
Vol.:(0123456789)

Virus Genes 
https://doi.org/10.1007/s11262-024-02064-9

ORIGINAL PAPER

Characteristics and whole‑genome analysis of a novel Pseudomonas 
syringae pv. tomato bacteriophage D6 isolated from a karst cave

Qingshan Wu1 · Ni An1 · Zheng Fang1 · Shixia Li1 · Lan Xiang2 · Qiuping Liu1 · Leitao Tan1 · Qingbei Weng1,2 

Received: 17 March 2023 / Accepted: 1 March 2024 
© The Author(s) 2024

Abstract
Pseudomonas syringae is a gram-negative plant pathogen that infects plants such as tomato and poses a threat to global crop 
production. In this study, a novel lytic phage infecting P. syringae pv. tomato DC3000, named phage D6, was isolated and 
characterized from sediments in a karst cave. The latent period of phage D6 was found to be 60 min, with a burst size of 16 
plaque-forming units per cell. Phage D6 was stable at temperatures between 4 and 40 °C but lost infectivity when heated 
to 70 °C. Its infectivity was unaffected at pH 6–10 but became inactivated at pH ≤ 5 or ≥ 12. The genome of phage D6 is a 
linear double-stranded DNA of 307,402 bp with a G + C content of 48.43%. There is a codon preference between phage D6 
and its host, and the translation of phage D6 gene may not be entirely dependent on the tRNA library provided by the host. A 
total of 410 open reading frames (ORFs) and 14 tRNAs were predicted in its genome, with 92 ORFs encoding proteins with 
predicted functions. Phage D6 showed low genomic similarity to known phage genomes in the GenBank and Viral sequence 
databases. Genomic and phylogenetic analyses revealed that phage D6 is a novel phage. The tomato plants were first injected 
with phage D6, and subsequently with Pst DC3000, using the foliar spraying and root drenching inoculum approach. Results 
obtained after 14 days indicated that phage D6 inoculation decreased P. syringae-induced symptoms in tomato leaves and 
inhibited the pathogen’s growth in the leaves. The amount of Pst DC3000 was reduced by 150- and 263-fold, respectively. 
In conclusion, the lytic phage D6 identified in this study belongs to a novel phage within the Caudoviricetes class and has 
potential for use in biological control of plant diseases.
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Introduction

Pathogen infection is one of the major reasons for crop yield 
reduction [1]. Several strategies have been employed to com-
bat plant bacterioses, including the use of bactericides with 
varying properties (from metal-containing organic com-
pounds to plant extracts), seed sterilization and coating with 

growth-promoting bacteria, and the modification fields to 
limit soil-borne pathogens patho [2]. However, these strate-
gies are not always effective and can induce pathogen resist-
ance and further environmental contamination if used exten-
sively their widespread use when [3]. Pseudomonas syringae 
is a bacterial plant pathogen that infects over 180 plant spe-
cies and causes significant economic losses in global agri-
culture [4]. Many globally important crops are susceptible to 
P. syringae, making it one of the most economically destruc-
tive pathogens [5, 6]. P. syringae pv. tomato (Pst), a specific 
strain of P. syringae, infects tomato and Nicotiana bentha-
miana, causing bacterial speck disease and leading to severe 
yield reductions in both field and greenhouse settings [2].

Bacteriophages (phages) are viruses that specifically 
infect or lyse archaea or eubacteria [7]. Phages offer several 
advantages over antibiotics and other antibacterial agents. 
For instance, they are highly specific in lysing host bacte-
ria, can self-dose replication by lysing host bacteria, and 
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can kill the host without disrupting the normal microbial 
flora, thereby preventing bacterial disturbance and secondary 
infections [8]. Therefore, the use of lytic phages to kill host 
bacteria in phage biocontrol has gained increasing attention 
as a potential treatment option for bacterial infections [6, 9].

Pseudomonas phages have been isolated from a variety 
of environmental sources, including sewage [10], soil [6], 
lakes [11], rivers [12], and wastewater [13], and have been 
successfully applied in biological control. For example, the 
biocontrol agent phage Eir4 has been found to be efficient 
against Pst in vitro [2]. Additionally, phage PPPL-1 was 
reported to effective in controlling kiwifruit canker caused 
by P. syringae pv. actinidiae [14]. Bacteriophages have also 
been successfully used in the treatment of chronic otitis [15], 
respiratory tract infections [16], and trophic ulcers caused 
by P. aeruginosa and other bacteria [17]. The development 
of lytic bacteriophages for biocontrol and other applications 
is essential.

In this work, a novel phage named D6 was isolated from 
sediments in a karst cave. This phage was able to lyse and 
infect Pst DC3000. The morphology, biological properties, 
genomic characteristics, and biocontrol efficiency in planta 
of phage D6 were described. The results of this research 
will contribute to a better understanding of plant pathogenic 
phage and aid in the development of safe and effective phage 
preparations for the biocontrol of P. syringae. Additionally, 
this work provides valuable information for further research 
into the mechanism of host-phage interactions.

