
A Novel Phage Indirectly Regulates Diatom Growth by Infecting
a Diatom-Associated Biofilm-Forming Bacterium

Shailesh Nair,a,b Chengcheng Li,a,b Shanli Mou,a,b Zenghu Zhang,a Yongyu Zhanga,b

aKey Laboratory of Biofuels, Shandong Provincial Key Laboratory of Energy Genetics, Qingdao Institute of Bioenergy and Bioprocess Technology, Chinese Academy of
Sciences, Qingdao, China
bUniversity of Chinese Academy of Sciences, Beijing, China

ABSTRACT Algae and heterotrophic bacteria have close and intricate interactions,
which are regulated by multiple factors in the natural environment. Phages are the
major factor determining bacterial mortality rates. However, their impacts on the alga-
associated bacteria and thus on the alga-bacterium interactions are poorly understood.
Here, we obtained a diatom-associated bacterium, Stappia indica SNL01, that could form
a biofilm and had an inhibitory effect on the growth of the diatom Thalassiosira pseudo-
nana. Meanwhile, phage SI01, with a double-stranded circular DNA genome (44,247 bp),
infecting S. indica SNL01 was isolated. Phylogenetic analysis revealed that phage SI01
represents a novel member of the Podoviridae family. The phage contained multiple lysis
genes encoding cell wall-lysing muramidase and spore cortex-lysing SleB, as well as
depolymerase-like tail spike protein. By lysing the host bacterium and inhibiting the for-
mation of biofilm, this phage could indirectly promote the growth of the diatom. Our
results provide new insights into how phages indirectly regulate algal growth by infect-
ing bacteria that are closely associated with algae or in the phycosphere.

IMPORTANCE The impact of phage infection on the alga-bacterium relationship in
the ocean is poorly understood. Here, a novel phage infecting the diatom-associated
bacterium Stappia indica SNL01 was isolated. This bacterium could form a biofilm
and had a negative effect on diatom growth. We revealed that this phage contained
multiple lysis genes and could inhibit the formation of the bacterial biofilm, thus
indirectly promoting diatom growth. This study suggests that phages not only are
important regulators of bacteria but also have substantial indirect effects on algae
and the alga-bacterium relationship.

KEYWORDS alga-bacterium interaction, bacteriophage lysis, biofilm-forming bacteria,
diatom-associated bacteria, phage

The marine ecosystem is driven by a network of interactions between diverse organ-
isms. Of these, the interactions between autotrophic algae and heterotrophic bac-

teria are of significant importance. It is estimated that algae contribute about 50% of
global photosynthesis and, together with bacteria, they are the key drivers of the ma-
rine carbon cycle (1). Bacteria, on the other hand, are found in all realms of the ocean,
regulating all biogeochemical cycles of the marine ecosystem supplying inorganic
nutrients for the growth of algae (2). Moreover, algae and heterotrophic bacteria are in
constant interaction with each other, sharing various relationships shaped by them-
selves and/or the surrounding environment, which further intensifies their role in regu-
lating marine biogeochemistry (1, 2).

The relationships of algae and bacteria are not stable and are influenced by multi-
ple factors. The major biotic influencers are the marine viruses (phages), which are
highly abundant in the oceans, with an average concentration of 107 per milliliter of
surface seawater (3). In other words, there are at least 10 phages per bacterial cell (3). It
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is estimated that phages lyse about 20% of the marine microbial biomass daily, dem-
onstrating their influential grip on the marine nutrient and energy cycle (4). Moreover,
phage infection can have a significant impact on the phytoplankton-bacterium interac-
tions and the surrounding environment (5–8). The organic nutrient-rich environment
(phycosphere) surrounding algal cells serves as a hub for interactions between algae
and bacteria (1), with bacterial concentrations in such environments frequently being
multiple orders of magnitude higher than in surrounding waters (1), which makes
them more susceptible to phage lysis (9). Also, it has been observed that the algal phyco-
sphere is frequently dominated by a few specific bacterial lineages that are actively
involved in symbiotic chemical interactions with the host algae (1, 10). According to the
“kill the winner”/“piggyback the winner” hypothesis (8, 11–15), in this scenario phages
would more likely infect the dominant bacteria, which could significantly affect the alga-
bacterium interaction and might substantially affect the algal fitness. However, phages can
also benefit the fitness of the host algae by regulating the abundance of or completely
eliminating the harmful bacteria associated with the algae (16). Furthermore, phage lysis of
bacterial cells would also increase organic nutrient load within the phycosphere (8, 17),
which would boost noninfected bacterial metabolism (conversion of organic nutrients to
inorganic nutrients), altering bacterial community structure (11, 18, 19) and providing more
inorganic nutrients to the host algae (3, 20, 21).

