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Bacteriophage predation regulates
microbial abundance and diversity in
a full-scale bioreactor treating industrial
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Changes in the microbial community composition of a full-scale membrane bioreactor treating
industrial wastewater were studied over a period of 462 days using a series of 16S rRNA gene clone
libraries. Frequent changes in the relative abundance of specific taxonomic groups were observed,
which could not be explained by changes in the reactor’s conditions or wastewater composition.
Phage activity was proposed to drive some of the observed changes. Bacterial hosts were isolated
from a biomass sample obtained towards the end of the study period, and specific phage counts
were carried out for some of the isolated hosts using stored frozen biomass samples as the phage
inocula. Plaque-forming unit concentrations were shown to change frequently over the study period,
in correlation with changes in the relative abundance of taxonomic groups closely related by 16S
rBRNA gene sequence to the isolated strains. Quantitative PCR was used to verify changes in the
abundance of a taxonomic group closely related to one of the isolated hosts, showing good
agreement with the changes in relative abundance in the clone libraries of that group. The emerging
pattern was consistent with the ‘killing the winner’ hypothesis, although alternative interaction
mechanisms could not be ruled out. This is the first time that phage—host interactions in a complex
microbial community are demonstrated over an extended period, and possibly the first in situ
demonstration of ‘killing the winner’ stochastic behavior.

The ISME Journal (2010) 4, 327-336; doi:10.1038/ismej.2009.118; published online 19 November 2009

Subject Category: microbial population and community ecology
Keywords: bacteriophage; predation; bacteria; wastewater

Introduction

The composition of a microbial community is
affected by many environmental and biological
factors. In recent years, there has been an increasing
speculation as to the role of specific predation by
bacteriophage on microbial diversity and population
dynamics (Bouvier and del Giorgio, 2007). Most of
the research in this field was carried out in aquatic,
mainly oceanic habitats (Suttle, 2007; Zhang et al.,
2007; Winget and Wommack, 2008) wherein it is
estimated that viral activity daily destroys over 25%
of microbial cells in the oceans, with implications
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on microbial food webs, carbon turnover and global
carbon cycle (Suttle, 2007). Fresh water systems
have also been investigated (Middlboe et al., 2008),
although less frequently. The commonly accepted
paradigm for viral-bacterial interactions is that
suggested by Thingstad and Lignell (1997), termed
‘phage kills the winner’. This hypothesis is mainly
justified by mathematical models (Thingstad, 2000;
Middelboe et al., 2001; Middlboe et al., 2008; Miki
et al., 2008), with some support coming from data
from different aquatic environments (Zhang et al.,
2007). ‘Phage kills the winner’ appears to be valid
for simple ecosystems in laboratory experiments
(Middlboe et al., 2008), but has not been directly
demonstrated for specific phage—host systems active
within a complex chaotic environment.

Wastewater treatment bioreactors harbor a unique
type of microbial community cultivated to produce a
desired effect, that is, to remove organic carbon and
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nutrients from wastewater before their release into the
environment. Many efforts have been made towards
better understanding of the mechanisms controlling
the microbial ecology of these systems (Amann et al.,
1995, 1998; Wagner et al., 2002; Daims et al., 2006;
Martin et al., 2006). However, little is known about
phage activity in bioreactors, a subject considered, thus
far, in only a handful of publications (Ewert and
Paynter, 1980; Hantula et al, 1991; Khan et al.,
2002a,b; Otawa et al., 2007; Kunin et al., 2008; Wu
and Liu, 2009). Many studies have focused on the
detection of viral particles as indicators of survival and
release of pathogenic viruses into the environment
(Lucena et al., 2004; Gino et al., 2007; Guzman et al.,
2007) However, there is little or no information
available regarding the impact of viral activity on
microbial ecology or process performance. The dense
biomass in engineered bioreactors, maintained under
homogenized, relatively stable conditions, makes these
systems ideal hunting grounds for bacteriophage.

The hypothesis that phage—host interactions affect
the microbial ecology and process stability of
wastewater treatment bioreactors was the basis for
this study. Changes in microbial community com-
position were followed over the first 15 months of
operation of a bioreactor treating industrial waste-
water. Plaque-forming units (PFU) were enumerated
for selected bacterial isolates over the same period to
reveal changes in the abundance of host-specific
bacteriophage. The data were used to better under-
stand phage—-host dynamics and interactions in this
complex environment.

Materials and methods

System description

Biomass samples were obtained from a full-scale
membrane bioreactor-treating chemical industry waste-
water. The reactor had an operating volume of
20000m?® and a hydraulic retention time of 3.3
days. Average organic matter concentration entering
the system (measured as total dissolved organic
carbon) during the research period was 2374t
548 mgl~". The membrane pore size was approxi-
mately 4 pm, although biomass caking on the mem-
brane surface effectively retained most of the
bacteria, with no visible effluent turbidity. Biomass
concentration started at approximately 1000 mgl—*
and reached values as high as 22000mgl—". Waste-
water composition was not constant over the study
period, as it was influenced by varying processes
operated in the plant.

Sampling

A 1-1 sample was obtained directly from the bioreactor
aeration basin every 1-3 weeks. Two 4 ml aliquots were
stored at —80°C within 2h of sampling until further
processing (DNA extraction or filtration for PFU
counts). Interruption of sampling or loss of samples
created gaps of upto 46 days in the resulting data.
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Construction of clone libraries

DNA extraction-A thawed biomass sample was
vortexed for 30s, 1ml aliquot was centrifuged
(3min, 12000 r.c.f.) and the supernatant discarded.
The pellet was treated using Ultraclean Soil DNA
Isolation Kit. The pellet was first re-suspended in
bead solution and then added to the bead tube for
DNA extraction according to manufacture protocol.
DNA concentration was measured using NanoDrop
ND-1000 spectrophotometer and adjusted to 6—
8ngul™' by dilution in molecular grade double
distilled water.