Materials and methods

Bacteria culture

Pst DC3000 strain was used as the bacterial host and was 
stored in 25% (v/v) glycerol at − 80 °C in the laboratory. The 
strain was cultured in King’s B (KB) medium at 28 °C, and 
cells in exponential phase were prepared for phage isolation, 
enrichment, and plaque assay. Sediment samples for phage 
isolation were collected in November 2021 from a karst cave 
in Libo County, Guizhou Province, China, as described pre-
viously [18].

Phage isolation and purification

Thirty gram of the sediment was mixed with 270 mL of 
sterile distilled water. The supernatant was then filtered 
through a 0.22 μm pore size filter, and 100 μL of the fil-
trate was added to 5 mL Pst DC3000 culture. The mixture 
was incubated overnight at 28 °C and 160 rpm. The lysate 
was centrifuged at 12,000 × g for 1 min, and the supernatant 
was filtered through a 0.22 μm pore size filter. The filtrate 
was diluted with sodium chloride–magnesium sulfate (SM) 

buffer and mixed with 1 mL of Pst DC3000 culture. After 
incubating at room temperature for 5 min, the mixture was 
poured onto double-layer agar for plaque assay [19]. Indi-
vidual plaques were selected and subjected to at least three 
consecutive plaque assays to obtain clear and unique phage 
plaques.

The phage lysates were precipitated with 15% (w/v) 
PEG 8000 and 0.5 M NaCl overnight at 4 °C, centrifuged 
at 12,000 × g for 20 min, the phage particle precipitate was 
resuspended in SM buffer [20]. Phage titers were determined 
by double-layer agar method [21].

Electron microscopy

Purified phages were loaded onto a carbon coated copper 
grid, negatively stained with 2% (w/v) potassium phospho-
tungstate, and visualized and characterized using transmis-
sion electron microscopy (Hitachi HT7700, Tokyo, Japan) 
at an accelerating voltage of 100 kV [22].

Host range and efficiency of plating (EOP)

The phage host range was determined using 11 strains of 
Pseudomonas isolated from the karst cave in our laboratory. 
Briefly, 10 μL of the phage suspension (108 PFU/mL) was 
spotted onto KB plate freshly inoculated with Pseudomonas 
lawn, and incubated for 12 h at 28 °C. All the Pseudomonas 
isolates sensitive to phage D6 in the spot test were selected 
for further determination of EOP using the double-layer agar 
method [10].

SDS‑PAGE analysis of phage proteins

Briefly, phage D6 (108 PFU/mL) was mixed with 100 mL 
of Pst DC3000 culture (OD600nm = 0.2) at an MOI of 0.001 
and incubated for 6 h at 28 °C and 180 rpm/min. DNase I 
and RNase A were added to the cell lysate to a final con-
centration of 1 μg/mL and incubated at 37 °C for 1 h. After 
5.84 g NaCl was added to the cell lysate to dissolve, the 
mixture was incubated on ice for 1 h and then centrifuged 
at 11,000 × g for 10 min at 4 °C. PEG 8000 (10% w/v) was 
added to the supernatant and dissolved by slow stirring. 
After the mixture was cooled on ice for 5 h, the mixture was 
then centrifuged at 11,000 × g for 10 min at 4 °C. The phage 
pellet was suspended in 1.6 mL of SM buffer, then 1.6 mL of 
chloroform was added and vortex for 30 s. The mixture was 
centrifuged at 5,000 × g for 10 min at 4 °C. The upper phase 
was extracted again with an equal volume of chloroform, and 
the upper phase after centrifugation was collected, and ana-
lyzed for phage structural proteins by SDS-PAGE. A sample 
of 15 μL was mixed with an equal volume of loading buffer 
(10% SDS, 0.1% β-mercaptoethanol, 0.5% bromophenol 
blue, 0.5 M Tris-HCl, pH 6.8) and then heated over a metal 
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bath at 95 °C for 5 min. The sample was then separated 
by SDS-PAGE (12% acrylamide gel) and visualized after 
Coomassie brilliant blue R250 (Sigma) staining.

Multiplicity of infection (MOI) and one step growth 
curve

MOI refers to the ratio of plaque-forming units (PFUs) to 
colony-forming units (CFUs) [3]. After determining the 
phage titer and cell count of Pst DC3000 suspension, the 
phage was mixed with the Pst DC3000 suspension in pro-
portion (10, 1, 0.1, 0.01, 0.001, and 0.0001). The phage 
titers were determined and the ratio producing the highest 
titer was considered to be the optimum MOI for the phage 
[21]. The experiments were performed in triplicate for each 
proportion.

A one step growth curve was undertaken as previously 
described [22]. Pst DC3000 was infected with phage at an 
MOI of 0.001, and 400 µL of infected cultures were col-
lected every 30 min for 7 h post-infection, respectively. 
Phage titers were determined.

