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ABSTRACT Carnobacterium divergens is frequently isolated from natural environments
and is a predominant species found in refrigerated foods, particularly meat, seafood, and
dairy. While there is substantial interest in using C. divergens as biopreservatives and/or
probiotics, some strains are known to be fish pathogens, and the uncontrolled growth of
C. divergens has been associated with food spoilage. Bacteriophages offer a selective
approach to identify and control the growth of bacteria; however, to date, few phages
targeting C. divergens have been reported. In this study, we characterize bacteriophage
cd2, which we recently isolated from minced beef. A detailed host range study reveals
that phage cd2 infects certain phylogenetic groups of C. divergens. This phage has a
latent period of 60 min and a burst size of ~28 PFU/infected cell. The phage was found
to be acid and heat sensitive, with a complete loss of phage activity when stored at pH
2 or heated to 60°C. Electron microscopy shows that phage cd2 is a siphophage, and
while it shares the B3 morphotype with a unique cluster of Listeria and Enterococcus
phages, a comparison of genomes reveals that phage cd2 comprises a new genus of
phage, which we have termed as Carnodivirus.

IMPORTANCE Currently, very little is known about phages that infect carnobacteria,
an important genus of lactic acid bacteria with both beneficial and detrimental
effects in the food and aquaculture industries. This report provides a detailed charac-
terization of phage cd2, a novel siphophage that targets Carnobacterium divergens,
and sets the groundwork for understanding the biology of these phages and their
potential use in the detection and biocontrol of C. divergens isolates.

KEYWORDS carnobacteria, Carnobacterium divergens, bacteriophage, siphophage, B3
morphotype, subtyping

arnobacterium divergens and Carnobacterium maltaromaticum are lactic acid bac-

teria (LAB) commonly found in refrigerated foods, meat and dairy products, and
vacuum packaged meat (1-3). The role of these bacteria within food products is com-
plex. They are known to produce branched alcohols and aldehydes which have been
associated with food spoilage (2, 4), although it has also been shown that these meta-
bolic by-products have low sensory impact on food quality (5). On the other hand, car-
nobacteria may play a key role in enhancing the shelf life of packaged meat products
via the production of bacteriocins (ribosomally synthesized antimicrobial peptides)
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and organic acids that inhibit the growth of other food spoilage organisms (6-8).
Carnobacteria are also a key component of the natural microbiota in the gastrointesti-
nal tract of healthy fish (3, 9, 10). Although some strains of carnobacteria are known
fish pathogens (2, 3, 9, 10), there is substantial interest in exploring the potential of C.
divergens as a probiotic in fish hatcheries to enhance the immunity and survival of fish
larvae (11).

Because carnobacteria have the potential to impart both positive and negative
impact within the food industry and aquaculture, it is desirable to have rapid and eco-
nomical methods to identify and, if necessary, selectively eliminate specific carnobacte-
ria isolates. One potential approach is the use of bacteriophages (phages) for phage
typing and as biocontrol agents. Phages are viruses that can be classified as either lytic
or temperate (lysogenic) according to their life cycle. After adsorption and insertion of
genetic material into the host, lytic phages immediately hijack the host’s cellular ma-
chinery to assemble new phage particles and then trigger cell lysis by phage encoded
proteins, resulting in the release of phage progeny and concomitant death of the host.
In contrast, temperate phages are maintained as a prophage within the host cell, either
by integrating directly with the host's genome or as extrachromosomal DNA. After ex-
posure to specific environmental stimuli, temperate phages are induced into the lytic
phase of their life cycle (12). Phages can vary in their specificity of hosts, with some ca-
pable of infecting a single strain (narrow host range) or multiple hosts from even differ-
ent genera (broad host range). This variability in host range enables the selection of
phages to infect a single host lineage or an entire group of host lineages, which has
led to biotechnological applications such as phage typing to rapidly identify bacterial
isolates, and phage therapy to selectively eliminate a particular bacterium. Indeed, sev-
eral phage-derived products are commercially available and used by the food industry
to combat known food pathogens such as Escherichia coli, Listeria, Salmonella, and
Shigella spp. (13, 14).