16S rRNA gene amplification

16S rRNA gene was amplified by PCR from total
DNA extractions using a Mastercycler gradient
thermocycler (Eppendorf, Westbury, NY, USA).
Amplification was carried out using modified 16S
rRNA primers for bacteria. (Forward: 8F-I (5'-GGAT
CCAGACTTTGATYMTGGCTCAI), and reverse:
907R-I (5-CCGTCAATTCMTTTGAGTTI) (Ben-Dov
et al.,, 2006)). The primers used in the PCR
amplifications were obtained from Sigma-Genosys
(Rehovot, Israel). Reaction mixture included 25 pl
ReddyMix (PCR Master mix containing 1.5 mM
MgCl,, 0.2mM concentration of each deoxynucleo-
side triphosphate) (ABgene, Surrey, UK), 2 pl each of
forward and reverse primers (10pumolml™"), 2pul
analytical grade BSA (2.5 mgml™") and 2 ul of DNA
template. MgCl, was supplemented to a final
concentration of 5.5 mM and double distilled water
was added to bring the total volume to 50pl. The
PCR protocol included an initial step of 4min at
95°C, followed by 35 cycles of the following
incubation pattern: 94 °C for 40s, 50 °C for 40s and
72°C for 60s. A final step at 72°C for 20min
concluded the reaction. PCR samples were then
stored at —20 °C until further processing.

Clone library construction and sequencing-PCR
products were purified by electrophoresis through a
1.0% agarose gel, stained with ethidium bromide
and visualized on a UV transilluminator. The appro-
ximately 0.9kb heterologous 16S rRNA DNA pro-
ducts were excised from the gel, and the DNA was
purified from the gel slice using the Wizard PCR
Prep kit (Promega, Madison, WI, USA). The gel-pu-
rified PCR products were cloned into the pCRII-
TOPO-TA cloning vector as specified by Invitrogen
(Carlsbad, CA, USA), and transformed into HIT
competent cells according to manufacturer’s instruc-
tions. 96 colonies for each sample were picked using
sterile toothpicks and clones were sequenced by
MCLAB (south San Francisco, CA, USA) using the
M13F primer.

Data analysis

Sequences were first screened for chimeras using
the Bellerophon server (Huber et al., 2004). The
classifier program at the RDP site (Cole et al., 2009)



was then used to assign sequences to taxonomical
hierarchy. Sequences returning <95% homology
were manually checked to further eliminate corrupt
sequences. The remaining sequences from all clone
libraries were aligned using MUSCLE (Edgar, 2004)
and a distance matrix was generated using the
MEGA 4.0 software pack (Tamura et al.,, 2007).
Sequences were assigned to operational taxonomic
units (OTU) using DOTUR (Schloss and Handels-
man, 2005) and further analysis was carried out
using SONS (Schloss and Handelsman, 2006).

The statistical significance of the observed
changes was tested using a test developed for
analysis of cDNA clone libraries (Audic and
Claverie, 1997), similar to its use in the Library
compare section of the Ribosomal Database Project-
II website (Maidak et al., 2001).

Phage-host systems

Isolation of bacterial strains—A fresh biomass
sample from day 406 was diluted and spread over
several Luria—Bertani (LB) agar plates. The plates
were incubated at 37 °C for several days and single
colonies were then picked manually. Streaking on
LB agar was then used to isolate strains from these
colonies. Streaking was repeated 2—3 times to ensure
isolation. A total of 68 strains were isolated using
this method. Isolated strains were kept under —80°C
in 25% glycerol for further studies.

Selection of bacterial hosts

Bacterial hosts were selected using the soft agar
method as follows: each isolate was suspended in
4 ml sterile, soft LB agar (0.5% agar in LB medium,
50°C), together with 100ul of filter-sterilized
(0.2 um) biomass sample from day 420. The soft agar
was then poured over a pre-warmed (37 °C) LB agar
plate and incubated for 1-5 days at 30°C. Plates
were checked daily for plaque formation.

Host strain DNA sequencing

The host DNA was extracted using a MO-Bio
UltraCLean microbial DNA isolation kit (MO BIO
laboratories, Carlsbad, CA, USA) according to
manufacturer protocol. Total DNA was amplified
with a Mastercycler gradient thermocycler (Eppen-
dorf, Westbury, NY, USA) by PCR using specific 16S
rRNA gene primers for bacteria (forward primer, 8F
(GGATCCAGACTTTGAT(C/T)(A/C)TGGCTAG), and
reverse primer, 1512R (GTGAAGCTTACGG(C/T)
TAGCT-TGTTACGACTT) (Ben-Dov et al., 2008)).
Primers used in the PCR amplifications were
obtained from Sigma-Genosys. Reaction mixtures
included a 25 pl ReddyMix PCR Master mix contain-
ing 1.5 mM MgCl, and 0.2 mM of each deoxynucleo-
side triphosphate (ABgene), 1pmol each of the
forward and reverse primers, 2—4 pl of the sample
preparation and water to make up the total volume
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to 50ml. An initial denaturation-hot start of 4 min at
95 °C was followed by 30 cycles of the following
pattern: 94 °C for 30s, 53-56 °C for 40 s and 72 °C for
105s. A final soak at 72 °C for 20 min concluded the
reaction. PCR products were purified by electro-
phoresis through a 1.0% agarose gel, stained with
ethidium bromide, and visualized on a UV transil-
luminator. The approximately 1.5kb heterologous
16S rRNA DNA products were excised from the gel,
and the DNA was purified from gel slice by using the
Wizard PCR Prep kit (Promega). The gel-purified
PCR products were sequenced using an ABI PRISM
dye terminator cycle sequencing ready reaction kit
with AmpliTag DNA polymerase FS and an ABI
model 373A DNA sequencer (Perkin-Elmer, Waltham,
MA, USA).

Changes in PFU concentrations

Thawed biomass samples from 24 time points were
centrifuged (12100 r.c.f., 1.5ml per sample) for
1min. Supernatant was filtered (0.2 pm) and 100 pl
aliquots were frozen (—80 °C) until further use so as
to further minimize the freeze-thaw cycles.
To maximize phage attachment, 200 ul of overnight
culture of each isolated host was mixed with 20l
biomass filtrate from each time point and incubated
for 30min at 37 °C in a rotary shaker. The mixtures
were then used as inoculum for the top agar
procedure and plaques were counted to estimate
changes in PFU concentration over the study period
for each of the host isolates.

