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Abstract

Since the emergence of deadly pathogens and multidrug-resistant bacteria at an alarmingly increased rate,
bacteriophages have been developed as a controlling bioagent to prevent the spread of pathogenic bacteria. One of

these pathogens, disease-causing Vibrio parahaemolyticus (VP which induces acute hepatopancreatic necrosis,

AHPND)

is considered one of the deadliest shrimp pathogens, and has recently become resistant to various classes of antibiotics.

Here, we discovered a novel vibriophage that specifically targets the vibrio host, VP The vibriophage, designated

AHPND®

Seahorse, was classified in the family Siphoviridae because of its icosahedral capsid surrounded by head fibers and a
non-contractile long tail. Phage Seahorse was able to infect the host in a broad range of pH and temperatures, and it
had a relatively short latent period (nearly 30 minutes) in which it produced progeny at 72 particles per cell at the end
of its lytic cycle. Upon phage infection, the host nucleoid condensed and became toroidal, similar to the bacterial DNA
morphology seen during tetracycline treatment, suggesting that phage Seahorse hijacked host biosynthesis pathways
through protein translation. As phage Seahorse genome encodes 48 open reading frames with many hypothetical

proteins, this genome could be a potential untapped resource for the discovery of phage-derived therapeutic proteins.
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Objectives

To isolate and characterize phage targeting pathogenic Vibrios
Material and Methods

Phage isolation, purification, and preparation. Overnight cultures of VP were prepared by inoculating the

AHPND
bacteria, previously grown on Tryptic Soy Agar supplemented with 1.5% Sodium chloride (TSA-1.5%NacCl), into 5 ml of
Tryptic Soy Broth supplemented with 1.5% Sodium chloride (TSB-1.5%NaCl) and allowed to incubate at 30 °C, 200

rpm for at least 16 hours. One milliliter of seawater was added to 25 ml of TSB- 1.5%NaCl, 250 Ll of 100 mM CaCly,

and 2.5 ml of VP, . overnight culture. Phage was enriched by growing at 30 °C, 200 rpm for 48 hours. Phage was

next harvested by centrifugation at 9,000 rpm for 10 minutes followed by collecting and filtering the supernatant using
a 0.45 Um filter. Next, phage purification was performed using double-layer agar method. Briefly, 10-fold serial dilutions
of phage were prepared using SM buffer. Ten microliters of each diluent were added to 100l of overnight culture of
VP mixed and allowed to stand for 10 minutes. To this, 5 ml of melted 0.35% top agar of TSA-1.5%NaCl was

AHPND’
added, mixed and poured onto a TSA-1.5%NaCl plate. The plates were incubated overnight at 30 °C. Putative
translucent plaques were identified and picked and resuspended in 100 [l of SM buffer. This purification step was
repeated 3 times. A high-titer phage lysate was prepared described by Chaikeeratisak et al.". Briefly, 5 ml SM buffer
was added to a near-confluent plate and incubated at 30 °C for at least 5 hours. The solution was aspirated into a tube
and centrifuge at 9,000 rpm for 5 minutes. Finally, the supernatant was filtered using a 0.45 [lm filter and stored at 4
°C.

This work has been reviewed and approved by Chulalongkorn University-Institutional Biosafety Committee (CU-IBC) in
accordance with the levels of risk in pathogens and animal toxins listed in the Risk Group of Pathogen and Animal
Toxin (2017) published by Department of Medical Sciences (Ministry of Public Health), the Pathogen and Animal Toxin
Act (2015) and Biosafety Guidelines for Modern Biotechnology BIOTEC (2016) with approval number: SC CU-IBC-
006/2018.

Transmission electron microscopy and cryo-electron tomography. 3 [l of phage titer was deposited on
QUANTIFOIL 200 mesh holey carbon R 2/1 gold grids, glow-discharged using PELCO easiGlow (Ted Pella). The grids
were blotted using Whatman No. one filter paper and plunge-frozen into a liquid ethane/propane mixture cooled by
liquid nitrogen using a custom-built device (Max Planck Institute for Biochemistry, Munich). Tilt series were collected on
grids clipped onto autogrids (Thermo Scientific) in a 300 keV Titan Krios (Thermo Scientific) fitted with a K2 Summit 4k
x 4k pixel direct electron detector and a GIF Quantum post-column energy filter (Gatan) using a nominal magnification
of 42 kx or a pixel size of 3.4 A and —5 Um defocus. Tilt series were acquired using SerialEM in low dose mode,

typically from —400 to +400 every 2-3 degrees with a total dose of 5070 e/A2. The tilt series were aligned and dose-



weighted according to the cumulative dose using MotionCor2 and reconstructed in IMOD software using weighted back-
projection.

Conventional phage study. To evaluate phage adsorption, VP culture (0D, ~ 0.4) was infected with phage

AHPND
particles at MOI 0.01 (The OD,  of 1 =1 x 109 CFU/mI?) and incubated at 30 °C. At each time point of 0, 1, 2, 5, 7.5,

10, 15, 20, 25, and 30 minutes, 100 [l of the samples were collected and diluted 10-fold in SM buffer. After
centrifugation at 15,000 x g for 2 minutes at 4 °C, the supernatant was harvested and the number of free phages was

determined by double-layer agar method. For the one-step growth curve analysis, VP, .. - was infected at MOI 0.01 at

30 °C for 15 minutes, then the cell suspension was centrifuged at 12,000 x g for 5 minutes. The pellet was resuspended
in 10 ml of TSB-1.5% NaCl. The mixture was then incubated with vigorous shaking at 200 rpm, 30 °C for 2 hours.
Throughout the period of shaking, the samples of the untreated group and the chloroform-treated group were taken

every 10 minutes to evaluate total virions by double-layer agar method.

For pH stability, 100 LI of phage lysate was mixed with 900 [l of SM buffer in a pH range 2 to 10 and incubated at
30 °C for 1 hour. For temperature stability, 50 I of phage lysate was incubated for 1 hour at different temperatures;
4, 20, 25, 30, 37, 40, 50, 60, and 70 °C. For both tests, phage infectivity was determined by performing a spot test.

These experiments were performed in triplicate.

To determine host spectrum of the phage, a spot test was performed to test the infectivity of the isolated phage against
different 26 bacterial strains that we obtained and were kindly offered from different sources as indicated in Table 1.
Briefly, overnight cultures were prepared as described above. 500 Ll of each culture was mixed with 5 ml of 0.35%
molten top agar (TSA-1.5% NaCl) and immediately poured on an agar plate (TSA-1.5% NaCl). After the cell lawn was
solidified, 5 [l of each diluent of 10-fold serially diluted phage was spotted on the surface of the top agar. The plates
were allowed to dry and next incubated overnight at 30 °C. The clearing zones were then evaluated for the infection

ability of the phage toward the bacterial host.

Phylogenetic tree construction. DNA sequences of the terminase large subunit of various phages were obtained
through GenBank. These sequences included accession number and phage names as follows: Vibriophage KVP40:
NC_005083, Vibriophage CP-T1: NC_019457.1, Vibriophage pVp-1: NC_019529.1, Vibriophage vB_VpaS_MAR10:
NC_019713.1, Vibriophage VH7D: NC_023568.1, Enterobacteria phage 9 g: NC_024146.1, Salmonella phage Stitch:
NC_027297.1, Vibriophage phi 3: NC_028895.1, Enterobacteria phage JenK1: NC_029021.1, Vibrio vulnificus phage
SSP002: NC_041910, Enterobacteria phage EPS7: NC_010583.1 and phage Seahorse. The sequences were aligned
using ClustalW and the phylogenetic tree was constructed using Molecular Evolutionary Genetics Analysis (MEGA)
version 10.0 as described by Kumar et al.>. Using the Maximum Likelihood method, a bootstrap consensus phylogenetic
tree from 100 bootstrap replications for tree construction was selected. The selected numbers of bootstrap were shown

on the selected branches.

Lysogeny experiment. To isolate phage-resistant strains, bacterial colonies that appeared in a double layer-agar plate

at high titer of phage were picked and further isolated. The isolated strains and original VP were tested for phage

AHPND
resistance by cross streaking each isolate with a drop of high titer phage lysate atop the bacterial stripes. The plate
was incubated overnight at 30 °C and the result was recorded. To test whether the phage-resistant isolates were

lysogen, a bacterial cell lawn of VP strain was prepared as described above. Single colony of each phage-resistant

AHPND

isolate was picked by a sterile toothpick and stabbed into the top agar. The plate was then incubated at 30 °C overnight

and the presence of a clear zone surrounding the stab isolate was recorded the day after.



Bacterial cell lysis profile assay. VP culture at mid-log phase (OD__ ~ 0.4) was inoculated with phage lysate at
600

AHPND
MOI 0 as a control and MOI 0.01 and MOI 5 as experimental groups. The cultures were then incubated shaking at 200

RPM at 30 °C. OD,, of all cultures were monitored every 30 minutes until 10 hours of incubation. The experiment was

carried out in triplicate.

Phage genome DNA extraction. The phage lysate was first dialyzed in sterile distilled water. Next, phage was

precipitated by adding 2.5 ml of phage precipitant solution (30% w/v PEG-8,000, 3.3 M NaCl and sterile distilled water)

to 10 ml of phage lysate (~10g pfu/ml) and stored overnight at 4°C. The solution was then centrifuged at 10,000 rpm
for 30 minutes followed by resuspending the pellet in 500 LI of 1xDNase | buffer. To degrade bacterial genomic DNA
and RNA, 5U DNasel and 25 [lg RNaseA were added and incubated at 37 °C for 2 hours. Next, 26 mM EDTA was
added to inhibit nuclease activity, followed by 0.5% SDS and 25 [lg proteinase K, and incubated at 60 °C for 2 hours.

Phenol-chloroform extraction was then performed to extract phage genomic DNA.

Phage genome sequencing and analysis. Phage genomic DNA was sequenced by lllumina MiSeq plat- form. All raw
reads were qualified and the low qualities were eliminated. The adaptors in the filtered reads were then trimmed and
assembled into contigs. To remove potential host DNA contamination, reads were mapped to the host strain sequence
of V. parahaemolyticus strain ATCC17802 (GenBank accessions CP014046, CP014047) using the Geneious mapper
in Geneious Prime 2019 (https://www.geneious.com). The unmapped reads were used for assembly in Geneious Prime
2019 with the Geneious assembler using high sensitivity and default parameters. A list of ORFs was generated from
this contig using the ORF finder in Geneious; filtering out any ORFs less than 200 base pairs. The protein sequences
of each ORFs were predicted by EMBOSS Transeq and they were annotated manually by BLASTp and PSI-BLAST

(cut-off e-value < 10_4) against various databases: NCBI’s non-redundant (nr) protein sequences, InterPro 75.0, NCBI
conserved domain and ACLAME. In addition, to confirm the pre- dicted function, RAST sever, Prodigal and PHASTER
were used as well. To determined antimicrobial resistance coding genes and putative toxins, RESFINDER and
VirulenceFinder were used, respectively. Aragon and tRNAS- canSE were used to identify tRNAs. The map of genome
was drawn by Artemis and DNA plotter.

Single cell-infection assay. VP culture (OD, , ~ 0.4) was infected with phage at MOI 5 and the infected cells

AHPND
were incubated at 30 °C. At each time point; 0, 10, 20 and 30 minutes, the samples were harvested by centrifugation
at 9,000 rpm for 2 minutes and the supernatant discarded. As described by Chaikeeratisak et al.!, phage-infected cells
were fixed at a final concentration of 4% paraformaldehyde and incubated at room tempera- ture for 15 minutes. The
fixed cells were centrifuged and the pellets were washed with 500 [LI of 1x PBS three times. The cells were resuspended
in 1x PBS before loading 3 [ onto an agarose pad (1.2% agarose in 20% TSB-1.5% NaCl) that contained fluorescent
dyes (2 g/ml FM 4-64 and 2 [lg/ml DAPI). The samples were visualized under DeltaVision Ultra High-Resolution
Microscope. For live cells, the cells were harvested at desired time points, and inoculated on an agarose pad as
described above. The nucleoid was stained with either 0.5 JAM SYTOX-green or 0.5 AM SYTO 16, prior to fluorescence

microscopy.

Minimal inhibitory concentration. Minimal inhibitory concentrations (MIC) were determined for the following antibiotics:
Ciprofloxacin, Rifampicin, and Tetracycline, which were all used in the fluorescence microscopy experiment shown in
Table S1. The antibiotics were respectively serially diluted in a 96 well plate using a microdilution method®. Overnight

cultures of VP, . - were diluted 100-fold in TSB-1.5% NaCl and allowed to grow on a roller at 30 °C until exponential

growth (OD,, of 0.2) was observed. The culture was further diluted 100-fold in TSB-1.5% NaCl into wells of the same

96-well plate that contained different concentrations of the respective antibiotic. The culture was further incubated at 30



°C for 24 hours. MICs for each antibiotic were determined as the lowest concentration dilution of that antibiotic capable

of inhibiting growth of the bacteria.

Fluorescence microscopy. Overnight cultures of VP, . -~ were diluted 100-fold in TSB-1.5% NaCl and incubated at

30 °C on a roller until exponential phase of growth was obtained. Antibiotics were added to the culture at concentrations
of 5 times the MIC. For live cell imaging, cultures were incubated at 30 °C on a roller for 60 minutes followed by staining
with fluorescent dyes; FM 4-64 (2 Llg/ml), DAPI (2 JLg/ml) and SYTOX-green (0.5 JAM). Cultures were then harvested
by centrifugation at 6,000 g for 30 seconds and resuspended in 30 M of supernatant. 3 Ll of sample was loaded onto
agarose pad (1.2% agarose containing 20% TSB-1.5% NaCl) on concave glass slides and fluorescence microscopy
was performed, following consistent imaging parameters throughout all of the experiments. For fixed cell imaging,
cultures were incubated on a roller at 30 °C for 30 and 60 minutes for treatment with ciprofloxacin and rifampicin, while
10, 20, 30 and 60 minutes for treatment with tetracycline. After the completion of each treatment, cultures were fixed
as described above. Cultures were then harvested by centrifugation at 9,000 rpm for 2 minutes followed by washing
the pellet with 1x PBS for 3 times. After centrifugation, the pellet was resuspended in 30 [l of 1x PBS and added to
an agarose pad as described above. Fluorescence microscopy was performed using consistent imaging parameters for

all experiments.
Results
Morphological and biological properties of phage Seahorse

Bacteriophages that target VP were enriched and isolated from seawater collected from a local shrimp farming

AHPND

area in Thailand. A phage selected for this study actively lysed VP and produced a 2—-3 mm plaque with a 0.5 mm

AHPND
clear spot at the center surrounding by the halo-turbid area (Fig. 1a). As observed in negative staining by transmission
electron microscopy (TEM), the phage belongs to the order Caudovirales and the family Siphoviridae as it has an
icosahedral capsid with a long non-contractile tail with short tail fibers (Fig. 1b). In order to visualize the phage at a
higher resolution and at a near-native state, we imaged the phage using cryo-electron tomography (cryo-ET). Our cryo-
ET images indicated that the phage had a capsid of ~65 nm in diameter and a tail of ~125 nm in length (Fig. 1c—e; n
= 3). The phage capsid seemed to be decorated with other proteins which may likely constitute the head fiber similar
to those found in Bacillus subtilis phage Phi29 and adenoviruses®’. Our cryo-ET images of the phage also revealed
the presence of capsid fibers (the shaft with a knob) of ~10 nm in length at the vertices of the capsid (Purple arrows;
Fig. 1c). We also see densities on the capsid facets (~3 nm) which may correspond to minor capsid proteins similar to
those found in adenoviruses (Orange arrows; Fig. 1c)*®. These are believed to enhance capsid stability by forming
strong protein-protein interactions. Further biochemical and structural studies are needed to characterize and resolve
these protein densities unambiguously. Based on the 3-dimensional phage structure under Cryo-ET, we designated this

vibriophage as “Seahorse”.

To gain more information on the biological properties of phage Seahorse, we tested its host range and conducted a
one-step growth curve, a phage tolerance test and measured phage adsorption rate. Out of 26 different bacterial strains
tested, phage Seahorse exhibited a narrow host spectrum and specifically infected V. parahaemolyticus strain TM that

causes AHPND or VP Table 1). A phage adsorption assay revealed that more than 95% of the phage were rapidly

AHPND (

adsorbed onto the host cell within 15minutes (Fig. 1f). The one-step growth curve showed that the phage propagated
in the cell during the latent period for at least 30 minutes and resulted in a burst size of 72 virions per cell (Figs. 1g,
S1, and Table S2). Additionally, the phage was highly tolerant to a wide range of pH and temperatures (Fig. 1h,i).
Figure 1h revealed that the phage was able to infect the host with the highest infectivity at pH 6—7 and the infectivity
was found to be completely lost at pH 1-3 (Fig. 1h). A thermal stability study showed that the phage was still active at



temperatures between 4 °C-50 °C while the phage pre-treated with high temperatures above 60 °C significantly lost

their infectivity (Fig. 1i).
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Figure 1. Morphological and biological properties of phage Seahorse. (a) Plague morphology of phage Seahorse. An
individual plaque is shown in the right panels. Scale bar equals to 2 mm. Morphology of phage Seahorse as determined
by Negative staining and TEM (b) and Cryo-ET (c,d). Different slices (c,d) through the same Cryo-ET showing the
structure of phage Seahorse. Arrows indicate capsid, capsid fiber, minor capsid protein, tail and tail fibers. Scale bar
equals to 50 nm. (e) Schematic of phage Seahorse as visualized by Cryo-ET with the capsid size and the tail length
indicated. (f—i) Biological studies of phage Seahorse; Adsorption assay (f), One-step growth curve (g), phage viability
in different pH (h) and different temperature (i). The experiments (f-i) were conducted in at least 3 independent

biological replicates and the data are represented as the mean +* standard deviation.



