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Abstract Roseobacter is a dominant lineage in the mar-
ine environment. This group of bacteria is diverse in terms
of both their phylogenetic composition and their physio-
logical potential. Roseobacter denitrificans OCh114 is one
of the most studied bacteria of the Roseobacter lineage.
Recently, a lytic phage (RDJL®1) that infects this bacte-
rium was isolated and a mutant strain (M1) of OCh114 that
is resistant to RDJL®1 was also obtained. Here, we
investigate the mechanisms supporting phage resistance of
MI. Our results excluded the possibilities of several phage
resistance mechanisms, including abortive infection,
lysogeny, and the clustered regularly interspaced short
palindromic repeats (CRISPRs) related mechanism.
Adsorption kinetics assays revealed that adsorption inhi-
bition might be a potential cause for the phage resistance of
MI1. Comparative proteomic analysis of M1 and OChl14
revealed significant changes in the membrane protein
compliment of these bacteria. Five membrane proteins with
important biological functions were significantly down-
regulated in the phage-resistant M1. Meanwhile, several
outer membrane porins with different modifications and an
OmpA family domain protein were markedly up-regulated.
We hypothesize that the down-regulated membrane pro-
teins in M1 may serve as the potential phage receptors,
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whose absence prevented the adsorption of phage RDJL®1
to host cells and subsequent infection.

Introduction

Viruses are the most abundant (~103 ! particles) and
diverse biological entities in the marine environment [28,
31], and most of the marine viruses are thought to be phage
[31]. By infecting and lysing the prokaryotic cells, they
influence microbial food web processes, biogeochemical
cycles, and the structure of microbial communities [32].
Meanwhile, to resist phage infection, some prokaryotic
cells are able to develop several “anti-phage” mechanisms,
including adsorption inhibition, DNA penetration blocking,
restriction/modification, abortive infection, and CRISPRs
(clustered regularly interspaced short palindromic repeats)
[2, 31]. In the marine environment, the “arms race”
between phage infection and host defense occurs at all the
time, during which it can promote their coevolution by
directional selection [19].

Roseobacter is a dominant lineage in marine system,
which comprises up to 25% of the bacterial community in
coastal water [4]. Members of this lineage are diverse in
terms of their population composition and the physiologi-
cal processes they can undertake, including marine bio-
geochemical cycles. Members of the Roseobacter lineage
are also readily cultured and are amenable to physiological
and genetic studies in the laboratory. This makes them
excellent model organisms for studies of marine biogeo-
chemical cycles, carbon monoxide oxidation, aerobic an-
oxygenic phototrophy, secondary metabolite production,
and aromatic compound degradation, etc. [4]. Roseobacter
denitrificans OChl114 is one of the first described roseob-
acters that conduct aerobic anoxygenic phototrophy.
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Aerobic anoxygenic phototrophic bacteria (AAPB) play
unique roles in global oceanic carbon and energy cycles
[12]. Due to their important ecological status, R. denitrifi-
cans OChl114 has become a model strain for the study of
Roseobacter spp. as well as the functional group of AAPB.

While extensive studies have been performed on the
ecological dynamics and genetic diversity of Roseobacter
and AAPB, little is known about the phage that infect them.
Since phages are responsible for a substantial portion of the
bacterial mortality in the sea, the studies on environmen-
tally important microorganisms such as AAPB and ro-
seobacter need to consider the phage that infect them.
However, only a few roseophage have been reported to
date [1, 23, 34-36] and very limited knowledge is known
about phage resistance in these bacteria. In the present
study, we isolated a mutant strain (M1) of R. denitrificans
OCh114, which is resistant to the roseophage RDJL®1 that
infects the wild type OChl14 [34], and the potential
mechanisms of the MIl-resistance were investigated by
conventional microbiological techniques in conjunction
with comparative proteomics of OChl14 and M1.

Materials and Methods
Strains and Growth Conditions

The wild type R. denitrificans OCh114 was maintained in a
rich organic (RO) medium as described elsewhere [33], at
25°C with a shaking speed of 200 rpm.

RDJL®1 is a highly lytic dsSDNA siphophage, which can
cause the lysis of R. denitrificans OChl114 within 80 min
[34]. Phage from lysates were CsCl density gradient puri-
fied [6], and stored at 4°C prior to being employed to infect
the host cells.