Quantitative PCR
Total DNA samples prepared for clone library
construction were diluted in double distilled water
to 4-8ngul~* for use in quantitative PCR (QPCR).
Forward primer PHS12F (5-GAAAGCGGGGGACC
TTTCG-3') was designed for this study for specific
amplification of 16S rRNA gene sequence of host
H12 and several sequences belonging to OTU 4.
Reverse primer was universal 16S rRNA gene primer
341R (5'-CTGCTGCCTCCCGTAGG-3'). The reaction
targeted a 165bp region between nucleotides 176
and 341. The primer pair was tested by carrying out
a PCR reaction on DNA from all 18 hosts and was
found to be specific for H12 (results not shown).
Quantification of bacterial DNA was carried out in
the ABI prism 7000 Sequence Detection System
(Applied Biosystems, Foster City, CA, USA), using
Absolute QPCR SYBR Green ROX Mix (ABgene) in a
96—well optical plate. The PCR reaction consisted of
10ml Absolute QPCR SYBR Green ROX Mix, 150 nM
each forward and reverse primers, and 5.0ml of
DNA template, in a total volume of 20 ml. Thermal
cycling conditions were as follows: 2min at 50 °C,
15min at 95 °C, followed by 40 rounds of 15s at
95°C and 1min at 60°C. A dissociation protocol,
testing dissociation of the PCR products from 60 to
95 °C was added after thermocycling to verify that
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the primer pair employed produced a single specific
product. As standards for the calibration curves used
for quantification, 16S rRNA gene fragments ampli-
fied from the total DNA of host H12 were used in
seven serial dilution points (in steps of tenfold). A no
template control was also included. Detection was
based on fluorescence resonance energy transfer with
a SYBR green fluorophore. The cycle number at
which the signal was first detected correlated with the
original concentration of the DNA template, whereas
the starting copy number of amplicons was inversely
proportional to the real-time threshold cycle. Stan-
dard curves were obtained by plotting the threshold
cycle value of each tenfold dilution series of H12 16S
rRNA. Standards and environmental samples were
simultaneously assayed in triplicates or quadrupli-
cates. The ABI prism 7000 Sequence Detection
System and SDS Software were used for data analysis.

Database submission of host sequences

Host 16S rRNA gene sequences were submitted
to the GenBank database, accession numbers
GQ254271-GQ254288.

Results

In order to better understand the following results, it
is necessary to understand the sampling regime and
work flow. A more detailed description is given in
the Materials and methods section.

Biomass samples were drawn over a period of 462
days, from the aeration basin of a full-scale mem-
brane bioreactor for the treatment of industrial
wastewater. Aliquots from each sample were stored
at —80°C to be used later for DNA extraction and
clone library construction. The same samples were
subsequently used for PFU counts on bacterial
strains isolated towards the end of the study period.
This enabled a retrospective study of changes in the
abundance of bacteriophage-infecting specific hosts.

Changes in the relative abundance of bacterial groups
as a function of time

Clone libraries were constructed for 19 of the 25
time points sampled over the course of the study.
After elimination of chimeras and unusable se-
quences, the 19 clone libraries contained a total of
1588 sequences with over 700bp alignment. The
number of sequences per library was between 75
and 91 (average 84). The 1588 sequences were
grouped into 255 OUTs based on 99% sequence
homology, or 159 OTUs based on 97% sequence
homology. Numbering of the OTUs was assigned
based on the order of appearance of sequences in
the clone libraries. Analysis of the sequences
obtained showed frequent changes in the bioreac-
tor’s microbial community composition. The rela-
tive abundance of an OTU at different time points
was calculated as the ratio between the number of
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Figure 1 Changes in relative operational taxonomic unit (OTU)
abundance as a function of time. Changes in relative OTU
abundance (99% similarity) in the clone libraries are shown for
four bacterial groups. (a) OTU 4, closely related by 16S rRNA gene
sequence to the genus Alcaligenes in the class Betaproteobacteria.
(b) OTU 17, approximately 90% 16S similarity to the genus
Trupera in the phylum Deinococcus-Thermus. (c¢) OTU 19, closely
related to the genera Aquamicrobium in the class Alphaproteo-
bacteria. (d) OTU 45, closely related to the genus Salinibacter in
the phylum Bacteriodetes. (*) Significant difference in relative
OTU abundance between two adjacent time points (P<0.05).

sequences in that OTU in the clone library repre-
senting that time point and the total number of
sequences in the library. Changes in the relative
abundance of four OTUs are shown in Figure 1.
Table 1 gives the number of sequences in each clone
library for two of these OTUs.

Many of the observed changes in OTU relative
abundance could not be correlated to the changes in
measured parameters from either the bioreactor or
the incoming wastewater. Phage activity was pro-
posed as an alternative hypothesis explaining some
of these changes. To test this hypothesis, bacterial
strains were isolated from the reactor’s biomass and
tested as potential hosts for bacteriophage found in
the reactor.