During our investigation of the heterotrophic bacterial community associated with
a model diatom, Thalassiosira pseudonana CCAP 1085, we observed that one particular
bacterium was tightly associated with the diatom and could not be eliminated with
mechanical and antibiotic treatments. Isolation and 16S rRNA gene identification sug-
gested that the bacterium belonged to the genus Stappia and could form biofilms,
which might have aided in its tight association with the diatom (22, 23). Biofilm forma-
tion by heterotrophic bacteria can aid in host colonization (24, 25) and essential nutri-
ent supplementation (26), enhance algal aggregation (27–29), inhibit the entry of other
bacteria within the phycosphere (30), and can even regulate host algal fitness (31).
Moreover, phages are known to inhibit/disrupt bacterial biofilms (32, 33). Given that
bacterial biofilms have such a profound effect on algae, phage modulation of bacterial
biofilms or the bacteria within the phycosphere will have an indirect impact on the
host algae. Isolates belonging to the genus Stappia were previously reported to be
associated with algae (27, 34–37) and in various biofilm environments (38–42). The
unique genomic capability of genus Stappia, such as the presence of biofilm-forming
genes (43), as well as a wide variety of functionally important genes such as rhizobac-
tin-like siderophore (44) for iron scavenging, could promote their interaction with the
algae. Despite such evident signs of tight association with algae, little is known about
their influence on algae or their phages. In fact, to date there has been no report of
any lytic bacteriophage infecting strains of the genus Stappia. Thus, we hypothesized
that phage infection of Stappia strains associated with algae would have a substantial
impact on the host algal growth. To verify our hypothesis, we isolated and character-
ized a novel phage, SI01, and revealed that it could significantly promote the growth
of diatoms by infecting the associated bacterium Stappia indica SNL01.

RESULTS
Stappia indica SNL01 was closely associated with diatom T. pseudonana. A labo-

ratory-grown culture of the diatom Thalassiosira pseudonana CCAP 1085, after physical
and commonly used antibiotic treatments (45, 46), was found to be closely associated
with the bacterium Stappia indica SNL01. From the Kirby-Bauer disc diffusion test (see
Table S1 in the supplemental material) and depending on the mode of action (see
Table S2), two S. indica SNL01-targeting antibiotic combinations (see Table S3) were
prepared and tested to eliminate SNL01 colonization of the T. pseudonana culture.
However, both antibiotic combinations failed to eliminate SNL01 colonization at an op-
timum antibiotic concentration (without inhibiting T. pseudonana growth). For detailed
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results, see the supplemental material. Further investigations revealed that S. indica
SNL01 could form biofilms (see Fig. S1).

S. indica SNL01 inhibits diatom T. pseudonana growth at higher concentrations.
The influence of S. indica SNL01 on diatom T. pseudonana growth was evaluated. From
chlorophyll intensity data, it was found that S. indica SNL01 at higher concentrations
(106 to 107 cells mL21) could significantly (P = 0.0008) inhibit the growth of T. pseudo-
nana, compared to that of the control group (Fig. 1a).

Phage SI01 promotes diatom T. pseudonana growth by lysing S. indica SNL01
bacteria. Phage SI01 was enriched and isolated from coastal seawater collected from
Qingdao, China. It was observed that phage SI01 could actively lyse the S. indica SNL01
lawn, producing 0.5- to 1-mm clear spots within 12 h of inoculation on a soft agar plate
(Fig. 2a). Furthermore, phage SI01 could also significantly disrupt the biofilms of S. ind-
ica SNL01 (P = 0.0004) (see Fig. S1). When it was introduced in a T. pseudonana-S. indica
SNL01 interaction system, the S. indica SNL01 growth-inhibiting effect (at higher con-
centrations) was substantially suppressed (Fig. 1b).