However, the presence of phages can also result in undesirable consequences, partic-
ularly in the food industry and the production of fermented foods. In these settings,
phage infection can decimate bacterial starter cultures, resulting in poor quality food
products and substantial economic losses (13, 15-17). For this reason, phages that target
LAB, particularly Lactococcus and Lactobacillus spp., have been extensively studied, with
the hope that understanding their biology and genetic diversity will enable the develop-
ment of antiphage strategies (15, 18). In contrast, very little is known about the phages
that target carnobacteria as only a few phages targeting this class of LAB have been
reported. Bacteriophage cd1, first described in 1997, is a myophage and exhibits lytic ac-
tivity against a limited number of C. divergens strains (19). In 2004, it was reported that
phage LP65, a Lactobacillus plantarum myophage, could infect certain strains of carno-
bacteria (20). Recently, we have isolated three new phages (phages cd2, cd3, and cd4)
from C. divergens and reported their sequences (21). Analysis of the phage genomes indi-
cated that they were likely siphophages with limited homology to several known
Enterococcus and Listeria phages within the genera Saphexavirus and Homburgvirus,
respectively. The aim of the present study was to characterize phage cd2 and describe
its morphology, growth kinetics, stability, and host range. This work is key to understand-
ing the biology and potential applications of phages that infect carnobacteria, and sheds
light on a new genus of tailed phages.

RESULTS AND DISCUSSION

Phage isolation, plaque morphology, and optimal multiplicity of infection.
Phage cd2 was isolated from a sample of ground beef and, after three successive rounds
of single-plaque isolation, propagated to a titer of ~10° PFU/mL using C. divergens LV13
and B1 as hosts. Plaque morphology differed depending on the plating host. With LV13,
clear plaques with sharp edges and an average diameter of ~1 mm were observed
(Fig. TA). When plated against B1, both clear and turbid pinpoint plaques (<0.5 mm) were
observed (Fig. 1B). Because the genes encoded on the phage cd2 genome lack sequence
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(A) (B)

Plating Host: B1

FIG 1 Morphology of phage cd2 plaques when plated on C. divergens LV13 (A) and B1 (B). Larger,
clearer plaques were observed when LV13 was used as the plating host.

homology to known integrases, it was first thought that phage cd2 is a lytic phage, and
the differences in plague morphology were due to poor adsorption of the phage onto the
host, a longer latency period and/or a small burst size, or a low rate of diffusion of phage
in the agar overlay (22). However, when PCR using phage cd2 specific primers was per-
formed on genomic DNA from host cells isolated from the center of both clear and turbid
plaques, positive PCR results were obtained (details provided in the supplemental mate-
rial). This suggests that phage cd2 is not virulent, but is capable of lysogeny or pseudo-
lysogeny. Further characterization of the numerous hypothetical proteins encoded in
phage cd2’'s genome may reveal the proteins required for lysogeny. Because larger and
clearer plaques were observed when phage cd2 was plated against LV13, this strain was
used as the plating host for subsequent experiments. The optimal multiplicity of infection
(MOI) for phage cd2 with host LV13 was found to be 1.0 (Fig. S1).

Phage morphology and phylogenetic analyses. The morphology of phage cd2
was evaluated by both transmission electron microscopy (TEM) (Fig. 2A) and cryo-electron
microscopy (cryo-EM) (Fig. 2B). Phage cd2 has an elongated capsid (length 112 £ 6 nm;
width 45 £ 3 nm, n = 10) and a long, noncontractile tail (length 164 = 4 nm; width
9.6 = 0.9 nm, n = 5). No tail fibers were visible in any of the micrographs. These results
confirm our earlier prediction, based on genomic analysis (21), that phage cd2 is a sipho-
phage and belongs to the class Caudoviricetes. Aside from our work, there have only been

(A) _ (B)

FIG 2 Electron microscopy reveals that phage cd2 is a siphophage (B3 morphotype). (A) TEM micrographs
of phage cd2 stained with uranyl acetate and obtained at 140,000 x magnification. (B) Cryo-EM
micrograph of phage cd2. Phage cd2 has an elongated capsid measuring 112 = 6 nm X 45 = 3 nm in
width (n = 10), and a long, noncontractile, flexible tail measuring 164 = 4 nm x 9.6 = 0.9 nm (n = 5).

