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

Københavns Universitet

Optimizing protocols for extraction of bacteriophages prior to metagenomic analyses
of phage communities in the human gut
Castro Mejia, Josue Leonardo; Muhammed, Musemma Kedir; Kot, Witold Piotr; Neve, Horst;
Franz, Charles M. A. P.; Hansen, Lars H.; Vogensen, Finn Kvist; Nielsen, Dennis Sandris
Published in:
Microbiome

DOI:
10.1186/s40168-015-0131-4

Publication date:
2015

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (APA):
Castro Mejia, J. L., Muhammed, M. K., Kot, W. P., Neve, H., Franz, C. M. A. P., Hansen, L. H., ... Nielsen, D. S.
(2015). Optimizing protocols for extraction of bacteriophages prior to metagenomic analyses of phage
communities in the human gut. Microbiome, 3, [64]. https://doi.org/10.1186/s40168-015-0131-4

Download date: 21. maj. 2019

https://doi.org/10.1186/s40168-015-0131-4


METHODOLOGY Open Access

Optimizing protocols for extraction of
bacteriophages prior to metagenomic
analyses of phage communities in the
human gut
Josué L. Castro-Mejía1* , Musemma K. Muhammed1, Witold Kot2,4, Horst Neve3, Charles M. A. P. Franz3,
Lars H. Hansen4, Finn K. Vogensen1 and Dennis S. Nielsen1

Abstract

Background: The human gut is densely populated with archaea, eukaryotes, bacteria, and their viruses, such as
bacteriophages. Advances in high-throughput sequencing (HTS) as well as bioinformatics have opened new
opportunities for characterizing the viral communities harbored in our gut. However, limited attention has been
given to the efficiency of protocols dealing with extraction of phages from fecal communities prior to HTS and
their impact on the metagenomic dataset.

Results: We describe two optimized methods for extraction of phages from fecal samples based on tangential-flow
filtration (TFF) and polyethylene glycol precipitation (PEG) approaches using an adapted method from a published
protocol as control (literature-adapted protocol (LIT)). To quantify phage recovery, samples were spiked with low
numbers of c2, ϕ29, and T4 phages (representatives of the Siphoviridae, Podoviridae, and Myoviridae families,
respectively) and their concentration (plaque-forming units) followed at every step during the extraction procedure.
Compared with LIT, TFF and PEG had higher recovery of all spiked phages, yielding up to 16 times more phage
particles (PPs) and up to 68 times more phage DNA per volume, increasing thus the chances of extracting low
abundant phages. TFF- and PEG-derived metaviromes showed 10 % increase in relative abundance of Caudovirales
and unclassified phages infecting gut-associated bacteria (>92 % for TFF and PEG, 82.4 % for LIT). Our methods
obtained lower relative abundance of the Myoviridae family (<16 %) as compared to the reference protocol (22 %).
This decline, however, was not considered a true loss of Myoviridae phages but rather a greater level of extraction
of Siphoviridae phages (TFF and PEG >32.5 %, LIT 22.6 %), which was achieved with the enhanced conditions of our
procedures (e.g., reduced filter clogging). A high degree of phage diversity in samples extracted using TFF and PEG
was documented by transmission electron microscopy.

Conclusions: Two procedures (TFF and PEG) for extraction of bacteriophages from fecal samples were optimized
using a set of spiked bacteriophages as process control. These protocols are highly efficient tools for extraction and
purification of PPs prior to HTS in phage-metavirome studies. Our methods can be easily modified, being thus
applicable and adjustable for in principle any solid environmental material in dissolution.
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Background
The human gut hosts trillions of microbial cells belong-
ing to all three domains of life, but among them, bacteria
are the microorganisms dominating this highly competi-
tive environment [1]. During the last decade,
characterization of the gut microbiome (GM) has re-
ceived extensive interest driven by a number of novel
findings showing the influence of GM on human health
and disease [2–4]. The focus, however, has mainly been
oriented to characterize the prokaryote members of the
GM, while efforts for characterizing the diversity and
structure of bacteriophage communities have so far been
relatively limited.