Morphological, genomic, and phylogenetic characteristics of phage SI01. From
transmission electron microscopy (TEM) analysis, the phage showed the presence of a
short noncontractile tail of ;17 nm (Fig. 2b), a characteristic feature of the Podoviridae
family (47), and an icosahedral capsid ;45 nm in length and similar in diameter (Fig.
2b). Furthermore, we analyzed and characterized the genome of phage SI01. The
phage genome consists of double-stranded DNA with a 44,247-bp genome and an av-
erage GC content of 58.3% (Fig. 3), which is similar to closely related phages (as sug-
gested by NCBI-BLAST and the ViPTree algorithm) (see Table S5). PhageTerm and PCR
analyses showed that the phage has a circular genome with short direct terminal
repeats of 207 bases. Furthermore, the phage SI01 genome contains a total of 50 pre-
dicted open reading frames (ORFs), with 17 of them showing high similarity to previ-
ously defined functions (see Table S4). Interestingly, of the 50 predicted genes, 49
were located on the reverse strain, suggesting an unbalanced topology. The function-
ally annotated proteins covered modules for phage structure and packaging, DNA rep-
lication and metabolism, and lysis.

Five genes among the annotated genes represented the structure and packaging
module, namely, those for phage terminase large subunit, tail spike/fiber protein, cap-
sid protein, internal virion protein, and head-to-tail connector protein, all determining
the structure and packaging mechanism of phage SI01. The DNA replication/metabo-
lism module included eight genes, i.e., those for DNA polymerase A, TOPRIM primase,
recombination endonuclease VII, a PIN-like domain superfamily protein, a putative

FIG 1 Effect of S. indica SNL01 on the diatom T. pseudonana. (a) Set I, in the absence of phage SI01. (b) Set II, in the presence of phage SI01. The key
indicates the initial concentration of SNL01 for each treatment. The initial concentration of diatom in all treatments was constant (105 cells mL21), while
that of the phage in set II was an MOI of 10. The control in set I consisted of only T. pseudonana, while the control in set II contained T. pseudonana and
phage SI01. Each treatment is a replicate three of samples.
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ATP-dependent DNA ligase protein, acyl-coenzyme A (CoA) N-acyltransferase, DNA
helicase, and A1 protein.

Finally, the lysis module was represented by three genes, i.e., two muramidase (pep-
tidoglycogen-targeting lysozyme) genes, namely, those for SleB (gene 6) and lambda
phage-like lysozyme (gene 29), and one depolymerase-like tail spike protein gene
(gene 4). The two muramidases are bacterial cell wall-targeting lysins that work during
the initial phage infection and at the end of the phage lytic cycle (48). While SleBs are
lytic transglycosylase proteins capable of cleaving bacterial spore cortex (49), lambda
phage-like lysozyme is a peptidoglycogen-targeting bacterial cell wall-cleaving protein
(48). The third lysis gene is the tail spike protein gene (gene 4), showing high similarity
to T7 tail fiber protein and 30.8% similarity (BLASTp E value of 1e206) to the depoly-
merase protein of Klebsiella phage K5-4 (see Fig. S2). Additionally, no tRNAs were found
within the SI01 genome, which is in contrast to the assumption that the presence of
tRNAs is a characteristic of a more highly virulent phage (50).

Moreover, the amino acid sequences of the phage terminase large subunit of 14 related
phages and of SI01 were used for phylogenetic analysis. A nonrooted tree was constructed,
grouping the 15 organisms into seven groups (Fig. 4a). Phage SI01 shared a node with
Rhizobium phage Paso (node G-II) (Fig. 4a). Intergenomic distance calculations by VIRIDIC
(which uses the same algorithm as that used by the International Committee on
Taxonomy of Viruses [ICTV], Bacterial, and Archaeal Viruses Subcommittee) revealed that
phage SI01 is less than 35% similar to Rhizobium phage Paso and other closely related
phages (Fig. 4b). Furthermore, the genome similarity algorithm of ViPTree (51) suggested
an SG score of less than 0.25 for phage SI01. Thus, from the phylogenetic analysis and inter-
genomic distance calculations, it is clear that phage SI01 represents a novel phage belong-
ing to the family Podoviridae.