July/August 2023 Volume 11 lIssue 4

Microbiology Spectrum

10.1128/spectrum.00973-23

3

Downloaded from https://journals.asm.org/journal/spectrum on 30 August 2023 by 132.229.160.130.


https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00973-23

Characterization of Phage cd2

0.001 0.005 0.01 0.05 0.1

LTl

|

ﬁﬂﬁfﬁﬁ et 5

5

Microbiology Spectrum

Bacillus phage Mgbh1 (NC_041879)
Paenibacillus phage Tripp (NC_028930)
Paenibacillus phage C7Cdelta (NC_055028)
Paenibacillus phage Unity (NC_055031)
Paenibacillus phage Scottie (NC_055030)
Paenibacillus phage Halcyone (NC_055029)
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Lactobacillus phage LfeSau (NC_029068)
Staphylococcus phage SP197 (NC_055022)
Staphylococcus phage vB_SpsM_WIS42 (NC_055025)
Staphylococcus phage SN8 (NC_055020)
Listeria phage LP-114 (NC_024392)

Listeria phage P70 (NC_018831)

Listeria phage LP-110 (NC_021785)

Listeria phage LP-037 (NC_021787)

Listeria phage LP-026 (NC_024375)

W |Carnobacterium phage cd2 (MZ398135)
Enterococcus phage vB_EfaS_Ef2.2 (MK721189)
Enterococcus phage vB_EfaS_EF1c55 (MN103542)
Enterococcus phage Entf1 (MK800154)
Enterococcus phage VD13 (NC_041861)
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Enterococcus phage EF-P10 (KY472224)
Enterococcus phage BC611 (NC_018086)
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Streptococcus phage SPQS1 (NC_021868)
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Enterococcus phage EfsWh_1 (MN871443)

FIG 3 Proteomic tree for phage cd2. Only phages displaying a genomic similarity score greater than 0.01 (S; > 0.01) are included.
The colored bars beside each phage indicate phage morphology (orange = siphophage) and host group (purple = Bacillota). The
position of phage cd2 is indicated by a red star and yellow box. Accession numbers for phage genomes are provided in the figure.

Figure generated using ViPTree (30).

two prior reports of phages known to infect carnobacteria, and in both cases these phages
(bacteriophage cd1 and Lactobacillus plantarum bacteriophage LP65) were shown to be
myophages (19, 20). As we previously reported, a BLASTN search of phage cd2’s genome
did not find closely related phages (21). Taken together, these results reveal that phage
cd2 is morphologically and genetically distinct from phage cd1 and LP65, and represents a

unique group of phages isolated from and infecting carnobacteri

a.

The elongated capsid displayed by phage cd2 falls within the B3 morphotype, which is
characterized by a prolate capsid with length-to-width ratio of 2.5 to 5.5 (23-25). While rel-
atively uncommon (24), this same morphotype has also been reported for a unique group
of Listeria phages belonging to the genus Homburgvirus (26-28), and Enterococcus phages
belonging to the genus Saphexavirus (26, 29). Phylogenetic analysis has shown that these
two genera of phages cluster together and share nine unique orthologs that encode for
putative proteins involved in phage morphology and DNA replication. Their genomes also
encode for between one and five HNH endonucleases, where one is located downstream
of DNA polymerase (26). Interestingly, when we analyzed phage cd2’s genome with ViPTree
(30), the resulting proteomic tree identified these two genera of phages as the most closely
related to phage cd2 (Fig. 3). A genomic alignment of phage cd2 with representative phages
from each of these genera reveals that while there is a low degree of nucleotide similarity
between the phages, they all display a shared gene synteny (Fig. 4). Notably, phage cd2’s ge-
nome encodes for putative lysis enzymes within the DNA packaging module (consistent with
the Listeria phages in genus Homburgvirus) and a putative HNH endonuclease located down-
stream of DNA polymerase. Thus, it is likely that phage cd2 also resides within this unique
orthocluster of phages, characterized by the B3 morphotype and a conserved gene synteny.
Using VIRIDIC (31), we further examined the intergenomic similarity between phage cd2 and
these phages (Fig. S2). As the total genome sequence identity was well below 70%, phage
cd2 can be dlassified in a new genus (32). The International Committee on Taxonomy of
Viruses (ICTV) has approved our proposal for the creation of a new genus called Carnodivirus,
with phage cd2 being a representative species. In accordance with ICTV nomenclature rules,

phage cd2’s official binomial name is Carnodivirus cd2.
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FIG 4 Genomic alignment of phage cd2 with Enterococcus phages BC611, VD13, and Listeria phages LP-026 and P70.
Predicted genes are indicated with arrows and color coded by putative function. The colored vertical blocks between
genomes indicate the level of nucleotide similarity. Genomes were reordered to begin at the terminase small subunit.
Accession numbers and references for the phage genomes used in this analysis are provided in Table S4. Alignment
generated using ViPTree (30).
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Growth kinetics: adsorption and one-step growth curve. An adsorption experi-
ment was performed to determine phage cd2’s adsorption rate with host LV13. Phage
cd2 was added to a culture of LV13 and the amount of unadsorbed phage was quanti-
fied every 2 min, for 20 min. As shown in Fig. 5A, the relative concentration of phage
cd2 decreased over the course of the experiment. Taking into account the initial bacte-
rial density used in each replicate assay, the adsorption rate for phage cd2 was calcu-
lated to be 2.26 x 107 mL/min.