Bacterial hosts isolation and identification
A total of 68 bacterial strains were isolated from
a biomass sample obtained on day 406 of the
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Table 1 Relative OTU abundance and PFU counts over time
Day No# Seq Hiz2 Hi17 No# Seq H3 Hs Hi4 Hi5 Hie6 H18
OTU 4 [PFU (+ StDev)] [PFU] OTU 19 [PFU] [PFU] [PFU] [PFU] [PFU] [PFU]
0 4 77400 (£ 14,990) 0 1 0 0 0 0 0 50
14 ND 56900 (*2120) 0 ND 0 0 0 0 0 0
35 1 11800 (% 1400) 0 0 0 0 0 0 0 0
49 ND 50 (£ 70) 0 ND 0 0 0 0 0 0
63 9 2450 (+350) 0 0 0 0 0 0 0 0
77 ND 6650 (+640) 0 ND 0 0 0 0 0 0
92 7 ND ND 2 ND ND ND ND ND ND
105 ND 17500 (% 2120) 300 ND 30000 10000 0 800 400000 0
119 4 9100 (+ 1560) 0 0 10000 0 0 0 23000 0
134 ND 750 (+70) 0 ND 950 0 0 0 6650 0
147 5 100 (£0) 0 1 100 0 0 0 1750 100
161 ND 0 1250 ND 950 100 0 0 7000 0
175 0 1400 (*140) 0 1 100 0 0 0 1200 100
217 1 0 0 2 0 400 0 0 2250 0
245 1 0 0 0 0 0 0 100 0 0
273 6 0 0 2 0 0 0 0 0 0
295 3 0 14100 6 0 250 2450 19233 0 0
341 1 5250 (+1630) 0 0 0 250 0 0 0 0
350 0 1100 (*140) 0 0 0 350 0 0 0 0
378 1 500 (+420) 0 0 1350 500 800 0 3400 200
393 0 150 (+70) 23000 1 19800 4150 7000 1750 21000 9900
406 0 850 (£ 70) 25000 0 13850 15500 10100 850 68 000 7800
420 0 700 3000 0 11350 11500 2600 1500 37000 4150
448 1 50 (£ 70) 133 000 3 4450 66 000 52000 50 11 250 12150
462 1 600 (£ 140) 14 000 2 18 800 4200 4000 35000 8000 2100

ND =not determined.

sampling period. Eighteen of the isolates gave
rise to clear plaques using the soft agar method
when tested with a filtered biomass sample obtained
on day 420, indicating the presence of lytic phages
targeting these isolates in concentrations exceeding
10PFUml . These isolates are referred to as strains
H1-H18. Comparison of 16S rRNA gene sequences
from strains H1-H18 to sequences from the clone
libraries returned over 98% homology with at least
one cloned sequence for 12 of the 18 strains.
The 16S rRNA sequences of strains H5, H13 and
H17 shared over 99% homology with a single
OTU (designated OTU 4), whereas strain H12 shared
over 98% homology with the same OTU. Sequences
contained in OTU 4 were found in 14 of the 19 clone
libraries, thus making it the third most abundant
in the sequence collection. The 16S rRNA gene
sequences of strains H3, H8, H14, H15 and H16
shared over 99% homology with OTU 19, whereas
strain H18 shared 98% sequence homology with
the same OTU. OTU 19 contained sequences
from 10 different time points, making it the eighth
most abundant OTU. Partial 16S rRNA gene
sequences, obtained for strains H1-H18, were
grouped into three major clades, which corre-
sponded to the bacterial families Pseudomonada-
ceae, Alcaligenaceae and Phyllobacteriaceae.
Figure 2 shows the phylogenetic relationships
between isolates H1-H18, representative sequences
from the clone libraries and the nearest matching
sequence from isolated strains deposited in Gene-
Bank (NCBI).

H6
H9
H1i0
| Pseudomonas aeruginosa F1665510.1
H4

Pseudomonas sp C10.2 DQ088664.1
H2

H7

M9 34 M13 -20 BOS

H1

ol Pseudomonas sp. ZCJ FJ815158.1

B H12
M11 83 M13F C11

H11
= M2 9 M13 -20 AD2
Pusillimonas sp. 22-41 EU167985.1
Pusillimonas sp. ES-QY-3 F1529031.1
M1 5 M13 -20 EO1
H17
H5
H13

H18
|7-— H15
. [HB

H16
H14
Thiobacillus BHFO01 AM403494.1
H8
Gram negative bacterium B1G-2 AF323256.1
M1 86 M13 -20 F11
M16 38 M13F FO5

Figure 2 Neighbour-joining tree of host sequences. Branch
length represents phylogenetic distance between 16S rRNA gene
sequences of the 18 isolated hosts (H1-H18), representative
sequences from the clone libraries (M1-M19) and closest matched
sequences of isolated strains from the NCBI BLAST search.
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Figure 3 Changes in bacterial and viral abundance in the
bioreactor as a function of time: operational taxonomic unit
(OTU) 4. (a) Changes in plaque-forming unit (PFU) counts of hosts
H12 (@) and H17 (O) as compared with the changes in relative
abundance (% of clone library) of sequences in OTU 4 (97%
similarity) (<). (b) Changes in copy number of 16S rRNA gene
sequences related to host H12 and some sequences from OTU 4
(<). Copy number determined by quantitative PCR (QPCR). Error
bars represent s.d. for three or four reactions.

Changes in PFU concentrations as a function of time
Of the 18 hosts, H1, H7, H11 and H13 did not yield
plaques when used as the lawn for phage tests with
any of the frozen biomass samples. Host 5 gave rise
to plaques only when tested with a sample obtained
on day 341 of the study. Lytic phage infecting one or
more of the remaining 13 hosts were found at all
examined time points. At least three susceptible
hosts were found for each time point. PFU counts for
eight of the hosts are presented in Table 1. The
highest PFU concentration was found for host H16
on day 105, with over 400 000 PFUml~". The results
for isolates related to family Pseudomondaceae were
poorly reproducible, with the plaques forming on
these isolates being unclear and difficult to enumer-
ate. These isolates will not be further discussed.
Changes in PFU concentration as a function of
time for two of the hosts are presented in Figure 3.
Panel A in Figure 3 shows PFU counts for hosts H12
and H17, both related to the family Alcaliginea-
ceaea. Active phage for host H12 were found in 19 of
the 24 samples. Six separate infection cycles were
observed for H12 during the study period. The
highest measured concentration, 77000 (% 15000)
PFUml ™, was found on day ‘0’, obtained less then
a month following initial reactor operation. This
appears to be the peak of an infection cycle, with
PFU concentrations gradually decreasing to
<100PFUml" over the next 49 days. A second
cycle was observed on day 63, with a peak
concentration of 17500 (£2100)PFUmI* detected
on day 105. The cycle ends by day 161, when PFU
counts return to below 100 PFUml". A single burst
of 1400 (+ 150) PFUml " was detected on day 175.
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Figure 4 Changes in bacterial and viral abundance in the
bioreactor as a function of time: operational taxonomic unit
(OTU) 19. (a) Changes in plaque-forming unit (PFU) counts for
hosts H3 (@) and H15 (O) compared with the changes in the
relative abundance (% of clone library) of sequences in OTU 19
(99% similarity) (<>). (b) Changes in PFU counts for hosts H8 (@)
and H16 (O) compared with the changes in the relative
abundance (% of clone library) of sequences in OTU 19 (99%
similarity) (<).

