�2���!���1�������>�!��9
����� ��������"���"��������"�����������������5�!��&���4 �)�������5���!�����"�������
�����/4A/���������!����������������4
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��2���!���1������!������&����������"���������������������

��"���"����"�������������4��5��"��5�5�������������������!�4�
-�!� ��5�!�1�!��� ��1 �&���� � ������� � �� ���!� � ����&����� �4���

����������������"��������!���������"��&����������������1�

"�����!���� � ���7�� � ����&������ �<�B=4 � 0� � ���� � �	��5����
5����"�����! � �������� � �1 � �� � �������� � &���� � 1������

!��1����������!��!�����������4��1��������!��5���������1�

4�����&����������"���"����"�����!��5������������5�!����1�

����������������������������������"���!����������4

 ���������
��	��
������
	�	�������
�����

0�����������"�����������������������1����"���������

�����"��) �-�����5����"�����!����������!���������5�����

�1�����"�����!���2���!���1�����1����!��"�������!������

��������2�����1��������"�������4��!����!��&�����"���������

��5�������� � �� � � � ����"����� � 8��� � 1�� � �	��5�� �<@?=:4�
0�������&������;��"���!������"����������������5����������1�

��������!������������������1����������������4��!��"������1�

��7��4��&��������1�������������&������������������������

��� � ���������� � ��&�� � ���4��� � ��1����!� � ��� � &������

��2���!��4���!���������5�����!������"����������������&����
����������"�������&��������������!��������!��������������"���

5����������������!��5��������"����!�����&�������1���&�����

���4������11���������5���4 ��������	��5�����������!���2���
4�� � ���� � ���� � �� � 1������ � ����� � ��� � �!��!�!!�� � 5��"��


A/.�������1�������������������5��"���������
.����������

1��������������"��4���������5��"��������������������1����
��!����� � ��&��&�� � �� ����7 � 1����������� ���� ���� �����!����

1��� � "�� � ��!������ � ��� � �!���� � 5�����!� � �� � ����� � "���

���5��� � �� � 2�����������4 � ��� � ��!�������� � 5��� � �1�
 �!��!�!!�� �5��"��
A/.����4� � ���� ����� �!����!����;���

"�����8!����"�1������������1��!������1� ����"������ ����4�

��5��!��������������!���������������"���"�������������������

5���:�����������&���4�������������1�������7��4��"�����8���

����:���������8��"����?:4����������!�����������&�������"��
5��"��
A/.�������������������"������1����������������"���

5��"�8�: � ��� ����!������ ��������1� ������1����!�������������

�����5��"������������&����"����!���������������������������

5��"� �
A/.4 ������������� �� �"����!������� �������1 � �4��
5�����&� � ���� � 5������� � ��� � �4� � ����� � ����!����� � 5��������

7��4����������>���5��������1�5��"�+������5�!�1�!��������

�!��!���� ������&��� �� � ������11����� ��������� � 8<@@=� � ����!7�
1����������"����?:4�������������&������7�������������5��"���
������&����������������"���&���������&�������"�������������

�����'�������5��"�����1�!��������������&������4

��������" � ����
���	 � 	������� � ����" � �$� � ��� � ����" �

������

�&�������"��������������&�������5��&���������

���1�� � ��4������������ �!����!����;�������1� ��&�����������

&���� � !����������� � ���" � "�����! � 1��"����� � "���������

�����"����������������1�����"�����!���������������4����

�&����������1������!������������"�!�������1������&�4��������
!��5����������5����!���������1���!����2���!������������
�1���������������7��4��&����������������������� �<@.=��!���

�� � ����!��� � ���� � �� � 5����"����� � 5��&����" ����� � �������

�����������������"���������5��������"��������5��������1���

"���������!������������������������"�����"����5��������

"�����! ���&������ ��1 � � �&���� � !�������� �<@A=4 ������&����
�������� � �1 � ��� � "�����! � !������ � ��� � ��!����!���� � !���

5��&������!���&������"���������&�����!�����1�!����������&�����

"���5���&��������<�
=4
����4���!���������!�������������������������������

��&�"����� � 4����� � ���� � �1 � !����"� � ��� � �����1��� � �����

 �����	-	�	����������	����	��	.����������	�#���	 +&%	���	%	#���	���	���������	���������.�&�������4�������������	�//���������!����������
�����"������4������!������������������4�����������) �-�������"�����������"�����4�-��!7��������"�������5�������������������������1���������������
�����!��@//+������"�"������5�����4��������11������!�����1�����!��&����� 4���!��"�������5��������������!���"����������"��������5����������������
4������5������!���5���������������������!����!����;���"�����������4������!7�1�������"���"��������1����"�������&��&������������5�!�1�!���4
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��5����������������&��4�����������&������� ������ ������1�
!����"�� � ��� � 1���� � �5������ � �� � �����4 � '����"� � ��� � �����
���������� � ��������� � # � ���� � ��� � 5����!��� �<?
=� ����

��������������"���2���!������������� ������� ��"����� �&�����

"������ � ��� � � � 5������ � �������4 � ��� � ��	�����!�
!��5���������1��������5���1�����������������!��5���������"�

�������"�������!����"��11��������4�0�������������������"�������
!��5�������� � ��&�"����" � �����"� � ��������� � !����"��

����&������� � !�� � 5��&��� � &������� � ��1��������4 � ��� � �����
5��5�����!����"���5������������������!���������5������1���

�&����!����"4�������������!���!��������1�������1�����������
!����"�� � ������� � �1 � !����"� � !�� � �� � ����!���4 �(���� � !���
�������!���������&������;��!����"��8�:����"������������1�����

�������������L���8��:�5����!�������!��!������������������L���

8���: � �11������� � �� � � � 5����!���� � &���� � 1����� � ���L�� � 8�&:�

5��������" � � � 5����!���� � "���4 � �������� ���� � ��11������
���������"��� ��&�������� 1�� ������ � �����&����������������

���1���1��������������������������4����������&�����������

����&��4 ��� � ���� �5��5���� � � ����� � ����� �4��� ��5�!�1�!�����
���5����#���	�����!�!��5�������������������&������������

5����"������"�������������"�5����!�������������"�����!�
��&�������!��5���������"��������5����!�������������������
!�����&�����4

� ������������������������"���&�����������������

�	��5��� �� � ���� � ��!�����8I9�����"�� � + ���� ����>�!��J � ���

����&��:� � ?��/AB ����� � 4��� � 5����!��� � �� � ��� �
/��/��
�5�������!����"�4��������������./�!����"��4����5����!����
���!��!�����������5�������5���������!��5�����&�����"�����4�
(���"�����I!����"�����!����J�5���������"��!����"��8N
@7�:�

������� � �� �  �!��!�!!�� � 5��"� � 
A/. �4��� � ����!��� � ����

1��������	������4�������!������!����!����"�������������1�
��������������������&����������������������!��&����54 �����
���"������2���!��8!����"�
BAF?���./��@A��5:�������������

!��5������1��4�������1�"���������!������4����7��4��&�����

"�������8"�����"�������������������1�����!����":��4������

����������!�������5�������������1�����������!����!����;���

"�����8����"����:�8��"����@:4�����"��������������������������
������������8+:�����"��������������&������5��"��"������4�
�����&�������5�������"���������5����!��������������������1�

������2���!�������!����"�����������!����"�������5���������

!��5�����"�����4�
������� � �����������5� � ���4��� � ����!��� � !����"��

����&�������1����!������4��!������������11��������!��������

������5������������������!��&�����4��7��4�����!����"������
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Abstract

Transitions between saline and fresh waters have been shown to be infrequent for microorganisms. Based on host-specific
interactions, the presence of specific clades among hosts suggests the existence of freshwater-specific viral clades. Yet, little is
known about the composition and diversity of the temperate freshwater viral communities, and even if freshwater lakes and
marine waters harbor distinct clades for particular viral sub-families, this distinction remains to be demonstrated on a
community scale. To help identify the characteristics and potential specificities of freshwater viral communities, such
communities from two lakes differing by their ecological parameters were studied through metagenomics. Both the cluster
richness and the species richness of the Lake Bourget virome were significantly higher that those of the Lake Pavin, highlighting
a trend similar to the one observed for microorganisms (i.e. the specie richness observed in mesotrophic lakes is greater than
the one observed in oligotrophic lakes). Using 29 previously published viromes, the cluster richness was shown to vary between
different environment types and appeared significantly higher in marine ecosystems than in other biomes. Furthermore,
significant genetic similarity between viral communities of related environments was highlighted as freshwater, marine and
hypersaline environments were separated from each other despite the vast geographical distances between sample locations
within each of these biomes. An automated phylogeny procedure was then applied to marker genes of the major families of
single-stranded (Microviridae, Circoviridae, Nanoviridae) and double-stranded (Caudovirales) DNA viruses. These phylogenetic
analyses all spotlighted a very broad diversity and previously unknown clades undetectable by PCR analysis, clades that
gathered sequences from the two lakes. Thus, the two freshwater viromes appear closely related, despite the significant
ecological differences between the two lakes. Furthermore, freshwater viral communities appear genetically distinct from other
aquatic ecosystems, demonstrating the specificity of freshwater viruses at a community scale for the first time.
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Introduction

Despite the large population sizes of microbes, their high

reproductive rates and the potential for long-distance passive

dispersal, an increasing amount of studies are showing that the

transitions between marine and fresh waters are infrequent [1].

Indeed, marine and freshwater microbes are usually not closely

related, often grouping into distinct marine and freshwater clades

among bacteria [2] or eukaryotes [3]. Based on host-specific

interactions, the presence of specific clades among hosts suggests

the existence of freshwater-specific viral clades. Despite the paucity

of molecular data from freshwater viruses, recent studies

comparing freshwater and marine viruses have concluded on the

existence of distinct clades [4,5]. Nevertheless, these PCR-

mediated analyses are restricted to chosen viral groups as no

gene is universally conserved among viruses. In addition, part of

the existing diversity of the viral groups studied is missed as PCR

primers are based on previously known sequences described in

public databases. Thus, both the diversity of freshwater viral

communities and its distinction with marine viruses still need to be

demonstrated on a community scale by studying not one but all

the major viral families.

Viral metagenomics is a methodology capable of providing an

exhaustive view of viral diversity [6], and it has so far revealed an

important unknown diversity and an unexpected richness of viral

communities [7]. Virome studies on freshwater environments were

conducted on aquaculture facilities [8], and a polar lake in

Antarctica [9], but never on temperate freshwater lakes. The viral

diversity retrieved in these analyses was contrasted : aquaculture

facilities were mainly composed of bacteriophages (Myoviridae and

Podoviridae), whereas eukaryotic viruses, including phycodnaviruses

and single-stranded DNA viruses accounted for a large proportion

of the Antarctic viral communities. Thus, a fine-grained and

PLoS ONE | www.plosone.org 1 March 2012 | Volume 7 | Issue 3 | e33641
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exhaustive description of viral diversity in temperate freshwater

lakes is needed to improve our knowledge about these commu-

nities and to offer the opportunity of identifying potential viral

populations specific of those environments.

To assist in these goals, we performed a characterization of

freshwater viromes from two french lakes: the lake Pavin and the lake

Bourget which exhibit different trophic status, morphological and

hydrological features (Table S1). Because species compositions and

abundances of potential hosts have been shown to vary with lake

trophic status, depth, watershed or size [3,10], suggesting possible

similar variations for viral communities, these two lakes are expected

to be complementary systems for studies on freshwater viromes.

The two viromes were analyzed according to the following

procedure : (i) the characteristics and richness indices of the two viral

communities were determined, (ii) freshwater viromes were cross-

compared to a set of previously published viromes in terms of

sequence similarity and richness, (iii) the composition of the two

communities were determined and phylogenetic analyses of the

major families were computed in order to accurately describe the

genetic diversity in these families.

Results

Overview of the two freshwater viromes
After 454 pyrosequencing and data filtering, viromes of 593,084

and 649,290 reads with an average length of 420 bp were

available for Lake Bourget and Lake Pavin, respectively. The

proportion of reads similar to protein sequences of the non-

redundant NCBI database (NR) were 26.4% and 14.3% for Lakes

Bourget and Pavin, respectively (Figure 1A). These proportions of

‘‘known’’ reads (reads with a BLAST hit against NR) are among

the highest compared to published viromes (range 1%–28% with

an average of 6,3% for aquatic environments [9,11]). Yet, as read

length influences these proportions of ‘‘known’’ reads [12] and as

our reads are 400 bp versus 100 to 250 bp in previous studies, a

direct comparison of BLAST hit ratios is questionable, so the

‘‘known’’ fractions were also determined using reads randomly

reduced to 100 bp. Using shorter reads, the ‘‘known’’ fractions

dropped to 2.2% in Lake Bourget and to 0.7% in Lake Pavin, the

one of the Lake Pavin being the lowest among aquatic viromes

(Table S2).

Figure 1. Composition and taxonomic affiliations of Lake Bourget and Lake Pavin virome reads as determined by similarity to
known sequences. (A) The percent of ‘‘known’’ virome sequences when compared to the NR protein database. A read was considered ‘‘known’’ if it
had a significant similarity in NR (BLASTx using thresholds of 1023 on e-value and 50 on bit score). (B) Breakdown of the ‘‘known’’ sequences into
Viruses, Bacteria, Archaea, or Eukarya using similarity results against NR. Hatched parts were reads having a best BLAST hit against a non-viral
sequence, but still presenting significant similarity against a complete virus genome sequence of the RefseqVirus database (tBLASTx using thresholds
of 1023 on e-value and 50 on bit score) and thus designated as reads ‘‘similar to at least one viral sequence’’. (C) Taxonomic composition at the viral
family level of these reads ‘‘similar to at least one viral sequence’’ computed using the GAAS pipeline. The ‘‘Other’’ category pools families which
represented less than 1% of the full virome sequences. The number of sequences represented in each chart are as follow : 593,084 ; 156 772 ; 95,905
for charts A, B and C of Lake Bourget virome, and 649,290 ; 92,834 ; 47,345 for the Lake Pavin virome.
doi:10.1371/journal.pone.0033641.g001

Metagenomics of Two Freshwater Viral Communities
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Among these ‘‘known’’ fractions, a majority of reads (69.6% for

Lake Bourget and 59.5% for Lake Pavin) was most similar to non-

viral sequences (Figure 1B), whereas our viromes were not

contaminated by bacteria : the absence of 16S rRNA in both

samples was checked by PCR amplification and a BLAST search

for 16S rRNA sequences, and only a paucity of viromes reads were

found to be partly similar to ribosomal proteins (16 reads in Lake

Bourget virome, 6 reads in Lake Pavin virome). This result is

consistent with previous studies [7] and is thought to be an

indication of both the lack of viral gene annotation and the

horizontal gene transfers between viral and host genomes.

The taxonomic composition deduced from the bacterial best

BLAST hits was not consistent with the previously published data

on bacterial communities from Lakes Bourget and Pavin ([10,13] ;

Table S3). In the two lakes, members of phylum Actinobacteria are

considered as dominant in the bacterial fraction, but scarcely

retrieved in the viromes. Conversely, a large proportion of virome

reads are associated to Firmicutes and Gammaproteobacteria, two

groups considered as rare or even absent in the lakes.

Finally, the gene functions retrieved in the two viromes were

unambiguously related to the viral life cycle, with a large

proportion of genes related to DNA metabolism, DNA replication,

and capsid assembly (Table S4). On the 30 most retrieved PFAM

domain, only one (PF05792, Candida agglutinin-like protein) was

never found in a viral genome. However, considering that this

protein is involved in cell-cell interaction, its presence in viral

genomes is rather logical.

Cluster and species richness in the two freshwater
viromes
The virome from the Lake Bourget has a higher number of

different clusters, as 590,000 randomly chosen reads from each

virome were grouped in 272,948 and 113,454 different clusters for

Bourget and Pavin, respectively. This higher cluster richness

observed in viruses from the Lake Bourget is also revealed by

rarefaction curves, as the viral community from Lake Pavin was

almost entirely contained in the metagenome, whereas that from

Lake Bourget is far from being covered by the virome (Figure S1).

The species richness, assessed using PHACCS [14], was estimated

to 43,236 and 29,936 different virotypes in Lake Bourget and Lake

Pavin, respectively.

Comparison of the richness of 31 viromes. Species

richness (number of different virotypes) and cluster richness

estimated from the two viromes were compared to the ones of

29 previously published viromes [9,11] from seawater, freshwater,

hypersaline and from viral communities associated with different

eukaryotes (fish, coral and mosquito) (Table S2). Because numbers

of reads of these 31 viromes were different, subsamples of 50,000

randomly-chosen 100-bp reads were generated in order to work

with cross-comparable results. Number of virotypes was estimated

using PHACCS [14], and plotted for each type of environment

(Figure 2A). No significant link could be found between sample

origin and virome species richness (one-way ANOVA: p-

value = 0.542). The cluster richness of each virome, deduced

from the read clustering (Figure 2B), was significantly different

between the different environments (one-way ANOVA: p-

value = 0.035). Genetic diversity of aquatic viromes (whether

marine, freshwater, or hypersaline) was higher than that of

viromes associated with eukaryotes, the highest diversity being

observed in marine environment.

Similarity-based comparison between viromes. Classically,

bacterial metagenomes are compared using the taxonomic

composition of their ‘‘known’’ fraction. Such a comparison would

be misleading for viromes as their ‘‘known’’ fraction, generally lower

than 10% of the reads, is not representative enough. Thus, the 31

viromes were not compared to a reference database but to each other

in order to detect potential genetic links between the different viral

communities. The hierarchical clustering tree, computed from

tBLASTx comparisons, highlighted a separation of the viral

communities according to four environment types: eukaryote-

associated, high-salinity water (high and medium hypersaline), low-

salinity water (seawater and low-hypersaline), and freshwater

(Figure 3). Among freshwater viral communities, viromes from

Lake Limnopolar were aggregated and distant from the other

viromes, highlighting the specificity of these viral communities.

Temperate freshwater viromes were also clustered, and split into two

sub-groups: a group composed of the viromes from Lake Bourget and

Lake Pavin and a group of viromes from aquaculture facilities [8].

Composition of viral communities and subsequent
phylogenies on the main identified viral families

General taxonomic composition. To characterize the

composition of viral communities, reads similar to a known viral

proteins were affiliated using best BLASTx hits against

RefSeqVirus. These identified viral fractions represented 15%

and 10 of the reads in Lake Bourget and Lake Pavin viromes,

respectively (Figure 1C). The same viral families (Microviridae,

Circoviridae, Nanoviridae, Myoviridae, Siphoviridae and

Podoviridae) were retrieved in both lakes but in different relative

proportions (Figure 1C). As previously reported in other

ecosystems [9,15], a high proportion of single-stranded DNA

(ssDNA) viruses (Micro-, Circo- and Nanoviridae) virus was

recorded.

Phylogenetic analysis of the main viral families. Using

the procedure described by Roux et al. [16], phylogenetic analyses

were performed on the major viral families of the two viromes

using different marker genes. Virome reads homologous to each

marker were assembled into contigs long enough to build

informative phylogenetic trees for the targeted viral groups.

Phylogenetic analysis of small ssDNA viruses :

Microviridae family. Microviridae form a group of ssDNA

bacteriophages with a small capsid (30 nm), split into two sub-

families: Enterobacteria phages, and Gokushovirinae [17], containing

phages of Chlamydiae, Bdellovibrio and Spiroplasma. A set of 892 reads

from Pavin and Bourget viromes, similar to the capsid protein

VP1, was used to perform phylogenetic analyses. Metagenomic

sequences were mainly affiliated to Gokushovirinae (78%) forming a

clade related to Chlamydiae phages but distinct from references and

with a high internal diversity, that we named ‘‘Gokushovirinae :

Freshwater clade’’ (Figure 4). The other metagenomic sequences

are distinct from both the Enterobacteria phages and the

Gokushovirinae sub-families (22% of the reads).

Phylogenetic analysis of small ssDNA viruses: Circo- and

Nanoviridae families. The replication protein Rep is

conserved in different families of small ssDNA eukaryotic viruses

(Circoviridae, Nanoviridae, Satellites viruses, Chaetoceros viruses and

Geminiviridae) and in several recently-sequenced aquatic viruses

described as ‘‘Circo-like’’ [18]. 223 assembled virome sequences

were included in different part of the multiple alignment of the

reference sequences of the Rep protein. Even if no close

relationship was evident, sequences from Lake Bourget and Lake

Pavin exhibited more similarities with Circo-like sequences from

aquatic environments than with other ssDNA viruses. The length

of branches in the resulting trees indicates high genetic distances

between the different environmental sequences (Figure 5). These

results shed light on a hitherto undescribed diversity for this viral

family.

Metagenomics of Two Freshwater Viral Communities
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Phylogenetic analyses of dsDNA viruses: the

Caudovirales. Caudovirales form an order of dsDNA viruses

better known as ‘‘tailed bacteriophages’’ whose diversity can be

assessed with a gene coding for the large subunit of the terminase

(TerL). The 185 virome sequences used in phylogenetic analyses

were widely distributed among the Myo-, Sipho- and Podoviridae and

were phylogenetically distant to known reference sequences,

hightlighting an important uncharacterized diversity for

Caudoviruses in freshwater environments (Figure 6).

A significant number of these sequences (20%) were related to

T4-like phages (Figure 6) within the Myoviridae family. The

diversity of this group has been previously explored using GP23

and G20 markers [19,20] leading to the identification of different

sub-groups: ‘‘Near-T4’’, ‘‘T4-like cyanophages’’ and ‘‘Far-T4’’, a

group composed of only one sequenced genome (Rhodothermus
phage RM378) and identified in marine waters by PCR approach

on the GP23 gene [20]. According to G20-based phylogenetic

analyses (Figure S2 and Figure S3), 11% of the 190 virome reads

from Bourget and Pavin were affiliated to ‘‘T4-Like cyanophages’’

and 89% of these reads formed a new group including Rhodothermus

phage RM378. Similar proportions were obtained with the GP23

marker, with 16% of the 251 reads affiliated to ‘‘T4-Like

Cyanophage’’ and 84% forming a group containing the ‘‘Far-

T4’’ group identified by Comeau et al. [20] (Figure S4 and

Figure 7). Thus, freshwater virome sequences greatly expand the

diversity of the previously identified Far-T4 group.

Discussion

Viruses are the most abundant biological entities in fresh and

marine waters, exceeding prokaryotic abundance 10-fold on

average. They are important factors for the regulation of microbial

community composition [21–23] and affect the cycling of carbon

and nutrients [24,25]. Yet, little is known about the composition

and diversity of the temperate freshwater viral communities. This

study examined such communities from two temperate freshwate

lakes differing by their ecological parameters.

Comparison of the two lacustrine communities
The fraction of known reads was higher in the Lake Bourget

virome than in the Lake Pavin virome. When reduced to 100-bp

reads, the Lake Pavin dataset was the virome with the lowest

‘‘known’’ fraction. These results highlight the lack of knowledge

and reference sequences for viruses of these environments,

especially for low trophic status waters. Genetic diversity appeared

to be high in the Lake Bourget virome, as more than 600,000

reads were still not enough to cover the entire viral community

gene pool for this sample. Even if this cluster richness is also high

in the Lake Pavin virome, it appeared to be more than twofold

lower than the cluster richness of the Bourget. The number of

different virotypes (species richness) was also 44% higher in the

virome of the Lake Bourget. Species compositions, diversities and

abundances of potential hosts have been shown to vary with lake

Figure 2. Boxplots of the estimation of species and cluster richness for viromes from different origins. Species richness (A) was
estimated with PHACCS for virome subsamples (50,000 sequences, 100 bp). Cluster richness (B) was deduced from the number of different clusters
formed from 50,000 input sequences of 100 bp. Viromes associated with extreme points are indicated on the plot, as well as the viromes from Lakes
Bourget and Pavin.
doi:10.1371/journal.pone.0033641.g002

Metagenomics of Two Freshwater Viral Communities
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trophic status, depth, watershed or size [3,10]. Moreover, the

richness of bacterial and eukaryotic communities determined in

different freshwater ecosystems were lower for low trophic status

ecosystems such as Lake Pavin [3]. The analysis of the two

viromes, highlighting a similar trend for two freshwater viral

communities, corroborates the idea that viral diversity is correlate

to the diversity of the organisms seen as potential hosts.

Comparison of aquatic communities
The two freshwater viromes and 29 published viromes were

compared through their gene and species richness and through

their pairwise sequence similarities. These three analyses are

particularly well adapted to viromes as they take into account not

only the ‘‘known’’ reads but also the ‘‘unknown’’ reads, that make

up the major share of the viral metagenomes in the present state of

sequence databases. Species richness highlights the very broad

genotypic diversity of viral communities, this richness remaining

identical through the different ecosystems studied. Conversely,

cluster richness was shown to vary between different environment

types and appeared significantly higher in marine ecosystems.

These differences could be linked to a difference in genome size

(i.e. the same number of genomes would be retrieved in the

Figure 3. Virome hierarchical clustering tree based on sequence similarity. This tree was computed from tBLASTx comparisons of virome
subsamples. Eukaryote-associated viromes were taken from fish, mosquito or coral samples. Hypersaline viromes are split into three categories based
on salinity, as indicated in the original study of these viromes (http://www.theseed.org/DinsdaleSupplementalMaterial/).
doi:10.1371/journal.pone.0033641.g003
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different ecosystems, but their difference in sizes would lead to a

difference in the number of clusters formed), or to a difference in

gene and genome richness (in which case the difference in cluster

numbers would be linked to a difference in the number of different

viral genomes between the ecosystems). Furthermore, viral

communities appear to hierarchically cluster according to salinity

levels. Specifically, viromes from freshwater environments are

clustered, reflecting significant genetic similarity between these

viromes, despite the vast geographical distances between sample

locations (Antarctica, North America and Europe). Marine

environments, as well as hypersaline environments, were also

gathered, revealing that viruses are notably distinct in the different

aquatic environments. The differences between freshwater and

saline aquatic viral communities presented here are consistent with

specific studies led on single marker genes [1,5] indicating that

freshwater viral communities are specific and distinct from other

aquatic viral communities. Moreover, considering that the viromes

were not prepared in the same way (e.g. the use of CsCl gradient

in some cases, PEG precipitation in others), the result that viromes

cluster by salinity level is definitively reflecting a strong pattern of

differentiation between aquatic viral communities.