Because phage cd2 has a low adsorption rate, two key modifications to the one-step
growth curve experiment were made (33). First, to increase the number of infected cells,
the phage-host cell mixture was incubated for 10 min, rather than 5 min. Second, to
remove unadsorbed phage, the mixture was centrifuged and after rinsing, only the pellet,
containing phage-infected cells, was used in the subsequent dilution steps and for enu-
meration of phage titer. The one-step growth curve (Fig. 5B), shows that when LV13 is
used as the host strain, phage cd2 has a latent period of ~60 min. The burst size of phage
cd2 was determined to be ~28 PFU/infected cell, which is smaller than the reported burst
sizes for several of the enterococcal phages (which range from 60 to 350 PFU/infected cell)
that share a similar morphology to cd2 (34-38). On the other hand, phage cd2’s burst size
is comparable to what has been reported for several Lactobacillus phages (39-41).

Stability of phage cd2. Given that carnobacteria are often associated with refriger-
ated foods and meat products, we examined the stability of phage cd2 under various
thermal and pH conditions using strain LV13 as plating host (Fig. 6). Phage titers
remained the highest when the phage was stored at temperatures below 25°C for 4
days, indicating that phage cd2 is stable at cool temperatures. When stored at 25°C for
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FIG 5 Growth kinetics for phage cd2: adsorption curve (A) and one-step growth curve (B). In panel A,
different symbols represent different replicate assays. For each assay, the adsorption rate was calculated
by dividing the absolute value of the slope of the adsorption curve by the bacterial density used in the
assay. In panel B, the data point at t = 0 represents the total phage titer initially added to the C
divergens LV13 culture. The first titer measurement was collected 30 min later, following the 10 min
incubation period and centrifugation steps to collect infected cells. Data represents the average result =
standard deviation for three biological replicates.

4 days, a slight reduction in phage titer was observed. Phage survival was dramatically
reduced at higher temperatures: after 4 days at 37°C, phage titer decreased by a factor
of 100, and when heated to 60°C or higher for just 15 min, no viable phage was
detected (Fig. 6A). Phage cd2 was unaffected at pH conditions ranging from 4 to 10,
but either highly basic or acidic conditions decreased phage survival. At pH 2, phage
cd2 was completely deactivated (Fig. 6B).

Recently, it was demonstrated that the production of organic acids by Carnobacterium
spp. can reduce the pH of meat juice medium from 5.9 to 5.2 and this is one of the key fac-
tors in their ability to inhibit the growth of both Gram-positive and Gram-negative food-
spoilage bacteria (6). However, these conditions also enable carnobacteria to become the
dominant microbiota in vacuum packaged meats, which has also been implicated in food
spoilage (2, 8). Our results suggest that phage cd2 could serve as a useful biocontrol agent
for C. divergens strains in refrigerated meat products because phage cd2 survives at both
the temperatures and pH conditions under which carnobacteria thrive. On the other hand,
if phage infection is not desired, our results indicate that a simple heat treatment can be
used to destroy the phage.

Host range studies. Phage cd2 was tested against a panel of C. divergens and
C. maltaromaticum strains, all of which have previously been isolated from beef, pork,
or fish products. The results of the spot test (Table 1) show that phage cd2 displayed
lytic activity against several C. divergens strains but was unable to infect any of the
C. maltaromaticum strains tested. Aside from LV13, the C. divergens isolates used in this
study have previously been separated into eight different groups (IV to XI) according
to phylogenetic analysis of their genomes (6). Interestingly, the susceptibility of
C. divergens strains to phage cd2 was correlated with their grouping. Strains belonging to
groups V to VIl all showed sensitivity to phage cd2 as zones of inhibition were observed. For
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FIG 6 Stability of phage cd2 at various temperatures (A) and pH conditions (B) using C. divergens LV13
as plating host. For the temperature study, phage samples were incubated for 4 days at temperatures
of —80 to 37°C, and for 15 min at temperatures of 60 and 100°C. For the pH study, phage was
incubated for 2 h. The pH of the BHI control was 7.4. Black arrows indicate that no plaques were
observed on any plates, including undiluted samples. The dashed line represents the initial log,, phage
titer used in the treatments. Data represents the average log,, titer * standard deviation for two
biological replicates, plated in triplicate.

