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'����� ���� ��'��������� �������� ��4� '�����������  ������� ��'�������� �������� �4� ����

'��������� )���� �������� � �� ���� � '������� ���  � '�2�������  ��'� ���� 5F��� ����� �� ����� ����

��� ����� �9������D��� ����� ������� ������������� ����8�D��E� ��� '����� ��� '��� ��6� �����@����
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 �����4� � � ' � '����� ����� �����'�������� �������� �4�  �� �� ����� ��� � ������ ��� ������'�� ������

������ ���� ����������  ���'���� �� ����  ���� �'��� ��@�� � �� ����� ���� ����� ������ D��� ���

'��������� ��� ��� ������ 8��'������  ���'����4�  � ���� ����������������� �� �� �@������������������

����'�� ����� �� 5 ��2�����E�!�� ����������� ������� ����������� D��� ���� ������� ������ � ��� � �

'�������������� ���� 8��'��������� � �'����� ������'���������������� ����������  ���'�������

���� � �5�������� ����������� ��� �6�� 2����������� �������� ' � '��������� � �� ���� ���'������

��8� �� ������� '5����D���E� ���� ������� ������ ��� ��'�������� �������� �4�  �������� �9�������4�

��������T������������� ��� ����� ��'�������������������������D������� ��5F��4�������88����'���

�������������� ��� ����'����� ���� ��'���������  9 ��� ���� ��������� ��������� '����� ����� ���

������������� � �� � � ������ ��� ���� � � �@����� ������������� �6� ����� D��� ���� '��� ��� ����

'5���D����  ������ ����E� $�� ������4� ��� ��'�������� �������� ��  � ��������� � � ' � '���� ��

��� ��������'��� �����8 ����������'��������'5���D������� �������������� ��������� ���6�'����

��� '��� '�������� ����� ��5F��E� �����4� ��� �6����� ��� ��������� ����������� ������ ��� D��� ���

��'�������� �������� �� ���� ���  '������ )���4�� ��� ��'���� ����2������4� D��� ����� T���� '���������

������� ����������������� ���6�'��������'��� ��� ����������������� �6�'5�J���<����E�

������� ���'�� '����6���D��������'������� ���� �� � �6����'����� �5@��4������ ����)�'��8�����

���������� ���� ������������� ������� ������ ��� ��'�������� �������� �� 5�� ��4� ��������� � ��

���6��������� �� ��88�������� '� ����� ��� ����� ���� ������������� �6� ��� ���8������ � �� � �

�� ��8��� ��������� �������E�

: ������@���� ��������� ���'���� �� ��������)�'��8��������� '������'����6����'�����8�D���

��� '��� �� � �6���� �5@���  �� �� ����������� �9��5@����������� �5�D��E������������@���� ����� ���

��'����� � ��� ������ '5 ������� '��� '����  �6� '��� ��� ���� '5���D���� � ��� ����  �������4� �� � �

���'�������������'���������������� ����� �6�� �5��������5�� ����� ���'������������������ ������

���'���������E�: ���'������ ��������'��� ���'�����6����� ����'�������� ������� � �6��88�'�����

 �� '����� ��� '����� �5@��E� :�� �������� ��)�'��8� ��� '�� �� � ��� ��� ��� �� �������� ����� '�� ���

���J�K�L�9�@��4� ��� 59���' ������  ��� ��D��� ���9'9'��D��4� ���� ��� ��'�������� �������� ��

5�� ��� ��� �9��@��� ��� �����E� :�� ��'���� ��)�'��8� ��� '�� �� � ��� ������ � ���� ����� '�� ��� ��6�

�� �����'� ��������'��� ��� ����'5���D���� ������ ��������������'���������������� ��5�� ������

�9��@��� ��� ������ ��� ���� �88���� ��� '����� ����� '����� &��� � ���'������ �������� ���� ��������� ���

��� ����������'������������������6��������� �6������ ���-�������5F��E�:���'��� ��� ������'����

� ��� '�� �� � ��� ����� ��������� ��8�� ���� ����'�� ���� 8 ������� '��� ������ ����������� � ��� ����

 �����������������6����4�������� �� ���������8� �����������4����������'����4�����59���' �������
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:���  �������� ����� ���'������ ����  ������� ��������D���� ��� �������������� &���������4�

���'����4� �������4������ �6������� �����-���'��� ����� ������8��'������������������� �����E�

������ ��4� ����������� ������� ������'���������'������������������������ ��6�D����D����������

 ����� �� ���������  ������ ����� �� '�����������8� ��� ��5F��E�:�<���������  ����� �6����� ���� ����

 ������ ����� �� ��� �������6� '��� ��� ���� '5���D���� ������� ����� &����  )������

������������������-� ����� D��� ���� '�������� ����� ��D���4� ���� ��6����4� ���� ����� ����

������������� �6� &����� ���� ����� ���� ��� ��D���� ������� ���� &�"��--� ��� ���� '��������

���8������� ��� ��� ��8��� ��������� ��������&$/.�4��	
� Z�.�� ��� ���.�� ��4��	
(-E��

�8������� �����������D������'��� ��� ����������� ������ ����4������������ ������ �����

��� ���� &$�#-� ����� �� �������  8��� ��� ��'5��'5��� ��88�������� ����� �'��� ���'��������� ��T����

����������� ������� ��������P������D���'���������QE����������������������� ��������'� ���������

������������'���������� ��@���������������������D����&'����F�������@������� ����-4� �6����� �6�

� ���� �4������������������� ���� �E�$���	
(4��� ��@��������D�T����������� ��. ����� � � ����

'����� ����� ��'������ ��� ���������� ������� �� ����&"1.-4�(7�� 9�� � �������)��'�����������

$�#4����������@����������� 9 ��������� ��������@��
*>
� �6�$� ��2�����&:������ �E4��	
(Z�N<"�

 ���N�%"4��	
(-E�$��/� �'�4����������@���$�#�&$�#
-� ������� �������������			�����		,�

����������������6�@���&$�#�-��������		>�����	
	E�! ���'����������@��������4����������				�

���������  ������ ����� ���� ����  � �9���� ��������� ��� �
�� �9���� �� �������� ����� ���D����� ,,(�

����� �'���'5���D��������������'5��'5���� &��.$.4��	

 4��	

�-E����� ���� �� � �6���������

�� ������� ������������� � �'���������������� �� ������������'����4�������'M ����������� �� ���

������������� ������ ����� ������������ � ��� ���6��������� �6�'��� ��� ����'5���D���� &��� ���

����?���J4��	
�-E�

:��� �"��� ��� ���� '�������� ���8������ � �� � � �� ��8��� ����� ����  �������� �����

8��D�������� ��'5��'5������ ����������� ��� ����������� ������ ����E�!��� ��@�������� ��4�'���

�������'������������������8 ���D���� ��� ���4�����������4�����������D�������'���� '��� �����D���

���� ��������� �������� �� ��� �6� ����� ���� '������������� � )����� ��� ���6��������� &��.$.4�

�	

 4��	

�Z�!������4��	
�Z�/����9� ���  �E4� �	
�-E�:������6����4� �������9'5�������5��9����

&��3�-4� ���� ��� �� ������ ��� 8� ����� ������� &%/3�-4� ���� �����'����� ��� ���� 59���' �������

 ��� ��D���� ���9'9'��D���� &<���-� ����� ���� '�������� ����'�� ������� ������ ��� �� '�������

5�� ���E� 0��� �� ''�������� � ��� ���� ������� ��� ����  �� '����� ��� � � �����'����� ����� ��� ���

 ��� ��4���� ��� ����������4� �� �����4� �� ��8������ ��� ������������� ������ ����E����� �������'���



�

(������	*	��� � '�������D������������'�� �6�'��� ��� ����'5���D��������������� ����� ������ ����E��

Famille Nom Structure Formule Groupe 
IARC 

Dioxines 2,3,7,8-tétrachlorodibenzo-
para-dioxine (TCDD) 

 
C12H4Cl4O2 1 

PCBs-DL* 

2,3,3’,4,4’-
pentachlorobiphényle 

(PCB105) 
2,3,3’,4,4’,5-

hexachlorobiphényle 
(PCB156) 

 

C12H10-(n+m)Cl(n+m) 

 
1<n+m<10 

 

 

2A 

PCBs-NDL* 

2,2’,6-tetrachlorobiphényle 
(PCB19) 

3,3’,5-tetrachlorobiphényle 
(PCB36)  

RFBs hexabromocyclododécane 
(HBCD) 

 

C12H18Br6 - 

Pesticides 
pyréthrinoïdes deltamethrine 

 

C22H19Br2NO3 3 

HAPs benzo[a]pyrène (B[a]P) 

 

C20H12 1 

AHs 
2-amino-1-méthyl-6-
phénylimidazo (4,5-b) 

pyridine (PhIP) 
 

C13H12N4 2B 

 

: �'� ���8�' �����0�%��'� ���� ����'�����������D� ������������ ��' �'����@�������� ��<�����&�������


-4����� ��������' �'����@����������<�����&���������-4�����������������' �'����@����������<�����

&������� �3-4� ���� '� ���8� ���� '��'��� ��� ���� ���������� ' �'����@��� ����� ��<����� &������� 7-4�

���� �������� ���� ' �'����@��� ����� ��<����� &������� ,-E� ]� :��� D� ���� ��3�� ���������� ����� ����

�6���������������� ��8��������3�2!:������3�2�!:E��

� �
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'�������� �������� �� ������4� � ��� ���� �������� ������4� T���� �������� � �� ���� ���'������

� ���������������� ����� � �������'����@������� �� ��@������ ��D��4������D�������8��6����8��T���

���������' �����E�$�8��4����� ������5�����'9'��D����&�<�-��������<���������������8������ ��

'������������'���������� ��8��� ��������� �������4������D���� �'�������������8�� ��E��

�

� ����'�� ����8 ����������' � '�������D��������� ����

+,+,+,� �������"�����

:������6��������������'����������� ��D����'5����������2���������������� ������ ������

�� ��� ������� ��� ���'������ �5����D���� �����D� ��� ��� '5����4� ��� ' ������ ��� ��� ���69�@���

&#�������� ���  �E4� �	

-E� ! ��� ����  ������ >	4� ����� ��������� �� ��� ����'�� ������� �����  �6�

 '���������������������������D� ���� ��9��5@��������������'5������&�����'����4���3�����'5��������

������9���9���&�=��--�&$/.�4��	
(-E�!������� �8������� ������+	4�� ������'�����������6�����

������ ��� ��� '���  '�������� ��������������  � 8��������� ���� �������� � �� ���������'����� ��� '��� ����

���������  ����� D��� � �� � � ����8�' ����� ��� '��� ���� ���'����� ��'5������D���E� � ���� ����

����������  ''����������� ��� ���6����4� ���� ������� ��� �����'����� ��� �������� '5������ �''�� �����

������ '������������� ���E�:��6�������������'��������������� �����������0�1$.����.������

���
*�>�������������'�����&N<"4�
**+-E�!������)����4���������'�� ��������'�����������������

���6����� ���������� ����  '�������� ����'���� ����� ���� ��'5���� ��� ����� ��� 5����� �����4� ��� � �

��� �������� ����������'�������� 8 ���' �������� � ��^������ ����� &3��M������� �E4��		
Z�$/.�4�

�	
��Z�#����������� �E4��	

-�

:��� ���6����� ����������� �(� ���9'5������� �����J�2�2���6����� &��!!�-� ��� 
7(�

'�����@�������9'5�����������J�8�� ����&��!/�-� �� ���������������� ������'���������'5���D��E�

������ ��4� 
�� �������� ��6� ����� '���������� '�����  9 ��� ��� ����������� �88���� ��8 ����� �����

��<����� ��� ����  ��� �64� � � �474�4+2���� '5���������J�2� � 2���6���� &#�!!-� �� ��� � � �����

��6�D���&(������	*-E�!��'��8 ��4�� ���6�'�����������6����������6����������8 '������H�D��� �����

��6�D���� ��� ��������� ���6�'�������� �#�!!E�����
�����6�����'���������� ����������D� ����

 ���������'5����� �6������������4�74������+��������'9'������J@��E�:�����������6������'������

 ����� '��� ���� ��3�� ��� �9��� P����6���2��M��Q� &��3�2!:-4� ������ ��� ����������� ��6�D����

����� �����&$/.�4��	
(-E��

��������*	_�����H�6�������������H<����� �6����6������������������H ������ ����E�:���

 �������� ���������'��� �������� ��� � ��� ���4� ������������� � ������4� �������������� ����'���� '���
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&.'5A �J� ���  �E4� �	
,Z� �.2$���  ��� 0%0.4� �	
�Z� N<"4� 
**+-E� $�� �		
4� ��� '������ ��6���

��� ��� ����� ���� � ������ ������ ����� �H ������ ����� ��� �H ���'������� &"����-V�"1.�  � �� ����

������������������������ ���������������&!1#�-�����	������6�'��D��� ���'9�&#$B-VM�E������

'��������&�'-V�������������������)���� ��@�������� ����&!;#-�����47����#$BVM�E�'V)����&/�"�

 ���N<"4� �		�-E� : �!;#� ���� � � ����� D�H��� ��������� ����� �������� D��������������� �����  ��

����� ��� � � ���� � ��� D��� '�� � �H��������� �H�88��� ��8 ���� ���� � � � ���E� :��� �� ����� ���

���6��������� ������ ������9����� �6����6��������� ������ �����8� �S ������������������
4+����

#$BVM�E�'V)� '5�J� ����  ������� ��� �� �4+� ��� #$BVM�E�'V)� '5�J� ���� ��8 ���E� : �!;#� ��� �47� ���

#$BVM�E�'V)4������9���������� ���������@��4���� ������ �����������	����+_����� ������ �����

&�/..�4��		(-E�

�����������������������������D�������������� �������'5�J���<����� ��@�������� �� ���
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Prénatal� Naissance� 1 mois� 6 mois� 2 ans�

Génétique de 
l’hôte ?�

Mode de 
délivrance�
Voie basse�
Lactobacillus�
Prevotella�
Sneathia�
Césarienne�
Staphylococcus�
Corynebacterium�
Propionibacterium�

Alimentation�
Lait maternel�
Bifidobacterium�
Lait artificiel�
Enterobacteriaceae�

Traitement�
Probiotiques�
Bifidobacterium�
Lactobacillus�

Traitement�
Antibiotiques�
Diversité�

Environnement�
Nourriture solide�

Bactéries anaérobies 
facultatives�
Entérobactéries�

Bactéries anaérobies strictes�
Bifidobacterium�
Bacteroides�
Clostridium�

Diversité�

Bacteroidetes�
Firmicutes�

Microbiote 
mature�

Facteurs influençant 
la colonisation�
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Vascularisation intestinale�
Glycosylation du facteur tissulaire�
    Clivage de la thrombine�
        Activation PAR1�
            Phosphorylation du facteur tissulaire�
                Expression épithéliale d’ANG1�
                    Stimulation de la vascularisation�

Homéostasie osseuse�
Cellules Th17�
TNF colique et osseux�
Ostéoclastogenèse�
Masse osseuse�

Métabolisme�
Dépenses énergétiques�
Bioaccessibilité des nutriments�
AGCC�
Adiposité�

Comportement�
Connectivité synaptique�
Anxiété�
Perception de la douleur�

Physiologie intestinale�
Maturation des GALT�
Régénération des tissus�
Motilité intestinale�
Perméabilité�
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Benzo[a]pyrene (B[a]P) is a ubiquitous, persistent, and carcinogenic pollutant that

belongs to the large family of polycyclic aromatic hydrocarbons. Population exposure

primarily occurs via contaminated food products, which introduces the pollutant to

the digestive tract. Although the metabolism of B[a]P by host cells is well known,

its impacts on the human gut microbiota, which plays a key role in health and

disease, remain unexplored. We performed an in vitro assay using 16S barcoding,

metatranscriptomics and volatile metabolomics to study the impact of B[a]P on two

distinct human fecal microbiota. B[a]P exposure did not induce a significant change

in the microbial structure; however, it altered the microbial volatolome in a dose-

dependent manner. The transcript levels related to several metabolic pathways, such

as vitamin and cofactor metabolism, cell wall compound metabolism, DNA repair and

replication systems, and aromatic compound metabolism, were upregulated, whereas

the transcript levels related to the glycolysis-gluconeogenesis pathway and bacterial

chemotaxis toward simple carbohydrates were downregulated. These primary findings

show that food pollutants, such as B[a]P, alter human gut microbiota activity. The

observed shift in the volatolome demonstrates that B[a]P induces a specific deviation in

the microbial metabolism.

Keywords: human gut microbiota, polycyclic aromatic hydrocarbons, 16S amplicon sequencing, volatolomics,

metatranscriptomics

INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are of great concern as environmental and foodborne
pollutants. These persistent organic pollutants are known to remain in environmental
compartments (air, water, soil, and food) and bioaccumulate in organisms (Douben, 2003).
Benzo[a]pyrene (B[a]P) is the most well-characterized and toxic member of the PAH compound
family. Because of its mutagenic and carcinogenic effects in animal models (Baird et al., 2005;

Abbreviations: AhR, aryl hydrocarbon receptor; B[a]P, benzo[a]pyrene; ECSIM, environmental control system for intestinal
microbiota; FM, fecal microbiota; GIT, gastrointestinal tract; IARC, International Agency for Research on Cancer; IBD,
inflammatory bowel disease; PAH, polycyclic aromatic hydrocarbon; PCoA, principal coordinate analysis; TCDF, 2,3,7,8-
tetrachloro dibenzofuran; VOC, volatile organic compound.

Frontiers in Microbiology | www.frontiersin.org 1 August 2017 | Volume 8 | Article 1562





Defois et al. B[a]P Impacts Gut Microbiota Functions

Huderson et al., 2013) and the genotoxic effects observed in
humans exposed to B[a]P-containing mixtures (White et al.,
2016), B[a]P has been categorized as a human group 1
carcinogen by the IARC (IARC, 2012). Human exposure to
PAHs mainly occurs via oral uptake from naturally contaminated
food products (Martorell et al., 2012; Veyrand et al., 2013)
and the consumption of charcoal-grilled, roasted or smoked
food (Lee et al., 2016). However, a recent Chinese cohort study
determined that the contribution of high-PAH containing
foods, such as barbecued, smoked or deep-fried meats, was
approximately 13% of the overall daily dietary intake because
of the low associated consumption rates (Duan et al., 2016).
Exposure to PAHs occurs to a lesser extent via the inhalation of
polluted air particles from cigarette smoke, engine exhaust and
domestic heating. Animal model experiments along with in vitro
cellular studies and clinical studies have shown that the toxicity
of B[a]P and B[a]P-containing mixtures targets different organs
in the body and has the potential to develop adenomas. The
location of tumors appears to be related to the route of exposure.
Inhalation of B[a]P preferentially induces lung cancer (Mumford
et al., 1993; Denissenko et al., 1996; Ueng et al., 2010), and oral
administration preferentially induces tumors and cancers in the
GIT (Sinha et al., 2005; Huderson et al., 2013; Labib et al., 2013),
liver (Kroese et al., 2001; Ba et al., 2015) and breast (Guo et al.,
2015; White et al., 2016). However, because of the difficulty of
assigning a particular toxic effect to a particular route of exposure,
most clinical studies are focused on environmental B[a]P
exposure, including air and oral intake (Su et al., 2014; Tian et al.,
2016). Furthermore, the inhalation of polluted air particles also
leads to B[a]P transport to the GIT via the mucociliary clearance
mechanism (Möller et al., 2004; Mutlu et al., 2011). Once in
the GIT, B[a]P enters the entero-hepatic circulatory system and
is metabolized by cytochrome P450-dependent monooxygenases
present in intestinal enterocytes and liver hepatocytes, thus
leading to the formation of diol-epoxide compounds. These toxic
molecules subsequently form B[a]P-DNA adducts (DNA binding
products) that have been previously characterized as necessary for
B[a]P-initiated carcinogenesis (van Herwaarden et al., 2009).

Although the human enzyme metabolism of B[a]P and its
impacts on human health have been well described, studies
have not been performed to determine the possible impact
of B[a]P on microorganisms living in the human GIT. This
microbial community, known as the human gut microbiota, is
considered a near-organ and plays major roles in human health.
Several pathologies are associated with characteristic shifts in the
structure of the gutmicrobiota (also called dysbiosis), such as IBD
(Kostic et al., 2014) and extra-digestive disorders, which include
metabolic syndromes (e.g., obesity, diabetes, etc.), autoimmune
disorders and neurological disturbances (Vijay-Kumar et al.,
2010; Chen et al., 2014; Mu et al., 2016; Teng et al., 2016;
Vatanen et al., 2016). Gut microbiota dysbiosis can also lead
to the emergence of intestinal pathogens naturally present in
the GIT such as Clostridium difficile (Antharam et al., 2013).
Exposure of the murine gut microbiota to xenobiotics leads to
perturbations in microbial structures and functions (Zhang L.
et al., 2015). Zhang L. et al. (2015) showed that dietary TCDF
altered mice gut microbiota by reducing the ratio of Firmicutes

to Bacteroidetes. Furthermore, AhR signaling activation induces
dietary TCDF to alter many host metabolic pathways involved in
hepatic lipogenesis, gluconeogenesis and glycogenolysis, bacterial
fermentation, and amino acid and nucleic acidmetabolism. Allais
et al. (2015) exposed mice to cigarette smoke for 24 weeks
and observed alterations in the bacterial community structure.
Furthermore, the level of 16S rRNA expression (and therefore the
activity) of Lachnospiraceae sp. strongly increased in the colon.
Besides metagenomics and metatranscriptomics, volatolomics
has proven to be a promising omic approach to diagnose
metabolism changes in response to physiological stresses induced
by pathology (Hakim et al., 2012) or xenobiotic exposure
(Berge et al., 2011). Regarding gastrointestinal or inflammatory
disorders, Ahmed et al. (2013, 2016) reported that changes in
fecal VOC pattern may result from changes in the microbiota
and/or pathologies in the GIT.

Although studies have not focused on the impact of B[a]P
on the human gut microbiota, B[a]P metabolization has been
demonstrated by this microbial consortium. van de Wiele et al.
(2005) showed, in vitro, that the human gut microbiota can
biotransform B[a]P into estrogenic metabolites, and they also
identified 7-hydroxybenzo[a]pyrene as a B[a]P derivative.