A fourth, smaller cycle with a peak of 5200
(£1600)PFUml* begins on day 341, followed by
two smaller bursts at approximately 60 days inter-
vals. The five infection cycles found for strain H17
demonstrate an opposite trend, with peak PFU
concentration rising with each subsequent cycle.
However, the first three peaks are only represented
by a single time point, therefore indicating that the
length of the infection cycle was shorter than the
sampling interval.

Figure 4 shows changes in PFU concentrations for
host pairs (H3, H15) and (H8, H16) in panels A and
B, respectively. The 16S rRNA gene sequences for
these hosts differed by <1% (Figure 2). For the four
hosts, different plaque sizes and morphologies were
noted between different infection cycles, and some-
times within the same sample, possibly indicating
the presence of several phage types infecting a single
host. The counts presented are total PFU, with no
regard to plaque morphology. Again, a pattern of
infection cycles may be observed, with different
strains showing peak values at different time points.
Here, different peak values in OTU 19 abundance
correspond to peak PFU counts from different
strains.

QPCR

To provide a quantitative estimate for the observed
changes in OTU relative abundance, QPCR analysis
was carried out by targeting 16S TRNA gene
sequences, which are related to strain H12 and
some of the sequences included in OTU 4. Results
of the QPCR analysis are presented in Figure 3b.



The results show peaks in H12 16S rRNA gene copy
numbers on days 63, 147 and 273, similar to the
timing of major peaks observed for OTU 4. Towards
the end of the study period there was a constant rise
in gene copy numbers that was poorly reflected in
the clone libraries (one homolog sequence in each of
the clone libraries from days 448 and 462). H12-like
16S rRNA gene sequences were found in the
bioreactor at all time points, with copy numbers
spanning a range of 2 orders of magnitude, from
1.58 x 10° on day 119 to 2.2 x 10® on day 462. A large
change in copy numbers is observed between days
245 and 273. This change is reflected by a peak in
OTU 4 relative abundance on day 273. H17 PFU
counts rise in the following period from under
100 PFUml " on day 273 to over 14 000 PFUml " on
day 295. H12 PFU counts on day 295 are below
100 PFUml ", rising to over 5000PFUml™" on day
341. A shortage in DNA template prevented the
application of QPCR to hosts related to OTU 19.

Discussion

Bacteriophages were previously shown to be present
in high numbers in wastewater treatment systems
(Ewert and Paynter, 1980; Hantula et al., 1991; Wu
and Liu, 2009). However, little information has been
published regarding their population dynamics and
their interaction with the microbial community.
Moreover, phage impact on specific hosts in this
environment, or indeed in most other environments,
has not experimentally been demonstrated. In this
study, bacteriophages were shown to be present and
active in a bioreactor treating high-strength chemical
industrial wastewater. This study also demonstrates
the temporal dynamics of phage infecting specific
bacterial strains, with the abundance of specific
phage generally low, interposed by periods of high
PFU counts. Changes in the abundance of bacterial
groups phylogenetically related to the hosting
bacterial strains were correlated to the observed
changes in phage abundance. Most long-term stu-
dies enumerate total phage or viral-like particles
using transmission electron microscopy (Jiang and
Paul, 1994; Mathias et al., 1995) epi-fluorescence
microscopy (Otawa et al., 2007) and more recently
FACS analysis (Lymer et al., 2008; Boras et al.,
2009). Although these methods work well for
comparing total bacteria and total phage numbers
in a given environment, they provide no data
regarding specific phage-host interactions. For that
purpose, one must isolate and study specific phage—
host systems, as was done in this study and in a
small number of other studies covering shorter time
periods (Hantula et al., 1991; Comeau et al., 2005;
Clokie et al., 2006). As phage abundance depends on
the concentration of its specific host, it is preferable
to isolate strains that are sufficiently dominant in
the studied environment. This is often not an easy
task, as the majority of microbial species are not
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readily cultivable under routine laboratory proce-
dures. This phenomenon, referred to as ‘the great
plate count anomaly’, is most prominent in sea
water, where only 0.001-0.01% of bacteria are said
to be readily cultivable (Amann et al., 1995). A less
often cited number from the same source is 5-15%
of bacterial cells found in activated sludge being
readily cultivable. Such relative ease of cultivation
makes the activated sludge and other intensive
wastewater treatment processes attractive model
environments for phage ecology studies. Indeed, in
this study, the two host groups related by 16S rRNA
gene sequence to Alcaligenaceae and Phyllobacter-
iaceae (Figure 2) were closely related to the third
and eighth most abundant OTUs in the clone
libraries, out of 255 observed OTUs at 99%
homology. This result enables a rare glimpse into
the population dynamics of abundant bacterial
species or groups and their specific predators in a
complex chaotic microbial community.

Two main patterns can be drawn from the data
presented here. One is the apparent correlation
between peaks in phage concentrations in the
reactor and peaks in OTU relative abundance in
the clone libraries. A Pearson’s correlation test for
OTU 4 and PFU counts for host H12 returned the
highest p-value when PFU counts were correlated
with OTU abundance of 14 days earlier (p=0.77).
A similar correlation for OTU 19 and the sum of PFU
counts for all related hosts returned a less con-
clusive result (p=0.33), possibly due to the low
representation of sequences related to OTU 19.

The OTU relative abundance is not a quantitative
measure. However, the apparent synchronization
between changes in OTU abundance and changes in
gene copy number measured by QPCR shows the
ability of clone libraries to reflect changes in
bacterial community composition, at least for the
more abundant OTUs.