Thermal, pH, chloroform and ultraviolet (UV) 
stability

The thermal stability of the phage was determined by incu-
bating 108 PFU/mL of phage in a water bath at temperatures 
of 4, 20, 30, 40, 50, 60, and 70 °C for 1 h, respectively. The 
titers were then measured. To determine the pH stability of 
the phage, 100 µL of phage suspension (108 PFU/mL) was 
mixed with 900 µL SM buffer (the pH value was adjusted to 
between 3 and 12 using 1 mol/L HCl or 1 mol/L NaOH). The 
phage titers were measured after incubation for 1 h at 28 °C. 
To determine the sensitivity of the phage to chloroform, after 
mixing the phage (108 PFU/mL) with or without 25% chlo-
roform, the mixture was mixed upside down and incubated at 
room temperature for 10 min. The titer was then measured. 
The effect of UV irradiation on the phage was determined 
by exposing the phage suspension to ultraviolet (UV) light 
(50 cm, 30 W) for different periods of time (0, 20, 40, 60, 
80, 100, and 120 min), and the phage titer was measured. All 
experiments were carried out in triplicate.

Adsorption assay

To determine the adsorption of the phage, phage D6 and 
Pst DC3000 were mixed at an MOI of 0.1 and incubated 
at 28 °C and 160 rpm. Samples of 300 μL were collected 
every 5 min for up to 30 min and immediately centrifuged 
at 10,000 × g for 1 min at 4 °C. The titer of the free phages 
was measured. Adsorption = (1 − titers of free phages / titers 
of initial phages) × 100%.

Bacteriostasis test in vitro

One hundred μL of phage D6 and 100 μL of Pst DC3000 
(OD600 = 0.3) were mixed at various MOI (100, 10, 1, 0.1, 
0.01, 0.001) in a 96-well plate and incubated at 28 °C and 
180 rpm. KB medium was used as a control instead of the 
phage. Absorbance was measured at OD600 every 2 h for up 
to 26 h.

Genomic sequencing and annotation

Phage genomic DNA was extracted using the viral genome 
extraction kit (Takara, Japan) following the manufacturer's 
instructions. The concentration and quality of DNA were 
determined at 260 nm and 280 nm using Nanodrop spectro-
photometry. DNA libraries were then constructed using the 
TruSeqTM DNA Sample Prep Kit (Illumina, San Diego, 
CA, USA) and sequenced in paired-end model using the Illu-
mina NovaSeq platform by Personalbio (Shanghai Personal 
Biotechnology Co., Ltd, China).

The obtained FastQ raw reads were trimmed of adaptors 
and low-quality bases and short reads were filtered using 
AdapterRemoval v2.1.3 [23]. The corrected sequences 
were assembled into contigs by de novo assembly using 
A5-MiSeq v20160825 and SPAdes v3.12.0 [24, 25]. Subse-
quently, the contigs were further assembled into complete 
genome sequences for the phage using Blast v2.12.0, MUM-
mer v3.1 and Pilon v1.18 [26–28]. Open reading frames 
(ORFs) in the genome were predicted using the GeneMark 
server (http://​topaz.​gatech.​edu/​GeneM​ark/​genem​arks.​cgi) 
and RAST server (http://​rast.​nmpdr.​org/​rast.​cgi). Each pre-
dicted ORF was annotated by performing a search against 
the NCBI non-redundant protein database and conserved 
domain database using BLASTp (https://​blast.​ncbi.​nlm.​nih.​
gov/​Blast). Putative virulence factor and antibiotic resistance 
genes were screened against the Virulence Factor Database 
(VFDB, http://​www.​mgc.​ac.​cn/​VFs/) [29] and Comprehen-
sive Antibiotic Resistance Database (CARD, https://​card.​
mcmas​ter.​ca/​analy​ze/​rgi) [30].

Codon usage and tRNA availability analysis

The codon usage was analyzed according to the online 
website (https://​www.​bioin​forma​tics.​org/​sms2/​index.​
html), accessed on 25 August 2023. Relative synonymous 
codon usage (RSCU) is the probability of the use of a par-
ticular codon in encoding codons corresponding to amino 
acid synonyms. If RSCU = 1.0, the codon was not biasis. If 
RSCU > 1.0, the codon was used preferentially. Conversely, 
RSCU < 1.0 suggested a negative bias in codon usage. Typi-
cally, codons with RSCU values > 1.6 were considered to be 
over-represented, whereas those < 0.6 were considered to be 
under-represented [31]. The tRNA availability was analyzed 
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according to the online website with default settings (http://​
lowel​ab.​ucsc.​edu/​tRNAs​can-​SE/), accessed on 21 August 
2023.

Whole genome sequence analysis of phage D6

The genome was visualized using the Proksee Server 
(https://​proks​ee.​ca/). The putative functions of these ORFs 
were annotated manually using the NCBI GenBank protein 
database (https://​www.​ncbi.​nlm.​nih.​gov). A phylogenetic 
tree of terminal large subunit proteins was performed using 
neighbor-joining (NJ) method with MEGA 7. Bootstrap val-
ues were based on 1000 replicates. A comparative analysis 
of the phage genome sequences with its closest relative was 
conducted using Easyfig software [32]. The viral proteomic 
tree, including phage D6 and other closest relative phages, 
was constructed and analyzed using ViPTree (https://​www.​
genome.​jp/​viptr​ee/). The genome-wide average nucleotide 
identity (ANI) between phage D6 and related phages was 
calculated and plotted by Virus Intergenomic Distance Cal-
culator (VIRIDIC) [33].