Bacterial species Strain Source Plaque formation
Vibrio parahaemolyticus AHPND (TM) Junprung et al. +
Non-AHPND
ATCC 17802 American type culture collection
DMST 5665 DMST laboratory collection
Vibrio harveyi Isolate 639
Isolate 102
Isolate 2207  Department of Microbiology, Faculty of
Isolate 1526  Science, Chulalongkorn University

Isolate gn
Isolate 35
Vibrio alginolyticus DMST 14800
Vibrio cholerae DMST 2873
Vibrio fluvialis DMST 21248 DMST laboratory collection
Vibrio vulnificus DMST 21245
Vibrio mimicus DMST 21244
Vibrio natrigens ATCC 14048 American type culture collection
Vibrio spp.* VC1060

VC1061 Isolated from healthy shrimp
VC1062 (This study)

VC1063
Pseudomonas aeruginosa PAO1 Klockgether et al.
Pseudomonas chlororaphis 200-B Serwer et al.
Escherichia coli ATCC 25922
Burkholderia thailandensis ATCC 700388 American type culture collection
Acinetobacter baumannii ATCC 17978
ATCC 196096

*Identified by 16s sequencing
DMST: Department of Medical Sciences, Ministry of Public Health, Thailand

Table 1. Host range determination of phage Seahorse. Different bacterial species and strains were used as the host to
determine the host spectrum of the phage using a spot test. *Identified by 16 s sequencing. DMST: Department of

Medical Sciences, Ministry of Public Health, Thailand.
Genome features and annotation of phage Seahorse

The complete genome of Seahorse was 45,171 bp long with a GC content of 42.59% encoding 48 putative open reading
frames (ORFs) and 3 tRNA genes (Fig. 2 and Table 2). These predicted ORFs were scattered throughout the phage
Seahorse genome with different gene arrangements; 35 ORFs in the forward direction and 13 ORFs in the reverse

direction (Fig. 2). Out of the total predicted ORFs, 22 ORFs were assigned a putative function according to the significant

hits in the indicated databases with E-values less than 10_4 while the rest were identified as hypothetical proteins
(Table 2). Among them, more than 80% of start codons in the ORFs were ATG followed by TTG (14.58%) and CTG
(2.08%). We classified the 22 ORFs into 7 main groups according to function; (1) replication, transcription and
translation, (2) DNA metabolism and modification, (3) virion structure and assembly, (4) phage regulation, (5) Nin
regions, (6) lysis protein, and (7) other phage-related proteins (Fig. 2). In addition, we did not observe any antimicrobial

resistance-coding genes or putative toxins from the phage genome.

As shown in Table 2, we found that the majority of predicted ORFs were virion structural proteins including head
morphogenesis protein, tail tape measurement protein, and tail tubular protein as well as ATPase and both small and
large subunits of the terminase enzyme, which is involved in DNA encapsidation. A phylogenetic tree of large subunits
of terminase of phage Seahorse revealed the close relationship to the temperate vibriophage MAR10 (Fig. S2). Phage
Seahorse encoded a set of crucial enzymes that are involved in DNA replication and transcription (e.g. DNA helicase,
ribonuclease, and transcriptional regulator), and DNA metabolism and modification (e.g. nucleoside triphosphate
pyrophosphohydrolase and adenine methylase). Some ORFs were predicted as a transposase which is involved in

phage DNA integration into the host genome while others were categorized as High frequency lysogenization C and



Rha family proteins, which also serve a role in the regulation of lysogenic life cycle of phages, all of which suggest that
phage Seahorse is indeed a temperate phage®"". This annotation was further validated by a lysogeny experiment and
a host cell lysis profile, both confirming that phage Seahorse has an ability to lysogenize the host (Fig. S3). Moreover,

we also identify N-acetylmuramoyl-L-alanine amidase, an enzyme that degrades the peptidoglycan layer in bacterial

cell walls'.
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Figure 2. Genome map of phage Seahorse. The genome size is 45,171 base pairs long and the positions in term of
base pairs are indicated by the number on the outermost circle. The grey scale on the innermost circle indicates GC
content. The open reading frames (ORFs) are annotated and color-coded by their putative function; blue: DNA
replication and transcription, and translation, pink: DNA metabolism and modification, purple: phage regulation, yellow:
virion structural and assembly, green: Nin region, red: lysis protein, black: others, and grey: hypothetical proteins. The

direction of arrows indicates gene arrangement in the genome.
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Sequence similarity
Hypothetical protein NVP11030_85
[Vibrio phage
1.103.0._10N.261.52.F2]
Hypothetical protein NVP12910_36
[Vibrio phage
1.291.0._10N.286.55.F6]
Hypothetical protein NVP1263A_15
[Vibrio phage
1.263.A._10N.286.51.B1]
Hypothetical protein
Hypothetical protein [Vibrio phage
LP.1]

Hypothetical protein ValSw33_31
[Vibrio phage ValSw3-3]
Phage(gi712916139);
PHAGE_Shewan_3/49_NC_025466:
terminase small subunit
phage(gi712915541);
PHAGE_Shewan_1/41_NC_025458:
terminase large subunit
Hypothetical protein

MULTISPECIES: phage head
morphogenesis protein [Vibrio]

Hypothetical protein
Hypothetical protein

High frequency of lysogenization C
(HfIC) family

Hypothetical protein

Hypothetical protein

Hypothetical protein VPKG_00027
[Vibrio phage pYD21-A]
Hypothetical protein ValSw33_31
[Vibrio phage ValSw3-3]

Uncharacterized conserved protein
YjdB, contains Ig-like domain

Hypothetical protein NVP11160_41
[Vibrio phage
1.116.0._10N.222.52.C10]

NinX [Salmonella phage S102]
Hypothetical protein NVP12390_45
[Vibrio phage
1.239.0._10N.261.52.F6]
Hypothetical protein

Lambda family phage tail tape
measure protein

Hypothetical protein [Vibrio phage
LP.2]

Hypothetical protein NVP1189B_19
[Vibrio phage
1.189.B._10N.286.51.B5]

TMhelix containing protein [Vibrio
phage 1.110.0._10N.261.52.C1]
tail tubular protein [Vibrio phage
Athenat]

Ribonuclease [Vibrio phage VaK]

Accession no.
AUR87742.1

AUS01750.1

AUR99175.1

168987
AZU97916.1

AVR75855.1

PP_00071

PP_00070

184967

WP_086959696.1

184946
184931

YP_009275512.1

184935
184932

YP_007673989.1

AVR75855.1

COG5437

AUR88658.1

AXC39656.1

AUR97481.1

184973
181776

AZU97857.1

AUR93845.1

AUR88148.1

AUG84865.1

ARH11752.1

Source
NCBI

NCBI

NCBI

ACLAME

NCBI

NCBI

PHASTER

PHASTER

ACLAME

NCBI

ACLAME
ACLAME

NCBI

ACLAME
ACLAME

NCBI

NCBI

NCBI
Conserved
Domain
Search
NCBI

NCBI

NCBI

ACLAME
ACLAME

NCBI

NCBI

NCBI

NCBI

NCBI

E-value
6.00E-27

2.00E-46

3.00E-12

2.00E-07

3.00E-14

3.00E-42

7.35E-37

1.00E-71

1.00E-149

2.00E-35

3.00E-19

1.33e-06

4.00E-13

2.00E-05

3.00E-71

3.00E-42

2.02E-05

2.00E-05

7.00E-15

3.00E-08

3.00E-20
5.00E-06

3.00E-17

8.00E-23

3.00E-147

2.00E-19

6.00E-46



ORF Predicted function Direction Start Stop Size (n) Sequence similarity Accession no. Source E-value

ORF29 Hypothetical protein - 27875 28228 354 Hypothetical protein NVP12540_20 AUR98603. 1 NCBI 2.00E-20
[Vibrio phage
1.254.0._10N.286.45.C8]
ORF30 NinB protein - 28225 28713 488 [Superfamily] cl21658 (PSSMID PRKO09741 NCBI 1.61E-37
328842) NinB protein Conserved
Domain
Search
ORF31 Hypothetical protein - 28915 29139 225 Hypothetical protein ValSw33_20 AVR75844.1 NCBI 5.00E-38
[Vibrio phage ValSw3-3]
ORF32 Transposase + 30555 31868 1313 PHAGE_Burkho_Bcep22_NC_00526 PP_00032 PHASTER 8.62E-64

2: ISL3 family transposase;
PP_00032; phage(gi38640338)

ORF33 Rha family regulatory - 32262 32933 671 Rha family regulatory protein [Vibrio AUR89012.1 NCBI 1.00E-94
protein phage 1.119.0._10N.261.51.A9]
ORF34 Homeodomain-like - 32903 33175 272 Homeodomain-like protein AUR86879.1 NCBI 2.00E-28
protein
ORF35 Nucleoside Triphosphate - 33254 33796 543 [Superfamily] cl16941 (PSSMID cd11542 NCBI 8.02E-27
Pyrophosphohydrolase 354290) Nucleoside Triphosphate Conserved
Pyrophosphohydrolase (EC 3.6.1.8) Domain
MazG-like domain superfamily Search
ORF36 Adenine methylase - 33923 34483 560 Adenine methylase [Aeromonas QDJ96121.1 NCBI 3.00E-90
phage 4_DO05]
ORF37 DNA helicase - 35354 36724 1370 Replicative DNA helicase [Vibrio AGN51428.1 NCBI 0
phage jenny 12G5]
ORF38 Hypothetical protein - 36721 37425 705 Hypothetical protein ValSw33_44 AVR75868.1 NCBI 1.00E-68
[Vibrio phage ValSw3-3]
ORF39 Hypothetical protein - 37488 37733 246 Hypothetical protein S349_62 YP_009103948.1 NCBI 1.00E-10
[Shewanella sp. phage 3/49]
ORF40 Hypothetical protein - 37871 38242 372 Hypothetical protein VPR_009 [Vibrio AUG88373.1 NCBI 5.00E-54
phage Vp_R1]
ORF41 Hypothetical protein - 38629 38919 291 Hypothetical protein NVP1113A_38 AUR88439.1 NCBI 5.00E-31
[Vibrio phage
1.113.A._10N.286.51.E7]
ORF42 ATPase + 39897 40544 647 ATPase [Aeromonas phage 2_D05] QDB73849.1 NCBI 2.00E-99
ORF43 Hypothetical protein + 40525 41121 597 Hypothetical protein 166167 ACLAME  2.00E-26
ORF44 Fibrinogen binding + 41169 42131 962 Fibrinogen binding protein [Vibrio AUR81803.1 NCBI 3.00E-137
protein phage 1.013.0._10N.286.54.F9]
ORF45 N-acetylmuramoyl-L- + 42558 43019 461 N-acetylmuramoyl-L-alanine amidase AUR96787.1 NCBI 3.00E-51
alanine amidase [Vibrio phage
1.232.0._10N.261.51.E11]
ORF46 TMhelix containing + 43209 43460 251 TMhelix containing protein [Vibrio AUR89889.1 NCBI 3.00E-23
protein phage 1.134.0._10N.222.52.B8]
ORF47 Transcriptional regulator + 43798 44172 375 Transcriptional regulator 184491 ACLAME  5.00E-06
ORF48 Hypothetical protein + 44476 45090 615 Hypothetical protein ValSw33_24 AVR75848.1 NCBI 2.00E-28

[Vibrio phage ValSw3-3]

Table 2. List of annotated proteins from ORFs in the genome of phage Seahorse. ORFs with the predicted functions

were determined by their significant hit (E-value < 10_4) against genome databases.
Phage Seahorse infection triggers the condensation of host nucleoid

To investigate how phage Seahorse hijacks and kills the host VPAPHND, @ single cell-leveled assay was used to

visualize the bacterial cells upon the phage infection. We first focused on a 30-minute post infection (mpi) window
because the one-step growth curve suggests that the phage replicates inside the host for only approximately 30 minutes

before cell lysis (Fig. 1g). Fluorescence microscopy of Seahorse infected VPAPHND revealed a nonuniformly distributed
nucleoid at time zero (0 mpi, lower panel; Fig. 3a), identical to the uninfected VPAPHND control (O mpi, upper panel;

Fig. 3a). Over intervals of 10 mpi, this distributed nucleoid became more condensed as infection progressed until 30

mpi in which it appeared as a single sphere (30 mpi, lower panel; Fig. 3a). During late infection (after 30 mpi), some
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unlysed infected cells contained multiple nucleoids exhibiting an archetypal toroid shape (upper panel; Fig. 3b). Similar
to a previous study in Pseudomonas chlororaphis phage 201Phi2-1, the bacterial host cells lysed at a late time point
resulting in the release of phage particles appearing as puncta (blue) surrounding cell debris (red) suggesting the

)13

complete lytic cycle of the phage (lower panel; Fig. 3b)~. We observed no evidence of condensed DNA (“blob”) or

toroid formation in the control cells (Figs. 3a and S4; n = 1,782).

To rule out the possibility that the observed nucleoid condensation is caused by host cell membrane leakage, previously
seen in pore-forming molecules such as nisin and calcimycin®, we investigated the membrane integrity of infected cells
by testing cell permeability to the DNA staining dye, SYTOX-green. Our result showed that the DNA blob in the infected
cells was not stained by SYTOX-green, indicating that the cell membrane remained intact throughout infection, further

supporting that phage Seahorse is the cause of the blob DNA formation, not the cell membrane leakage (Fig. 3c).

To confirm that the condensed nucleoid seen in the phage-infected cell is host bacterial DNA, we performed time-lapse
fluorescence microscopy over a 30-minute infection period using live cell permeant SYTO 16 DNA dye. At the beginning
of infection, the host nucleoid (green) appeared diffuse, similar to the uninfected cell control (Fig. 3d). Over the first 10
minutes, the nucleoid decondensed, seen by the diffusion and reduction of signal within the cell. Beginning at 15 mpi,
the DNA nucleoid condensed and eventually appeared in a sphere at the midcell by 30 mpi, identical to the structure
seen the infected cell shown in Fig. 3a. This time-lapse observation mirrors the morphological change in the DNA of
fixed infected cells conducted over the same time course as shown in Fig. 3a. Altogether, these results suggest that
phage Seahorse possibly interferes with the host cellular machineries in which it triggers the morphology change of
host DNA.

Y

Mock lysate

Phage lysate

o

Phage lysate

Figure 3. Single cell-leveled assay revealing the formation of blob and toroid of host DNA inside the phage- infected
cells. Bacterial cells were grown in liquid culture to log phase and infected by phage Seahorse at MOI 5. At desired
time points, the bacterial cells were harvested and fixed. For live cell imaging, the cells were inoculated on an agar pad
after the phage infection. Prior to fluorescence microscopy, cell membrane (red) and nucleoid (blue/grey) were stained
by FM4-64 and DAPI, respectively. (a) Fluorescence images of fixed bacterial cells in the presence of mock lysate

(upper panel) and phage lysate (lower panel) at various time points. (b) Still images of phage-infected cells during late
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infection; 45 mpi (upper panel) and 60 mpi (lower panel). (c) Live cell images of phage-infected cells. SYTOX-green as
impermeable DNA staining dye was used as an indicator of live cells. (d) Time-lapse imaging of phage-infected cells
over the course of 30 minutes. Nucleoid (green) as stained by SYTO 16 condensed and became blob shaped as early

as 25 minutes. Dashed lines indicate cell borders. Scale bars equal to 1 micron.
Inhibition of protein translation resulted in blob and toroid structure formation of the bacterial chromosome

As previously reported by Nonejuie et al.*, fluorescence microscopy-based method, bacterial cytological profiling (BCP),
can be used to identify biosynthetic pathways of bacteria that are inhibited based on characteristic cell morphological

changes. We therefore applied the principle of BCP to investigate which metabolic pathway of VP is targeted

AHPND

during the phage Seahorse infection by fluorescence microscopy. Since phages are believed to hijack host DNA
replication, RNA transcription, and protein translation pathways during the lytic cycle', we focused on antibiotics that
also inhibit these major pathways. Ciprofloxacin, rifampicin, and tetracycline were used as inhibitors to replication,

transcription, and translation respectively. Fluorescence microscopy results of VP, . treated with antibiotics showed

that each antibiotic treatment led to a unique morphological change in VP similar to what previously observed in

AHPND’
gram-negative Escherichia coli and Acinetobactor baumannii treatments*'®. Upon ciprofloxacin treatment, inhibition of
DNA replication resulted in cell elongation and DNA pooling at the midcell while treatment with rifampicin resulted in
DNA decondensation (Fig. 4a). Tetracycline-treated cells exhibited the signature condensed and toroidal-shaped DNA
at 30 minutes but more prominently at 60 minutes post treatment with an intact cell membrane (Figs. 4a and S5). This
morphology upon tetracycline treatment is notably similar to the condensed DNA morphology of the bacterial cells

infected by phage Seahorse (lower panel; Fig. 3a).