Infection and biophysical stability characteristics of phage SI01. In the one-step
growth experiment conducted to analyze the infection pattern of phage SI01 (Fig. 5),
the phage showed a longer latent period of 120 min, compared with a few other ma-
rine Podoviridae phages (52–54), followed by a burst period of 150 min. The growth
was stabilized after 255 min from the time of inoculation, with a burst size of 525 6 10
PFU cell21. The relatively large burst size is not surprising and might be attributed to
the longer latent period (55). The host specificity of S. indica SNL01 was evaluated by

FIG 2 Phage morphology. (a) Plaque morphology of phage SI01 on a SNL01 lawn using a double-layer agar plating method. (b) TEM
micrograph of phage SI01, showing a short noncontractile tail (;17 nm in length) and an icosahedral head (;45 nm in diameter).
Scale bar, 50 nm.
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using 30 strains related to different genera (Table 1). It was observed that phage SI01
was highly specific in its infection activity and could not lyse any tested strains except
S. indica SNL01. Furthermore, to check the phage’s ability to cope with environmental
changes, we tested phage SI01’s stability with a series of temperature and pH profiles.
It was observed that phage SI01 was highly stable in a temperature range of 4 to 40°C,
with a gradual decrease in survival ability between 50 and 70°C. Beyond 80°C, the
phage was completely inactivated (Fig. 6a).

Moreover, phage SI01 showed efficient lysis activity in a pH range of 6 to 8 (opti-
mum, 7 to 8), well in line with the average seawater pH of 8.2 6 0.3 (56). The phage
survival ability was reduced to 70% at pH 5 and 9. A further drop in pH below 5 and an
increase above 9 showed drastic reductions in phage activity (Fig. 6b). Thermal and pH
profiles showed that phage SI01 could easily cope up with the seasonal and geograph-
ical temperature and pH fluctuations in the ocean, as well as that of changing climate
(57). Phage SI01 was also found to be insensitive to chloroform, suggesting the ab-
sence of lipids in the phage capsid, which is also in line with the results for previously
isolated Podoviridae phages (47).

DISCUSSION

Algae and bacteria are in constant interaction with each other in the ocean, and the
fate of their interaction greatly influences carbon and other nutrient fluxes, eventually

FIG 3 Genomic characteristics of phage SI01. In this circular representation of phage SI01, the rings (from outer to inner) represent predicted ORFs, with
arrows (maroon) pointing in the strand direction, GC content (khaki green), positive GC skew (light green), and negative GC skew (magenta).
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FIG 4 Phylogenetic relationship between phage SI01 and closely related phages. (a) Unrooted tree drawn
by aligning the phage terminase large subunits of 14 related phages via Clustal Omega and the neighbor-
joining method with 1,000 bootstrap subsamples. (b) Heatmap representation of the intergenomic similarity
between the complete genomic sequences of closely related phages, as calculated by the VIRIDIC tool.
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affecting the marine food web (1, 58). Phages, being the most abundant organisms in
the ocean, are the main factor determining bacterial mortality rates and can infect
about 20 to 30% of bacteria at any given time (3). Phage infection undoubtedly affects
the interaction between bacteria and algae. However, to date little is known about the
influence of phages on alga-bacterium interactions.

Here, S. indica SNL01 was closely associated with a laboratory-grown culture of the
diatom T. pseudonana and could hardly be eliminated with mechanical and antibiotic

FIG 5 One-step growth curve for phage SI01 on host S. indica SNL01 at 37°C and pH 8.0. Each point
is an average of two replicates, with standard error bars.

TABLE 1 Host range of phage SI01 against 30 selected bacterial strains

Species Strain Isolation source SI01 lysis effect
Stappia indica SNL01 Diatom culture +
Stappia indica 7002-212 Cyanobacterial culture 2

Stappia indica 7002-240 Cyanobacterial culture 2
Stappia stellulata HHTE138 Seaweed culture 2

Stappia stellulata HHTE115-1 Seaweed culture 2
Alcanivorax xenomutans SN006 Cyanobacterial culture 2
Mesorhizobium sediminum SN007 Cyanobacterial culture 2

Georhizobium profundi SN035 Cyanobacterial culture 2
Nitratireductor aquibiodomus SN008 Cyanobacterial culture 2

Pseudomonas stutzeri SN018 Cyanobacterial culture 2
Erythrobacter citreus SN021 Cyanobacterial culture 2
Rhizobium aethiopicum SN019 Cyanobacterial culture 2

Marinobacter algicola SN025 Cyanobacterial culture 2
Bacillus mycoides SN033 Cyanobacterial culture 2

Aureimonas altamirensis SN036 Cyanobacterial culture 2
Gordonia alkanivorans SN039 Cyanobacterial culture 2
Vibrio alginolyticus VB-288 Collection 2

Vibrio harveyi VB-645 Collection 2
Vibrio campbellii VB-18-1 Collection 2

Vibrio scophthalmi HS018 Seawater 2
Vibrio azureus HS031 Seawater 2
Vibrio alginolyticus HS058 Seawater 2