Isolation of the Phage-Resistant Mutant M1

The phage-resistant mutant M1 was selected using the
plaque assay method previously described by Kemp et al.
[14]. In brief, after incubating 1 ml of exponentially
growing OCh114 cells (ca. 3 x 10% cells/ml) with 200 ul
of high titer phage (RDJL®1) lysate (10'" PFU/ml) for
30 min, they were mixed well with 5 ml of top agar (0.5%
agar in RO medium at 38°C), and then poured on top of the
bottom agar (1.5% agar in RO medium) and inoculated
until new bacterial colonies (i.e., the phage-resistant
mutants) were observed on the plate. M1 was obtained by
picking a single colony and purifying it using at least three
transfers. In order to test if M1 had retained its phage
resistance to RDJLOD1, plaque assay was carried out once
again on the isolate.
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Prophage Induction Assay

Culture aliquots (3 ml) of exponentially growing OChl14
and M1 cells were transferred into sterile 10 ml cultivation
tubes and treated with mitomycin C (final concentration,
0.5 pg/ml) for 24 h. Culture supernatants were collected by
centrifugation at 10,000x g for 15 min at 4°C. 10 pl of the
supernatants were mixed well with 1 ml of TE buffer
(10 mM Tris—Cl; 1 mM EDTA, pH 7.4-7.6) and filtered
through passage through a 0.02 pum-pore-size 25-mm
anodisc membrane filter (Whatman). Phage particles were
counted after Sybr Gold staining using the fluorescence
microscopy method described elsewhere [5].

CRISPRs in Silico Analysis

In order to determine if a CRISPRs system was responsible
for the phage resistance of OChl14, the web tool
CRISPRFinder http://crispr.u-psud.fr/crispr/  [9] and
PILER-CR [8] was used to search for CRISPRs in the
OChl114 genome.

Adsorption Kinetics Assay

Adsorption kinetics assays were carried out according to
the protocols described by Stoddard et al. [27]. 1 ml of
exponentially growing OChl14 and M1 -cultures (ca.
7 x 10® cells/ml) were incubated with ca. 6.5 x 10® phage
particles, respectively. Subsamples were harvested at
20 min intervals and diluted 100 fold in cold TE buffer.
After centrifugation (10,000x g, 4°C, 5 min), the superna-
tants were harvested for enumeration of free phages fol-
lowing the protocol described above. Adsorption curves of
the phage RDJLD1 to OCh114 and M1 were for time rel-
ative to the abundance of free phages.

Extraction of Intracellular Proteins for 2D-PAGE

Intracellular proteins were extracted from bacterial cells
following the protocol described by Kan et al. [13].
Exponentially growing OChl114 and M1 cells (1.8 ml,
ODg¢oo =~ 1.0) were pelleted by centrifugation (10,000x g,
4°C, 3 min), rinsed three times with washing buffer (Tris
10 mM, Sucrose 250 mM, pH 7.6) and stored at —80°C
until further processing. For protein extraction, frozen cells
were thawed on ice and resuspended with 0.3 ml of
extraction buffer [0.01 M Tris—HCI, pH 7.4, 1 mM EDTA,
7M urea and 2 M thiourea, 10% (v/v) glycerol, 2%
CHAPS, 0.2% ampholytes, 0.002 M Tributyl phosphine
(TBP), DNase I (0.1 mg/ml), RNase A (0.025 mg/ml), and
proteinase inhibitor cocktail (CalBiochem)]. TBP, DNase I,
RNase A, and proteinase inhibitor cocktail were freshly
added to the buffer. During extraction, samples were ice
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incubated and vortexed for 15 s every 5 min. Cellular
debris was removed by centrifugation (10,000xg, 4°C,
5 min). Protein concentrations were assayed using the
Quick Start Bradford Protein Assay Kit 1 (Bio-Rad) fol-
lowing the manufacturer’s instructions.

Extraction of Membrane Proteins for 2D-PAGE

10 ml of exponentially growing OChl114 and M1 cells
(ODgpo =~ 1.0) were pelleted by centrifugation (10,000 g,
4°C, 5 min) and rinsed three times with washing buffer.
Then, the membrane proteins were extracted using the
SP1256 TansMem Protein Isolation Kit (Beijing SINOPCR
Co., LTD, China) following the manufacturer’s instruc-
tions. Finally, protein concentrations were assayed as
described above.

Two-Dimensional Polyacrylamide Gel Electrophoresis
(2D-PAGE)

The first dimension separation of proteins was performed
with 18 cm IPG strips (pH 4-7) in an IPGphore system (GE
Healthcare). Each 2D-PAGE was conducted using 150 pg of
total protein. The IEF program was: active rehydration at
50 Vfor 13 h, 250 V for 15 min followed with a linear ramp
to 1,000 V for 1 h, and then from 1,000 to 8,000 V for 2 h,
and the last step, at 8,000 V for a total 60,000 Vh with a
rapid ramp. After the first dimension, the IPG strips were
treated with Equilibration buffer I and Equilibration buffer II
(Bio-Rad) for 15 min each.