strains in groups V and VI, the spots were clear, while the spot against strain C13 (group VII)
was turbid. When PCR was performed, using phage cd2 specific primers and genomic DNA
from C13 cells isolated from these plaques, no positive results were obtained (details pro-
vided in supplemental material). We also tested the supernatant from a phage-free culture
of strain B1 against the group V to VIl isolates and no zones of inhibition were detected. This
confirms that the sensitivity of isolates in group V to VIl is due to phage cd2, and not some
other component in the phage lysate, such as an unknown bacteriocin produced by the
host strain. For strains belonging to groups IV and VIl to XI, no zones of clearing were
detected, revealing that these strains are resistant to phage cd2. These results show that
while phage cd2 has a species-specific host range, it can effectively discriminate between
different phylogenetic groups of C. divergens strains. This property of phage cd2 has poten-
tial applications for the rapid and facile subtyping of C. divergens isolates.

To further explore the ability of phage cd2 to infect sensitive strains belonging to
groups V to VII, we performed an efficiency of plating (EOP) experiment (Table 1). Using
strain LV13 as our reference (EOP of 100%), we found that strains within group V displayed
EOPs of ~60% (range 58% to 70%) and produced plaques that were consistently smaller
than those on LV13. Strains within group VI displayed EOPs of ~15% (range 8% to 18%)
but had plaques of similar size to LV13. Interestingly, the EOP of strain C13 (group VII) was
0%, irrespective of the initial phage titer used in the assay. This suggests that the interac-
tion between phage cd2 and C13 does not result in a productive phage infection.
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TABLE 1 Host range of phage cd2 by spot tests and efficiency of plating (EOP)

Host strain Phylogenetic group? Spot test® EOP (%) Reference
Carnobacterium divergens
Lv13 + 100; M 50
A10 I\ - 51
B1 " + 58 £0.01;P 51
B6 " + 70 * 0.06; P 51
s \ + 60 * 0.06; P 51
c7 " + 60 * 0.02; P 51
c10 \Y + 61 + 0.03; P 51
c14 \' + 63 £ 0.04; P 51
B7 Vi + 8+ 0.01; M 51
B8 Vi + 18 £0.0;M 51
cé Vi + 18 = 0.01; M 51
c16 Vi + 18 = 0.02; M 51
c13 Vil (+) 0 51
B3 Vil - 51
al Vil - 51
c12 Vil - 51
c17 Vil - 51
c8 IX - 51
B5 X - 51
(e} X - 51
Cc4 X - 51
c9 X - 51
cn X - 51
c15 X - 51
A2 XI - 51
A4 Xl - 51
A8 XI - 51
A12 XI - 51

Carnobacterium maltaromaticum

LV17B NA - 50
A9b- NA - 52
c2 NA - 53
UAL307 NA - 54
UAL26 NA — 55

aC. divergens isolates were divided into phylogenetic groups by core genome alignment as previously described (51).
b+, clear zone of inhibition; (+) turbid zone of inhibition; —, no sensitivity to phage.

Results represent the average EOP =+ standard deviation for three biological replicates. M, clear plaques with
average diameter of ~1mm; P; clear and turbid pinpoint plaques (<0.5 mm).

Because we observed different EOPs among the sensitive strains, we examined the
impact of phage cd2, at differing concentrations, on the growth curves of various C.
divergens strains (Fig. 7). The results show for that for strains LV13 (Fig. 7A), B1 (group V,
Fig. 7B), and C16 (group VI, Fig. 7C), phage cd2 clearly inhibited bacterial growth at all
MOIs tested. The time needed to reach inhibition (ODgy, <0.1) was fastest for LV13 and
longer for both B1 and C16, which is consistent with our finding that these latter two
strains have reduced EOPs relative to LV13. The observed differences in EOP may indi-
cate that strains B1 and C16 are partially resistant to phage cd2; however, it is also
known that bacterial growth rate can impact phage kinetics (adsorption, latent period,
and burst size) and hence phage population growth (42). Our results show that in the
absence of phage cd2, strains B1 and C16 both grew slower than LV13 under the condi-
tions tested, and therefore this may also be responsible for the reduced EOP demon-
strated by these strains. Further studies of these strains with phage cd2, to compare
adsorption rates, one-step growth curves, and the impact of growth conditions on
phage fecundity, will help elucidate the different interactions between phage cd2 and
these sensitive strains. Nevertheless, our results clearly demonstrate that phage cd2 can
effectively inhibit the growth of these strains, even when added at an MOI of 0.1. As
expected, phage cd2 had no impact on the growth of C3, a resistant strain belonging to
group X, at any of the MOls tested (Fig. 7E).
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FIG 7 The effect of phage cd2 on the growth of C. divergens strains LV13 (A), B1 (B), C16 (C), C13 (D), and C3 (E). Strains B1, C16, and C13 are phage
sensitive and belong to phylogenetic groups V, VI, and VII, respectively. Strain C3 is phage resistant and belongs to phylogenetic group X. Phage was
added at different MOIs, as indicated by the legends. Data represents the average result for at least five technical replicates. Error bars represent the
standard deviation and for clarity, only the positive error bars are plotted.