Vibrio alfacsensis HS062 Seawater 2
Vibrio gigantis HS128 Seawater 2
Vibrio zhuhaiensis HS171 Seawater 2

Vibrio atlanticus HS179 Seawater 2
Vibrio scophthalmi HS191 Seawater 2

Vibrio zhuhaiensis HS218 Seawater 2
Vibrio chagasii HS262 Seawater 2
Vibrio scophthalmi HS282 Seawater 2
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treatments (see Table S3 in the supplemental material). Intriguingly, pure S. indica
SNL01 isolates were susceptible to several tested antibiotics when tested on agar
plates (see Table S1) but they could not be removed from T. pseudonana culture using
the same antibiotics (see Table S3). Further investigations revealed that S. indica SNL01
could form biofilms (see Fig. S1), which might have helped it in tightly binding to dia-
tom cells and evading the antibacterial effect of antibiotics in T. pseudonana culture.
Biofilm-forming bacteria are typically resistant to most available antibiotics and disin-
fection methods (23, 59, 60), aiding in the survival of the bacteria within the biofilm
environment (23). In fact, strains of Stappia indica have been found to be unaffected
by antibiotic treatments due to their biofilm-forming nature (39). However, bacterio-
phages can infect bacteria within the biofilm environment (32, 33, 61, 62). Thus, we iso-
lated and characterized phage SI01 infecting S. indica strain SNL01 and verified its effi-
ciency in disrupting S. indica biofilms.

Moreover, we revealed that, at higher cell concentrations of S. indica SNL01 (com-
pared with the T. pseudonana cell concentration), the bacterium could inhibit the
growth of T. pseudonana (Fig. 1a). However, in the presence of phage SI01 (multiplicity
of infection [MOI] of 10), the growth inhibitory effect of S. indica SNL01 was signifi-
cantly suppressed (Fig. 1b) and the T. pseudonana growth was comparable to that of
the control culture. This might be due to the complete or partial eradication of S. indica
SNL01 (resulting in the suppression of SNL01 cell abundance) from the coculture sys-
tem. Previously, it was seen that phages could promote algal growth by infecting the
growth-inhibiting bacteria (16). Additionally, phage lysis of bacterial cells releases or-
ganic nutrients, which by microbial transformation increases the inorganic nutrient
pool, ultimately boosting the algal growth (3, 20, 21). Here, phage SI01 could efficiently
lyse the planktonic form as well as the biofilm of S. indica SNL01 (Fig. 2a; also see Fig.
S1) within 12 h of infection, indicating its consequential role in altering S. indica SNL01
and the associated phytoplankton relationship.

This is the first report of isolation and characterization of a phage infecting strains
of the Stappia genus. Phage SI01 is a novel phage belonging to the Podoviridae family,
with little relatedness to other Podoviridae phages (Fig. 4a and b); it is stable at an opti-
mum temperature and pH range, with a relatively long latent period and large burst
size. The latent period of bacteriophages depends primarily on the host's growth rate
(63, 64). If the host's growth is faster, then phages will shorten their latent period and
vice versa (65). The host SNL01 takes 6 to 7 h to enter the exponential growth phase
(data not shown), making the bacteriophage lengthen its latent period. Reports sug-
gest that a longer latent period maximizes phage progeny generation, reflected in a
large burst size (65), which might be the reason for the larger burst size of the phage
SI01 (Fig. 5). Intriguingly, phage SI01 and other closely related phages (as suggested by
NCBI-BLAST and the ViPTree algorithm) have hosts that are known to be closely associ-
ated with autotrophs (see Table S5) and need further detailed investigations.