In planta pathogenicity experiments

Foliar spraying (FS) and a root drenching (RD) methods 
[34] were used to further investigate the biocontrol efficacy 
of phage D6 against Pst DC3000 in tomato plants (Sola-
num lycopersicum var. cerasiforme). The tomato plants 
were cultured in a light incubator at 25 °C and 90% humid-
ity with a photoperiod of 16 h. The plants at six-leaf stage 
with consistent growth were selected for the experiment. 
Pst DC3000 were cultured in KB medium containing 50 μg/
mL rifampicin for 24 h at 28 °C and 180 rpm. Phage D6 was 
inoculated to Pst DC3000 and incubated for 12 h at 28 °C 
and 180 rpm, and the phage D6 preparation was obtained by 
filtration with a 0.22 μL filter membrane.

In FS and RD experiments, four treatment groups were set 
up: the control group (CK) treated with 10 mM magnesium 
chloride solution, the phage D6 treatment group was treated 
with 10 mL of phage D6 preparation (2.3 × 106 PFU/mL, D6 
group), the Pst treatment group was treated with 10 mL of 
Pst DC3000 (OD600 = 0.2) culture, and the Pst + D6 treat-
ment group was treated with phage D6 (2.3 × 106 PFU/mL) 
for 24 h before being treated with Pst DC3000. Three tomato 
plants were used for each treatment group.

The in planta biocontrol effect of phage D6 was further 
evaluated by measuring the population of Pst DC3000 bac-
teria in plant leaves [34]. Briefly, the top, middle, and bottom 
leaves of the plants in each treatment group were collected 
after 14 d of treatment. Leaf discs of 1 cm diameter (1 cm2 
/leaf) were cut off and a total of 9 cm2 of leaves were used 
(9 leaflets from 3 plants of per treatment group). The leaves 
were disinfected in 70% ethanol for 1 min and then rinsed 

with ddH2O for 30 s. Leaf homogenate was diluted tenfold 
and inoculated on KB plate (50 μg/mL rifampicin) and incu-
bated at 28 °C for 48 h. Rifampicin-resistant mutants were 
screened and colony-forming units were counted.

Statistical analysis

The resulting data were analyzed and visualized using SPSS 
26. Significant differences were analyzed using one-way 
analysis of variance (ANOVA). All the experiments were 
performed in triplicate, and the results are expressed as the 
mean ± standard deviation (SD). A p value < 0.05 was con-
sidered statistically significant.

Results

Isolation and morphology of phage D6

A lytic phage effective against Pst DC3000, named D6, was 
isolated from cave sediments. Phage D6 formed translucent, 
round plaques with well-defined boundaries on double-layer 
agar plates (Fig. 1a), and had a supernatant titer of 1.0 × 108 
PFU/mL indicating completely lysis of host cells. Transmis-
sion electron microscopy analysis revealed that phage D6 
had an icosahedral head (128.03 ± 1.57 nm in diameter) and 
a long, contractile tail (178.69 ± 0.56 nm in length) (Fig. 1b), 
consistent with the morphological characteristics of this type 
of phage. Based on these characteristics and the latest clas-
sification by the International Committee on Taxonomy of 
Viruses (ICTV), phage D6 exhibits the typical head and tail 
morphology of the class Caudoviricetes and can be morpho-
logically classified as Caudoviricetes.

Host range, EOP, and phage proteins analysis

The host range of phage D6 was tested using 11 strains of 
different Pseudomonas pp. isolated from karst cave. Phage 
D6 formed obvious spots on the lawn of six Pseudomonas 
strains (Supplementary Table S1), indicating that these 
strains were sensitive to the phage. The result of EOP assay 
showed that phage D6 did not form plaques on any of these 
six strains, indicating that phage D6 inhibited the growth 
of these strains but did not lyse [35]. The phage particle 
proteins of D6 were separated by SDS-PAGE, four bands 
with sizes of approximately 135, 75, 35, and 25 kDa were 
obtained (Supplementary Figure S1).

Optimal MOI selection and one step growth curve 
assays

As shown in Fig. 2a, phage D6 mixed with Pst DC3000 at 
an MOI of 0.001 produced the highest phage titer (7.37 × 107 

http://lowelab.ucsc.edu/tRNAscan-SE/
http://lowelab.ucsc.edu/tRNAscan-SE/
https://proksee.ca/
https://www.ncbi.nlm.nih.gov
https://www.genome.jp/viptree/
https://www.genome.jp/viptree/
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PFU/mL). This indicates that an MOI of 0.001 is optimal for 
phage D6. The one step growth curve of phage D6 revealed 
an eclipse period of approximately 60 min and a 5 h rise 
phase (Fig. 2b). The average burst size of phage D6 was 
calculated to be around 16 PFU/cell.