The second dimension of 2D-PAGE was performed
using 12.5% SDS-polyacrylamide gels in the Protean II XL
(Bio-Rad) system at 100 V for 30 min, and then at 200 V
for 5-6 h. Proteins in gels were visualized by post-elec-
trophoretic staining with SYPRO Ruby (Bio-Rad) and
scanned using the Gene Genius Bio Imaging System
(Syngene). Images were analyzed and quantitatively com-
pared using ImageMaster 2D Platinum 5.0 software. Dif-
ferentially expressed proteins showing a greater than or
equal to 2 fold changes were marked in the gels.

Protein Identification by Mass Spectrometry

Differentially expressed protein spots were manually
excised from gels using Pasteur pipettes and digested as
described by Shevchenko et al. [24]. Tryptic peptides were
analyzed through Matrix-assisted laser desorption/ioniza-
tion time-of-flight mass spectrometry (MALDI-TOF MS)
and MS/MS. Data from MALDI-TOF MS/MS were ana-
lyzed using the search software MASCOT (Matrix Sci-
ence). A protein score of more than 85 and at least three
matched peptides per protein were set as the threshold for
positive identification.

Results
Isolation of the Phage-Resistant M1

When low titers (~ 10* PFU/ml) of phage RDJL®1 were
added to the bacterial cultures (ca. 3 x 10® cells/ml), the
highly lytic RDJIL®1 caused clear plaques to form on
bacterial lawns in a single day. In this study, a high titer
(10'"" PFU/ml) of RDJL®1 was added to the cell culture of
OCh114. The phages killed nearly all the host cells, thus
turning the plate clear. However, within 1 week re-growth
of several surviving cells was observed on the plate. We
isolated the survivor cells (M1) and then inoculated them
with the RDJL®1 again to repeat the plaque assay and
ascertain retention of phage resistance. The results dem-
onstrated that M1 was no longer being infected by the
RDJL®1, indicating that a certain type of phage-resistant
mutation had been gained by MI1. After being transferred
for over 100 generations, M1 was still resistant to RDJL®1.

No Prophage Integration and CRIPSPRs Analyses

When counting the phages using an epifluorescence
microscope, we did not find significant differences (stu-
dent’s ¢ test, P > 0.05) in phage abundance between the
samples with and without a treatment of mitomycin C.

In silico analysis using the web tool CRISPRFinder and
PILER-CR revealed absence of CRISPRs in the genome of
OChl14.

Phage Adsorption was Inhibited in M1

In order to determine if M1 defends itself against phages by
preventing their adsorption, adsorption kinetics assays of
RDJL®1 were performed. From the adsorption curve
of RDJL®1 (Fig. 1), we can see that the adsorption rate of
RDIJL®1 to M1 was significantly inhibited as compared to
OChl14.

Differences in Protein Expression Between OChl14
and M1

While we did not find any significant differences in the
intracellular protein expression profiles between M1 and
the wild type OCh114 (data not shown), the comparison of
the membrane protein expression profiles revealed a total
of 12 protein spots with significant changes (considered as
a >two-fold increase or decrease) (Fig. 2). Among them,
seven proteins (No. 6-12) were up regulated significantly
in M1 when compared to the wild type OCh114, while the
other five proteins (No. 1-5) were down regulated
remarkably; In order to further investigate the phage
resistance responses of M1, all the 12 differently expressed
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Fig. 2 Membrane protein Pl 4
expression profiles of wild type B Es
OCh114 (left panel) and mutant
M1 (right panel). The major
differentially expressed proteins
are marked with arrows

proteins were excised from the gels and identified through
MALDI-TOF MS/MS. The identification results of these
proteins were shown in Table 1.

Discussion

In this study, a phage-resistant mutant (M1) of R. deni-
trificans OCh114 was obtained. After being transferred for

PI7 PI4 P17

at least 100 generations, the M1 isolate was still resistant to
phage RDJL®1. This suggested the occurrence of a
mutation in the host cell, rather than a mere physiological
response. Meanwhile, the heritable nature of phage resis-
tance suggested that the mechanism of M1 was unlikely to
be abortive infection, since abortive-type defenses usually
result in the self-destruction of the host cells [31].