The correlation between host abundance and PFU
counts is predicted by the ‘killing the winner’
hypothesis (Thingstad and Lignell, 1997; Thingstad,
2000), an idealized Lotka—Volterra-type model, stat-
ing that a rise in abundance of a bacterial species is
followed by a rise in abundance of its specific phage.
This is similar to other predator—prey models in
ecological theory (Jansen, 1970; Chase et al., 2002).
However, the highest PFU count in this study is
4 x 10°, an order of magnitude lower than the lowest
gene copy numbers detected by QPCR. Thus, the
number of viruses detected does not appear to be
high enough to elicit drastic reduction in bacterial
numbers. It is therefore not clear from the data
presented here, whether the fall in bacterial num-
bers is caused by phage activity or by external,
unknown factors.

It may be argued that all PFU counts recorded in
this study are likely gross underestimations, as only
detached phage particles from the biomass super-
natant were counted. Active phage within bacterial
aggregates, or attached to particles larger than
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0.2um, were thus not considered. As it was
impossible to estimate the true size of the viral
population in this study, an equal proportion was
assumed to be lost for all samples, meaning that
changes in PFU counts reflect changes in total viral
population.

Aggregates account for the majority of bacteria in
the bioreactor, and are likely the site of much viral
activity. It is virtually impossible to release all the
phage particles from the dense biomass typical of
wastewater bioreactors. However, pre-treatment of
the biomass to mechanically disrupt the bacterial
aggregates was shown to increase bacterial counts in
activated sludge by an order of magnitude (Ziglio
et al., 2002). Wu and Liu (2009) show a rise in total
viral counts for dense biomass from activated sludge
by combining several elution steps. A similar
approach could be employed in future studies to
maximize phage counts. Freeze-thaw cycles and
thermosensitvity are also expected to negatively
affect some phage species, as was reported in an
earlier study (Hantula et al., 1991). Possible effects
of freezing were also observed in this study, as a
decrease in phage counts occurred following the
freezing of the samples. The combined effect of
these mechanisms may explain some of the dis-
crepancy between low phage counts and high
bacterial concentrations.

A second pattern that emerges upon comparing
the data is a succession of PFU peak values for
phylogenetically related strains. Examples of this
can be seen in Table 1 and Figure 3, wherein peaks
in PFU counts for strain H17 on days 161 and 295
are followed by peak PFU counts for strain H12 on
days 175 and 341.

A similar pattern can be seen for PFU counts in
Figure 4, towards the end of the study period. As a
change in phage counts necessarily reflects a change
in the abundance of its specific host, this pattern
indicates changes in the micro-diversity within the
microbial population. The most stable conditions in
the reactor were recorded during the last 70 days of
the study period, with no known external influences
accounting for the observed alterations in phage or
bacterial species abundance. The pattern observed
may therefore be interpreted as reflecting competi-
tion for resources between closely related sub-
species, mediated by specific phage predation. With
several closely related species, sharing metabolic
traits and favorable conditions, competing for an
available niche in the environment, a ‘winner’ will
ultimately become the most abundant species. This
‘winner’, having reached a certain threshold con-
centration, becomes susceptible to specific phage
predation, thereby losing its competitive advantage.
This opens the niche to a new ‘winner’, and the
process repeats itself. The ousted competitor re-
mains in the environment in low numbers, avoiding
predation, until concentrations of its specific phage
decline, thus allowing its return into the competi-
tion. This is the mechanism suggested by the ‘killing
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the winner’ paradigm (Thingstad and Lignell, 1997;
Thingstad, 2000), but with selection between closely
related strains of the same species, separated by
their susceptibility to different bacteriophage in the
environment. These results suggest that, by reducing
the abundance of dominant strains, phage selective
predation promotes not only the total microbial
diversity (Weinbauer and Rassoulzadegan, 2004) but
also the micro-diversity (Schloter et al., 2000),
meaning that several closely related sub-species
can co-exist in the same environment without one
outcompeting the other.

Antagonistic host-parasite co-evolution between a
phage and its hosting bacterium has been demon-
strated in laboratory experiments and suggested to
have a major role in ecological environments
(Buckling and Rainey, 2002). The underlying prin-
cipal is that a host and parasite co-existing in the
same environment need to undergo an evolutionary
arms race to maintain their ability to survive in the
environment, a process that has also been termed
‘Red queen hypothesis’ (Lythgoe and Read, 1998).
Based on the results presented, it is not possible to
determine whether or not such a process takes place
in the studied bioreactor. As all hosts were isolated
towards the end of the study period, an arms race
should have resulted in reduced susceptibility to
phage from the beginning of the study, similar to the
results obtained by Buckling and Rainey (2002).
This is clearly not the case for host H12, for which
the highest PFU counts were found in the first and
second time points. The same may be said for hosts
H3 and H16, with the highest PFU counts on day
105. On the other hand, there is a general increase in
phage activity for most hosts from day 393 onwards,
that is, following the isolation of the hosts. This is
consistent with co-evolution, but may also be the
result of novel strains recruited from the surround-
ing environment and the propagation of bacterio-
phage specific to these strains.

Phage resistance is often associated with reduced
fitness (Buckling and Rainey, 2002), so that a
resistant mutant may not survive the intense
competition for resources in the bioreactor. As free
phage particles are constantly washed out of the
bioreactor, whereas bacteria are retained by the
membrane, low numbers of susceptible hosts are
likely to persist in the system after their specific
phage were mostly removed. These hosts, not
having paid the price associated with resistance,
are likely to outgrow any resistant strains that
evolved. The importance of co-evolution in bior-
eactors and similar ecological systems is therefore
unclear and needs to be studied further.

Microbial diversity was previously shown to be a
key factor in the functional stability and resilience
to perturbation of microbial systems (Briones and
Raskin, 2003; Girvan et al.,, 2005). It is therefore
suggested that phage specific predation has a key
role in maintaining the stable activity and perfor-
mance of wastewater treatment bioreactors.