Bacteriophages (phages) are the most abundant bio-
logical entities found on earth [5], and their importance
has been highlighted in many habitats such as aquatic
environments, soil, food manufacturing environments,
and the gastrointestinal tract [6–9]. A number of recent
publications have reported the diversity of bacterio-
phages within GM [9–11], the factors driving their dy-
namics [1, 12, 13], their influence on the GM structure
[14–16], and their association with dysbiosis and human
disease [17–19]. Recent advances in high-throughput se-
quencing (HTS) technologies have opened new oppor-
tunities for exploring phage diversity, as well as their
evolution and influence on the structure of bacterial
communities in the human gut. However, despite this,
little attention has been given to the efficiency and
optimization of current protocols dealing with extraction
of fecal bacteriophages prior to metavirome studies.

Current protocols employed for extraction of viral par-
ticles from fecal and environmental samples incorporate
variations over the following steps: (i) dissolution, (ii)
centrifugation, (iii) sequential filtrations (either dead-end
or tangential) used first for removing cells and then for
concentrating viruses, and (iv) final purification by CsCl
gradient ultracentrifugation [20–25]. In spite of this
shared backbone, protocols differ from study to study, as
different centrifuge speeds, filter cut-off values, and con-
centration techniques are being used. Recently, Hoyles
et al. [26] reported that through the inclusion of 0.45-
�m filters, instead of 0.22-�m cut-off filters, it is possible
to double the yields of viral DNA isolated from human
feces and cecal fluids. However, determining the effi-
ciency of extraction of viral particles from fecal samples
by (i) spiking with known phages, (ii) measuring the im-
pact of extraction procedures on DNA purity (presence
of bacterial and host derived DNA) for mining auxiliary
metabolic genes, and (iii) profiling the metagenomic vir-
ome as measurements of true success have not been per-
formed to date.

Different kits for extraction of DNA from fecal sam-
ples have been shown to influence community structure
as determined by HTS [27, 28]. Further, it is well known

that viruses differ in size and structure, so differences in
extraction procedures are likely to influence the struc-
ture of the phage community and amount and quality of
extracted DNA and further metagenomic analyses,
which in turn could lead to inaccurate or biased conclu-
sions [29]. Further, it is important to point out that
obtaining higher enrichments of viral particles will not
only improve the yields of DNA but also give more ac-
curate estimations of their concentration in stool sam-
ples (and the human gut). In addition, high phage yield
will increase the probability of retaining relatively rare
phages that otherwise would not be represented in the
metagenomic dataset [30].

Here, we report two optimized protocols for extraction
of bacteriophages from fecal samples prior to phage-
metavirome studies. The optimization of protocols was
based on two well-known laboratory techniques,
tangential-flow filtration (TFF), and polyethylene glycol
precipitation (PEG), using an adapted method from a
published protocol [20] that has been used in several
previously published studies [1, 9, 31] as control (litera-
ture-adapted protocol (LIT)). We analyzed the recovery
rate of the three methods for a set of spiked bacterio-
phages (c2, �29, and T4; representatives of the Siphoviri-
dae, Podoviridae, and Myoviridae families, respectively),
their efficiency to concentrate phage particles (PPs), and
their impact on the phage community structure through
metagenomic analyses. Our optimized methods not only
yielded a higher number of PPs and DNA compared to
the control but also demonstrated a higher efficiency for
recovering spiked bacteriophages and increased the pro-
portion of phage-derived sequences.

Results
Strategy for optimization of protocols
The strategy for the optimization of protocols is illus-
trated in Fig. 1 and relied basically on minimizing the
loss of known (spiked) bacteriophages at each step of
extraction. Several approaches including different con-
centrations of NaCl and speeds of centrifugation/ultra-
centrifugation, dead-end and tangential-flow filtrations,
two PPs concentration techniques (PEG and TFF), as
well as four- and two-layer CsCl gradients (Fig. 1) were
investigated. For convenience, the procedures for extrac-
tion were divided in two sections: the pre-processing (or
part 1) was used to homogenize and remove large parti-
cles, whereas the purification section (or part 2) aimed
at eliminating low molecular weight particles (impur-
ities) and microbial cells and to concentrate phages.
Representative populations of the Siphoviridae, Podoviri-
dae, and Myoviridae bacteriophage families (a set of c2,
�29, and T4 phages) were inoculated to a concentration
of 5.0 × 105 phages per sample (5 g of feces re-
suspended in 45 ml of SM buffer). If losses of more than
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50 % of the spiked phages were observed in a given step
of extraction (data not shown), these were consequently
diverged into a new extraction route until a higher
recovery of the inoculated populations was reached (free
of impurities and contaminating cells). Instead of apply-
ing a 0.22-�m cut-off for tangential-flow filtration as
described in previous studies [9, 12, 20], the reference
(LIT) method was coupled with a 0.45-�m membrane
cut-off as recently suggested [26]. The routes with the
highest phage recovery, which eventually became the
optimized protocols (PEG, route 5; TFF; route 8), were
compared to the reference method (LIT, route 6) [20]
based on their concentration of PPs (in the final phage
concentrate collected from CsCl gradients) and yields of
DNA. Each of the optimized routes of pre-processing
and purification were assessed with fecal samples from
three subjects and using two biological replicates as
shown in Additional file 1.