The production of “condensed” DNA upon infection instead of perfect “toroidal” shaped DNA urged us to ask if the
condensed DNA morphology is truly the result of protein translation inhibition (lower panel, 10-30 mpi; Fig. 3a). The
archetypal DNA shape of protein translation inhibition in many studies is a “toroid”*'*"® but DNA shape alteration during
very early translation inhibition by an antibiotic (less than one hour) has never been reported. Thus, time-course analysis

of toroidal DNA formation in VP, .~ during tetracycline treatment was performed. This resulted in a more “condensed”

DNA morphology that changed over time with the eventual appearance of the signature “toroid” DNA at 30 minutes
post treatment and it became increasingly prominent at 60 minutes (Fig. 4b). Due to the fact that the phage Seahorse
had a short latent period and completed its lytic cycle by 30 mpi, it is then reasonable to assume that the toroid DNA
morphology was merely undetectable in infected cells because the host cell lysed before toroids were formed. Simply
put, if it was able to progress beyond 30 mpi, the nucleoid would have resembled a toroid shape seen in Fig. 4b (45
mpi; Fig. 3b). Altogether, these results suggest that DNA condensation morphology observed in phage Seahorse-

infected VP, ., . is likely due to the protein translation inhibition caused by the phage hijacking mechanism.
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a Untreated Ciprofloxacin Rifampicin

Tetracycline

£
€
o
™
£
€
o
(o)
b Tetracycline
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Figure 4. Fluorescence microscopy showed unique morphology of bacterial cells during the antibiotic treatment targeting
different cellular pathways. Bacterial cells during the log phase were treated with antibiotics (ciprofloxacin, rifampicin,
and tetracycline) at 5X MIC for indicated period of time. At desired time points, the cells were fixed and stained with
FM4-64 (red) and DAPI (blue) prior to fluorescence microscopy. (a) Fluorescence images of fixed bacterial cells after
the treatment with different antibiotics at 30 minutes (upper panel) and 60 minutes (lower panel). (b) Time-course still

images of tetracycline-treated bacterial cells. Scale bars equal to 1 micron.
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Vibriophage VH7D (NC_023568.1)
Vibriophage KVP40 (NC_005083)
Enterobacteria phage 9g (NC_024146.1)
Enterobacteria phage JenK1 (NC_029021.1)
Vibriophage phi 3 (NC_028895.1)
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Salmonella phage Stitch (NC_027297.1)
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Ssp2virus

Myoviridae

Nonagvirus
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Supplemental Figure 2: Phylogenetic tree showing the relationship between terminase large subunits of different

phages as indicated in the tree. Selected bootstrap values are shown at major branches. The viral classification:

Ssp2virus, Myoviridae, Nonagvirus, and T5virus, is shown at each clustered group. A closed circle indicates the branch

of terminase large subunit of phage Seahorse.
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Supplemental Figure 3: Lysogeny experiment of phage Seahorse. (a) A spot test exhibiting a signature clear zone of
temperate phages - “Bull’'s eye”. (b) A cross-streak experiment of phage resistant isolates (L1 — L6) and the bacterial
control (VP). Arrow indicates where high titer phage lysate was spotted atop the streaks. (c) Production of phage
progeny from isolated lysogens. Arrowheads indicate clear zones as a result of host cell lysis. (d,e) The bacterial cell
lysis profile of VPaupnp iN the presence of phage at MOI 0 (Control, black line), MOI 0.01 (blue line), and MOI 5 (red
line).
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Supplemental Figure 5: Fluorescence images of live
cells of VPaupnp treated with tetracycline. Bacteria cells
were treated with tetracycline for 60 minutes. SYTOX-
green was used to stain DNA as an indicator for the cells
with permeabilized membrane. Upper panels show FM4-
64 (red) and DAPI (blue) staining while lower panels show
FM4-64 (red) and SYTOX-green (green) stains. Scale bar

equals to 1 micron.
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Table S1: Antibiotics used in this study showing antibiotic class, MIC and drug target.

MIC
Antibiotic Class Antibiotic Name  (ug/ml)  Target
DNA Synthesis Inhibitor
Fluoroquinolone Ciprofloxacin 0.375 DNA gyrase A
RNA Transcription Inhibitor
Rifamycin Rifampicin 0.375 DNA-dependent RNA polymerase
Protein Synthesis Inhibitors
Tetracycline Tetracycline 0.5 30S ribosome (inhibit aminoacyl tRNA binding)

Table S2: A summary table of latent period, burst size, and tolerance of selected vibriophages

Phage name Host Stains Late[\t Period But:st Size Infectivity Infectivity
(Minutes) (Particle/Cell) at pH at Temp (°C)
VP-1 V. parahaemolyticus Non-specified strain 120 9
VP-2 V. parahaemolyticus Non-specified strain 90 15
VP-3 V. parahaemolyticus Non-specified strain 40 42 - -
VpKK5 V. parahaemolyticus ATCC17802 and 15 isolates 36 180 4t09 40
VhKM4 V. parahaemolyticus ATCC 17802 60 52 - -
VVP1 V. parahaemolyticus N1A and N7A 20-30 - 6to 12 41055
pVp-1 V. parahaemolyticus AHPND (22 strains) 15 47 5to 11 20 to 50
$VP-1 V. parahaemolyticus Sv4 10 44 7t09 41070
vB_ValP_IME271 V. alginolyticus 1651 90 40 8 40
Vp670 V. alginolyticus E06333 30 84 -
®a318 V. alginolyticus ATCC 17749 15 72 - lower than 50
pVa-21 V. alginolyticus rm-8402 70 58 5t09 4 to 50
vB_VspP_pVa5 V. splendidus VaAn 30 24 - -
H188 V. kanaloae LMG 20539(T) 96 3 41012 30to 70
BONAISHI V. coralliilyticus LMG20984 120-180 8 and 19 3to 10 4 to 50
Seahorse V. parahaemolyticus AHPND (TM) 30 72 4to 10 20 to 60

Conclusion and Discussion

A new strain of V. parahaemolyticus, called VPAPHND. emerged in 2009 as a devastating pathogen to shrimp,

causing acute hepatopancreatic necrosis disease (AHPND) or early mortality syndrome (EMS). The infection resulted

in mass production losses in southern China and within several years, the incidence of VP infection had expanded

APHND

to other neighboring countries such as Vietnam, Malaysia and Thailand". The disease contributes to 100% mortality of

shrimp within one week and the infected animals present an atrophied and discolored hepatopancreas due to the

Photorhabdus insect-related (Pir) binary toxins (PirAvp/Pierp), which are encoded on the virulent plasmid of the

pathogen. The toxins degenerate the tubule epithelial cells of the hepatopancreas leaving the diseased animals

susceptible to additional bacterial infections'®°.

Due to the emergence of VP and its multidrug resistant isolates, effective tools to control and combat

AHPND

these pathogens are urgently needed. Most recently, Angulo et al. revealed a number of studies and research reports

on using phages as a biocontrol for the wide spread of VP 2 Until now, even though many phages have been

AHPND

reported to target V. parahaemolyticus, only phage pVp-1 has been found to effectively kill VP Phage pVp-1 is

AHPND"

highly potent and lyses more than 90% out of the VP strains that were isolated from Vietnam, Mexico, Costa Rica,

AHPND

Honduras, and Central America Countries?'. However, the bacterial strain isolated from Thailand is not targeted by the

pVp-1 phage. In this study, we successfully isolated a novel phage (named “Seahorse”) that specifically infects the
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VP, oo Strain isolated in Thailand. This study also elucidates that the phage is able to hijack protein translation

machinery of the host bacteria. In comparison to other phages that infect vibrios (Table $2)?>%%, phage Seahorse has
relatively big burst size with a shorter latency period than phages VP-1, VP-2, VP-3, VpKK5, and VhKM4 that replicate

in V. parahaemolyticus®"?%%

. It is also tolerant to the wide range of pHs and temperatures compared to other
vibriophages suggesting unique survivability in harsh natural environments. These infectious characteristics not only

add phage Seahorse to the library of phage targeting VP but also make it a potential candidate for a biocontrol

AHPND

agent.

Bacteriophage requires a bacterial host cell to replicate, manipulating the native biosynthesis machinery of
the host to assemble its own progeny. During its reproduction process, various phage-encoding proteins are produced
to redirect or inhibit the host metabolism at the molecular level to benefit its fitness. These phage-derived proteins not
only target the major metabolic pathways but are also capable of lysing the host cell membrane. Due to nature of these
effects, these proteins can be considered antimicrobial agents similar to that of antibiotics with possible therapeutic
applications?. Phage Seahorse was classified in the family Siphoviridae due to characteristics of the flexible,
noncontractile tail with a non-enveloped icosahedral capsid. In addition, at high resolution near a native-state by Cryo-
ET, unique spikes and fibers (a shaft with a sphere at the tip) on the phage capsid were observed. This is not the first
time that this structure has been reported®®. These are most likely structurally diverse glycoproteins encoded by the
phage and thought to promote tethering of the viral capsid to receptors present on the host cell surface. For instance,
in the case of human adenoviruses, the fibers have a long shaft with a knob at the distal end of the capsid whereas,
in phage Phi29 and some bovine adenoviruses, they consist of only a protruding stem without a terminal sphere®®#343%,
Moreover, phage Sf6 that infects Shigella flexneri has an identical shaft-knob structure at the tail terminus called the
“tail needle knob”*. Due to the narrow host spectrum of phage Seahorse, the capsid spikes and fibers located on the

surface of the phage capsid serve a potential role in host specificity and recognition.

Unfortunately, in a therapeutic context, phage Seahorse is not appropriate for application due to the ability to
enter lysogenic cycle which renders the phage unsafe for treatment. Phage Seahorse appeared phylogenetically related
to the temperate phage MAR10 that belongs to the genus Ssp2virus and targets V. parahaemolyticus (Fig. $2)*"*8. This
reassures our conclusion that phage Seahorse is temperate and also suggests the possible viral family it belongs to.
Moreover, due to the lack of bioinformatics in phage related databases, the majority of the ORFs annotated in the
phage Seahorse genome were predicted as unknown. As they might produce unwanted products or other unknown
virulence factors, the therapeutic application is not warranted unless the fundamental knowledge in phage biology is

better established or the phage is engineered to strictly enter only the lytic cycle®.

However, despite the therapeutic shortcomings of phage Seahorse itself, phage genomes generally are
considered an untapped resource for antimicrobials due to the metabolic hijacking ability and lytic capacity of the
proteins they encode*®*'. For example, from our genome analysis, albeit its relatively small genome, we were able to
identify a lysis-related enzyme, N-acetylmuramoyl-L-alanine amidase, from ORF45. This lysis enzyme is involved in the
cleavage of a very common bond present in most bacterial cell membranes, thus serving a crucial role in cell lysis'?.
In fact, it has been reported that the application of recombinant phage lysis enzymes from vibriophages can target a
wider spectrum of bacterial hosts as compared to the parental phages****. Therefore, there is a strong possibility of
finding other antibacterial protein candidate from this small phage in the future. Determining whether or not other
hypothetical proteins found in the phage Seahorse genome and other newly discovered phage exhibit antibacterial

activity needs further investigation.

With the lysis-related enzyme in mind, we set out to investigate whether the phage Seahorse genome encoded
other proteins that targeted major host metabolic pathways during its lytic cycle. Bacterial morphological changes have

been used as indicators for various physiological states of bacteria elicited by genetic alteration or stress response***4%,
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BCP exploits these cell morphological change patterns under different stresses to identify the specific mechanism being
targeted by an antibiotic that causes bacterial growth inhibition. This study, for the first time, applied the principle of
BCP technique to identify the underlying effected pathway and found that phage Seahorse likely inhibits protein

translation of VP, . = at the early stage of infection. This finding is concomitant with other reported hijacking

mechanisms that use phage-host protein-protein interactions to inhibit host machineries (i.e. replication, transcription
and translation) with the effect of disarming host defenses and producing its own proteins for reproduction®®. Thus, the
hijacking model of host protein machinery in favor of phage protein production right after infection is plausible. For
example, Pseudomonas aeruginosa phage PaP3 strongly suppresses host protein synthesis through the reduction of
ribosome to preserve energy”’. Our finding does not directly indicate that native host replication and transcription are
not also inhibited during the infection. To date, BCP has never been applied to study replication, transcription and
translation inhibition simultaneously or chronologically. Thus, it is possible that host replication and transcription
machineries were inhibited but only the profound protein translation inhibition phenotype was detected. Whether or not

a temporal hijacking mechanism is presented during different stages of infection requires further investigation.

Our study revealed the formation of host toroidal nucleoids that are likely the result of encoded phage proteins
that hijack host translation machinery before cell lysis, as we called it: “Mechanism of pre-killing (MOK)”. This study
suggests that the phage Seahorse genome contained at least one product that was involved in the inhibition towards a
protein biosynthesis pathway. Further investigation into which of the phage-derived proteins target important pathways
of the bacterial host will be needed in order to identify these antimicrobial proteins for development as therapeutics
against pathogens. Localization profiling of phage proteins inside the host, as we previously reported"*®, could also be
utilized to study Seahorse-infected cells to gain a better understanding of how individual phage-encoded proteins
temporally and spatially function within the host. These investigations could help overcome Seahorse’s therapeutic

shortcomings while identifying novel antimicrobial agents at the molecular level.
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sequence of the phage Seahorse genome was deposited in GenBank database with the accession number MN512538.
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Since the emergence of deadly pathogens and multidrug-resistant bacteria at an alarmingly increased
rate, bacteriophages have been developed as a controlling bioagent to prevent the spread of
pathogenic bacteria. One of these pathogens, disease-causing Vibrio parahaemolyticus (VP 5pnp) Which
induces acute hepatopancreatic necrosis, is considered one of the deadliest shrimp pathogens, and has
recently become resistant to various classes of antibiotics. Here, we discovered a novel vibriophage that
specifically targets the vibrio host, VP ,,snp- The vibriophage, designated Seahorse, was classified in the
family Siphoviridae because of its icosahedral capsid surrounded by head fibers and a non-contractile
long tail. Phage Seahorse was able to infect the host in a broad range of pH and temperatures, and

it had a relatively short latent period (nearly 30 minutes) in which it produced progeny at 72 particles
per cell at the end of its lytic cycle. Upon phage infection, the host nucleoid condensed and became
toroidal, similar to the bacterial DNA morphology seen during tetracycline treatment, suggesting that
phage Seahorse hijacked host biosynthesis pathways through protein translation. As phage Seahorse
genome encodes 48 open reading frames with many hypothetical proteins, this genome could be a
potential untapped resource for the discovery of phage-derived therapeutic proteins.

Vibrio is a genus of motile Gram-negative bacteria that possesses a curved-rod cell shape with a single flagellum.
Vibrios are abundant and diverse bacteria that are typically found in marine habitats. The genus Vibrio consists
of 14 recognized clades and at least 86 different species’. While some of them are not pathogenic, many can cause
serious health effects in both human and aquatic life. Due to the continuously rising ocean temperature, the
composition of vibrio in the ocean microbiome has been reported to be higher than usual®**. This vibrio-rich
environment might increase the incident of a vibrio outbreak in the near future posing risks to global health?.

Vibrio parahaemolyticus, which is one of the disease-causing Vibrio species, is pathogenic to both humans and
marine animals®. Consumption of raw seafoods contaminated with the bacteria can cause acute gastroenteritis*.
This opportunistic bacterium is also able to infect through an open wound which can lead to sepsis and, in rare
cases, subsequent death in immunocompromised patients”®. Moreover, V. parahaemolyticus that has acquired a
plasmid encoding the deadly binary toxins PirA*?/PirB'? is even more virulent®. The V. parahaemolyticus strain
harboring the plasmid has been found to cause a newly emerging disease in shrimp, known as acute hepatopa-
ncreatic necrosis disease (AHPND)’. Moreover, the AHPND-causing plasmid is also found to be transferable
among other vibrios, increasing the chance of the disease spreading regionally and globally'°. Unsurprisingly, the
spread of AHPND has been reported in many countries, including China, Vietnam, Malaysia, Thailand, Mexico,
the Philippines, and South America''*'*. Because of its efficient transferability, the gross impact of the infection is
also a concern. The infection from AHPND-causing V. parahaemolyticus (VP,ypyp) in cultured shrimp results in
a near 100% mortality rate within a week after the first symptoms appear'*. Altogether, VP,p\p, has easily become
a leading cause in tremendous reduction of shrimp farming yield, which could lend itself to global financial det-
riments in key shrimp aquaculture industries.

Center of Excellence for Molecular Biology and Genomics of Shrimp, Department of Biochemistry, Faculty of
Science, Chulalongkorn University, Bangkok, 10330, Thailand. 2Division of Biological Sciences, University of
California, San Diego, La Jolla, California, USA. *Institute of Molecular Biosciences, Mahidol University, Salaya,
Nakhon Pathom, Thailand. “These authors contributed equally: Khrongkhwan Thammatinna and MacKennon E.
Egan. *email: vorrapon.c@chula.ac.th
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To prevent these detriments, antibiotics are top candidate for control agents because of their ease of use and
high accessibility in many countries. However, the heavy misuse of antibiotics undoubtedly contributes to the
emergence of multidrug-resistant (MDR) bacteria. This also accelerates the spread of multidrug resistant genes
to other bacteria via well documented genetic element transfers within the microbial community’. As a result,
over the last decade, MDR-vibrios (MDR-V) have been rapidly emerging worldwide and have been found in
the United States, China, India and South East Asian countries including Thailand'®'?, with the most recent
emergence in Nigeria and Malaysia this past year'®-%. In particular, MDR-V isolated from cultured animals are
now strongly resistant to ampicillin and tetracycline, and moderately resistant to nalidixic acid'®'”. Specifically,
VPyupnp strains have been reported to be resistant to ampicillin, tetracycline, and erythromycin?"?2. Thus, alter-
native measures are desperately needed in order to control vibrio outbreaks and prevent further antibiotic resist-
ance development.