In this study, phage predation is shown to affect
microbial community composition in a wastewater
treatment bioreactor, with possible implications for
other environments and environmental processes.

These findings represent a first attempt to track
the stochastic behavior of specific phage—host
systems in a complex environment over a prolonged
time period. Frequent changes in both OTU abun-
dance and PFU counts are observed throughout the
study period. The patterns emerging from the data
are consistent with the ‘killing the winner’ hypo-
thesis. However, because of low phage counts, the
possibility that observed changes in OTU abun-
dance are caused by factors other than phage
predation cannot be ruled out.

One interesting conclusion from these results is
that, while a system may appear to be in steady-state
(judged commonly in wastewater treatment pro-
cesses by a relatively stable performance in regard to
residual organic content and total biomass concen-
tration), a stable microbial community composition
is not likely to evolve, as no single bacterial strain
can dominate a given niche indefinitely. Based on
that conclusion, phage activity may have a more
central role in wastewater treatment systems than
previously suggested, maintaining the microbial
diversity necessary for functional redundancy in
these important systems.

Conflict of interest

The authors declare no conflict of interest.

Acknowledgements

This work was supported by research funds from the
BMBF-MOST Cooperation in Water Technologies Grant
WT-501 and a Levi-Eshkol scholarship to OHS from the
Israeli Ministry of Science. We thank B Zur and DD Lustig
for performing some of the experiments.

References

Amann R, Lemmer H, Wagner M. (1998). Monitoring the
community structure of wastewater treatment plants:
a comparison of old and new techniques. FEMS
Microbiol Ecol 25: 205-215.

Amann R, Ludwig W, Schleifer K. (1995). Phylogenetic
identification and in situ detection of individual
microbial cells without cultivation. Microbiol Rev 59:
143-169.

Audic S, Claverie M. (1997). The significance of digital
gene expression profiles. Genome Res 7: 986—995.
Ben-Dov E, Shapiro OH, Gruber R, Brenner A, Kushmaro
A. (2008). Changes in microbial diversity in industrial
wastewater evaporation ponds following artificial

salination. FEMS Microbiol Ecol 66: 437—446.

Ben-Dov E, Shapiro OH, Siboni N, Kushmaro A. (2006).
Advantage of using inosine at the 3 termini of 16S
rRNA gene universal primers for the study of

Phage-host interactions in a full-scale bioreactor
OH Shapiro et al

microbial diversity. Appl Environ Microbiol 72:
6902—-6906.

Boras JA, Sala MM, Vazquez-Dominguez E, Weinbauer
MG, Vaqué D. (2009). Annual changes of bacterial
mortality due to viruses and protists in an oligotrophic
coastal environment (NW Mediterranean). Environ
Microbiol 11: 1181-1193.

Bouvier T, del Giorgio PA. (2007). Key role of selective
viral-induced mortality in determining marine
bacterial community composition. Environ Microbiol
9: 287-297.

Briones A, Raskin L. (2003). Diversity and dynamics of
microbial communities in engineered environments
and their implications for process stability. Curr Opin
Biotechnol 14: 270-276.

Buckling A, Rainey PB. (2002). Antagonistic coevolution
between a bacterium and a bacteriophage. Proc R Soc
Lond B 269: 931-936.

Chase JM, Abrams PA, Grover JP, Diehl S, Chesson P, Holt
RD et al. (2002). The interaction between predation
and competition: a review and synthesis. Ecol Lett 5:
302-315.

Clokie MRJ, Millard AD, Mehta JY, Mann NH. (2006).
Virus isolation studies suggest short-term variations
in abundance in natural cyanophage populations
of the Indian Ocean. ] Mar Biol Assoc UK 86: 499-505.

Cole JR, Wang Q, Cardenas E, Fish J, Chai B, Farris R] et al.
(2009). The Ribosomal Database Project: improved
alignments and new tools for rRNA analysis. Nucl
Acids Res 37: D141-D145.

Comeau AM, Buenaventura E, Suttle CA. (2005). A
persistent, productive, and seasonally dynamic
vibriophage population within pacific oysters (Cras-
sostrea gigas). Appl Environ Microbiol 71: 5324-5331.

Daims H, Taylor MW, Wagner M. (2006). Wastewater
treatment: a model system for microbial ecology.
Trends Biotechnol 24: 483—489.

Edgar RC. (2004). MUSCLE: multiple sequence alignment
with high accuracy and high throughput. Nucl Acids
Res 32: 1792-1797.

Ewert DL, Paynter MJB.. (1980). Enumeration of bacter-
iophages and host bacteria in sewage and the
activated-sludge treatment process. Appl Environ
Microbiol 39: 576-583.

Gino E, Starosvetsky J, Armon R. (2007). Bacteriophage
ecology in a small community sewer system related to
their indicative role in sewage pollution of drinking
water. Environ Microbiol 9: 2407-2416.

Girvan, Campbell CD, Killham K, Prosser JI, Glover LA.
(2005). Bacterial diversity promotes community stabi-
lity and functional resilience after perturbation.
Environ Microbiol 7: 301.

Guzman G, Jofre J, Montemayor M, Lucena F. (2007).
Occurrence and levels of indicators and selected
pathogens in different sludges and biosolids. J Appl
Microbiol 103: 2420-2429.

Hantula J, Kurki A, Vuoriranta P, Bamford DH. (1991).
Ecology of bacteriophages infecting activated sludge
bacteria. Appl Environ Microbiol 57: 2147-2151.

Huber T, Faulkner G, Hugenholtz P. (2004). Bellerophon:
a program to detect chimeric sequences in mul-
tiple sequence alignments. Bioinformatics 20:
2317-2319.

Jansen HD. (1970). Herbivores and the number of tree
species in tropical forests. Am Nat 104: 501-528.
Jiang SC, Paul JH. (1994). Seasonal and diel abundance of

viruses and occurrence of lysogeny/bacteriocinogeny

335

The ISME Journal



Phage-host interactions in a full-scale bioreactor
OH Shapiro et al

336

in the marine environment marine ecology progress
series. Oldendorf 104: 163—172.