To highlight the underlying mechanisms and associated
consequences of the interaction between B[a]P and gut
microbiota, we performed 16S barcoding, metatranscriptomic
and volatolomic analysis to determine the impact of B[a]P on two
distinct human fecal microbiota.

MATERIALS AND METHODS

Experimental Design
B[a]P (≥96% HPLC, Sigma–Aldrich, Saint-Quentin Fallavier,
France) was incubated in batches with three replicates along
with two different FM suspensions sampled from the continuous
fermentor ECSIM (Feria-Gervasio et al., 2014). The FM
suspensions contained in vitro cultured FM, which were
collected from two human volunteer donors: fecal microbiota-1
(FM-1) and fecal microbiota-2 (FM-2) (This study was a
non-interventional study with no additions to usual clinical
care. According to the French Health Public Law (CSP Art L
1121-1.1), such a protocol does not require approval of an ethics
committee). B[a]P is a highly hydrophobic organic compound;
thus, to avoid solubility issues in next incubation step, B[a]P was
dissolved in sunflower seed oil (Sigma–Aldrich, Saint-Quentin
Fallavier, France) as described in a wide range of animal studies
(Verhofstad et al., 2010; Hodek et al., 2013). The B[a]P and all
contaminated effluents and materials were handled in an advised
and safe manner with all necessary precautions.

Both FM-1 and FM-2 were incubated (i) with B[a]P (dissolved
in sunflower seed oil) at three serial concentrations of 0.005, 0.05,
and 0.5 mg/mL, (ii) with sunflower seed oil (vehicle) and (iii)
without B[a]P or sunflower seed oil (control). The incubation
step was performed in amber flasks (to avoid photocatalytic
effects) under shaking at 37◦C for 24 h. As the incubation step
is processed in a batch fermentor, the incubation time cannot go
beyond 24 h because of medium nutrient depletion, acidification
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and cell accumulation. The incubation volume (30 mL) was
composed of one-fourth FM (sampled from the continuous
fermentor) and three-fourths colon medium (see Supplementary
Table S1).

At the beginning (T0) and the end (T24) of the incubation
step, samples dedicated to DNA extraction were stored at −20◦C
and those for RNA extraction were immediately centrifuged at
900 × g for 8 min. The pellets were then resuspended in five
volumes of RNAlater R© (Fisher Scientific, Illkirch, France) and
maintained at −80◦C until extraction. The remaining incubation
medium was maintained at −80◦C for the VOCs analysis.

Nucleic Acid Extraction
Genomic DNA (gDNA) extractions were performed using a
QIAamp DNA Stool Mini Kit (Qiagen, Courtaboeuf, France)
with the following modifications: the samples were centrifuged
for 7 min at 900 × g and 4◦C and pellets were resuspended
with ASL buffer according to the manufacturer’s instructions.
The final elution volume was 120 μL instead of 200 μL.
The quantity and quality of the gDNA were assessed using a
NanoDrop 2000 spectrophotometer (Thermo Scientific) and by
gDNA electrophoresis on a 0.8% agarose gel.

Total RNA extractions were performed using the RNeasy
Plus Mini Kit (Qiagen) with the following modifications: the
samples were centrifuged for 8 min at 6000 × g to promote flow
through the RNAlater R© before initiating the cell lysis step. The
remaining DNA was removed using a TURBO DNA-freeTM kit
(Fisher Scientific). The quantity and quality of the treated RNA
were assessed using a NanoDrop 2000 spectrophotometer and
an Agilent 2100 Bioanalyzer (Agilent Technologies, Courtaboeuf,
France). Finally, the treated RNAwas either stored at−80◦Cuntil
the RNA-Seq analysis or underwent reverse transcription using a
SuperScript R© III First-Strand Synthesis System (Fisher Scientific)
to generate 16S rRNA-based amplicons for the barcoding
analysis.

16S rDNA/rRNA Amplicon Sequencing

and Analysis
Library construction and paired-end sequencing (2 × 300 bp)
were conducted at UMR1289 TANDEM (Toulouse, France)
on an Illumina MiSeq platform. The V3–V4 region of the
16S rRNA genes was amplified using the “universal” bacterial
primers 343F (ACGGRAGGCAGCAG) (Liu et al., 2007) and
784R (TACCAGGGTATCTAATCCT) (Andersson et al., 2008),
and the library construction was assessed using the TruSeq
DNA library preparation protocol (Illumina). 16S rDNA/rRNA
amplicon sequencing was performed on both gDNA (referred
to as 16S rDNA amplicon sequencing) and reverse-transcribed
RNA (referred to as 16S rRNA amplicon sequencing). gDNA was
used to investigate the presence of bacteria that are dead or alive
within the sample, and cDNA from rRNA was used to investigate
bacteria that are alive and active within the sample.

Paired-end reads were joined with fastq-join from the ea-utils
software package (Aronesty, 2013), and the resulting sequences
were analyzed using the software package Quantitative Insights
Into Microbial Ecology (QIIME v. 1.8.0) (Caporaso et al., 2010).

After de-multiplexing, the sequences were assessed for quality
with PRINSEQ (Schmieder and Edwards, 2011), and chimeras
were removed using USEARCH 6.1 (Edgar, 2010). Operational
taxonomic units (OTUs) were generated with a 97% similarity
threshold and taxonomically assigned using the Greengenes
database (DeSantis et al., 2006) with UCLUST (Edgar, 2010).

The samples were randomly normalized to the same
sequencing depth (16,595 and 10,716 sequences for the FM-1
samples (for the rDNA and rRNA amplicons, respectively),
30,495 and 24,538 sequences for the FM-2 samples (for the
rDNA and rRNA amplicons, respectively). The alpha- (Chao1,
Shannon index) and beta-diversity (PCoA on a weighted
Unifrac distance matrix) analyses were performed using QIIME.
Statistical analyses of the microbial relative abundances were
conducted using theMann-WhitneyU-test with GraphPad Prism
5 software (San Diego, CA, United States), and the statistical
significance was set at p < 0.05.

Microbial Volatolome Analysis
The volatile compounds in the samples were analyzed via
solid-phase microextraction (SPME) coupled with gas
chromatography-mass spectrometry (GC-MS) as previously
described (Bouhlel et al., 2017). Briefly, an automated sampler
(MPS2, Gerstel) was used to conduct the following successive
steps: (i) the sample was preheated in the agitator (500 rpm) for
10 min at 40◦C, (ii) the volatile compounds were trapped by
SPME (75 μm carboxen-polydimethylsiloxane, 23 gauge needle,
Supelco) for 30 min at 40◦C, and (iii) thermal desorption was
performed at 280◦C for 2 min in splitless mode in the GC inlet.
A volatile compounds analysis was performed by GC-full scan
MS (GC6890, MS5973N, Agilent). The volatile compounds were
separated on a RTX-5MS column (60 m × 0.32 mm × 1 μm,
Restek) according to previously established settings (Bouhlel
et al., 2017). The volatiles were tentatively identified according to
a comparison between their mass spectra and the NIST 14 mass
spectral library and between published retention indices (RI)
values and the RI values of an internal databank. The peak area
of the tentatively identified compounds was determined for each
of the targeted molecules using a mass fragment selected for its
specificity and freedom from co-elution.

The data were processed using the Statistica Software (v.10)
(StatSoft, Maisons-Alfort, France) and the R software (v.2.1.4).
ANOVAs (p< 0.05) with a Dunnett’s post hoc test were conducted
on the data and principal component analyses (PCA) were
performed on the discriminant volatile compounds selected to
visualize the structure of the data.

RNA Sequencing (RNA-Seq) and Analysis
Pooled total RNA (from the three biological replicates) was
depleted in the 16S and 23S rRNA using a solution hybridization
method (adapted from Ribo-ZeroTM rRNA Removal kit). Library
construction (following the TruSeq Stranded mRNA Sample
Preparation, Illumina) and paired-end sequencing (MiSeq,
2 × 300 bp) were performed at Fasteris (Plan-les-Ouates,
Switzerland).

The paired-end sequences were assessed for quality with
PRINSEQ (Schmieder and Edwards, 2011) and joined with
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fastq-join from the ea-utils software package (Aronesty, 2013),
and the rRNA sequences were removed from the data set
using SortMeRNA (v. 2.0) software (Kopylova et al., 2012).
The rRNA depleted-data set was then submitted to a BLASTX
analysis with Diamond (Buchfink et al., 2014) against the NCBI
non-redundant protein database (nr). Hits with an e-value
smaller than 1 × 10−3 were investigated with the MEGAN
software (v5), (Huson et al., 2007) to perform functional
assignation using the KEGG classification. TheMEGAN software
supports, since version4 (Huson et al., 2011) metagenomic and
metatranscriptomic data sets and has been used in studies of
microbial ecology (Yu and Zhang, 2012). Finally, the reads
per kilobase per million mapped reads (RPKM) abundances of
the KEGG functional pathways were obtained using the HMP
Unified Metabolic Analysis Network2 (HUMAnN2) software
(v0.5) (Abubucker et al., 2012).

RESULTS

No Significant Changes in the Structure

of Human Fecal Microbiota Following

B[a]P Exposure
Two human FM were exposed to three B[a]P concentrations
(0.005, 0.05, and 0.5 mg/mL) for 24 h, and their structures
were assessed via 16S rDNA/rRNA-based amplicon sequencing.
Treatments without B[a]P but with sunflower seed oil (vehicle)
or without oil (control) were also conducted to differentiate
the impact of B[a]P on the microbial communities. At T24
for each condition (the three B[a]P concentrations, vehicle and
control), the results are provided as the mean relative abundances
of the three technical replicates. Because all of the conditions
started from the same FM suspension, the results at T0 are
considered the mean relative abundances of the fifteen technical
replicates.

At T0, the number of mean observed OTUs for FM-1 and
FM-2 was 250 and 292 for 16S rDNA analysis, respectively,
and 151 and 324 for the 16S rRNA analysis, respectively (see
Supplementary Table S2). The initial microbial structure (based
on the 16S rDNA amplicons) (Figure 1) showed that the
FM-1 and FM-2 compositions were clearly distinct. Although
Bacteroidetes and Firmicutes were the two most represented
phyla found in both structures (82.6 and 12.2% for FM-1
and 69 and 27.1% for FM-2, respectively) (Figures 1A,B),
the dominant family compositions differed (Figures 1C,D).
Indeed, the Bacteroidaceae and Prevotellaceae families strongly
dominated the FM-1 structure and showed 50.7 and 26%
relative abundances, respectively, whereas Bacteroidaceae
(48.1%), Rikenellaceae (12.2%), Porphyromonadaceae
(8.8%), Lachnospiraceae (8.4%), Tissierellaceae (7.9%), and
Ruminococcaceae (7%) were the most represented families in
the FM-2 structure. The most represented OTUs were assigned
to Bacteroides uniformis (34.1% of sequences) and Bacteroides
sp. (33.8% of sequences) for FM-1 and FM-2, respectively.
The 16S rRNA-based amplicon analysis (see Supplementary
Figure S1) presented differences in the composition of the active

microbiota, even at the phylum level (see Supplementary Figures
S1A,B). Although the phylum Bacteroidetes is represented in
both structures with the same relative abundance (60–65%),
the microbial activity in FM-1 and FM-2 was dominated by the
phyla Fusobacteria (28%) and Firmicutes (26.9%), respectively.
The differences increased at the family level (see Supplementary
Figures S1C,D), with three dominant active families for
FM-1 [Prevotellaceae (29.8%), Fusobacteriaceae (28%), and
Bacteroidaceae (25.5%)] and four for FM-2 [Bacteroidaceae
(31.5%), Ruminococcaceae (21.8%), Rikenellaceae (17.8%),
and Porphyromonadaceae (15.4%)]. The most represented
OTUs were assigned to Prevotella copri (28% of sequences)
and Bacteroides sp. (20.4% of sequences) for FM-1 and FM-2,
respectively.

At T24 and depending on the experimental conditions, the
number of observed OTUs for FM-1 ranged from 341 to 373
for the 16S rDNA analysis and from 147 to 190 for the 16S
rRNA analysis. For FM-2, the number of observed OTUs ranged
from 242 to 309 for the 16S rDNA analysis and from 264 to 310
for the 16S rRNA analysis (see Supplementary Table S2). In the
batch cultures, dead cells were not removed from the medium;
therefore, after 24 h of fermentation, the DNA extracted from
the medium could not be used to determine the structure of the
microbial community, and only the 16S rRNA sequences were
used to analyze and compare the FM structures.

For both FM, significant differences were not observed in the
alpha-diversity among the vehicle, control and B[a]P exposed
samples. The diversity (Shannon’s index) and richness (chao1,
observed_otus) values were equivalent for each condition tested
(see Supplementary Table S2). A PCoA shows that sunflower
seed oil exposure induced a change in the fecal bacterial pattern
compared to the control samples (without B[a]P nor oil) (see
Supplementary Figure S2). This result confirms the need to
include a vehicle control in such an experimental design as
observed in other studies (Maurice et al., 2013; Zhang L. et al.,
2015). Thus, to remove the sunflower oil effects, the B[a]P
conditions were further directly compared with vehicle samples.
After 24 h of incubation, significant changes were not observed
in the structure of the active FM after B[a]P exposure (see
Supplementary Figure S3). However, relative abundance trends
occurred at the family level (Figure 2), as the increase in the
abundance of the Alcaligenaceae family for both microbiota
primarily at the lowest dose of B[a]P (0.005 mg/mL). The mean
relative abundance increased from 11.4 to 13.4% and from 5.4%
to 12.2% for FM-1 and FM-2, respectively. The Ruminococcaceae
and Tissierellaceae families also increased from 1.0 to 1.8% for
FM-1 (at 0.005 mg/mL) and from 3.3 to 5.1% (at 0.5 mg/mL)
for FM-2. Finally, the Lachnospiraceae (from 5.9 to 3.4% at
0.005 mg/mL) and the Rikenellaceae (5.2 to 4.4% at 0.5 mg/mL)
families decreased for FM-1 and FM-2, respectively.

B[a]P Exposure Alters the Microbial

Volatolome
Although B[a]P did not significantly perturb the FM structures,
the microbial activity could be altered. Microbial VOCs are
the result of microbial biological activity. The volatolome may
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FIGURE 1 | Initial fecal microbiota structures. Relative abundances (%) at the phylum (A,B) and family (C,D) levels of both FM-1 (A–C) and FM-2 (B–D) at T0.

Analysis based on 16S rDNA amplicon sequencing.

thus reflect deviations in microbial metabolism in response to a
stimulus. In this work, a non-targeted analysis of the microbial
volatolome was conducted to detect potential volatile biomarkers
as a response to B[a]P exposure.

To characterize the effect of B[a]P on the microbial
volatolome, more than 200 VOCs were determined by
SPME-GC-MS after the incubation step (T24). PCAs were
performed on the discriminant VOCs selected by ANOVA with
Dunnett’s post hoc test. To account for the sunflower seed oil
effect, the B[a]P results were compared with the vehicle sample
results. For each microbiota (FM-1 and FM-2), vehicle samples
were clearly differentiated from the three B[a]P conditions, and
each B[a]P condition was distinct from the others (Figure 3).
Furthermore, B[a]P exposure appears to change the microbial
volatolome in a dose-dependent manner because a linear trend
was observed between the three dose groups.

To determine the combined FM responses under B[a]P
exposure, an ANOVA with Dunnett’s post hoc test was performed
on the combined data set of the two microbiota. The Table 1
lists the seven VOCs which are detected in the microbiota

volatolome as significantly altered by the exposure to B[a]P,
among which six out of them have been tentatively identified.
These shared markers highlight similar functional responses
for the two microbiota in terms of volatolome, even if the
two microbiota structures were clearly different as shown in
Figure 1.

B[a]P Exposure Alters the Microbial

Metatranscriptome
The volatolome analysis showed that the microbial activity
changed after 24 h of B[a]P exposure. Thus, we investigated
the microbial gene response. The FM metatranscriptome
analysis was performed on the samples exposed to the highest
concentration of B[a]P (0.5 mg/mL) at T24 to identify how
B[a]P exposure affected the transcript levels. A functional
assignation of metabolic pathways was performed using the
KEGG classification, and the results are given as RPKM
abundances. To avoid sunflower seed oil effect, the B[a]P samples
were directly compared with the vehicle samples. More than 200
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FIGURE 2 | Variations in the microbiota composition following B[a]P exposure. Relative abundances (%) of the active bacterial families modulated by 24 h of B[a]P

exposure at 0.005, 0.05, or 0.5 mg/mL in FM-1 (A) and FM-2 (B). Values are shown as the mean ± SEM. A Mann–Whitney U-test showed no significant differences.

FIGURE 3 | Microbial volatolome patterns following B[a]P exposure. Principal component analysis (PCA) of the six potential markers (volatile organic compounds) of

B[a]P exposure for FM-1 (A) and the 16 potential markers of B[a]P exposure for FM-2 selected by ANOVA (p < 0.05) (B). Triplicates for each condition are shown.

metabolic KEGG pathways derived from the KEGG Orthology
(KO) database were mapped to the samples (206 and 200 for
FM-1 and 240 and 235 for FM-2 for the B[a]P and vehicle
samples, respectively).

Upregulated and downregulated pathways are represented
in Figure 4 as the log of the B[a]P and vehicle RPKM
abundance ratios. Four metabolic groups (including several
KEGG metabolic pathways) that were over-expressed in both
metatranscriptomes emerged from the analysis. These pathways
included vitamin and cofactor metabolism, cell wall compound
metabolism, DNA repair and replication systems, and aromatic
compound metabolism. Few pathways involved in carbohydrate
metabolism were downregulated by B[a]P exposure for both FM.
Glycolysis/gluconeogenesis and the pentose phosphate pathway
were repressed in the FM-1metatranscriptome, whereas bacterial

chemotaxis toward simple carbohydrate (glucose and galactose)
was repressed in the FM-2 metatranscriptome.

DISCUSSION

B[a]P is a ubiquitous environmental pollutant that
bioaccumulates in organisms and is formed de novo by
certain food processing methods, such as smoking and high
cooking temperatures. Although digestive and extra digestive
pathologies have been linked to compositional or functional
alterations of the gut microbiota, B[a]P-induced perturbations of
the human gut microbiota have not been previously studied.

The B[a]P dosages chosen for this work were informed by
two previous studies carried out on the interaction between the
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B[a]P and the gut microbiota allowing us to make comparisons
and discussions (van de Wiele et al., 2005; Ribière et al., 2016).
These doses are higher than the typical daily consumption
of B[a]P; however, B[a]P exposure is chronic throughout a
person’s life. The experiment included two clearly distinct
FM structures which might reflects the large individual gut
microbiota variations found in the human population. Thus
similar responses of the two FM toward the B[a]P exposure could
not be attributed to a restricted microbial composition.

Surprisingly, B[a]P did not induce a significant change
in the microbial structure, although slight modifications
were observed at the family level, such as increases in the
Sutterellaceae (formerly Alcaligenaceae), Tissierellaceae and
Ruminococcaceae families and reductions in the Rikenellaceae
and Lachnospiraceae families. Our laboratory previously
investigated the impact of 28 days of oral B[a]P exposure on
the fecal and intestinal mucosa-associated bacteria in mice
(Ribière et al., 2016). Similar to the results of the present
work, we showed that B[a]P did not have a significant impact
on the bacterial richness (Shannon index) and diversity
(chao1 index, observed_otus) during the course of exposure.
However, we showed that B[a]P induced significant shifts
in the composition and relative abundance of the stool and
mucosa associated bacterial communities. These results differed
from those presented here because significant variations in
the bacterial structure were not observed, which might have
been caused by various aspects of the experimental design.
Murine models are widely used in gut microbiota studies;
however, discrepancies between human and mice gut bacterial
composition have been reported. Although Bacteroidetes and
Firmicutes are the two major phyla dominating the human and
mouse gut microbiota (Eckburg et al., 2005; Ley et al., 2005),
85% of the bacterial genera found in mouse gut microbiota
are not present in humans (Ley et al., 2005). Finally, several
environmental factors may shape the mice gut microbiota,
specifically cage effects (including coprophagy), dietary factors
(standardized chow diet composed mainly of plant materials),
and genetic background (including inbreeding to preserve
genetic homogeneity).

Similarly to our present work, Maurice et al. (2013) showed
that a short period of exposure (4 h) with six host-targeting

drugs did not alter the microbial active community structure of
the human gut microbiota. A prior work from Sawulski et al.
(2014) demonstrated that in the soil environment, alterations
in the bacterial community structure may be correlated to the
pattern of degradation of a given PAH. B[a]P was degraded
much more slowly than less complex PAHs and to a lower
extent, which was reflected in slow changes of the bacterial
community structure (no significant variations were observed
after 2 days of exposure). Changes of the gut microbiota structure
after xenobiotic exposure has previously been reported, and
most studies in which xenobiotic exposure (antibiotics excluded)
altered the mice microbial structure lasted at least several days
and often weeks (Breton et al., 2013; Chassaing et al., 2015; Zhang
Y. et al., 2015; Ribière et al., 2016). Thus, to test such a chronic
exposure, a 28-days experiment in continuous fermentor will be
carried out in the laboratory.

Although the two FM structures appeared to remain stable
after a short exposure time, the bacterial activity may have
adapted to the presence of the toxic compound. The volatolome
profiling has been rapidly emerging in disease diagnosis
(Arasaradnam et al., 2014), and changes in VOC patterns have
been reported in many physiological and pathological states,
including gut dysbiosis in gastrointestinal diseases. Seven VOCs
were found to have significantly altered concentrations in both
FMs tested under exposure to B[a]P (Table 1). There are no
reported links between these compounds and known microbial
metabolic processes. As end-products, these compounds may
arise from diverse microbial metabolic pathways. Control
samples with the pollutant but without gut microbiota were
assessed in the SPME-GC-MS analysis. VOCs that are identified
as shifting in the manuscript were either not found in control
samples or were present in control samples but showed no
abundance variation between vehicle and B[a]P samples. We did
not look at the fungi community. However, using the SortmeRNA
software (Kopylova et al., 2012) on the RNA-Seq data, we did not
see any ribosomal eukaryote sequences. Thereby, excluding an
abundance below the detection limit, VOCs seem to arise from
prokaryote activity.