Thermal, pH, chloroform, and UV stability

The titer of phage D6 remained stable (6.33 × 107 − 6.63 × 107 
PFU/mL) at temperatures between 4 and 40  °C. The 
titer decreased as the temperature increased, dropping to 
1.63 × 103 PFU/mL at 60 °C and being inactivated at 70 °C 
(Fig. 3a). Phage D6 remained a high titer between pH 6 and 
pH 10 (108 PFU/mL), but declined dramatically at pH 11, 
and was inactivated at pH ≤ 5 or ≥ 12 (Fig. 3b). These results 
indicate that the phage was tolerant to alkaline conditions. 

When mixed with 25% chloroform, the activity of phage D6 
was decreased significantly compared with the blank control 
(p < 0.05) (Fig. 3c), indicating that phage D6 was sensitive to 
chloroform and suggesting that the phage particles may con-
tain lipids [36]. The titer of phage D6 gradually decreased 
with increasing exposure to UV light, dropping to 220 PFU/
mL after 2 h of irradiation (Fig. 3d).

Adsorption assay

Phage D6 rapidly adsorbed to Pst DC3000 after co-culture, 
and the adsorption rate was 81.75% after only 5 min of incu-
bation. The adsorption rate continued to increase slowly, 
reaching 92.54% after 10 min and 97.36% after 30 min 
(Fig. 4a).

Fig. 1   Morphology of phage D6. a Phage D6 plaques. Bar = 5 mm. b Morphology of phage D6 as revealed by transmission electron microscopy. 
Bar = 100 nm

Fig. 2   The optimal MOI (a) and one step growth curve (b) of phage D6. Data are presented as the average of triplicate experiments, and the 
error bars indicate the standard deviation
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Bacteriostasis test in vitro

The bacteriostatic effect of phage D6 against Pst DC3000 
was evaluated at different MOI (Fig. 4b). In general, phage 
D6 had a significant bacteriostatic effect on Pst DC3000 
in an MOI-dependent manner, with higher MOIs result-
ing in a stronger inhibitory effects. When the MOI ranged 
from 0.001 to 10, phage D6 produced a long-term and 
stable bacteriostatic effect on the host bacterial population. 
However, when infected with a higher MOI (MOI = 100), 
the bacterial concentration began to increase again after 
20 h. This suggests that even small amounts of phage D6 
can significantly inhibit the proliferation of Pst DC3000.

General genome characteristics

A total of 5,396,272 filtered reads were obtained and 
assembled into a complete genome of phage D6. The 
genome was 307,402 bp in length with a GC content of 
48.43% (GenBank: OQ363659.1). Genome sequencing 
revealed that phage D6 had a linear double-stranded DNA. 
BLASTn analysis against the NCBI database showed that 
phage D6 had the highest genome similarity with Pseu-
domonas phage Psa21 (GenBank: NC-062581.1), with 

81.20% nucleotide identity and over 41% genome cover-
age, suggesting that D6 is a relatively novel phage. The 
annotation results indicated that the phage D6 genome 
contains 410 ORFs. Of the 410 ORFs, 15 ORFs (3.66%) 
started with TTG, 21 ORFs (6.77%) started with GTG and 
the remaining ORFs (82.85%) started with ATG (Sup-
plementary Table S2). The ORFs accounted for a total of 
286,054 bp, and the gene density was 93.06%.

Functional ORF analysis

Of the 410 ORFs, 318 ORFs encoded known functional or 
hypothetical proteins, whereas the remaining 92 ORFs were 
not aligned to any known encoding proteins after BLASTp 
alignment. Based on the predicted functions of ORFs, the 
92 ORFs encoding known functional proteins were divided 
into different groups (Fig. 5): structural proteins (54 ORFs), 
DNA replication and modification (34 ORFs), biosynthesis 
(2 ORFs), and DNA packaging (2 ORFs) (Supplementary 
Table S2).

Head and tail structural proteins are generally highly 
conserved in known phages [37]. In the structural proteins 
module, nine genes encode virion structural proteins such as 
the major capsid protein (ORF 251), tail fiber protein (ORF 

Fig. 3   Thermal (a), pH (b), chloroform (c), and UV (d) stability of phage D6. Data are presented as the average of triplicate experiments, and 
the error bars indicate the standard deviation. *: significant difference (p < 0.05)
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181and ORF 224), tail sheath protein (ORF 223 and ORF 
400), internal head protein (ORF 312, 313, and 314), and 
baseplate assembly protein (ORF 201). ORF 404 encodes a 
terminal large subunit protein of phage terminase, which is 
mainly involved in DNA translocation within the capsid as a 

part of a heterooligomer of the large subunit [38]. ORF 251 
encodes the major capsid protein responsible for capsid for-
mation, which can self-assembles into an icosahedral proto-
capsid with scaffold protein as a companion [6]. In the DNA 
replication and modification module, the predicted proteins 

Fig. 4   Adsorption rate (a) and bacteriostasis effect in vitro (b) of phage D6. Values are means from three independent experiments. Error bars 
indicate standard deviation