Bacteriophage therapy has been under a recent spotlight as an alternative therapeutic method that helps min-
imize the extensive use of antibiotics, delay the emergence of antibiotic resistance, and combat the existing MDR
bacteria®. In aquaculture, phage application using various potent lytic phages has been proven successful in
preventing vibriosis by V. harveyi, V. alginolyticus, V. coralliilyticus, V. anguillarum, V. cyclitrophicus, V. splendidus
as well as V. parahaemolyticus***. During the past few years, many phages, such as VP882, Vpl, Vpmsl, A3S,
VpKKS5, and VVPI, have been isolated from natural resources exhibiting potent antibacterial activity against
V. parahaemolyticus®. However, due to the high specificity of phage, this renders their use too narrow and thus
impractical. There have been recent studies to address this, one of which utilized a phage cocktail comprising
three lytic phages simultaneously (VP-1, VP-2, and VP-3) that inactivated V. parahaemolyticus more efficiently
than the individual phages alone”’. Additionally, a series of reports from Jun JW et al. revealed that pVp-1 showed
a bactericidal activity toward MDR- V. parahaemolyticus and a broad-host range against VP, p\, strains obtained
from diverse regions. Moreover, its application on VP,;pyp-infected penaeid shrimp in a lab-scale tank revealed
high effectiveness in both prophylactic and therapeutic aspects indicating the potential method of phage therapy,
so there is evidence that phage therapy can overcome the specificity concern®->°.

With the ultimate goal of extending the variety of phages targeting VP,ypxp and to provide more untapped
resources for antimicrobial discovery from phage-encoded products, we report here a novel vibriophage isolated
from seawater that was able to kill VP,ypyp, strain TM. Exploiting fluorescence microscopy techniques based on
bacterial cytological profiling (BCP) principle’!, we observed a mechanism of pre-killing (MOK) of this vibrio-
phage in which the phage intercepts host protein translation machinery during the period of infection before host
cell lysis. Our study suggests the discovery of a possible therapeutic agent derived from the phage that inhibits
protein synthesis of this pathogenic bacterium.

Results

Morphological and biological properties of phage Seahorse. Bacteriophages that target VPypxp
were enriched and isolated from seawater collected from a local shrimp farming area in Thailand. A phage
selected for this study actively lysed VP,ypyp and produced a 2-3 mm plaque with a 0.5 mm-clear spot at the
center surrounding by the halo-turbid area (Fig. 1a). As observed in negative staining by transmission electron
microscopy (TEM), the phage belongs to the order Caudovirales and the family Siphoviridae as it has an icosa-
hedral capsid with a long non-contractile tail with short tail fibers (Fig. 1b). In order to visualize the phage at a
higher resolution and at a near-native state, we imaged the phage using cryo-electron tomography (cryo-ET).
Our cryo-ET images indicated that the phage had a capsid of ~65nm in diameter and a tail of ~125nm in length
(Fig. 1c—¢; n = 3). The phage capsid seemed to be decorated with other proteins which may likely constitute the
head fiber similar to those found in Bacillus subtilis phage Phi29 and adenoviruses*>-*. Our cryo-ET images of
the phage also revealed the presence of capsid fibers (the shaft with a knob) of ~10nm in length at the vertices
of the capsid (Purple arrows; Fig. 1¢c). We also see densities on the capsid facets (~3 nm) which may correspond
to minor capsid proteins similar to those found in adenoviruses (Orange arrows; Fig. 1c)***°. These are believed
to enhance capsid stability by forming strong protein-protein interactions. Further biochemical and structural
studies are needed to characterize and resolve these protein densities unambiguously. Based on the 3-dimensional
phage structure under Cryo-ET (Movie S1), we designated this vibriophage as “Seahorse”.

To gain more information on the biological properties of phage Seahorse, we tested its host range and con-
ducted a one-step growth curve, a phage tolerance test and measured phage adsorption rate. Out of 26 different
bacterial strains tested, phage Seahorse exhibited a narrow host spectrum and specifically infected V. parahaemo-
Iyticus strain TM that causes AHPND or VP, (Table 1). A phage adsorption assay revealed that more than
95% of the phage were rapidly adsorbed onto the host cell within 15 minutes (Fig. 1f). The one-step growth curve
showed that the phage propagated in the cell during the latent period for at least 30 minutes and resulted in a burst
size of 72 virions per cell (Figs. 1g, S1, and Table S2). Additionally, the phage was highly tolerant to a wide range
of pH and temperatures (Fig. 1h,i). Figure 1h revealed that the phage was able to infect the host with the highest
infectivity at pH 6-7 and the infectivity was found to be completely lost at pH 1-3 (Fig. 1h). A thermal stability
study showed that the phage was still active at temperatures between 4 °C-50 °C while the phage pre-treated with
high temperatures above 60 °C significantly lost their infectivity (Fig. 1i).

Genome features and annotation of phage Seahorse. The complete genome of Seahorse was
45,171bp long with a GC content of 42.59% encoding 48 putative open reading frames (ORFs) and 3 tRNA genes
(Fig. 2 and Table 2). These predicted ORFs were scattered throughout the phage Seahorse genome with different
gene arrangements; 35 ORFs in the forward direction and 13 ORFs in the reverse direction (Fig. 2). Out of the
total predicted ORFs, 22 ORFs were assigned a putative function according to the significant hits in the indicated
databases with E-values less than 10~* while the rest were identified as hypothetical proteins (Table 2). Among
them, more than 80% of start codons in the ORFs were ATG followed by TTG (14.58%) and CTG (2.08%). We
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Figure 1. Morphological and biological properties of phage Seahorse. (a) Plaque morphology of phage
Seahorse. An individual plaque is shown in the right panels. Scale bar equals to 2mm. Morphology of phage
Seahorse as determined by Negative staining and TEM (b) and Cryo-ET (c,d). Different slices (c,d) through
the same Cryo-ET showing the structure of phage Seahorse. Arrows indicate capsid, capsid fiber, minor capsid
protein, tail and tail fibers. Scale bar equals to 50 nm. (e) Schematic of phage Seahorse as visualized by Cryo-ET
with the capsid size and the tail length indicated. (f-i) Biological studies of phage Seahorse; Adsorption

assay (f), One-step growth curve (g), phage viability in different pH (h) and different temperature (i). The
experiments (f-i) were conducted in at least 3 independent biological replicates and the data are represented as
the mean =+ standard deviation.

classified the 22 ORFs into 7 main groups according to function; (1) replication, transcription and translation,
(2) DNA metabolism and modification, (3) virion structure and assembly, (4) phage regulation, (5) Nin regions,
(6) lysis protein, and (7) other phage-related proteins (Fig. 2). In addition, we did not observe any antimicrobial
resistance-coding genes or putative toxins from the phage genome.

As shown in Table 2, we found that the majority of predicted ORFs were virion structural proteins including
head morphogenesis protein, tail tape measurement protein, and tail tubular protein as well as ATPase and both
small and large subunits of the terminase enzyme, which is involved in DNA encapsidation. A phylogenetic tree
of large subunits of terminase of phage Seahorse revealed the close relationship to the temperate vibriophage
MARIO (Fig. S2). Phage Seahorse encoded a set of crucial enzymes that are involved in DNA replication and
transcription (e.g. DNA helicase, ribonuclease, and transcriptional regulator), and DNA metabolism and modifi-
cation (e.g. nucleoside triphosphate pyrophosphohydrolase and adenine methylase). Some ORFs were predicted
as a transposase which is involved in phage DNA integration into the host genome while others were categorized
as High frequency lysogenization C and Rha family proteins, which also serve a role in the regulation of lysogenic
life cycle of phages, all of which suggest that phage Seahorse is indeed a temperate phage®-%. This annotation was
further validated by a lysogeny experiment and a host cell lysis profile, both confirming that phage Seahorse has
an ability to lysogenize the host (Fig. $3). Moreover, we also identify N-acetylmuramoyl-L-alanine amidase, an
enzyme that degrades the peptidoglycan layer in bacterial cell walls®.

Phage Seahorse infection triggers the condensation of host nucleoid.  To investigate how phage
Seahorse hijacks and kills the host VP4pyxp, a single cell-leveled assay was used to visualize the bacterial cells
upon the phage infection. We first focused on a 30-minute post infection (mpi) window because the one-step
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AHPND (TM) . +
Junprung et al.”
Vibrio paral . Non-AHPND -
ATCC 17802 American type culture collection -
DMST 5665 DMST laboratory collection -
Isolate 639 -
Isolate 102 -
virio harvey e R vl
Isolate gn -
Isolate 35 -
Vibrio alginolyticus DMST 14800 -
Vibrio cholerae DMST 2873 -
Vibrio fluvialis DMST 21248 DMST laboratory collection -
Vibrio vulnificus DMST 21245 -
Vibrio mimicus DMST 21244 -
Vibrio natrigens ATCC 14048 American type culture collection -
VC1060 -
Vibrio spp.* el Isolated from healthy shrimp (This study) =
VC1062 -
VC1063 -
Pseudomonas aeruginosa PAO1 Klockgether et al.” -
Pseudomonas chlororaphis 200-B Serwer et al.”® -
Escherichia coli ATCC 25922 -
Burkholderia thailandensis ATCC 700388 -
American type culture coll
o ATCC 17978 -
ATCC 196096 -

Table 1. Host range determination of phage Seahorse. Different bacterial species and strains were used as
the host to determine the host spectrum of the phage using a spot test. *Identified by 16 s sequencing. DMST:
Department of Medical Sciences, Ministry of Public Health, Thailand.

growth curve suggests that the phage replicates inside the host for only approximately 30 minutes before cell lysis
(Fig. 1g). Fluorescence microscopy of Seahorse infected VP, i, revealed a nonuniformly distributed nucleoid at
time zero (0 mpi, lower panel; Fig. 3a), identical to the uninfected VP,pynp, control (0 mpi, upper panel; Fig. 3a).
Over intervals of 10 mpi, this distributed nucleoid became more condensed as infection progressed until 30 mpi
in which it appeared as a single sphere (30 mpi, lower panel; Fig. 3a). During late infection (after 30 mpi), some
unlysed infected cells contained multiple nucleoids exhibiting an archetypal toroid shape (upper panel; Fig. 3b).
Similar to a previous study in Pseudomonas chlororaphis phage 201Phi2-1, the bacterial host cells lysed at a late
time point resulting in the release of phage particles appearing as puncta (blue) surrounding cell debris (red)
suggesting the complete lytic cycle of the phage (lower panel; Fig. 3b)*°. We observed no evidence of condensed
DNA (“blob”) or toroid formation in the control cells (Figs. 3a and S4; n=1,782).

To rule out the possibility that the observed nucleoid condensation is caused by host cell membrane leakage,
previously seen in pore-forming molecules such as nisin and calcimycin®, we investigated the membrane integ-
rity of infected cells by testing cell permeability to the DNA staining dye, SYTOX-green. Our result showed that
the DNA blob in the infected cells was not stained by SYTOX-green, indicating that the cell membrane remained
intact throughout infection, further supporting that phage Seahorse is the cause of the blob DNA formation, not
the cell membrane leakage (Fig. 3c).

To confirm that the condensed nucleoid seen in the phage-infected cell is host bacterial DNA, we performed
time-lapse fluorescence microscopy over a 30-minute infection period using live cell permeant SYTO 16 DNA
dye. At the beginning of infection, the host nucleoid (green) appeared diffuse, similar to the uninfected cell con-
trol (Fig. 3d, Movie S2). Over the first 10 minutes, the nucleoid decondensed, seen by the diffusion and reduction
of signal within the cell. Beginning at 15 mpi, the DNA nucleoid condensed and eventually appeared in a sphere
at the midcell by 30 mpi, identical to the structure seen the infected cell shown in Fig. 3a. This time-lapse obser-
vation mirrors the morphological change in the DNA of fixed infected cells conducted over the same time course
as shown in Fig. 3a. Altogether, these results suggest that phage Seahorse possibly interferes with the host cellular
machineries in which it triggers the morphology change of host DNA.

Inhibition of protein translation resulted in blob and toroid structure formation of the bacterial
chromosome.  As previously reported by Nonejuie et al.*!, fluorescence microscopy-based method, bacterial
cytological profiling (BCP), can be used to identify biosynthetic pathways of bacteria that are inhibited based
on characteristic cell morphological changes. We therefore applied the principle of BCP to investigate which
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Figure 2. Genome map of phage Seahorse. The genome size is 45,171 base pairs long and the positions in
term of base pairs are indicated by the number on the outermost circle. The grey scale on the innermost
circle indicates GC content. The open reading frames (ORFs) are annotated and color-coded by their putative
function; blue: DNA replication and transcription, and translation, pink: DNA metabolism and modification,
purple: phage regulation, yellow: virion structural and assembly, green: Nin region, red: lysis protein, black:
others, and grey: hypothetical proteins. The direction of arrows indicates gene arrangement in the genome.

metabolic pathway of VP,ypyp is targeted during the phage Seahorse infection by fluorescence microscopy. Since
phages are believed to hijack host DNA replication, RNA transcription, and protein translation pathways dur-
ing the lytic cycle*!, we focused on antibiotics that also inhibit these major pathways. Ciprofloxacin, rifampicin,
and tetracycline were used as inhibitors to replication, transcription, and translation respectively. Fluorescence
microscopy results of VP,p\p treated with antibiotics showed that each antibiotic treatment led to a unique
morphological change in VP,yp\p, similar to what previously observed in gram-negative Escherichia coli and
Acinetobactor baumannii treatments®"*2. Upon ciprofloxacin treatment, inhibition of DNA replication resulted in
cell elongation and DNA pooling at the midcell while treatment with rifampicin resulted in DNA decondensation
(Fig. 4a). Tetracycline-treated cells exhibited the signature condensed and toroidal-shaped DNA at 30 minutes but
more prominently at 60 minutes post treatment with an intact cell membrane (Figs. 4a and S5). This morphology
upon tetracycline treatment is notably similar to the condensed DNA morphology of the bacterial cells infected
by phage Seahorse (lower panel; Fig. 3a).