The depletion of volatolome esters like butyl butanoate has
recently been reported in response to gastrointestinal metabolic
disorders (De Preter et al., 2015). Accordingly, Ahmed et al.

TABLE 1 | Volatile metabolites detected in the volatolome of the two fecal microbiota as significantly altered by B[a]P exposure compared to control.

Volatile metabolite1 m/z LRI2 Peak abundance (×103)

Vehicle BaP 0.005 BaP 0.05 BaP 0.5

Benzaldehyde 106 971 510.8 456.1 527.0 604.4∗

3-octanone 99 986 64.0 33.9∗ 39.8∗ 46.9∗

2-pentylfuran 138 992 43.6 32.1 24.8∗ 18.0∗

Butyl butanoate 57 994 292.4 142.2∗ 149.7∗ 171.0∗

Unknown 99 1032 7.3 3.1∗ 3.3∗ 3.4∗

2-methyl-phenol 108 1049 9.6 8.1 10.1 13.6∗

2-hexylfuran 81 1087 23.0 17.9 15.7 14.8∗

1Tentative identification based on mass spectrum and LRI from literature or internal databank. 2Linear retention indices on a DB5 capillary column. ∗Significance (p < 0.05)

according to Dunnett’s post hoc test (control: vehicle).
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FIGURE 4 | Modulation of the microbial transcript levels following B[a]P exposure. KEGG metabolic pathways that are upregulated and downregulated at T24 by

B[a]P exposure at 0.5 mg/mL are shown in the FM-1 (A) and FM-2 (B) metatranscriptomes. Variations are expressed as the log of B[a]P and vehicle RPKM

abundance ratios. Blue: vitamin and cofactor metabolism; orange: cell wall compound metabolism; green: DNA repair and replication systems; and dark gray:

aromatic compound metabolism.

(2015) suggested that differences in levels of fecal esters may
reveal changes in the fermentation process of the gut microbiota.
Regarding changes in benzaldehyde, 2-methyl-phenol,
3-octanone, 2-pentylfuran, 2-hexylfuran, De Preter et al. (2013)
reported that the depletion or augmentation of metabolites
belonging to benzenoids, ketones and furan derivatives
would probably be a consequence of the disruption of the
normal bacterial ecology in pathologies like IBD. It could be
hypothesized that these same compounds would also trigger a
gut metabolic response to chemical agents such as B[a]P.

In the present study, B[a]P exposure alters the gut microbiota
volatolome in a dose-dependent manner. Furthermore, although
the bacterial composition of the two studied microbiota were
clearly different, their metabolic responses were similar with
seven markers significantly altered by B[a]P exposure in
both microbiota. This shift in the volatolome shows that
B[a]P induces a deviation in the microbial metabolism. At
present, no systematic studies have been conducted on the
identification of gut microbiota volatolome after xenobiotic

exposure. Nonetheless, Berge et al. (2011) noted a shift in
the volatolome of liver cells of chickens exposed to various
dietary chemical contaminants, including a mixture of three
PAHs among which was B[a]P. Therefore, the present work may
enlarge again the field of potential applications of volatolomics,
which already includes cancer diagnosis (Hakim et al., 2012;
Broza et al., 2015), food authentication (Engel et al., 2007;
Sivadier et al., 2008), and ecotoxicology (Ratel and Engel, 2009;
Berge et al., 2011).

Finally, to further characterize the influence of B[a]P
on the active gut microbiota, we analyzed gene expression
using RNA sequencing. Transcripts related to four KEGG
metabolic pathways were found to be upregulated in both
fecal metatranscriptomes. These pathways include vitamin
and cofactor metabolism, cell wall compound metabolism,
DNA repair and replication systems, and aromatic compound
metabolism.

Some of these results may be linked to previous data from
the literature as for the lipophilic and mutagenic properties of
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the B[a]P. As lipophilic compounds, PAHs have been shown
to penetrate into the cytoplasmic membrane, which results in
an increase in membrane fluidity that leads to the loss of
membrane functionality and bacterial cell damage (Sikkema
et al., 1994). One of the major adaptive mechanisms of bacteria
cells to counteract this effect is to increase membrane rigidity
(enhance membrane lipid saturation) to prevent compound
accumulation (Murínová and Dercová, 2014). This bacterial
physiological adaptation may explain the increase observed in
the level of transcripts implicated in the metabolism of cell wall
compounds. Themutagenic effect of B[a]P is also known to occur
via DNA adducts (Baird et al., 2005). DeMarini et al. (2011)
characterized the mutagenic potencies and mutation spectra
of B[a]P in Salmonella strains TA98, TA100, and TA104. The
results from this study showed that (i) 24% of the mutations
induced by B[a]P in Salmonella led to complex frameshifts, (ii)
B[a]P produced primarily GC to TA transversions and (iii) the
majority (96%) of stable adducts induced were at a guanine site.
Similarly, the mutagenic potencies of the B[a]P might explain the
observed induction of the DNA repair and replication systems.
Furthermore, within the vitamin and cofactor metabolism
pathway, the transcript levels related to folate biosynthesis, which
is a major cofactor in DNA synthesis (Harvey and Dev, 1975;
Sangurdekar et al., 2011), increased in both metatranscriptomes.

In the FM-2 metatranscriptome, transcripts related to the
steroid hormone biosynthesis pathway were also upregulated,
which is consistent with prior work from van de Wiele et al.
(2005). They implemented a batch fermentation system and
showed the ability of the human gut microbiota to metabolize
several PAHs, including B[a]P, to metabolites with estrogenic
activity. Indeed, several hydroxylated-PAH metabolites are
structurally similar to the steroidal hormones that bind the
human estrogen receptor (ER) (Fertuck et al., 2001; Hirose
et al., 2001; Sievers et al., 2013). These authors confirmed the
PAH biotransformation by the identification of the metabolites
1-hydroxypyrene and 7-hydroxybenzo[a]pyrene in colon digests
of pyrene and B[a]P, respectively. Finally, few pathways were
downregulated, such as the glycolysis-gluconeogenesis and
the bacterial chemotaxis toward simple carbohydrates. This
reduction in energy metabolism may be part of the cell
adaptation process. Stressful environmental conditions, such
as B[a]P exposure, may lead the cells to rapidly perform
coping mechanisms. Microorganisms may thus engage energy
for adaptation mechanisms to ensure necessary physiological
functions prior to devoting resources to energy consumption
for growth and multiplication (Murínová and Dercová, 2014).
The ability of gut microbial strains to bind B[a]P via physical
adsorption to peptidoglycans has also been reported (Hongfei
et al., 2013). Thus, another hypothesis is that steric hindrance
caused by B[a]P adsorption limits the bacterial ability to sense
carbohydrates in its environment.

CONCLUSION

For the first time, a model of acute B[a]P exposure in the
human gut microbiota was initiated. Although significant
impacts were not observed on the gut microbiota structure, the
microbial activity was altered both at the metatranscriptome
and at the volatolome levels that could contribute to disturb
human gut homeostasis. Humans are exposed to B[a]P
as well as to mixtures of PAHs and other environmental
and foodborne chemicals. Thus, our results suggested
that further works should consider pollutants that could
contribute to the development of microbial functional
dysbiosis, which will potentially impair the human host
homeostasis.
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PREPARATION FOR : 1 L UNIT

Tween 80 1 g

Demineralized water 990 mL

Reach 50BC with microwave heating

Incorporate with a Turrax homogenizer:

Potato starch 4 g

Corn starch 1 g

Cellulose 2 g

Pectin 2 g

Xylan 1 g

Arabinogalactan 2 g

Arabic gum 0.67 g

Guar 0.33 g

Inulin 1 g

Primatone 5 g

Bacto tryptone 5 g

Bacto Peptone 3 g

Yeast extract 4 g

Mucin type II 4 g

Soy lecithin 375 mg

Egg yolk 125 mg

Bile salts 200 mg

NaH2PO4 2H2O 19.4 g

K2HPO4 3H2O 5.8 g

NaCl 4.5 g

KCl 4.5 g

MgSO4 7H2O 200 mg

FeSO4 7H2O solution (2.5 g.L-1) 2 mL

Hemin solution (5 g.L-1) 1 mL

L-cystein-HCl 500 mg

Resazurin solution (1 g.L-1) 1 mL

Ajust pH at 6.2 

CaCl2 2H2O 100 mg

VITAMIN SOLUTION mg.L-1

Menadione 1

D-biotin 2

Panthothenate 10

Nicotinamide 5

Vitamine B12 0.5

Thiamin 4

Para-aminobenzoic acid 5
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Shannon chao1 observed_otus Shannon chao1 observed_otus

BaP 0.005

3.57 ± 0.04 566.4 ± 77.7 291.9 ± 21.5

3.60 ± 0.03 514.8 ± 107.5 285.3 ± 24.8

BaP 0.05 3.65 ± 0.09 511.3 ± 64.2 300.0 ± 26.6

BaP 0.5 3.65 ± 0.10 499.4 ± 47.4 299.3 ± 21.9

CT 3.36 ± 0.16 447.5 ± 23.6 241.7 ± 13.7

Vehicle 3.72 ± 0.06 516.6 ± 54.9 309.3 ± 9.3

Shannon chao1 observed_otus Shannon chao1 observed_otus

BaP 0.005

3.57 ± 0.34 411.3 ± 104.9 250.1 ± 64.9

4.25 ± 0.04 645.3 ± 70.3 349.7 ± 12.5

BaP 0.05 4.28 ± 0.09 744.2 ± 147.0 373.3 ± 17.9

BaP 0.5 4.35 ± 0.16 670.0 ± 72.0 357.3 ± 32.4

CT 4.06 ± 0.05 596.4 ± 18.2 341.3 ± 11.8

Vehicle 4.27 ± 0.18 667.2 ± 105.8 354.3 ± 34.9

BaP 0.005

3.07 ± 0.18 247.1 ± 64.5 151.3 ± 28.4

3.37 ± 0.04 315.9 ± 76.4 163.7 ± 10.7

BaP 0.05 3.47 ± 0.10 311.8 ± 38.3 182.5 ± 0.7

BaP 0.5 3.51 ± 0.19 289.8 ± 11.7 157.0 ± 1.4

CT 2.83 ± 0.09 269.4 ± 10.2 147.3 ± 5.8

Vehicle 3.54 ± 0.15 325.5 ± 40.9 190.0 ± 23.0

BaP 0.005

3.71 ± 0.12 574.6 ± 99.2 323.6 ± 50.7

3.20 ± 0.08 514.4 ± 16.2 293.3 ± 14.2

BaP 0.05 3.30 ± 0.02 594.7 ± 90.9 307.7 ± 3.9

BaP 0.5 3.34 ± 0.13 591.4 ± 44.4 310.3 ± 40.5

CT 3.31 ± 0.34 485.4 ± 217.4 279.0 ± 111.4

Vehicle 3.01 ± 0.19 486.4 ± 46.4 263.7 ± 28.0
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Volatile metabolite� m/z
1� LRI

2� ID
3�

Ratio (Pollutant/Vehicle)�
Deltamethrin� PhIP� TCDD� HBCD� B[a]P� PAHs�

Sulfur compounds�  �  �  �
Methanethiol� 47 <500 a,b  1,3
Carbon disulfide� 76 <600 a,b 0,13 0,13 0,07
Dimethyl sulfide� 62 <600 a,b  2,84
Dimethyl disulfide� 94 748 a,b 1,69 2,07 2,14 2,02
Disulfide, methyl propyl� 122 940 a,b 1,49 1,76 1,71 1,7
Dimethyl trisulfide� 126 983 a,b 1,78 2,39
Thiazole compound� 126 1116 a  1,51 1,4
Tetrasulfide, dimethyl� 79 1243 a,b 3,68  6,21  2,53  
Thioesters�    
S-Methyl thiobutanoate� 71 892 a 1,42 1,58 1,65 1,43
S-Methyl 3-methylbutanethioate� 85 945 a,b 1,28 1,31 1,46 1,32   
Phenols�    
Phenol� 94 983 a,b  1,66 2,35
Phenol, 4-methyl-� 105 1076 a,b      1,3
Aldehydes�    
Butanal, 3-methyl-� 58 655 a,b  0,68
nonanal� 98 1107 a,b      1,57
Esters�    
Acetic acid, methyl ester� 74 <600 a,b  0,67
Acetic acid, ethyl ester� 61 611 a,b  0,6
Acetic acid, propyl ester� 61 712 a,b  0,57
Propanoic acid, 2-methyl-, ethyl ester� 71 757 a,b  0,64
Acetic acid, butyl ester� 56 813 a,b  0,64
Butanoic acid, 2-methyl-, ethyl ester� 102 849 a,b  0,6
Butanoic acid, 3-methyl-, ethyl ester� 88 853 a,b  0,68
Propanoic acid, 2-methyl-, propyl ester� 89 855 a,b  0,65
Acetic acid, 3-methylbutyl ester� 70 875 a,b  0,56 0,54
Acetic acid, 2-methylbutyl ester� 70 877 a,b  0,6 0,54
Cyanoacetic acid methyl ester� 68 882 a  0,61 0,64
Pentanoic acid, ethyl ester� 85 899 a,b  0,87
Acetic acid, pentyl ester� 70 911 a,b  0,59
Pentanoic acid, 1-methylethyl ester� 103 937 a  0,77
Butanoic acid, 3-methyl-, propyl ester� 103 949 a,b  0,62
Heptanoic acid, methyl ester� 74 996 a  0,58
Acetic acid, hexyl ester� 56 1009 a,b  0,58
Butanoic acid, 2-ethyl-, 2-methylpropyl ester� 99 1098 a,b  1,47 1,71
Benzoic acid, methyl ester� 105 1104 a,b  0,86 1,51
Benzeneacetic acid, methyl ester� 91 1182 a,b  0,76 0,76 1,65
Benzeneacetic acid, ethyl ester� 91 1249 a,b  1,46
Acetic acid, 2-phenylethyl ester� 104 1262 a,b  0,56
Benzenepropanoic acid, methyl ester� 104 1283 a,b  0,57
phenylacetic acid propyl ester� 91 1345 a,b  2,86
Undecanoic acid, methyl ester� 74 1386 a,b  2,47
Tridecanoic acid, methyl ester� 71 1595 a,b  1,56 1,69
1,2-Benzenedicarboxylic acid, bis(2-methylpropyl) ester� 149 >1800 a      2,57
Ketones�    
acetone� 45 <500 a  0,82
2-Pentanone, 4-methyl-� 58 739 a,b  0,62
2-Pentanone, 3-methyl-� 72 752 a,b  0,63
2-Heptanone, 4-methyl-� 58 938 a,b  0,67
 3-Pentanone, 2,2,4,4-tetramethyl-� 85 939 a,b 0,52 0,56 0,53 0,63
1-Octen-3-one� 70 978 a,b 1,33
3-octanone� 57 986 a,b  1,25
2-Octanone� 58 990 a,b 0,81 0,82 0,87 0,84
2-Methoxyacetophenone� 135 1132 a  0,91
2-Decanone� 58 1163 a,b  0,77
Methylacetophenone� 119 1198 a,b  1,61

�

�

�





�

Volatile metabolite� m/z
1� LRI

2� ID
3�

Ratio (Pollutant/Vehicle)�
Deltamethrin� PhIP� TCDD� HBCD� B[a]P� PAHs�

Alcohols�    
1-Butanol� 56 660 a,b      0,86
Aromatic compounds�    
Benzene� 78 661 a,b  0,83
Furan, 2-pentyl-� 81 992 a,b 0,5 0,42 0,53
Cymene isomere� 119 1033 a,b 0,52
Limonene� 68 1038 a,b 0,37 0,47
Benzene, 1-methyl-3-(1-methylethenyl)-� 117 1099 a,b 0,51
indole� 117 1308 a,b  1,97
2-(3-Methylbutyl)-3,5-dimethylpyrazine� 122 1318 a  1,52
3-methylindole� 130 1405 a,b      1,53
Acids�    
Propanoic acid, 2-methyl-� 73 752 a,b  0,64
butanoic acid� 60 815 a,b  0,83
Butanoic acid, 2-methyl-� 74 861 a,b  0,68
Pentanoic acid� 60 887 a,b  0,87
4-Methylhexanoic acid � 71 1036 a      0,83
Hydrocarbons�    
2-butene� 41 <500 a  0,63
1,3-Pentadiene� 67 <600 a  0,74
Heptane, 4-methyl-� 114 765 a,b  0,16 0,37
1,3-Octadiene� 110 829 a,b 0,73 0,76
2,4-Dimethyl-1-heptene� 83 841 a,b      0,46
Ethers�    
Propane, 2-ethoxy-2-methyl-� 87 617 a,b      0,24
Unknown�   �  
Unknown� 57 <600  �  0,28
Unknown� 73 <600  �  0,37
Unknown� 59 610  �  0,61
Unknown� 73 639  �  0,23
Unknown� 58 664  �  0,71
Unknown� 55 749  �  0,71
Unknown� 113 764  �  0,51
Unknown� 83 831  �  0,33
Unknown� 60 854  �  0,69
Unknown� 91 875  0,38 0,38 0,36
Unknown� 93 942  0,33
Unknown� 103 945   0,67
Unknown� 121 1008   0,56 0,64
Unknown� 71 1014  0,83
Unknown� 85 1027   0,7 0,75
Unknown� 111 1044  �  0,8
Unknown� 85 1103   0,63
Unknown� 149 1160   0,64
Unknown� 57 1200   0,63
Unknown� 122 1204   0,76
Unknown� 93 1208   0,76 1,22
Unknown� 73 1452  0,1 0,07 0,11
Unknown� 129 1479  �  1,24
Total�  �  �  � 19 20 16 14 18 53