Furthermore, we explored the genomic features of phage SI01 that might be

FIG 6 Biophysical characteristics of phage SI01. (a) Effect of temperature on the survivability rate. (b)
Effect of pH on the survivability rate. Each point is an average of three replicates, with standard error
bars.
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contributing to the disruption of the host SNL01. Phage SI01 possesses a double-
stranded circular DNA with a 44,247-bp genome, which is comparable to other
Podoviridae phages (66, 67). On investigation for genes that could aid in lysing host
bacteria, we identified two genes coding for cell wall-lysing enzymes (muramidases),
namely, SleB and lambda phage-like lysozyme (Fig. 3; also see Table S4). Although mur-
amidases and lysozymes are known to lyse bacterial cell walls postinfection to release
the virions outside the bacterial cell, they may also have negative effects on bacterial
aggregation, adhesion, and biofilm formation (68). It was reported that reduced secre-
tion of cell wall-hydrolyzing/lysing enzymes increased cell aggregation and sedimenta-
tion and biofilm formation in bacteria (69, 70). Similarly, the application of muramidase
enzyme has been shown to reduce the adhesive efficiency of biofilms (71). A subpopu-
lation of bacteria in the biofilm are known to go into dormant inactive mode, the same
as spore formation (23). Activation of SleB proteins aids in degrading the spore cortex
(outer layer protecting dormant bacterial spores) and is highly regulated in some
spore-forming bacteria (49, 72). This suggests that the presence of SleB and SleB like
genes within the bacteriophage genome might be advantageous for penetrating dor-
mant bacterial populations within biofilm environments. Although SleB-like genes
have been observed in diverse phages (73–75), their exact role in phage lysis has not
yet been reported, and detailed studies are needed to assess this hypothesis.

A peculiar feature of Podoviridae phages is the presence of depolymerase proteins,
i.e., tail spike/fiber proteins that are capable of cleaving bacterial capsular polysaccha-
rides (CPS), exopolysaccharides (EPS), or lipopolysaccharide (LPS) (which are the main
components of biofilms) and are currently gaining wide attention as antibiofilm agents
(32, 76–78). Given that phage SI01 belongs to the Podoviridae family, encodes a tail
spike protein that is similar to known depolymerase proteins (see Fig. S2), and lyses S.
indica SNL01 biofilm with high efficiency (see Fig. S1), SI01’s tail spike protein might
possess depolymerase activity and might play an important role in disrupting SNL01
biofilm.

The tail spike protein depolymerase enzyme might aid in cleaving the bacterial
CPS/EPS/LPS layer, followed by phage attachment and replication. Once the phage
progenies are replicated, the phage would secret cell wall-lysing enzymes to rupture
the bacterial cell wall, eventually killing the bacteria. This highly specific and effective
lysis of S. indica SNL01 bacteria by phage SI01 eventually suppresses the bacterial
growth, aiding in the weakening of the negative impact of SNL01 bacteria and promot-
ing the healthy growth of the diatoms.

MATERIALS ANDMETHODS
Isolation and identification of alga-associated bacteria. A laboratory-grown culture system of

Thalassiosira pseudonana CCAP 1085 was found to be colonized by a single type of bacteria after treat-
ment with commonly used antibiotic treatments (ampicillin, gentamicin sulfate, kanamycin, streptomy-
cin, and ciprofloxacin) and mechanical axenization methods (45, 46). The bacteria were then isolated by
spreading 100 ml of a serially diluted aliquot from the culture on solid marine agar 2216E medium (Hope
Bio-Technology, Qingdao, China). The isolated strain was purified three times and employed for DNA
extraction via a TIANamp bacteria DNA kit (Tiangen). The 16S gene from the extracted DNA was ampli-
fied using primers 27F and 1492R (79) under the following conditions: denaturation at 95°C for 1 min,
annealing at 55°C for 1 min, and extension at 72°C for 1 min 30 s with 30 cycles. Amplified PCR product
was sequenced at Sangon Biotech (Shanghai, China) and identified as Stappia indica SNL01 by aligning
the high-quality sequence with the EzBioCloud database (80). In addition, the antibiotic susceptibility of
strain S. indica SNL01 was assessed as detailed in the supplemental material.