The production of “condensed” DNA upon infection instead of perfect “toroidal” shaped DNA urged us to
ask if the condensed DNA morphology is truly the result of protein translation inhibition (lower panel, 10-30
mpi; Fig. 3a). The archetypal DNA shape of protein translation inhibition in many studies is a “toroid”*"**, but
DNA shape alteration during very early translation inhibition by an antibiotic (less than one hour) has never
been reported. Thus, time-course analysis of toroidal DNA formation in VP,pyp, during tetracycline treatment
was performed. This resulted in a more “condensed” DNA morphology that changed over time with the eventual
appearance of the signature “toroid” DNA at 30 minutes post treatment and it became increasingly prominent at
60 minutes (Fig. 4b). Due to the fact that the phage Seahorse had a short latent period and completed its lytic cycle
by 30 mpi, it is then reasonable to assume that the toroid DNA morphology was merely undetectable in infected
cells because the host cell lysed before toroids were formed. Simply put, if it was able to progress beyond 30 mpi,
the nucleoid would have resembled a toroid shape seen in Fig. 4b (45 mpi; Fig. 3b). Altogether, these results
suggest that DNA condensation morphology observed in phage Seahorse-infected VP,ypnp is likely due to the
protein translation inhibition caused by the phage hijacking mechanism.
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. . Hypothetical protein NVP11030_85
ORF1 | Hypothetical protein + 1293 1496 204 [Vibrio phage 1.103.0,_10N.261.52.F2] AURS87742.1 NCBI 6.00E-27
. . Hypothetical protein NVP12910_36 »
ORF2 | Hypothetical protein + 1514 1819 306 [Vibrio phage 1.291.0._10N.286.55.6) AUS01750.1 NCBI 2.00E-46
. . Hypothetical protein NVP1263A_15
ORF3 | Hypothetical protein + 2007 2786 780 [Vibrio phage 1.263.A._10N.286.51.B1] AUR99175.1 NCBI 3.00E-12
ORF4 | Hypothetical protein + 2787 |3071 | 285 Hypothetical protein 168987 ACLAME 2.00E-07
ORF5 | Hypothetical protein + 3799 | 4032|234 Hypothetical protein [Vibrio phage LP1] | AZU97916.1 NCBI 3.00E-14
. . Hypothetical protein ValSw33_31
ORF6 | Hypothetical protein + 4400 4681 282 [Vibrio phage ValSw3-3] AVR75855.1 NCBI 3.00E-42
Phage(gi712916139); PHAGE_
ORF7 | Terminase small subunit + 4761 5204 443 Shewan_3/49_NC_025466: terminase PP_00071 PHASTER 7.35E-37
small subunit
phage(gi712915541); PHAGE_
ORF8 | Terminase large subunit + 5194 6678 1484 Shewan_1/41_NC_025458: terminase PP_00070 PHASTER 0
large subunit
ORF9 | Hypothetical protein + 6898 8274 1377 Hypothetical protein 184967 ACLAME 1.00E-71
ORF10 | Phage head morphogenesis protein | + 8261|9190 |929 | MULTISPECIES: phage head WP_086959696.1 | NCBI 1.00E-149
morphogenesis protein Vibrio]
ORF11 | Hypothetical protein + 9312 10490 | 1179 Hypothetical protein 184946 ACLAME 2.00E-35
ORF12 | Hypothetical protein + 10936 | 12006 | 1071 Hypothetical protein 184931 ACLAME 3.00E-19
High frequency of lysogenization C High frequency of lysogenization C "
ORF13 (HAC) family + 12006 | 12332 |327 (HAC) famil YP_009275512.1 | NCBI 1.33e-06
ORF14 | Hypothetical protein + 12339 | 12776 |438 Hypothetical protein 184935 ACLAME 4.00E-13
ORF15 | Hypothetical protein + 12736 | 13089 |354 Hypothetical protein 184932 ACLAME 2.00E-05
. . Hypothetical protein VPKG_00027
ORF16 | Hypothetical protein + 13355 | 14212 | 858 [Vibrio phage pYD21-A] YP_007673989.1 | NCBI 3.00E-71
. . Hypothetical protein ValSw33_31
ORF17 | Hypothetical protein + 14209 | 14652 | 444 [\;'iﬂrio phage ValSw3-3] AVR75855.1 NCBI 3.00E-42
Uncharacterized conserved protein NCBI
ORF18 | Ig domain-containing protein + 15028 | 15750 | 722 dB, : like d P COG5437 Conserved 2.02E-05
YjdB, contains Ig-like domain Domain Search
. . Hypothetical protein NVP11160_41
ORF19 | Hypothetical protein + 16335 | 16598 |264 [Vibrio phage 1.116.0,_10N.222.52.C10] AUR88658.1 NCBI 2.00E-05
ORF20 | NinX protein + 16974 | 17261 | 287 NinX [Salmonella phage $102] AXC39656.1 NCBI 7.00E-15
. . Hypothetical protein NVP12390_45
ORF21 | Hypothetical protein + 17466 | 17777 | 312 [Vibrio phage 1.239.0._10N.261.52.F6) AUR97481.1 NCBI 3.00E-08
ORF22 | Hypothetical protein + 17805 | 18461 |657 Hypothetical protein 184973 ACLAME 3.00E-20
ORF23 | Phage tail tape measure protein + 18471 20900 2430 :;f;‘,‘:;“ family phage tail tape measure | 1477 ACLAME 5.00E-06
ORF24 | Hypothetical protein + 20900 |21397 |498 Hypothetical protein [Vibrio phage LP2] | AZU97857.1 NCBI 3.00E-17
. . Hypothetical protein NVP1189B_19
ORF25 | Hypothetical protein + 21903 | 22250 |348 [Vibrio phage 1.189.B._10N.286.51.B5] AUR93845.1 NCBI 8.00E-23
" - . TMhelix containing protein [Vibrio
ORF26 | TMhelix containing protein + 22238 | 25039 | 2801 phage 1.110.0._10N.261.52.C1] AURS88148.1 NCBI 3.00E-147
ORF27 | Tail tubular protein + 25039 [27384 |2345 ‘:‘;}l\‘e“n:‘;l]“ protein [Vibrio phage AUGS4865.1 | NCBI 2.00E-19
ORF28 | Ribonuclease - 27438 | 27878 | 441 Ribonuclease [Vibrio phage VaK] ARH11752.1 NCBI 6.00E-46
. . Hypothetical protein NVP12540_20
ORF29 | Hypothetical protein - 27875 | 28228 |[354 [Vibrio phage 1.254.0._10N.286.45.C8] AUR98603. 1 NCBI 2.00E-20
" NCBI
ORF30 | NinB protein - 28205 | 28713 [aps | [Superfamily] 21658 (PSSMID 328842) | ppycqgy Conserved | 1.61E-37
inB protein Domain Search
. . Hypothetical protein ValSw33_20
ORF31 | Hypothetical protein - 28915 | 29139 | 225 [Vibrio phage ValSw3-3] AVR75844.1 NCBI 5.00E-38
PHAGE_Burkho_Bcep22_NC_005262:
ORF32 | Transposase + 30555 | 31868 |1313 ISL3 family transposase; PP_00032; PP_00032 PHASTER 8.62E-64
phage(gi38640338)
. . _ Rha family regulatory protein [Vibrio X
ORF33 | Rha family regulatory protein 32262 | 32933 |671 phage 1.119.0,_10N.261.51.A9) AUR89012.1 NCBI 1.00E-94
ORF34 | Homeodomain-like protein - 32903 | 33175 |272 Homeodomain-like protein AUR86879.1 NCBI 2.00E-28
[Superfamily] cl16941 (PSSMID NCBI
Nucleoside Triphosphate _ 354290) Nucleoside Triphosphate _
ORF35 Pyrophosphohydrolase 33254 | 33796 |543 Pyrophosphohydrolase (EC 3.6.1.8) cd11542 Conse}fved 8.02E-27
Domain Search
MazG-like domain superfamily
ORF36 | Adenine methylase - 33923 | 34483 | 560 4""53‘; methylase [Aeromonasphage | py59)5) NCBI 3.00E-90
Continued
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ORF | Predicted function Direction |Start |Stop | Size(n) | Sequence similarity Accession no. Database E-value
ORF37 | DNA helicase - 35354 |36724 |1370 | Replicative DNA helicase [Vibriophage | \Gnsig281 | NBI 0
jenny 12G5]
: . Hypothetical protein ValSw33_44 .
ORF38 | Hypothetical protein - 36721 |37425 | 705 [VYiErio phage ValSw3-3] AVR75868.1 NCBI 1.00E-68
. N Hypothetical protein $349_62
ORF39 | Hypothetical protein - 37488 | 37733 |246 [Shewanella sp. phage 3/49] YP_009103948.1 | NCBI 1.00E-10
ORF40 | Hypothetical protein - 37871 | 38242 |372 thYal;;“c“\‘;;i‘R“{ f’m‘ei“ VPR_009 [Vibrio | AtyGgg3731 | NCBI 5.00E-54
. N Hypothetical protein NVP1113A_38
ORF41 | Hypothetical protein - 38629 | 38919 |291 [Vibrio phage 1.113.A._10N.286.51.7) AURS88439.1 NCBI 5.00E-31
ORF42 | ATPase + 39897 | 40544 | 647 ATPase [Aeromonas phage 2_D05] QDB73849.1 NCBI 2.00E-99
ORF43 | Hypothetical protein + 40525 |41121 | 597 Hypothetical protein 166167 ACLAME 2.00E-26
.- L . Fibrinogen binding protein [Vibrio
ORF44 | Fibrinogen binding protein + 41169 | 42131 |962 phage 1.013.0._10N.286.54.F9) AUR81803.1 NCBI 3.00E-137
N-acetylmuramoyl-L-alanine N-acetylmuramoyl-L-alanine amidase
ORF45 amidase + 42558 | 43019 |461 [Vibrio phage 1.232.0,_10N.261.51.E11] AUR96787.1 NCBI 3.00E-51
ORF46 | TMhelix containing protein + 43209 |43460 [251 | [Mhelix containing protein [Vibrio | 1;pe98891 | NCBI 3.00E-23
8 P! phage 1.134.0._10N.222.52.B8] - !
ORF47 | Transcriptional regulator + 43798 |44172 | 375 Transcriptional regulator 184491 ACLAME 5.00E-06
. . Hypothetical protein ValSw33_24
ORF48 | Hypothetical protein + 44476 | 45090 | 615 [Vibrio phage ValSw3-3] AVR75848.1 NCBI 2.00E-28

Table 2. List of annotated proteins from ORFs in the genome of phage Seahorse. ORFs with the predicted
functions were determined by their significant hit (E-value < 10~*) against genome databases.

Discussion

A new strain of V. parahaemolyticus, called VP,py\p, emerged in 2009 as a devastating pathogen to shrimp, caus-
ing acute hepatopancreatic necrosis disease (AHPND) or early mortality syndrome (EMS). The infection resulted
in mass production losses in southern China and within several years, the incidence of VP, infection had
expanded to other neighboring countries such as Vietnam, Malaysia and Thailand"". The disease contributes to
100% mortality of shrimp within one week and the infected animals present an atrophied and discolored hepato-
pancreas due to the Photorhabdus insect-related (Pir) binary toxins (PirA*?/PirB"?), which are encoded on the
virulent plasmid of the pathogen. The toxins degenerate the tubule epithelial cells of the hepatopancreas leaving
the diseased animals susceptible to additional bacterial infections®**°,

Due to the emergence of VP,;pyp and its multidrug resistant isolates, effective tools to control and combat
these pathogens are urgently needed. Most recently, Angulo et al. revealed a number of studies and research
reports on using phages as a biocontrol for the wide spread of AHPND?. Until now, even though many phages
have been reported to target V. parahaemolyticus, only phage pVp-1 has been found to effectively kill VP,ypxp.
Phage pVp-1 is highly potent and lyses more than 90% out of the VPy;pyp, strains that were isolated from
Vietnam, Mexico, Costa Rica, Honduras, and Central America Countries”. However, the bacterial strain isolated
from Thailand is not targeted by the pVp-1 phage. In this study, we successfully isolated a novel phage (named
“Seahorse”) that specifically infects the VP, ;pyp strain isolated in Thailand. This study also elucidates that the
phage is able to hijack protein translation machinery of the host bacteria. In comparison to other phages that
infect vibrios (Table S2)*-“2, phage Seahorse has relatively big burst size with a shorter latency period than phages
VP-1, VP-2, VP-3, VpKKS5, and VhKM4 that replicate in V. parahaemolyticus*"**3-, It is also tolerant to the wide
range of pHs and temperatures compared to other vibriophages suggesting unique survivability in harsh natural
environments. These infectious characteristics not only add phage Seahorse to the library of phage targeting
VP,pnp but also make it a potential candidate for a biocontrol agent.

Bacteriophage requires a bacterial host cell to replicate, manipulating the native biosynthesis machinery of
the host to assemble its own progeny. During its reproduction process, various phage-encoding proteins are pro-
duced to redirect or inhibit the host metabolism at the molecular level to benefit its fitness. These phage-derived
proteins not only target the major metabolic pathways but are also capable of lysing the host cell membrane. Due
to nature of these effects, these proteins can be considered antimicrobial agents similar to that of antibiotics with
possible therapeutic applications®. Phage Seahorse was classified in the family Siphoviridae due to characteristics
of the flexible, noncontractile tail with a non-enveloped icosahedral capsid. In addition, at high resolution near
a native-state by Cryo-ET, unique spikes and fibers (a shaft with a sphere at the tip) on the phage capsid were
observed. This is not the first time that this structure has been reported®-*. These are most likely structurally
diverse glycoproteins encoded by the phage and thought to promote tethering of the viral capsid to receptors
present on the host cell surface. For instance, in the case of human adenoviruses, the fibers have a long shaft with
aknob at the distal end of the capsid whereas, in phage Phi29 and some bovine adenoviruses, they consist of only
a protruding stem without a terminal sphere®>34355758 Moreover, phage Sf6 that infects Shigella flexneri has an
identical shaft-knob structure at the tail terminus called the “tail needle knob™”. Due to the narrow host spectrum
of phage Seahorse, the capsid spikes and fibers located on the surface of the phage capsid serve a potential role in
host specificity and recognition.

Unfortunately, in a therapeutic context, phage Seahorse is not appropriate for application due to the ability to
enter lysogenic cycle which renders the phage unsafe for treatment. Phage Seahorse appeared phylogenetically
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Figure 3. Single cell-leveled assay revealing the formation of blob and toroid of host DNA inside the phage-
infected cells. Bacterial cells were grown in liquid culture to log phase and infected by phage Seahorse at MOI

5. At desired time points, the bacterial cells were harvested and fixed. For live cell imaging, the cells were
inoculated on an agar pad after the phage infection. Prior to fluorescence microscopy, cell membrane (red) and
nucleoid (blue/grey) were stained by FM4-64 and DAPI, respectively. (a) Fluorescence images of fixed bacterial
cells in the presence of mock lysate (upper panel) and phage lysate (lower panel) at various time points. (b) Still
images of phage-infected cells during late infection; 45 mpi (upper panel) and 60 mpi (lower panel). (c) Live cell
images of phage-infected cells. SYTOX-green as impermeable DNA staining dye was used as an indicator of live
cells. (d) Time-lapse imaging of phage-infected cells over the course of 30 minutes. Nucleoid (green) as stained
by SYTO 16 condensed and became blob shaped as early as 25 minutes. Dashed lines indicate cell borders. Scale
bars equal to 1 micron.
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Figure 4. Fluorescence microscopy showed unique morphology of bacterial cells during the antibiotic
treatment targeting different cellular pathways. Bacterial cells during the log phase were treated with antibiotics
(ciprofloxacin, rifampicin, and tetracycline) at 5X MIC for indicated period of time. At desired time points,

the cells were fixed and stained with FM4-64 (red) and DAPI (blue) prior to fluorescence microscopy. (a)
Fluorescence images of fixed bacterial cells after the treatment with different antibiotics at 30 minutes (upper
panel) and 60 minutes (lower panel). (b) Time-course still images of tetracycline-treated bacterial cells. Scale
bars equal to 1 micron.
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related to the temperate phage MAR10 that belongs to the genus Ssp2virus and targets V. parahaemolyticus
(Fig. $2)°°¢!, This reassures our conclusion that phage Seahorse is temperate and also suggests the possible viral
family it belongs to. Moreover, due to the lack of bioinformatics in phage related databases, the majority of the
OREFs annotated in the phage Seahorse genome were predicted as unknown. As they might produce unwanted
products or other unknown virulence factors, the therapeutic application is not warranted unless the fundamental
knowledge in phage biology is better established or the phage is engineered to strictly enter only the lytic cycle®?.

However, despite the therapeutic shortcomings of phage Seahorse itself, phage genomes generally are con-
sidered an untapped resource for antimicrobials due to the metabolic hijacking ability and lytic capacity of the
proteins they encode®**, For example, from our genome analysis, albeit its relatively small genome, we were
able to identify a lysis-related enzyme, N-acetylmuramoyl-L-alanine amidase, from ORF45. This lysis enzyme is
involved in the cleavage of a very common bond present in most bacterial cell membranes, thus serving a crucial
role in cell lysis*. In fact, it has been reported that the application of recombinant phage lysis enzymes from
vibriophages can target a wider spectrum of bacterial hosts as compared to the parental phages®>6. Therefore,
there is a strong possibility of finding other antibacterial protein candidate from this small phage in the future.
Determining whether or not other hypothetical proteins found in the phage Seahorse genome and other newly
discovered phage exhibit antibacterial activity needs further investigation.

With the lysis-related enzyme in mind, we set out to investigate whether the phage Seahorse genome encoded
other proteins that targeted major host metabolic pathways during its lytic cycle. Bacterial morphological changes
have been used as indicators for various physiological states of bacteria elicited by genetic alteration or stress
response®”*%, BCP exploits these cell morphological change patterns under different stresses to identify the
specific mechanism being targeted by an antibiotic that causes bacterial growth inhibition. This study, for the
first time, applied the principle of BCP technique to identify the underlying effected pathway and found that
phage Seahorse likely inhibits protein translation of VP,pyp at the early stage of infection. This finding is con-
comitant with other reported hijacking mechanisms that use phage-host protein-protein interactions to inhibit
host machineries (i.e. replication, transcription and translation) with the effect of disarming host defenses and
producing its own proteins for reproduction®. Thus, the hijacking model of host protein machinery in favor of
phage protein production right after infection is plausible. For example, Pseudomonas aeruginosa phage PaP3
strongly suppresses host protein synthesis through the reduction of ribosome to preserve energy”. Our finding
does not directly indicate that native host replication and transcription are not also inhibited during the infection.
To date, BCP has never been applied to study replication, transcription and translation inhibition simultaneously
or chronologically. Thus, it is possible that host replication and transcription machineries were inhibited but only
the profound protein translation inhibition phenotype was detected. Whether or not a temporal hijacking mech-
anism is presented during different stages of infection requires further investigation.

Our study revealed the formation of host toroidal nucleoids that are likely the result of encoded phage proteins
that hijack host translation machinery before cell lysis, as we called it: “Mechanism of pre-killing (MOK)”. This
study suggests that the phage Seahorse genome contained at least one product that was involved in the inhibition
towards a protein biosynthesis pathway. Further investigation into which of the phage-derived proteins target
important pathways of the bacterial host will be needed in order to identify these antimicrobial proteins for
development as therapeutics against pathogens. Localization profiling of phage proteins inside the host, as we
previously reported”"’2, could also be utilized to study Seahorse-infected cells to gain a better understanding of
how individual phage-encoded proteins temporally and spatially function within the host. These investigations
could help overcome Seahorse’s therapeutic shortcomings while identifying novel antimicrobial agents at the
molecular level.