�
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Gene ID TCDD Deltamethrin HBCD PhIP B[a]P PAHs n Function 
UniRef50_R7EHV5 39,35 23,78 50,16 46,65 27,25 152,51 6 0 
UniRef50_R6DEK6 10,43 12,25 17,53 25,82 13,22 0,00 5 0 
UniRef50_UPI0003B516BB 11,87 12,72 0,00 53,60 11,34 44,86 5 ATPase AAA 
UniRef50_E1WR09 26,77 29,77 34,82 46,67 43,59 0,00 5 0 
UniRef50_A6L772 21,39 22,18 28,22 28,62 10,11 0,00 5 0 
UniRef50_D1K7M6 0,00 12,39 215,15 112,75 174,48 0,00 4 0 
UniRef50_A7V9C4 0,00 71,06 17,51 90,86 84,78 0,00 4 0 
UniRef50_J9G429 74,09 0,00 41,12 48,92 51,80 0,00 4 0 
UniRef50_R6XCL0 13,36 53,11 28,36 0,00 10,84 0,00 4 ATP synthase delta epsilon subunit beta sandwich domain protein 
UniRef50_A7V6N1 39,02 27,93 51,48 330,33 0,00 0,00 4 0 
UniRef50_R6R584 20,19 23,20 17,50 52,56 0,00 0,00 4 0 
UniRef50_I9QBU0 34,51 68,65 10,85 30,45 0,00 0,00 4 0 
UniRef50_Q8A9V0 95,07 14,11 13,67 10,32 0,00 0,00 4 ATP synthase subunit c 
UniRef50_A7V0X1 47,82 58,54 0,00 0,00 915,01 267,44 4 0 
UniRef50_Q8A690 0,00 10,13 11,56 20,53 0,00 19,92 4 0 
UniRef50_R6DP28 0,00 10,89 12,49 38,44 0,00 13,29 4 0 
UniRef50_A7M192 74,14 64,04 41,57 0,00 38,11 0,00 4 0 
UniRef50_R7EJP6 16,20 21,67 21,76 0,00 28,89 0,00 4 0 
UniRef50_Q8A8N1 16,98 20,42 14,29 0,00 12,11 0,00 4 0 
UniRef50_D1B006 20,83 11,00 17,60 28,40 0,00 0,00 4 Response regulator receiver 
UniRef50_A7V4H1 0,00 30,44 17,35 0,00 0,00 111,43 3 0 
UniRef50_R5U9G9 0,00 29,68 11,17 0,00 0,00 31,79 3 6 carboxy 5,6,7,8 tetrahydropterin synthase 
UniRef50_R6JL68 39,26 0,00 0,00 0,00 34,14 15,60 3 0 
UniRef50_A7VA37 0,00 0,00 63,10 150,33 100,04 0,00 3 0 
UniRef50_R7ERJ2 38,79 190,26 0,00 0,00 31,43 0,00 3 0 
UniRef50_S3YK21 0,00 27,18 18,03 0,00 28,46 0,00 3 0 
UniRef50_D6D403 21,40 0,00 18,74 0,00 25,33 0,00 3 Predicted ATPase  
UniRef50_E5VEA9 0,00 0,00 10,33 14,87 17,21 0,00 3 0 
UniRef50_R6KNV0 12,68 61,34 0,00 0,00 12,62 0,00 3 Thioredoxin 
UniRef50_R7J0E4 20,04 10,34 0,00 0,00 11,56 0,00 3 0 
UniRef50_I9T6H3 0,00 67,50 0,00 26,94 10,83 0,00 3 0 
UniRef50_R7NR20 0,00 10,19 25,55 0,00 10,64 0,00 3 0 
UniRef50_R7DK08 0,00 15,08 11,69 38,39 0,00 0,00 3 0 
UniRef50_I8WIF5 0,00 11,53 19,98 30,75 0,00 0,00 3 0 
UniRef50_A6LB18 14,09 0,00 34,79 28,74 0,00 0,00 3 0 
UniRef50_E4VDP5 0,00 12,00 12,15 10,65 0,00 0,00 3 0 
UniRef50_E6SVF3 11,56 44,66 49,22 0,00 0,00 0,00 3 0 
UniRef50_R6C381 18,54 10,07 25,94 0,00 0,00 0,00 3 Protease prtH 
UniRef50_D2F0M4 14,61 12,84 14,87 0,00 0,00 0,00 3 0 
UniRef50_A7UY33 0,00 0,00 16,93 0,00 19,82 60,78 3 0 
UniRef50_U2CQQ3 10,44 0,00 0,00 13,80 0,00 26,25 3 0 
UniRef50_K1SS20 0,00 0,00 0,00 42,25 14,43 13,59 3 Protein containing Clp ATPase  
UniRef50_R6T4A9 36,33 17,26 0,00 0,00 86,85 0,00 3 0 
UniRef50_R9HFL7 0,00 10,76 0,00 314,07 28,10 0,00 3 0 
UniRef50_C3Q3W7 17,46 0,00 10,06 0,00 27,98 0,00 3 0 
UniRef50_G1UKN1 0,00 31,71 48,89 0,00 25,48 0,00 3 0 
UniRef50_C3QS03 33,16 0,00 15,01 0,00 24,66 0,00 3 0 
UniRef50_U2R7C3 0,00 0,00 26,88 40,02 17,25 0,00 3 0 
UniRef50_C3QNK7 0,00 20,16 24,68 0,00 15,80 0,00 3 0 
UniRef50_I8Z3T0 14,27 0,00 0,00 12,33 11,71 0,00 3 0 
UniRef50_A7I3K1 0,00 18,56 15,68 0,00 10,44 0,00 3 Transformation system protein 
UniRef50_S3XFD1 0,00 11,89 21,00 19,61 0,00 0,00 3 0 
UniRef50_UPI000361638B 0,00 13,94 11,97 14,55 0,00 0,00 3 hypothetical protein 
UniRef50_R6J9L3 0,00 11,42 16,32 13,19 0,00 0,00 3 0 
UniRef50_R9HWK2 11,77 12,48 11,38 0,00 0,00 0,00 3 0 
UniRef50_A8FKN5 0,00 0,00 21,69 0,00 0,00 433,68 2 50S ribosomal protein L28 
UniRef50_R7ENG3 0,00 28,19 0,00 0,00 0,00 81,47 2 0 
UniRef50_C3QNF5 0,00 16,29 0,00 0,00 0,00 27,71 2 0 
UniRef50_R6XRK4 40,08 0,00 0,00 0,00 0,00 25,91 2 0 
UniRef50_A7UZP3 72,34 0,00 0,00 0,00 50,01 0,00 2 0 
UniRef50_C3Q0T0 0,00 0,00 15,46 0,00 47,59 0,00 2 0 
UniRef50_C3QMR9 0,00 0,00 57,84 0,00 25,90 0,00 2 0 
UniRef50_A7LXE8 0,00 14,64 0,00 0,00 22,09 0,00 2 0 
UniRef50_R6RYX7 0,00 0,00 10,56 0,00 21,95 0,00 2 0 
UniRef50_R7N8L8 19,47 0,00 0,00 0,00 19,82 0,00 2 0 
UniRef50_D1JYA5 0,00 31,06 0,00 0,00 18,55 0,00 2 0 
UniRef50_C3PYT0 21,70 0,00 0,00 0,00 17,29 0,00 2 0 
UniRef50_U5QAC3 0,00 0,00 0,00 26,27 13,84 0,00 2 XRE Family Transcriptional Regulator 
UniRef50_I9QQ11 0,00 27,61 0,00 17,13 0,00 0,00 2 0 
UniRef50_C6Z9T9 13,59 0,00 0,00 10,67 0,00 0,00 2 0 
UniRef50_R7EP71 194,66 0,00 138,83 0,00 0,00 0,00 2 0 
UniRef50_A7LQN0 17,93 0,00 50,48 0,00 0,00 0,00 2 0 
UniRef50_Q8ABX4 11,25 47,20 0,00 0,00 0,00 0,00 2 0 
UniRef50_A7V476 16,28 12,68 0,00 0,00 0,00 0,00 2 0 
UniRef50_W6NMG0 0,00 0,00 0,00 352,27 0,00 393,00 2 0 
UniRef50_UPI00046AB6B9 0,00 0,00 0,00 515,62 0,00 338,23 2 hypothetical protein 
UniRef50_R5K1C5 0,00 0,00 0,00 16,13 0,00 94,48 2 0 
UniRef50_J9GEZ5 0,00 0,00 0,00 111,14 0,00 56,92 2 0 
UniRef50_I8VVB9 0,00 0,00 0,00 26,90 0,00 54,57 2 0 
UniRef50_UPI0003A8B9B4 0,00 0,00 0,00 13,20 0,00 44,20 2 transcriptional regulator 
UniRef50_R6DEL5 0,00 0,00 0,00 97,64 0,00 42,85 2 0 





UniRef50_R6RY56 0,00 0,00 0,00 51,04 0,00 37,85 2 0 
UniRef50_K6BCU8 0,00 0,00 0,00 20,00 0,00 36,04 2 0 
UniRef50_W4PFZ8 0,00 0,00 0,00 27,84 0,00 34,90 2 Similar to glycogen synthase 
UniRef50_E4VRP1 0,00 0,00 0,00 10,92 0,00 33,56 2 Toxin antitoxin system, antitoxin component, Xre domain protein 
UniRef50_U2B9L2 14,50 0,00 0,00 0,00 0,00 30,71 2 0 
UniRef50_J9F6U4 0,00 0,00 0,00 36,44 0,00 30,67 2 Transposase  
UniRef50_U2DI08 0,00 16,82 0,00 0,00 0,00 29,04 2 0 
UniRef50_B3JI39 0,00 0,00 0,00 26,25 0,00 28,08 2 0 
UniRef50_W6P356 0,00 0,00 0,00 27,95 0,00 27,65 2 0 
UniRef50_A7LQE7 0,00 0,00 0,00 26,56 0,00 25,14 2 0 
UniRef50_UPI000474161C 43,03 0,00 0,00 0,00 0,00 24,99 2 lysis protein E, partial 
UniRef50_A7LYL1 0,00 0,00 0,00 16,32 0,00 23,24 2 0 
UniRef50_E2NIX9 0,00 0,00 0,00 20,93 0,00 22,76 2 0 
UniRef50_A0A015V969 0,00 13,55 0,00 0,00 0,00 21,23 2 0 
UniRef50_A0A016HZG3 0,00 0,00 0,00 29,01 0,00 21,14 2 0 
UniRef50_UPI00046A3D72 0,00 0,00 0,00 51,27 0,00 20,18 2 toxin 
UniRef50_A1ZPL8 0,00 0,00 0,00 21,35 0,00 18,38 2 0 
UniRef50_S3XPY6 0,00 0,00 0,00 12,66 0,00 16,98 2 0 
UniRef50_D6CWC7 0,00 0,00 13,71 0,00 0,00 16,93 2 0 
UniRef50_W4P636 0,00 0,00 0,00 17,41 0,00 16,72 2 Fructose 1,6 bisphosphatase 
UniRef50_R5MK88 0,00 0,00 0,00 11,06 0,00 16,72 2 0 
UniRef50_UPI000476247B 0,00 0,00 0,00 13,14 0,00 16,36 2 RNA binding protein 
UniRef50_A7LTD2 0,00 0,00 0,00 11,13 0,00 16,17 2 0 
UniRef50_R5JGM1 0,00 0,00 0,00 14,19 0,00 16,16 2 0 
UniRef50_K9E5U9 0,00 0,00 0,00 26,91 0,00 15,83 2 0 
UniRef50_C3QTB7 0,00 0,00 0,00 15,16 0,00 15,02 2 Virulence associated protein D  conserved region (Fragment) 
UniRef50_Q8A268 0,00 0,00 0,00 19,23 0,00 14,62 2 0 
UniRef50_A7I284 0,00 0,00 0,00 0,00 12,59 14,15 2 0 
UniRef50_J9D3T0 0,00 0,00 0,00 10,41 0,00 13,03 2 0 
UniRef50_K1TBM1 0,00 0,00 0,00 27,91 0,00 12,97 2 Protein containing DUF140 
UniRef50_R5KSU4 0,00 0,00 0,00 33,17 0,00 12,51 2 0 
UniRef50_R6K4B4 0,00 0,00 0,00 10,17 0,00 11,73 2 0 
UniRef50_W0T974 0,00 0,00 0,00 10,97 0,00 11,19 2 0 
UniRef50_W4PM36 0,00 0,00 0,00 45,60 0,00 10,78 2 ADP heptose 
UniRef50_A9KD32 0,00 0,00 0,00 13,69 35,70 0,00 2 30S ribosomal protein S10 
UniRef50_A7M5J5 0,00 0,00 29,82 0,00 30,88 0,00 2 0 
UniRef50_R6HZ23 0,00 0,00 10,06 0,00 29,16 0,00 2 0 
UniRef50_D1K4S3 0,00 0,00 0,00 36,57 28,13 0,00 2 0 
UniRef50_R5TTZ5 0,00 15,06 0,00 0,00 19,86 0,00 2 Phosphocarrier protein HPr 
UniRef50_W6PD11 16,93 0,00 0,00 0,00 18,96 0,00 2 Probable truncated transposase 
UniRef50_U5Y126 0,00 25,01 0,00 0,00 15,75 0,00 2 0 
UniRef50_Q7VJ75 0,00 0,00 19,83 0,00 15,57 0,00 2 50S ribosomal protein L33 
UniRef50_A7V0A1 0,00 0,00 14,17 0,00 15,57 0,00 2 0 
UniRef50_A7ZFZ1 0,00 44,77 0,00 0,00 11,78 0,00 2 Translation initiation factor IF 1 
UniRef50_K4ZJD4 0,00 10,28 0,00 0,00 10,46 0,00 2 0 
UniRef50_B0NB82 0,00 0,00 0,00 16,11 10,26 0,00 2 0 
UniRef50_I9R8F8 22,39 0,00 0,00 96,22 0,00 0,00 2 0 
UniRef50_A5ZEX7 0,00 0,00 35,09 76,59 0,00 0,00 2 0 
UniRef50_A0A015PF56 0,00 12,08 0,00 56,91 0,00 0,00 2 NigD like family protein 
UniRef50_A7V0H4 24,33 0,00 0,00 48,32 0,00 0,00 2 0 
UniRef50_C3QTH1 0,00 0,00 138,83 43,62 0,00 0,00 2 0 
UniRef50_Q5L8B7 96,96 0,00 0,00 43,57 0,00 0,00 2 50S ribosomal protein L29 
UniRef50_W4PJA0 0,00 18,34 0,00 32,21 0,00 0,00 2 Ferritin like protein 2 
UniRef50_R5USR2 0,00 0,00 13,03 30,08 0,00 0,00 2 0 
UniRef50_I9TWR6 0,00 0,00 13,52 25,53 0,00 0,00 2 0 
UniRef50_A7H0B6 19,13 0,00 0,00 23,33 0,00 0,00 2 Conserved domain protein 
UniRef50_I8VI90 0,00 0,00 14,38 20,82 0,00 0,00 2 0 
UniRef50_Q8A4D8 0,00 0,00 25,80 18,16 0,00 0,00 2 0 
UniRef50_R7NXX0 10,32 0,00 0,00 17,80 0,00 0,00 2 0 
UniRef50_B9KFW0 0,00 12,49 0,00 17,13 0,00 0,00 2 DNA directed RNA polymerase subunit omega 
UniRef50_R7KP04 0,00 0,00 13,94 16,49 0,00 0,00 2 0 
UniRef50_C3Q3D7 28,17 0,00 0,00 14,55 0,00 0,00 2 0 
UniRef50_B5U1Z0 0,00 10,97 0,00 14,31 0,00 0,00 2 0 
UniRef50_A0A016AXU6 0,00 0,00 13,95 13,95 0,00 0,00 2 0 
UniRef50_R7NW82 23,49 0,00 0,00 13,95 0,00 0,00 2 0 
UniRef50_A7UY13 0,00 0,00 47,99 12,88 0,00 0,00 2 0 
UniRef50_B7AI26 12,64 0,00 0,00 11,56 0,00 0,00 2 0 
UniRef50_C3PZW7 11,56 0,00 0,00 10,17 0,00 0,00 2 0 
UniRef50_R9HTY4 30,97 0,00 40,83 0,00 0,00 0,00 2 0 
UniRef50_Q30NU1 0,00 11,91 33,49 0,00 0,00 0,00 2 Protein translocase subunit secG 
UniRef50_D7J8F7 0,00 31,71 33,05 0,00 0,00 0,00 2 0 
UniRef50_A7V4D5 48,67 0,00 32,66 0,00 0,00 0,00 2 0 
UniRef50_D1K9F1 0,00 95,13 28,86 0,00 0,00 0,00 2 0 
UniRef50_R7HPH6 18,17 0,00 24,79 0,00 0,00 0,00 2 0 
UniRef50_D6D7R2 30,98 0,00 15,37 0,00 0,00 0,00 2 Helix turn helix 
UniRef50_C3QPL3 13,90 0,00 14,77 0,00 0,00 0,00 2 0 
UniRef50_C9LML2 0,00 10,60 14,15 0,00 0,00 0,00 2 0 
UniRef50_UPI0003755F11 10,32 0,00 13,57 0,00 0,00 0,00 2 hypothetical protein 
UniRef50_D1K220 13,10 0,00 12,62 0,00 0,00 0,00 2 0 
UniRef50_R6JFM2 0,00 11,53 11,77 0,00 0,00 0,00 2 0 
UniRef50_A7LUI9 10,11 19,88 0,00 0,00 0,00 0,00 2 0 
UniRef50_W6PIJ9 10,99 14,04 0,00 0,00 0,00 0,00 2 0 
UniRef50_R6TGQ5 12,46 10,28 0,00 0,00 0,00 0,00 2 0 
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�"���������'��� ��� �������8������� ������� �����������������'���������������� ��5�� ������

���@��� ��� �����E� :��� '��� ��� ���� ��'���� � ��� '�� �� � ��� ����� ��������� ��8�� ���� ����'�� ����

8 ������� ����������� � ��� �� ������ ������� ���� ���6����4� ���� %/3�4� ���� �����'�����

&�9���5����U���-4������<���������<���E������� ������@���8���4������6��������� ��I�����3K�L��

���������'��������8�' ��5�� ��� ������������E�! �������'�����������6�������� ���4������D������

����� ��� �� ��� � �� ������� ��� '5 �������� �����8�' ��8� ��� � � ����'����� �����'�������4� �� '�������

��'���������  � ���� ����8���� ����D� ��� ���� � ����� ���� ����� ��� ��� �������� ��'������� ���

���������� � �������'���������� ��E������4� ����������� ����� '�������6�'� ��������'��� ��� ����

'5���D���� ���� �� '������� ��� ��'�������� 8�' �� 5�� ���  � ���� �������� ��� ���� �����������

��8� �� �������������� ������������������������ '���������� ��2��'������������������ ����������

���� ������� '����� ���� �������� ��E� :�� ��'���4� ����  ���� ����� ��� �� '������� ��'���������  � ����

��������� � ��� ��� ���� �� ���6��������� ���� �@����  ����� D��� � ��� ��� ���8��� ��� ��� �������

��'������E� !��� '�������� ��� ����� � �D������ ��� ���6���������  �6� ����� ���� ���� ��� T����

������8���E� $�8��4� �����  ����� ������� D��� ���� ��� �������� ������ ��� ������� '����� ����� ��2

��'���������@��������������������������� ������������������ �����2��8� �� ������ ������ �����

�� '�����������8E��
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:��������� ����������� ����� �� ��������'����� �5@�������������������������������'���������

�� � ��� � ��� �������� ��� ������� '����� ���� '��� ��� ���� '5���D����  ������ �����  ��'� ���

��'�������� �������� �E� ������ � ����� ��� � � ��� '����� ������� ���'� ��� ���'����� ���� ���@����

��������� �����D������� 6��������'5��'5��D�����������8 ������������'���� � �������5@��E�

*5� ���@���	�������	��	���
��������
	������
�A
���������	�
�����
��	
� :������@�������������

:�� '5��6� ������@��� �������� �����'�������� �������� �� ���� ����  �6� D��������� �'�����8�D����

������� ��� ����� �������� ��� '������ ����  � �� ���� ��� ���� ��'����������� ��5������� �� '5 D���

�9��@��E����������� ��������5�D�������������4������������������������������ '������������� ����

'5���D���� ��'������'���������������� �������������������'5�J���<����E���'��)���4������������

������� ��� ������ ������������ ���� ������� � � ����������������� ���� <���� ����� ��� ��� ��������

��'������� &: ���� ���  �E4� �		�Z�= �����N��������  �E4��		,�-����������������� ����' � '��������

���� � ���������<���������'���������������� ��5�� ��4�� �������������������'������� '������

����� ���� ���� � � '����� ���� ��'��������� &= �� ���N����� ���  �E4� �		, 4� �		(-E� �����4� ����

�� � �6� ���� ���� '�������� ������@���� ��� �����4� ��� �9��@��� � �'54�  8��� ��� '������� ����� '�� ���

��������� 8 ������� ��� ����� ���� ���� � � ����'����� ��� ���� 8��'������ ��� ��'�������� �������� �� ���

��<����E�:������@���������������������� ����� ����� �6����@���� ��� �6���������������������

�� ��8�������'5������D�������� ������� 9 ������������ ���������@������� '�����������8�5�� ��E�

: �'�����6�����������@����������������9��@��������9���� �'5�&�9��@���8����4��� ��D��-�������

�9��@�������8��6�'�������&�9��@����9� ��D��-�������������'��� ���������&� 9������ �E4��	
�-E�

:������� ����� ��� �9��@���� ��� ������ ��� 8������ ����4� �����������  �� ����� ��� � ��� �����4�

����������� ���6 ������ ���� �88���� ����'��� �������6���������  �6� ����� ���� ���� ���� ����'������ ���

8��'�����������'���������������� ��5�� ��E�

!��8 �������� �� �������������������������4������ ''���� ������������ ����������'��������

 �����D�������� '���8�' ���������'����F�������������4�����9��@���� �'5���������������������'������

�������� &�,2,+5-E� ������ ��4� ���� 8 ����� '�[�4� ���� 5 ��� ������  ����� D��� � � ������'����

���6�'������ 8���� ��� '�� �9��@��� ��� ���@��� �������� ����������� ���'�� ��� �������� ����� ���

���@���� ����� '�����6��E� :��� ���@���� ��� 8������ ����� '�������4� �� ��� ��� ����������

'��� ��������4������������D� �������64����88�'����������������������������������� ��������������

� � ������� ���� ������ ��� ��� ��� �������� &3������ ���  �E4� �	
7Z� /��� 2?��� ���� ���  �E4� �	
,Z�

1aM����MM����� �E4��		>-E������9��@�����88������������������������������'5������'����������

�59��'�2'5���D���� '���D���� D��� ���� �9��@���� 8������ &�88��6� '���� ��� ���� ����������4� ����
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��'5������� ����D������������ J4�'����F�������<4�����������������69������'����-E��������@����

��� 8������ ����� ���� ��� ������ ���� ��������� ����� �������� ��� ��� �������� ����  �'5����

���5 ���@����  �� ����� ��� ��'�������� 8�' �� 5�� ��� ��� ��'���� ����� ��� '������ ��� ��88��������

���5��������������� �����������'��������8�' ��&? '����� �E4��	
�Z�#����9���� �E4��	
(-E�! ���'��

' ���4� ���� �� � �6����� ���� ��������  �� ����� ��� � ��� ������ ������@��� ��� 8������ ����� '�������

&1����3���� '���������M��~-�������������������88�����������6���������'5����D������3K�L������

�����'�������� 8�' ����� ��<����E�� � ��@���������'������6���������'5����D��4������6���������

����9��@���� �'5�����,5������� ��������� ��������� ��T��������������8�' ��� 8������'��� ����

������������������������ ���������� �'����� ������'���������� ����������6��9��@���E��

:��� �6���������� '5����D���� ��� ���@���� '�������� �������� ��� ���������� ������'������

���������� ��� ������� '���������6��������D���� ��'� �����'�������� �������� �E���� �����4�����

'�����D�������8������ ���������� �����T�����88�'����������������� �����������������������������

���� � ���������'��� ��� ����&b��������� �E4��	
�-������'�������������������������'��� ������

��� �� '�� ��� ��' ������� �� � �� ����� ���� ���  ������� �� ���� ��������'�� 8��'���������� ���

����'��� ��� ���� '����� ����� ��'����������  ��@�� �6��������� &.������ ���  �E4� �	
�-E�

:������� ���������9��@�����9� ��D����������������'��� ����������������� ���������� ����'5���

����������������'�����������59�������D����'���D������� ������� ��� ����������'���������� �

������'�� ��� ��'��� '����� ��������� � ��� ��� ���@��� 12.<01$� &= �� ���� �������� ���  �E4�

�	
�-E�������@������������������'����5@������������������'����������� ������� ����������� �

'����� �'������� '������� �5�������� ����'��E�$�������� ���������������������'���9��@��4������

����������  ����� �� ����� ����� '�� ��� � � ������'�� ��� ��'��� ���� ��� ��'�������� 8�' ��  ��@��

�6��������� �6������ ���E�$�8��4� ��<����������6���������������� 8 ��������������� ���4� ����4�

���� ��'��������� ����� ����� �� ������� T���� �6������ �� ���� ��� ����� ��� '��� ��� ���� �����

������� ��� ������'�� ��� ����������� �88���� �9�����D���4�  �����8�� ���  �� ��������� &:����� ���  �E4�

�	
>Z�1 �����9� ���. ���4��		*Z������������ �E4��	
(-E�

� :������@������������

:��� ���@����  ��� �6� ����� ����D���� ��� � ����'5���� ��� �9��@��� �������8� 5�� ���

����D������ ��������� ��� '������ ����� ������ ��� ������4� ��'�� ��� ���� ���'������ ����'�������4�

����������D���4� ��� �F��� ���� '�������� ��� ��5F��� ��� ��� ��'�������� &=���� �  ��� � �� ����

�������4� �	
7-E��������@���� '��������������������6� � �� ���� '����� &�-� ��� '����F������

����������������&�,),�������4����������4��6��'�'����59��D���-4�&��-����'����F������8����������D���

���� ������ ����4�&���-� ''@�� �6���'����� �������'������ �6�������'����'����� ��������&��-�
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 ''@�� �6�'���������������� �64�������������� ���� ��@��� '��8�'������ ��� �6�&3���� ����� �E4�

�			-E�:����� � �6����%���@��������E4����������������������8�' ���������� ���� �'����� ��������

'��� ����� 6 ������'��������8�' �������� ��@���6��������� ��3K�L�4����� ������������D�������

�88���� ��� ����� ���� �������� T���� ������ ���� ��� � � �59��������� ��� ������ �������� ��� ��5F���

&%���@��� ���  �E4� �	
>-E� ����� '��������� '����� 59���5@��4� ���� ������� ��� ���@��� ������ ����

��� ������ ������� D��� ������'����� ������ ������� ����� ��� ��'�������� �������� �� � �� ����

6��������D������ ��������� ���������'��������5%�&b���'M ���� �E4��	
>Z�O5 ������ �E4��	
(�-E�

:��� �� � �6� ��� %���@��� ��� ��E4� ���� �� ������� ���� ��� ������'�� � � ����� ��� �� '�� ������

��8� �� ������������� ������ ����� �����'���D��4�'����� ��������������������������������������

����8� �� ����� ���� ����  �� ��� �������� ��� ����� ��� � �� ��5F��� ��� ��� ���� ����8�' ����� ���

��'�������� � �� ��� ����� ���  � ������� ��� �� �� ���2��8� �� ������ ��� ���������������� �������� �E�

�����4� �������� ����� ������@�����������  6���D���� �������� ��� ��� ����������� �������' ����� ���

��'�������� �������� ��� ��� � � ��6�'��������'��� ��� ����'5���D���� ������ ����E�.�� ���� �������

 6���D���� �6�������  �6� ����� ���� ������������ ��� ����8� �� ����4� ���88��� ���� ����� ���� ����

���'��������� ��������'�������4������D������������T�����6 '������ ��'���������E�$����� �'5�4�

��� �'������8� �� ������������� ������������������'5�J������������ 6���D�������'��� � �������

�����������'���������������4� ����������'��������������D���E�$�8��4������ ��8�����������'��������

�������� ��  ������ � �� ��� ����� ��� �� ���� �������  6���D���� �������� ��� ��� � ����� ��� ������ � �

�9������������'��������������'��� ��������������������� ����8� �� �����E��� ������4�����6�����

������88����'��� ������D���4� �59�������D���4���� ����D���� �����'���������� ������ �������@����

 ��� �6� ��� ��<����� D��� �������� T���� '����������� ����� ��� ���6�� ��� ����� ���� ������ ���

&���9������ �E4��	
(-E�

�

� B�������'����������������� �6�Y�

!��� �����������������8��'�������59�������D����D������������4������'���������������� ��

)��������F����������� ��� �����5������ �������#?0������������� �������� ���'����������5F��E�

�����4� ���� �9�������� ��� ��'�������� �������� �� ����� ��@�� 8��D��������  ���'����� �� ����

� �5��������������������������D�������10�0�������.00E�0������� ��� �����T������������ ������� ����4�

��� ���6���������  �6������ ���� ����� �6 '������ � � �9������� ���2�� ����� �����'�������� �������� ��

� ���'���9������� �5������4��������6 '���������� ���59���2� �5�����D��������5F��E�:���� '�����

��'�������� �������� �� ��� ��� ����� ��� � �� �� ���������������� �������84� '�� �9��� �������� ����� ���

�� ������� T���� ����� ���� ��� ��'�������� ��� � �������  �������� ��� �9�8��'������������
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������� ����4���� ����D����������������D���&.'5������� ���3a'M5��4��	
>-E�:������� ��������

���@����������� ��� '������ �������� ����� ��� �� ������� T���� ����� ���� &��������� ���  �E4� �	
>Z�

�5 �� ������� �E4��	
,Z�b���������� �E4��	
(-E�

:��� �� � �6� ��� %���@��� ��� ��,4� ����������� ��� �������������� ������ ��8� �� ����� ���

������������8�� �� ���3K�L�� ��'����� �������������������'����  ������ �� ��� ��D���'���D��E�!��

����������6��������� ��#�!/�&8 ����������8�� ���-������������8�������������������� '�������

8�� ��������������������������'����������� �������4������������������������'5�J������������

������� ����� ��� �@��� ��� ��'������� �5%� &�5%2V2-� &O5 ��� ���  �E4� �	
(�-E� :��� � '�������

8�� �����������������������������������������������.0��������@�������5F�������� �5��@���4����

� ����� � �� ����� ' � '���� �� �������� � � �����'����� ���� #5
�� � ��� � � ��D������ �������� ���

&.'5���8���� �E4��	
(4��	
�-E�!������4������� ������������6��������D����� ��������J9�������

��5F��� 9 �������'�� ������� ����� ������ ����� 8���������� �������������T��� &:�� ���R��4��	
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Incubation des acides nucléiques 
avec un isotope stable�

Ultracentrifugation en gradient 
de densité au chlorure de césium�

Analyse des acides nucléiques 
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Abstract

Prokaryotes are the most diverse and abundant cellular life forms on Earth. Most of them, identified by indirect molecular approaches, belong
to microbial dark matter. The advent of metagenomic and single-cell genomic approaches has highlighted the metabolic capabilities of numerous
members of this dark matter through genome reconstruction. Thus, linking functions back to the species has revolutionized our understanding of
how ecosystem function is sustained by the microbial world. This review will present discoveries acquired through the illumination of pro-
karyotic dark matter genomes by these innovative approaches.
© 2015 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

With an estimated total number of 4e6 � 1030 cells, pro-
karyotes are the most diverse and abundant cellular life forms
on Earth [190]. For example, 1 g of soil may contain up to 109

bacterial cells [190], and mathematical treatment of the data
suggests that 106 distinct prokaryotic taxa may be present
[27,54,184]. Prokaryotes are small and undergo a rapid cell
cycle coupled with a metabolic versatility that enables them to
be key players in the functioning of all ecosystems, even the

most extreme ones [190]. Nevertheless, studies aiming to
investigate the diversity and functions of microbial commu-
nities have been hampered by the inability of the vast majority
of microorganisms to grow in standard culture media [19,188].
Consequently, molecular approaches that circumvent limita-
tions related to bacterial cultivation have increasingly been
applied. The PCR amplification of marker genes was first
performed to define barcodes that reflect the phylogenetic
diversity of the studied environment [63] as reviewed in many
papers [5,22,186]. Thus, the classical method used to char-
acterize members of complex microbial communities relies on
16S small subunit ribosomal RNA gene (16S rRNA) analysis.
Using this approach, the taxonomical classification of pro-
karyotes was refined [41,119], and new branches of the tree of
life, termed candidate divisions, have been uncovered from
various ecosystems. Today, at least 60 major branch points
(phyla or divisions) in the bacterial and archaeal domains of
life have been identified [80], with approximately half being
represented by candidate divisions [62].
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The first application of high-throughput 16S rRNA
amplicon sequencing has also revealed the rare biosphere
[168]. Indeed, the long tail in rank-abundance curves used to
depict diversity demonstrates that natural microbial com-
munities are typically composed of a large number of rare
bacterial taxa that may be representatives of unidentified
microbial lineages [20,88]. In addition, even the highly
abundant genera and species comprise multiple strains, some
of which may be included in the rare biosphere group [90].
Furthermore, members of the rare biosphere may become
abundant depending on environmental conditions [17,82].
Finally, some studies focused on these populations have
shown that a significant portion was active in the environ-
ment [17,82], sometimes even more active than abundant
taxa [83], and played crucial roles in biogeochemical cycles
and overall metabolic fluxes [196]. These different obser-
vations allowed the reclassification of the rare biosphere as
not being simply a dormant seed bank and suggested that its
ecological significance [141] and roles should be further
evaluated.

Microbiologists are additionally confronted with a prob-
lem similar to that of astrophysicists: dark matter. As astro-
physicists deduced the existence of a large amount of yet-
undetected mass in the universe by indirect approaches, mi-
crobiologists can only estimate the main part of microbial
diversity using techniques such as barcoding analysis.
Indeed, it has been estimated that <1% of bacterial species
have been axenically cultured [132,146], thus confirming that
we have merely touched upon the environmental microbial
world. Terms such as ‘‘biological dark matter’’ and ‘‘mi-
crobial dark matter’’ [36,110,153] have then been proposed
to describe this vast uncultured microbial world [72].
Consequently, illuminating this microbial dark matter by
complete genome sequencing is a real challenge in microbial
ecology. Indeed, to improve our understanding of ecosystem
functioning, it is necessary to obtain deeper insight into mi-
crobial processes and to establish a link between identified
microbial populations and metabolic capabilities in the
environment, even for its members present at very low
abundance [104].

The development of cultivation-independent methods has
led to obtaining drafts or complete genomes of vast numbers
of uncultured prokaryotes from complex environments.
Acquisition of these genomes has led to a better defined
classification of superphyla, phyla and candidate divisions
[153], as well as a better knowledge of microbial evolutionary
history [114,157]. In addition, genome reconstruction of un-
cultured prokaryotes permits highlighting ecosystem func-
tioning and revealing new metabolic potentialities, so far
unsuspected [49,110,176,185,194]. However, separated from
other data, functional information obtained from genomic
analyses should be considered as clues rather than strong ev-
idence. Thus, the aim of this review is to expose contributions
to the microbial ecology of genome reconstruction by meta-
genomic strategies through the different sequencing genera-
tions and by two new approaches to complexity reduction,
single-cell genomics (SCG) and gene capture.

2. Illuminating microbial dark matter genomes via
metagenomic approaches

Successive sequencing improvements combined with
dedicated bioinformatics tools (Fig. 1) have contributed to the
exponential acquisition of complete genomes (Tables 1 and 2
and Supplementary Table S1).

2.1. The first genomes from the first sequencing
generation

Shotgun sequencing of complex samples, hereafter defined as
metagenomics, provides valuable information on the genomes of
uncultivated microbial lineages. The pioneering study used
metagenomics and the Sanger sequencing method to reconstruct
two genomes of uncultured bacteria (i.e., Leptospirillum group II
and Ferroplasma group II) from an acid mine drainage (AMD)
pink biofilm composed of only five bacterial and archaeal
dominant taxa [185]. Genome analyses have provided insight
into their nutritional requirements and biogeochemical func-
tions. Similarly, metagenomic analysis of an anaerobic digester
has provided a first glimpse of the bacterial division WWE1
[142]. The genome of Candidatus ‘Cloacamonas acid-
aminovorans’, a representative bacterium of this division, was
reconstructed, and its annotation revealed that this organism is
probably a syntrophic bacterium whose microbial partners are
still unknown. With the same sequencing approach, an almost
complete genome sequence for a single dominant green sulfur
bacteria species (Chlorobiaceae) from the O2eH2S interface of
the water column of Ace Lake Antarctica was assembled [130].
Based on metaproteogenomic analyses, the authors have pro-
posed an explanation for the active biological processes pro-
moted by those cold-adapted green sulfur bacteria, likely
involving the synthesis of mono-unsaturated lipids. Symbiotic
lifestyles have also been explored through genome reconstruc-
tion, as was the case forCandidatus ‘Liberibacter asiaticus’ from
infected psyllids [38], Cenarchaeum symbiosum from sponges
[69] and Gamma- and Deltaproteobacteria from the marine
oligochaete Olavius algarvensis [192].

In a few studies, nearly complete genomes were also ob-
tained after Sanger shotgun sequencing of enrichment cultures
such as anaerobic ammonium-oxidizing (anammox) bacte-
rium, Kuenenia stuttgartiensis, from an anoxic bioreactor
[173], Candidatus ‘Accumulibacter phosphatis’ strain UW-1
in the enhanced biological phosphorus removal (EBPR) pro-
cess [56], rice cluster I archaea, the key methane producer in
the rice rhizosphere [48] and Candidatus ‘Nitrospira defluvii’,
from an activated sludge that differs dramatically from other
known nitrite oxidizers, suggesting multiple independent
evolution events of chemolithoautotrophic nitrite oxidation
[105]. The genome of Candidatus ‘Korarchaeum cryptofilum’,
belonging to the Korarchaeota candidate division, was ob-
tained after enrichment culture based on its ability to resist
high sodium dodecyl sulfate concentrations [44]. Phylogenetic
analysis and metabolic investigations have revealed that this
Korarchaeota member might have retained a set of cellular
features representing the ancestral archaeal form and that
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some essential nutrients for growth could be supplied in situ
by other mat-forming organisms. Genomic data from three
other archaeal lineages (Candidatus ‘Micrarchaeum acid-
iphilum’, Candidatus ‘Parvarchaeum acidiphilum’ and Can-
didatus ‘Parvarchaeum acidophilus’ [6,103]) have described
inter-organism interactions in biofilms and the formation of
large internal organelles with unknown functions. Finally, to
target microbial subpopulations, Kalyuzhnaya et al. [87] used
stable isotope probing to reveal a novel methylotroph, Meth-
ylotenera mobilis.

2.2. Next-generation sequencing (NGS) accelerates
genome acquisition

The development of high-throughput low cost sequencing
methods (Roche 454 pyrosequencing, Illumina Solexa tech-
nologies, SOLiD/Life Technologies/APG, and Ion Torrent) has
subsequently facilitated the reconstruction of additional mi-
crobial dark matter genomes. High-throughput metagenomic

approaches first targeted large DNA fragments from fosmid
libraries to reduce complexity and subsequently facilitate
sequence assembly. This strategy was used to obtain the
composite genomes of Candidatus ‘Caldiarchaeum sub-
terraneum’ [136] and Candidatus ‘Acetothermum auto-
trophicum’ [177]. As the Candidatus ‘C. subterraneum’

genome was found to be clearly distinct from those of known
archaeal divisions and to encode a eukaryotic protein modifier
system prototype [136], Candidatus ‘A. autotrophicum’ is
considered one of the earliest diverging bacterial lineages and
has a substantially different acetyl-CoA pathway [177]. By
subjecting DNA extracted from an enrichment culture to 454
pyrosequencing and Sanger paired-end sequencing on shotgun
and fosmid libraries, the genome of Candidatus ‘Scalindua
profunda’, an anammox bacteria, was obtained [187]. With a
greater ability to utilize small organic acids and oligopeptides
as well as the capability to use nitrate, nitrite and metal oxides
as terminal electron acceptors, this bacterium is very different
from its freshwater counterparts. Combined Sanger and

Fig. 1. Overview and features of metagenomic strategies in microbial ecology [23,35,43,64,77,84,100,111,127,145,149,166,171,197,204].
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pyrosequencing approaches were also used to highlight the
seven dominant bacterial genomes of an AMD highly
contaminated with arsenic that are involved in the natural
attenuation of such anthropized ecosystems [8]. Two of these
genomes named Candidatus ‘Fodinabacter communificans' be
long to a novel bacterial phylum. To appreciate the EBPR
process mediated by polyphosphate-accumulating organisms
(PAOs), Sanger, pyrosequencing and Illumina technologies
were applied to define another Accumulibacter reference
genome: Candidatus ‘Accumulibacter sp.’ strain UW-2 [51].
Unlike UW-1 [56], the UW-2 genome seemed to lack genes
for nitrogen and carbon fixation, but metabolic genes essential
for denitrification and EBPR were conserved. Finally, such an
approach enabled analysis of an uncultured marine

Actinobacteria genome, Candidatus ‘Actinomarinidae',
revealing a photoheterotrophic lifestyle [58].

Examples of genome reconstruction using only high-
throughput sequencing methods directly on extracted DNA
from low diversity ecosystems have been successfully
described. To gain an understanding of the phylogenetic
community structure and metabolic potential of a low-diversity
mineral soil metagenome, Lynch et al. [106] analyzed DNA
extracted from a high elevation Atacama Desert volcano debris
field. The identified genome of Pseudonocardia sp. encodes
complete pathways for the utilization of various low molecular
weight atmospheric substrates (H2, CO and several organic C1
compounds) and CO2 fixation. From highly acidic biofilms (pH
0e1) and AMD, near complete Thermoplasmatales genomes

Table 1

Main candidate phylum genomes obtained with metagenomics and/or single-cell genomics approaches.

Kingdom Candidate phylum First description in Sequenced genomes

Metagenomics SCG

Bacteria AD3 Sandy surface soils [206] e e

BD1-5 group/GN02 [Gracilibacteria] Guerrero Negro hypersaline microbial mat [98] 5 [196] 2 [153]

BH1 Near-boiling silica-depositing thermal springs [11] e e
BRC1/NKB19 [Hydrogenedentes] Bulk soil and rice roots

(BRC1 means Bacterial Rice Cluster) [32]

1 [133] 4 [133,153]

CD12/BHI80-139 [Aerophobetes] - [153] e 1 [153]

EM3 (former OP2) Obsidian Pool, Yellowstone National Park [81] e 1 [153]

GN01 Guerrero Negro hypersaline microbial mat [98] e e

GN04 Guerrero Negro hypersaline microbial mat [98] e e

GOUTA4 Monochlorobenzene-contaminated groundwater [3] e e

KSB1 Sulfide-rich black mud from marine

coastal environments [180]

e e

LD1 Anoxic marine sediments [52] e e

Marine Group A/SAR406 [Marinimicrobia] Subsurface of Atlantic and Pacific oceans [53] 1 [133] 22 [133,153]

MVP-15 Suboxic freshwater pond [16] e e

NC10 Aquatic microbial formations in flooded caves [74] 1 [49] e

OD1/WWE3 [Parcubacteria] Obsidian Pool, Yellowstone National Park

(OD1 means OP11-derived 1) [71]

28 [88,195,196] 9 [153]

OP1/KB1 group [Acetothermia] Obsidian Pool, Yellowstone National Park [81] 1 [177] e

OP11 [Microgenomates] Obsidian Pool, Yellowstone National Park [81] 17 [195,196] e

OP3 [Omnitrophica] Obsidian Pool, Yellowstone National Park [81] e 4 [153]

OP8 [Aminicenantes] Obsidian Pool, Yellowstone National Park [81] e 36 [153]

OP9/JS1 [Atribacteria] Obsidian Pool, Yellowstone National Park [81] 2 [36,133] 18 [36,133,153]

Poribacteria Marine sponge-associated [50] e 1 [165]

SBR1093 Activated sludge from an industrial

wastewater treatment system [96]

e e

SC4 Arid soil from Arizona [40] e e

SPAM Alpine soil in the Colorado Rocky Mountains

(SPAM means SPring Alpine Meadow) [102]

e e

SR1 Hydrocarbon-contaminated aquifer

(SR means “Sulfur River”) [37]

2 [88,196] 1 [18]

TM6 Peat bog (TM means Torf, Mittlere schicht) [150] e 1 [121]

TM7 Peat bog (TM means Torf, Mittlere schicht) [150] 5 [2,88] 2 [110,148]

WPS-2 Wittenberg polluted soil [135] e e

WS1 Wurtsmith Air Force Base, Michigan [37] e 2 [133,153]

WS2 Wurtsmith Air Force Base, Michigan [37] e e
WS3 [Latescibacteria] Wurtsmith Air Force Base, Michigan [37] e 7 [153]

WS6 Wurtsmith Air Force Base, Michigan [37] e e

WWE1 [Cloacimonetes] Municipal Anaerobic Sludge Digester [25] 2 [133,142] 3 [133]

ZB3 Mesophilic sulfide-rich spring [46] e e

Archaea Korarchaeota Obsidian Pool, Yellowstone National Park [7] 1 [44] e
Nanoarchaeota Submarine hot vent [78] e e

Based on the works of Rinke et al. [153], McDonald et al. [119], Riesenfield et al. [151] and Hugenholtz [79] and on information available on the Greengenes, Silva

and RDP databases (in February 2015).
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have expanded our knowledge of archaeal toxic metal resis-
tance as well as the phylogenetic diversity of this order
[86,198,199]. Taking advantage of mate-paired NGS, two
marine metagenomic samples have been explored, and the
analysis of the marine group II Euryarchaeota genome has
clarified the origin of proteorhodopsin, which appears to be a
euryarchaeal innovation [85].

Ion Torrent sequencing technology has also been success-
fully used to investigate new microbial dark matter genomes.
As an example, 500 Mbp of Ion Torrent PGM sequence data
led to the recovery of the Candidatus ‘Methanoflorens stor-
dalenmirensis’ genome, revealing genes necessary for hydro-
genotrophic methanogenesis in thawing permafrost [124]. This
species appears to be a key mediator of methane-based posi-
tive feedback in response to climate warming.

High-throughput sequencing has enabled the acquisition of
numerous genomes. Even if most of them are partial, they not
only give clues on ecosystem functioning, but improve our
knowledge of the evolutionary history of the microbial world.
Indeed, the definition of several conserved markers in addition
to rRNA genes, in particular for uncultivated microorganisms,

enables establishing a more robust and reliable phylogeny.
Then, to expand resolution of the archaeal domain, fourteen
draft and two complete genomes have recently been obtained
[21]. Genome analysis has improved the resolution of the
physiology and structure of the newly proposed DPANN
superphylum [21,153]. In the same way, through the analysis
of 70 conserved markers, a new archaeal superphylum Pro-
teoarchaeaota was defined and regroups the former phyla
Aigarchaea, Crenarchaea, Korarchaea and Thaumarchaea
[143]. According to these authors, the former archaeal phyla
should be reclassified as classes [144,153], but to date, these
new denominations are not included in databases such as
Greengenes, SILVA or RDP.

2.3. Enrichments combined with NGS enhance genome
data

To ensure comparative genomic analyses of two Candi-
datus ‘Kuenenia stuttgartiensis’ anammox bacterial strains,
enrichments were applied before Illumina sequencing [170].
The high sequence identity between these two bacteria

Table 2

Main non-candidate prokaryotic phylum genomes obtained with metagenomics and/or single-cell genomics approaches.