In the case of strain C13, our results reveal that the impact of phage cd2 on bacterial
growth is concentration dependent (Fig. 7D). When phage was added at an MOI of 0.1,
no detectable effect on bacterial growth was observed, while an MOI of 1.0 resulted in a
slight reduction of bacterial growth. On the other hand, when phage was added at an
MOI of 10 and 100, the growth rate of C13 was dramatically reduced. These results are
consistent with our earlier findings from both the spot and EOP assays, and suggest that
the sensitivity of strain C13 to phage cd2 at high MOls is due to a “lysis from without”
mechanism, while at low MOIs, there is a nonproductive phage infection (43).
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As mentioned above, our host range studies showed that phage cd2 effectively discri-
minated between different phylogenetic groups of C. divergens. Because the genomes for
all these isolates, aside from LV13, have previously been reported, we were interested in
comparing the genomes of the sensitive and resistant strains to identify putative phage
receptors. To this end, we first sequenced the genome of LV13 and then performed a
phylogenetic analysis on all the C. divergens isolates used in this study (complete details
for both steps are provided in Table S1). First, our results showed that strain LV13 shares
the largest orthologous average nucleotide identity with isolates in group VI (Table S2).
Indeed, all the strains within group VI were sensitive to phage cd2, and while they had
lower EOPs relative to LV13, similar plaque morphologies were observed for LV13 and the
group Vl isolates. The results from our core single-nucleotide polymorphism analysis
revealed a significant degree of genetic variation between the phage-sensitive and
phage-resistant isolates (Table S3). As such, it was not possible to highlight key
genetic differences in core genomes that could be linked to sensitivity or resistance
to phage cd2. Additional studies will be needed to identify potential phage receptors.
One such approach is to generate phage-resistant mutants from isolates in groups V and
VI, followed by whole-genome sequencing and comparing the genomes of the mutant
strains to the wild-type, sensitive strains.

Conclusion. While phages infecting Lactococcus and Lactobacillus spp. have been
extensively studied, virtually nothing is known about phages that infect carnobacteria. This
genus of lactic acid bacteria has a complex role within the food and aquaculture industries,
exhibiting both positive and negative impacts. Our studies with phage cd2 represent the
first, detailed account of a phage that targets C. divergens. We have shown that phage cd2
is a siphophage, capable of distinguishing between different phylogenetic groups of
C. divergens strains. Analysis of phage cd2’s physicochemical properties identifies readily
controllable parameters to maintain or destroy phage viability. As additional phages target-
ing carnobacteria are discovered and characterized, we will better understand the diversity
of these phages and their potential applications in industrially relevant settings for the
detection and biocontrol of both desirable and problematic Carnobacterium spp.

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. The bacterial strains used in this study are listed
in Table 1. All strains were grown in brain heart infusion (BHI) media (Bacto) and incubated at 25°C. Solid
media contained 1.5% (wt/vol) agar, while soft agar contained 0.5% to 0.75% (wt/vol) agar. When media
was used for phage studies, 2 mM CaCl, was added. Strains were maintained as frozen stocks at —78°C
with 20% glycerol. Dilutions of both phage and bacteria were done by addition of BHI broth. Filter sterili-
zation was completed using 0.22 um syringe driven filters. Unless otherwise stated, all centrifugation
steps were performed at 9,000 x g, 5 min, 4°C.

Phage purification. Bacteriophage cd2 was initially isolated from the culture broth of minced beef,
as previously described (21). Details are provided in the supplemental material. Phage titer, expressed in
PFU/mL, was determined using the double agar overlay method (44). High titer phage stocks (~10°
PFU/mL) were prepared using three consecutive rounds of single-plaque isolation, using either C. diver-
gens LV13 or C. divergens B1 as the host strain. Phage lysate was stored at 4°C.