In order to determine the phage resistance mechanism(s)
of M1, we first tested if the phage resistance of M1 was

Table 1 Summary of the differently expressed membrane proteins identified using MALDI-TOF MS/MS

Spot no. Protein name NCBI accession no. Pep. count Protein score
1 Methanol dehydrogenase, large subunit YP_681244 10 233
2 TRAP transporter, substrate-binding protein YP_684130 7 196
3 Fructose-bisphosphate aldolase YP_682542 14 447
4 Anti-oxidant AhpC/Tsa family protein YP_681020 8 181
5 Ribulose-phosphate 3-epimerase ZP_00603427 4 171
6 Outer membrane porin YP_680471 9 429
7 Outer membrane porin YP_680471 4 270
8 OmpA family domain protein YP_681468 5 106
9 Outer membrane porin YP_680471 8 448
10 Outer membrane porin YP_680471 5 238
11 Outer membrane porin YP_680471 7 264
12 Outer membrane porin YP_680471 7 231
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achieved by homo-immunity or lysogeny. In lysogeny, a
phage sets up a stable symbiosis with its host, resulting in
the integration of the phage genome (termed prophage) into
one of the replicons inside the cell. The presence of the
prophage can confer immunity on the bacterial cell against
superinfection [21]. However, the prophage can be induced
under certain conditions to enter the lytic cycle. Induction
may occur spontaneously, or may be stimulated by UV
irradiation or mitomycin C, which are considered to be the
most powerful agent inducing the lytic cycle of a lysogenic
bacterium [31]. In this study, after being treated with
mitomycin C, no phage-like particles were released from
OCh114 and M1. This indicates that both OCh114 and M1
likely have no prophages.

Barrangou et al. [2] discovered and elucidated a novel
anti-phage approach in prokaryotes dominated by CRISP-
Rs in their genomes. CRISPRs consist of a succession of
highly conserved regions varying in size from 23 to 47 bp,
separated by similarly sized unique sequences (spacers) of
usually viral origin [9]. Together with a group of associated
proteins, the CRISPRs can provide the host with resistance
to phages, possibly by an RNA-interference-like mecha-
nism [26]. Approximately 40% of the sequenced bacterial
genomes contain the CRISPRs structure [26]. Here, in
silico analysis of the OCh114 genome revealed absence of
the CRISPRs, indicating that the phage resistance mecha-
nism in M1 was unrelated to CRISPRs.

We tested if the phage resistance of M1 was achieved by
preventing adsorption of the phage RDJL®1 to the bacte-
rial surface. In a cellular defensive system against phages,
the first line is to prevent the attachment of phages to the
exterior of a cell, thus halting the phage infection cycle at
the first step [7]. Adsorption inhibition involves strategies
such as the lack of receptor expression, an alteration of a
receptor, or a masking or shielding of receptors [31]. In this
study, using adsorption kinetics assay of RDJL®I1, we
found that M1’s ability to adsorb RDJL®1 was greatly
reduced as compared to the wild type OChl14 (Fig. 1),
suggesting that the phage resistance of M1 was likely due
to adsorption inhibition.

Using the 2D-PAGE method, we compared the proteomes
of OCh114 and M1 during the same growth phase incubated
under the same condition. Interestingly, we did not find any
significant differences in the intracellular protein profiles
between M1 and OCh114 (data not shown). It suggested that
the bacterial intracellular proteins were probably not the key
factors determining phage resistance in M1.

Thereafter, we investigated if there were changes in the
expression of membrane proteins between M1 and
OCh114. Surprisingly, we found that there were as many as
12 membrane protein spots (marked in Fig. 2) showing
significant changes (>two-fold increase or decrease).
Among them, five spots (i.e. No. 1-5) were significantly

down regulated in M1 as compared with the wild type
OChl114, whereas the other seven spots (i.e., No. 6-12)
were markedly up regulated. According to the result of
phage adsorption kinetics assay, we supposed that these
changed membrane proteins in M1 most likely play
important roles in conferring upon host cells the phage
resistance.