Material and Methods

Phage isolation, purification, and preparation. Overnight cultures of VPypnp Were prepared by inoc-
ulating the bacteria, previously grown on Tryptic Soy Agar supplemented with 1.5% Sodium chloride (TSA-
1.5%NaCl), into 5 ml of Tryptic Soy Broth supplemented with 1.5% Sodium chloride (TSB-1.5%NaCl) and
allowed to incubate at 30°C, 200 rpm for at least 16 hours. One milliliter of seawater was added to 25 ml of TSB-
1.5%NaCl, 250 pl of 100mM CaCl,, and 2.5 ml of VP,ypyp overnight culture. Phage was enriched by growing at
30°C, 200 rpm for 48 hours. Phage was next harvested by centrifugation at 9,000 rpm for 10 minutes followed by
collecting and filtering the supernatant using a 0.45 pm filter. Next, phage purification was performed using dou-
ble-layer agar method. Briefly, 10-fold serial dilutions of phage were prepared using SM buffer. Ten microliters of
each diluent were added to 100yl of overnight culture of VP, pyp, mixed and allowed to stand for 10 minutes. To
this, 5ml of melted 0.35% top agar of TSA-1.5%NaCl was added, mixed and poured onto a TSA-1.5%NaCl plate.
The plates were incubated overnight at 30 °C. Putative translucent plaques were identified and picked and resus-
pended in 100 pl of SM buffer. This purification step was repeated 3 times. A high-titer phage lysate was prepared
described by Chaikeeratisak et al.”. Briefly, 5ml SM buffer was added to a near-confluent plate and incubated at
30°C for at least 5 hours. The solution was aspirated into a tube and centrifuge at 9,000 rpm for 5 minutes. Finally,
the supernatant was filtered using a 0.45 pum filter and stored at 4°C.

This work has been reviewed and approved by Chulalongkorn University-Institutional Biosafety Committee
(CU-IBC) in accordance with the levels of risk in pathogens and animal toxins listed in the Risk Group of
Pathogen and Animal Toxin (2017) published by Department of Medical Sciences (Ministry of Public Health),
the Pathogen and Animal Toxin Act (2015) and Biosafety Guidelines for Modern Biotechnology BIOTEC (2016)
with approval number: SC CU-IBC-006/2018.

Transmission electron microscopy and cryo-electron tomography. 3 pl of phage titer was deposited
on QUANTIFOIL 200 mesh holey carbon R 2/1 gold grids, glow-discharged using PELCO easiGlow (Ted Pella).
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The grids were blotted using Whatman No. one filter paper and plunge-frozen into a liquid ethane/propane
mixture cooled by liquid nitrogen using a custom-built device (Max Planck Institute for Biochemistry, Munich).
Tilt series were collected on grids clipped onto autogrids (Thermo Scientific) in a 300keV Titan Krios (Thermo
Scientific) fitted with a K2 Summit 4k x 4k pixel direct electron detector and a GIF Quantum post-column energy
filter (Gatan) using a nominal magnification of 42 kx or a pixel size of 3.4 A and —5 pm defocus. Tilt series were
acquired using SerialEM in low dose mode, typically from —400 to 4400 every 2-3 degrees with a total dose of
50-70 e/A2. The tilt series were aligned and dose-weighted according to the cumulative dose using MotionCor2
and reconstructed in IMOD software using weighted back-projection.

Conventional phage study. To evaluate phage adsorption, VP,ypnp culture (ODgy, ~ 0.4) was infected
with phage particles at MOI 0.01 (The ODg, of 1 =1 x 10° CFU/ml”®) and incubated at 30 °C. At each time point
of 0, 1, 2, 5, 7.5, 10, 15, 20, 25, and 30 minutes, 100 pl of the samples were collected and diluted 10-fold in SM
buffer. After centrifugation at 15,000 x g for 2 minutes at 4°C, the supernatant was harvested and the number of
free phages was determined by double-layer agar method. For the one-step growth curve analysis, VP, ypnp was
infected at MOI 0.01 at 30 °C for 15 minutes, then the cell suspension was centrifuged at 12,000 x g for 5minutes.
The pellet was resuspended in 10 ml of TSB-1.5% NaCl. The mixture was then incubated with vigorous shaking
at 200 rpm, 30 °C for 2 hours. Throughout the period of shaking, the samples of the untreated group and the
chloroform-treated group were taken every 10 minutes to evaluate total virions by double-layer agar method.

For pH stability, 100 pl of phage lysate was mixed with 900 pl of SM buffer in a pH range 2 to 10 and incubated
at 30 °C for 1 hour. For temperature stability, 50 ul of phage lysate was incubated for 1 hour at different tempera-
tures; 4, 20, 25, 30, 37, 40, 50, 60, and 70 °C. For both tests, phage infectivity was determined by performing a spot
test. These experiments were performed in triplicate.

To determine host spectrum of the phage, a spot test was performed to test the infectivity of the isolated phage
against different 26 bacterial strains that we obtained and were kindly offered from different sources as indicated
in Table 1. Briefly, overnight cultures were prepared as described above. 500 pl of each culture was mixed with
5ml of 0.35% molten top agar (TSA-1.5% NaCl) and immediately poured on an agar plate (TSA-1.5% NaCl).
After the cell lawn was solidified, 5 pl of each diluent of 10-fold serially diluted phage was spotted on the surface
of the top agar. The plates were allowed to dry and next incubated overnight at 30 °C. The clearing zones were then
evaluated for the infection ability of the phage toward the bacterial host.

Phylogenetic tree construction. DNA sequences of the terminase large subunit of various phages
were obtained through GenBank. These sequences included accession number and phage names as follows:
Vibriophage KVP40: NC_005083, Vibriophage CP-T1: NC_019457.1, Vibriophage pVp-1: NC_019529.1,
Vibriophage vB_VpaS_MAR10: NC_019713.1, Vibriophage VH7D: NC_023568.1, Enterobacteria phage 9 g:
NC_024146.1, Salmonella phage Stitch: NC_027297.1, Vibriophage phi 3: NC_028895.1, Enterobacteria phage
JenK1: NC_029021.1, Vibrio vulnificus phage SSP002: NC_041910, Enterobacteria phage EPS7: NC_010583.1
and phage Seahorse. The sequences were aligned using ClustalW and the phylogenetic tree was constructed
using Molecular Evolutionary Genetics Analysis (MEGA) version 10.0 as described by Kumar et al.’*. Using the
Maximum Likelihood method, a bootstrap consensus phylogenetic tree from 100 bootstrap replications for tree
construction was selected. The selected numbers of bootstrap were shown on the selected branches.

Lysogeny experiment. To isolate phage-resistant strains, bacterial colonies that appeared in a double
layer-agar plate at high titer of phage were picked and further isolated. The isolated strains and original VP,ypnp
were tested for phage resistance by cross streaking each isolate with a drop of high titer phage lysate atop the
bacterial stripes. The plate was incubated overnight at 30 °C and the result was recorded. To test whether the
phage-resistant isolates were lysogen, a bacterial cell lawn of VP, strain was prepared as described above.
Single colony of each phage-resistant isolate was picked by a sterile toothpick and stabbed into the top agar. The
plate was then incubated at 30 °C overnight and the presence of a clear zone surrounding the stab isolate was
recorded the day after.

Bacterial cell lysis profile assay. VP, culture at mid-log phase (ODgg, ~ 0.4) was inoculated with
phage lysate at MOI 0 as a control and MOI 0.01 and MOI 5 as experimental groups. The cultures were then
incubated shaking at 200 RPM at 30°C. ODy, of all cultures were monitored every 30 minutes until 10 hours of
incubation. The experiment was carried out in triplicate.

Phage genome DNA extraction. The phage lysate was first dialyzed in sterile distilled water. Next, phage
was precipitated by adding 2.5 ml of phage precipitant solution (30% w/v PEG-8,000, 3.3 M NaCl and sterile
distilled water) to 10 ml of phage lysate (~10° pfu/ml) and stored overnight at 4 °C. The solution was then centri-
fuged at 10,000 rpm for 30 minutes followed by resuspending the pellet in 500 ul of 1xDNase I buffer. To degrade
bacterial genomic DNA and RNA, 5U DNasel and 25 ug RNaseA were added and incubated at 37 °C for 2 hours.
Next, 25 mM EDTA was added to inhibit nuclease activity, followed by 0.5% SDS and 25 pg proteinase K, and
incubated at 60 °C for 2hours. Phenol-chloroform extraction was then performed to extract phage genomic DNA.

Phage genome sequencing and analysis. Phage genomic DNA was sequenced by Illumina MiSeq plat-
form. All raw reads were qualified and the low qualities were eliminated. The adaptors in the filtered reads were
then trimmed and assembled into contigs. To remove potential host DNA contamination, reads were mapped to
the host strain sequence of V. parahaemolyticus strain ATCC17802 (GenBank accessions CP014046, CP014047)
using the Geneious mapper in Geneious Prime 2019 (https://www.geneious.com). The unmapped reads were used
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for assembly in Geneious Prime 2019 with the Geneious assembler using high sensitivity and default parameters.
A list of ORFs was generated from this contig using the ORF finder in Geneious; filtering out any ORFs less than
200 base pairs. The protein sequences of each ORFs were predicted by EMBOSS Transeq and they were annotated
manually by BLASTp and PSI-BLAST (cut-off e-value < 10~*) against various databases: NCBI's non-redundant
(nr) protein sequences, InterPro 75.0, NCBI conserved domain and ACLAME. In addition, to confirm the pre-
dicted function, RAST sever, Prodigal and PHASTER were used as well. To determined antimicrobial resistance
coding genes and putative toxins, RESFINDER and VirulenceFinder were used, respectively. Aragon and tRNAS-
canSE were used to identify tRNAs. The map of genome was drawn by Artemis and DNA plotter.

Single cell-infection assay. VP, culture (ODgg, ~ 0.4) was infected with phage at MOI 5 and the
infected cells were incubated at 30 °C. At each time point; 0, 10, 20 and 30 minutes, the samples were harvested by
centrifugation at 9,000 rpm for 2 minutes and the supernatant discarded. As described by Chaikeeratisak et al.”?,
phage-infected cells were fixed at a final concentration of 4% paraformaldehyde and incubated at room tempera-
ture for 15minutes. The fixed cells were centrifuged and the pellets were washed with 500 yul of 1x PBS three times.
The cells were resuspended in 1x PBS before loading 3 pl onto an agarose pad (1.2% agarose in 20% TSB-1.5%
NaCl) that contained fluorescent dyes (2 pg/ml FM 4-64 and 2 pg/ml DAPI). The samples were visualized under
DeltaVision Ultra High-Resolution Microscope. For live cells, the cells were harvested at desired time points, and
inoculated on an agarose pad as described above. The nucleoid was stained with either 0.5 pM SYTOX-green or
0.5 pM SYTO 16, prior to fluorescence microscopy.

Minimal inhibitory concentration. Minimal inhibitory concentrations (MIC) were determined for
the following antibiotics: Ciprofloxacin, Rifampicin, and Tetracycline, which were all used in the fluorescence
microscopy experiment shown in Table S1. The antibiotics were respectively serially diluted in a 96 well plate
using a microdilution method*2. Overnight cultures of VP,pnp, were diluted 100-fold in TSB-1.5% NaCl and
allowed to grow on a roller at 30 °C until exponential growth (ODg, of 0.2) was observed. The culture was further
diluted 100-fold in TSB-1.5% NaCl into wells of the same 96-well plate that contained different concentrations of
the respective antibiotic. The culture was further incubated at 30 °C for 24 hours. MICs for each antibiotic were
determined as the lowest concentration dilution of that antibiotic capable of inhibiting growth of the bacteria.

Fluorescence microscopy. Overnight cultures of VP, were diluted 100-fold in TSB-1.5% NaCl and
incubated at 30 °C on a roller until exponential phase of growth was obtained. Antibiotics were added to the
culture at concentrations of 5 times the MIC. For live cell imaging, cultures were incubated at 30 °C on a roller for
60 minutes followed by staining with fluorescent dyes; FM 4-64 (2 pg/ml), DAPI (2 pg/ml) and SYTOX-green (0.5
pM). Cultures were then harvested by centrifugation at 6,000 g for 30 seconds and resuspended in 30 pl of super-
natant. 3 pl of sample was loaded onto agarose pad (1.2% agarose containing 20% TSB-1.5% NaCl) on concave
glass slides and fluorescence microscopy was performed, following consistent imaging parameters throughout
all of the experiments. For fixed cell imaging, cultures were incubated on a roller at 30 °C for 30 and 60 minutes
for treatment with ciprofloxacin and rifampicin, while 10, 20, 30 and 60 minutes for treatment with tetracycline.
After the completion of each treatment, cultures were fixed as described above. Cultures were then harvested by
centrifugation at 9,000rpm for 2 minutes followed by washing the pellet with 1x PBS for 3 times. After centrifuga-
tion, the pellet was resuspended in 30 pl of 1x PBS and added to an agarose pad as described above. Fluorescence
microscopy was performed using consistent imaging parameters for all experiments.

Data availability

All data generated or analyzed in this study are included in this article and its supplementary information files.
Nucleotide sequence of the phage Seahorse genome was deposited in GenBank database with the accession
number MN512538.
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SUMMARY

Cargo trafficking along microtubules is exploited by
eukaryotic viruses, but no such examples have
been reported in bacteria. Several large Pseudo-
monas phages assemble a dynamic, tubulin-based
(PhuZ) spindle that centers replicating phage DNA
sequestered within a nucleus-like structure. Here,
we show that capsids assemble on the membrane
and then move rapidly along PhuZ filaments toward
the phage nucleus for DNA packaging. The spindle
rotates the phage nucleus, distributing capsids
around its surface. PhuZ filaments treadmill toward
the nucleus at a constant rate similar to the rate of
capsid movement and the linear velocity of nucleus
rotation. Capsids become trapped along mutant
static PhuZ filaments that are defective in GTP
hydrolysis. Our results suggest a transport and distri-
bution mechanism in which capsids attached to
the sides of filaments are trafficked to the nucleus
by PhuZ polymerization at the poles, demonstrating
that the phage cytoskeleton evolved cargo-traf-
ficking capabilities in bacteria.

INTRODUCTION

Microtubules play a key role in intracellular cargo trafficking in
eukaryotes. Many viruses exploit microtubule trafficking to
translocate from the surface of the plasma cell membrane to
the cell interior, such as to the nucleus to initiate viral replication
(Cohen et al., 2011; Greber and Way, 2006; Portilho et al., 2016;
Sodeik et al., 1997). Newly assembled viral particles also traffic
along microtubules to reach the surface of the cell for egress
(Greber and Way, 2006; Ward, 2011). In addition to serving as
a conduit for movement of mature particles in and out of cells,
microtubules have been shown to be important for other steps
of viral replication, including providing transportation for capsids
(Dohner et al., 2002; Sodeik et al., 1997) or viral RNA-protein
complexes (Nturibi et al., 2017) or by contributing to efficient

capsid formation (Iwamoto et al., 2017). In contrast to eukary-
otes, cargo trafficking along tubulin filaments has not been
reported in bacteria.

We recently described a family of Pseudomonas phages that
assemble a bipolar spindle composed of a tubulin-like protein
(Phu2) (Erb et al., 2014; Kraemer et al., 2012; Zehr et al., 2014).
PhuZ is expressed by phage 201®2-1 early during infection of
P. chlororaphis, where it forms three-stranded filaments (Erb
et al., 2014; Kraemer et al., 2012; Zehr et al., 2014, 2018) that
spatially organize viral replication. Like eukaryotic microtubules,
PhuZ filaments are polarized, with kinetically distinct plus and
minus ends. PhuZ polymers display dynamic instability in vitro
and in vivo; that is, filaments can cease growing at their plus
ends, catastrophically depolymerize, and then be rescued to
start growing again (Erb et al., 2014; Kraemer et al., 2012).
Notably, a different behavior, treadmilling, in which polymeriza-
tion at the plus end of the filament is matched by depolymeriza-
tion at the minus end, has been observed with in vitro-assembled
PhuZ polymers (Erb et al., 2014), but it has remained unclear
whether filaments of the spindle can also treadmill in vivo.

The PhuZ spindle plays a key role in phage reproduction by
positioning replicating phage DNA in the center of the cell (Erb
et al., 2014; Kraemer et al., 2012). Phage 201®2-1 DNA is en-
cased by a proteinaceous shell composed of gp105, forming a
nucleus-like structure, referred to as the phage nucleus, that
compartmentalizes proteins according to function (Chaikeerati-
sak et al., 2017b). Early during infection, the dynamically unsta-
ble filaments of the PhuZ spindle push the nucleus from the
cell pole to the midcell where it then oscillates in position (Erb
et al., 2014; Chaikeeratisak et al., 2017b). Proteins involved in
DNA replication and transcription localize inside the phage
nucleus, while ribosomes and proteins involved in metabolic
processes localize in the cytoplasm on the outside (Chaikeerati-
sak et al.,, 2017b). The nucleus likely provides protection for
phage DNA by excluding proteins of the host defense
systems (restriction systems, nucleases, and CRISPR-Cas)
that target invading phage DNA (Chaikeeratisak et al., 2017a,
2017b; Mendoza et al., 2018). The phage spindle and nucleus
are conserved among the related large phages ®PA3 and ®KZ
that replicate in P. aeruginosa (Aylett et al., 2013; Chaikeeratisak
etal., 2017a).
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Figure 1. Phage Capsids Traffic along PhuZ Filaments to the Phage Nucleus for DNA Encapsidation by 60 mpi

(A) Three possible models of capsid trajectory toward the phage nucleus.

(B) 3D-SIM images showing appearance of the phage nucleus at various developmental stages of infected P. chlororaphis cells. The phage nucleus shows
uniform staining in the first 50 min of infection. At 60 min post infection (mpi), bright puncta appear surrounding the phage nucleus. Scale bars, 0.5 micron.
(C) Rapid time-lapse imaging of GFP-tagged capsid (gp200; green) and mCherry-tagged shell (gp105; red) in P. chlororaphis infected with phage 201$2-1 overa
34 s interval. Capsids (green) assemble near the cell membrane, and immediately after detachment, they independently migrate along the same straight-line
trajectory toward the phage shell (red). Arrows indicate individual capsids. See also Data S1 (see Movie 1).