Small ssDNA viruses: an under-estimated group
A strong presence of ssDNA viruses (mostly Microviridae and

Circoviridae) was found in viromes of Lake Bourget and Lake Pavin,

both quantitatively and in terms of diversity. These viral groups

have been previously identified in different aquatic ecosystems: an

analysis of a Sargasso Sea virome described the presence of

Microviridae in marine environments [26], and Circoviridae appeared
to dominate Lake Limnopolar viral community [9]. The strong

presence of small circular ssDNA viruses is generally thought to be

a bias of the genomic amplification [27]. Indeed, small circular

DNA fragments, such as genomes of Circoviridae and Microviridae,
were shown to be preferentially amplified by the phi29 DNA

amplification process needed to provide enough genetic material

for pyrosequencing and used in all the viromes sequenced with

NGS [9,28]. However, even allowing for potential quantitative

bias, Microviridae and Circoviridae are undoubtedly present in both

Lake Bourget and Lake Pavin.

Identification of a great diversity and of previously
unknown clades
Our deep sequencing effort associated with a large read size

made it possible to create direct phylogenetic analyses on marker

genes from a virome. The main PCR pitfalls, namely the

overriding need for a close known sequence in order to design

PCR primers, could thus be circumvented. Analyses of the major

viral groups found in the two communities all spotlight a very

broad diversity and previously unknown virotypes. Indeed, new

viral groups were highlighted for each studied family.

Using phylogenetic trees based on the replication protein, two

studies recently reported new kinds of Circoviruses in aquatic

environments that appear to be intermediate between the

Circoviridae, Geminiviridae and Nanoviridae, with a very low similarity

rate between these new sequences and the references [9,18]. The

same pattern emerges from the analysis of the Rep sequences

retrieved in Lake Bourget and Lake Pavin. Since hosts of known

Circoviridae are animals while those of known Nanoviridae and

Geminiviridae are plants, potential hosts for the new viruses are

difficult to assess.

Figure 4. Maximum-likelihood tree for Microviridae (VP1). The main reference groups among Microviridae were retrieved and indicated on the
tree (Enterobacteria phages in gray and Gokushovirinae in brown). The new group (Gokushovirinae : Freshwater clade) is colored in green. Leaf labels
corresponding to virome sequences are colored (blue for Lake Bourget and red for Lake Pavin). The number of reads assembled is given in brackets
for each contig. Nodes with at least 80% bootstrap support are flagged with black circles.
doi:10.1371/journal.pone.0033641.g004
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A broad unknown diversity has also been found for Microviridae

and Caudovirales, and putative freshwater clades could be described

for these two families. According to our hypothesis, we expected to

find freshwater-specific viral clades, due to the presence of typical

freshwater clades for microorganism communities [2]. For

Microviridae, a new group related to the Chlamydiae phage and

including sequences from Lake Bourget and Lake Pavin is notably

distinct from a group of uncultured Microviridae sampled from

aquatic sedimentary structure [29]. Microphages communities

from Lake Bourget and Lake Pavin thus appear to be closely

related. These new viruses are unlikely Chlamydiae phages, since

Chlamydiae are rarely detected in lakes and have never been

retrieved in previous studies of Lake Bourget [13,30], in the

virome of which Microviridae were most abundant. Thus, it is likely

that these new microphages infect another type of bacteria, or that

the Chlamydiae phages host range is broader than previously

Figure 5. Maximum-likelihood tree for Circo-like viruses (Rep). This tree gathers sequences from four different viral families, i.e. Circoviridae
in red, Nanoviridae in yellow, Satellites viruses in blue and Geminiviridae in green, sequences from two diatoms viruses (Chaetoceros viruses),
sequences taken from marine and reclaimed water samples, and sequences from both the lakes studied here. Leaf labels corresponding to virome
sequences are colored (blue for Lake Bourget and red for Lake Pavin). Bootstrap support is indicated for each node.
doi:10.1371/journal.pone.0033641.g005
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thought. Otherwise, they could actually infect Chlamydiae, keeping

their numbers below the detection threshold of classic diversity

analysis protocols.

Phylogenetic trees drawn from TerL shed light on a high diversity

among Caudovirales. The major share of the virome sequences is

distributed far from references and far from each other, highlighting

both the richness of Caudovirales freshwater communities and the

absence of closely-related reference sequences.

In addition, some virome sequences appear to form a new clade

related to the T4-like viruses, one of the most thoroughly described

Caudovirales family. The use of degenerate primer sets for GP23 by

Comeau et al. [20] recently highlighted a group of T4-like phages

far from all references, designate as Far-T4 group. In our

metagenomic data, phylogenetic analyses on marker genes all

indicated the existence of a Far-T4 group, more than 80% of the

T4-like phage sequences being affiliated to this group. A

comparison of this new viral clade G20 sequences with known

PCR primers revealed that these Far-T4 sequences would not be

amplified by the primers commonly used to assess the diversity and

distribution of T4-like phages in marine environments [31].

Figure 6. Maximum-likelihood tree for Caudovirales (TerL) : general view (A) and detailed view of the T4-like group (B). The main
reference groups of T4-like phages are indicated (near-T4 in red, T4-like cyanophages in blue), and leaf labels corresponding to virome sequences are
colored (blue for Lake Bourget and red for Lake Pavin). The Far-T4 group is highlighted in yellow. The number of reads assembled is given in brackets
for each contig. Nodes with at least 80% bootstrap support are flagged with black circles. Rhodothermus RM378, the only cultured representative
within the Far-T4 clade, is marked with a black dot.
doi:10.1371/journal.pone.0033641.g006
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Furthermore, the analysis on GP23 shows that only a part of the

diversity of the Far-T4 group is captured by the only primers

amplifying DNA sequences from this group [20]. Moreover, this

study proves that this Far-T4 group is not specific to marine

ecosystems, despite the absence of amplification observed by

Comeau et al. [20] on different freshwater samples. Thus, this

study confirms undoubtedly the existence of a Far-T4 group as

such viruses are retrieved using all three markers and indicates that

this group is both greatly diversified and quantitatively important

in freshwater ecosystems.

Finally, all the observed viral groups contained sequences from

both lakes studied here, and phylogenetic trees revealed putative

freshwater clades for Microviridae and Caudovirales, as was expected

based on the specificity of microbial clades in lakes. Thus,

phylogenetic analysis of major viral groups showed that the two

freshwater communities are closely related, despite the significant

ecological differences between the two lakes. These two viral

communities are thus probably composed of evolutionarily close

virotypes, and differ mainly in terms of the relative abundance of

the viral species. The specificity of freshwater viruses, allready

Figure 7. Maximum-likelihood tree for T4-like phage (GP23). The two main reference groups are indicated (near-T4 in red and T4-like
cyanophages in blue). The Far-T4 group is highlighted in yellow. Leaves corresponding to virome sequences are colored (red for Lake Pavin and blue
for Lake Bourget). Far-T4 sequences described by Comeau et al. are highlighted in green. Nodes with at least 80% bootstrap support are flagged with
black circles. The sample origin of PCR-obtained sequences is designated on the leaf label (seaw stands for seawater, flood for floodwater, and fresh
for freshwater). Rhodothermus RM378, the only cultured representative within the Far-T4 clade, is marked with a black dot.
doi:10.1371/journal.pone.0033641.g007
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known for specific virotypes, is here demonstrated at a community

scale and these results call for further studies of this kind on viral

communities from a broad spectrum of environments.

Materials and Methods

Sample preparation
Samples were collected from Lake Bourget (45u439470N,

5u529100E) and Lake Pavin (45u299410N, 2u539130E) in July and

June 2008. Lake Bourget and Lake Pavin are both freshwater lakes

but they present significant differences in terms of biophysical

parameters : Lake Bourget is ten times bigger than Lake Pavin, is

deeper (145 m for Lake Bourget, 92 m for Lake Pavin), and has a

greater drainage basin (56,000 ha vs 50 ha). Furthermore, Lake

Bourget is a mesotrophic lake, exposed to human activity whereas

the oligomesotrophic Lake Pavin is more isolated and located in a

former caldera.

Both lakes were sampled by collecting 20 liters of water at a 5 m

depth and running serial filtrations (25 mm, 1.2 mm, 0.2 mm).

Virus-like particles (VLPs) were concentrated by tangential ultra-

filtration (Amicon pump) followed by PEG precipitation [32].

Viral concentrates were then re-filtrated on a 0.2 mm screen, to

remove any remaining cellular micro-organisms, then quantified

by flow cytometry [33,34]. Final concentration of viral particles

was approximately 1.6*1010 VLPs/ml for both samples, which

represented a concentration factor of 1000 from the initial

concentration (about 107 VLPs/ml for both samples). Viral

concentrates were treated with DNAseI (Invitrogen) to remove

external DNA fragments.

Encapsidated DNA was freed via thermal shock then purified

using a QuiAmp DNA mini kit (Quiagen). To obtain sufficient

genomic material for pyrosequencing, DNA amplification was run

with a GenomiPhi Kit (GE Healthcare) which produced non-

specific amplification through polymerase phi29 (as in [9,28]).

Absence of bacterial contamination was checked by flow

cytometry [33] before DNA extraction. Potential bacterial

contamination was also checked by amplifying the gene coding

for 16S rRNA at each purification step (primer set 27f-1492r;

[10]). No amplification was found for any of the samples. The two

DNA preparations were subjected to a single pyrosequencing run

by GATC Biotech (Germany) using a 454 Life Sciences GS-FLX

Genome Sequencer.

The datasets generated for the Lake Bourget and the Lake

Pavin were composed of 597,675 and 684,224 DNA sequences

(i.e. reads) with a mean size of 433 bp and 412 bp, respectively.

Replicate software [35] was used to remove exact duplicate reads,

which accounted for 6% of the Lake Pavin virome and 1% of the

Lake Bourget virome. Both viromes are available through the

Short Read Archive under accession number ERP000339, and on

the Metavir web-server ([16], http://metavir-meb.univ-bpcler

mont.fr; project ‘‘French lakes’’).

Public virome dataset
29 viromes available in public databases and composed of more

than 50,000 sequences were downloaded for comparison with the

viromes of Lakes Bourget and Pavin. 23 originated from aquatic

environments and 6 were sampled from eukaryotes (Table S2). All

viromes were screened for duplicate reads using Replicate [35]. In

order to normalize the sequence size from these different datasets,

we sampled 50,000 sequences of 100 bp for each.

Viral communities cluster richness and rarefaction curves
The cluster richness of each virome subsample was assessed by

clustering reads. Uclust [36] was used to cluster reads of each

virome subsample at 75% identity. This clustering threshold was

chosen based on the high divergence observed between viral

genes, but similar results were obtained with thresholds of 90%

and 98%. For each virome, a sub-sample was iteratively increased

by 1.000 randomly selected sequences (without replacement) and

clustered at each step using Uclust [36]. The number of clusters

formed was plotted as a function of the number of input sequences.

The viral cluster richness of the different types of environment

were compared by a one-way ANOVA conducted using the R

statistical software. For Lake Pavin and Bourget, these clusterings

were also computed on whole viromes in order to draw rarefaction

curves.

Viral communities species richness
The species richness of each of virome subsamples was

computed using the PHACCS tool ([14], http://biome.sdsu.

edu/phaccs/), based on the contig spectrum obtained with a

sequence assembly at 98% similarity on at least 35 bp,

computation of all rank-abundance distribution laws and default

parameters. The average genome size was determined using

GAAS as in other studies [37]. The viral species richness of the

different types of biomes were compared by a one-way ANOVA

conducted using the R statistical software.

Similarity-based comparison between viromes
Finally, we ran an in silico qualitative comparison between the

different viromes based on sequence similarity (tBLASTx com-

parison) as described in [38] and [16]. Briefly, virome samples

(50,000 sequences for each virome) are cross-compared to every

other using tBLASTx. A similarity score is deduced, and used to

hierarchically cluster viromes using the pvclust package of R

software with default parameters [39].

Taxonomic composition of the viromes
After removal of duplicate reads, virome sequences were

analyzed without assembly and compared with BLASTx tool

[40] against NR, NCBI’s non-redundant amino acid sequence

database. The best similarity for each virome read was parsed and

assigned as ‘‘known’’ if there was a significant similarity to a

protein from the NR database (thresholds of 1023 on e-value and

50 on bit score) and else ‘‘unknown’’ (Figure 1A). In a second step,

the reads from the ‘‘known’’ group were classified as viral,

bacterial, archaeal, or eukaryotic based on their highest similarity

(Figure 1B). Reads similar to provirus sequences are often similar

to cellular organism sequences. To identify these transferred viral

sequences, tBLASTx was used to compare the virome reads

against the complete virus genome sequences of the RefseqVirus

database. Any read with a significant similarity (thresholds of 1023

on e-value and 50 on bit score) to one of the previous four

taxonomic groups of NR that was also similar to a viral sequence

of RefSeqVirus was counted as ‘‘similar to at least one viral

sequence’’ (Figure 1B). These reads ‘‘similar to at least one viral

sequence’’ were affiliated to viral families and the taxonomic

composition of each virome was computed using the GAAS

pipeline [26], with thresholds of 50% on similarity percent, 20%

on query sequence length, and keeping only the top hit for each

query (Figure 1C). 16S rDNA absence was checked via a BLASTn

of the viromes reads against RDP [41], a 16S ribosomal DNA

sequence database. The absence of bacterial contamination was

confirmed by the very low number of reads presenting a best

BLAST hit against ribosomal proteins (16 for Lake Bourget

virome, 6 for Lake Pavin). The bacterial taxonomic composition

was based on the reads which best BLAST hit against the NR
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database was a bacterial sequence. Functional annotations were

deduced from a rpsBLAST against the PFAM database.

Phylogenetic analysis of main viral families
Randomly sequenced metagenomic reads of around 400 bp do

not cover the entire marker genes considered (as the markers

considered here were between 600 and 1500 bp long). To

circumvent this limitation, a custom-designed procedure was

developed to automatically generate phylogenetic trees including

metagenomic sequences for a marker gene of interest (Figure S5 ;

markers used : VP1 for Microviridae, Rep for Circoviridae, Nanoviridae
and Geminiviridae, TerL, GP23 and G20 for Caudovirales).

One marker gene was selected for each ssDNA viral group. For

the Microviridae family, we used a gene coding for the major viral

coat protein VP1, previously used as phylogenetic marker for these

viruses [29]. For several other families of small eukaryotic viruses,

including Circoviridae, Nanoviridae, and Geminiviridae, we chose the

gene coding for a replication protein Rep previously described as a

good marker [9,42]. For dsDNA viruses, two types of markers

were used : the broad-spectrum marker TerL, previously used to

assess diversity among Caudovirales, including Myoviridae, Siphovir-
idae, and Podoviridae [43], and two well-known phylogenetic

markers for T4-type phages, the major capsid protein gene

GP23 and the capsid assembly protein gene G20 [19,31,44]. The

two markers G20 and GP23 were used either with entire gene

sequences from completely sequenced phages (Figure S2, Figure

S4) or with shorter but more numerous PCR sequences as

reference (Figure 7, Figure S3).

Briefly, metagenomic sequences homologous to each marker

were retrieved via BLASTx against NR, and assembled using

Cap3 [45] (98% identity on 35 bp) in order to have longer

sequences at our disposal. Using these stringent assembly

parameters makes it possible to group only sequences from the

same virotype [14]. These sequences were aligned against a

reference alignment, and alignment bounds for each metagenomic

sequence were collected and used to define sub-alignements

containing several metagenomic sequences. This step is useful to

reduce the number of trees to be calculated and makes it possible

to generate trees containing several metagenomic sequences.

Multiple alignments were automatically curated using Gblocks

[46] and the ten longest alignments were selected for each marker.

Phylogenetic trees were generated using PhyML [47], with 100

bootstraps replicates. The trees used in the figures were manually

edited using iTOL [48].

All these analyses can be viewed on-line on the Metavir web-

server ([16], http://metavir-meb.univ-bpclermont.fr). Further-

more, the different Perl scripts designed for these analysis (Virome

tBLASTx comparison and automatic tree generation), as well as

the multiple alignments and phylogenetic trees generated for this

study are available on demand.

Supporting Information

Figure S1 Rarefaction curves based on whole viromes.
Each virome was clusterized at 75% identity, and the curve

presents the number of different clusters as a function of the

number of input sequences.

(PDF)

Figure S2 Maximum-likelihood tree for T4-like phages
(G20). The main reference groups are indicated on the tree (near-

T4 in red, T4-like cyanophages in blue), and the Far-T4 group is

highlighted in yellow. Leaf labels corresponding to virome

sequences are colored (red for Lake Pavin and blue for Lake

Bourget). The number of reads assembled is given in brackets for

each contig. Nodes with at least 80% bootstrap support are flagged

with black circles.

(PDF)

Figure S3 Maximum-likelihood tree for T4-like phage
(G20). A phylogenetic tree has been drawn for the T4-like phage

group, and the two main reference groups are indicated (near-T4

in red and T4-like cyanophages in blue). The Far-T4 group is

highlighted in yellow. Leaf labels are colored according to their

sample (red for Lake Pavin and blue for Lake Bourget). Nodes with

at least 80% bootstrap support are flagged with black circles. The

sample origin of PCR-obtained sequences are designated on the

leaf label (seaw stands for seawater, flood for floodwater, and fresh

for freshwater). Rhodothermus RM378, the only cultured

representative within the Far-T4 clade, is marked with a black dot.

(PDF)

Figure S4 Maximum-likelihood tree for T4-like phages
(GP23). The main reference groups are indicated on the tree

(near-T4 in red, T4-like cyanophages in blue), and leaf labels

corresponding to virome sequences are colored (red for Lake Pavin

and blue for Lake Bourget). The Far-T4 group is highlighted in

yellow. The number of reads assembled is given in brackets for

each contig. Nodes with at least 80% bootstrap support are flagged

with black circles.

(PDF)

Figure S5 Schematic representation of the phylogenetic
tree creation pipeline.

(PDF)

Table S1 Characteristics of the two lakes studied.
(DOC)

Table S2 Main characteristics of viromes included in
the different comparisons. Extraction methodology is indi-

cated where available. Peg = polyethylene glycol; CsCl =Cesium

Chloride. The BLAST hit ratio is the percentage of reads

significantly similar to a protein of the database the non-redundant

database (threshold of 10-3 on e-value and 50 on scores). As

sequence comparison results depend on the length of the

sequences, reads were reduced to 100-bp long for all viromes.

(DOC)

Table S3 Bacterial taxonomic composition as deduced
from virome reads best BLAST hits, compared with
previously published data. These previous data are from a

metagenome for Lake Bourget, and from 16SrRNA PCR

amplification for Lake Pavin.

(DOC)

Table S4 Main functions retrieved in the viromes. In the

first table, the 30 most retrieved PFAM domains in the viromes are

listed, with the number of sequences for each virome alongside

informations about their description in viral genomes, or the fact

that most of the sequences from this domain are of viral origin

(identified as «viral» domains). In the second table, the 30 most

retrieved GO terms are listed, with the associated number of

sequences for each virome.

(DOC)
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3. Lefranc M, Thénot A, Lepère C, Debroas D (2005) Genetic diversity of small
eukaryotes in lakes differing by their trophic status. Appl Environ Microbiol 71:
5935–5942.

4. Short CM, Suttle CA (2005) Nearly identical bacteriophage structural gene
sequences are widely distributed in both marine and freshwater environments.
Appl Environ Microbiol 71: 480–486.

5. Chénard C, Suttle CA (2008) Phylogenetic diversity of sequences of cyanophage
photosynthetic gene psba in marine and freshwaters. Appl Environ Microbiol
74: 5317–5324.

6. Breitbart M, Salamon P, Andresen B, Mahaffy JM, Segall AM, et al. (2002)
Genomic analysis of uncultured marine viral communities. Proc Natl Acad
Sci U S A 99: 14250–14255.

7. Edwards RA, Rohwer F (2005) Viral metagenomics. Nat Rev Microbiol 3:
504–510.

8. Rodriguez-Brito B, Li L, Wegley L, Furlan M, Angly F, et al. (2010) Viral and
microbial community dynamics in four aquatic environments. ISME J 4:
739–751.
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Evolution and Diversity of the Microviridae Viral Family
through a Collection of 81 New Complete Genomes
Assembled from Virome Reads

Simon Roux1,2, Mart Krupovic3, Axel Poulet1,2, Didier Debroas1,2, François Enault1,2*
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Abstract

Recent studies suggest that members of the Microviridae (a family of ssDNA bacteriophages) might play an important role in
a broad spectrum of environments, as they were found in great number among the viral fraction from seawater and human
gut samples. 24 completely sequenced Microviridae have been described so far, divided into three distinct groups named
Microvirus, Gokushovirinae and Alpavirinae, this last group being only composed of prophages. In this study, we present the
analysis of 81 new complete Microviridae genomes, assembled from viral metagenomes originating from various
ecosystems. The phylogenetic analysis of the core genes highlights the existence of four groups, confirming the three sub-
families described so far and exhibiting a new group, named Pichovirinae. The genomic organizations of these viruses are
strikingly coherent with their phylogeny, the Pichovirinae being the only group of this family with a different organization of
the three core genes. Analysis of the structure of the major capsid protein reveals the presence of mushroom-like insertions
conserved within all the groups except for the microviruses. In addition, a peptidase gene was found in 10 Microviridae and
its analysis indicates a horizontal gene transfer that occurred several times between these viruses and their bacterial hosts.
This is the first report of such gene transfer in Microviridae. Finally, searches against viral metagenomes revealed the
presence of highly similar sequences in a variety of biomes indicating that Microviridae probably have both an important
role in these ecosystems and an ancient origin.

Citation: Roux S, Krupovic M, Poulet A, Debroas D, Enault F (2012) Evolution and Diversity of the Microviridae Viral Family through a Collection of 81 New
Complete Genomes Assembled from Virome Reads. PLoS ONE 7(7): e40418. doi:10.1371/journal.pone.0040418

Editor: Bas E. Dutilh, Radboud University Nijmegen Medical Centre, NCMLS, The Netherlands

Received April 11, 2012; Accepted June 7, 2012; Published July 11, 2012

Copyright: � 2012 Roux et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: SR was supported by a PhD grant from the french defense procurement agency (DGA, Direction Générale de l’Armement). MK was supported by the
European Molecular Biology Organization (long term fellowship ALTF 347-2010). The funders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: francois.enault@univ-bpclermont.fr

Introduction

Viruses, particularly bacteriophages (viruses of bacteria), are the

most numerous biological entities on Earth, retrieved from all sorts

of biomes (human body, aquatic ecosystems, soil samples, etc.).

Among these, phages with double-stranded DNA (dsDNA)

genomes have been the most thoroughly studied [1]. A great deal

of data is now available on their diversity [2], relationship with the

hosts [3] and their evolution [4]. Such information is still lacking

for single-stranded DNA (ssDNA) viruses, which were thought to

be secondary actors in environmental viral communities. Yet, it

has been recently discovered that these viruses are important

members of the virosphere. Indeed, taking into account their

modest genome sizes when compared to those of phages with

dsDNA genomes, ssDNA viruses were identified in metagenomic

datasets from a great variety of ecosystems [5–7]. Their ubiquity

led virologists to focus specifically on these viruses [8,9]. Among

the ssDNA viruses, the Microviridae family is one of the most

commonly retrieved.

Microviridae are small icosahedral viruses with circular single-

stranded DNA genomes. This family has been thoroughly studied

from numerous perspectives – from virion structure and assembly

[10–13], to the mechanisms driving their evolution [14], and their

stability in environmental conditions [15]. Based on structural and

genomic differences, members of this family are further divided

into two subgroups : microviruses (genus Microvirus) and gokush-

oviruses (subfamily Gokushovirinae) [16]. Very recently, a new

tentative sub-family, the Alpavirinae, was found through bacterial

genome analysis [17], and confirmed by metagenomic analysis

[18]. The seven members of the genus Microvirus exclusively infect

Enterobacteria and have been extensively studied through the

archetype of this familly, the bacteriophage WX174 [10,19].

Gokushoviruses are currently known to infect only obligate intra-

cellular parasites, members of bacterial genera Chlamydia, Bdello-

vibrio and Spiroplasma [20]. Eleven completely sequenced Gokush-

ovirinae genomes are currently available: 6 Chlamydia phages and 1

genome assembled from seawater viromes [9] are closely-related,

whereas Bdellovibrio phage phiMH2K [20], Spiroplasma phage 4

[21,22], Microvirus WCA82 [23], and another genome assembled

from a seawater virome [9] are considerably more divergent.

Description of Alpavirinae is restricted to prophages residing in the

genomes of bacteria belonging to two genera of the phylum

Bacteroidetes: Prevotella and Bacteroides. The latter study was the first

to implicate the Microviridae in lysogenization of their hosts and

also to associate this virus group with Bacteroidetes [17].

PLoS ONE | www.plosone.org 1 July 2012 | Volume 7 | Issue 7 | e40418
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Microviridae-like sequences were found in large numbers in

different ecosystems, ranging from microbialites [24] to a variety

of aquatic environments, with their presence in the GOS dataset

[17] and in viral metagenomes [5,6]. Viromes from human stool

[18,25] and coral [7] samples were also found to contain

Microviridae-like sequences. As the known members of the

Microviridae family exhibit small genomes (3–7 kb), two complete

Microviridae genomes could be assembled from the Sargasso Sea

virome [9].

To gain insights into the diversity of the Microviridae viruses in

the environment, we reanalyzed a set of previously published

viromes by assembling the reads from each of these viromes and

then searching the resultant contigs for the presence of complete

genome sequences related to Microviridae. We were able to

assemble 81 complete circular genomes related to members of

the Microviridae from 95 public viromes. Phylogenetic and genomic

organization analyses of these new viruses revealed a new

Microviridae subgroup (the Pichovirinae), enriched the genome

collection of Gokushovirinae, and, for the first time, confirmed the

existence of extrachromosomal complete genomes from Alpavirinae

virion particles. Microviridae core genes could be more thoroughly

studied, especially the structure of the major capsid protein.