Determination of optimal MOI. Phage lysate (10° PFU/mL) was serially diluted to prepare a series
of phage solutions. Equal volumes of the phage solutions and a culture of LV13 (either 107 CFU/mL or
10® CFU/mL) were mixed, corresponding to MOIs of 0.0001, 0.001, 0.01, 0.1, 1, 10, and 100. The mixtures
were incubated for 10 min at 25°C, centrifuged, and the pellet was resuspended in 1.5 mL of fresh
media. The samples were incubated for 4 h at 25°C, after which phage titer was determined using the
double agar overlay method using LV13 as the plating host. The sample providing the highest resulting
titer was considered the optimal MOI. Data represents the average of three technical replicates.

Electron microscopy. Phage micrographs were obtained using cryo-EM and TEM. For cryo-EM, the
phage sample was first concentrated by adding 1 mL of precipitation buffer (20% PEG8000, 250 mM Nacl)
to 5 mL of a high titer phage sample. The mixture was incubated overnight at 4°C, centrifuged (3,000 x g, 1
h, 4°C), and the supernatant discarded. Three uL of the pelleted sample was added to a glow-discharged R2/
2 200 mesh holey carbon EM grid (Quantifoil) for 30 s and the sample was blotted for 1 s, after which the
grid was plunged in liquid ethane using a Leica GP automated freeze-plunger. The vitrified samples were
observed using 626 side-entry cryo-holder (Gatan) inside a 120 kV Talos Cryo-EM with a Lab6 electron source
and Ceta detector at the Netherlands Center for Nanoscopy (NeCEN, Leiden). For TEM, a high titer phage
sample was incubated for 5 min on a carbon-coated copper grid and then stained for 30 s with saturated
uranyl acetate. Micrographs were taken with the assistance of the University of Alberta Department of
Biological Sciences Advanced Microscopy Facility using a Philips/FEl (Morgagni) transmission electron micro-
scope with charge-coupled device camera at 140,000x magnification.
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Determination of adsorption rate. An adsorption study (45) was performed to determine the adsorp-
tion rate for phage cd2. Briefly, 1 mL of phage lysate (~5 x 10° PFU/mL) was added to 9 mL of LV13 culture
(OD4y~0.2), and the mixture was incubated at 25°C with gentle shaking. Every 2 min, for 20 min, a 100 ulL
sample was removed and mixed vigorously with 900 uL of fresh BHI containing 30 L chloroform. The num-
ber of free phage in each sample was determined using the double agar overlay method, with LV13 as the
plating host. For each time point, phage titer (P) was determined and used to calculate In(P/P,), where P,
was the initial phage titer used in the experiment, and these values were plotted against time (t). The adsorp-
tion constant (k) was determined by dividing the absolute value of the slope of this adsorption curve by the
bacterial density used in the experiment. Data represents the average result for three biological replicates.

One-step growth curve. The one-step growth experiment was performed as described by Kropinski
(33), with slight modifications. A total of 100 uL of phage suspension (10° PFU/mL) was mixed with
9.9 mL of a mid-log-phase culture of LV13, at an MOI of ~0.01, which was considered the start of the
infection (t = 0). After incubating the mixture for 10 min at 25°C, a 1 mL aliquot was removed, centri-
fuged (3,500 x g, 5 min, RT), and the supernatant containing unadsorbed phage was discarded. The pel-
let was resuspended in 1 mL of fresh BHI broth, centrifuged, and again resuspended in 1 mL of fresh
media. Then, 100 L of this solution was transferred to 9.9 mL of fresh BHI broth (Flask A) and several
10-fold serial dilutions were prepared. To quantify any remaining unadsorbed phage, a 1 mL sample
from flask A was filter sterilized and 100 uL of this sample was enumerated with the double agar overlay
assay. Starting at 30 min postinfection and continuing every 10 min up to 140 min, a 100 uL aliquot
from the appropriate dilution flask was removed and enumerated with the double agar overlay method,
using LV13 as the plating host. Plates were incubated for 18 h at 25°C after which plaques were counted
and used to determine phage titer. For each time point, the log,, titer was plotted against time. Data
represent the average result = standard deviation for three biological replicates. The latent time and
burst size were calculated from the plotted curve, as described by Kropinski (33).