(D) Rapid time-lapse imaging of GFP-tagged capsids (gp200; green) and mCherry-tagged wild-type PhuZ (gp059; red) during an interval of 20 s in phage 201®2-
1-infected P. chlororaphis cells. Blue arrow indicates a capsid traveling along the PhuZ spindle from the cell pole to phage nucleus. See also Data S1 (see
Movie 3).

(E) Stillimages of phage 201®2-1-infected P. chlororaphis cells expressing GFP-tagged capsid (gp200; green) and mCherry-tagged wild-type PhuZ (gp059; red)
at 45 and 50 mpi.

(F) Stillimages of phage 201®2-1-infected P. chlororaphis cells expressing GFP-tagged internal core protein (gp246; green) and mCherry-tagged capsid (gp200;

red) at 50 mpi.

Dashed lines indicate cell borders. Scale bars in (C)—(F), 1 micron. See also Figures S1 and S2.

Curiously, phage capsids assemble on the plasma membrane
but must dock on the surface of the phage nucleus in order to
package phage DNA (Chaikeeratisak et al., 2017a, 2017b).
How capsids relocate from the membrane to the surface of the
phage nucleus was unclear and potentially explained by three
models (Figure 1A): (1) via “random diffusion” through the cell
until capsids make contact with the nuclear shell; (2) via “DNA
spooling,” in which strands of phage DNA emanating from the
phage nucleus are captured by the packaging ATPase at the
base of the capsid and the process of spooling DNA into the
capsid transports them to the shell surface; or (3) via “capsid
trafficking,” in which the PhuZ spindle plays arole in transporting
capsids to the phage nucleus.

Here, we explore the mechanisms underlying capsid move-
ment during phage infection. Using time-lapse microscopy and
cryo-electron tomography (cryo-ET), we show that capsids
move rapidly and directionally along PhuZ filaments but become
trapped along mutant PhuZ filaments that are defective in gua-
nosine triphosphate (GTP) hydrolysis. Photobleaching studies
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demonstrate that filaments of the spindle treadmill toward the
nucleus, providing a simple mechanism by which capsids might
be transported.

RESULTS

Capsids Move Dir lly along PhuZ Filaments

To investigate models for capsid movement, we used rapid time-
lapse imaging of GFP-tagged capsids and followed their move-
ment from the cell membrane to the phage nuclear shell. We first
identified the stage of infection during which capsids relocate by
using DAPI staining and super-resolution fluorescence micro-
scopy to determine approximately when DNA packaging occurs.
DAPI staining of P. chlororaphis cells infected with phage
201®2-1 showed that nuclear staining intensity increased as
DNA replicated until 50 min post infection (mpi) and that viral par-
ticles containing packaged DNA accumulated around the phage
nucleus at 60 mpi (Figures 1B and S1A). We therefore used time-
lapse imaging to study capsid trafficking between 40 and 60 mpi




by simultaneously imaging fluorescently labeled capsids (gp200)
and shells (gp105). P. chlororaphis cells expressing gp200-GFP
and mCherry-gp105 were infected with phage 201$2-1, and at
approximately 45 mpi when capsid assembly occurs, cells
were imaged every 2 s for 2 min. In Figure 1C, multiple capsids
(green foci) were observed to assemble on the cell membrane,
where they remained motionless for several seconds (Data S1,
see Movie 1) (Chaikeeratisak et al., 2017b). Capsids then inde-
pendently followed a linear trajectory, seemingly traveling on
the same intracellular track directly to the phage nucleus where
they docked (Figure 1C; Data S1, see Movie 1). Movement was
directional and rapid, with capsids traveling over 1 micron in
length in fewer than 30 s. These results suggest that capsids
move via either model 2 (DNA spooling) or model 3 (capsid traf-
ficking) (Figure 1A). We obtained similar results with phage ®PA3
infecting P. aeruginosa. Rapid time-lapse imaging of GFP-
tagged PA3-capsids (gp136) and mCherry-tagged PA3-shell
(gp053) showed that the trajectory of the capsids was a straight
line moving rapidly toward midcell (Figure S1B; Data S1, see
Movie 2).

To determine whether the PhuZ spindle is involved in capsid
movement, we imaged GFP-tagged capsids with either
mCherry-tagged wild-type PhuZ or a PhuZD190A mutant that
blocks GTP hydrolysis. We infected P. chlororaphis cells ex-
pressing gp200 (capsid)-GFP and either wild-type mCherry-
PhuZ or mutant mCherry-PhuZD190A and visualized capsid
assembly and movement in time-lapse microscopy beginning
at 45 mpi. Our capsid-PhuZ co-localization experiments demon-
strated that, as capsids traveled through the cell toward the
phage nucleus, they co-localized with PhuZ polymers and ap-
peared to travel on the same path along the PhuZ filaments in
both time-lapse (Figure 1D; Data S1, see Movie 3) and still im-
ages (Figure 1E, left). By 50 mpi, most capsids were docked
on the phage nucleus (Figure 1E, right). Capsids co-localized
with another protein involved in capsid assembly (internal core
protein gp246), suggesting that the capsids that dock on the sur-
face of the phage nucleus are fully assembled (Figure 1F).

PhuZ Mutants Defective in GTP Hydrolysis Block Capsid
Migration and Rotation of the Phage Nucleus

In P. chlororaphis cells expressing the mutant mCherry-
PhuZD190A, phage 201®2-1 capsids lined the filaments at
both 50 mpi and 70 mpi (Figure 2A, arrows). In time-lapse micro-
scopy, the capsids appeared to be immobilized on the sides of
the PhuZ filaments (Figures 2C and S2C; Data S1, see Movie
4). Similar results were found for closely related phage ®PA3,
which replicates in P. aeruginosa by a similar mechanism (Chai-
keeratisak et al., 2017b). ®PA3 capsids individually travelled
along similar trajectories (Figure S1B; Data S1, see Movie 2)
and co-localized with and migrated along wild-type PhuZ fila-
ments (Figure S1C; Data S1, see Movie 5). In the presence of
catalytically defective PhuZD190A, ®PA3 capsids became stat-
ically attached to filaments (Figures 2B, 2D, S2A, S2B, and S2D;
Data S1, see Movie 6).

DAPI staining was used as a way to assess, independently of
GFP fusions, whether the expression of the PhuZD190A mutant
interfered with capsid trafficking, which is required for DNA
packaging at the phage nucleus. As previously reported (Chai-

keeratisak et al., 2017a, 2017b), capsids containing DNA accu-
mulated on the phage nucleus by 60 mpi (Figure 1B). However,
in the presence of PhuZD190A, the number of encapsidated
phage particles decreased approximately 5-fold (from an
average of 10.5 to 2.1 particles), suggesting that capsid DNA
packaging is delayed (Figures 2G and 2H). Taken together, our
results suggest that capsids rely upon the PhuZ spindle to
migrate rapidly to the phage nucleus and the GTP hydrolysis
mutations in PhuZ trap capsids along static filaments and there-
fore delay DNA packaging.

To further confirm the difference in capsid positioning between
cells expressing the wild-type or PhuZD190A mutant at 50 mpi,
we quantitated gp200 (capsid)-GFP position from 32 infected
cells. We plotted capsid position versus normalized cell length
and found that the distribution of capsids is biased toward the
midcell near the nucleus in cells expressing wild-type PhuZz,
with approximately 63% of capsids occurring within 30% of
the cell midpoint (Figures 2E and 2F). However, in the presence
of the PhuZD190A mutant, the capsids are more evenly distrib-
uted throughout the cell (Figures 2E and 2F). The effect of the
PhuZD190A catalytic mutation on capsid distribution is consis-
tent with the PhuZ spindle playing a role in capsid migration.

We then used cryo-focused ion beam milling (cryo-FIB)
coupled with cryo-ET to visualize capsids associated with fila-
ments at high resolution in a near-native state (Chaikeeratisak
et al., 2017b). Since capsids only transiently interacted with
filaments as they translocated to the phage nucleus in wild-
type cells, we performed cryo-FIB-ET on cells expressing
PhuZD190A mutants in which capsids appeared to become
trapped. In samples of P. aeruginosa cells expressing mutant
PhuZD190A and infected with phage ®PA3 for 70 min, 18 empty
capsids (green) were clustered around PhuZ filaments (blue) in a
~200 nm slice of the sample (Figure 3A, 3B, and S2E). At this
time point, capsids are normally filled with DNA in wild-type cells
(Figure S2F), yet these capsids are empty, suggesting that cap-
sids associated with the mutant PhuZ filaments are unable to
traffic to the nucleus for DNA packaging, in agreement with fluo-
rescence microscopy data (Figure 2G). Since capsids appear in
close proximity (3-4 nm) to the filament (Figures 3C-3H), we
attempted to identify amino acids that are conserved on the
outer surface of PhuZ filaments that might possibly serve as a
point of attachment. Three aspartic acid residues (D235,
D259, D263) that are conserved among PhuZ proteins encoded
by ®PA3, ®KZ, and 201H2-1 were mutated to alanine (Figure
S3D). One of them, D235A, completely blocked filament assem-
bly (data not shown). The mutants D259A and D263A retained
their ability to assemble filaments, while the double mutant,
D259A-D263A, appeared slightly impaired in filament formation.
We examined the ability of capsids to traffic along all three of
these mutant filaments using time-lapse microscopy (Figure
S3C). We also examined DNA packaging into capsids (a hall-
mark of successful trafficking) and nucleus rotation in the three
mutants (Figure S3B). In each case, capsids were still able to
move along the mutant filaments, mature capsids filled with
DNA were observed, and the phage nucleus rotated at midcell.
Attempts to detect a direct interaction between PhuZ and
capsid proteins using yeast two-hybrid systems also yielded a
negative result (Figure S3A).
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Figure 2. Phage Capsids Are Trapped along Mutant PhuZ Spindles in Both Phage 201®2-1 and Phage ®PA3, Resulting in Reduced
Encapsidation

(A) Fluorescence images of P. chlororaphis expressing GFP-tagged 201-capsid (gp200; green) and catalytically defective mCherry-tagged 201-PhuZD190A
(gp059; red) infected with phage 201%2-1 at 50 and 70 mpi.

(B) Fluorescence images of P. aeruginosa expressing mCherry-tagged PA3-capsid (gp136; false color, green) and catalytically defective GFP-tagged PA3-
PhuZD190A (gp028; false color, red) infected with phage ®PA3 at 75 mpi.

(C) Time-lapse imaging of P. chlororaphis expressing GFP-tagged 201-capsid (gp200; green) with mCherry-tagged 201-PhuZD190A (gp059; red) over an interval
of 88 s. See also Data S1 (see Movie 4).

(D) Time-lapse imaging of P. aeruginosa expressing mCherry-tagged PA3-capsid (gp136; false color, green) with GFP-tagged PA3-PhuZD190A (gp028; false
color, red) over an interval of 299 s. See also Data S1 (see Movie 6).

(E) Distribution of GFP-tagged 201-capsids (gp200) in P. chlororaphis cells expressing either wild-type (left) or mutant (right) PhuZD190A infected with phage
201®2-1 at 50 mpi. Average Z-projection images (n = 32) of GFP intensity (top); distribution plots of GFP intensity of individuals (n = 32) (bottom).

(F) Graph showing percentage of detected GFP-tagged capsids in phage 201$2-1-infected P. chlororaphis cells expressing either wild-type (green) or mutant
PhuZD190A (hatched bar) versus the fraction of cell length from the midcell to the cell pole.

(G) 3D-SIM images of encapsidated phage particles in phage 201®2-1-infected P. chlororaphis cells expressing either wild-type (top) or mutant (bottom)
PhuZD190A at various time points. Arrows indicate positions of the phage nuclei.

(H) Box plot showing the number of encapsidated phage particles counted in phage 201®2-1-infected P. chlororaphis cells expressing either wild-type (top) or
mutant (bottom) PhuZ at 80 mpi.

Asterisks indicate the average number of the encapsidated particles counted per strain. Dashed lines indicate the border of the cells. Scale bars, 1 micron. See
also Figure S2.
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During phage 201®2-1 infection, the phage nucleus is pushed
from the cell pole to the cell midpoint where, at approximately
40-45 mpi, it suddenly begins to rotate in position (Chaikeerati-
sak et al., 2017b) (Figures 4A and S4A; Data S1, see Movie 7).
Figure 4A and Data S1 (see Movie 7) show an example of a phage
nucleus (green) being pushed transversely by the PhuZ spindle
(red) and undergoing approximately two revolutions within 60
s, with an average linear velocity of 43.6 + 7.6 nm/s (n = 10). In
contrast, phage nuclei formed in the presence of mutant
PhuZD190A are both mispositioned and do not rotate (Figures
4B and S4B; Data S1, see Movie 8). At 45 mpi, 46% (n = 611)
of the wild-type nuclei underwent rotations in the presence of
wild-type filaments, while in the presence of the PhuZD190A
mutant, less than 6% (n = 286) rotated (Figure 4D). The sudden
onset of phage nucleus rotation, which occurs at approximately
the same time as capsid movement begins, suggests a switch in
the dynamics of the PhuZ spindle from primarily centering the
phage nucleus to rotating it.

Rotation is dependent upon the dynamic GTPase activity of
the PhuZ spindle, raising the question of what role rotation might
play in phage reproduction. In our time-lapse co-localization
experiments, capsids trafficked along the spindle and docked
on the rotating shell (Figure 4C; Data S1, see Movie 9). The pro-
cess of rotation appears to distribute capsids widely around the
nuclear shell. We obtained identical results with phage ®PA3
in P. aeruginosa: capsids traveled along PhuZ filaments and
docked on the rotating phage nucleus, where they then rotated

gl of other phage-infected cells taken for this study, with blue arrow

together (Figures S4C and S4D; Data S1, see Movies 10 and
11), showing that this mechanism is conserved among this family
of large Pseudomonas phages.

GTP-Dependent Treadmilling of PhuZ Filaments Is

Resp ible for Capsid M t and Rotation of the
Phage Nucleus

The mechanism underlying capsid movement along filaments
was unclear. In eukaryotic cells, cargo trafficking along microtu-
bules is typically dependent upon motor proteins such as kinesin
and dynein that use ATP hydrolysis to drive unidirectional trans-
port. However, phage and bacteria are generally thought to lack
such motor proteins. Therefore, we explored the possibility that
capsid movement is driven by filament treadmilling. In this
model, insertion of new subunits occurs at one end of the
filaments located near the cell poles, thereby driving capsids
attached to the sides of the filaments toward midcell. To
determine whether spindle filaments treadmill, we used photo-
bleaching to mark one end of the spindle after approximately
45-50 mpi, when capsids are migrating to the nucleus. As shown
in Figures 5A and 5B, bleached zones (arrows) near the ends of
the spindles moved rapidly toward the nucleus (Data S1, see
Movies 12 and 13). The median rate of bleached-zone movement
through the cell was 51.5 nm/s (n = 40; Figures 5C and 5E),
suggesting that filaments treadmill at a constant rate with no
evidence of significant pausing even when taking images more
frequently (Figure S5B) or expanding the length of the cells
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Figure 4. Rotation of the Phage Nucleus Exerted by PhuZ Spindle Distribute Phage Capsids around the Nucleus

(A and B) Rapid time-lapse imaging of phage 201®2-1-infected P. chlororaphis expressing GFP-tagged shell (gp105) with either mCherry-tagged wild-type PhuZ
(gp059) (A) or mCherry-tagged mutant PhuZD190A (gp059) (B) during 60 s intervals. In the presence of wild-type filaments, the shell (green) rotates counter-
clockwise when the PhuZ filaments push the shell transversely; the shell successfully rotates twice within 42 s. The mutant PhuZD190A is unable to catalyze GTP
hydrolysis and appears static, resulting in a mispositioned and motionless shell within the infected cell. See also Data S1 (see Movies 7 and 8).

(C) Rapid time-lapse microscopy of phage 201®2-1-infected P. chlororaphis expressing GFP-tagged capsid (gp200) and mCherry-tagged wild-type PhuZ
(gp059) in a 26 s interval. A capsid (arrow) travels along the filament from cell pole toward the phage nucleus, which rotates counterclockwise. The capsid docks
on the surface of the nucleus at 26 s. Dashed lines indicate cell borders. Scale bars, 1 micron. See also Data S1 (see Movie 9).

(D) Graph showing the percentage of rotating nuclei in P. chlororaphis infected cells in the presence of either wild-type PhuZ (wt) or mutant PhuZD190A (mt). The
graph shows that the number of rotating nuclei in the presence of wild-type PhuZ (46.2%) is significantly higher (p < 0.01) than that in the presence of mutant
PhuZD190A (5.9%). Data were collected from infected cells at 50 mpi from at least three different fields and are represented as mean + SE (n; wt = 611 and

mt = 286).
See also Figure S4.

with antibiotics to increase the distance of travel (Figure 5C). In
all cases, regardless of filament length, bleached zones moved
at a constant rate toward midcell. When both sides of a bipolar
spindle were bleached, the two bleached zones migrated in uni-
son toward the cell center with similar rates, arriving at the
nucleus at the same time (Figure 5B; Data S1, see Movie 13).
Quantitation of the rate of capsid migration toward the nucleus
revealed that they move with a median rate of 50.3 nm/s (n =
10; Figures 5D and 5E), very similar to the rate of treadmilling
(51.5 nm/s, n = 40). In the presence of the PhuZD190A mutant,
the average rates of filament treadmilling and capsid migration
both fall to near zero (Figures 5E and S4E; Data S1, see Movie
14). These results suggest that filaments of the spindle require
GTP hydrolysis to treadmill and transport capsids toward the
nucleus (Figure 5F), providing a potential mechanism for capsid
migration driven by net filament growth near the poles and net
loss near the nucleus. Nucleus rotation also occurred at a similar
rate and was dependent upon PhuZ GTP hydrolysis, suggesting
that treadmilling is responsible for both capsid movement and
rotation, thereby temporally coupling these two processes.