Horizontal gene acquisition events are also documented for the

first time in this viral family. Finally, as the viromes analyzed in the

current study cover a wide range of ecosystems, the distribution of

the new genomes inside the Microviridae tree provides a better

understanding of both the diversity and the evolution of

Microviridae family.

Results

Assembly of Complete Genomes
Even though sequences from Microviridae are found in a large

number of viromes, assembly of completeMicroviridae genomes was

described in only one dataset, the Sargasso Sea virome [26].

Indeed, a consensus sequence of a Chp1-like Microviridae was first

created by Angly et al., [26] and two complete genomes affiliated to

Microviridae were assembled in a recent analysis of the same dataset

using up-to-date assembly software [9]. To further decipher the

evolution and distribution of this family, we assembled all available

public viromes (with a threshold of 98% identity on 35 bp) and

screened them for the presence of complete Microviridae-like

circular genomes. As a result, 81 contigs representing putative

completeMicroviridae genomes were obtained from 25 out of the 95

viromes tested (Table S1). Out of these 81 new genomes, 15 new

Microviridae were assembled from freshwater virome reads, 2 from

a marine sample, 2 from microbialites, 1 from coral, 2 from

human lung and 59 from human gut samples. Obviously, the

number of Microviridae genomes assembled from a virome depends

on the length of the sequences (Table S1) but the assembly also

depends on the relative abundance of a given virotype in the

sampled ecosystem. The sizes of the different genomes generated

were quite homogeneous (Table S2), with the smallest genome

being 3,989 bp-long and the longest 6,723 bp. This size range is

consistent with the genome sizes of knownMicroviridae (between 4.4

and 6.1 Kb).

In order to detect potential new prophages (viral genomes

integrated into bacterial chromosomes), the newly assembled

Microviridae sequences were used as queries in searches against the

complete bacterial genomes from the NCBI and the Human

Microbiome Project [27] databases. The five previously described

complete prophages [17] were fully retrieved, alongside a new one,

detected in the recently sequenced Prevotella multiformis strain,

highly similar to other Microviridae prophages detected in Prevotella.

Phylogeny and Genome Organization of the Microviridae
Family
In order to gain insight into the diversity of the Microviridae

family and its genome evolution, a phylogenetic tree was

computed from the major capsid protein (VP1) sequences and

correlated with the corresponding genome maps (Fig. 1).

Phylogenetic analysis using the VP1 protein. Four well-

supported clades (bootstrap values higher than 75) are formed on

the VP1 phylogenetic tree: three of these correspond to the

previously described taxonomic groups (i.e. genus Microvirus, and

subfamilies Gokushovirinae and Alpavirinae), while the fourth one is

exclusively composed of genomes generated in this study. The

assembled viromes considerably expanded the available complete

viral genome pool for Gokushovirinae and Alpavirinae, while not a

single new virus was affiliated to the genus Microvirus. These four

groups are further described below:

N The Enterobacteria phage group (the yellow group in Fig. 1) is

exclusively composed of known members of the genus

Microvirus. These phages are clearly separated from the rest

of theMicroviridae, consistent with the current ICTV taxonomy,

where they form a distinct genus within the Microviridae family.

N The Alpavirinae group (the pink group in Fig. 1) includes

the recently described Alpavirinae and 33 newly assembled

Microviridae genomes. This group can be divided into three

subgroups : two subgroups are exclusively composed of new

genomes from the human gut flora. The first subgroup consists

of 18 related genomes, while the second one encompasses

three more divergent viruses Human_feces_B_007, Human_-

gut_21_005, and Human_feces_C_010. The third subgroup is

composed of the 6 prophages, a new virus from a human lung

sample and 11 viruses from the human gut samples. Notably,

prophages from Bacteroides are separated from those inserted

into the genomes of Prevotella. Consistently, the new Prevotella

prophage (Prevotella multiformis) detected in this study is more

similar to prophages from other Prevotella genomes. Interest-

ingly, a new Microviridae, generated from free viral particles

from a human lung sample, is interspersed on the tree among

these Prevotella prophages. Bacteroides prophages form a

monophyletic group with 11 new genomes sampled from

human gut flora.

N The Gokushovirinae group (the blue group in Fig. 1)

consists of all known Gokushovirinae and 42 newly assembled

Microviridae genomes. These new viruses come from different

ecosystems : 27 from the human gut flora (9 different

individuals), 12 from freshwater lakes (11 from Lake Bourget

and 1 from Lake Pavin), 1 from marine environment

(JCVI_001, sampled from Chesapeake Bay), 1 from human

lung (SectLung2LLL_002) and 1 from microbialites (68_Mi-

crobialites_003). This group can be internally divided :

Gokushovirinae assembled from aquatic samples are most closely

related to Bdellovibrio phage WMH2K, whereas sequences

assembled from human gut samples are divided into two

subgroups, one around Spiroplasma phage 4 and Microvirus

WCA82, and another group close to Chlamydia phages.

N The new group (the green group in Fig. 1) is composed

exclusively of new viruses assembled from metagenomic

sequences. This group contains 3 genomes from two different

freshwater lakes, 1 from marine water, 1 virus associated with

coral microbiota and 1 from microbialites. As this group is

separated from the already defined groups, we propose to

name it Pichovirinae (Picho : small in Occitan).

Evolution and Diversity of Microviridae Genomes

PLoS ONE | www.plosone.org 2 July 2012 | Volume 7 | Issue 7 | e40418



144

Genome analysis of Microviridae. All 81 new Microviridae

genomes were composed of 3 to 9 predicted genes. These gene

numbers are consistent with the known reference genomes, and

were similar for each subgroup. The Microviridae core genes

(encoding the major capsid protein VP1, minor spike or pilot

protein VP2 and replication initiation protein VP4) are detected in

all Microviridae genomes but two (Fig. 1). The average genome size

of the four different sub-families was found to be significantly

different (Fig. S1, one-way ANOVA, p-value 2.2e-16). Notably,

Microvirus and Alpavirinae genomes are longer than those of

Pichovirinae and Gokushovirinae. Furthermore, the genomic organi-

zation of each of the 4 sub-families is specific. Indeed, the genome

organizations are conserved within the 4 sub-families but different

between the sub-families (Fig. 1).

Genomes of Alpavirinae display a reduced content of Microviridae

conserved genes, with only three genes (for proteins VP1, VP2 and

VP4) being significantly similar to those of Microviridae from other

genera/subfamilies. Two new genomes (Human_gut_24_085 and

Human_gut_32_015), sampled from two different individuals, lack

an ORF significantly similar to VP2, but instead possess a

similarly-sized ORF at a position equivalent to that occupied by

VP2 in all other members of the Alpavirinae (Striped-colored genes

on Fig. 1). These ORFs are likely to be highly divergent VP2-

coding genes. Consistently, the putative products of both ORFs

display features characteristic of all VP2-like proteins. Namely,

both gene products possess predicted N-terminal transmembrane

domains and coiled-coil regions. Although no other microviral

genes could be detected within the Alpavirinae prophages and

related assembled genomes using sequence-based searches, it has

been previously suggested that VP3-like scaffolding proteins might

be encoded transcriptionally downstream from the VP1-encoding

genes [17]. Indeed, most of the Microviridae from the Alpavirinae

group possess unassigned ORFs that might encode an equivalent

of gokushoviral protein VP3.

Genomes of Gokushovirinae share the same gene content

(presence of ORFs significantly similar to VP1, VP2, VP3, VP4

and VP5), with the exception of Spiroplasma phage 4, Microvirus

WCA82, Sargasso sea phage ssW2 and 12 new genomes from

human gut, for which VP3 and/or VP5-like genes could not be

identified using standard sequence analysis methods. However,

upon a closer examination using a sensitive profile-profile

comparison algorithm implemented in FFAS03 [28], an ORF

potentially encoding a homologue of VP3 has been identified in 4

of these genomes from human gut (Human_Gut_33_003,

Human_Feces_A_019, Human_Feces_A_020, Human_Fe-

ces_E_017; hit to Chlamydia phage Chp2 scaffold protein VP3

superfamily, pfam id : PF09675; FFAS03 mean score: 229.2). An

internal separation of the Gokushovirinae assembled in this study into

two subgroups can be deduced from the gene order conservation

within these subgroups, consistently with the phylogenetic

Figure 1. Phylogenetic tree drawn from the major capsid protein multiple alignment. Linearized genomes are represented for each virus.
The open reading frames in each genome are color-coded following the nomenclature used for Chlamydia phage genomes (i.e.VP1 : major capsid
protein, VP2 : DNA pilot protein, VP3 : internal scaffolding protein, VP4 : genome replication initiation protein, and VP5 : DNA binding protein).
Striped-colored genes encode proteins possessing features characteristic of VP2 proteins, but displaying no significant sequence similarity, as
assessed by BLAST. The four Microviridae subgroups are highlighted on the tree. Bootstrap scores greater than 80 are marked with gray dots.
doi:10.1371/journal.pone.0040418.g001
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information. A first subgroup is found near Bdellovibrio phage

WMH2K, and encompass only genomes assembled from aquatic

environments (Lake Bourget, Lake Pavin, and JCVI_001, sampled

from Chesapeake bay). This subgroup displays a specific gene

order : VP4-VP5-VP1-VP2-VP3 (Fig. 1). Genomes assembled

from human gut present a different gene order (VP4-VP5-VP3-

VP1-VP2), and do not form a monophyletic group within the

Gokushovirinae. Yet, the low bootstraps scores point towards the

possibility that the internal branching within this group might

change once more gokushoviral sequences become available.

Finally, two exceptions have to be noted : first, a sequence

assembled from Human Lung sample (SectLung2LLL_002) is

found near the known Chlamydia phages, and presents a gene order

similar to the aquatic Gokushovirinae assembled in this study (Fig. 1,

VP4-VP5-VP1-VP2-VP3); second a genome assembled from

Microbialites (68_Microbialites_003) displays the same gene order

as Bdellovibrio phage WMH2K, and is related to this phage in the

tree with a significant bootstrap support.

The gene composition of Pichovirinae genomes is similar to that of

Alpavirinae: significant sequence similarity with known references

are only detected for the three major genes (for VP1, VP2 and

VP4). Nevertheless, Pichovirinae genomes are the only ones within

the Microviridae family where the gene order of the core genes is

altered: whereas all Microviridae present a VP4 - VP1 - VP2

organization, the gene order in all Pichovirinae is VP4 - VP2 - VP1

(Fig. 1).

Detailed Analysis of the Conserved Microviridae Proteins
Major capsid protein (VP1). Virions of microviruses and

gokushoviruses display distinct structural features and molecular

composition; although both possess icosahedral capsids composed

of 60 copies of the major capsid protein, MCP (F and VP1,

respectively), only those of microviruses are decorated with

pentameric major spike protein complexes positioned at each of

the 12 five-fold vertices [11]. Electron cryo-microscopy (cryo-EM)

study of the SpV4 virions revealed that gokushoviruses instead

possess 55 Å-long ‘mushroom-like’ protrusions located at the 3-

fold symmetry axes of their capsids [21]. These protrusions are

formed by insertion loops coming from three subunits of the VP1

protein (Fig. 2A), and were suggested to participate in receptor

recognition and binding on the host cell surface. The protrusion-

forming insertion is not present in the MCPs of WX174-like

microviruses and is largely accountable for the size differences

between the MCPs of microviruses and gokushoviruses (Fig. 2B).

Comparison of the MCP sequences from the four subgroups of

the Microviridae revealed that the average identity at the protein

level varies from 40 to 80% within a group, and from 20 to 40%

between the groups, with an exception of the Enterobacteria-

infecting phages, which generally present no significant sequence

identity with MCPs from other clades of the Microviridae (Fig. S2).

Analysis of the VP1 size variation including the newly discovered

members of the Microviridae revealed that the average MCP size in

the four different sub-families is significantly different (one-way

ANOVA, p-value 1e-43). WX174-like microviruses possess smaller

MCPs (average length 427 aa), while those of gokusho-, alpa- and

pichoviruses are significantly larger (Fig. 2B). Notably, among the

latter three groups, pichoviruses possess the smallest MCPs

(average length 512 aa), while the MCPs of alpaviruses are the

largest (average length 630 aa) and also the most variable in terms

of size (ranging from 541 to 780 aa). Multiple sequence alignment

of VP1 homologues revealed that the MCP size difference is a

result of variation in the number and size of insertions in VP1-like

proteins (Fig. S3).

To gain insights into possible architecture of viruses from the

newly identified groups Alpavirinae and Pichovirinae and to under-

stand the effect that the insertions within their MCPs might have

on virion architecture, we constructed three-dimensional VP1

models for representative viruses. These were compared to the

available X-ray structure of WX174 protein F (PDB ID:2BPA;

[11]) and the cryo-EM-based model of SpV4 protein VP1 (PDB

ID:1KVP; [21]). Structural modeling and model quality assess-

ment are described in Materials and Methods. Comparison of the

structural models (Fig. 2C) revealed that VP1 homologues from

viruses belonging to all four groups of the Microviridae possess a

conserved eight-stranded b-barrel core (also known as viral jelly-

roll; [29]) and all, but WX174-like microviruses, possess an

extended loop that forms a mushroom-like protrusion in SpV4.

Consequently, it is likely that virions of gokusho-, alpa- and

pichoviruses, unlike those of microviruses, possess characteristic

receptor-binding spikes at the three-fold axes of the icosahedral

capsids (Fig. 2A).

Further analysis has revealed that the size of the putative

receptor-binding spike-forming insertions differs between different

subgroups of Microviridae (Fig. S4A): the shortest are found in

pichoviruses (average length 60 aa), while those of alpaviruses are

the longest (average length 110 aa). The insertion length also

varies considerably within Gokushovirinae (from 53 to 114 aa) and

Alpavirinae (from 45 to 209 aa). Interestingly, this variation appears

to be ecosystem- rather than virus subgroup-dependent. The

insertion length variation was much less pronounced for VP1

proteins of viruses residing in aquatic environments (including

both gokushoviruses and pichoviruses) than it was for viruses from

human samples (gokushoviruses and alpaviruses) (Fig. S4B). The

same tendency was also true for the full length MCPs, with VP1s

from human samples being larger (average length 604 aa) than

those of viruses thriving in aquatic environments (average length

533 aa). It therefore appears that evolution towards acquisition of

insertions within the MCPs of viruses isolated from human

samples might be driven by the need to cope with additional

factors (e.g., immune system, low pH of the human gastrointestinal

tract, etc.) that are not present in aquatic environments.

Distinct members of the Alpavirinae (a group exclusively

associated with human samples; Fig. 1) possess insertions at

different locations within their VP1 proteins, suggesting that VP1

proteins within this Microviridae subgroup are indeed evolving

rapidly. Such species-specific insertions were found to be up to 231

aa-long (Human_feces_B_007). In order to verify whether such

extensive insertions would not interfere with normal virion

formation, we fitted our three-dimensional model of the alpaviral

VP1 into the pseudoatomic model of SpV4 (PDB ID:1KVP) and

mapped the location of all the insertions exceeding 15 aa. We

identified 6 MCP hot-spots where large insertions were tolerated

in alpaviruses (Fig. S5). Notably, all of these insertions occurred in

the loop regions of the MCP facing outwards from the virion

surface and are therefore expected not to affect virion assembly.

Interestingly, the 231 aa-long insertion in the MCP of Human_-

feces_B_007 is predicted to be rich in b-strands and is likely to fold

into an independent domain. Peculiarly, the major spike protein G

of WX174-like microviruses, which forms protrusions at the virion

five-folds of these viruses is also rich in b-strands. Unfortunately,

the sequence of this insertion in the MCP of Human_feces_B_007

does not share significant similarity with proteins in extant

databases and its provenance therefore remains obscure.

Replication protein (VP4). The replication protein is highly

variable in length, as some microphages possess long replication

genes (namely Alpavirinae assembled from prophages and the

associated virions, but also Chlamydia phage Chp1, and Sargasso
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sea phage ssphi1). Nevertheless, the three conserved motifs of

superfamily I rolling cycle replication proteins are all conserved

(Fig. S6), suggesting that these proteins are likely to be functional.

High levels of sequence identity are detected within all Enterobac-

teria phages sequences, as well as within Pichovirinae and Gokushovir-

inae (Fig. S7). Conversely, replication proteins from Alpavirinae are

considerably less conserved within the group. Globally, the

similarity between VP4 sequences for any given pair of viruses is

lower than the one for the VP1 sequences from the same pair of

viruses.

DNA pilot protein (VP2). The last gene retrieved in all

Microviridae genomes to date codes for the pilot protein (VP2 in

Gokushovirinae, Minor spike protein H in Enterobacteria phages). The

WX174 protein H is a multifunctional structural protein (12 copies

per virion) required for piloting the viral DNA into the host cell

interior during the entry process, and de novo synthesis of protein H

is required for efficient production of other viral proteins [30–32].

However, the full functional potential of this protein remains to be

elucidated. At the first glance, VP2 appears to be more divergent

than the MCP or replication protein: significant sequence

similarity is only detected within sequences of the same subgroup

(Gokushovirinae, Enterobacteria phages, Alpavirinae and Pichovirinae, Fig.

S8). Strikingly however, similarity between VP2 proteins from

more closely related viruses often equals or even exceed the

similarity observed between their major capsid or replication

proteins. This is, for example, the case for Chlamydia phages (with

the exception of the highly divergent Chlamydia phage 1; Fig. S8),

and Enterobacteria-infecting phages. This perplexing host-dependent

pattern of VP2 conservation raises the possibility that the evolution

and function(s) of this protein might be tightly linked to the identity

of the host.

Horizontal Acquisition of New Genes
It has been previously suggested that genes encoding novel

functions in microviral genomes emerge from pre-existing

genomic regions through accumulation of point mutations

[19,33]. This conclusion has been supported by the lack of

identifiable cases of horizontal acquisition of new genes by the

Microviridae. Analysis of the complete microviral genomes assem-

bled in this study has unexpectedly revealed 11 genes from

human-associated Microviridae (5 Gokushovirinae and 6 Alpavirinae - 10

from human gut and 1 from human lung; Fig. 1) encoding a

putative peptidase of the M15_3 family (Pfam Id : PF08291). M15

family peptidases are widespread in bacteria and are involved in

Figure 2. Major capsid protein (MCP) variation within the Microviridae. (A) Three-dimensional model of the SpV4 virion (PDB ID:1KVP). Three
capsomers donating long insertion loops to form the ‘mushroom-like’ protrusions at the three-fold axes of symmetry of the icosahedral capsid are
highlighted in blue, green, and red. (B) A boxplot illustrating the variation of MCP sizes between the four subgroups of the Microviridae. (C) Three-
dimensional models of the MCPs from viruses representing the four subgroups of the Microviridae: Microvirus (WX174 protein F; PDB ID:1CD3),
Gokushovirinae (SpV4 VP1, PDB ID:1KVP), Alpavirinae (Prevotella bucalis prophage BMV5 protein VP1; GI:282877220), Pichovirinae (Pavin_279 protein
VP1). The insertions within the VP1 proteins of gokusho-, alpa- and pichoviruses relative to the F protein of WX174 are highlighted in green.
doi:10.1371/journal.pone.0040418.g002

Evolution and Diversity of Microviridae Genomes

PLoS ONE | www.plosone.org 5 July 2012 | Volume 7 | Issue 7 | e40418



147

cell wall biosynthesis and metabolism; they catalyze hydrolytic

cleavage of the amide bond within peptide bridges that cross-link

glycan strands of the bacterial cell wall [34].

The closest homologues detected by BLAST for these 11 genes

are from bacterial genomes, except for Human_feces_A_016, for

which the closest homologue is found in a tailed dsDNA phage

genome (Table S3). Half of the Alpavirinae peptidase genes are

affiliated to Bacteroidetes and a Bacteroidetes phage, the three others are

associated with Burkhorderiales (Leptothrix and Collimonas). Gokushovir-

inae peptidases are affiliated to Firmicutes : Faecalibacterium prausnitzii (4

of 5), and Gamma-proteobacteria (Providencia alcalifaciens). These closest

homologues of the microviral proteins are found next to phage-like

genes in several bacterial genomes (Fig. 3A). For example, phage-like

integrase genes are proximal to the M15 peptidase genes in

Bacteroides vulgatus ATCC 8482 and Bacteroides vulgatus PC510

genomes, indicating a likely phage origin for these genomic regions.

Consistently, the peptidase gene from Providencia alcalifaciens

DSM30123 genome is retrieved within a complete prophage region,

and next to a putative holin gene. The peptidase gene from

Faecalibacterium prausnitzii M21/2 is present within a three-gene

cassette, with all three genes having homologues in bacteriophages

(Fig. 3A). Notably, besides theM15 peptidase, the cassette includes a

putative holin gene (hit to Lactococcus phage ul36.t1, ABD63797;

47% identity, E= 1e-20) and a gene of unknown function, with a

homologue present as part of the lysis gene cluster in Streptococcus

phage 858 (Fig. 3A). All this indicates that peptidase genes are likely

to be frequently exchanged between viruses and their hosts,

probably through prophage integration. Interestingly, 5 of the 11

peptidase genes detected in Microviridae genomes are adjacent to an

‘‘unknown’’ predicted ORF, which displays no sequence similarity

to proteins in the extant databases. Peculiarly, this unknown gene

(153 codons) in the Human_gut_33_003 genome is encoded on the

complementary strand. Such orientation is highly unusual; to our

knowledge, no other cases of complementary strand genes have been

reported in Microviridae.

In order to shed light on the evolutionary event(s) leading to the

acquisition of M15 peptidase genes by Microviridae phages, a

phylogenetic tree was computed from a multiple alignment

including the Microviridae peptidases and their closest homologues

in both bacterial and viral genomes (Fig. 3B, Fig. S9). The

topology of the peptidase tree is consistent with the VP1-derived

tree of Microviridae, with a clear separation between the peptidase

genes from the Alpavirinae (highlighted in pink) and the five

peptidase genes from Gokushovirinae (in blue). Within the Alpavirinae,

the peptidase tree topology can be associated with the location of

the peptidase gene integration within these viral genomes.

Peptidases genes are inserted in two different positions in

Alpavirinae genomes : between VP2 and VP4 (CF7ML001,

Human_feces_B_039, Human_gut_22_017 and Human_-

gut_33_017), and between VP4 and VP1 (Human_feces_A_016

and Human_gut_33_005) (Fig. 1). Consistently, these two groups

are retrieved on the peptidase tree: Human_feces_A_016 and

Human_gut_33_005 are found near the Fusobacterium gene within

the Bacteroidetes group, whereas the other Alpavirinae peptidases are

retrieved at the base of the Bacteroidetes group. Within the

Gokushovirinae, the Human_feces_C_014 peptidase is separated

from the rest of gokushoviral peptidases, similarly to the topology

of the VP1 tree (Fig. 3B, Fig. 1). In the peptidase tree, the closest

neighbors of the Gokushovirinae peptidases are from Firmicutes

(Faecalibacterium) and Proteobacteria (Ahrensia, Providencia). The most

likely explanation for such clustering is that peptidase genes were

horizontally acquired by several members of the Microviridae on

multiple occasions. The presence of dsDNA phage peptidases near

the Microviridae sequences on the tree suggests that ds and ssDNA

phages might be engaged in gene exchange, either directly during

a co-infection or via infection of a prophage-bearing host cell.

Finally, the possibility of horizontal gene transfer between

Microviridae genomes was investigated in light of this acquisition of

a peptidase gene by several human gut Microviridae. For that, we

performed a phylogenetic analysis of the two most conserved

Microviridae proteins, VP1 and VP4, for each of the four subgroups

(Microvirus, Alpavirinae, Gokushovirinae and Pichovirinae). No signs of

recent gene transfer event could be detected, confirming the

hypothesis that gene transfer between Microviridae are rare, even

within the temperate members of the group [14,17,19].

Microphages Diversity in Environment
Biogeographic pattern and Microviridae dispersal. The

wide distribution of samples from which complete Microviridae

genomes could be assembled (Table S1) makes it possible to

analyze the repartition of the different Microviridae subgroups

among the different geographic sites sampled, and the different

types of environments studied. Remarkably, Microviridae genomes

could be assembled from all but hypersaline and hyperthermo-

philic types of samples. Very similar genomes are retrieved from

geographically remote sampling sites, both in aquatic medium (for

examples JCVI_001 from North America is closely related to

Bourget_248 and Bourget_504, from France) and in human

microbiome : genomes noted as ‘‘Human feces’’, sampled in South

Korea [18], are not very different from the ‘‘Human gut’’

genomes, sampled in North-America [25]. This wide distribution

and absence of biogeographic pattern is likely to reflect an ancient

origin for Microviridae, which would have colonized a wide range of

habitats, from human microbiome to seawater, freshwater, and

sedimentary structures like Microbialites.

Nevertheless, assembling complete Microviridae genomes from

random environmental sequences requires a large number of

reads, especially for viromes composed of reads not exceeding

100 bp. Thus, only 3 complete Microviridae genomes have been

generated from the three viromes with reads of ,100 bp (from a

total of 41 such viromes in the dataset, Table S1). To gain further

insights into the diversity and patterns of distribution of

Microviridae, a database of major capsid protein (VP1) sequences

was built encompassing all published and newly assembled

Microviridae. These sequences were used to search for VP1

homologues in the unassembled virome reads.