Fig. 5   Genome map of phage D6. The genome of phage D6 was 
depicted in circular. The first and second circles from the outside to 
the inside are the ORFs on the positive and negative strands. The dif-

ferent colors represent different gene functions. The third circle repre-
sents the GC-Skew value. The fourth circle indicates the GC content
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encoded by ORF 182, ORF 183, ORF 333, ORF 344, ORF 
345, ORF 360, and ORF 368 have primase and DNA/RNA 
polymerase activities. The DNA helicase proteins encoded 
by ORF 153, ORF 253, and ORF 343 unwind the double 
helix structure of DNA to facilitate replication [38]. ORF 
25, ORF 107, and ORF 140 encode the ligases. ORF 18 and 
ORF 52 encode homing endonucleases, and ORF 18 belongs 
to the His-Asn-His (HNH) endonucleases family. ORF 211 
encodes ribonuclease H, which is ubiquitously present in all 
prokaryotic cells. ORF 200 and ORF 352 encode nuclease 
SbcCD which can recognize and cleave hairpin structures 
generated during DNA replication. Finally, ORF118 and 
ORF384 encode proteins involved in cell division.

In the biosynthesis module, ORF 409 encodes dihydro-
folate reductase while ORF 19 encodes galactose oxidase. 
Furthermore, no genes encoding virulence factors or antibi-
otic resistance were found in the genome of phage D6.

Codon usage and tRNA availability prediction

To explore the relative synonymous codon usage prefer-
ences of phage D6 and the host, RSCU analysis was per-
formed (Supplementary Table S3). Of 59 codons, 29 were 
the preferred codons for phage D6 and 28 were the preferred 
codons for the host. The preferred codon usage of phage D6 
differs from that of the host, for example, the Alanine codon 
(GCA and GCT) were the preferred codons of phage D6, but 
had a negative bias on host codon usage. Furthermore, the 
over-represented codon for D6 had only one codon (CCA), 
whereas the host had two over-represented codon (GGC and 
CTG). These results suggested that codon usage had prefer-
ences between phage D6 and its hosts.

The tRNA availability analysis showed that phage D6 had 
14 tRNAs corresponding to 12 amino acids, of which Aspar-
aginate (Asn) and Leucine (Leu) amino acids corresponded 
to 2 tRNAs, respectively. The host had 2 tRNAs, correspond-
ing to Serine (Ser) and Arginine (Arg) amino acids, respec-
tively (Supplementary Table S4). Therefore, translation of 
the phage D6 gene may not be entirely dependent on the 
tRNA repertoire provided by the host.

Whole genome sequence analysis and phylogenetic 
analysis

To analyze the evolutionary relationship between phage D6 
and other Caudoviricetes phages, a phylogenetic tree was 
constructed using the neighbor-joining (NJ) method based 
on the amino acid sequence of the relatively conserved 
phage terminal large subunit. The phylogenetic tree showed 
that phages D6 and Psa21 clustered together on a single 
branch, distinct from other Pseudomonas phages. This sug-
gests that the Pseudomonas phage may represent a new and 
distinct group with the Caudoviricetes class (Fig. 6).

A BLASTn analysis of the genome revealed that phage 
D6 was most closely related to Psa21, a Pseudomonas 
phage. Further comparative genomic analysis of these two 
phages demonstrated that more than half of the proteins they 
encoded were hypothetical proteins. Of these, 310 proteins 
(75.61%) encoded by D6 were identical to those encoded 
by Psa21, with similarity ranging from 22 to 100% (Fig. 7). 
Moreover, the genome maps showed significant differences 
between the complete genome sequences of phage D6 and 
Psa21 (Fig. 7).

Fig. 6   Neighbor-joining phy-
logenetic tree was constructed 
based on terminase large subu-
nit. The bootstrap values are 
shown at the nodes. The red star 
represents phage D6 isolated 
in this study. The reference 
sequences were collected from 
the NCBI database. The tree 
was constructed based on the 
MUSCLE alignment of MEGA 
7.0. The bootstrap values were 
based on 1000 replicates
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Taken together, the phylogenetic tree analysis and com-
parative genomic analysis suggest that phage D6, which 
infects Pst DC3000, is a novel unclassified phage within the 
Caudoviricetes class.

A comparative proteomic phylogenetic analysis using 
ViPTree software showed that the genomes of phage D6 
and phage Psa21 formed a distinct branch. Phage D6 was 
most closely related to Pseudomonas phage Psa21, but was 
distinguished from other phages in the VipTree database, 
indicating that it may represent a novel phage within the 
Caudoviricetes class (Fig. 8).

To further clarify the classification of phage D6, 
we used VIRIDIC software to caculate the matrix of 
intergenomic similarities between D6 (OQ363659) and 
eight of the most similar phage genomes (Pseudomonas 
phage phiKZ (NC_004629), Pseudomonas phage PA7 
(NC_042060), Pseudomonas phage Psa21 (NC_062581), 
Pseudomonas phage PhiPA3 (NC_028999), Pseudomonas 
phage PA1C (MK599315), Pseudomonas phage vB_
PaeM_PS119XW (NC_070882), Pseudomonas phage 
201phi2-1 (NC_010821), and Pseudomonas phage Phabio 
(NC_062582)). The results showed that the highest similar-
ity value of 50.2% was between Pseudomonas phage D6 
and Psa21 (Fig. 9). The pairwise similarity of the genomes 
was lower than the cut-off value of 70% nucleotide identity 
across the whole genome length established by the ICTV 
Bacterial Virus Subcommittee for creating phage genera 
[39]. Thus, phage D6 should be considered a member of a 
novel genus within the Caudoviricetes class.