Khan MA, Satoh H, Katayama H, Kurisu F, Mino T.
(2002a). Bacteriophages isolated from activated
sludge processes and their polyvalency. Water Res
36: 3364—-3370.

Khan MA, Satoh H, Mino T, Katayama H, Kurisu F, Matsuo
T. (2002b). Bacteriophage-host interaction in the
enhanced biological phosphate removing activated
sludge system. Water Sci Technol 46: 39—43.

Kunin V, He S, Warnecke F, Peterson SB, Garcia Martin H,
Haynes M et al. (2008). A bacterial metapopulation
adapts locally to phage predation despite global
dispersal. Genome Res 18: 293.

Lucena F, Duran AE, Moron A, Calderon E, Campos C,
Gantzer C et al. (2004). Reduction of bacterial
indicators and bacteriophages infecting faecal bacteria
in primary and secondary wastewater treatments. J
Appl Microbiol 97: 1069-1076.

Lymer D, Logue JB, Brussaard CPD, Baudoux, AC, Vrede K
et al. (2008). Temporal variation in freshwater viral
and bacterial community composition. Freshwat Biol
53: 1163-1175.

Lythgoe KA, Read AF. (1998). Catching the Red
Queen? The advice of the Rose. Trends Ecol Evol 13:
473-474.

Maidak BL, Cole JR, Lilburn TG, Parker Jr CT, Saxman PR,
Ryan FJ et al. (2001). The RDP-II (ribosomal database
project). Nucleic Acids Res 29: 173-174.

Martin HG, Ivanova N, Kunin V, Warnecke F, Barry KW,
McHardy AC et al. (2006). Metagenomic analysis
of two enhanced biological phosphorus removal
(EBPR) sludge communities. Nat Biotechnol 24:
1263-1269.

Mathias C, Kirschner A, Velimirov B. (1995). Seasonal
variations of virus abundance and viral control of the
bacterial production in a backwater system of the
Danube River. Appl Environ Microbiol 61: 3734—3740.

Middelboe M, Hagstrom A, Blackburn N, Sinn B, Fischer
U, Borch NH et al. (2001). Effects of bacteriophages on
the population dynamics of four strains of pelagic
marine bacteria. Microb Ecol 42: 395—406.

Middlboe M, Jacquet S, Weinbauer MG. (2008). Viruses in
freshwater ecosystems: an introduction to the explora-
tion of viruses in new aquatic habitats. Freshwat Biol
53: 1069-1075.

Miki T, Nakazawa T, Yokokawa T, Nagata T. (2008).
Functional consequences of viral impacts on bacterial
communities: a food-web model analysis. Freshwat
Biol 53: 1142—-1153.

The ISME Journal

Otawa K, Lee SH, Yamazoe A, Onuki M, Satoh H, Mino T.
(2007). Abundance, diversity, and dynamics of viruses
on microorganisms in activated sludge processes.
Microb Ecol 53: 143-152.

Schloss PD, Handelsman J. (2005). Introducing DOTUR, a
computer program for defining operational taxonomic
units and estimating species richness. App! Environ
Microbiol 71: 1501-1506.

Schloss PD, Handelsman J. (2006). Introducing SONS, a
tool for operational taxonomic unit-based compari-
sons of microbial community memberships and
structures. Appl Environ Microbiol 72: 6773-6779.

Schloter M, Lebuhn M, Heulin T, Hartmann A. (2000).
Ecology and evolution of bacterial microdiversity.
FEMS Microbiol Rev 24: 647—660.

Suttle CA. (2007). Marine viruses—major players in the
global ecosystem. Nat Rev Microbiol 5: 801-812.

Tamura K, Dudley J, Nei M. (2007). MEGA4: Molecular
Evolutionary Genetics Analysis (MEGA) software
version 4.0. Mol Biol Evol 24: 1596—1599.

Thingstad TF. (2000). Elements of a theory for the
mechanisms controlling abundance, diversity, and
biogeochemical role of lytic bacterial viruses in
aquatic systems. Limnol Oceanogr 45: 1320-1328.

Thingstad TF, Lignell R. (1997). Thepretical models
for the control of bacterial growth rate, abundance,
diversity and carbon demand. Aquat Microb Ecol 13:
19-27.

Wagner M, Loy A, Nogueira R, Purkhold U, Lee N, Daims
H. (2002). Microbial community composition and
function in wastewater treatment plants. Antonie
Van Leeuwenhoek 81: 665—680.

Weinbauer MG, Rassoulzadegan F. (2004). Are viruses
driving microbial diversification and diversity? Envir-
on Microbiol 6: 1.

Winget DM, Wommack KE. (2008). Randomly amplified
polymorphic dna pcr as a tool for assessment of
marine viral richnesst. Appl Environ Microbiol 74:
2612-2618.

Wu Q, Liu W. (2009). Determination of virus abundance,
diversity and distribution in a municipal wastewater
treatment plant. Water Res 43: 1101-1109.

Zhang R, Weinbauer MG, Qian P. (2007). Viruses and
flagellates sustain apparent richness and reduce
biomass accumulation of bacterioplankton in coastal
marine waters. Environ Microbiol 9: 3008-3018.

Ziglio G, Andreottola G, Barbesti S, Boschetti G, Bruni L,
Foladori P et al. (2002). Assessment of activated
sludge viability with flow cytometry. Water Res 36:
460—-468.



	Bacteriophage predation regulates microbial abundance and diversity in a full-scale bioreactor treating industrial wastewater
	Introduction
	Materials and methods
	System description
	Sampling
	Construction of clone libraries
	16S rRNA gene amplification
	Data analysis
	Phage–host systems
	Selection of bacterial hosts
	Host strain DNA sequencing
	Changes in PFU concentrations
	Quantitative PCR
	Database submission of host sequences

	Results
	Changes in the relative abundance of bacterial groups as a function of time
	Bacterial hosts isolation and identification
	Changes in PFU concentrations as a function of time
	QPCR

	Discussion
	Conflict of interest
	Acknowledgements
	References