Viral metagenome sequences similar to VP1. A total of

498 sequences were found to be significantly similar (BLASTx bit

score greater than 50) to the VP1 protein of at least one of the

Microviridae complete genomes. These 498 metagenomic sequences

span 36 of the 95 viromes, from 5 different types of ecosystem

(human microbiome, other eukaryote, seawater, freshwater,

microbialites). Microviridae remains undetected in hypersaline and

hyperthermophilic environments (Fig. 4). In order to analyze the

dispersal of each Microviridae subgroup, the presence of each

subgroup was checked in the 36 viromes containing Microviridae

sequences. The Gokushovirinae subgroup is the most widespread

among Microviridae (28 viromes out of 36), and is found in all

Microviridae-containing biomes (Fig. 4). Pichovirinae are less fre-

quently detected (12 viromes), but are also retrieved from different

types of biomes. On the contrary, Alpavirinae are exclusively

detected in human sample viromes (16 samples). Finally, only one

sequence affiliated to the genus Microvirus was detected in a

seawater virome. Yet, the low BLAST bit score (50.1) and the fact

that this is the only microvirus-like sequence retrieved indicates

that microviruses are likely to be extremely rare in such

environments.
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Discussion

Microphages are progressively retrieved from a broad range of

environmental samples from various locations. In this study, the

focus on this family through a search in viral metagenomes made it

possible to describe a new subgroup of Microviridae and consider-

ably expanded the existing knowledge on genome evolution,

diversity and environmental distribution of this viral family. Using

already published viromes that have never been analyzed for the

presence of complete Microviridae genomes, this study more than

tripled the number of complete genomes available for this family.

Technical Issues and Potential Bias of the de novo
Metagenomic Assembly of Viral Genomes
Several points have to be discussed regarding both bioinforma-

tical and biological issues in order to better understand the results

obtained in this study. First, sequences reconstructed here from

metagenomic data represent consensus sequences of individual

microviral populations and thus, DNA sequence variations within

each population are masked. Nevertheless, the assembly criteria

used here (98% similarity on 35 bp) are considered stringent

enough to gather only sequences from the same viral species [26].

Such criteria both limit sequence variations within each assembled

genome and mask pyrosequencing errors. Second, even if

Microviridae seems more abundant and frequently retrieved in

particular ecosystem types (as in the human gut), all biomes were

not evenly sampled. Indeed, the published viromes used in this

study were generated independently and with different sequencing

technologies. For instance, viromes from the human gut contain

approximately 2 times more base pairs than viromes from sea

water, and 6 times more than those from hypersaline ponds.

Third, the methodology used to generate a virome greatly

influences the type of viruses which will be retrieved. Viromes

prepared through LASL (Linker Amplified Shotgun Library) are

not supposed to contain any ssDNA genomes as this technique

only recover dsDNA fragments. Not surprisingly, no Microviridae

were detected in the two viromes prepared through LASL in this

study, both sampled from hyperthermophilic environments. Last,

the quantitative importance of ssDNA viruses in general, and of

Microviridae more specifically, remains an open question. The

abundance of Microviridae was first considered to be higher than

predicted when the affiliation of virome reads was normalized by

the mean genome length, i.e. when viruses were compared in terms

of ‘‘number of viral particles in the original samples’’ [5].

Nevertheless, this quantitative importance was balanced by a

potential bias of the whole-genome amplification methodology,

which would preferentially amplify small circular DNA templates

[35]. Although the real relative abundance of the Microviridae is still

unknown, the fact remains that a considerable part of reads in

numerous viromes could be affiliated to Microviridae, leading to the

assembly of 81 complete Microviridae genomes.

Microviridae is a Coherent Family of ssDNA Phages
The new genomes assembled in this study confirmed that

Microviridae is a consistent and homogeneous viral family. All but

two genomes contained ORFs significantly similar to the three

core genes of Microviridae (the major capsid protein VP1, the

replication protein VP4, and the DNA pilot protein VP2).

Moreover, the division of the Microviridae family into sub-families,

which has been previously presented [20], was both confirmed and

complemented by this study. The microphage diversity deduced

from the analysis of the environmental samples confirmed the

distinction between Enterobacteria-infecting phages (genus Micro-

virus), and the other known Microviridae. Members of the genus

Microvirus are considered as Microviridae archetypes, and are the

most studied Microviridae so far, yet none of the genomes assembled

Figure 3. Genomic context and phylogenetic analysis of the Peptidase M15 Microviridae sequences. (A) Organization of the Peptidase
M15_3 region in the 11 newly assembled Microviridae genomes. The regions encompassing homologous peptidase genes in three bacterial and two
phages (noted with a black circle) genomes are also shown. P2 GpR stands for the P2 phage tail completion protein. (B) Maximum-likelihood tree
computed from the multiple alignment of peptidase M15 sequences of the Microvidae and their closest homologues in viral and bacterial genomes.
Bootstrap support values are indicated on each node. A fully expanded view of this tree is available as Fig. S9.
doi:10.1371/journal.pone.0040418.g003

Figure 4. Abundance and distribution of VP1-like sequences in the environment. The number of viromes and the origin of the samples
used for virome preparation are indicated. VP1 sequences were affiliated by best BLAST hit against a database including VP1 sequences from both
the previously published Microviridae genomes and the complete genomes assembled in this study.
doi:10.1371/journal.pone.0040418.g004
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in this study is associated with this genus. This apparent paradox

might be due to culture bias, as Microviruses are cultivated on E. coli

strains, the most widely used and studied prokaryotic model

organism. The present study indicates that this genus is rare

among the biosphere, and likely constitute a very specific type of

Microviridae especially in terms of gene content and capsid

structure. The other Microviridae appear to be internally divided

into three main subgroups, namely Gokushovirinae, Alpavirinae, and a

new subgroup, which we propose to name Pichovirinae. This new

clade appear to be more related to Gokushovirinae than to

Enterobacteria phages, and could represent an intermediate group,

like Alpavirinae, which could fill the gap between the two currently

recognized sub-families. Moreover, this new group has a unique

genome organization, as VP2 is located between VP1 and VP4 for

all the genomes in this group. Based on this synteny break, and the

fact that Pichovirinae-like genomes have been assembled from very

different samples (namely seawater, freshwater, microbialites, and

coral samples), this clade has probably diverged from the common

Microviridae ancestor a long time ago. Consistently, significant

sequence similarity between pichoviruses and the other Microviridae

is confined to the major capsid protein VP1 and the replication

protein VP4, while the pilot proteins (VP2) displays only limited

sequence similarity to corresponding proteins from the Alpavirinae

prophages.

This taxonomic structure of the Microviridae family confirms that

the microphage diversity was under-estimated. The detection of

sequences homologous to Pichovirinae and Gokushovirinae in very

different environments (Fig. 4) suggests that the viruses giving rise

to these clades have probably diverged from their common

ancestor in a distant past. The latter possibility is supported by the

differential gene order conservation in the Pichovirinae on one side

(VP1-VP4-VP2) and the remaining Microviridae subgroups on the

other (VP1-VP2-VP4). The finding that microphages belonging to

different subgroups occupy a variety of different ecological niches

suggests that the association of microphages with bacteria is

ancient, possibly predating the divergence of this cellular domain

into the contemporary lineages.

Major Capsid Protein Structure and Evolution
Based on similarity in virion architecture, it has been previously

suggested that members of the Microviridae might share a common

origin with eukaryotic viruses from the families Circoviridae,

Geminiviridae and Parvoviridae [10]. Indeed, all these ssDNA viruses

utilize eight-stranded b-barrel capsid proteins to build their

icosahedral (T= 1) virions [36,37]. However, while the capsid

proteins of Microviridae and parvoviruses possess long insertion

loops connecting the b-strands (although at different locations;

[36]), those of geminiviruses and circoviruses are much more

compact [37,38]. Consequently, if the structural relationship

indeed testifies for the common origin of these viruses, the

evolution of Microviridae virion structure most likely proceeded

through acquisition of insertion loops within the eight-stranded b-

barrel core. As revealed through comparative analysis and

structural modeling of the MCPs presented in this study, such

dynamics within the loop regions of microviral MCPs appears to

be an ongoing process, possibly assisting host-range expansion and

adaptation to new environments in this viral family. This is

especially obvious for microphages associated with human

microbiota (all alpaviruses and certain gokushoviruses) that on

average possess larger and more numerous insertions within their

MCPs (Fig. 1, Fig. S4B). Paradoxically, although WX174-like

phages are also known to infect hosts isolated from human samples

[39], their MCPs are the most compact among the Microviridae.

Interestingly, the putative receptor-binding spikes present at the

three-fold symmetry axes of gokushovirus capsids ([21]; Fig. 2A)

are also likely to decorate the virions of alpaviruses [17] and

pichoviruses (Fig. 2C). The presence of this protrusion in all

gokusho-, alpa- and pichoviruses, suggests that this feature is

ancestral to the spikes present at the five-fold vertices of WX174-

like microvirus capsids.

The number and the size of insertions within the microviral

MCPs were similar in both prophages and free-living viruses,

suggesting that these sequence modifications do not preclude the

formation of viable virions. This specific evolutionary pattern of

human microbiome Microviridae MCPs is reminiscent to co-

evolution consequences described for cultivated phages. As

described in the experiment of Paterson et al. [40], the basis of

co-evolution is the absence of ‘‘non-adapted’’ host for the phage.

This is consistent with the restriction of these viruses to human gut

flora, where the highest bacterial densities for a microbial habitat

were found [41]. Thus, human gut Microviridae are likely to be

exposed to a higher host-phage encounter frequency compared to

other Microviridae, thereby increasing the evolution rate of their

MCP.

Horizontal Gene Acquisition of a Possible Endolysin Gene
Until now, genes encoding novel functions in microviral

genomes were thought to emerge from pre-existing genomic

regions through accumulation of point mutations [19,33].

However, the discovery in the Microviridae genomes of peptidase

coding genes that were clearly acquired by horizontal gene

transfer (HGT), and more likely through at least two independent

transfer events, shows that Microviridae are able to integrate genes

of interest from external sources into their genomes, even if such

transfers are rare. The different uncharacterized ORFs detected in

the new Microviridae genomes are then of great interest, since they

could represent other horizontally acquired genes. On the

contrary, no direct gene transfers between two Microviridae

genomes could be detected in our dataset. Notably, phylogenetic

analysis of the 47 closely-related Escherichia coli-infecting micro-

viruses illuminated a few cases of HGT between these viruses that

probably occurred by homologous recombination [14]. It is

possible that HGT in Microviridae is limited by the genetic distance

between the donor and the recipient virus species. Consequently,

larger datasets of closely related virus genomes might be needed to

better understand the prevalence of homologous recombination-

driven HGT events in Microviridae.

WX174 is the only microvirus for which the mechanism of host

cell lysis has been elucidated. Unlike dsDNA phages that

typically encode a holin-endolysin system, where holin perforates

the cytoplasmic membrane and endolysin digests the peptidogly-

can, microviruses depend on a single-gene lysis system [42]. It

has been shown that protein E of WX174 induces lysis by

inhibiting cell wall biosynthesis [43]. It was therefore surprising

to discover that gene for M15_3 peptidase identified in several

gokushoviral and alpaviral genomes is associated with canonical

lysis genes (for holin and endolysin) in dsDNA (pro)phages

(Fig. 3A), suggesting that phage-encoded M15 peptidases might

play a role in cell lysis during virus progeny release. Indeed,

endopeptidase PLY500 (family VanY; PF02557), which is

structurally related to M15 family proteases (families M15_3

and VanY belong to the same clan – Peptidase_MD; CL0170),

acts as an endolysin at the end of the infection cycle of Listeria

phage A500 [44]. We therefore suggest that Microviridae M15

peptidase might also be involved in dissolution of the host cell

wall at the end of the phage life cycle.
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Microviridae Life Cycle and Putative Bacterial Hosts
From the current knowledge on Microviridae, only one subgroup

(Alpavirinae) was found to contain temperate members (i.e. detected

as prophages). This could be linked to a relatively low number of

complete bacterial genomes from aquatic environments. However,

the absence of Microviridae prophages in Enterobacteria, which have

been far more thoroughly studied, as well as the absence of

detection of any new prophage even with the new Microviridae
genomes described here, suggests that the use of the lysogenic cycle

is likely to be rare among Microviridae.

The lysogenic cycle of some of the Alpavirinae and the presence

of a horizontally transferred peptidase in several of their genomes

made it possible to deduce potential host organisms for these

phages. As Alpavirinae prophages have been found only within

Bacteroidetes genomes, and the Alpavirinae peptidase genes are most

similar to genes from Bacteroidetes genomes as well, members of the

Alpavirinae group are likely to infect members of this bacterial

phylum. Interestingly, free-living Alpavirinae closely-related to

Prevotella prophages were only found in a lung sample, whereas

Alpavirinae related to Bacteroides prophages were found in different

human stool samples. This finding is consistent with the fact that

most of the sequenced Prevotella strains have been isolated from

oral samples, while Bacteroides are thought to be primarily

associated with gut flora.

The absence of described prophage for Gokushovirinae makes it

impossible to be conclusive regarding the potential host(s) of these

viruses. Yet, 4 peptidases from human gut gokushoviruses form a

common clade with genes from a marine bacterium (Ahrensia sp.

R2A130) and 7 human gut bacteria belonging to genera

Faecalibacterium and Anaerofustis (Fig. 3B, Fig. S9). Both of these

genera are members of the order Clostridiales (phylum Firmicutes),
thus it is tempting to speculate that at least some members of the

Gokushovirinae might infect Gram-positive bacteria.

Materials and Methods

Viromes Data Set
A set of 95 viromes available in public databases were

downloaded and used in this study (Table S1). Lake Pavin and

Lake Bourget viromes were previously described in [45], viromes

identified with a number from 12 to 87 in [46], Lake Limnopolar

in [6], human lung viromes in [47], human gut and human faeces

viromes in [25] and [18], hot springs viromes in [48] and virome

JCVI_mv858 is part of the GOS dataset [49]. The 95 viromes

span viral communities from the 3 main aquatic ecosystems

studied so far (i.e. seawater, freshwater and hypersaline) as well as

communities associated with different eukaryotes (fish, coral and

mosquito), human lungs and human gut.

Complete Genome Identification
All viromes were assembled (Table S1), and screened for

circular contigs with significant sequence similarity with Micro-

viridae genes (tBLASTx, threshold of 50 on bit score). Viromes

were assembled using Newbler 2.6 (454 Life Sciences), using the

stringent threshold of 98% identity on 35 bp. In addition to the

contigs assembly, Newbler software detect putative links between

different contigs, usually used to create scaffolds. The contigs

linked to themselves (i.e. the end of the contig is similar to the start

of it) were thus considered as circular DNA sequences, and

searched for Microviridae-like genes via tBLASTx (threshold of 50

on bit score). After a first iteration of this search step, all

Microviridae genomes retrieved were used as query in a second

iteration, to detect more distant homologies (i.e. contigs with genes

not significantly similar to known Microviridae, but significantly

similar to contigs retrieved in the first iteration). A fasta file

containing the raw sequences of the 81 Microviridae genomes

assembled in this study, alongside the annotation of each genome

in separated genbank-formatted files, in a zip archive (available

through Dryad Digital Repository, doi:10.5061/dryad.8ht80;

http://dx.doi.org/10.5061/dryad.8ht80).

In addition, complete bacterial genomes from Refseq database

and genomes currently assembled from the NCBI were looked for

Microviridae-like genes via tBLASTx (threshold of 50 on bit score) in

order to identify new prophages related to Microviridae.

Annotation of Complete Genomes
An ORF prediction was processed using Glimmer 3.02 [50] for

each circular contig identified as a Microviridae genome. The

predicted ORFs were compared to the sequence database NR

using BLASTp and best BLAST hit were conserved. In order to

identify and annotate genes not predicted by Glimmer, intergenic

regions of the genomes were also compared to NR using BLASTx.

Analysis of Proteins from the New Circular Genomes
Sequences similar to the Major Capsid Protein (VP1 in

Gokushovirinae, Protein F in Microvirus) were retrieved from known

sequenced genomes and complete genomes generated from

viromes. The VP1 sequence retrieved as prophage in Prevotella

bergensis genome was not included in the analysis, since the

prophage is split among two scaffolds [17], and thus a genome

map is difficult to draw from it. Still, its presence did not modify

the tree topology.

A multiple alignment of these VP1 protein sequences was done

using Muscle [51]. Mega 5 [52] was used to generate a Neighbor-

joining phylogenetic tree from this alignment. A custom-designed

Perl script was used to calculate the percentage of identity between

each pair of protein sequences, based on the multiple alignments

computed with Muscle [51]. Jalview [53] was used to visualize

RCR I motif manually on the multiple alignment.

Structural Modeling and Model Quality Assessment
VP1 homologues from each of the analyzed Microviridae

subgroup were aligned using PROMALS3D [54] and analyzed

for the presence and location of insertions with respect to the

sequence of WX174 protein F [11]. VP1 sequences of Pavin_279

and BMV5 prophage from Prevotella bucalis (GI:282877220; [17])

were chosen as representatives of subgroups Pichovirinae and

Alpavirinae, respectively. Three-dimensional model of the Pa-

vin_279 VP1 was generated using a multi-template (WX174 F,

PDB ID:1CD3 and SpV4 VP1, PDB ID:1KVP) modeling with

MODELLER v9.10 [55] The BMV5 VP1 model was obtained

using I-TASSER, which uses a combination of ab initio and

homology-based approaches for structural modelling [56]. The

initial Pavin_279 and BMV5 VP1 models were optimized via

multiple rounds of loop refinement with MODELLER v9.10. The

stereochemical quality of the models was then assessed with

ProSA-web [57]. The final Pavin_279 and BMV5 VP1 models

had the quality Z-scores of 26.57 and 26.73, respectively, which

were comparable to those of the template structures (-6.4 for

WX174 F and 26.14 for SpV4 VP1). Comparison and visualiza-

tion of the structural models was performed with VMD [58] and

UCSF Chimera [59].

Peptidase Phylogenetic Tree
Reference peptidase sequences were taken from the NR

database, based on a BLASTp of the Microviridae peptidases

(threshold of 90 on bit score). Peptidases from Bacteroides and
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Prevotella genomes were added to the dataset, as Microviridae

prophages had been detected in each of these genera. The multiple

alignment was computed using Muscle [51], and the maximum-

likelihood phylogenetic tree was computed with FastTree [60].

Major Capsid Protein Detection and Affiliation from
Linear Sequences
The unassembled reads from the set of viromes used in this

study were screened for sequences homologous to major capsid

protein, and these sequences were affiliated via a best BLASTx hit

against a database formed of all VP1 from the complete

Microviridae genomes both published and assembled in this study

(threshold of 50 on BLAST bit score).

Supporting Information

Figure S1 Boxplot of genome sizes within each clade.
Affiliations were based on the major capsid protein
phylogenetic tree (Fig. 1).
(TIFF)

Figure S2 Heatmap based on the percentage of identity
computed from the major capsid protein multiple
alignment. Scale is indicated on the top left, with the distribution

of the percentages of identity. The genome affiliation is indicated

above the map, and groups are framed on the heatmap.

(TIFF)

Figure S3 Multiple amino acid alignment of the major
capsid protein. Large insertions (more than 10 aa) are framed

and identified from A to G. The insertion retrieved in all

Microviridae but Enterobacteria phages known to induce mushroom-

like structure is identified as the insertion E. One or several

sequences were taken for each group, wX174 for Enterobacteria

phages, CF7ML00001 and Prevotella Buccalis for Alpavirinae,
Pavin_00723 for Pichovirinae, Chlamydia phage Chp2 and Bour-

get_00154 for Gokushovirinae and Spiroplasma phage 4.

(TIFF)

Figure S4 A boxplot illustrating length variation of the
‘mushroom-like’ protrusion-forming insertions in the
major capsid proteins of Gokushovirinae, Alpavirinae,
and Pichovirinae. The insertion lengths are plotted as a

function of the Microviridae subgroup (A) and ecosystem type (B).

(TIFF)

Figure S5 Alpaviral VP1 in the context of the entire
virion. Pseudoatomic model of the gokushovirus SpV4
virion (PDB ID:1KVP) with one of the capsomers
substituted with the structural model of the alpaviral
VP1 (Prevotella bucalis prophage BMV5). The hot-spots in
the alpaviral VP1s where specific insertions (.15 aa) with respect

to the BMV5 VP1 sequence were detected are indicated with

orange spheres. The length of the largest insertion at each of the

hot-spots is indicated along with the name of a corresponding viral

genome. HF, human feces.

(TIFF)

Figure S6 Alignment of the conserved motifs of the
superfamily I rolling-circle replication protein.
(TIFF)

Figure S7 Heatmap based on the percentage of identity
from the replication protein multiple alignment. Scale is

indicated on the top left, with the distribution of the percentages of

identity. The genome affiliation is indicated above the heatmap,

and groups are framed on the heatmap.

(TIFF)

Figure S8 Heatmap based on the percentage of identity
detected on the capsid assembly protein multiple
alignment. Scale is indicated on the top left, with the distribution

of the percentages of identity. The genome affiliation is indicated

above the heatmap, and groups are framed on the heatmap.

(TIFF)

Figure S9 Maximum-likelihood phylogenetic tree based
on peptidase M15_3 protein sequences. Each reference

sequences is identified by its name, followed by its gene id.

Alpavirinae sequences are highlighted in pink, Gokushovirinae in blue,

and viral reference sequences are marked with a black circle.

(TIFF)

Table S1 List of viromes assembled. For each virome,
the number of circular contigs identified as complete
Microviridae genome is indicated. The web-server hosting

the datasets are : NCBI (www.ncbi.nlm.nih.gov), MG-Rast

(http://metagenomics.anl.gov), and Metavir (http://metavir-

meb.univ-bpclermont.fr). When available, the methodology used

to purify viral particle is indicated (CsCl : Cesium Chloride, PEG :

Polyethylene Glycol, LASL : linker amplified shotgun library and

MDA : phi29-mediated multiple displacement amplification). *2

contigs were detected for virome 35 Marine_Sar_Vir, but they

corresponded to the 2 contigs already assembled from this virome,

described in Tucker et al., 2011, and were thus discarded.

(DOC)

Table S2 List of circular contigs similar to complete
genomes of Microviridae. For each major protein, the gi of

the best BLAST hit is indicated with the bit score of the

corresponding BLAST. All the sequences and corresponding

annotations are available through Dryad Digital Repository,

doi:10.5061/dryad.8ht80; http://dx.doi.org/10.5061/dryad.

8ht80.

(DOC)

Table S3 List of the Microviridae peptidase genes
detected, with their best BLAST hit against NR data-
base.
(DOC)
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6. López-Bueno A, Tamames J, Velázquez D, Moya A, Quesada A, et al. (2009)

High diversity of the viral community from an antarctic lake. Science 326: 858–

861.

7. Wegley L, Edwards R, Rodriguez-Brito B, Liu H, Rohwer F (2007)

Metagenomic analysis of the microbial community associated with the coral

porites astreoides Environ Microbiol 9: 2707–2719.

Evolution and Diversity of Microviridae Genomes

PLoS ONE | www.plosone.org 11 July 2012 | Volume 7 | Issue 7 | e40418



153

8. Rosario K, Duffy S, Breitbart M (2009) Diverse Circovirus-like genome
architectures revealed by environmental metagenomics. J Gen Virol 90: 2418–
2424.

9. Tucker KP, Parsons R, Symonds EM, Breitbart M (2011) Diversity and
distribution of single-stranded dna phages in the north atlantic ocean ISME J 5:
822–830.

10. Cherwa JE, Fane BA (2011) Microviridae: microviruses and gokushoviruses. In:
Encyclopedia of life sciences. Ltd., Chichester, United Kingdom. doi:10.1002/
9780470015902.a0000781.pub2.

11. McKenna R, Xia D, Willingmann P, Ilag LL, Krishnaswamy S, et al. (1992)
Atomic structure of single-stranded dna bacteriophage phix174 and its
functional implications. Nature 355: 137–143.

12. Bernal RA, Hafenstein S, Esmeralda R, Fane BA, Rossmann MG (2004) The
phix174 protein J mediates dna packaging and viral attachment to host cells.
J Mol Biol 337: 1109–1122.

13. Morais MC, Fisher M, Kanamaru S, Przybyla L, Burgner J, et al. (2004)
Conformational switching by the scaffolding protein D directs the assembly of
bacteriophage phix174. Mol Cell 15: 991–997.

14. Rokyta DR, Burch CL, Caudle SB, Wichman HA (2006) Horizontal gene
transfer and the evolution of microvirid coliphage genomes. J Bacteriol 188:
1134–1142.

15. Lee HS, Sobsey MD (2011) Survival of prototype strains of somatic coliphage
families in environmental waters and when exposed to uv low-pressure
monochromatic radiation or heat. Water Res 45: 3723–3734.

16. Carstens EB (2010) Ratification vote on taxonomic proposals to the international
committee on taxonomy of viruses (2009). Arch Virol 155: 133–146.

17. Krupovic M, Forterre P (2011) Microviridae goes temperate: microvirus-related
proviruses reside in the genomes of Bacteroidetes. PLoS One 6: e19893.

18. Kim M, Park E, Roh SW, Bae J (2011) Diversity and abundance of single-
stranded dna viruses in human feces. Appl Environ Microbiol 77: 8062–8070.

19. Fane BA, Brentlinger KL, Burch AD, Chen M, Hafenstein S, et al. (2011) the
Microviridae. In: The bacteriophages. Oxford Press. 129–145.

20. Brentlinger KL, Hafenstein S, Novak CR, Fane BA, Borgon R, et al. (2002)
Microviridae, a family divided: isolation, characterization, and genome sequence
of phiMH2k, a bacteriophage of the obligate intracellular parasitic bacterium
bdellovibrio bacteriovorus. J Bacteriol 184: 1089–1094.

21. Chipman PR, Agbandje-McKenna M, Renaudin J, Baker TS, McKenna R
(1998) Structural analysis of the Spiroplasma virus, spv4: implications for
evolutionary variation to obtain host diversity among the Microviridae. Structure
6: 135–145.
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1Clermont Université, Université Blaise Pascal, Laboratoire ‘Microorganismes: Génome et Environnement’, Clermont-Ferrand, France; and 2CNRS,

UMR 6023, LMGE, Aubiere, France

Correspondence: Didier Debroas, Universite

Blaise Pascal, Laboratoire de Biologie des

Protistes – UMR CNRS 6023,

Aubiere 63177, France. Tel.: +334 7340

7837; fax: +334 7340 7670; e-mail:

didier.debroas@univ-bpclermont.fr

Received 19 June 2011; revised 12 August

2011; accepted 17 August 2011.