Kingdom Phylum Sequenced genomes

Metagenomics SCG

Bacteria Acidobacteria 2 [8,55] e

Actinobacteria 36 [58,59,106,131] 12 [57,61]

Aquificae e e
Armatimonadetes e 2 [133,153]

Bacteroidetes 135 [2,131,179,195] 14 [45,66,73,193,194]

Caldiserica 2 [133] 2 [133,153]

Caldithrix e e
Chlamydiae e e

Chlorobi 2 [130,172] e

Chloroflexi 3 [133,195,201] 1 [133]

Chrysiogenetes e e
Cyanobacteria 23 [34,131,169] 2 [68,154]

Deferribacteres e e

Dictyoglomi e e
Elusimicrobia e e

Fibrobacteres e e

Firmicutes 453 [76,99,131,133,155,195] 16 [73,133,139,178]

Fusobacteria 2 [131] e
Gemmatimonadetes e e

Lentisphaerae 2 [131] e

Nitrospirae 5 [76,105,185] e

Planctomycetes 3 [133,173] 1 [45]

Proteobacteria 96 [2,8,38,51,56,70,76,87,91,97,101,108,

109,120,131,134,137,167,183,192,195]

25 [24,42,45,47,73,92,116,117,126,133,148,176]

Spirochetes 3 [131,133,195] 40 [73,133,153]

Synergistetes e 2 [133,153]

Tenericutes 32 [131] e

Thermi e e

Thermodesulfobacteria e e
Thermotogae 3 [133,174] 1 [153]

Verrucomicrobia 4 [2,131] 5 [113]

Archaea Crenarchaeota 6 [6,69,136,162] 61 [10,93,153,175]

Euryarchaeota 32 [6,12,13,48,67,76,85,107,129,131,133,156,185,199] 6 [60,133,153]

Thaumarchaeota 2 [158,205] e

Based on information available from the Greengenes database (in February 2015).
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indicates that mobile genetic elements are the main source of
variation between these geographically separated strains.
Following an enrichment-based culture strategy, a 1.23 Mbp
genome of the pelagic ammonia-oxidizing thaumarchaeon
Candidatus ‘Nitrosopelagicus brevis’ strain CN25 was re-
ported [158]. Because of the ubiquitous presence of Candi-
datus ‘N. brevis’-like sequences in the surface of the ocean,
such species may represent a model system for understanding
the ecology and evolution of pelagic marine Thaumarchaeota.
The well-studied EBPR process was conducted to draft a
genome of Candidatus ‘Accumulibacter sp.’ strain HKU-1
[109] and to perform eight population genome re-
constructions, including seven from phylogenetic clades with
no previously sequenced representatives [167]. A major dif-
ference between the Accumulibacter clades was found in the
encoded nitrate reductase type and the capacity to perform
subsequent steps in denitrification [167]. Furthermore, in an
acetate-fed anaerobic-aerobic membrane bioreactor with
deteriorated EBPR, Candidatus ‘Defluviicoccus tetraformis’
strain TFO71 dominates the microbial community [134].
Genomic analyses have shed light on important differences
between Defluviicoccus-related tetrad formation and PAOs
that may contribute to EBPR community competition and
deterioration. McIlroy et al. [120] assembled two Com-
petibacter genomes representing distinct species from two
short-term enrichment cultures. These genomes were the first
from any glycogen-accumulating organism (GAO) and pro-
vided new insight into the complex interaction and niche
competition between PAOs and GAOs in EBPR systems.
Moreover, from an enrichment culture, the complete genome
of the dominant bacterium (70e80%), Candidatus ‘Methyl-
omirabilis oxyfera’, was assembled [49]. Genome annotation
of this anaerobic denitrifying bacterium has allowed the
detection of a new biological pathway that uses oxygen from
denitrification to oxidize methane. Finally, three genomes of
the recently identified seventh order of methanogens, the
Methanomassiliicoccales, were recovered from highly
enriched cultures (Candidatus ‘Methanomethylophilus alvus’,
Candidatus ‘Methanomassiliicoccus intestinalis’ and Meth-
anomassiliicoccus luminyensis) [12e14,67]. Comparative ge-
nomics has suggested an original combination of two main
energy conservation processes previously described in other
methanogens [14].

Microbial enrichment has also been carried out using
morphological criteria. For example, Thioploca ingrica fila-
ments were individually removed with forceps from the ma-
terials collected, allowing the complete genome to be obtained
[91]. The authors showed that T. ingrica possesses all of the
genes required for complete denitrification and represents the
first complete genome sequence of a nitrate-storing sulfur
oxidizer. Differential centrifugation has been used to effec-
tively separate the slowly sedimenting Candidatus ‘Chlor-
acidobacterium thermophilum’, a chlorophyll-based
photoheterotroph belonging to the Acidobacteria phylum [55].
This organism lacks the capacity to reduce carbon, sulfate and
nitrate, and seems to be unable to synthesize several amino
acids.

2.4. Ultra-high-throughput sequencing combined with
innovative assembly strategies accelerates genome
discovery

With constant technical improvements in NGS systems, the
number of reads produced per run and read length have rapidly
increased (e.g., 4.3e5 billion reads per run with the
HiSeq4000 and 2 � 300 bp read length with MiSeq systems).
Moreover, to exploit the massive amount of data produced and
to take into account microbial diversity, innovative assembly
strategies have been developed. Binning input reads (i.e.,
gathering reads of similar species) is one of most frequently
employed approaches [89,128,161] with 238 high-quality
microbial genomes reconstructed from human gut micro-
biome samples [131]. Thus, these developments have ensured
the identification of a greater number of genomes in complex
environments. From an acetate-amended aquifer, 49 partial to
near-complete genomes have been reconstructed [196]. To
assemble high-quality, near-complete draft genomes of rare
species, composition-independent information as the primary
binning approach has been used by Albertsen et al. [2]. With
this strategy, 31 bacterial genomes, including rare species
(<1% relative abundance) from an activated sludge bioreactor,
were reconstructed. Four of these genomes belong to the
candidate bacterial phylum TM7 and represent the most
complete genomes for this phylum to date.

To facilitate read assembly, researchers have used an iter-
ative approach to address the problem of multiple coverage
levels in metagenomic data. Indeed, Wrighton et al. [195]
reinforced the contributions of ultra-high-throughput
sequencing to understand global metabolic interdependencies
between organisms, with the characterization of 87 genomes
in an unconfined aquifer. Genomic analyses have revealed that
several pathways for anoxic carbon, hydrogen and sulfur
cycling in these organisms of candidate phyla BD1-5, OP11,
OD1 and PER share features previously documented only in
Archaea. The first draft genome from a complex soil meta-
genome, which corresponds to a novel methanogen, was bin-
ned by tetranucleotide frequency and read coverage [107]. It
should be noted that the genome reconstruction succeeded due
to the relatively high abundance of methanogens in the sample
and the low population heterogeneity. Benefiting from the
strategies of coverage clustering, GC content filtering and
paired-end tracking, the near-complete genome of Thauera
aminoaromatica MZ1T was assembled [108]. This draft
genome provides a new genetic reference to deepen our un-
derstanding of this important genus in nitrogen removal from
nitrate-contaminated and organic-deficient water systems. Re-
examination of a fairly simple, well-studied habitat (hyper-
saline environments) with a combination of strategic envi-
ronmental sampling, deep sequencing, and de novo
metagenomic assembly has revealed two nearly complete
genomes representing a novel archaeal class named Nano-
haloarchaea [129]. This class is characterized by highly dis-
similar metabolic capabilities compared with all previously
identified hypersaline microbial species. Ghai et al. [59]
recently carried out this same strategy of deep metagenome
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sequencing and de novo assembly to define key roles for
freshwater Actinobacteria. Seven distinct genomes of uncul-
tured aquatic Actinobacteria were then reconstructed from
~250 million Illumina reads. Genomic analyses revealed how
these bacteria are responsible for the biogeochemical cycling
of important nutrients in relatively pristine freshwater systems.

Lately, using the “divide and conquer” assembly strategy
and integrating a separate metatranscriptomic assembly,
eleven draft genomes were successfully reconstructed, of
which ten were from rare members of the low-diversity AMD
system [76]. As revealed by genomic analyses, these microbial
communities have evolved various mechanisms to survive in
such an extreme habitat including tolerance to low pH, high
heavy metal concentrations and oxidative stress. The complete
2.4 Mbp-long genome of a previously uncultivated Epsilon-
proteobacterium, Candidatus ‘Sulfuricurvum sp.’ RIFRC-1,
has been reconstructed via assembly of short-read shotgun
metagenomic data using a complexity reduction approach
[70]. This organism likely contributes to the subsurface car-
bon, sulfur, hydrogen and nitrogen cycles.

For some species, an interesting approach using intrinsic
genome features (e.g., unusual gene family, gene distribution)
can be sufficient to recover complete genomes. For example,
the uniqueness of the Melainabacteria genomes makes them
distinct not only from the genomes of all other organisms in
the community but also from coexisting Melainabacteria [34].
Using unique features, eight genomes from adult human gut
and groundwater were recovered. Metabolic analysis of this
new candidate phylum sibling to Cyanobacteria has suggested
that the ancestors to both lineages were non-photosynthetic,
anaerobic, motile and obligatory fermentative bacteria [34].
Sequencing of additional Melainabacteria genomes has sug-
gested that these organisms represent a class within Cyano-
bacteria and that photosystems were acquired after divergence
of the classes Melainabacteria and Oxyphotobacteria [169].

2.5. Third-generation sequencing: longer is better

The emergence of third-generation sequencing platforms
and the potential to sequence longer DNA sequences [125] has
provided substantial benefits for genome reconstruction.
Indeed, the average read length from the current PacBio RS
instrument is ~3,000 bp, but some reads may reach 20,000 bp
or longer. For example, using 621,000 PacBio reads, the full-
length circular genome sequence of the Dehalococcoides sp.
named D. mccartyi IBARAKI has been determined from a
Dehalococcoides-enriched culture [201]. Irrespective of the
high sequence identity with other Dehalococcoides genomes,
there are significant differences in the distribution of reductive
dehalogenase genes that catalyze the dehalogenation reactions
unique to dehalorespirating bacteria. The complete genome of
Candidatus ‘Nitrososphaera evergladensis’ has been recon-
structed using a PacBio platform from a highly enriched cul-
ture obtained from agricultural soil and was the first genome
analysis of ammonia-oxidizing archaea (AOA) group I.1b
isolated from soil [205]. Comparative genomic analyses have
revealed unique protein-coding genes (e.g., transporters) and

gene duplications that may be associated with the environ-
mental versatility of this group.

2.6. Limits of metagenomics to genome reconstruction
from microbial dark matter

Metagenomic studies actively contribute to the identifica-
tion of new composite genomes from microbial dark matter, as
described above and evidenced by the accumulation of new
published studies in the “Genome Announcements” Journal
[97,99,101,137,155,156,162,163,172,179]. Nevertheless, only
dominant or enriched organisms and communities from low-
diversity environments are highlighted through genome
reconstruction from metagenomic data. The short read lengths
produced by high-throughput platforms present significant
hurdles in regard to reconstruction of complete genomes.
Indeed, the percentage of reads that can be assembled is
directly related to the complexity of the studied microbial
community [160,164]. Thus, in general, depending on the
sequencing technology and bioinformatics treatments used,
the vast majority of metagenomic data can be assembled for
very low complexity environments comprising only a few taxa
(e.g. 85% in AMD) [185], whereas even with tremendous
sequencing effort for very complex ecosystems, only a few
reads can be assembled in large contigs (e.g. unassembled
sequences represent 76% of input reads in soil ecosystems)
[30]. Another obstacle when attempting assembly is intra-
species variation. When these variations consist only of single
nucleotide polymorphisms (SNPs) or homologous recombi-
nation, it is possible to obtain a genome that aggregates a pool
of multiple strain sequence types [4]. Consequently, a genome
from metagenomic data is always a composite genome that
represents a population and not the genome of a single or-
ganism [164]. However, although prokaryotic genomes are
quite stable from one generation to the next, they are plastic on
an evolutionary time scale and are commonly modulated by
horizontal gene transfer (HGT), genome rearrangements and
the activities of mobile DNA elements [28]. Furthermore, as
exchanges of genetic material due to HGT promote microbial
diversification, closely phylogenetically related prokaryotes
may present a divergent gene catalog. Thus, the reconstruction
of genomes from metagenomes is somewhat unreliable,
mostly due to this high intraspecies diversity. In fact, genome
sequence quality is very variable and error rates must be high
compared to genomes obtained from organisms axenically
cultured. To overcome such a problem, several long-read
sequencing methods, including nanopore sequencing and
sequencing by synthesis, coupled with SMRT (single molecule
real time) technology (PacBio RS instruments) have been
proposed. However, these new sequencing methods are less
well developed than the current generation of high-throughput
sequencing and are limited by error rates, throughput and cost,
even for research applications [90].

Finally, despite constantly improving the throughput of
sequencing technologies and bioinformatic tools, the
sequencing depth required to provide a comprehensive view of
microbial communities remains unaffordable for complex
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environments. For example, considering 109 prokaryotic cells
per gram of soil, and even if some of them are identical, the
vast majority present interindividual variations, and assuming
3,000 genes per single bacterial genome [189] with an average
length of 1,000 bp per gene, such cells will thus represent up
to 3 � 1015 bp. Therefore, Desai et al. [33] estimated that, with
the HiSeq2000 instrument (2 billion of sequences,
2 � 100 bp), 6,000 runs must be realized with a global cost of
$267 million to produce a dataset representing onefold
coverage of the microbial community from 1 g of soil. The
constant and quick improvement of sequencing technologies
reduces the number of runs required, but even with the current
HiSeq2500 instrument (4 billion of sequences, 2 � 125 bp), a
substantial number of runs (i.e. 3,000) still need to be realized
to cover the microbial community from 1 g of soil.

Metagenomic approaches enable reconstruction of
numerous genomes from complex environments. The vast
majority of these genomes are partial, qualified as draft
because constituted of many contigs, and potential errors may
subsist, unlike genomes obtained from cultivated organisms
(Supplementary Table S1). However, these genomes have the
advantage of originating from environmental microorganisms
and therefore allow access to novel phylogenetic and/or
functional information. Due to the wide complexity of mi-
crobial ecosystems, genome reconstruction through meta-
genomics often requires preliminary enrichment (culture
enrichment, physical separations, bioinformatic treatments,
etc.) to be efficient. Constant NGS technical improvements
and the development of new bioinformatics strategies will lead
to reconstructing a growing number of microbial genomes
from complex environments through metagenomic ap-
proaches. Furthermore, new strategies of complexity reduction
complementary to metagenomics have been developed, such
as SCG that allows targeting one specific cell.

3. Illuminating genome dark matter by single-cell
genomic approaches

SCG emerged as a powerful tool to enable unprecedented
access to genomes present in uncultured microbial commu-
nities (Fig. 2). This approach involves numerous steps, from
the isolation of single cells from the environmental sample to
genome sequencing, cell lysis and whole genome amplifica-
tion [94,95].

Due to its ability to reconstruct partial or even complete
genomes from only one targeted organism, SCG allows
exploration of many fields of microbial ecology (Tables 1 and
2 and Supplementary Table S1). This approach has been
broadly used to provide gDNA sequences and some nearly
complete genomes for numerous major taxa with no
sequenced representative genomes in databases. One inter-
esting example is the first genome reconstruction of five low-
salinity type AOAs, named Candidatus ‘Nitrosoarchaeum
limnia’ SFB1, from an enrichment culture [10]. The
sequencing of each organism led to 60% genome recovery and
the combination of the five genomic sequence datasets
permitted the rebuilding of a high-quality draft genome

assembly representing more than 95% of the complete
sequence.

SCG presents the advantage of accessing the genetic makeup
of single uncultivated microbes directly isolated from envi-
ronmental samples, but is particularly interesting for its ca-
pacity to target microbial dark matter and microorganisms
belonging to the rare biosphere, as was highlighted by Marcy
et al. [110] and Podar et al. [148]. Indeed, these authors
demonstrated the possibility of isolating uncultured TM7 cells
present at between 0.7 and 1.9% in the ecosystems studied.
They enabled the partial assembly of two genomes, which
showed high metabolic complexity that explained the adapt-
ability of TM7 cells to a broad range of environments. Mc Lean
et al. [121] assembled the first partial genome from amember of
globally distributed candidate phylum TM6, suggesting its
symbiotic lifestyle, and Woyke et al. [194] characterized the
genome of a coastal ocean water Flavobacteria with a proteo-
rhodopsin metabolism that was biogeochemically significant in
surface oceans. Others studies provided genomes of filamen-
tous Beggiatoa [126], the candidate phylum Poribacteria [165],
and even the SAR324 clade of Deltaproteobacteria [24],
providing new insight into their chemolithoautotrophic, mixo-
trophic and chemoheterotrophic lifestyles, respectively.

Even the partial reconstruction of genomes with SCG
provides essential information on the metabolic capacities of
microorganisms, and consequently, on their roles in the envi-
ronment. A typical example is the partial genome assembly of
a single cell belonging to the yet uncultured candidate division
OP11 that is widely distributed in terrestrial and marine eco-
systems [203]. Little information was initially available
regarding these poorly understood bacteria, although their
various metabolic capabilities that allow stress responses,
production of multiple antibiotics and resistance mechanisms
enhancing their survival in diverse and competitive habitats
have been shown. Thanks to single-cell analysis, the genomic
determination of the heterotrophy of the novel marine protist
group of Picobiliphyta, originally defined as phototrophic, has
been highlighted [202]. Other notable discoveries include the
capacity of Colwellia isolated during the Deepwater Horizon
oil spill to degrade gaseous and aromatic hydrocarbons [116]
and the potential role of Peptococcaceae in alkane degrada-
tion under methanogenic conditions [178].

Broadly, SCG enables collection of information on the
possible role of targeted organisms within ecosystems and their
impact on trophic networks. This was well illustrated by Swan
et al. [176], who showed chemolithoautotrophy pathways in
uncultured Deltaproteobacteria cluster SAR324, Gammapro-
teobacteria clusters ARCTIC96BD-19 and Agg47 and some
Oceanospirillales that constitute a major fraction of dark ocean
biomass and could significantly contribute to carbon cycling in
the ocean. Additionally, all of the ubiquitous freshwater bac-
terioplankton clusters such as acI Actinobacteria, Poly-
nucleobacter sp. and LD12 contain at least one photohetero
trophic member, suggesting that photoheterotrophy is wide-
spread in the euphotic zone of temperate freshwater lakes [114].
Another complementary study revealed that acI Actinobacteria
have particular traits that confer competitive advantages when
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scavenging for energy and nutrients in freshwater habitats, thus
explaining their domination of many freshwater ecosystems
and their impact on trophic networks [61]. Thus, such precise
knowledge of microbial metabolic capabilities through single-
cell approaches opens up new horizons for the development
of biotechnological and medical applications [68,113,191] and
potentially for guided cultivation of uncultured microorganisms
[73].

SCG permits a better understanding of the interactions
between organisms such as those occurring in symbiosis
(commensalism, mutualism and parasitism). Indeed, the
simultaneous access to genomes belonging to hosts and sym-
bionts, which are usually not easily accessible through
cultivation-independent techniques, provides unique insight
into their relationships under true ecological conditions. When
sequencing genomes from individual protists and the pro-
karyotes that are physically associated with them, Martinez-
Garcia et al. [112] revealed single-cell-scale interactions be-
tween diverse unicellular heterotrophic marine eukaryotes and
bacteria, such as the association between Pelagibacter ubique
and MAST-4 protists or that between Actinobacterium and
chrysophytes. Furthermore, with SCG, they suggested marine
protists prey preferences, such as Gammaproteobacteria
grazing among bacterioplancton. Similarly, Hongoh et al. [75]
assembled the complete genome of the uncultured bacterium
Rs-D17, an intracellular symbiont of protists Trichonympha

agili, which themselves are termite Reticulitermes speratus
gut symbionts. They evidenced that the metabolism of this
bacterium belonging to the candidate phylum Termite Group 1
(TG1) coincides with the ecology of wood-feeding termites,
thus elucidating the precise interactions among individual
members of this multilayered symbiotic community. Another
interesting SCG approach was developed to discriminate and
isolate Emiliania huxleyi microalga cells infected by viruses.
This method permitted analysis of the viral genome allowing
viral infection mechanism comprehension [115].

Such interactions can induce genome rearrangements in
microorganism populations that rapidly diversify, such as gene
insertion through HGT and loss. SCG is particularly well
suited to detect that type of genomic variability in natural
microbial populations compared with metagenomics, due to its
capacity to resolve fine-scale heterogeneity at the population
level without ambiguity. Good illustrations of this resolution
include the discovery of HGT and recombination of rhodopsin
genes in freshwater Gammaproteobacteria, Betaproteobac-
teria and Actinobacteria [114], as well as the detection of
HGT in the MAST-4 lineage, both of which provide insight
into its evolutionary history [157]. This technique permitted a
better understanding of the extensive variations in protein-
coding genes within two bee gut symbionts, Gilliamella api-
cola and Snodgrassella alvi, revealing an in situ diversification
of bee gut communities [47]. Even more precisely, single-cell

Fig. 2. Single-cell genomics workflow applied to the study of metagenomic communities.
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approaches revealed SNPs in ammonia-oxidizing Archaea
[10], segmented filamentous bacteria [139] and the Candidatus
‘Sulcia muelleri’ DMIN symbiont [193] at the population
level, which, combined with genomic data, can confidently
resolve phylogenies and inform about organism evolution.
These examples illustrate the power of SCG to provide in-
formation concerning the fine-scale structure of microbial
communities due to its ability to generate high quality non-
composite reference genomes.

SGC thus appears to be a particularly interesting and
promising technique for understanding ecosystem function.
Nevertheless, technical challenges remain. After being isolated
from the environment, cells are lysed to access gDNA. This step
is one of the most critical because subsequent genomic analyses
depend on the quantity and quality of gDNA available, and
conventional bulk cell lysis procedures such as physical
disruption and chemical handling with ionic surfactants are
often irrelevant for single-cell permeation. They subject cells to
harsh treatments which cause DNA fragmentation and loss and
impact on later genomic analysis [9,200]. After cell lysis, single
cell whole genome amplification (WGA) is essential. Some
WGA techniques are PCR-based [29,147], but single microbial
cell WGA is preferentially performed by multiple displacement
amplification (MDA) [115,152,154] even if some biases occur
[147]. The first bias of MDA and all WGAmethods is related to
sample contamination because, after WGA, contaminating
DNA can represent a significant fraction likely to be detrimental
to subsequent genome assembly, and up to the entirety of DNA
products in case of lysis failure. MDA reactions generate chi-
meras and are subjected to stochastic and sequence-dependent
priming at the early stages of the reaction, resulting in sub-
stantial variations in the amplifications of the different regions
of the single amplified genome (SAG) [147,154]. Finally,
another major constraint of SCG approaches is the absence of
any robust single-molecule amplification technology.