Recovery of spiked phage-representatives
Throughout the entire extraction procedure, PEG and
TFF (Fig. 2b, c) showed an enhanced efficiency by re-
trieving greater phage populations than the control
method (Fig. 2a). Compared with LIT, the optimized
procedures were able to recover 8–13 times, 13–36
times, and 286–324 times larger phage populations of
c2, �29, and T4, respectively. Using the TFF and PEG
protocols, virtually no spiked phages were lost until the
ultracentrifugation step (CsCl gradient), whereas the
literature-adapted protocol (Fig. 2a) lost up to 90 % of
the spiked phages at the tangential-flow filtration step
using a 0.45-�m membrane cut-off filter. The infectivity
of the spiked T4 phage was compromised during the
ultracentrifugation step (CsCl gradients), which occurred
independently from the two speeds of ultracentrifugation
used (using 82,000 and 150,000×g, for the control and
optimized procedures, respectively) and possibly due to

Fig. 1 Strategy for optimization of phage extractions protocols. Pre-processing (part 1) was used to remove and sediment large
particles; purification (part 2) aimed to remove low molecular weight impurities and microbial cells. Boxes drawn with non-continuous
lines represent steps that were not suitable for extraction of bacteriophages (heavy loss of spiked phages). Green-line boxes depict
filthy or impure samples (particularly low molecular weight impurities, assessed by visual inspection and TEM). Blue-line boxes show
pathways where �50 % of the population of spiked bacteriophages was lost. Purple-line boxes indicate presence of microbial cells. The
optimization of procedures for purification started in routes 1 (for the PEG approach) and 6 (for the TFF approach). Throughout this
optimization, the routes were diverged into new extraction routes (i.e., from route 1 to route 2) until the highest recovery rate of the
spiked bacteriophages was reached. Route 6 represented the LIT protocol. Base on their efficiency, route 5 (PEG) and route 8 (TFF)
became the optimized protocols
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tail alterations at this step. Nevertheless, by performing
a T4-specific qPCR analysis [32], we observed that T4
DNA was equally detected in samples that were treated
with and without DNAse I after ultracentrifugation and
prior to DNA extraction (data not shown), thereby sug-
gesting that in spite of the infectivity loss, the phage
head remained undamaged and therefore retained the
genetic material.

Quantification of PPs and yields of phage DNA
As determined by epifluorescence microscopy [20, 33],
the abundance of phages determined per gram of wet

material in samples extracted with LIT varied from 5.2 ×
107 to 6.2 × 108 PPs, whereas for PEG and TFF the abun-
dance ranged from 7.5 × 108 to 1.0 × 1010 and 2.6 × 108

to 1.1 × 1010 PPs, respectively (Fig. 3). A high variability
in the number of PPs quantified within each extraction
method was seen, but this was primarily an outcome of
high interpersonal (fecal sample to fecal sample) vari-
ation. On average, the number of PPs extracted with LIT
represented only 6 and 10 % of the PPs yields obtained
with TFF and PEG, respectively. Furthermore, DNA
yields (determined by fluorometry) obtained with LIT
varied from 0.2 to 3.2 ng of DNA per gram of fecal

Fig. 2 Bacteriophage recovery monitored in LIT (a), PEG (b), and TFF (c) protocols. The fecal samples were spiked with a set of bacteriophages,
c2, ϕ29, and T4, and used as a process control for protocol optimization. The population of bacteriophages was monitored at each step by
plaque assay (plaque-forming units (PFU)). Reductions in the curves of phage population indicate the degree of loss at a given step
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material (Additional file 2) and resembled concentra-
tions previously obtained [20] from 1 g of feces (~1–
6 ng of DNA). In our optimized procedures, the quantity
of DNA obtained ranged from 36 to 170 ng g�1 and
from 13 to 58 ng g�1 in samples extracted with TFF and
PEG, respectively.