Evaluation of plant protective activity of D6 
against Pst DC3000 in planta

Tomato plants were inoculated with phage D6 24 h prior to 
Pst DC3000 infection using the FS method (Fig. 10a) and 
RD method (Fig. 10b), and the quantity of Pst DC3000 in 
the leaves was measured (Fig. 10c) in order to investigate the 

plant protective efficiency of phage D6 against Pst DC3000 
in vivo. The findings demonstrated that neither bacterial leaf 
speck disease nor bacteria were found in the CK or D6 treat-
ment group following a 14 days treatment. The tomato plants 
that were infected with Pst DC3000 showed obvious bacte-
rial leaf speck disease, leaf withered, wilting symptoms, and 
leaf yellowing. However, the leaf symptoms such as bacte-
rial wilting and yellowing were alleviated in the Pst + D6 
group inoculated with phage D6 (Fig. 10a, b). Moreover, the 
amount of Pst DC3000 in tomato leaves was significantly 
decreased after inoculation with phage D6 (Fig. 10c). The 
Pst DC3000 population in the Pst + D6 treatment group was 
significantly reduce by 150-fold and 263-fold in the FS and 
RD treatment, respectively, compared with the Pst treatment 
group (p < 0.05). These results indicate that D6 inoculation 
using both FS and RD methods could effectively control the 
amount of Pst DC3000 in tomato plants, thereby reducing 
the damage caused by Pst DC3000 infection.

Discussion

In this study, a novel phage named D6, which infects the 
plant pathogen P. syringae pv. tomato, was isolated from 
sediment in a karst cave. The morphology and genome of 
phage D6 were characterized, and a combination of whole 
genome sequence analysis, evolutionary phylogenetic 
analysis, comparative genomic analysis, and comparative 
proteomic phylogenetic analysis indicated that it is a novel 
unclassified Pseudomonas phage within the Caudoviricetes 
class.

The genome length of phage D6 is 307,402 bp, suggesting 
that it belongs to be the group of jumbo phage [40]. With its 
large physical genome size, phage D6 shares similar char-
acteristics with closely related phages Psa21 and PhiPA3 
[41–43]. It has been proposed that jumbo phages with large 
genomes have more genomic space to undergo higher rates 

Fig. 7   Pairwise comparisons of the whole genomes of Pseudomonas 
phage D6 and phage Psa21 was visualized using Easyfig. The arrows 
are the encoded proteins and the gray line connecting the two repre-

sents the similarity between the two, with darker shades of gray rep-
resenting higher similarity
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of genetic evolution in comparison with their smaller size 
and more genomically compact [40]. This is hypothesized 
to be an adaptive mechanism for phage evolution to evade 
bacterial defense systems [44–46]. The large number of 
transcribed and translated genes in the virus reduces its 
dependence on the host, allowing jumbo phages to develop 
infections that are highly independent of host molecular 
mechanisms [47, 48]. Phage D6 forms small translucent 
plaques on double-layer agar plates, which may be limited 
by the influence of the agar medium on spreading [49].

The ability to survive under different environmental con-
ditions is crucial for the use of phages in biocontrol. Phage 
D6 was sensitive to several isolates, of pseudomonas spp. 
But was only bacteriostatic and unable lyse the test host. 
Phage D6 can maintain a stable titer at temperature ranging 
from 4 to 40 °C and pH from 6 to 10, which is conducive 
to its use in weakly acidic to alkaline natural environments. 
Additionally, phage D6 has a lower optimal MOI (0.001), a 
fast adsorption rate, a short eclipse period (approximately 
60 min), and a short rise phase (5 h). In vitro bacteriostatic 
experiments showed that low MOI (0.001–10) produced 

long-term stable bacteriostatic effect on the bacterial popu-
lation, with Pst DC3000 replication significantly inhibited 
by small amounts of phage D6. The lower titer requirement 
of phage D6 makes it more suitable for large-scale produc-
tion and field application.

Among the structural proteins, 54 ORFs were predicted 
that encode virion structural proteins such as the major 
capsid protein (ORF 251), tail protein (4 ORFs), and head 
protein (8 ORFs). Capsid proteins are essential structural 
components of the virion that protect the viral genome from 
harsh external environment [50]. The phage tail is the pri-
mary site for recognizing and adsorbing host bacteria and is 
key to expanding the phage’s host range [51]. In the DNA 
replication, transcription, and translation module, 34 ORFs 
were predicted to encode replication-related enzymes such 
as RNA polymerase (6 ORFs), homing endonucleases (2 
ORFs), and HNH endonucleases (ORF 18). RNA polymer-
ase is the central enzyme in gene expression, transcribing 
DNA into RNA.