Final version published online 19 September

2011.

DOI: 10.1111/j.1574-6941.2011.01190.x

Editor: Tillmann Luders

Keywords

diversity; 16S rRNA gene; protein-coding

genes; aquatic ecosystems.

Abstract

PCR amplification of the rRNA gene is the most popular method for assessing

microbial diversity. However, this molecular marker is often present in multi-

ple copies in cells presenting, in addition, an intragenomic heterogeneity. In

this context, housekeeping genes may be used as taxonomic markers for eco-

logical studies. However, the efficiency of these protein-coding genes compared

to 16S rRNA genes has not been tested on environmental data. For this pur-

pose, five protein marker genes for which primer sets are available, were

selected (rplB, pyrG, fusA, leuS and rpoB) and compared with 16S rRNA gene

results from PCR amplification or metagenomic data from aquatic ecosystems.

Analysis of the major groups found in these ecosystems, such as Actinobacteria,

Bacteroides, Proteobacteria and Cyanobacteria, showed good agreement between

the protein markers and the results given by 16S rRNA genes from

metagenomic reads. However, with the markers it was possible to detect minor

groups among the microbial assemblages, providing more details compared to

16S rRNA results from PCR amplification. In addition, the use of a set of

protein markers made it possible to deduce a mean copy number of rRNA

operons. This average estimate is essentially lower than the one estimated in

sequenced genomes.

Introduction

The functional and species diversity of microorganisms

has been shaped by 3.5 billion years of evolution,

enabling them to colonize all aquatic ecosystems, even the

most extreme (Thornburg et al., 2010). Microorganisms

are involved in all the basic processes, from degrading

organic matter to regulating the composition of the

Earth’s atmosphere equilibria such as O2–CO2 or CH4.

Despite playing this crucial functional role in the terres-

trial ecosystem, there has been only limited progress in

identifying and classifying prokaryotes, as only 1% of

microbes can be cultivated with classical microbial meth-

ods (Amann et al., 1995). Over the past two decades,

the use of techniques based on ribosomal RNA (rRNA)

has revolutionized knowledge on the microorganisms

present in ecosystems. Microbial diversity studies are now

dominated by approaches involving techniques such as

cloning-sequencing, fluorescent in situ hybridization and

genomic fingerprinting (e.g. DGGE: Denaturing Gradient

Gel Electrophoresis, T-RFLP), revealing the broad diver-

sity of microbial communities. Phylogenetic reconstruc-

tion based on rRNA has made it possible to highlight the

existence of new clades specific to certain ecosystems,

such as a highly abundant clade known as SAR11 that is

found in all the oceans (Morris et al., 2002). Similarly,

Archaea have been identified in the euphotic zones of

marine ecosystems (DeLong, 1998). Finally, SSU rRNA

sequences have made it possible to define 40 phyla, for

half of which no bacteria have been isolated or cultivated

(Hugenholtz, 2002).

Despite these advances in assessing microbial diversity,

16S rRNA gene-based approaches are highly questionable.

PCR amplification of 16S rRNA gene sequences from

samples has been shown to miss half of rRNA bacterial

diversity (Hong et al., 2009). Metagenomics is not subject
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to this amplification bias, but 16S rRNA gene sequences

represent only a small part of these datasets. Furthermore,

the 16S rRNA gene is not the only phylogenetic marker

available, and possibly not the best one. Recent works

have highlighted housekeeping genes, coding for ribo-

somal proteins, DNA-linked protein or all the amino-acyl

synthetases, as robust phylogenetic markers (Santos &

Ochman, 2004; von Mering et al., 2007; Case et al., 2007;

Konstantinidis et al., 2006; Wu et al., 2011). Furthermore,

in a study of 111 completely sequenced bacterial genomes,

Case et al. (2007) showed that the rpoB gene provided

more phylogenetic resolution than the 16S rRNA gene.

Using a pyrosequencing approach, Schellenberg et al.

(2009) highlighted that chaperonin-60 amplicons

improved species resolution over the 16S rRNA target.

These phylogenetic markers are present in a single copy,

unlike the 16S rRNA gene, which is known to be present

in multiple copies (Coenye & Vandamme, 2003), thus cre-

ating a bias for diversity studies. In addition, 16S rRNA

gene copies can be heterogeneous and a single species

could produce complex DGGE patterns, similar to those

obtained with an environmental assemblage (Dahllöf et al.,

2000). Therefore, as underlined for the rpoB gene, house-

keeping genes may be used as taxonomic markers for eco-

logical studies due to (1) the presence of slow and fast-

evolving regions, (2) a low rate of lateral gene transfer, and

(3) a single copy per genome. Thus, using multiple con-

served protein-coding regions in association with SSU

rRNA certainly appears to be the best way to assess ecosys-

tem diversity. However, these markers have often been

tested on cultivated bacteria (Case et al., 2007) and have

not yet been proven to be suitable for microbial ecology,

whereas numerous published metagenomic studies could

offer an interesting dataset for this purpose.

Here, the phylogenetic markers proposed by Santos &

Ochman (2004) and for which primers were designed, were

used to study bacterial and archaeal diversities in

metagenomic studies. Six metagenomes were selected from

the GOS project data obtained in contrasted environments

(coastal, estuary, ocean and lake) for which 16S rRNA

clone libraries were available (Shaw et al., 2008), enabling

us to compare diversity as deduced from selected phyloge-

netic markers present in the metagenomic library against

the diversity obtained on the 16S rRNA amplicons.

Materials and methods

Alignment and phylogenetic analysis of

reference sequences for protein markers

Among the 10 candidate phylogenetic markers for which

primers were available (Santos & Ochman, 2004), differ-

ent housekeeping functions were tested to check that all

these type of genes could be used as phylogenetic mark-

ers. The final set was composed of a ribosomal protein

(ribosomal protein L2, rplB), a protein implicated in

nucleotide metabolism (Cytidine triphosphate synthase,

pyrG), a translation protein (translation elongation factor

G, fusA), a protein associated with a tRNA (leucyl-tRNA

synthetase, leuS), and a transcription protein (RNA poly-

merase Beta, rpoB) (Supporting Information, Table S1).

Protein sequences were extracted from the KEGG data-

base (Kanehisa, 2002) and reduced to one sequence per

bacterial genus. To perform accurate phylogenetic affilia-

tions for the most-retrieved groups, specific alignments

reduced to Alphaproteobacteria, Betaproteobacteria and

Actinobacteria, were generated for each marker. These

alignments included all the sequences available in KEGG

for these classes. Reference alignments were performed

with MUSCLE (Edgar, 2004), with poorly aligned positions

and divergent regions further excluded using GBLOCKS (Cas-

tresana, 2000). Over-diverging sequences were removed

manually. Phylogenetic trees were then generated with

PHYML (Guindon & Gascuel, 2003), using the Jones-Taylor-

Thornton substitution model (Jones et al., 1992) with

automatic evaluation of gamma parameter and proportion

of invariable sites. Monophyly of the main taxonomic

phyla was checked manually.

As reference sequence coverage by metagenomic frag-

ments is often incomplete, the uniformity of the phyloge-

netic information available throughout the sequence was

evaluated to guarantee the homogeneity of the observed

signal, whatever the region covered by the metagenomic

fragment. Alignments were consequently screened with

PAML (Yang, 2007) to estimate substitution rate constancy

over a sliding-window of 20 positions [rates were defined

as categories from 1 (low) to 10 (high)]. Parts of align-

ments presenting low or high substitution rates, indicat-

ing a potentially insufficient or saturated phylogenetic

signal, were removed. FusA alignment showed a low evo-

lutionary rate segment (from position 0–800) matching a

guanosine triphosphate-binding domain, which was there-

fore excluded. As the other four alignments presented no

such parts, all positions were retained.

Metagenome search for protein markers

Six metagenomes were selected from the GOS project

data obtained in contrasted environments (Rusch et al.,

2007) and for which 16S rRNA clone libraries were avail-

able (Shaw et al., 2008): GS08 (Newport Harbor; coastal),

GS11 (Delaware Bay; estuary), GS12 (Chesapeake Bay;

estuary), GS19 (Caribbean Sea; coastal), GS20 (Gatun

Lake; freshwater) and GS22 (Pacific Ocean; open ocean).

An automatic pipeline was developed to generate a tax-

onomic affiliation from metagenomic reads (Fig. S1) and
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is available on demand. Briefly, complete metagenomes

were first compared with a reduced database formatted

from the whole protein sequences of the marker genes

taken from their associated domain in the Protein Family

database (Bateman et al., 1999). Then, a second BLASTX

was performed against the NCBI no. database for frag-

ments with an e-value lower than 0.001 in the first BLAST.

Fragments were only considered homologous to the

screened marker if their most similar hit in this second

BLAST was a screened marker sequence with a local align-

ment greater than 100 residues and an e-value lower than

0.001. This local alignment was extended to other local

similarities detected on the same frame, and the resulting

DNA sequence was retrieved and translated in protein

sequence. Best BLAST hit taxonomic affiliations were taken

from this second BLAST step.

Taxonomic affiliation of metagenomic

fragments

Metagenomic sequences were included within the refer-

ence alignment of each marker using HMMER (Eddy,

1998), and GBLOCKS was then used to restrict alignments

to informative positions (minimal block size of five posi-

tions, no gap allowed). Cleaned alignments were screened

for a minimum length evaluated for each marker from

simulation results and phylogenetically analyzed. Trees

were computed with PHYML using the JTT model and

automatic evaluation of gamma parameter and propor-

tion of invariable sites. The set of trees (one for each

homologous fragment) was handled with a custom-

designed Java script in order to retrieve the phylogenetic

group the fragment was inserted in for each tree. The

metagenomic fragment is then affiliated to the phylum of

the group of reference sequences that share the last com-

mon ancestor with it, if this group is taxonomically con-

sistent. If not, the fragment was considered ‘unclassified’.

One hundred bootstrap trees were computed for each

detection considered ‘ambiguous’ (i.e. phylum detected

by protein marker but not by the 16S rRNA gene, or

detected by fewer than three markers including the 16S

rRNA gene) using PHYML with the previously described

parameter.

This procedure was tested with metagenomic fragments

simulated from protein sequences from KEGG that were

not included in reference alignments. For each protein

marker, 500 sequences plus a start position and fragment

size (from 100 to 330 amino acids) were randomly cho-

sen to produce a simulated metagenome. Random frag-

ments were affiliated at the phylum level using the

phylogenetic approach described above and these affilia-

tions were compared to best BLAST hit affiliations (Table

S2). This procedure was then applied to the six metage-

nomes selected from the GOS project (Rusch et al.,

2007).

16S rRNA affiliations and operon copy number

estimation

16S rRNA genes were detected in the metagenomes using

RNA_HMM3 (Huang et al., 2009). The sequences were

aligned with the SINA WEB aligner from SILVA database

(http://www.arb-silva.de/) (Pruesse et al., 2007) and phy-

logenetically analyzed using the software ARB (Ludwig

et al., 2004) with a SILVA database.

The rRNA operon copy number was estimated for each

phylum as the ratio between the number of sequences of

protein markers detected in metagenomes and the nucle-

otidic size of this marker, divided by the same ratio for

16S rRNA gene sequences detected in metagenomes. As

low detection levels are likely to introduce some bias in

these calculated numbers, only groups detected more than

twice by at least three protein markers were considered

for each metagenome. As protein markers are known to

be present in a single copy per genome, these ratios are

considered to be reliable estimators of the mean copy

number of rRNA operon.

Results

Richness and diversity inferred by protein

markers and 16S rRNA genes

Six GOS Project metagenomes from various aquatic envi-

ronments for which 16S PCR amplifications had been

conducted were analyzed using both phylogenetic and

BLAST approaches (Fig. 1, Table 1, Fig. S2). The average

number of affiliations ranged from 72 to 592 (average:

200) per marker per metagenome. In general, BLAST and

phylogenetic tree affiliations were congruent (results not

shown); however, the phylogenetic method recovered

more affiliations than BLAST did. Thus, some groups, such

as Verrucomicrobia in G20, were detected by tree affilia-

tion in GS20, but remained undetected for all protein

markers using the best BLAST hit.

A presence/absence analysis of each marker was con-

ducted for each metagenome. This allowed a global com-

parison of the taxonomic diversities estimated by

affiliation from protein markers, and from 16S rRNA

detected in metagenomes or from PCR-amplified 16S-

rRNA (Table 1). In this last case, only bacterial rRNA

genes were amplified (Shaw et al., 2008).

In Table 1, two categories of phyla can be distin-

guished. The first category corresponds to taxonomic

groups which were detected by all phylogenetic markers,

i.e. all five protein markers as well as the 16S rRNA gene
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in the metagenomes (marked by #) and clone library

post-amplification (marked by *). For example, Actinobac-

teria, Bacteroides and Proteobacteria belonged to this cate-

gory in all environmental samples. The second category

corresponded to bacterial or archaeal groups that were

only detected by some markers. Thus, some groups were

detected by at least three protein markers and were not

associated with 16S rRNA gene detection, such as Dictyog-

lomi (GS11, 19 and 22) and Deinococcus thermus (GS11,

12 and 20). Other groups were PCR-amplified, whereas

no 16S rRNA gene was detected in the metagenome stud-

ied, such as Acidobacteria (GS11) or Planctomyces (GS8,

Fig. 1. Taxonomic affiliation for four

contrasted aquatic ecosystems, with five

protein markers (rplB, pyrG, leuS, fusA and

rpoB), metagenomic 16S rRNA and PCR-

amplified 16S rRNA genes.
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12 and 22). Conversely, Firmicutes were detected in all

aquatic environments with at least four markers (six in

GS20 and GS22 metagenomes), but there was no 16S

rRNA gene sequence associated with this phylogenetic

group in the clone libraries obtained by PCR.

The taxonomic groups belonging to the first category

often represented the most commonly retrieved groups in

aquatic ecosystems, as seen in Fig. 1 (data for GS12 and

GS08 and some minor groups can be consulted in Figs S2

and S3). In the estuary (GS11), Alphaproteobacteria and

Actinobacteria were the main phyla, representing 32.0%

(±10.0%) and 32.2% (±5.6%) respectively. The coastal

ecosystem (GS19) was dominated by Alphaproteobacteria

and Cyanobacteria. Open ocean (GS22) was similarly

dominated by Alphaproteobacteria for all protein markers

(44.4 ± 7.0%). In this ecosystem, Actinobacteria, Bactero-

ides and Cyanobacteria were detected as minor groups.

Finally, the freshwater sample (GS20) was the only

metagenome where Actinobacteria was the main phylum

(around 45.7 ± 8.5%). Among the Proteobacteria, Alpha-,

Beta- and Gammaproteobacteria were detected by all

markers at lower abundances (17.1%, 3.5% and 2.8%,

respectively). Verrucomicrobia, Bacteroidetes and Archaea

were also detected, with abundances ranging from 2% to

5%. The Archaea kingdom mainly consisted of Cre-

narchaeota (2.4 ± 2.4%). Finally, all protein markers and

16S rRNA genes presented a similar ratio of unclassified

sequences (5–10%).

Differences were found between the relative abundance

of phyla determined by 16S rRNA gene amplification and

the same clade determined by ribosomal and protein

markers. Thus, Proteobacteria seemed preferentially ampli-

fied in lake (GS20) and estuaries (GS11 and 12), whereas

Actinobacteria were underestimated in the estuary clone

library (GS11 and 12).

Community composition at a finer

phylogenetic level

Because of their high abundance in aquatic ecosystems,

therefore representing a reasonable amount of sequences

in the metagenomes, and to investigate the causes of dis-

crepancies in abundance estimation from amplified 16S

rRNA gene vs. metagenomic fragment affiliations, Alpha-

and Betaproteobacteria as well as Actinobacteria classes were

analyzed further using specific datasets of these groups.

Alphaproteobacteria

Alphaproteobacteria was the main group detected in

GS08, GS11, GS12, GS19 and GS22. The Alphaproteobac-

teria communities were dominated by the order of Rick-

ettsiales, notably members of the Pelagibacter genus, with

the exception of GS08 (Table 2). For GS11, GS12, GS19,

GS20 and GS22, members of the Pelagibacter genus

account for over 75% of total Alphaproteobacteria for all

markers, even rising to over 90% (especially in GS12).

Thus, Alphaproteobacteria communities could prove

highly uniform in aquatic environments, regardless of

the type of ecosystem studied (coastal, estuary, freshwa-

ter, open ocean). The GS08 sample appeared to repre-

sent a separate subgroup: using protein markers, most

of Alphaproteobacteria were either affiliated to Pelagibact-

er or were ‘unclassified’ (Table 2, Table S3), whereas

with the 16S rRNA gene, members of Rhodobacter genus

were retrieved, which is notably the main group detected

with PCR-amplified sequences. Hence, there were impor-

tant differences in Alphaproteobacteria affiliations

between 16S rRNA gene and protein markers for this

specific sample.

Table 1. Taxonomic affiliation computed at a phylum level for 16S

rRNA gene and the five protein markers

Lake
Estuary Coastal

Open

ocean

GS20 GS11 GS12 GS08 GS19 GS22

Acidobacteria #5* 1* 1 1 2 2

Actinobacteria #5* #5* #5* #5* #5* #5*

Aquificae 1 0 0 0 2 2

Bacteroides #5* #5* #5* #5* #5* #5*

Chlamydia #4 3 1 1 4 2

Cyanobacteria #3* 0* 0 #2* #5* #5*

Deinococcus-Thermus 3 3 3 2 2 1

Dictyoglomi 1 3 1 1 3 3

Firmicutes #5 4 4 #4 4 #5

Fusobacteria 1 1 1 2 1 1

Gemmatimonas #3* 1 1* #0 0 2

Green nonsulfur

bacteria

#5* #4* #4* #3* 2* 1*

Green sulfur bacteria #1 1 0 2 3 1

Nitrospira 1 #0 0 #0 1 #1

Planctomyces #4* #4 1* 3* #1 1*

Proteobacteria #5* #5* #5* #5* #5* #5*

Alpha #5* #5* #5* #5* #5* #5*

Beta #5* #5* #5* #5* #2* #1*

Gamma #5* #5* #5* #5* #5* #5*

Others #5* 5* #5* #5* #5* #5*

Spirochete 4 2* 2 1 3 3

TG1 3 1* 1* 2 1 2

Thermotogae 3 2 2 3 2 2

Verrucomicrobia #5* #4* #4* #4* 2* #1*

Archaea #4 1 1 #4 #3 #1

Crenarchaeota #3 1 1 #3 0 0

Euryarchaeota 1 0 0 #1 #2 #1

Unclassified #5* #5* #5* #5* #5* #5*

A group is considered retrieved when more than five affiliations are

made. Number of protein markers which retrieve each group are

noted, alongside metagenomic 16S rRNA gene detection (#) and PCR-

amplified 16S rRNA gene detection (*).
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Betaproteobacteria

Betaproteobacteria was one of the main classes retrieved

for three metagenomes (GS11, GS12 and GS20, i.e. the

two estuary samples and the freshwater sample). Gener-

ally, the Betaproteobacteria communities were similar in

these three ecosystems and were mainly composed of

members of Burkholderia and unclassified Betaproteobacte-

ria (regardless of affiliation method or marker used;

Table 3). Note that the Methylophylales order has been

detected in all three metagenomes with rpoB,

metagenomic 16S rRNA gene and PCR-amplified 16S

rRNA gene. This order remained undetected with rplB,

pyrG and fusA, and was only retrieved in GS11 for leuS.

Thus, bacteria related to Methylophylales are likely to be

present in the three samples, but the absence of affiliation

with several markers would indicate a distant relationship

between environmental and known members of the Meth-

ylophylales order.

Actinobacteria

Actinobacteria was main phylum retrieved for the fresh-

water metagenome (GS20), and was consistently retrieved

in all other samples. However, new affiliations of

sequences associated to Actinobacteria could not provide

useful information, as the vast majority were unaffiliated,

i.e. emerging at the root of the Actinobacteria tree, what-

ever the marker or metagenome. This high number of

unaffiliated sequences may reflect a major divergence

between Actinobacteria strains entirely sequenced from

the public database and the current members of the

Actinobacteria phylum from the aquatic environment.

Determination of rRNA operon copy number

Per cell rRNA operon copy numbers were estimated from

taxonomic groups for which at least two affiliations were

retrieved for three or more protein markers (Table 4).

Table 2. Results of affiliation to genus Pelagibacter for sequences initially associated with Alphaproteobacteria

Lake
Estuary Coastal

Open ocean

GS20 (%) GS11 (%) GS12 (%) GS08 (%) GS19 (%) GS22 (%)

rplB 100.0 78.6 92.0 40.0 84.6 90.6

pyrG 75.0 89.1 94.2 14.3 86.0 84.9

leuS 86.8 87.8 98.0 30.8 77.4 89.6

fusA 49.3 83.3 75.8 8.3 71.4 73.8

rpoB 80.5 86.5 87.7 60.0 82.6 81.1

Metagenomic 16S rRNA 81.3 95.7 92.7 67.7 71.3 77.2

PCR-amplified 16S rRNA 93.9 92.6 95.6 17.3 79.4 72.3

Table 3. Results of affiliation at the order level for sequences associated with Betaproteobacteria

rplB (%) pyrG (%) leuS (%) fusA (%) rpoB (%)

Metagenomic

16S rRNA (%)

PCR-amplified

16S rRNA (%)

GS11

Burkholderia 66.7 75.0 62.5 50.0 50.0 54.5 59.5

Unclassified 33.3 25.0 25.0 35.7 41.7 13.6 5.2

Methylophilales – – 12.5 – 8.3 31.8 35.3

Other groups – – – 14.3 – – –

GS12

Burkholderia 50.0 25.0 20.0 45.5 27.3 56.0 72.2

Unclassified 50.0 75.0 80.0 54.5 63.6 4.0 3.1

Methylophilales – – – – 9.1 40.0 24.4

Other groups – – – – – – 0.3

GS20

Burkholderia 60.0 40.0 16.7 50.0 60.0 57.1 42.1

Unclassified 20.0 60.0 83.3 40.0 20.0 14.3 14.9

Methylophilales – – – – 20.0 28.6 42.1

Other groups 20.0 – – 10.0 – – 0.9

‘–’ indicates an absence of affiliation for the group with this marker.
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Some minor groups with low read number might induce

some bias in this estimation, such as Firmicutes in lake

samples, as the resulting copy number was slightly below

1. An underestimation of the number of 16S rRNA genes

can also lead to a copy number lower than 1, e.g. for Ver-

rucomicrobia in GS11 and GS08. Generally, the rRNA

operon copy number per bacteria was higher in the ge-

nomes collected in the rrnDB than in those determined

in aquatic ecosystems, with the exception of Green non-

sulfur bacteria, where this number was equivalent, and

Crenarcheota. In addition, there were some differences

among aquatic ecosystems. For instance, the Actinobacte-

ria rRNA copy number was higher in coastal and oceanic

samples than in those from estuary or lake. Similarly, a

high copy number was detected in GS08 for Bacteroides,

Alphaproteobacteria, Betaproteobacteria and Gammaproteo-

bacteria. These results have to be linked with the specific-

ity of the Alphaproteobacteria community in this sample

detected by phylogenetic affiliation. Finally, the copy

number for Crenarchaeota in the lake sample was higher

than those extracted from the genomes collected in the

rrnDB, and equivalent to the global 16S rRNA gene copy

number detected in Archaea genomes.

Discussion

Environmental microorganisms mediate many natural

cycles and play a leading role in many ecosystems, partic-

ularly in marine environments (Giovannoni & Stingl,

2005). This makes microbial diversity in these environ-

ments a major research challenge, both to understand the

functioning of these ecosystems and to gain an accurate

view of the actors involved. The approach commonly

used for diversity estimations involves PCR amplification

of the 16S rRNA gene. This experimental strategy gives

significantly different estimates of microbial composition

when compared to estimations obtained by both 16S

rRNA gene or protein-coding sequences of housekeeping

genes (known as phylogenetic markers) detected in

metagenomes (Venter et al., 2004). Thus, the estimation

of species diversity might be strengthened when using

additional protein markers for assessing the diversity in

metagenomic studies or after amplifying protein coding

genes. Moreover, analyzing metagenome-wide 16S rRNA

genes neglects a huge amount of information, as very few

metagenomic fragments contain 16S rRNA gene

sequences (Biers et al., 2009).

Phylogenetic affiliation of protein-coding

marker genes

Taxonomic affiliations from metagenomic data are gener-

ally based on the best hit obtained using the popular

BLAST tool, which provides a fast analysis of many

sequences (e.g. Debroas et al., 2009). Nevertheless, Koski

& Golding (2001) showed that the closest BLAST hit is not

always the nearest phylogenetic neighbor, especially when

no close relatives are available in the database. As many

bacterial species remain uncultivated, and are therefore

missing from the databases, assigning metagenomic

sequences using the most similar BLAST hit could lead to

diversity assessment bias. Some methods, such as MEGAN

(Huson et al., 2009), check the consistency of the taxon-

omy for a given number of best BLAST hits. However,

when few reference sequences are available, the affiliation

is likely to be made at a very low taxonomic level. In

Table 4. rRNA operon copy number estimated from metagenomic data gathered by ecosystem type (lake, estuary, coastal, open ocean), or

unified (aquatic), compared with data obtained from the ribosomal RNA database (rrnDB)

Lake
Estuary Coastal

Open ocean

Aquatic rrnaDBGS20 GS11 GS12 GS8 GS19 GS22

Actinobacteria 1.5 1.5 1.3 6.5 2.3 4.2 2.9 3.1

Bacteroides 2.7 2.8 2.0 8.4 1.5 1.9 3.2 3.7

Cyanobacteria 1.8 1.8 1.8 2.4

Firmicutes 0.8 0.8 6.4

Gemmatimonas 2.0 2.0 nd

Green nonsulfur bacteria 1.9 3.1 1.3 2.1 1.7

Planctomyces 1.3 1.3 2

Proteobacteria 1.2 1.7 1.4 3.7 2.0 1.8 2.0 4.1

Alpha 1.5 2.0 1.1 5.9 1.9 1.8 2.3 2.4

Beta 1.0 2.3 4.3 3.0 2.7 3.9

Gamma 1.1 0.8 0.8 2.6 3.8 2.1 1.9 5.8

Verrucomicrobia 1.6 0.5 0.5 0.9 1.7

Archaea 1.8 1.8 1.8

Crenarchaeota 2.0 2.0 1
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contrast, a phylogenetic tree affiliation is able to distin-

guish between sequences clearly related to a specific group

with few references, and sequences presenting similarities

with a set of unrelated taxa. Therefore, to affiliate reads

more accurately, an assignment method based on phylo-

genetic trees allows the detection of distant homology for

metagenomic fragments. In a previous work, Wu & Eisen

(2008) developed an automatic pipeline for analyzing

protein markers from assemblies, but their method might

underestimate organisms with low depth coverage because

of the reduction of the sample to a set of summarized

information and assemblies which could lead to chimeric

sequences. The main difference with MLTREEMAP (Stark

et al., 2010) is the set of markers used and the distinction

between each protein marker, as MLTREEMAP results corre-

spond to a concatenation of phylogenetic markers. The

phylogenetic procedure implemented here is specific

because of the limited size of reads to be affiliated and

because these reads often only recover part of the refer-

ence sequences.