Effect of S. indica SNL01 on the growth of the diatom T. pseudonana CCAP 1085. To evaluate the
influence of S. indica SNL01 on the diatom T. pseudonana CCAP 1085, the diatom and the bacterium
were cultured to the exponential growth phase and later inoculated in a multiwell plate in triplicate. In
brief, S. indica SNL01 at various initial inoculum concentrations (103 to 107 cells mL21) was added to the
diatom (105 cells mL21) in F/2 medium to a final volume of 1 mL. Prior to inoculation, the bacterial cells
were washed twice with sterile F/2 solution. A control group was prepared with diatom (105 cells mL21)
in F/2 medium without the addition of SNL01. The culture setup was incubated for 15 days in an illumi-
nation chamber with a 12-h/12-h day/night cycle at a temperature of 28°C. Chlorophyll a intensity was
taken as a measure of the growth of T. pseudonana CCAP 1085 and was quantified every 2 days with a
Biotek Synergy HT reader (USA) at excitation and emission wavelengths of 440 nm and 680 nm,
respectively.
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Isolation and purification of phage infecting S. indica SNL01. For phage isolation, water samples
were collected from the coast of the Yellow Sea, China, and filtered through 0.22-mm-pore-size polycar-
bonate filters to remove microbial cells and larger particles. Five milliliters of the filtrate was inoculated
with 100 mL of an overnight liquid culture of Stappia indica SNL01 and was incubated for 24 h at 30°C in
a shaker. Plaque assays were performed by the double-layer agar plating method at 8 h, 24 h, and 48 h
to determine phage infection (55). In brief, 1 mL of the suspension was filtered through a 0.22-mm poly-
carbonate filter, serially diluted with SM buffer, and inoculated with 1 mL of log-phase Stappia indica
SNL01 in sterile polycarbonate tubes. The tubes were gently mixed and incubated for 20 min at 30°C in
the dark in a shaker. Later, the suspension was mixed with 5 mL of sterile soft 2216E agar (0.5%) and
spread on a solid 2216E agar plate (1.8%). The plates were incubated at 30°C overnight and observed for
cleared patches (putative plaques). A single phage plaque was picked, resuspended in 100 ml of SM
buffer (100 mM NaCl, 8 mM MgSO4, 50 mM Tris-HCl [pH 7.5]), and purified three times following the dou-
ble-layer agar plating method described above. A high-titer phage lysate was obtained by enriching the
phage suspension with log-phase Stappia indica SNL to 1 L.

The enriched phage suspension was centrifuged at 10,000 � g at 4°C for 15 min, filtered through
0.22-mm-pore-size polycarbonate filters, and treated with DNase I and RNase A (2 ng L21) for 1 h at
room temperature to remove/digest bacterial contamination. The pure phage lysate was precipitated
overnight at 4°C by adding polyethylene glycol 8000 (final concentration, 10% [wt/vol]) and NaCl (final
concentration, 1 M). The lysate was centrifuged at 10,000 � g at 4°C for 90 min, and the resulting precip-
itate was collected in 5 mL of SM buffer. The concentrated phage lysate was purified by CsCl gradient
(gradient density of 1.7, 1.5, and 1.3 g mL21) ultracentrifugation at 200,000 � g for 8 h at 4°C (CP-100WX;
Hitachi Ltd., Tokyo, Japan). The purified phage particles (blue band) were collected and dialyzed three
times in SM buffer via a 30-kDa superfilter (UFC5030; Millipore).

Morphological characterization of phage infecting S. indica SNL01. Phage morphology was
observed by TEM. In brief, samples were negatively stained with 2% (wt/vol) aqueous uranyl acetate (pH
7.0) on a 200-mesh copper grid and observed using an H-7650 transmission electron microscope
(Hitachi). Micrographs were taken at an accelerating voltage of 80 kV via a charge-coupled-device (CCD)
image transmission system (Gatan Inc., Pleasanton, CA, USA).

Infection pattern and biological characterization of phage SI01. A one-step growth assay was
performed as described previously (55) to investigate the phage infection pattern. In brief, 1 mL of expo-
nentially growing S. indica SNL01 (107 CFU mL21) and phage lysate were mixed at a MOI of 0.01 and
incubated for 20 min at 37°C. The mixture was centrifuged at 6,000 � g for 10 min at 4°C. The superna-
tant was discarded to remove the nonadsorbed phages, and the pellet was washed twice in sterile 22I6E
medium and resuspended in an equal volume of 22I6E medium. An aliquot of 100 mL of this resuspen-
sion was transferred to 100 mL of 2216E medium and incubated at 30°C in a shaker. The experiment was
set up in duplicate. Samples were taken every 30 min for the first 3 h, followed by every 15 min until the
optical density at 600 nm (OD600) had stabilized. The sampling interval (every 30 min for the first 3 h)
was determined by monitoring the phage infection pattern of SNL01 by OD600 prior to the actual one-
step growth curve experiment. The burst size was calculated by dividing the average titers for the post-
burst time points by the average initial titers.

The phage host range was determined by spot assay with the bacterial strains listed in Table S1 in
the supplemental material. For this, 200 mL of exponentially growing bacterial culture was spread on
1.8% 2216E agar, and 2-mL spots of concentrated phage lysate were spotted in multiple places. The
plates were incubated for 24 to 72 h and checked for any clear patches. A control was set by spotting
phage lysate on the S. indica SNL01 spread plate.