Homing endonucleases are a unique class of site-specific 
DNA endonucleases present in many bacterial and phage 

Fig. 8   Comparative proteomic phylogenetic analysis of phage D6 
and similar phages performed using VipTree. The red star repre-
sents Pseudomonas phage D6 isolated in this study. The phylogenetic 
branches marked in red are represented as phage sequence not found 

in the Virus-Host Database. Additional genomes were downloaded 
from the NCBI GenBank database and manually added to the analy-
sis. Left line represents virus family, right line represents host group
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genomes that facilitate genetic exchange and horizontal 
transfer of their own genes and local genetic environment 
[52, 53]. HNH endonucleases are a large group of proteins 
identified in various organisms, including bacteriophages 
and bacteria. They are associated with DNA packaging and 
have been described as a cofactor associated with termi-
nases for many phages [54, 55]. Additionally, phage D6 also 
encodes a variety of enzymes involved in replication, repair, 
and recombination, such as tubulin PhuZ (ORF 384) and 
UvsX protein (ORF 214). Tubulins PhuZ belong to a bac-
teriophage tubulin family that has been shown to assemble 
dynamic filaments that locate phage DNA in the center of 
the cell during the phage reproduction cycle, contributing 
to efficient phage reproduction [8, 56]. The UvsX protein 
encoded by ORF214, similar to the E. coli RecA protein, is 
a DNA-dependent ATP enzyme that catalyzes the pairing of 
cognate DNA molecules [57]. Furthermore, 14 tRNA genes 

were identified, suggesting that phage D6 may not be highly 
dependent on the host translation machinery.

Based on an NCBI database search, phage D6 had the 
highest genome similarity with Pseudomonas phage Psa21, 
with a nucleotide similarity of 81.20% and a genome cov-
erage of over 41%, suggesting that D6 is a relatively new 
phage. Phages D6 and Psa21 are closely related. However, 
in earlier studies, phage Psa21 was shown to be a mem-
ber of the Myoviridae family. Nonetheless, according to the 
ICTV Master Species List 2022 (https://​talk.​ictvo​nline.​org, 
accessed on 9 January 2024) and a BLASTn search in the 
NCBI database, we propose that phage D6 is an unclassified 
novel Pst phage within the Caudoviricetes class.

Inoculation with phage D6 by the FS or RD method 
significantly reduced the population of Pst DC3000 in the 
leaflets surface and alleviated the Pst symptoms in tomato 
plants, indicating that phage D6 can be used as a prophylac-
tic treatment for Pst DC3000. Previously results have been 
reported the biological control of Pst DC3000 by phages in 
planta [2, 34]. The biological properties of phage D6 allow 
us to propose it a potential biocontrol agent for the preven-
tion of Pst-associated bacterioses.

Conclusion

In this study, a novel Pseudomonas phage named D6 
was isolated from a karst cave. Phage D6 exhibits a 
wide range of pH from weakly acidic to alkaline as well 
as room temperature environment stability. Genome 
sequencing analysis revealed that phage D6 had a linear 
double-stranded DNA (307,402 bp) with a G + C content 
of 48.43% and contained 410 ORFs and 14 tRNAs. NCBI 
alignment results showed that phage D6 had the high-
est genome similarity with Pseudomonas phage Psa21 
(NC_062581), with a nucleotide similarity of 81.20% and 
a genome coverage of over 41%. Phylogenetic analysis 
using terminase large subunit protein sequences and viral 
proteomic tree revealed that phage D6 was highly related 
to phages Psa21, and that D6 and Psa21 clustered into 
an unclassified monophyletic virus cluster, D6 belongs 
to a novel representative of this clade within the Cau-
doviricetes class. Thus, based on genome-wide analysis 
and phylogenetic analysis, phage D6 could represent a 
novel Pseudomonas phage assigned to the unclassified 
Caudoviricetes according to the classification of viruses 
by ICTV. Furthermore, phage D6 can be used as a poten-
tial biocontrol agent for the prevention of Pst-associated 
bacterioses.

Fig. 9   Heatmap of genome sequence similarity (right) and alignment 
metrics (left) between phage D6 and its eight most closely related 
phages generated by VIRIDIC. The red number represents phage D6 
isolated in this study

https://talk.ictvonline.org
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Fig. 10   Biocontrol evaluation of phage D6 against Pst DC3000 in 
planta. After 24 h of inoculation with 10 mL of phage D6 (2.3 × 106 
PFU/mL) by the FS method (a) and RD method (b), tomato plants 
were infected with 10  mL of Pst DC3000 culutre (Pst + D6 group). 
The leaf symptoms were observed. The tomato plants were treated 
with phage D6, Pst DC3000 (OD600 = 0.2), or magnesium chloride 

solution (10 mM) (CK group) were used as controls. (c) After 14 d 
of treatment, the top, middle, and bottom leaves of the plants were 
collected to detect the amounts of Pst DC3000 bacteria. The exper-
iments were performed in triplicates and the data are shown as the 
mean ± SD. *: significant difference (p < 0.05)
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