The use of the set of protein markers selected in this

study offers added advantages, as these markers can assist

in evolutionary inferences by increasing the number of

informative characters that can be analyzed from the

metagenome (Santos & Ochman, 2004). The affiliation of

reads associated with Methylophylales (Betaproteobacteria)

is a good example: some markers detect this group,

whereas others consider the sequences ‘unclassified’. Thus,

the original bacterial group of the metagenomic sequences

is likely to be related to Methylophylales, but is notably

distinct from it. The same conclusions can be drawn from

sequences related to the class Actinobacteria, which can be

found in aquatic environments. Many protein-coding

sequences emerged at the root of the Actinobacteria line-

age when compared to organisms present in KEGG, reflect-

ing their remote relatedness to them and the low

representation of environmental species within sequenced

genomes. Similar conclusions were reached by Philosof

et al. (2009) analyzing three fosmids affiliated to Actino-

bacteria from Lake Kinneret and comparing the phylog-

eny of both 16S rRNA and pyrG genes physically linked

on the same sequence. The pyrG phylogeny of one of

these fosmids, affiliated to the acIV clade, indeed placed

this sequence at the root of the actinobacterial lineage.

This might indicate the major limitation of using protein

marker genes, the limited number of reference sequences

compared to 16S rRNA gene sequences. Nevertheless, as

PCR primers (Santos & Ochman, 2004) are available for

these protein-coding marker genes, the number of refer-

ence sequences could be easily and quickly increased.

The rRNA operon copy numbers, which are unknown

for uncultured organisms (Sipos et al., 2007), might also

reflect differences between the species from databases and

microorganisms in environments. This average estimate is

essentially lower than the one in sequenced genomes,

even for the dominant groups such as Actinobacteria and

Betaproteobacteria in lakes or Alphaproteobacteria in mar-

ine environments and, more particularly, for members of

Firmicutes, Gammaproteobacteria or Crenarchaeota. For

instance, for this last phyla, the number of 16S rRNA

gene copies is based on only one single genome among

the mesophilic Archaea belonging to the Marine Archaeal

Group I, Nitrosopumilus maritimus (Konneke et al.,

2005), whereas numerous environmental clades has been

found (Schleper et al., 2005).

Protein-driven analysis of the structure of

bacterial and archaeal communities

Looking at the major groups found in aquatic ecosystems,

e.g. Actinobacteria, Bacteroides, Proteobacteria and Cyano-

bacteria, there is a good agreement between the protein

marker chosen and the results given by the 16S rRNA

gene amplified or present in these metagenomes. Thus,

Actinobacteria and Betaproteobacteria commonly are the

main taxonomic groups found in lakes by PCR or

metagenomic methods (Hahn, 2006), whereas coastal and

ocean environments are dominated by Alphaproteobacteria

(e.g. Pommier et al., 2006). More precisely, typical fresh-

water or marine Bacteria such as Burkholderiales or Pela-

gibacter were recovered by protein markers when the

information was available in the databases. Pelagibacter is

thereby the major genus among clade SAR11 (Morris

et al., 2002), and the main typical freshwater clades (Poly-

nucleobacter and R-BT065; Hahn, 2006) belong to the

Burkholderiales order. Finally, Alphaproteobacteria com-

munities in GS08 were not dominated by members of the

genus Pelagibacter and the rRNA operon copy number

estimation confirmed the specificity of bacterial commu-

nities from this sample. Compared to the other aquatic

ecosystems, the estimated 16S rRNA gene copy number is

slightly higher in GS08 for Proteobacteria, Bacteroides and

Actinobacteria. According to previous work based on gen-

ome analysis, this copy number could be linked to carbo-

hydrate transport and metabolism (Konstantinidis &

Tiedje, 2004) and bacteria responding quickly to substrate

availability (Klappenbach et al., 2000). Like the specificity

highlighted for Alphaproteobacteria, these differences in

16S rRNA operon copy number could be linked to the

human impact on this ecosystem, as the GS08 sample

came from Newport Harbor, a coastal station in the New

England shelf region of the Mid-Atlantic Bight (Rusch

et al., 2007), and the only temperate coastal sample in

our GOS subset. However, based on sample similarities

calculated by Rusch et al. (2007), the GS08 sample is

gathered with other coastal samples from the North

ª European Union 2011 FEMS Microbiol Ecol 78 (2011) 617–628

Published by Blackwell Publishing Ltd.

624 S. Roux et al.



227

Atlantic coast, indicating that this could be a more gen-

eral phenomenon.

A surprising result is the higher diversity highlighted

by protein markers compared to 16S rRNA genes found

in metagenomes or clone libraries. However, a false phy-

logenetic affiliation may be suspected when a taxonomic

group is detected by only one phylogenetic marker in the

absence of 16S rRNA genes in the metagenome reads,

such as for Acidobacteria in GS08. On the other hand, the

same group was PCR-amplified in the GS11 metagenome,

despite only being detected by one protein marker. In

addition, the taxonomy units detected by protein markers

and not by 16S rRNA genes corresponded to groups

rarely inventoried in aquatic ecosystems based on 16S

rRNA genes. The most likely explanation is therefore that

the sequencing effort was not detailed enough to capture

these taxa. For example, Acidobacteria was mainly

detected in soils or marine sediments but very rarely in

the water column and only after a high-throughput iden-

tification of rRNA gene-containing clones in a large insert

of a marine metagenomic library (Pham et al., 2008).

Similarly, although Dictyoglomi is a thermophilic bacteria,

some sequences were also detected in clone libraries from

mesophilic environments in a study dealing with OP11

clade (Harris et al., 2004). Other groups represented by at

least one protein marker were more abundant, such as

Archaea or Firmicutes. The presence of Archaea in meso-

philic marine environments has been established since

1992 (DeLong, 1992), whereas evidence of their abun-

dance in lakes is more recent (Keough et al., 2003). Fir-

micutes do not belong to the core species in lakes or

oceans but have sometimes been detected in large clone

libraries from lakes (Eiler & Bertilsson, 2004). Our analy-

sis shows that Firmicutes could represent a significant

component of lake bacterioplankton.

PCR amplification underestimates bacterial

richness compared to protein-coding genes

Some cases revealed discrepancies between results

obtained from metagenomic reads and from PCR amplifi-

cations from the same samples (Shaw et al., 2008). PCR

bias is a widely recognized phenomenon and affects

major and minor groups in this study. For example, in

GS11, it is clear that Betaproteobacteria were over-repre-

sented and Actinobacteria underestimated after amplifica-

tion. In addition, some groups undetected by four

protein markers were retrieved in PCR-amplified libraries.

Finally, in terms of diversity, of 23 bacterial taxomomic

units considered in this study, an average 10.7 were iden-

tified by PCR regardless of the ecosystem studied, com-

pared with 21.7 detected by at least one phylogenetic

marker in metagenomes (protein or 16S). These data can

be compared to the study of Hong et al. (2009) who

claimed that probably half of rRNA bacterial diversity is

missed by PCR protocols.

The reported biases in PCR methods for studying

microbial diversity are the specificity of primers targeting

16S rRNA gene, the number of 16S rRNA gene copies per

cell, artefactual intraspecific sequence variation, inhibition

of PCR by contaminants, and DNA extraction (Sipos

et al., 2007; Hong et al., 2009; Morales & Holben, 2009).

The DNA extraction used by Rusch et al. (2007) allowed

the detection of a great variety of Archaea and Bacteria

and does not seem a limiting factor in aquatic ecosys-

tems, which is probably not the case in soils and sedi-

ments (Hong et al., 2009). In addition, there was a

significant correlation between the total rRNA gene copy

number (rrna operons in Table 4 9 abundances of taxon

considered) and the abundance of amplified 16S rRNA

(r = 0.89), according to common assumptions about the

pitfalls of PCR (Farrelly et al., 1995).

The specificity of primers associated with the sequenc-

ing effort is probably the critical step in retrieving accu-

rate diversity data. For Armougom & Raoult (2009), the

use of primers is undoubtedly one of the most critical

factors affecting 16S rRNA gene analysis, and other stud-

ies highlighted that some primers are highly specific for a

spectrum of bacterial species (Wang & Qian, 2009).

Important members of a community may be overlooked

when one mismatch is present with a primer and when

stringent annealing temperatures are used (Sipos et al.,

2007). More to the point, universal primers failed to pro-

vide amplification products from 20% to 50% of Actino-

bacteria (Farris & Olson, 2007), which probably explains

the differences observed with phylogenetic markers in

metagenomic reads in GS11 and GS20. The primer set

used for generating PCR libraries in these aquatic ecosys-

tems (Shaw et al., 2008), 27f-1492r, is commonly used in

microbial ecology and has been critically evaluated (Frank

et al., 2008). These primers could preferentially amplify

taxa such as Alphaproteobacteria and also detect microor-

ganisms at low 16S rRNA gene copies such as TG1 (no

16S rRNA was detected in metagenomic reads) but miss

more abundant taxa such as Firmicutes.

Whatever the reasons for this PCR bias, the global pic-

ture of diversity seen through protein markers and 16S

rRNA genes in metagenomic reads, appears very dissimilar

to the picture characterized by amplifying 16S rRNA genes.

The structure of microbial assemblages and their variation

in space and time cannot be assessed without a reliable

method for evaluating the richness and diversity. Using a

set of different markers could lead to the conclusion that

‘everything is everywhere’, according to the highly contro-

versial debate (e.g. Martiny et al., 2006), whereas from the

PCR-mediated view, a biogeography of bacteria could be
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deduced at the phylogenetic level presented. The use of dif-

ferent 16S primer sets or group-specific primers (Muhling

et al., 2008) could be a solution for in-depth biodiversity

analysis. However, whatever the method used for obtaining

16S rRNA gene sequences, this marker still appears limited

based on studies on Pseudomonas spp. (Cho & Tiedje,

2000) or hyperthermophilic Archaea (Whitaker et al.,

2003). Furthermore, Whitaker et al. (2003) also stated that

several protein-coding genes were necessary to obtain a

good enough resolution to indicate endemic clades.

According to our study, exploring metagenomic data is a

more reliable and less biased method than the PCR

approach to study microbe diversity.

Finally, results presented here showed that a set of five

efficient markers for which primers are available (Santos

& Ochman, 2004) can be used for assessing microorgan-

ism diversity, by testing their phylogenetic resolution on

real microbial assemblages, i.e. metagenomic data. How-

ever, metagenomic studies are known to be significantly

more expensive than PCR approaches. Thus, PCR ampli-

fication of a set of protein-coding marker genes would

make it possible to generate reliable phylogenies and,

although not avoiding all the pitfalls of PCR, would limit

the bias caused by the multiple copies or rRNA in a cell.

Nevertheless, differences in codon usage occurring in the

evolution of protein-coding genes could be a source of

quantitative bias for PCR study of protein markers. These

markers should be useful in the study of complex micro-

bial communities as a complement to the information

provided by 16S rRNA gene.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Fig. S1. Schematic representation of the phylogenetic tree

affiliation pipeline.

Fig. S2. Taxonomic affiliation for GS12 and GS08 ecosys-

tems, with five protein markers (rplB, pyrG, leuS, fusA

and rpoB), metagenomic 16S rRNA and PCR-amplified

16S rRNA.

Fig. S3. Taxonomic affiliation for minor groups (i.e. all

groups with the exception of Actinobacteria and Proteo-

bacteria) with five protein markers (rplB, pyrG, leuS, fusA

and rpoB), metagenomic 16S rRNA and PCR-amplified

16S rRNA.

Table S1. Main characteristics of protein-coding genes

used as phylogenetic markers.

Table S2. Percentage of correct affiliations for tree affilia-

tion and best BLAST hit obtained from simulated data.

Table S3. Alpha-Proteobacteria affiliations for GS08.
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content or functionality of any supporting materials sup-

plied by the authors. Any queries (other than missing
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limitations méthodologiques [2], mais il n’en reste pas
moins qu’il existe une diversité morphologique exception-
nelle au sein du monde viral, comme en témoignent les
observations en microscopie électronique à transmission
(MET). En l’état actuel des connaissances, les capsides
de types icosahédriques restent la forme la plus couram-
ment retrouvée, mais des observations récentes font état de
virus en forme d’ampoule, de goutte ou encore de bacille
(figure 1) [3, 4]. Afin de mieux caractériser ces virus, les
approches d’isolement et de culture de souches virales sont
utilisées et permettent d’avoir accès au génome complet des
souches cultivées [5, 6]. Ces génomes viraux entièrement
séquencés sont très variables en termes de support, taille et
contenu. En effet, pas moins de sept supports génétiques
différents ont été décrits pour les génomes viraux (ADN
double et simple brins, ARN double brin, ARN simple
brin sens et antisens, ARN rétrotranscrit et ADN rétrotrans-
crit) et ces génomes, circulaires ou linéaires, ont une taille
variant de 1 680 à 1 259 000 paires de bases (pb). De plus, ils
abritent un nombre très important de nouveaux gènes, pour
lesquels aucune séquence similaire n’est encore décrite [7].
Cependant, la mise en culture d’un virus nécessite de culti-
ver l’organisme cellulaire hôte de ce virus, ce qui est encore
impossible aujourd’hui pour la majorité des organismes, en
particulier pour les micro-organismes. De fait, le nombre
de virus cultivables reste très faible par rapport au nombre
et à la diversité des virus observés.
Afin d’étudier les communautés virales environnementales,
de nouvelles méthodologies contournant cette étape de mise
en culture ont été développées (figure 2). Historiquement,
les premières analyses des communautés virales (au sens
écologique du terme) ont été effectuées par l’intermédiaire
d’observations au MET associées à des comptages [8, 9]. Si
ces approches ont notamment permis de mieux décrire les
différentes morphologies existantes, l’analyse reste limitée
par l’existence de virus similaires du point de vue mor-
phologique mais différents tant par leurs hôtes que dans
le contenu de leur génome. Ainsi, différentes approches
d’écologie moléculaires ont été utilisées par la suite afin
d’accéder à la diversité génétique et génomique de ces
virus. La communauté virale d’un écosystème peut, par
exemple, être caractérisée par un profil génétique via

l’utilisation d’électrophorèses sur gel en gradient dénatu-
rant (DGGE) ou en champ pulsé (PFGE) [10]. Ces profils
permettent de comparer plusieurs échantillons, mais ne
donnent malheureusement pas accès à l’information géné-
tique en tant que telle. L’étude de gènes d’intérêt par
PCR puis séquençage peut fournir de précieuses informa-
tions sur la diversité de ces gènes et, par extension, des
organismes qui abritent ces gènes. Appliquée à un gène
comme celui codant pour l’ARN 16S, conservé chez tous
les procaryotes, cette méthodologie permet d’appréhender

la diversité de ces micro-organismes dans un écosystème
donné. Des approches similaires ont été appliquées avec
succès à certaines familles virales [11] mais ne peuvent
être transposées aux virus dans leur ensemble, aucun gène
n’étant conservé dans l’ensemble des génomes viraux. De
plus, ce type d’analyse ne peut pas être utilisé dans le cadre
de recherches exploratoires, puisqu’il est nécessaire de dis-
poser préalablement de séquences de référence du gène
marqueur choisi afin de pouvoir mettre au point les amorces
PCR.
Dans ce contexte d’un monde viral à la fois très diversifié
et peu caractérisé, la métagénomique s’impose comme une
approche de choix, puisqu’elle s’affranchit des limites de
la mise en culture ainsi que de la nécessité de connais-
sances préalables des autres méthodes traditionnelles.
Cette approche vise à séquencer des fragments aléa-
toires de génomes viraux issus d’un échantillon d’intérêt.
L’application de cette technique à des échantillons de
différents écosystèmes a permis une meilleure compré-
hension de la composition des communautés virales de
l’environnement.
Les premières études de métagénomique virale furent
publiées au début des années 2000 [12, 13] et confirmèrent
l’hypothèse d’une diversité virale majoritairement incon-
nue (figure 2). Toutefois, ce n’est qu’avec l’avènement
des nouvelles techniques de séquençage (next generation

sequencing [NGS]), offrant un accès à une très grande
quantité de données, qu’il a été possible de véritablement
évaluer l’étendue de la diversité génétique des communau-
tés virales de l’environnement [14]. Cette première étude
de métagénomique virale en milieu océanique à l’aide des
NGS mit en évidence le nombre très important d’espèces
virales présentes dans l’échantillon (estimé à plusieurs cen-
taines de milliers), ainsi que la présence importante de gènes
issus de transfert avec l’hôte (dans ce cas des bactéries).
Différents types d’environnements ont ensuite été étudiés
suivant la même approche, depuis les milieux hypersalins
[15] aux fèces animaux [16]. Ces études ont mis en avant
la place importante des bactériophages (majoritairement
du groupe des Caudovirales, phages bactériens à queue)
au sein des communautés virales de l’environnement, ainsi
que la présence importante de petits virus à ADN simple
brin [17]. Ces derniers étaient peu pris en compte jusqu’ici
car la taille de leur capside (entre 15 et 30 nm) rend dif-
ficile toute observation ou comptage en microscopie. La
flore virale associée au microbiome intestinal humain a
aussi pu être étudiée de manière plus exhaustive : une série
d’échantillons prélevées sur des jumeaux monozygotes et
leur mères a notamment révélé que si les communautés
bactériennes d’individus génétiquement liés sont géné-
ralement similaires, les communautés virales étaient en
revanche uniques pour chaque individu et relativement
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Figure 1. Particules virales de morphologies exceptionnelles observées au microscope électronique au sein d’échantillons du lac Rose
(Sénégal). A) particule en forme d’épingle à cheveux ; B) particules en forme de bacille ; C) chaînes de globules ; D) particules en forme
de crochet ; E) particules en forme de « têtard », formées par deux unités, l’une sphérique et l’autre linéaire ; F) particules en forme de
« roseau », où des structures sphériques sont attachées au bout des branches ; G) particules complexes apparaissant comme un réseau
de filaments connectés, associés à des structures sphériques aux extrémités ; H) structures terminales en forme de crochet, observées
sur certaines particules. L’échelle représente 100 nm.
Figure issue de Sime-Ngando �� ��. (2010) [3].
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(Angly et al., 2006)

Séquençage du génome de Mimivirus,
premier virus géant (Raoult et al., 2004)

Figure 2. Vue d’ensemble des techniques d’études des communautés virales de l’environnement. Les premiers résultats étaient compo-
sés d’observations et de comptages. Les approches basées sur les techniques d’électrophorèse ont ensuite permis de comparer les
communautés sur la base de profils basés sur une digestion des génomes. Le premier métagénome viral a été décrit en 2002 et mettait
en lumière le caractère majoritairement inconnu des génomes viraux. En quelques années, le nombre d’études métagénomiques virales
s’est multiplié, jusqu’à permettre la réalisation de méta-analyses en 2008.
Figure issue de Sime-Ngando �� ��. (2010) [3].

stables dans le temps [18]. Dans le but de mieux
comprendre les relations et différences entre les virus
d’environnements différents sur la planète, plusieurs méta-
analyses ont été menées sur l’ensemble des données
métagénomiques virales disponibles. Ces analyses ont
mis en lumière le potentiel fonctionnel insoupçonné des
communautés virales de l’environnement [19] et la spécifi-
cité importante de ces communautés par rapport aux types
d’environnements échantillonnés [20]. Enfin, la grande
majorité de ces études cible les séquences d’ADN encap-
sidés, et laisse de côté l’ensemble des virus à ARN. Ces
derniers constitueraient pourtant une part importante des
communautés virales de l’environnement [21] et, à ce titre,
ne peuvent être ignorés lorsqu’il s’agit d’évaluer la diversité
virale dans son ensemble.
Nous allons ici décrire les différentes étapes d’obtention
et d’analyse de métagénomes viraux. Tout au long de cet
article, l’analyse de deux viromes lacustres (issus de pré-
lèvements des lacs Pavin et Bourget) sera utilisée comme
un exemple des différentes analyses envisageables pour un
virome [22]. Les résultats décrits, obtenus via le serveur
d’analyse Metavir [23] développé au sein du laboratoire

micro-organismes : génome et environnement (CNRS,
UMR 6023), seront généralisés et comparés aux autres
viromes publiés.

Isolement et séquençage de l’ADN viral

La construction d’un métagénome viral (ou virome) com-
mence par une phase de préparation de l’échantillon, qui
consiste à ne conserver que les virions et à en extraire les
acides nucléiques. Cette étape est réalisée par une combi-
naison d’étapes de filtration afin d’éliminer la plus grande
partie des cellules et de conserver la plupart des virus.
Généralement, la fraction utilisée pour la préparation d’un
virome est la fraction inférieure à 0,45 �m, voire inférieure
à 0,2 �m. Il est toutefois à noter que de tels filtres excluent
de facto les virus géants ou girus dont le représentant le
plus célèbre est Mimivirus. La filtration en flux tangentiel
(TFF) est ensuite souvent utilisée pour concentrer les parti-
cules virales en les retenant sur un filtre (généralement entre
30 et 100 kD) [24, 25]. Différentes alternatives existent pour
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réaliser cette concentration, notamment basées sur une pré-
cipitation chimique des capsides virales (floculation au fer
[26], précipitation au polyéthylène glycol [27]) ou sur une
centrifugation [28]. Les capsides virales sont ensuite puri-
fiées, afin de les séparer des matériaux et autres éléments
également concentrés. Certains agents chimiques servent
à la fois à la concentration et à la purification, comme
le polyéthylène glycol. D’autres traitements chimiques ne
permettent que de purifier les capsides virales, notamment
les gradients de densité (de type chlorure de césium ou
sucrose). Enfin, le matériel génétique libre doit être éliminé
via différents traitements enzymatiques (DNAse et RNAse).
L’ensemble de ces étapes permet d’obtenir un échantillon
fortement enrichi en virus, voire même une purification
totale de ces particules [24, 25]. Différentes techniques
de séquençage peuvent alors être appliquées à ce matériel
génétique isolé. Les premiers viromes publiés utilisaient la
technique de Sanger, qui permet d’obtenir quelques milliers
de fragments [12, 13]. L’apparition et l’évolution très rapide
de NGS ont profondément modifié les données obtenues

et les analyses qui en découlent (figure 3). D’une manière
générale, ces nouvelles techniques ont permis d’obtenir une
profondeur de séquençage sans précédent, proposant dans
un premier temps des centaines de milliers de séquences,
jusqu’à plusieurs dizaine de millions aujourd’hui pour cer-
taines méthodes comme l’Illumina Hi-Seq.

Les gènes des virus de l’environnement
sont majoritairement inconnus

La première étape lors de l’analyse d’un virome est généra-
lement d’essayer d’affilier chaque séquence à une séquence
déjà connue et présente dans une base de données, de
manière à déterminer la composition taxonomique et fonc-
tionnelle de la communauté séquencée. Pour ce faire, les
séquences métagénomiques sont comparées aux principales
bases de données de séquences grâce à l’outil BLAST [29].
À de rares exceptions près, comme par exemple un virome
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Figure 3. Graphique rapportant le nombre de séquences (en ordonnées) et le nombre de paires de bases (représenté par l’aire du
cercle) pour différentes études de métagénomique virale. Le type de séquenceur utilisé est indiqué par un code couleur. Les valeurs de
nombre de paires de bases sont indiquées pour quatre études représentatives des séquençage de type Sanger (Breitbart �� ��., 2002 [12]),
Roche 454 de première génération (GS20 ; Angly �� ��., 2006 [14]), Roche 454 de troisième génération (titanium ; Minot �� ��., 2011 [32])
et enfin Illumina Hi-Seq (Minot �� ��., 2012 [44]).
Figure issue de Sime-Ngando �� ��. (2010) [3].
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marin ciblant les virus à ARN [30] ou un virome issu d’un
prélèvement atmosphérique [31], les métagénomes viraux
présentent une très forte proportion de séquences incon-
nues (de 70 à 99 %, voir par exemple [14, 19, 22, 32]). La
présence de séquences inconnues ne semble être ni liée à
l’écosystème étudié ni aux méthodes utilisées, mais bien
refléter une réalité générale quant à la part importante de
gènes non caractérisés portés par les génomes viraux. Même
si la faible taille des séquences de viromes influe sur ce
taux de gènes non caractérisés, ce résultat est proche des
taux de gènes non caractérisés observés lors du séquençage
de nouveaux virus. Les deux viromes lacustres que nous
avons caractérisés au laboratoire ne dérogent pas à la règle,
seulement 10 et 20 % des séquences sont affiliées respecti-
vement pour les lacs Pavin et Bourget. Ces taux sont plus
faibles que ceux des viromes océaniques ou des viromes
associés au microbiome humain et témoignent du manque
de connaissance actuelle sur les communautés virales des
environnements lacustres.
De plus, une proportion non négligeable des séquences
affiliées sont similaires à des séquences issues de
micro-organismes, principalement de bactéries. Plusieurs
phénomènes peuvent expliquer la présence, contradic-
toire en apparence, de séquences issues de génomes
d’organismes cellulaires dans des métagénomes viraux. En
premier lieu, l’échange de gènes entre les génomes des virus
et de leur hôte ainsi que l’intégration de génomes viraux au
sein du génome de l’hôte sont des phénomènes bien docu-
mentés. Ainsi, certaines séquences de viromes sont bien des
gènes viraux, pour lesquels les seuls exemplaires décrits
sont des copies intégrées à des génomes cellulaires. Ces
échanges, associés au faible nombre de génomes viraux de
référence disponibles à l’heure actuelle, expliquent en par-
tie ces similarités entre séquences de viromes et génomes
cellulaires. Toutefois, certains cas semblent relever plus de
la contamination du virome par le génome d’un organisme
cellulaire, ces contaminations étant liées aux difficultés
méthodologiques inhérentes à la conception d’un virome,
en l’absence actuelle d’une standardisation des protocoles
pour ce domaine en plein essor [24].