The thermal stability of SI01 was evaluated by incubating the phage lysate in SM buffer at 4, 20, 30,
40, 50, 60, 70, 80, and 90°C for 2 h. For the pH stability test, SI01 lysate was inoculated in SM buffer with
pH values ranging from 2 to 12 at 37°C for 2 h. The double-layer plate method was used to assess the
survival rate. Additionally, for lipid detection, 1 mL of phage lysate was mixed with 20 mL (i.e., 2% [vol/
vol]) and 200 mL (i.e., 20% [vol/vol]) of pure chloroform, mixed vigorously for 1 min, and incubated at
room temperature for 30 min. The suspension was centrifuged at a low speed (3,000 � g), and the su-
pernatant containing phages was spotted on an S. indica SNL01 plate for assessment of phage activity.

Phage SI01 DNA extraction, sequencing, and bioinformatics. DNA from the CsCl-purified phage
lysate was extracted as described previously (55). In brief, the lysate was mixed with 1 mL of extraction
buffer (2� cetyltrimethylammonium bromide [CTAB], 100 mM Tris-HCl, 20 mM EDTA [pH 8.0], and 1.4 M
NaCl, in 100 mL of double-distilled water), 0.4% SDS (4 mL), and 10 mL of 20 mM proteinase and EDTA
(0.5 mol L21 [pH 8.0]) and incubated at 60°C for 2 h with occasional shaking. The extracted DNA was sep-
arated from cell debris by phenol/chloroform/isoamyl alcohol (25:24:1) separation. Further, the DNA-
containing phase was precipitated overnight at 220°C by adding 2/3 volume of ice-cold absolute etha-
nol and 250 mL of 10 M ammonium acetate. Precipitated DNA was pelleted by centrifugation at
12,000 � g, washed twice with ice-cold 70% ethanol, and resuspended in 60 ml TE buffer (10 mM Tris-
HCl, 1 mM EDTA [pH 8.0]). DNA quality was checked via NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific) and integrity was checked via gel electrophoresis before sequencing.

DNA libraries were prepared using TruSeq DNA library preparation kits (Illumina, San Diego, CA,
USA), and sequencing was performed using the Illumina HiSeq X 10 platform (Illumina, USA) to obtain
paired-end reads (150 bp each). The reads were quality filtered and assembled into scaffolds using
SPAdes v3.14.1 (81). Phage termini and the packaging mechanism were determined via PhageTerm
v1.0.11 (82), and the genome type was determined via PCR amplification (83). A consensus set of ORFs
(detected by at least two gene prediction tools) were filtered from Prodigal v2.6.3 (84), GeneMarkS v2
(85), and GLIMMER v3.02b (86). Genes were annotated via eggNOG-mapper v2.13 (87), InterProScan
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v5.51-85.0 (88), and ViPTree server v1.9 (51) using default settings. The annotations were manually
checked using BLASTp against the NCBI nonredundant protein database and NCBI RefSeq viral database
with an E value of ,1024. Transmembrane domains were identified with TMHMM (89) and tRNA genes
with tRNAscan-SE v2.0 (90) with default settings.

Phylogenetic tree construction. The protein sequences of the phage terminase large subunit of 14
related phages, as identified by the ViPTree server (51) and NCBI BLAST, were pulled into a single fasta file
along with the phage SI01 genome and aligned via Clustal Omega v1.2.2 (91). The phylogenetic tree was
then generated via MEGA v7.026 (92) by the neighbor-joining method (93) with 1,000 bootstrap samples.
Furthermore, intergenomic distances between the complete genomic sequences of closely related phages
(as suggested by NCBI BLAST) were calculated via the VIRIDIC tool (94) using recommended settings for pro-
karyotic viruses. The results were then used to infer a distance similarity heatmap.

Influence of phage SI01 on the relationship between the diatom and the bacterium. To evaluate
the influence of phage SI01 on the relationship between T. pseudonana and S. indica SNL01, the diatoms
and the bacteria were cultured until the exponential growth phase and later inoculated in a multiwell
plate in triplicate as described above. Here, each diatom-bacterium treatment (different concentrations)
was inoculated with phage SI01 at an MOI of 10. The control group contained the diatom with phage
(MOI of 10). The culture conditions were kept the same as described above, and chlorophyll a intensity
was measured every 2 days.

Statistical analysis. All results are reported as the means 6 standard deviations (SDs) from triplicate
samples. Student's t test was used to establish statistical significance, with P values of ,0.05 indicating
significance.

Data availability. The sequences reported in this paper have been deposited in the NCBI GenBank
database under accession number MZ462995.
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