Stability studies. The thermal stability of phage cd2 was determined by incubating phage lysate at
temperatures of —80, —20, 15, 25, and 37°C for 4 days, and at 60°C and 100°C for 15 min. The phage
samples were then serially diluted and enumerated using the double agar overlay method using LV13
as the plating host. To determine the effect of pH on phage viability, 100 nL of phage lysate was mixed
with 900 uL of pH-adjusted BHI media (pH values ranging from 2 to 12), where the pH of the media was
modified by addition of HCl or NaOH and the final concentration of media components was kept con-
stant. Regular BHI broth, with a pH of 7.4, was used as a control. The samples were incubated at 25°C for
2 h, then serially diluted and phage titer was determined using the double agar overlay method using
LV13 as the plating host. For both thermal and pH stability studies, two biological replicates were per-
formed, and plated in triplicate. Results are expressed as log;, titer = standard deviation.

Host range assays. The host range of phage cd2 was examined by the spot test, where 10 uL of
phage lysate (~10° PFU/mL) was spotted onto an agar plate that had been overlaid with 5 mL of soft agar
containing 100 uL of an overnight culture of one of Carnobacterium strains to be tested (see Table 1).
Plates were incubated overnight and then inspected for zones of clearing. For strains that showed suscep-
tibility to phage cd2, an EOP test was also performed (46). In brief, 100 uL of appropriately diluted phage
lysate was mixed with 5 mL of soft agar containing 100 uL of an overnight culture of the host strain, and
then overlaid on a plate of solid media. Following incubation for 16 to 18 h at 25°C, plaques were counted,
and phage titer determined. EOP was calculated as the ratio of the phage titer when tested against the
host strain relative to the phage titer when tested against LV13. EOPs are reported as a percentage and
represent the average EOP = standard deviation for three biological replicates. LV13 is able to produce
the bacteriocin divergicin A (47), which may inhibit other C. divergens strains, and hence be a cofounding
factor for the host range test. Therefore, only phage stocks that had been propagated and isolated from
strain B1 were used for host range studies since B1 does not harbor bacteriocin-producing genes (6).

Growth curves of phage-infected C. divergens strains. Growth curves depicting the effect of
phage cd2 at various MOls (0, 0.1, 1, 10) on the growth of four phage-sensitive C. divergens strains (LV13,
B1, C16, and C13) and one phage-insensitive C. divergens strain (C3) were constructed using a microplate
assay. Overnight cultures of the bacterial strains were subinoculated into 50 mL of fresh BHI broth con-
taining 2 mM CaCl, and incubated at 25°C. When the cultures reached early exponential growth phase
(~10® CFU/mL), 100 uL of culture was transferred to the wells of a 96-well microtiter plate containing
100 uL of phage cd2 solution at titers of 0, 107, 108, and 10° PFU/mL, corresponding to MOls of 0, 0.1, 1,
and 10, respectively. For the assay with strain C13, an additional MOI of 100 was tested. Microplates
were sealed with breathable strips, placed in a microplate reader (TECAN Spark) and incubated at 25°C.
Every 15 min the plates were gently shaken after which the ODy,, of each well was measured. Data were
collected for either 12 or 16 h, depending on the strain. For each time point, the mean and standard
deviation for each sample (at least five technical replicates) was calculated and plotted against time to
generate the growth curve.

Phylogenetic analysis. VipTree (30) was used to construct a proteomic tree by uploading phage
cd2’s genome and using default settings. VipTree was further used to generate a genomic alignment,
based on tBLASTx results, of phage cd2’'s genome and selected reference genomes that had similarity
scores greater than 0.05 (Sg >0.05). For the reference viral genomes, VipTree retrieved gene positions
and annotations from NCBI flat files, whereas for phage cd2, gene positions were predicted using the
GeneMarksS algorithm (48) within VipTree. These results were nearly identical to our previously reported
analysis of phage cd2’s genome (21), in which we used PHANNOTATE v1.5.0 (49) for gene prediction
and annotation. In the resulting genomic alignment image, gene functions were manually color coded,
according to the annotations within the NCBI flat files for all the genomes used in the alignment.
VIRIDIC (31) was then used to probe the intergenomic similarities between phage cd2 and the phages
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for which VipTree had reported S, >0.05. The genomes of interest were saved into a single fasta file,
uploaded to VIRIDIC WEB, and analyzed using default settings, including 95% and 70% as the threshold
settings for the demarcation of new species and genus, respectively.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, DOCX file, 1.3 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.02 MB.
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