Les gènes viraux sont extrêmement
diversifiés

S’il existe ainsi dans les viromes une quantité impor-
tante de séquences inconnues, il est important d’essayer
de déterminer leur niveau de redondance et de diversité,
à la fois au sein d’un échantillon et entre les différents
types d’écosystème. Ainsi, l’étape suivante a pour objectif
d’estimer la diversité génétique présente au sein de chaque
jeu de données à partir de la redondance des séquences

étudiées. Pour cela, les séquences similaires sont regrou-
pées (clusterisation), le nombre de groupes créés et leur
composition permettant ensuite d’estimer la richesse spé-
cifique des génomes viraux, connues comme inconnues.
La richesse en gènes des communautés virales des milieux
aquatiques tempérés semble globalement élevée, particu-
lièrement pour les milieux océaniques (figure 4A). Les
virus associés aux microbiomes eucaryotes (prélèvement
de fèces, de salive ou de mucus pulmonaire sur des sujets
humains, ou analyse d’échantillons issus de la dissection
de poissons ou d’insectes) semblent eux présenter une
richesse en gènes moins importante. De plus, les courbes
de raréfaction, représentant de manière visuelle ces regrou-
pements, n’atteignent que très rarement un plateau pour
l’ensemble des viromes étudiés. Les séquences présentes
dans les viromes sont donc loin de représenter la totalité des
gènes viraux compris dans l’écosystème d’intérêt (figure 5).
En parallèle de cette richesse génétique, l’outil PHACCS
[33] permet d’estimer une richesse spécifique taxonomique,
soit un nombre total de virotypes (ou espèces virales) dif-
férents contenus dans l’échantillon (figure 4B). À l’inverse
de la richesse en gènes, aucune différence entre les dif-
férents types d’échantillons n’apparaît. Ce résultat pourrait
être lié à un biais méthodologique. En effet, l’outil PHACCS
effectue une comparaison entre les résultats d’assemblage
des séquences et des modélisations de ces mêmes assem-
blages selon différentes lois de distribution des espèces pour
estimer les paramètres (type de distribution, nombre de
génotypes) les plus plausibles. Or ces modélisations sont
basées sur une taille moyenne de génomes estimée à partir
des séquences affiliées, c’est-à-dire à partir d’une minorité
des séquences de viromes. Toutefois, ces résultats contras-
tés pourraient également refléter les différences importantes
de structures entre les populations virales de ces différents
types d’échantillons, une dissociation pouvant exister entre
la richesse génétique des communautés et le nombre de
souches virales qui les composent.

Le type de milieu conditionne
la composition des communautés virales

Les métagénomes viraux permettent de comparer les
communautés virales et ainsi de mieux comprendre la
répartition des populations virales dans la biosphère (ou
bêta-diversité). La question des facteurs expliquant la répar-
tition et la dispersion des populations virales est centrale
pour la compréhension des rôles et impacts des commu-
nautés virales dans l’environnement, et reste encore ouverte
[34, 35]. Dans le cas des métagénomes bactériens ou euca-
ryotes, une comparaison des affiliations des séquences est
généralement réalisée. Toutefois, si ce type de comparaison
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Figure 4. Distribution des richesses en gène et en espèce de viromes classés par environnement. A) la richesse en gène est estimée par
le nombre de séquences différentes pour chaque virome pour un sous-échantillon de 50 000 séquences. Cette valeur reflète le nombre
de gènes différents au sein des virus de l’échantillon ; B) la richesse en espèces correspond au nombre de virotypes présents dans
l’échantillon, estimé par l’outil PHACCS.
Figure issue de Roux �� ��., 2012 [22].

est applicable aux métagénomes pour lesquels la majo-
rité des séquences est connue, il ne peut en aucun cas
s’appliquer aux viromes où seule une petite fraction des jeux
de données serait prise en compte. Afin de dépasser cette
limite, il est possible de réaliser des comparaisons directes
de l’ensemble des séquences des viromes. Ce type de
comparaison ne permet pas d’expliquer quels sont les virus
ou groupes de virus similaires entre plusieurs échantillons
mais permet à tout le moins de révéler des similarités entre
les communautés virales étudiées, qu’elles soient formées
de virus connus ou inconnus. Les résultats de ces comparai-
sons montrent que les communautés virales issues du même
type de prélèvement semblent présenter de fortes similari-
tés en termes de contenu en gènes, et ce quelle que soit la
distance géographique pouvant séparer les lieux de prélè-
vement (figure 6). Cette comparaison permet tout d’abord
de distinguer de manière nette les échantillons associés aux
microbiomes eucaryotes des échantillons aquatiques. Au
sein de ces deux catégories, les échantillons de même type
sont à nouveau regroupés, avec, par exemple pour les échan-

tillons aquatiques, une séparation entre environnements
fortement hypersalins, environnements marins et faible-
ment hypersalins, et enfin les environnements d’eau douce.
Ce type de distribution laisse entendre que les commu-
nautés virales seraient spécifiques de l’environnement dans
lequel elles évoluent (potentiellement via les communau-
tés d’hôtes spécifiques de ces environnements), et qu’il
existerait des échanges entre ces communautés au niveau
mondial.

Les viromes apportent une meilleure
compréhension des principaux groupes
viraux : exemple des Caudovirales,
les bactériophages les plus abondants
de la virosphère

Parmi les séquences de viromes affiliées aux virus, la
majorité est similaire à des génomes de bactériophages,
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Figure issue de Roux �� ��., 2012 [22].

appartenant principalement au groupe des Caudovirales
(groupe de phages bactériens à structure tête-queue). Afin
d’avoir une idée plus précise de la diversité de ces virus
à partir des viromes, plusieurs types d’analyses sont pos-
sibles :
– la génération d’arbres phylogénétiques qui permettent de
préciser la diversité ainsi que les liens évolutifs entre ces
virus ;
– les graphiques de recrutement, qui permettent d’observer
quels gènes du génome de référence sont retrouvés dans le
métagénome.
L’existence de gènes conservés au sein des différents
groupes viraux rend en effet possible de mener des analyses
phylogénétiques pour ces groupes. Le gène codant pour la
grande sous-unité de la terminase (TerL) est le marqueur le
plus utilisé dans le cas des Caudovirales. Les phylogénies
réalisées à partir des séquences de TerL retrouvées dans les
viromes des lacs Pavin et Bourget ont mis à jour une grande
diversité de ces virus dans ces lacs (figure 7). En effet, les
séquences métagénomiques sont distribuées sur l’ensemble
de l’arbre et sont, pour la plupart, loin de toute séquence
de référence. Ce résultat illustre à la fois l’existence de

nombreux clades existant au sein des Caudovirales, et les
différences importantes entre ces clades environnementaux
et les séquences des bases de données.
Une partie de ces séquences de viromes sont affiliées au
groupe des phages de type T4, groupe de référence incluant
le phage T4 infectant la bactérie Escherichia coli et utilisé
comme modèle depuis plusieurs décennies. Deux sous-
groupes sont ainsi retrouvés dans les viromes lacustres : le
groupe des cyanophages de type T4 et le groupe des Far-T4
[36], pour lequel le phage « Rhodothermus phage RM378 »
est le génome de référence le plus proche (figure 7). Si la
présence de cyanophages dans des échantillons d’eau douce
est un résultat attendu [37, 38], l’observation de séquences
associées à Rhodothermus phage RM378 l’est beaucoup
moins, ce phage infectant une bactérie marine, a priori

absente des milieux d’eau douce tempérés [39]. Pour aller
au-delà de l’affiliation à partir d’un seul gène, il est pos-
sible de réaliser des graphiques de recrutement, associant
les séquences des viromes à un génome de référence et
permettant d’estimer le nombre de gènes du génome effec-
tivement retrouvé dans les virus de l’écosystème étudié.
Dans le cas du génome de Rhodothermus phage RM378,
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les similarités entre ce génome et les séquences de viromes
lacustres sont clairement limitées à un nombre très restreint
de gènes (figure 8). De plus, les pourcentages d’identité
entre le génome et les séquences du virome sont plutôt
faibles (autour de 70 % au maximum). Les gènes retrouvés
sont des gènes bien caractérisés (en rouge sur le graphique,
en opposition aux gènes dont la fonction est inconnue, en
bleu), et codant pour les fonctions nécessaires au dévelop-
pement du phage (notamment la réplication du génome et
l’assemblage de la capside). Ainsi, les virus lacustres ayant
un gène TerL dont la plus proche référence est le phage
RM378 n’ont pas une composition très similaire à ce phage.
Cet exemple illustre l’absence de référence proche pour la
plupart des virus environnementaux et également la forte
plasticité des génomes viraux en général et des génomes de
phages en particulier.

Assemblage des viromes
et création de génomes complets

Si les études métagénomiques apportent des informations
inédites quant à la diversité virale dans l’environnement, la

portée de telles analyses effectuées à partir des séquences
brutes des viromes reste limitée puisque ces séquences cor-
respondent au mieux à un gène complet. L’assemblage de
ces mêmes séquences en contigs permet de dépasser cette
limite et d’analyser de véritables fragments génomiques,
jusqu’à plusieurs dizaines de milliers de nucléotides, voire
des génomes complets. Le résultat de l’assemblage est très
variable, puisqu’il dépend de la profondeur de séquençage,
mais aussi de la richesse du métagénome étudié et de la
longueur des génomes de départ.
La famille des Microviridae constitue un bon exemple du
type de génome complet qu’il est possible d’assembler
[40]. Il s’agit en effet de petits bactériophages, dont le
génome est formé d’un fragment circulaire d’ADN simple
brin d’environ 5 000 pb. Jusqu’à aujourd’hui, ces bactério-
phages ont principalement été décrits à partir de culture
sur E. coli, ainsi que lors d’étude de bactéries patho-
gènes de type Chlamydia ou parasites comme Bdellovibrio

bacteriovorus [41, 42]. Dix-huit génomes complets de
Microviridae ont été obtenus par ces approches d’isolement
et de culture, et six ont été détectés sous forme de prophages
dans des génomes bactériens. En réalisant l’assemblage des
séquences d’un ensemble de viromes précédemment décrits
et publiés, il a été possible de générer 81 nouveaux génomes
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Figure 8. Graphique de recrutement des séquences du virome du lac du Bourget sur le génome de référence du groupe des Far-T4
(��������
��� phage RM378). La carte de génome est indiquée sur l’axe des abscisses, les gènes étant colorés en rouge quand leur
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en fonction de la zone de similarité (en abscisse) et du pourcentage d’identité entre les séquences du virome et le génomes (en ordonnée).

de Microviridae, dont 15 à partir des viromes des lacs Pavin
et Bourget. Ces nouveaux génomes ont apporté de nouvelles
connaissances au niveau de la structure, de la diversité et
des modes d’évolution de cette famille.
Dans un premier temps, la phylogénie des Microviridae déjà
connus et ceux assemblés à partir des viromes (figure 9) a
permis de détecter une nouvelle sous-famille : les Pichovi-

rinae. Cet arbre semble aussi témoigner d’une spécificité du
sous-groupe des Alpavirinae pour le microbiome intestinal
humain, tandis que les membres du groupe des Gokushovi-

rinae sont retrouvés dans tous les types d’échantillons.
Ces génomes complets permettent également de constater
une forte conservation des gènes et de l’ordre de ceux-ci le
long du génome pour cette famille. L’existence d’un core

genome, formé par trois gènes principaux (dont un impliqué
dans la réplication du génome et deux dans la formation de
la capside virale) a été confirmée. L’existence de transfert de
gènes entre les Microviridae et leur hôte a aussi pu être mise
en évidence grâce à la détection d’un gène codant pour une
peptidase vraisemblablement d’origine bactérienne dans
plusieurs des nouveaux génomes assemblés.
Enfin, les nouvelles séquences obtenues ont complété les
données précédemment acquises quant à la structure des
capsides de Microviridae. En particulier, l’évolution des
protéines de capsides des Microviridae associés au micro-
biome humain semble spécifique, avec une accumulation de
courtes insertions, pouvant aboutir à la formation de reliefs
variables à la surface de la capside [40].

Conclusion

Grâce à la diminution des coûts de séquençage, le nombre
de métagénomes viraux ne cesse d’augmenter. Ces données
participent à une meilleure compréhension de la diversité
des virus sur terre, des facteurs de régulation des commu-
nautés virales, ou encore de l’organisation et la plasticité
des génomes viraux. De plus, les techniques de séquençage
évoluent très rapidement, avec une augmentation quasi
exponentielle du nombre de bases séquencées pour chaque
échantillon. Ainsi certaines études utilisant les techniques
de séquençage les plus récentes comme le séquenceur Illu-
mina Hi-Seq 2000 ont pu reconstituer des génomes allant
jusqu’à 76 Kb [43], ou étudier la conservation de cas-
settes de gènes au sein des génomes de bactériophages du
tractus digestif humain [44]. À l’heure actuelle, de telles
analyses ne sont possibles que pour les milieux dont la
richesse génétique est la plus faible, mais à n’en pas douter
ces méthodes seront applicables dans l’avenir aux commu-
nautés virales plus complexes comme celles des milieux
océaniques.
Le champ d’application de la métagénomique virale va
également en s’agrandissant, notamment en direction de
recherches cliniques [45]. Ainsi, dès 2008, une étude de
métagénomique virale a mis en évidence un nouveau type
d’arénavirus transmis lors de transplantation d’organes
[46]. Depuis, plusieurs autres associations entre pathologies
et virus ont pu être révélées par approches métagénomiques
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(voir par exemple [47-49]). Toutes ces approches sont
encore exploratoires et en phase de développement, néces-
sitant une harmonisation et une réflexion globale tant au
niveau des méthodes de préparation des échantillons que
dans les analyses bio-informatiques post-séquençage, mais
elles constituent néanmoins une base intéressante pour le
développement de véritables protocoles complets et stan-
dardisés et, ainsi, une possible utilisation en « routine » de
ces outils.
Enfin, si ces approches métagénomiques semblent promet-
teuses pour l’analyse des communautés virales, elles ont
aussi mis en évidence la complexité de ces communau-
tés et le manque actuel d’informations sur certains pans
entiers de la virosphère. Certaines découvertes comme
l’existence d’un génome apparemment issu de la recom-
binaison d’un virus ADN et d’un virus ARN [50] ont

ainsi entraîné une remise en question des principes et théo-
ries quant à la séparation ancestrale entre les virus sur la
base de la nature de leur génome, et plus généralement
de la classification taxonomique des virus. Ainsi, l’analyse
des viromes apporte de nouvelles questions quant à leur
diversité, leur histoire évolutive et leur place dans la bio-
sphère.

Liens d’intérêts : les auteurs déclarent n’avoir aucun lien
d’intérêt en rapport avec l’article.
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6
6

Supplementary Table 1. List of metagenomes and transcriptomes used in this study. 

Species 
Research
Lab Sequence type 

Holobiont 
fraction 

Holobiont 
development 
stage Online database for original sequence files 

Chloroform (y/n); 
Amplification 

method 
Sequencing 

platform Citation 

��
���
��
����	������

Matz, M. 
Transcriptome – v.1 Jul 2010 Coral Larvae http://www.bio.utexas.edu/research/matz_lab/matzlab/Data.html  454   

Transcriptome – v.1 Jan 2012 Coral Larvae http://www.bio.utexas.edu/research/matz_lab/matzlab/Data.html  454   

��
���
��
�	�����
��

Matz, M. Transcriptome – v.3 Jul 2010 Coral  Larvae http://www.bio.utexas.edu/research/matz_lab/matzlab/Data.html  454 Meyer, E. ������ 
(2009) Matz, M. Transcriptome – v. Jan2012 Coral Adult, larvae http://www.bio.utexas.edu/research/matz_lab/matzlab/Data.html  454 

Bourne, D. Metagenome – Pre-bleach Prokaryote Adult http://metagenomics.anl.gov/linkin.cgi?metagenome=4445756.3 
No; MDA

1 454 Littman, R. �������
(2011) Bourne, D. Metagenome – Post-bleach Prokaryote Adult http://metagenomics.anl.gov/linkin.cgi?metagenome=4445755.3 454 

��
���
��
��������

Baums, I. Transcriptome – 2011 Coral Adult, larvae http://main.g2.bx.psu.edu/u/nickpolato/h/apalmataassembly  454 
Polato, N.R. ������ 
(2011) 

��
���
��
����	��

Bay, L. Transcriptome – v. Jan 2011 Coral 
Larvae, 
recruits 

http://www.bio.utexas.edu/research/matz_lab/matzlab/Data.html  454 
 

�	���
	��
��
	�����

Rohwer, F. Metagenome – Healthy Virus Adult http://www.ncbi.nlm.nih.gov/nuccore/ABVU00000000.1 
Yes; LASL

2 
capillary 

Marhaver, K.L. ���
��� (2008) Rohwer, F. Metagenome – Bleached Virus Adult http://www.ncbi.nlm.nih.gov/nuccore/ABVT00000000.1 

������
����
������
	��

Medina, M. Transcriptome Coral  Adult, larvae http://sequoia.ucmerced.edu/SymBioSys/index.php  capillary   

������
����
����
�����

Vega 
Thurber, R. 

Metagenome – Control Virus Adult http://metagenomics.anl.gov/linkin.cgi?metagenome=4455158.3 
No; WTA

3
 454 

Correa, A.M.S. ���
��� (2012) Metagenome – Temperature Virus Adult http://metagenomics.anl.gov/linkin.cgi?metagenome=4455159.3 

������
����
����������

Medina, M. Transcriptome Coral  Adult, larvae http://sequoia.ucmerced.edu/SymBioSys/index.php  capillary 
Schwarz, J.A. ���
��� (2008) 

��
	����
���
��	����

Matz, M. Transcriptome – v.1 Jul 2010 Coral Adult http://www.bio.utexas.edu/research/matz_lab/matzlab/Data.html  454   

Matz, M. Transcriptome – v. Jan 2012 Coral Adult, larvae http://www.bio.utexas.edu/research/matz_lab/matzlab/Data.html  454   

Rohwer, F. Metagenome Prokaryote Adult http://metagenomics.anl.gov/linkin.cgi?metagenome=4440319.3 No; MDA 454 
Wegley, L. ������ 
(2007) 

��
	����
����
�����

Vega 
Thurber, R. 

Metagenome – 6 treatments Virus Adult 
http://metavir-meb.univ-bpclermont.fr/ 

"P. compressa - VegaThurber et al., 2008" 
Yes; MDA 454 

Vega Thurber, 
R.L. ������ (2008) 

���	��	��
��
���	��
�	��

van Oppen, 
M. 

Metagenome – DNA 
Metagenome – RNA 

Virus Adult 
http://metagenomics.anl.gov/linkin.cgi?metagenome=4492317.3 
http://metagenomics.anl.gov/linkin.cgi?metagenome=4492316.3 

Yes; MDA 454   

Coral reef 
seawater 

Rohwer, F. 
Metagenome – Seawater from  
4 coral atolls in Line Islands 

Virus n/a 
http://metavir-meb.univ-bpclermont.fr/ 

"Coral Atoll - Dinsdale et al., 2008" 
Yes; MDA 454 

Dinsdale, E.A. ���
��� (2008) 

1
 MDA: multi-displacement amplification 

2
 LASL: Linker-amplified shotgun library 

3
 WTA: whole transcriptome amplification 

 
References:       
Correa AM, Welsh RM and Vega Thurber RL (2012) Unique nucleocytoplasmic dsDNA and +ssRNA viruses are associated with the dinoflagellate endosymbionts of corals. ISME J. 
Dinsdale EA, et al. (2008) Microbial ecology of four coral atolls in the Northern Line Islands. PLoS ONE 3(2): e1584.   
Littman R, Willis BL and Bourne DG (2011) Metagenomic analysis of the coral holobiont during a natural bleaching event on the Great Barrier Reef. Environ Microbiol Rep 3(6): 651-660. 
Marhaver KL, Edwards RA and Rohwer F (2008) Viral communities associated with healthy and bleaching corals. Environ Microbiol 10(9): 2277-2286.  
Meyer E, et al. (2009) Sequencing and de novo analysis of a coral larval transcriptome using 454 GS-Flx. BMC Genomics 10(1): 219.  
Polato NR, Vera JC and Baums IB (2011) Gene discovery in the threatened Elkhorn Coral: 454 sequencing of the Acropora palmata transcriptome. PLoS ONE 6(12): e28634. 
Schwarz JA, et al. (2008) Coral life history and symbiosis: functional genomic resources for two reef building Caribbean corals, Acropora palmata and Montastraea faveolata. BMC Genomics 9: 97. 
Vega Thurber RL, et al. (2008) Metagenomic analysis indicates that stressors induce production of herpes-like viruses in the coral Porites compressa. Proc Natl Acad Sci USA 105(47): 18413-18418. 
Wegley L, Edwards R, Rodriguez-Brito B, Liu H and Rohwer F (2007) Metagenomic analysis of the microbial community associated with the coral Porites astreoides. Environ Microbiol 9(11): 2707-2719. 
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Supplementary Table 2. Community composition of coral-associated viruses, as determined by genome chemistry, in the complete data sets.

Percent of viruses out of whole (e-value 10
-5
)

Species Sequence type RT dsDNA, no RNA ssDNA dsRNA ssRNA+, No DNA ssRNA- Archaeal Unclassified Satellite

Acropora hyacinthus
Transcriptome – 2010 75.50 20.90 0.40 1.90 0.90 0.20 0.10 0.10

Transcriptome – 2012 74.80 21.00 2.80 1.00 0.20 0.20

Acropora millepora

Transcriptome – 2010 72.00 22.50 4.50 0.50 0.20 0.10 0.20

Transcriptome – 2012 66.00 27.60 4.90 0.70 0.40 0.40

Metagenome – Pre-bleach 62.70 9.30 27.70 0.20 0.10

Metagenome – Post-bleach 37.30 3.70 57.20 0.03 0.20 1.60

Acropora palmata Transcriptome – 2011 58.30 31.60 0.70 8.00 0.80 0.10 0.50

Acropora tenuis Transcriptome – 2012 74.10 19.20 0.60 4.80 0.50 0.40 0.40

Diploria strigosa Virome – Healthy 2.40 95.40 2.20

Virome – Bleached 98.80 1.20

Montastrea annularis Transcriptome 59.80 22.30 17.60 0.30

Montastraea cavernosa
Virome – Control 4.40 11.40 83.30 0.10 0.80

Virome – Temperature 4.30 3.60 89.50 0.10 0.60 1.30 0.60

Montastrea faveolata Transcriptome 59.80 35.40 1.10 3.10 0.40 0.20

Porites astreoides

Transcriptome – 2010 52.70 35.40 4.00 7.40 0.50

Transcriptome – 2012 55.50 28.90 5.10 9.70 0.20 0.60

Metagenome – Prokaryote 3.90 95.70 0.40 0.04

Porites compressa

Virome – Control 29.20 69.00 0.20 1.00 0.60

Virome – DOC 22.60 76.40 1.00

Virome – Nutrient 65.70 27.50 6.80

Virome – pH 1.60 78.70 9.80 0.90 9.00

Virome – Time 0 46.10 20.40 9.50 23.00 1.00

Virome – Temperature 46.60 49.10 4.30

Pocillipora damicornis
Virome – DNA 0.10 82.00 14.80 0.10 2.50 0.50

Virome – RNA 7.50 88.20 0.02 3.30 0.80 0.20

Coral atolls Virome – Seawater

Kingman Island 98.40 1.60

Palmyra Island 95.90 2.50 0.50 0.10 1.00

Tabueran Island 96.30 3.20 0.07 0.50

Kiritimati Island 91.50 3.70 0.80 4.00
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SI MATERIALS AND METHODS 

Structural modeling and model quality assessment 

The three dimensional model of the putative capsid protein (CP) of CHIV10 was constructed using the advanced 

multi-template approach using MODELLER v9.9 
1
. X-ray structures of tomato bushy stunt virus (TBSV; PDB ID: 2TBV) 

2
, melon necrotic spot virus (MNSV; PDB ID: 2ZAH) 

3
, carnation mottle virus (CMV; PDB ID: 1OPO) 

4
 and turnip crinkle 

virus (TCV; PDB ID: 3ZXA) 
5
 were used as templates. Sequence of CHIV10 CP was aligned with the corresponding 

sequences of TBSV, MNSV, CMV and TCV and the resultant alignment used to build a three-dimensional model of the 

putative CP of CHIV10. The initial model was optimized via multiple rounds of loop refinement with MODELLER. The 

stereochemical quality of the model was then assessed with ProSA-web 
6
. ProSA-web quality (Z) score for the CHIV10 

model was calculated to be -6.49, which is similar to the Z scores determined for the template structures (TBSV, -

5.18; MNSV, -6.26; CMV, -6.06; TCV, -3.39) (Fig. SX). The MNSV virion map was downloaded from the VIPER database 

(viperdb.scripps.edu/) and rendered using UCSF Chimera 
7
.  