As previously reported, obtaining resistance to phages is
often accompanied by a decrease in the competitive ability
of the bacterial cell [3]. Most phage-resistant mutants
achieve phage resistance through the loss or modification
of the receptor molecules on the cell surface [16], which
are often involved in aspects of bacterial metabolism such
as the uptake of nutrient sources. Thus, gaining resistance
to phages frequently comes at the expense of a reduced
competitiveness of the host bacterium [16]. Interestingly,
in this study we noticed that the five down-regulated
membrane proteins in M1 are all identified as significant
components (Table 1) performing varied important roles in
cell metabolism. For example, methanol dehydrogenase
(No. 1) catalyzes the production of formaldehyde, which is
the intermediate of both assimilative and dissimilative
metabolism in methylotrophs [17]; Substrate-binding pro-
tein of TRAP transporter (No. 2) promotes the transport of
nutrients and other solutes across biological membranes
[22]; The class I Fructose-bisphosphate aldolase (No. 3) is
a key enzyme in the glycolytic pathway, catalyzing the
reversible aldol condensation/cleavage reaction between
glyceraldehydes 3-phosphate and dihydroxyacetone phos-
phate to yield fructose-1,6-bisphosphate aldolase [30]; The
anti-oxidant AhpC-TSA family protein (No. 4) is a physi-
ologically important antioxidant which protects cells from
the damages of organic hyperoxides or sulfur-containing
radicals [18]; And ribulose-phosphate 3-epimerase (No. 5)
is an enzyme that converts D-ribulose 5-phosphate into p-
xylulose 5-phosphate, participating in 3 metabolic path-
ways: pentose phosphate pathway, pentose and glucuronate
interconversions, and carbon fixation [29]. Herein, con-
sidering the important biological roles of these proteins, we
predict that M1’s growth efficiency should be greatly
impaired due to the significant reduction of the five
important membrane proteins in M1. However, by com-
paring the growth curves of OCh114 and M1 incubated in
liquid RO medium at 25°C with a shaking speed of
200 rpm, no significant differences were observed (data not
shown). Although strictly speaking, the two cell cultures
should be incubated in varied growth-limiting resources to
compare their growth efficiency, as a nutrition-rich
resource can partially offset the cost of phage resistance of
a cell [3], here the nearly identical growth curve of
OChl114 and M1 at least revealed that the acquisition of
phage resistance in M1 did not bring much impairment to
the cellular metabolism as we predicted above.
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Another interesting finding in this study was that among
the seven up-regulated proteins in M1, six protein spots
(i.e. No. 6, 7, and 9-12) located at different positions in the
2D gels (i.e., their molecular weights and isoelectric points
are different), were surprisingly identified as the same
protein, matching the putative outer membrane porin
(NCBI accession no. YP_680471) from R. denitrificans
OChl114. This is unusual, as it suggests that outer mem-
brane porin may have a number (at least 6) of different
isoforms coexisting in a bacterium. It is now well recog-
nized that most porin proteins form simple aqueous chan-
nels in the outer membranes of gram-negative bacteria,
serving as molecular sieves which permit the passage of
small hydrophilic molecules with no particular substrate
specificity [10]. Also, there are some porin proteins which
can form ion-conducting channels with specificity for
certain substrate, mediating the uptake of varied nutrients
[15]. In this study, we are still unclear about why there
exist so many different modifications of the outer mem-
brane porin in M1, and what functions does each of them
perform? Based on the unchanged growth efficiency of M1,
in which the above described five function-important pro-
teins (i.e. No. 1-5) were significantly down regulated, we
hypothesize that in M1 the significant up regulation of
these modified outer membrane porins might be a stress
adaptation strategy offsetting the fitness costs of phage
resistance by increasing the cell’s nutrient-uptake effi-
ciency for different substrates.

In addition, it is worth mentioning that among the seven
up-regulated proteins, the last one (No. 6) was identified as
the OmpA domain protein (NCBI accession no.
YP_680468). Many studies had reported that it can func-
tion as a receptor for bacteriophages. Mutation of this
protein (such as alterations at surface-exposed areas) could
exhibit a complex pattern of resistance-sensitivity to those
OmpA-specific phages, since different phage recognized
different areas of this protein [20]. In addition, this protein
can function as in adhesion and invasion, and participate in
biofilm formation, etc. [25]. In this study, it is interesting to
find that after acquiring phage resistance, the OmpA
domain protein was highly over-expressed in M1, which is
not consistent with the previous reports [11]. While we are
not clear about the detailed mechanisms of this protein
response, further studies will be required to investigate as
to whether the OmpA domain protein is a potential receptor
for the phage RDJL®1? and if the OmpA domain protein
have other undiscovered potential functions in the phage
resistance responses?

The results of our experiments revealed that the mutant
(M1) of R. denitrificans OChl14 adsorption inhibition
prevented infection of RDJL®1. The comparative proteo-
mics assay unveiled a complex protein responses occurring
at the cell membrane of M1: we propose that the several
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function-important membrane proteins may serve as the
potential receptors for phage RDJL®1, their down regula-
tion was likely a key reason for the phage resistance of M1.
The results of this study contribute to our knowledge about
the interactions between bacteria and phages in marine
system. We believe that with more and more studies being
carried out on the phage resistance of marine bacteria, the
ecological roles of marine phages in shaping microbial
community structure and inducing the co-evolution of
bacteria-phage systems will be recognized more in depth
and comprehensive in the future.
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