Although all sequences obtained from SCG approaches
come with certainty from a unique cell, unlike the case for
metagenomics, the success of genome recovery varies widely,
from 12% to a complete genome. It is directly linked to the
correct achievement of each of the different steps leading to a
SAG and to the specific properties of cells. SCG thus still
requires further improvements, such as overcoming techno-
logical limitations, to make it easily applicable for ecosystem
study. Nevertheless, its combination with other approaches
like metagenomics makes it particularly interesting and pro-
vides complete and reliable information.

4. Complementarity between metagenomics and SCG for
dark matter exploration

Because SCG possesses certain strengths and meta-
genomics possesses others, the integration of the two methods
enables a wider comprehension of microbial ecosystems than
allowed by the single methods. The first advantage is the
possibility of combining genomic data provided by each
method to reach complete genome assemblies. Metagenomic
reads can be incorporated into single-cell data, as was

performed for Candidatus ‘Nitrosoarchaeum limnia’ SFB1
[10], and in other cases, single-cell data can be used to guide
and validate genome reconstruction from metagenomic data,
as for the SAR86 genome [42]. Nobu et al. [133] combined
SCG and metagenomics and generated 35 draft genomes
spanning more than 15 phyla, thus permitting the first genomic
insight into 3 candidate phyla belonging to the microbial dark
matter, Atribacteria, Hydrogenedentes and Marinimicrobia.
The second advantage is the possibility of using SCG as a
specific tool to target organisms studied in metagenomic an-
alyses and thus explain community function. For instance,
Mason et al. [117] used single-cell approaches to specifically
characterize and confirm the hydrocarbon degradation poten-
tial of the dominant Oceanospirillales identified with meta-
genomic methods during the Deepwater Horizon oil spill.
Likewise, thanks to metagenomics, Ghai et al. [60] discovered
new abundant microorganisms in hypersaline salt ponds whose
photoheterotrophic and polysaccharide-degrading metabolism
has been investigated with SCG. Gomariz et al. [66] showed
an uncultured group of Bacteroidetes in similar environments
for which single-cell genomes suggest competitive metabolic
characteristics in hypersaline conditions.

A combination of metagenomics and SCG represents a
promising strategy for understanding ecosystem functioning.
Nevertheless, linking specific microbial populations to envi-
ronmental processes does not necessary imply billions of
random-shotgun metagenomic reads or SCG expertise. Gene
capture undeniably represents a promising genomic-scale
sequence enrichment strategy that could contribute to the
reconstruction of large DNA fragments or even complete ge-
nomes from complex environments.

5. Gene capture as an innovative approach for capturing
microbial dark matter

Gene capture approaches, which were first developed for
resequencing application, rely on either solid phase
[1,123,138] or solution phase hybridization [65,182] of nucleic
acid capture probes to the targeted DNA sequences. Denon-
foux et al. [31] described the first adaptation of a gene capture
method for selective enrichment of a target-specific genomic
locus from a complex environmental metagenomic DNA.
Thus, a solution hybrid selection (SHS) method was applied to
a lacustrine environment targeting the methyl coenzyme M
reductase subunit A (mcrA) gene, revealing higher metha-
nogen community diversity than previously observed with
other methods. The enrichment performance (>41%) demon-
strated the relevance of this method compared to a random-
shotgun metagenomic approach (0.003%). Applied to other
genomic loci, including functional [15] and phylogenetic
markers such as 16S or 18S rRNA genes (P. Peyret, unpub-
lished), enrichment performance of the gene capture can be
greater than 90%. Nevertheless, the success of a gene capture
experiment in microbial ecology strongly depends on the high-
quality probe sets encompassing variant specific and explor-
ative probes. Thus, probe design must be carried out with
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dedicated softwares like PhylArray [122], MetabolicDesign
[181], HiSpOD [39] and KASpOD [140].

Adaptation of gene capture for microbial ecology enabled a
better taxonomic and functional description of the studied
microbial communities, including the rare biosphere and un-
known sequences [31]. Additionally, gene capture allows
recovering large DNA fragments, highlighting the ability to
extend beyond the initial targeted biomarker gene sequence; it
thus facilitates the discovery of new genes or genomic orga-
nizations. Initially coupled with pyrosequencing, the emer-
gence of third generation sequencing platforms and the
possibility of sequencing longer DNA sequences without li-
brary construction [118,125,159] should provide real benefits
to gene capture for recovering large genomic regions or even
complete microbial genomes.

6. Conclusion

After undergoing an estimated 3.8 billion years of evo-
lution, microorganisms are the most diverse and abundant

cellular life forms on Earth and are critical to the functioning
of all metabolic niches. Molecular approaches (Fig. 3.) have
highlighted the presence of microbial dark matter [193]
despite cultivation difficulties for the vast majority of pro-
karyotes from the environment. During the last decade, ad-
vances in high-throughput sequencing, DNA amplification
and computing has enabled access to the genetic makeup of
unknown microorganisms by recovering genomes from
complex environments through metagenomics and SCG
methods [87,94]. Thus, unraveling the mysteries of meta-
bolic potential and the ecological roles of this dark matter is
one of the most exciting challenges in microbiology. These
innovative approaches, which are cornerstones for discov-
eries in microbial ecology and environmental microbiology,
have been successfully applied to expand our understanding
of many processes, especially geochemical element cycles.
In addition, access to the complete genomes of these un-
known microorganisms has accelerated the development of
novel compounds and processes for biotechnology, phar-
maceuticals and other applications in industry [193]. The

Fig. 3. Strengths and weaknesses of various microbial ecology approaches to link identity and function in metagenomic samples.
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strengths of metagenomics are its simplicity in sample
preparation and its ability to give access to all community
members if a sufficient sequencing effort is provided.
However, in high complexity environments, metagenomics
fails to identify numerous complete genomes, especially
those from rare biospheres. Moreover, reconstruction of
closely related genomes is difficult, hindering evolutionary
analysis of bacterial populations that may be adapted to
different ecological niches or that harbor distinct functional
capabilities [47]. In contrast, SGC provides genomes of one
cell, allowing the study of these organisms at the most
fundamental biological level. Indeed, SGC recovers high
quality non-composite reference genomes from individual
organisms and thus permits access to genomic variability in
natural microbial communities by resolving fine-scale het-
erogeneity at the population level without ambiguity. The
SCG approach allows the linkage of function to phylogeny,
but technological improvements must be performed to make
it applicable to a large variety of complex natural environ-
ments [26]. Nevertheless, as SCG and metagenomics present
complementary advantages, their combination offers vast
opportunities for discovering functional capabilities deduced
from the deciphering of dark matter genomes. More targeted
and innovative approaches such as gene capture can be
carried out to focus on particular populations. Such a
promising strategy, contributing to the reconstruction of
large genomic fragments or even complete genomes, pro-
vides valuable information about uncultivated microbial
lineages.

However, each technique discussed in this review has
strengths and weaknesses that must be taken into account
(Fig. 3). Until the development of an innovative technology
enabling elucidation of both community structure and func-
tion, the best experimental design must be chosen with the
knowledge of biological questions and samples.
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 Targeted Gene Capture by Hybridization to Illuminate 
Ecosystem F unctioning                     

     Céline     Ribière     ,     Réjane     Beugnot     ,     Nicolas     Parisot     ,     Cyrielle     Gasc     , 
    Clémence     Defois     ,     Jérémie     Denonfoux     ,     Delphine     Boucher     , 
    Eric     Peyretaillade     , and     Pierre     Peyret      

  Abstract 

   Microbial communities are extremely abundant and diverse on earth surface and play key role in the eco-
system functioning. Thus, although next-generation sequencing (NGS) technologies have greatly 
improved knowledge on microbial diversity, it is necessary to reduce the biological complexity to better 
understand the microorganism functions. To achieve this goal, we describe a promising approach, based 
on the solution hybrid selection (SHS) method for the selective enrichment in a target-specifi c biomarker 
from metagenomic and metatranscriptomic samples. The success of this method strongly depends on the 
determination of sensitive, specifi c, and explorative probes to assess the complete targeted gene repertoire. 
Indeed, in this method, RNA probes were used to capture large DNA or RNA fragments harboring bio-
markers of interest that potentially allow to link structure and function of communities of interest.  

  Key words     Solution hybrid selection  ,   Metagenomics  ,   Metatranscriptomics  ,   Microbial diversity  ,   RNA 
probes  ,   N ext-generation s equencing  

1      Introduction 

     Microbial communities      show the greatest organisms  diversity   on 
 earth   and are key players for  the   functioning of all the ecosystems. 
For example, 1 g of soil may contain up to 10 9  bacterial cells [ 1 ] 
and assuming 3000 genes per single  bacteria   genome [ 2 ] and an 
average of 1000 bp per gene, such cells will thus represent up to 
3 × 10 15  bp. To explore such  diversity  ,  next-generation sequencing 
(NGS)   technologies, especially  Illumina   systems, produce a great 
amount of sequence information (e.g. HiSeq 2500 produces six 
billion paired-end reads corresponding to 600 Gb of data).  High-
throughput sequencing   greatly improved the resolution for  micro-
bial diversity   description [ 3 ]. However, a substantial number of 
runs (6000) must be realized with a global cost of $267 million to 
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produce a dataset representing onefold coverage of the microbial 
from 1 g of soil [ 4 ]. 

 To reduce this biological complexity,  barcoding   is an effi cient 
method [ 5 ] but cannot establish the link between the microbial 
 structure   and the realized  functions   limiting the understanding 
levels [ 6 ]. Furthermore, various PCR biases could alter these 
descriptions [ 7 ]. Recently, promising approaches, based on the 
 SHS   (Solution Hybrid Selection) capture method for the selec-
tive enrichment in a target-specifi c  biomarker   from metagenomic 
[ 8 ] and metatranscriptomic [ 9 ] ( see  Chapter   14     for metatran-
scriptomic application) samples have been developed (Fig.  1 ). 
First results have showed that this technology allows the identifi -
cation of rare populations within the studied environment but 
also to participate to large DNA fragments reconstruction poten-
tially allowing to link  structure   and  function   in  microbial com-
munities.   The success of this innovating  gene capture   approach, 
however strongly depends on the determination of the best  probe   
set while taking the biological question into account [ 10 ]. 
Consequently, capture  probe   design is of critical importance and 
should therefore consider multiple parameters in order to assess 
the complete targeted gene repertoire. In addition, to being sen-
sitive and specifi c,  probes   must also anticipate genetic variations 
and thus must be able to detect known and unknown sequences 
in environmental samples. To design such explorative  probes,   
three  algorithms  , PhylGrid, KASpOD and HiSpOD have been 
developed. PhylGrid is a large- scale  probe   design  software   linked 
to the EGI (European Grid Infrastructure) [ 11 ]. It is an improve-
ment of the PhylArray  algorithm   presented in Militon et al. [ 12 ] 
which relies on initial multiple sequence alignments to defi ne 
regular and explorative  oligonucleotide probes   for SSU  rRNA   
genes. KASpOD is a web service dedicated to the design of sig-
nature sequences using a k-mer-based  algorithm   [ 13 ,  14 ]. 
PhylGrid and KASpOD software were used to defi ne 74,003 
 probes   of 25 mer targeting SSU  rRNA   genes from 2178 genera 
including  Bacteria   and Archaea. These  probes   are available using 
PhylOPDb, an online resource for a comprehensive  phylogenetic 
oligonucleotide probe    database   [ 15 ]. Finally,    the HiSpOD pro-
gram allows designing both gene-specifi c and sequence-specifi c 
probes to target any functional  biomarker   [ 16 ]. All these  soft-
ware  , developed in the context of microbial ecology, are then 
particularly appropriate for the design of highly sensitive, spe-
cifi c, and explorative  probes   in the context of  gene capture   by 
hybridization. Indeed, these probes, used for the  gene capture 
  molecular approach described below will ensure the selective 
enrichment of DNA or RNA ( see  Chapter   14     for metatranscrip-
tomic application) from targeted  phylogenetic   or functional  bio-
marker   genes of interest in complex environments.
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Proceed to the same steps as the 1st hybridization cycle with the 
captured library

Quantification and quality assessment 
Nanodrop

Agilent Bioanalyzer DNA 7500 or 12000 Chip

Gene capture
Second cycle of hybridization

Library preparation
TruSeq DNA PCR-Free Sample Prep LT kit

Amplification
GC-RICH PCR System, dNTPack

Size selection
Agencourt® AMPure® XP Reagent

Quantification and quality assessment 
Nanodrop

Agilent Bioanalyzer DNA 7500 or 12000 Chip

Library amplification

Illumina Plateform

Sequencing

Environmental sample

Metagenomic DNA

DNA extraction

Hybrid probes synthesis

Hybrid probes amplification
Platinum® Taq DNA Polymerase High Fidelity

Equimolar mix of  amplified hybrid probes

In vitro transcription of hybrid probe mix
MEGAscript T7 Transcription Kit with Biotin-16-UTP

Quantification and quality assessment 
Nanodrop

Agilent Bioanalyzer RNA 6000 Nano Chip

To get biotinylated 
RNA hybrid probes

To get dsDNA hybrid probes 
with a T7 promoter

Hybridization of amplified library
with biotinylated RNA hybrid probe mix

Elution of captured targeted genes
Dynabeads® M-280 Streptavidin

Size selection
Agencourt® AMPure® XP Reagent

Amplification of captured library
GC-RICH PCR System, dNTPack

Size selection
Agencourt® AMPure® XP Reagent

Gene capture
First cycle of hybridization

The dynabeads trap the RNA probe-
targeted gene heteroduplex by non-
covalent bonds between the
streptavidin coated on dynabeads and
the biotin of capture probes. The
targeted gene (capture products) are
retrieved by denaturation with NaOH

Formation of 
RNA probe-targeted gene heteroduplex

  Fig. 1    Process workfl ow of targeted gene capture by hybridization       

 

Gene Capture by Hybridization



170

2       Materials 

       1.    Agencourt ®  AMPure ®  XP Reagent (Beckman Coulter, Brea, 
CA, USA).   

   2.    Agilent DNA 7500 or 12000 Kit (Agilent Technologies, Santa 
Clara, CA, US A).   

   3.    Agilent RNA 6000 Nano Kit (Agilent Technologies, Santa 
Clara, CA, US A).   

   4.    Biotin-16-UTP (Epicentre, Madison, WI, USA).   
   5.    Dynabeads ®  M-280 Streptavidin (Life Technologies, Carlsbad, 

CA, USA).   
   6.    GC-RICH PCR System, dNTPack (Roche Applied Science, 

Basel, Switzerland).   
   7.    Glycogen ( molecular biology grade).   
   8.    MEGAscript ®  T7 Transcription Kit (Life Technologies, 

Carlsbad, C A, USA).   
   9.    MinElute Gel Extraction Kit (Qiagen, Hilden, Germany).   
   10.    MinElute PCR Purifi cation Kit (Qiagen, Hilden, Germany).   
   11.    Platinum ®  Taq DNA Polymerase High Fidelity (Life 

Technologies, Carlsbad, CA, USA).   
   12.    QIAquick PCR Purifi cation Kit (Qiagen, Hilden, Germany).   
   13.    RNeasy Plus Mini Kit (Qiagen, Hilden, Germany).   
   14.    10 mg/mL sheared salmon sperm DNA (Life Technologies, 

Carlsbad, C A, USA).   
   15.    TruSeq DNA PCR-Free Sample Prep LT Set A or Set B 

( Illumina,   San Diego, CA, USA).      

   All buffers and solutions could be prepared in laboratory under 
 DNase/RNase  -free conditions or purchased in general lab supplier. 
Prepare all solutions using ultrapure water (prepared by purifying 
deionized water to attain a sensitivity of 18 MΩ cm at 25 °C) and 
molecular biology grade reagents. Prepare and store all solutions 
and buffers at room temperature (unless indicated otherwise).

    1.    100× Denhardt’s solution: 2 % bovine serum albumin (BSA) 
(Fraction V), 2 % Ficoll 400, 2 % polyvinylpyrrolidone. Weigh 
1 g BSA, 1 g Ficoll 400 and 1 g polyvinylpyrrolidone and 
transfer to a 50 mL graduated cylinder. Add water to a volume 
of 50 mL. Filter through a 0.2 μm syringe fi lter to sterilize. 
Divide into aliquots of 2 mL, and store at −20 °C.   

   2.    0.5 M ethylenediaminetetraacetic acid (EDTA): pH 8.0. Weigh 
46.53 g EDTA and transfer to a 250 mL graduated cylinder. 
Add water to a volume of 150 mL. Mix and adjust pH with 

2.1  Reagents 
and Kits

2.2  Buffers 
and Solutions

Céline Ribière et al.
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NaOH. Make up to 250 mL with water. Sterilize by autoclav-
ing ( see   Note 1 ).   

   3.    80 % Ethanol ( see   Note 2 ).   
   4.    5 M NaCl. Weigh 73.08 g NaCl and transfer to a 250 mL 

graduated cylinder. Add water to a volume of 250 mL. Sterilize 
by autoclaving.   

   5.    1 M NaOH. Weigh 1 g NaOH and transfer into the plastic 
beaker. Add water to a volume of 25 mL. Stir vigorously and 
as precaution, place the beaker on ice ( see   Note 2 ).   

   6.    0.1 M NaOH. Make a dilution at 1/10 e  in nuclease-free water 
of 1 M NaOH solution ( see   Note 2 ).   

   7.    3 M sodium acetate: pH 5.2. Weigh 40.83 g sodium acetate and 
transfer to a 100 mL graduated cylinder. Add water to a volume 
of 80 mL. Adjust pH with glacial acetic acid. Make up to 100 mL 
with water. Filter through a 0.2 μm syringe fi lter to sterilize.   

   8.    10 % sodium dodecyl sulfate (SDS). Weigh 10 g SDS and 
transfer to a 100 mL graduated cylinder. Add water to a vol-
ume of 85 mL. Heat to 68 °C and stir with a magnetic stirrer 
to assist dissolution. Adjust pH to 7.2 by adding a few drop of 
concentrated HCl (36 %). Make up to 100 mL with water. 
Filter through a 0.2 μm syringe fi lter to sterilize.   

   9.    10× Tris-Borate-EDTA (TBE): 450 mM Tris-borate, 10 mM 
EDTA. Weigh 108 g Tris base, 27.5 g boric acid and transfer 
to a 1 L graduated cylinder. Add 10 mL of 0.5 M EDTA 
(pH 8.0) and water to a volume of 800 mL. Mix and adjust pH 
to 8. Make up to 1 L with water. Sterilize by autoclaving.   

   10.    10× Tris-EDTA (TE): 100 mM Tris–HCl, 10 mM 
EDTA. Weigh 0.24 g Tris base and 0.23 g EDTA and transfer 
to a 50 mL graduated cylinder. Add water to a volume of 
35 mL. Adjust pH to 7.5 with HCl. Make up to 50 mL with 
water. Sterilize by autoclaving.   

   11.    1 M Tris–HCl: pH 7.5. Weigh 60.57 g Tris base and transfer 
to a 500 mL graduated cylinder. Add water to a volume of 
350 mL. Adjust pH to 7.5 with HCl. Make up to 500 mL with 
water. Sterilize by autoclaving.   

   12.    20× SSC: 3 M NaCl, 0.3 M trisodium citrate. Weigh 17.53 g 
NaCl and 8.82 g trisodium citrate and transfer to a 100 mL 
graduated cylinder. Add water to a volume of 80 mL. Adjust 
pH to 7.0 by adding HCl. Make up to 100 mL with water. 
Sterilize by  autoclaving.   

   13.    20× SSPE: 3 M NaCl, 0.2 M NaH 2 PO 4 , 0.02 M EDTA. Weigh 
17.53 g NaCl, 2.76 g NaH 2 PO 4 , and 0.74 g EDTA and trans-
fer to the cylinder. Add water to a volume of 80 mL. Adjust 
pH to 7.4 with NaOH. Make up to 100 mL with water. 
Sterilize by  autoclaving.   

Gene Capture by Hybridization
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   14.    Binding buffer: 1 M NaCl, 10 mM Tris–HCl (pH 7.5), 1 mM 
EDTA. Transfer 10 mL of 5 M NaCl, 500 μL of 1 M Tris–HCl 
(pH 7.5) and 100 μL of 0.5 M EDTA (pH 8.0) to the cylinder. 
Make up to 50 mL with water. Filter through a 0.2 μm syringe 
fi lter to sterilize ( see   Note 2 ).   

   15.    2× Hybridization buffer: 10× SSPE, 10× Denhardt’s solution, 
10 mM EDTA, 0.2 % SDS. Transfer 10 mL of 20× SSPE, 2 mL 
of 100× Denhardt’s solution, 400 μL of 0.5 M EDTA (pH 8.0), 
and 400 μL of 10 % SDS to a 20 mL graduated cylinder. Make 
up to 20 mL with water. Filter through a 0.2 μm syringe fi lter 
to sterilize. Divide into aliquots of 2 mL, and store at −20 °C.   

   16.    Wash buffer n°1: 1× SSC, 0.1 % SDS. Transfer 2.5 mL of 20× 
SSC and 500 μL of 10 % SDS to a 50 mL graduated cylinder. 
Make up to 50 mL with water. Filter through a 0.2 μm syringe 
fi lter to sterilize ( see   Note 2 ).   

   17.    Wash buffer n°2: 0.1× SSC, 0.1 %. SDS. Transfer 250 μL of 
20× SSC and 500 μL of 10 % SDS to a 50 mL graduated cyl-
inder. Make up to 50 mL with water. Filter through a 0.2 μm 
syringe fi lter to sterilize ( see   Note 2 ).    

         1.    Hybrid  probes.   Purchase hybrid  probes   at 100 μM. Adaptor 
sequences must be added to the 5′ and 3′ ends of the specifi c 
capture  probes.   These hybrid  probes   consist of 5′-ATCGCA
CCAGCGTGT( X )CACTGCGGCTCCTCA-3′, with  X  indi-
cating the specifi c capture probe.   