 

Phylogenetic trees computation 

Multiple alignments for RC-Rep and capsid genes were computed with MUSCLE 
8
, and manually curated. Maximum-

likelihood phylogenetic trees were computed with FastTree 
9
 and annotated with Itol 

10
. Additional chimeric-like 

capsid sequences were extracted from Lake Needwood RNA virome (44), based on BLASTp comparisons with capsid 

genes from the chimeric contigs assembled in this study and from BSL_RDHV genome 
11

.  

 

Estimation of evolutionary distances between proteins 

MEGA 5 
12

 was used to assess evolutionary distances between protein sequences of capsid and RC-Rep genes (JTT 

model, gamma parameter set to the default value of 1.3). For ssDNA and ssRNA viruses, all available genomes were 

downloaded from NCBI, and clustered based on taxonomy (one genome for each species) and on global sequence 

similarity (threshold of 75% identity) with Uclust 
13

. Comparisons were made within each taxonomic group 

(Circoviridae, Geminiviridae, Nanoviridae and Tombusviridae) and between chimeric viruses based on distinct 

multiple alignments computed with MUSCLE 
8
. In order to keep the chart clear and viewable, only distances below 25 

were taken, which removed 30 comparisons between Geminiviridae where RC-rep protein distances were below 10 

but capsid genes distances were between 25 and 100. The same set of sequences was used in the genome size 

boxplot. Unclassified ssDNA and ssRNA viruses were not included in these analyses. 
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SUPPLEMENTARY FIGURES 

 

Figure S1. Genomic maps of Chimeric viruses and representative reference genomes. CHIV13 genome is reverse-

complemented in order to start with the RC-Rep gene. 
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Figure S2. Alignment of capsid protein of CHIVs and representative tombusvirus references. 
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Figure S3. Quality assessment of the three-dimensional model of the CHIV10 CP. Quality of the generated model 

along with that of structural homologues used for modeling was evaluated using PsoSA-web at 

https://prosa.services.came.sbg.ac.at/prosa.php. The calculated quality (Z) scores (closed circles) are displayed in the 

context of the Z-scores of all experimentally determined protein structures available in the Protein Data Bank. Every 

dot represents a distinct structure solved by X-ray crystallography (light blue) or NMR (dark blue). 
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SUPPLEMENTARY TABLES 

 

Table S1. List of DNA viromes screened for the presence of chimeric viruses, and RNA viromes searched for homologs of Tombus-like capsid genes. 

Virome name Available on 
Methodology used in 
sample preparation

Sample origin Sample type 
Number of 
sequences 

Average size of 
sequences

Number of contigs 
displaying similarities to 

a Tombus-like capsid 
gene 

Number of contigs 
representing putative 

complete CHIV genomes  

12_Saline_MedSalternSDbayVir112805 MG-Rast – 4440427.3 PEG – CsCL- MDA Solar Salterns – California Hypersaline 39,439 100.43 

13_Saline_MedSalternSDbayVir111605 MG-Rast – 4440428.3 PEG – CsCL- MDA Solar Salterns – California Hypersaline 58,319 98.11 

14_Saline_HighSalternSDbayVir111605 MG-Rast – 4440421.3 PEG – CsCL- MDA Solar Salterns – California Hypersaline 151,180 99.76 

15_Saline_LowSalternSDbayVir0704 MG-Rast – 4440436.3 PEG – CsCL- MDA Solar Salterns – California Hypersaline 268,049 104.47 

16_Saline_LowSalternSDbayVir111005 MG-Rast – 4440432.3 PEG – CsCL- MDA Solar Salterns – California Hypersaline 109,836 104.35 

17_Saline_MedSalternSDbayVir111005 MG-Rast – 4440431.3 PEG – CsCL- MDA Solar Salterns – California Hypersaline 39,348 101.40 

18_Saline_MedSalternSDbayVir112205 MG-Rast – 4440417.3 PEG – CsCL- MDA Solar Salterns – California Hypersaline 55,142 100.79 

19_Saline_HighSalternSDbayVir120705 MG-Rast – 4440145.4 PEG – CsCL- MDA Solar Salterns – California Hypersaline 46,628 102.15 

20_Saline_HighSalternSDbayVir112805 MG-Rast – 4440144.4 PEG – CsCL- MDA Solar Salterns – California Hypersaline 4,536 100.15 

21_Saline_LowSalternSDbayVir112805 MG-Rast – 4440420.3 PEG – CsCL- MDA Solar Salterns – California Hypersaline 62,363 103.87 

22_Saline_SaltonSeaVirOne082308 MG-Rast – 4440327.3 Salton Sea – California Hypersaline 55,467 103.60 

23_Saline_SaltonSeaVirTwo082308 MG-Rast – 4440328.3 Salton Sea – California Hypersaline 29,814 99.20 

32_Marine_GOMVir94to01 MG-Rast – 4440304.3 CsCL – MDA Gulf of Mexico Seawater 262,501 101.59 

33_Marine_BBCVir96to04 MG-Rast – 4440305.3 CsCL – MDA British Columbia Seawater 414,964 102.14 

34_Marine_ArcticVir2002 MG-Rast – 4440306.3 CsCL – MDA Arctic sea Seawater 686,209 99.15 

35_Marine_SARVir063005 MG-Rast – 4440322.3 CsCL – MDA Sargasso sea Seawater 397,939 104.31 1 1 

36_CoralAtol_KingLIVir082105 MG-Rast – 4440036.3 CsCL – MDA Kingmann - Line Islands Seawater 93,744 108.34 

37_CoralAtol_XmasLIVir080505 MG-Rast – 4440038.3 CsCL – MDA Christmas - Line Islands Seawater 279,882 110.56 

38_CoralAtol_PalmLIVir081805 MG-Rast – 4440040.3 CsCL – MDA Palmyra - Line Islands Seawater 318,178 104.78 

39_CoralAtol_FannLIVir081105 MG-Rast – 4440280.3 CsCL – MDA Tabuaeran - Line Islands Seawater 378,475 104.13 

40_MarineBay_4440102.3 MG-Rast – 4440102.3 PEG – CsCL- MDA Tampa Bay – Florida Seawater 279,129 103.95 

41_MarineBay_SkanBayAKVir092706 MG-Rast – 4440330.3 Skan Bay – Alaska Seawater 30,831 104.56 

46_Fresh_TilPondKentSTVir0806 MG-Rast – 4440424.3 PEG – CsCL- MDA Tilapia Pond 3 – California Freshwater 56,549 101.06 

47_Fresh_TilPondKentSTVir050406 MG-Rast – 4440412.3 PEG – CsCL- MDA 
Healthy fish Pond – 

California Freshwater 60,135 101.07 

48_Fresh_PrePondKentSTVir050406 MG-Rast – 4440414.3 PEG – CsCL- MDA Prebead Pond – California Freshwater 67,785 103.21 

49_Fresh_TpondKentSTVir1105 MG-Rast – 4440439.3 PEG – CsCL- MDA Tilapia Pond – California Freshwater 264,844 102.25 

57_Coral_T0PortComHawVir022306 MG-Rast – 4440376.3 CsCL – MDA Porites Compressa Eukaryote 39,113 101.32 

58_Coral_ConPorCompHawVir0206 MG-Rast – 4440374.3 CsCL – MDA Porites Compressa Eukaryote 39,191 103.70 

59_Coral_DOCPorCompVirHaw0206 MG-Rast – 4440370.3 CsCL – MDA Porites Compressa Eukaryote 35,409 102.18 

60_Coral_pHPorCompHawVir0206 MG-Rast – 4440371.3 CsCL – MDA Porites Compressa Eukaryote 49,949 104.73 

61_Coral_NutPorCompHawVir0206 MG-Rast – 4440377.3 CsCL – MDA Porites Compressa Eukaryote 34,139 107.18 

62_Coral_TempPorCompHawVir0206 MG-Rast – 4440375.3 CsCL – MDA Porites Compressa Eukaryote 38,482 113.38 
66_Microbialites_PAStromCCMexVir072

205 MG-Rast – 4440320.3 CsCL – MDA Paztac Azules Microbialites 301,264 104.64 
67_Microbialites_RMStromCCMexVir072

205 MG-Rast – 4440321.3 CsCL – MDA Rio Mesquites Microbialites 324,500 104.22 
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68_Microbialites_HBCStromBahamasVir
011105 MG-Rast – 4440323.3 CsCL – MDA Bahamas Microbialites 148,334 100.52 

73_Fish_FishHealSlimKentSTVir050406 MG-Rast – 4440065.3 Healthy fish gut Eukaryote 61,022 98.45 

74_Fish_FishMorSlimKentSTVir050406 MG-Rast – 4440064.3 Morbid fish gut Eukaryote 59,599 98.32 

84_Animal_HealSputSDRep3Vir070706 MG-Rast – 4440442.4 CsCL – MDA Human Lung (USA) Eukaryote 39,489 84.80 

85_Mosquito_MosqISDVir01252006 MG-Rast – 4440052.3 CsCL – MDA Mosquito (USA) Eukaryote 336,760 102.61 

86_Mosquito_MosqDigSDVir060606 MG-Rast – 4440053.3 CsCL – MDA Mosquito (USA) Eukaryote 638,689 100.32 

87_Mosquito_MosqIISDVir060606 MG-Rast – 4440054.3 CsCL – MDA Mosquito (USA) Eukaryote 601,040 104.16 

Antarctic_Lake_LopezBueno_Spring Metavir – Project Lake Limnopolar Sucrose cushion – MDA Lake Limnopolar Freshwater 41,322 239.65 

Antarctic_Lake_LopezBueno_Summer Metavir – Project Lake Limnopolar Sucrose cushion – MDA Lake Limnopolar Freshwater 38,475 221.27 

CF10LungVir20080407_nett Ncbi – BioProject 39545 CsCL – MDA Human Lung (USA) Eukaryote 188,287 217.42 

CF6LungVir20080407_nett Ncbi – BioProject 39545 CsCL – MDA Human Lung (USA) Eukaryote 156,809 217.66 

CF7LungVir20080407_nett Ncbi – BioProject 39545 CsCL – MDA Human Lung (USA) Eukaryote 184,666 228.15 

CF8LungVir20080407_nett Ncbi – BioProject 39545 CsCL – MDA Human Lung (USA) Eukaryote 158,912 246.84 

CF9LungVir20080407_nett Ncbi – BioProject 39545 CsCL – MDA Human Lung (USA) Eukaryote 233,854 205.68 

Human_Salivary_Sub1_Day1 Metavir – Project Human_Salivary CsCL – MDA Human Salivary (USA) Eukaryote 63,476 0.00 

Human_Salivary_Sub1_Day30 Metavir – Project Human_Salivary CsCL – MDA Human Salivary (USA) Eukaryote 86,362 0.00 

Human_Salivary_Sub2_Day30 Metavir – Project Human_Salivary CsCL – MDA Human Salivary (USA) Eukaryote 119,621 0.00 

Human_Salivary_Sub3_Day30 Metavir – Project Human_Salivary CsCL – MDA Human Salivary (USA) Eukaryote 103,744 0.00 

Human_Salivary_Sub5_Day1 Metavir – Project Human_Salivary CsCL – MDA Human Salivary (USA) Eukaryote 604,957 0.00 

Lake_Bourget Metavir – Project French Lakes PEG – MDA Lake Pavin – France Freshwater 649,290 412.31 4 2 

Lake_Pavin Metavir – Project French Lakes PEG – MDA Lake Bourget – France Freshwater 593,084 433.41 6 3 

GOS_Mv_858 Metavir – Virome GOS Move858 .22 μm filtration 
Chesapeake Bay – 

Maryland Seawater 11,496 1014.07 

Norm3LungVir20080407_nett Ncbi – BioProject 39545 CsCL – MDA Human Lung (USA) Eukaryote 245,109 220.94 

Norm4LungVir20080407_nett Ncbi – BioProject 39545 CsCL – MDA Human Lung (USA) Eukaryote 235,755 212.00 

Norm5LungVir20080407_nett Ncbi – BioProject 39545 CsCL – MDA Human Lung (USA) Eukaryote 211,401 226.10 

Norm6LungVir20080407_nett Ncbi – BioProject 39545 CsCL – MDA Human Lung (USA) Eukaryote 293,359 219.66 

Norm7LungVir20080407_nett Ncbi – BioProject 39545 CsCL – MDA Human Lung (USA) Eukaryote 284,384 210.21 

Potable_DNA Metavir – Project Reclaimed Water PEG-CsCL-MDA 
Reclaimed Water (Florida, 

USA) Freshwater 240,259 209.21 

RW_Effluent_DNA Metavir – Project Reclaimed Water PEG-CsCL-MDA 
Reclaimed Water (Florida, 

USA) Freshwater 262,097 227.87 

RW_Nursery_DNA Metavir – Project Reclaimed Water PEG-CsCL-MDA 
Reclaimed Water (Florida, 

USA) Freshwater 283,753 225.69 1 1 

RW_Park_DNA Metavir – Project Reclaimed Water PEG-CsCL-MDA 
Reclaimed Water (Florida, 

USA) Freshwater 202,436 97.55 

SectLung2LLL-PVir20090504 Ncbi – BioProject 66313 CsCL – MDA Human Lung (USA) Eukaryote 8,981 391.39 

SectLung2LMLVir20090504 Ncbi – BioProject 66313 CsCL – MDA Human Lung (USA) Eukaryote 14,037 351.82 

SectLung2LULVir20090504 Ncbi – BioProject 66313 CsCL – MDA Human Lung (USA) Eukaryote 14,559 398.31 

SectLung2RLLVir20090504 Ncbi – BioProject 66313 CsCL – MDA Human Lung (USA) Eukaryote 9,232 387.51 

SectLung2RMLVir20090504 Ncbi – BioProject 66313 CsCL – MDA Human Lung (USA) Eukaryote 5,882 304.36 

SectLung2RULVir20090504 Ncbi – BioProject 66313 CsCL – MDA Human Lung (USA) Eukaryote 9,026 368.91 

Gut_X1 Metavir – Project Human Gut Diet CsCL – MDA Human Gut (USA) – X1 Eukaryote 30,873 372.90 

Gut_L1_8 Metavir – Project Human Gut Diet CsCL – MDA Human Gut (USA) – L1 Eukaryote 132,569 379.12 
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Gut_L2_1 Metavir – Project Human Gut Diet CsCL – MDA Human Gut (USA) – L2 Eukaryote 61,104 370.82 

Gut_L2_7 Metavir – Project Human Gut Diet CsCL – MDA Human Gut (USA) – L2 Eukaryote 148,781 370.31 

Gut_L2_8 Metavir – Project Human Gut Diet CsCL – MDA Human Gut (USA) – L2 Eukaryote 16,955 375.02 

Gut_H1_7 Metavir – Project Human Gut Diet CsCL – MDA Human Gut (USA) – H1 Eukaryote 13,048 378.90 

Gut_H1_8 Metavir – Project Human Gut Diet CsCL – MDA Human Gut (USA) – H1 Eukaryote 16,747 365.41 

Gut_H2_8 Metavir – Project Human Gut Diet CsCL – MDA Human Gut (USA) – H2 Eukaryote 16,137 366.71 

Gut_L1_1 Metavir – Project Human Gut Diet CsCL – MDA Human Gut (USA) – L1 Eukaryote 107,259 405.06 

Gut_H1_2 Metavir – Project Human Gut Diet CsCL – MDA Human Gut (USA) – H1 Eukaryote 107,993 409.48 

Gut_H1_1 Metavir – Project Human Gut Diet CsCL – MDA Human Gut (USA) – H1 Eukaryote 25,648 377.67 

Gut_H2_1 Metavir – Project Human Gut Diet CsCL – MDA Human Gut (USA) – H2 Eukaryote 23,614 372.91 

Gut_L3_1 Metavir – Project Human Gut Diet CsCL – MDA Human Gut (USA) – L3 Eukaryote 33,489 369.66 

Gut_L3_2 Metavir – Project Human Gut Diet CsCL – MDA Human Gut (USA) – L3 Eukaryote 76,090 384.09 

Gut_L3_7 Metavir – Project Human Gut Diet CsCL – MDA Human Gut (USA) – L3 Eukaryote 15,166 382.16 

Gut_L3_8 Metavir – Project Human Gut Diet CsCL – MDA Human Gut (USA) – L3 Eukaryote 59,155 382.72 

Gut_F-A Metavir – Project Human Feces CsCL – MDA Human Gut (South Korea) Eukaryote 113,054 431.05 

Gut_F-B Metavir – Project Human Feces CsCL – MDA Human Gut (South Korea) Eukaryote 109,569 435.21 

Gut_F-C Metavir – Project Human Feces CsCL – MDA Human Gut (South Korea) Eukaryote 68,391 437.07 

Gut_F-D Metavir – Project Human Feces CsCL – MDA Human Gut (South Korea) Eukaryote 115,121 433.08 

Gut_F-E Metavir – Project Human Feces CsCL – MDA Human Gut (South Korea) Eukaryote 98,511 417.05 

Air_RD-1 Metavir – Project Airborne viruses TFF-Ultrafiltration 
Residential district (South 

Korea) Atmosphere 8,083 548.76 2 1 

Air_RD-2 Metavir – Project Airborne viruses TFF-Ultrafiltration 
Residential district (South 

Korea) Atmosphere 16,638 839.41 1 

Air_FR-1 Metavir – Project Airborne viruses TFF-Ultrafiltration Forest (South Korea) Atmosphere 10,291 540.62 

Air_FR-2 Metavir – Project Airborne viruses TFF-Ultrafiltration Forest (South Korea) Atmosphere 13,025 546.57 

Air_IC-1 Metavir – Project Airborne viruses TFF-Ultrafiltration 
Industrial Complex (South 

Korea) Atmosphere 8,873 535.47 

Air_IC-2 Metavir – Project Airborne viruses TFF-Ultrafiltration 
Industrial Complex (South 

Korea) Atmosphere 11,705 541.20 1 1 

Air_RD-Rain-1 Metavir – Project Airborne viruses TFF-Ultrafiltration 
Residential district (South 

Korea) Atmosphere 8,744 538.35 

Air_RD-Rain-2 Metavir – Project Airborne viruses TFF-Ultrafiltration 
Residential district (South 

Korea) Atmosphere 10,085 545.12 

Sediment_Deep-sea_IO Ncbi – BioProject 189588 PEG – CsCl- MDA Ogosawara (Pacific Ocean) 
Seawater 
sediment 58,952 308.15 

Sediment_Deep-sea_M Ncbi – BioProject 189588 PEG – CsCl- MDA Mariana (Pacific Ocean) 
Seawater 
sediment 55,471 275.12 

Sediment_Deep-sea_S Ncbi – BioProject 189588 PEG – CsCl- MDA Shimokita (Pacific Ocean) 
Seawater 
sediment 99,457 306.17 

Total 16 9 
         

RNA viromes             

Number of contigs 
containing a Chimeric-

like capsid gene 

Number of contigs 
representing putative 

complete CHIV genomes 

Lake_Needwood_Jun 
Metavir – Project 

RNA_Lake_Needwood TFF Lake Djikeng (USA) Freshwater 10,110 271.47 1 0 

Lake_Needwood_Nov 
Metavir – Project 

RNA_Lake_Needwood TFF Lake Djikeng (USA) Freshwater 15,329 257.89 29 0 

RW_Effluent_RNA Metavir – Project Reclaimed Water PEG-CsCL-MDA 
Reclaimed Water (Florida, 

USA) Freshwater 247,586 209.83 0 0 

RW_Nursery_RNA Metavir – Project Reclaimed Water PEG-CsCL-MDA 
Reclaimed Water (Florida, 

USA) Freshwater 295,823 218.88 0 0 
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Table S2. Characteristics of chimeric virus genomes.  

  Structure Length 
RC-Rep 

type

RC-Rep vs 
Capsid 

orientation 

 Number of 
additional 

genes 

Nonanucleotide + ITR 
coordinates 

Nonanucleotide 
sequence

Stem loop 
location 

Stem loop 
strand

Reference ssDNA viruses 

Porcine circovirus 2 / Circoviridae circular 1767 Circo Reverse 0 10–20 | 31–40 TAGTATTAC Before Rep Same 
Cyclovirus bat/USA/2009 / 

Cyclovirus circular 1703 Circo Reverse 0 59–73 | 85–99 TAGTATTAC Before Rep Reverse 
Milk vetch dwarf virus (segment 1) 

/ Nanoviridae circular 1007 Nano - 0 1–11 | 23–33 TAGTATTAC Before Rep Same 

Maize streak virus / Geminiviridae circular 2690 Gemini Reverse 3 2512–2529 | 2542–2559 TAATATTAC Before Rep Reverse 

Sclerotinia sclerotiorum 
hypovirulence associated DNA 

virus 1 
circular 2166 Gemini Reverse 0 2156–2163 | 9–16  TAATATTAT Before Rep Reverse 

Described chimeric viruses 

BSL RDHV circular 4100 Circo Forward 2 1–17 | 29–45 AAGTATTAC Before Rep Same 

Assembled chimeric viruses                   
Seawater virome - 35 Marine 

contig3 - CHIV1 circular 3802 Circo Forward 2 5–17 | 29–41 TAGTATTAC Before Rep Same 
Freshwater virome - Lake Pavin 

contig15342 - CHIV2 circular 5733 Circo Reverse 4 1028–1037 | 1066–1075 CTGTATTAC After Rep Same 
Seawater eukaryote metagenome 

- Euk T142 contig705 – CHIV3 circular 4675 Circo Reverse 4 27–34 | 68–75 TATTATTAC Before Rep Same 
Seawater eukaryote metagenome 
– Euk T149 contig609 – CHIV4 circular 4677 Circo Reverse 4 57–64 | 98–105 TATTATTAC Before Rep Same 
Atmosphere virome - Airborne 

RD1 contig10 – CHIV5 circular 3354 Circo Reverse 1 1149–1158 | 1170–1179 TAGTATTAC 
3' End of 
Rep gene Reverse 

Freshwater virome – Lake Bourget 
contig37546 – CHIV6 circular 3824 Nano Forward 1 13–20 | 32–39 TAGTATTAC Before Rep Same 

Freshwater virome – Lake Bourget 
contig37561 – CHIV7 circular 3106 Nano Forward 0 122–132 | 160–170 TGTTATTCC Before Rep Same 

Freshwater virome – Lake Pavin 
contig10824 – CHIV8 linear 3536 Nano Forward 1 757–768 | 799–810 AACTATTAT Before Rep Reverse 

Freshwater virome – RW Nursery 
DNA contig62 – CHIV9 linear 3139 Nano Forward 0 1575–1586 | 1609–1620 TAATGTTAC After Rep Same 

Atmosphere virome – Airborne IC2 
contig9 – CHIV10 circular 2892 Nano Reverse 0 1514–1526 | 1541–1553 GTTTATTAC After Rep Reverse 

Seawater eukaryote metagenome 
– Euk T149 contig276 – CHIV11 circular 4511 Nano Reverse 3 94–102 | 123–131 TATTATTAC Before Rep Reverse 

Foraminifera Whole Genome 
Sequencing – Astraminna rara 

contig 97 – CHIV12 linear 3915 Nano Reverse 2 1616–1624 | 1637–1645 TAACATTAT After Rep Reverse 

Freshwater virome – Lake Pavin 
contig403 – CHIV13 linear 3581 Gemini Reverse 0 268–280 | 294–306 TAATGTTAT Before Rep Reverse 
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Table S3. Detection of RCR and SH3 motifs in CHIVs RC-Rep gene sequences. 

  RCR Motifs   SF3 Helicase motifs 

  I II III   Walker-A Walker-B Walker-C 

References 

Circoviridae & cycloviruses [VC]FT[LIW]NN [Px]HLQG YC[Sx]K G[Px][Pst][Gc]xGKS [VI][IUML]DDF UTS[Ne] 

Nanovirus [VCx]FT[Li]N[FYN] xHUQG Y[CAs]xK G[Ps]xG[Gn]EGK[TS] [VIW][UAC][Fim]D[IVF] V[FMI][Ac]N 

Geminiviridae FLTY[Ps]x [Px]H[Lx]H[VAC] Y[Uac]xK   Gx[ST]R[Ti]GK[Ts] [VI][IV]DD[VI] UL[Cx]N 

Chimeric viruses               

BSL RDHV CITVNN KHLQV YCTK GATGTGKS IIDDY ITCP 

35 Marine contig3 – CHIV1 CFTLNN RHLQG YCSK GPTGTGKT IIDDY ITAP 

Lake Pavin contig15342 – CHIV2 VLVLNN IHLQG YITK GETGQGKS IIDDY ITTP 

Euk T142 contig705 – CHIV3 CITHNN KHIQA YCIK GETGTGKS IIDDV FTAP 

Euk T149 contig609 – CHIV4 CITHNN KHIQA YCIK GETGTGKS IIDDV FTAP 

Airborne RD1 contig10 – CHIV5 VFTLNN PHIQG YCSK GDTGTGKS VINDF ITSS 

Lake Bourget contig37546 – CHIV6 CFTYYY PHLQS YCKK DPKGGNGKT - VFSN 

Lake Bourget contig37561 – CHIV7 DFRLNQ IHFQG YASK DVKGCQGKQ IFLDL VFTN 

Lake Pavin contig10824 – CHIV8 MFDWRH DHYQG YASK DPVGNNGKT TLIDL VFTN 

RW Nursery DNA contig62 – CHIV9 LLTYKS PHTHA YLSK DSKGNAGKS IIFDI VMSN 

Airborne IC2 contig9 – CHIV10 CCVYDF KHFQG YTMK DEKGNIGKT YLIDM IFTN 

Euk T149 contig276 – CHIV11 SWTWNK LHYQG YCMK EDTGCTGKS YIFDI VFSN 

Astraminna rara contig 97 – CHIV12 CFTFNN PHLQG YCSK DEVGQLGKT - VLSN 

Lake Pavin contig403 – CHIV13 HLTYKT DHTHF YHKK   GSTNTGKT VFDDM FTSN 

 

 