Characterization of PPs by transmission electron
microscopy
Phage characterization by transmission electron micros-
copy (TEM) [26] was carried out in samples collected
from two subjects (samples X1-LIT, X1-PEG, X1-TFF,
Y1-LIT, Y1-PEG, and Y1-TFF, see Additional file 1). For
Y1-LIT and X1-LIT, no phage particles were observed by
TEM as the low yield of PPs extracted were below the
detection limit. For X1, the number of PPs extracted
with our procedures was estimated to be 108 PPs g�1 of
wet material, and various Myoviridae (including Peduo-
virinae) Siphoviridae and Podoviridae and putative un-
classified phage morphotypes were seen as the most
common viral families (see Fig. 4a, b). For the largest
Myoviridae-like phages, unique long whiskers attached
to the lower (tail-orientated) part of the capsids were de-
tected. In principle, all phage morphotypes were ob-
served with both TFF and PEG. However, in the latter
procedure, a high number of very small Podoviridae-like
or unclassified phages with capsid sizes smaller than
50 nm were observed (shown on bottom of Fig. 4b) that
were not present in the corresponding TFF extraction
(Fig. 4a). This result indicates that the PEG methodology
might be superior to the TFF procedure with respect to
the recovery of small-size phages (putatively not suffi-
ciently retarded by the TFF filtration membrane). For
subject Y1 (Fig. 5a, b), different phage types were again
detected, one Myoviridae phage with long whiskers

uniformly attached to the capsids, as well as long capsid-
anchored whiskers for a tail-less Podoviridae-like phage
were identified. Differences in phage population were
observed again, as large Siphoviridae phages with dis-
tinct cross-striations on the tail were only present in the
TFF procedure (Fig. 5a) (that apparently could not be
collected by PEG precipitation, Fig. 5b). Our detailed
TEM analysis confirmed that both TFF and PEG
methods are suitable for recovery of intact phages of
various morphotypes, as phage ghosts with empty cap-
sids were only observed occasionally. It was furthermore
verified that TFF and PEG samples were not contami-
nated with cells or cellular components (flagella, cell
wall debris, etc.).

Metagenomic analysis of metaviromes
Diversity and composition of extracted metaviromes
Phage DNA sequencing libraries of replicates X1 and X2
(both extracted with LIT, PEG, and TFF; see Additional
file 1) were prepared using the Illumina Nextera® XT kit
and subjected to HTS (MiSeq Illumina platform). The
number of pair-ended reads obtained by sequencing of
six metaviromes was 43,676,130. After dataset pre-
processing (trimming and discarding reads less than
50 nt), 41,180,458 reads remained. Since the number of
sequences per metavirome varied between 6,107,696 and
8,457,587, these were subsampled to 5,000,000 se-
quences pr. virome (mean sequence length of 210 ±
64 nt).

Variations in the percentage of reads that matched
with the NCBI Refseq complete viral genomes protein
database (E value <10�3) were observed. The highest se-
quence affiliation (known fraction) was found in TFF
metavirome (22.6 %), followed by PEG (19.7 %) and LIT
(10.7 %). The levels of host and bacterial/eukaryotic
DNA in metaviromes based on our optimized protocols
were considerably lower (approximately twofold) than
what was obtained using LIT (mapped within the un-
known fraction or unaffiliated sequences). The percent-
age of sequences that matched with host DNA in
metaviromes extracted with LIT and optimized proce-
dures was >0.3 and 0.1 %, respectively, while for bacter-
ial/eukaryotic DNA (based on mapping against human
genome and 16S and 18S rRNA gene databases), >44
and <23 % was determined for LIT and optimized proto-
cols, respectively (Additional file 3). The genetic diver-
sity within the known and unknown fractions (after
removing bacterial/eukaryotic and host associated DNA
sequences) were screened using alpha-diversity esti-
mates, computed with the UCLUST pipeline [34], and
assessed through cluster richness analysis (75 % thresh-
old sequence similarity) [6]. On the rarefaction curves
(Fig. 6), similar cluster richness (sequence diversity) was
observed between our optimized procedures but slightly

Fig. 3 Quantification of phage particles (PPs) extracted with the
adapted and optimized protocols. PPs were quantified in the final
viral concentrate (CsCl fractions) by epifluorescence microscopy.
Values shown represent the measurements of three fecal samples
using two biological replicates
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Fig. 4 Electron micrographs of representative gut phages from subject X1. Phages extracted with TFF (a tangential-flow filtration, X1-TFF) and
PEG (b polyethylene glycol precipitation, X1-PEG) procedures
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