   2.    Primers for  probe   amplifi cation. Purchase  oligonucleotides   at 
100 μM, T7-A 5′-GGATTCTAATACGACTCACTATAGG
GATCGCACCAGCGTGT- 3′ and B 5′-CGTGGATGAGGAG
CCGCAGTG-3′.   

   3.    Primers for library amplifi cation.  Purchase   oligonucleotides at 
100 μM, TS-PCR Oligo 1 5′-AATGATACGGCGACCAC
CGAGA- 3′ and TS-PCR Oligo 2 5′-CAAGCAGAAGACGGCA
TACGAG-3′.      

       1.    Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, 
CA, USA).   

   2.    AFA System (Covaris, Woburn, MA, USA). One of these fol-
lowing items: M220, S220, S2 or E210 Focused-Ultrasonicator 
with the corresponding AFA Tubes ( see   Note 3 ).   

   3.    DynaMag™-2 Magnet (Life Technologies, Carlsbad, CA, 
USA).   

   4.    HulaMixer ®  Sample Mixer (Life Technologies, Carlsbad, CA, 
USA) (optional).   

   5.    Nanodrop spectrophotometer (Thermo Scientifi c, Wilmington, 
DE, USA) or other systems for  DNA   quantifi cation (e.g.: 

2.3  Oligonucleotides 
(Probes and Primers)   

2.4  Equipments

Céline Ribière et al.
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Qubit ®  2.0 Fluorometer (Life Technologies, Carlsbad, CA, 
USA) or other fl uorometers).   

   6.    Speed v acuum.   
   7.    Thermal cycler (with heated lid).       

3    Methods 

       1.    First step of hybrid  probe   synthesis consists in amplifi cation of 
 oligonucleotide   to obtain  double-stranded DNA (dsDNA)  . 
Each amplifi cation reaction should contain 5 μL of 10× high 
fi delity buffer, 1 μL of dNTPs (10 mM), 2 μL of MgSO 4  
(50 mM), 1 μL of primer T7-A (10 μM), 1 μL of primer B 
(10 μM), 0.2 μL of Platinum ®  Taq DNA polymerase high 
fi delity, 38.8 μL of nuclease-free water and 1 μL of hybrid 
 probe   diluted at 10 μM ( see   Note 4 ). Include a negative con-
trol with 1 μL of nuclease-free water instead of 1 μL of hybrid 
 probe.   Use a thermal cycler with the following conditions: 
2 min at 94 °C then 35 cycles of 30 s at 94 °C, 30 s at 58 °C 
and 20 s at 68 °C and a fi nal elongation step at 68 °C for 5 min.   

   2.    Check the  probe   amplifi cation by  electrophoresis   on a 2 % aga-
rose-TBE gel containing 0.5× syber safe (or comparable nucleic 
acid stain). Deposit 5 μL of amplifi ed product (with loading 
buffer) ( see   Note 5 ). One lane is reserved for 100 bp DNA 
ladder. The gel is run in TBE buffer at 100 V for 45 min. The 
DNA is visualized on a UV transilluminator.   

   3.    If one band at the expected size is observed, proceed to the 
purifi cation of the remaining 45 μL of amplifi ed products using 
the MinElute PCR Purifi cation Kit, following the manufac-
turer’s instructions. If two amplifi cation bands are observed, 
deposit the remaining PCR product (i.e. 45 μL), excise with a 
clean razor blade or scalpel the band corresponding to the size 
of hybrid  probes   and proceed to their purifi cation using the 
MinElute Gel Extraction Kit, following the manufacturer’s 
instructions. The purifi ed product is eluted in 15 μL of 
nuclease- free water (Fig.  2 ).

       4.    Evaluate the concentration of purifi ed amplifi ed hybrid  probes 
  with N anodrop s pectrophotometer.   

   5.    For RNA synthesis, mix all hybrid  probes   in an equimolar 
amount taking into account the degeneracy of each  probe. 
  Each  probe   combination must be present in the same molecu-
lar amount ( see   Note 6 ). Validate the concentration of hybrid 
probe mix with Nanodrop spectrophotometer. Take 150 ng of 
hybrid  probe   mix, evaporate to dryness with a speed vacuum 
and resuspend in 4.75 μL of nuclease-free water. If the 150 ng 

3.1  Hybrid  Probe 
  Synthesis
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of hybrid probe mix is in a volume lower than 4.75 μL, do not 
evaporate and adjust the volume to 4.75 μL with nuclease-free 
water.   

   6.    The in vitro transcription (IVT) is realized with the 
MEGAscript ®  T7 Transcription Kit and using Biotin-16-UTP 
to produce biotinylated RNA. Each IVT reaction should con-
tain 2 μL of 10× reaction buffer, 2 μL of ATP solution 
(75 mM), 2 μL of CTP solution (75 mM), 2 μL of GTP solu-
tion (75 mM), 1.5 μL of UTP solution (75 mM), 3.75 μL of 
biotin- 16-UTP (10 mM), 2 μL of T7 enzyme mix, and the 
4.75 μL of previously prepared hybrid  probe   mix ( see   Notes 4  
and  7 ). Incubate at 37 °C for at least 6 h (or overnight).   

   7.    Add 1 μL of TURBO DNase (include in the MEGAscript ®  T7 
Transcription Kit) to each IVT reaction and incubate at 37 °C 
for 30 mi n.   

   8.    For RNA precipitation, transfer the IVT reaction mix in a 
1.5 mL microcentrifuge tube. Add 1/10 e  volume of 3 M 
sodium acetate (pH 5.2), 3 volumes of cold 100 % ethanol, 
and 1 μL of glycogen (20 μg/μL). The reaction is incubated at 

  Fig. 2    Amplifi ed hybrid probes  electrophoresis   on a 2 % agarose-TBE gel.  Lane 
1  shows DNA ladder (100 bp).  Lane 2  shows one amplifi cation band at the 
expected size, in this case at 112 bp corresponding to a hybrid probe of 50 bp 
with amplifi cation primers T7-A (41 bp) and B (21 bp).  Lane 3  shows two ampli-
fi cation bands, one at the expected size (same as  lane 2 ) and another one (at 
150 bp) corresponding to aberrant amplifi cation of the T7 promoter       

 

Céline Ribière et al.



175

−80 °C for 30 min. Centrifuge at 18,000 ×  g  for 15 min at 
4 °C. Discard the supernatant and wash two times the pellet as 
following: add 500 μL of cold 70 % ethanol, centrifuge at 
18,000 ×  g  for 10 min at 4 °C and discard the supernatant. Dry 
the pellet with a speed vacuum. Add 100 μL of TE for pellet 
resuspension.   

   9.    Proceed to the purifi cation of biotinylated RNA  probe   mix 
with the RNeasy Plus Mini Kit following the “Appendix D: 
Purifi cation of Total RNA Containing Small RNAs from Cells” 
instructions excepted the step D2 with the gDNA Eliminator 
spin column. Make two RNeasy Mini spin columns per hybrid 
 probe mix   (apply 50 μL of biotinylated RNA  probe   mix on 
each column), elute the product in 40 μL of nuclease- free 
water and pool the two obtained eluates.   

   10.    Evaluate the concentration of purifi ed biotinylated RNA  probe 
  mix with Nanodrop spectrophotometer. Assess their quality on 
an Agilent Bioanalyzer RNA 6000 Nano chip, according to 
the manufacturer’s instructions (Fig.  3 ).

       11.    Store a t −80 °C .      

   The library is prepared for 550 bp insert using the TruSeq DNA 
PCR-Free Sample Prep LT kit by  Illumina   following the manufac-
turer’s i nstructions.  

            1.    Add 30 μL of nuclease-free water to the library.   
   2.    Proceed to the library amplifi cation with the GC-RICH PCR 

System, dNTPack. Realize ten 50 μL PCR reactions per library. 

3.2  Library 
Preparation (550 bp 
Insert)

3.3  Library 
Amplifi cation

  Fig. 3    Quality of biotinylated RNA probes assess on Agilent Bioanalyzer RNA 
6000 Nano chip. The electrophoregram shows a resolved peak at the expected 
size of a hybrid probe of 50 bp with amplifi cation primers T7-A (41 bp) and B 
(21 bp) (same probe as Fig.  2 )       

 

Gene Capture by Hybridization



176

Each amplifi cation reaction should contain 10 μL of 5× GC- 
RICH PCR reaction buffer, 2 μL of 25 mM MgCl 2 , 1 μL of 
PCR grade nucleotide mix, 1 μL of 25 μM TS-PCR Oligo 1, 
1 μL of 25 μM TS-PCR Oligo 2, 29 μL of PCR grade water, 
1 μL of GC-RICH enzyme mix and 5 μL of prepared library 
( see   Note 4 ). Use the following thermal conditions: 4 min at 
94 °C then 20 cycles of 30 s at 94 °C, 1 min at 58 °C and 1 min 
30 s at 68 °C and a fi nal elongation step at 68 °C for 3 min.   

   3.    Purify the amplifi ed library using the QIAquick PCR 
Purifi cation Kit following the manufacturer’s instructions. Use 
one column of the kit for two PCR reactions pooled from a 
same library (i.e. fi ve columns per library). The purifi ed prod-
uct is eluted in 50 μL of nuclease-free water.   

   4.    Select the DNA fragments size with the Agencourt ®  AMPure ®  
XP Reagent. Check that the eluate volume is equal to 50 μL. If 
necessary make up to 50 μL with nuclease-free water. Add 
50 μL of AMPure beads, gently mix by pipetting and incubate 
for 5 min at room temperature ( see   Note 8 ). Place the tubes on 
the magnetic stand for at least 5 min at room temperature 
(until the supernatant is clear). Remove and discard the super-
natant from each tube. Keep the tubes on the magnetic stand 
and wash two times the beads like following: add 500 μL of 
80 % ethanol to each tube without disturbing them, incubate 
for 30 s at room temperature, and then remove and discard all 
of the supernatant from each tube. Take care not to disturb the 
beads. Remove and discard any remaining ethanol with a 10 μL 
pipette and let the beads air-dry for 5 min at room tempera-
ture. Add 50 μL of nuclease-free water to each tube. Remove 
the tubes from the magnetic stand. By pipetting, resuspend the 
beads by repeatedly dispensing the water over the bead pellet 
until it is immersed in the solution. Incubate for 2 min at room 
temperature. Place the tubes on the magnetic stand for at least 
5 min at room temperature (until the supernatant is clear). 
Transfer all of the supernatant from each of the fi ve tubes into 
a new 1.5 mL microcentrifuge tube ( see   Note 9 ).   

   5.    Evaluate the concentration of purifi ed amplifi ed library with 
NanoDrop spectrophotometer. Assess its quality on an Agilent 
DNA 7500 or 12000 chip, according to the manufacturer’s 
instructions (Fig.  4 ).

       6.    Store the purifi ed amplifi ed libraries at −20 °C.      

       1.    Transfer 2.5 μg of sheared salmon sperm DNA and 500 ng of 
purifi ed amplifi ed library into a 0.2 mL PCR tube ( see   Note 10 ). 
Evaporate to dryness with a speed vacuum and resuspend in 
7 μL of nuclease-free water.   

   2.    Thaw an aliquot of 2× hybridization buffer, prewarmed it at 
65 °C and transfer 20 μL into a 0.2 mL PCR tube ( see   Note 11 ).   

3.4   Gene Capture 
by  Hybridization
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   3.    Thaw the biotinylated RNA  probe   mix on ice, transfer 500 ng 
into a 0.2 mL PCR tube and adjust the volume to 6 μL with 
nuclease-free water ( see   Notes 11  and  12 ).   

   4.    Incubate the salmon sperm DNA/purifi ed amplifi ed library 
(SL) mix in a thermal cycler with the following conditions: 
95 °C for 5 min and 65 °C at 5 min.   

   5.    Without removing SL mix from the thermal cycler, incubate at 
65 °C the 0.2 mL PCR tube with 2× hybridization buffer. Add 
quickly 13 μL of prewarmed 2× hybridization buffer to the 
tube containing the SL mix and homogenize by pipetting.   

   6.    Always without removing SL mix from the thermal cycler, incu-
bate at 65 °C the 0.2 mL PCR tube with the biotinylated capture 
 probes mix.   Add quickly 6 μL of  probe mix   to SL mix (hybrid-
ization mix) and homogenize by pipetting. Incubate at 65 °C for 
the obtained hybridization mix 24 h in the thermal cycler.   

   7.    Prior to removing the hybridization mix from the thermal 
cycler, prepare the Dynabeads ®  M-280 Streptavidin as follow-
ing: transfer 50 μL of dynabeads into a 1.5 mL  microcentrifuge 
tube ( see   Note 11 ), place the tube on the magnetic stand until 
the supernatant is clear, remove and discard it. Wash three 
times the dynabeads as following: add 200 μL of binding buf-
fer, gently tap the tube to resuspend the dynabeads, place the 
tube on the magnetic stand until the supernatant is clear, 
remove and discard the supernatant. Take care not to disturb 

  Fig. 4    Quality of amplifi ed library (prepared for 650 bp insert) assess on an 
Agilent Bioanalyzer High Sensitivity DNA chip. The electrophoregram shows a 
peak focused on 770 bp for the case of library prepared for 650 bp insert with 
120 bp  Illumina   adaptors. With a library prepared for 550 bp, the same profi le will 
be observed but with a peak focused on 670 bp       
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the dynabeads. After the three washes, resuspend the dyna-
beads in 200 μL of binding buffer.   

   8.    Add the 26 μL of hybridization mix to the washed dynabeads. 
Gently tap the tube to resuspend the dynabeads and incubate 
for 30 min at room temperature (off the magnetic stand). 
Regularly resuspend the dynabeads during the incubation by 
gently taping the tube ( see   Note 13 ).   

   9.    During the incubation, pre-warm the wash buffer n°2 at 65 °C 
(at least 1.5 mL per captured library).   

   10.    After the incubation, place the tube on the magnetic stand 
until the supernatant is clear. Remove and discard the superna-
tant. Take care not to disturb the dynabeads. Add 500 μL of 
wash buffer n°1 and resuspend the dynabeads by gently taping 
the tube. Incubate for 15 min at room temperature (off the 
magnetic stand). Regularly resuspend the dynabeads during 
the incubation by gently taping the tube ( see   Note 13 ).   

   11.    After the incubation, place the tube on the magnetic stand 
until the supernatant is clear, remove and discard it. Take care 
not to disturb the dynabeads. Wash three times the dynabeads 
as following: resuspend the dynabeads in 500 μL of pre- 
warmed wash buffer n°2, incubate for 10 min at 65 °C (off the 
magnetic stand). Regularly resuspend the dynabeads during 
the incubation by gently taping the tube. Place the tube on the 
magnetic stand until the supernatant is clear. Remove and dis-
card the supernatant. Take care not to disturb the dynabeads.   

   12.    Resuspend the dynabeads in 50 μL of 0.1 M NaOH by vortex-
ing the tube for 5 s ( see   Note 2 ). Incubate for 10 min at room 
temperature (off the magnetic stand).   

   13.    Place the tube on the magnetic stand until the supernatant is 
clear and transfer it to a 1.5 mL microcentrifuge tube contain-
ing 70 μL of 1 M Tris–HCl (pH 7.5). Take care not to disturb 
the Dynabeads.   

   14.    Purify the captured library using the QIAquick PCR Purifi cation 
Kit following the manufacturer’s instructions. The purifi ed 
product is eluted in 50 μL of nuclease-free water.   

   15.    Select the DNA fragment size with the Agencourt ®  AMPure ®  
XP Reagent as indicated in  step 4  of Subheading  3.3 .   

   16.    Amplify the captured library using the GC-RICH PCR System, 
dNTPack. Make fi ve 50 μL PCR reactions per captured library 
and proceed in the same way as the  step 2  of Subheading  3.3  
but realize 25 amplifi cation cycles instead of 20 in the thermal 
conditions.   

   17.    Purify the amplifi ed captured library using the QIAquick PCR 
Purifi cation Kit following the manufacturer’s instructions. 
Realize one column for 2.5 amplifi cation reactions from a same 
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library (i.e. two columns per library (125 μL)). The purifi ed 
product is eluted in 50 μL of nuclease-free water.   

   18.    Select the DNA fragment size with the Agencourt ®  AMPure ®  
XP Reagent as indicated in  step 4  of Subheading  3.3 .   

   19.    Evaluate the concentration of purifi ed amplifi ed captured 
library with Nanodrop spectrophotometer.   

   20.    Proceed to a second cycle of hybridization by repeating the 
 steps 1 – 15  with the purifi ed amplifi ed capture products 
obtained previously ( see   Notes 14  and  15 ).   

   21.    Amplify the captured library using the GC-RICH PCR System, 
dNTPack. Make ten PCR reactions per library and proceed in 
the same way as the  step 2  of Subheading  3.3  but realize 25 
amplifi cation cycles instead of 20 in the thermal conditions.   

   22.    Purify the amplifi ed captured library using the QIAquick PCR 
Purifi cation Kit following the manufacturer’s instructions. 
Realize one column for two amplifi cation reactions from a 
same library (i.e. fi ve columns per library). The purifi ed prod-
uct is eluted in 50 μL of nuclease-free water.   

   23.    Select the DNA fragment size with the Agencourt ®  AMPure ®  
XP Reagent as indicated in  step 4  of Subheading  3.3 .   

   24.    Evaluate the concentration of purifi ed amplifi ed captured 
library with Nanodrop spectrophotometer. Assess its quality 
on an Agilent DNA 7500 or 12000 chip, according to the 
manufacturer’s instructions (Fig.  5 ).

  Fig. 5    Quality of captured library (prepared for 650 bp insert) assess on an Agilent 
Bioanalyzer 12000 DNA chip. The electrophoregram shows a peak focused on 
770 bp for the case of library prepared for 650 bp insert with 120 bp  Illumina 
  adaptor. With a library prepared for 550 bp, the same profi le will be observed but 
with a peak focused on 670 bp       
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       25.    Store the purifi ed amplifi ed captured library products at 
−20 °C .   

   26.    Proceed to the sequencing of captured library on an  Illumina 
  sequencer compatible with the kit use to prepare the library.       

4    Notes 

     1.    EDTA will not go into solution until the pH of the solution is 
adjusted to ~8.0 by the addition of 1 M NaOH.   

   2.    Buffers and solutions must be extemporaneously prepared.   
   3.    For the fragmentation of gDNA, we recommend, as  Illumina,   

to use Covaris microTUBES with a focused-ultrasonicator. 
Covaris offers different models of focused-ultrasonicator and 
the material necessary for the fragmentation depends on the 
focused-ultrasonicator used.   

   4.    Include 10 % excess for multiple samples.   
   5.    The verifi cation of the amplifi ed hybrid  probe size   by  electro-

phoresis   on a 2 % agarose-TBE gel is absolutely necessary. It is 
possible to get two amplifi cation bands, one at the expected 
size (i.e. size of hybrid  probe with   amplifi cation primers T7-A 
and B) and another due to aberrant amplifi cation of the T7 
promoter. Only the correct band at the expected size must be 
excised and purifi ed.   

   6.    For example, three hybrid  probes   (specifi c capture  probe   and 
adaptor sequences) are necessary for the mix with specifi c cap-
ture probe as following: probe A 5′-CCCAGGATW
AGATACCCKCCYAGTTTAYRC- 3′, probe B 5′-TTCAGA
AGTAGATATGCTGGTAGTCTACCA-3′ and probe C 
5′-TGCACAATCAGATAGTYTGGYAGTGACCGC- 3′. The 
 probe   A has one W base (two combinations, T or A), one K 
base (two combinations, T or G), two Y bases (two combina-
tions, C or T), and one R base (two combinations, A or G), 
therefore there is 32 possible combinations for the  probe A   (1 
W × 1 K × 2 Y × 1 R = 2 × 2 × (2 × 2) × 2 = 32). In the same way, 
the probes B and C have a degeneracy of 1 (none degenerated 
base) and 4 (2 × 2) respectively. To make the hybrid  probe   mix, 
use 1/32 e  in quantity of the probe B and 1/8 e  in quantity of 
the  probe   C compared to the probe A. Thus, for 500 ng of 
probe A, add 15.6 ng of probe B and 62.5 ng of probe C. In 
this example, the three probes have the same size, otherwise 
you must calculate a number of molecules (taking into account 
the size of each probe) to realize an equimolar mix.   

   7.    The IVT reaction mix must be realized at room temperature. 
Indeed the spermidine in the 10× reaction buffer can copre-
cipitate the template DNA if the reaction is assembled on ice.   
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   8.    Remove the AMPure beads from 2 to 8 °C storage and let 
stand for at least 30 min to bring them to room temperature. 
Vortex the room temperature AMPure beads for at least 1 min 
or until they are well dispersed. Vortex the beads frequently 
and collect them by slowly pipetting (due to their viscosity) to 
make sure that they are evenly distributed.   

   9.    Be sure not to retrieve beads with the supernatant because the 
beads can interfere with the following steps. It is better to 
retrieve less volume of clear supernatant and if necessary to 
adjust the volume by adding nuclease-free water to the purifi ed 
product.   

   10.    The sheared salmon sperm DNA commercial solution is con-
centrated at 10 mg/mL. Make a dilution at 1/10 e  in nuclease- 
free water and pipette 2.5 μL to get 2.5 μg of sheared salmon 
sperm D NA.   

   11.    Make as many aliquots as captured library.   
   12.    It could be necessary to dilute the biotinylated RNA  probe 

  mix. The 500 ng of the biotinylated RNA  probe   mix should be 
in a volume less than or equal to 6 μL.   

   13.    Alternatively, incubate the appropriate time at room tempera-
ture with tilting and gentle rotation on a HulaMixer Sample 
Mixer or other similar device.   

   14.    If you do not plan to proceed immediately to the second cycle 
of hybridization, the protocol can be safely stopped here. If 
you are stopping, store the tubes at −20 °C.   

   15.    If the quantity of purifi ed amplifi ed capture products, obtained 
after the fi rst cycle of hybridization, is less than 500 ng, pro-
ceed to the second cycle of hybridization with the totality of 
the sample   .         
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