DISCUSSION

Our results suggest a model in which capsids assemble on the
host cell membrane and migrate along filaments of the PhuZ
spindle to reach the phage nucleus (Figure 6). Delivering capsids
directly to the surface of the shell increases the rate at which
these large phage particles dock and begin the process of
DNA encapsidation. Rotation of the nucleus by the spindle likely
serves to distribute the capsids more evenly around the shell sur-
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face, maximizing efficient DNA packaging (Figure 6E). These
phage genomes are 316 kilobases (kb) (phage 20192-1) and
309 kb (phage ®PAB3) in size, and therefore occupy substantial
space inside the phage nucleus. If two particles docked immedi-
ately adjacent to one another, only one might be able to package
DNA. Capsid trafficking is driven by GTP-dependent PhuZ poly-
merization and is conserved between phages 201®2-1 and
®PA3 and likely other phages containing PhuZ homologs (Fig-
ure S5). PhuZ is conserved in a number of large phage genomes,
including those that infect Vibrio and Erwinia (Figure S5C). These
results show that phages evolved a mechanism for trafficking
cargo using a cytoskeletal element in bacteria.

Our results suggest a simple transport mechanism in which
treadmilling filaments are responsible for rapid and directional
capsid movement. Newly formed capsids release from the mem-
brane, diffuse a short distance, and attach to the sides of fila-
ments (Figures 6C-6F). As new subunits are added to filament
ends located at the cell poles, capsids are transported by the
polymer to the phage nucleus. Capsids are released from fila-
ments when they reach the depolymerizing ends adjacent to
the nucleus, allowing them to dock on the phage nuclear surface
(Figures 6E and 6F). This model is supported by our finding that
PhuZ subunits flux toward the nucleus at a rate almost identical
to the rate of capsid movement.

Upon DNA injection and formation of the phage nucleus, spin-
dle assembly begins when PhuZ monomers nucleate to form a
hexameric structure to which additional monomers are added
(Zehr et al., 2014). The filaments of the PhuZ spindle use dynamic
instability to position and maintain the phage nucleus at midcell
(Figures 6A and 6B) (Erb et. al., 2014; Kraemer et. al., 2012). We
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Figure 5. PhuZ Filaments Treadmill Unidi-
rectionally toward the Nucleus at a Constant
Rate

(A) A single photobleaching event at the cell pole
(arrow) moves toward the phage nucleus. See also
Data S1 (see Movie 12).

(B) A double photobleaching event shows that
bleach spots made at both cell poles (arrows) flux
down the filaments toward the phage nucleus. Scale
bars, 1 micron. See also Data S1 (see Movie 13).
(C) Graph showing rates of bleach-spot movement
(distance in microns versus time in seconds) in
wild-type ®PA3-PhuZ filaments, mutant ®PA3-
PhuZD190A filaments, and wild-type ®PA3-PhuZ
filaments treated with the antibiotic ticarcillin to
produce elongated cells.

(D) Graph showing rates of capsid movement
(distance in microns versus time in seconds) when
co-expressed with either wild-type ®PA3-PhuZ or
the mutant ®PA3-PhuZD190A.

(E) Box-and-whisker plots showing average speeds
of movement of bleach spots on wild-type PA3 PhuzZ
filaments (WT filament), on wild-type PA3 PhuZ fila-
ments in ticaricillin-treated cells (ticaricillin-treated
filament), or on mutant PA3 PhuZD190A filaments
(MT filament). Average speed of capsid movement in
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(F) Model of PhuZ filament treadmilling, indicating
that addition of new subunits causes the bleached
subunits (gray) to flux toward the nucleus. See also
Figures S4 and S5 and Data S1 (see Movie 14).
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previously demonstrated that PhuZ filaments are intrinsically
polar, with the plus end of the filament exhibiting rapid growth
and dynamic instability in vitro. In vivo, the minus end of the fila-
ment is localized to the cell pole, and the dynamically unstable
plus end is oriented toward midcell (Figures 6A and 6B). Later
during phage replication, the behavior of the spindle changes
from positioning the nucleus at midcell (Figures 6A and 6B) to
rotating it in position concomitant with the transport of capsids
(Figures 6C and 6D), suggesting developmental regulation of
spindle dynamics. PhuZ filaments flux toward the phage nu-

0 2 4 6 8 10 12 14 16 18 20 22 24 26
Time (secs)

cleus, suggesting that, given the previous
demonstration of polarity, the minus ends
located at the cell poles are capable of
constant growth. While filament minus
Cell pole ends can also grow, albeit at a higher crit-
ical concentration than the plus ends,
what is unexpected here is that minus-
end growth and plus-end dynamic insta-
bility would exist simultaneously. While
the cellular concentration of PhuZ mono-
mers are unknown, proteomics experi-
ments show that the total amount of
PhuZ protein increases as infection pro-
gresses (Figure S5A), which could lead to
altered filament dynamics over time. In
isolated microtubules, the higher tubulin
concentrations needed for minus-end
growth would lead to rapid plus-end growth and less frequent
catastrophic collapse, although both can occur simultaneously
(Walker et al., 1988). However, the in vivo situation here is far
more complex, leading to several plausible explanations: (1)
the effective concentration of PhuZ could be higher at the poles
than the midcell; (2) resistance imposed by centering the nucleus
could accelerate depolymerization at the midcell; (3) bundling of
the filaments toward the poles could stabilize the minus ends
and enhance the effective on-rate. Previous work suggested
that there is a phage-encoded mechanism for anchoring PhuZ
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Figure 6. Model of Capsid Trafficking and
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filaments at the poles (Erb et. al., 2014) and that this could facil-
itate adding new subunits, much as the microtubule-associated
protein XMAP215 does (Ayaz et al., 2014; Brouhard et al., 2008).
In vivo, PhuZ filaments are clearly bundled along much of their
length but splay near the midcell, becoming much harder to visu-
alize (Erb et. al., 2014). In vitro studies have shown that non-
dynamic PhuZ filaments are much more likely to bundle than
their dynamic counterparts (Erb et al., 2014; Kraemer et al.,
2012; Zehr et al., 2014). Thus, either the statistics of having
many available minus ends or a structure altered by bundling
could also accelerate minus-end addition. Given that the func-
tions of the spindle change over time, it's not surprising that spin-
dle behavior and dynamics are complex.

Microtubules also display different behaviors depending upon
the specific cell type, buffer conditions, or accessory factors.
While minus ends grow at a slower rate and higher threshold
concentration than the plus ends, the specific conditions can
affect the two ends in different ways. This variability in conditions
leads to the observation of dynamic instability (Brouhard and
Rice, 2018; Mitchison and Kirschner, 1984; Zhang et al., 2015)
at both ends of a microtubule and treadmilling-like behavior
(Grego et al., 2001; Margolis and Wilson, 2019; Rodionov
et al., 1999; Rodionov and Borisy, 1997; Shaw et al., 2003;
Waterman-Storer and Salmon, 1997a, 1997b). In fact, microtu-
bules have been observed to treadmill in both the minus-to-
plus and plus-to-minus directions in vitro (Grego et al., 2001).
Similarly, our results show that PhuZ filaments are capable of
displaying two distinct behaviors coupled to the spindle’s bio-
logical functions: dynamic instability, which is essential for
centering the phage nucleus, and treadmilling, which is neces-
sary for transporting phage capsids and rotating the nucleus.
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switches from centering the nucleus to rotating it in
position and transporting capsids to the phage
nucleus for DNA packaging. Treadmilling provides
the driving force and temporally couples both
processes.

(D) Model of treadmilling filaments showing addi-
tion of new subunits at the minus end near the cell
pole drives photobleached subunits (purple) to-
ward midcell.

(E) Rotation of the phage nucleus serves to
distribute capsids evenly around its surface.

(F) Capsids are delivered to the surface of the
phage nucleus for DNA packaging.

Cell pole

These two types of behaviors are consistent with our prior
studies, further illuminate the central role of the PhuZ cytoskel-
eton in phage reproduction, and highlight the plasticity of tubu-
lins in assembling unique polymers tailored to performing
specific cellular activities.

The nature of the proposed interaction between capsids and
PhuZ polymers is unclear. In principle, capsids might associate
with the sides of PhuZ filaments directly or indirectly via another
protein. Precedence for capsids directly interacting with micro-
tubules has been reported for several eukaryotic viruses. For
example, the Hepatitis C virus interacts with tubulins, affects
microtubule dynamics, and has been proposed to move through
the cytoplasm by associating with dynamic microtubules (Rooh-
vand et al., 2009). Our results suggest a common solution to viral
transport that occurs in evolutionarily divergent domains of life.
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STARXMETHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and Virus Strains
NEB 5-alpha Competent E. coli New England Biolabs Cat#C2987H
Pseudomonas aeruginosa (PAO1) Pogliano strain collection N/A
Pseudomonas aeruginosa K2733 Keith Poole of Queen’s University N/A
Kingston, ON, Canada
Pseudomonas chlororaphis 200-B Drs. Julie Thomas and Steven Hardies ~ N/A
of UT Health Sciences San Antonio
Pseudomonas aeruginosa phage PhiPA3 Dr. Marcy Erb N/A
Pseudomonas chlororaphis phage 201phi2-1  Drs. Julie Thomas and Steven Hardies ~ N/A
of UT Health Sciences San Antonio
Saccharomyces cerevisiae Y2H Gold Clontech Cat#630489
Saccharomyces cerevisiae Y187 Clontech Cat#630489
See Table S1 for a complete list of strains N/A
used in this paper
Chemicals, Peptides, and Recombinant Proteins
FM 4-64 Thermo Fisher Scientific Cat#T13320
DAPI (4’,6-Diamidino-2-Phenylindole, Thermo Fisher Scientific Cat#D1306
Dihydrochloride)
Ticarcillin disodium salt Sigma-Aldrich Cat#T5639
Gentamycin sulfate Sigma-Aldrich Cat#G1914
Phusion High-Fidelity DNA Polymerase New England Biolabs Cat#MO0530L
Deoxynucleotide (NTP) Solution Mix New England Biolabs Cat#N0447L
NEBuilder HiFi DNA Assembly Cloning Kit New England Biolabs Cat#E5520S
T4 DNA ligase New England Biolabs Cat#M0202L
Nucleospin plasmid extraction kit Macherey-Nagel Cat#740588
NucleoSpin Gel and PCR Clean-up Macherey-Nagel Cat#740609
Matchmaker Gold Yeast Two-Hybrid System Clontech Cat#630489
Oligonucleotides
See Table S2 for a complete list of N/A
oligonucleotides used in this paper
Recombinant DNA
pHERD30T plasmid Dr. Hongwei D Yu of Marshall University N/A
See Tables S3 and S4 N/A
Software and Algorithms
DeltaVision SoftWoRx 6.5.2 GE HealthCare http://incelldownload.gehealthcare.com/bin/
download_data/SoftWoRx/7.0.0/SoftWoRx.htm
FlJI/imageJ NIH https://imagej.nih.gov/ij/
CellProfiler 2.0 Lamprecht et al., 2007 cellprofiler.org
Amira Commercial software by Thermo https://www.fei.com/software/amira-3d-for-life-
Scientific (formerly FEI) sciences/; RRID:SCR_014305
TomoSegMemTV Martinez-Sanchez et al., 2014 https://sites.google.com/site/3demimageprocessing/
tomosegmemtv
IMOD Kremer et al., 1996 http://bio3d.colorado.edu/imod/; RRID:SCR_003297
Microsoft Excel Microsoft Office https://products.office.com/en-us/excel
Adobe Photoshop Adobe https://www.adobe.com/products/photoshop.html
Adobe lllustrator Adobe https://www.adobe.com/products/illustrator.html
Adobe Acrobat Adobe https://www.adobe.com/products/acrobat.html
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Joe
Pogliano (jpogliano@ucsd.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Strain, growth condition, and bacteriophage preparation

Bacterial strains used in this study are listed in Key Resource Table and Table S1. To amplify the strain, Pseudomonas chlororaphis
strain 200-B was grown on Hard Agar (HA) containing 10 g Bacto-Tryptone, 5 g NaCl, and 10 g agar in 1L ddH,O and incubated at
30°C overnight. Pseudomonas aeruginosa strains PAO1 and PA01-K2733 (pump-knockout strain) were grown on Luria-Bertani (LB)
media containing 10g Bacto-Tryptone, 5g NaCl, 5g Bacto-yeast extract in 1L ddH,O and incubated at 30°C overnight. Lysates for
phages 20192-1 and ®PA3 were made by infecting respective saturated host cultures with 10pl of high titer lysate, incubating for
15 minutes at room temperature, mixing with HA top agar (0.35%; phage 201®2-1) or LB top agar (0.35%; phage ®PA3) and pouring
over corresponding HA or LB plates. Plates were incubated at 30°C overnight. Plates that formed web-lysis were then flooded with
5mL of phage buffer and incubated at room temperature for 5 hours. The phage lysates were then aspirated, clarified by centrifuga-
tion at 15,000 rpm for 10 minutes, and stored at 4°C with 0.01% chloroform by volume.

Plasmid constructions and bacterial transformation

Fluorescent-tagged phage proteins were constructed into the pHERD 30T vector backbone using oligonucleotides as listed in Table
S2. Phage genes were directly amplified from high-titer lysates of phages 201®2-1 or ®PA3 using PCR amplification. Amplicons and
vector backbones were then ligated together to generate phage gene-containing plasmids via isothermal assembly, immediately fol-
lowed by transformation into E. coli DH5a. plated on LB supplemented with gentamycin sulfate (15ug/mL). See also Table S4 for more
detail on plasmid construction. Constructs were confirmed with sequencing and subsequently electroporated into either
P. chlororaphis strain 200-B or P. aeruginosa strains PAO1 and/or PA01-K2738. P. chlororaphis strain was grown on HA supple-
mented with gentamycin sulfate (25pg/mL) and P. aeruginosa strains PAO1 and PA01-K2733 were grown on LB supplemented
with gentamycin sulfate either at 300 ug/mL or 15ug/mL, respectively. See Tables S1 and S3 for a list of plasmids and strains.

METHOD DETAILS

Single cell-infection assay

The bacterial cells were grown on 1.2% agarose pads, supplemented with desired arabinose to induce fluorescent-tagged protein
expression to label wild-type proteins from phage. The cells were then incubated at 30°C for 3 hours without a coverslip in a humid
chamber. 5 pl of high-titer lysate (10'° pfu/ml) was added to the corresponding host cells on agarose pads to begin the phage infec-
tion, and then the cells were further incubated to allow phage infections occur. For ticarcillin treated experiments, 10ul of 50mg/mi
TIC stock was added to cells 1.5 hours post inoculation on agarose pads and infection was performed thereafter as mentioned
above. At desired time points after phage infection, a coverslip was put on the slide and fluorescent microscopy was then initiated.
Data of static images and time-lapse imaging were collected and processed as described below.

Fixed and live cell static-image fluorescence microscopy

The fixed cell imaging protocol was adopted from “Fixed Cell Imaging” methodology in Chaikeeratisak et al., 2017. The DeltaVision
Spectris Deconvolution microscope (Applied Precision, Issaquah, WA, USA) was used to visualize the fixed and live cells. For static
images, the cells were imaged at 8 stacks in the Z-axis from the focal plane with 0.15 pm increments. Images were further processed
by the deconvolution algorithm in DeltaVision SoftWoRx Image Analysis Program. Further image analysis and processing was
performed in Fiji.

Time-lapse fluorescence microscopy

For time-lapse imaging, the cells were prepared and infected as indicated above. Cells were imaged from a single stack at the focal
plane for desired length of time at selected intervals using Ultimate Focusing mode. Timelapse images were later deconvolved and
analyzed as stated above.

3D-Structured lllumination Microscopy

Pseudomonas cells were grown, infected, and fixed as indicated above. Cells were stained with 1 pg/mL DAPI and then imaged
using an Applied Precision/GE OMX V2.2 Microscope. Microscopic raw data were sequentially taken by Sl-super-resolution light
path to collect 3 mm thickness of samples with 125 nm increments in the z-axis with compatible immersion oils (Applied Precision).
3D-structured illumination microscopy (SIM) images were then rendered by standard OMX S| reconstruction parameters in
DeltaVision SoftWoRx Image Analysis Program.
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Fluorescence Recovery After Photobleaching

For time-lapse imaging, the cells were prepared and infected as indicated above. Filaments were photobleached using a laser (QLM
module, API) for 0.05 sec at 31.3% power and then followed with time lapse imaging —images taken every 2 seconds for 1 minute with
the Applied Precision/GE OMX V2.2 Microscope. Images were deconvolved with DeltaVision SoftWoRx.

Yeast Two-hybrid assay

Interaction between the proteins of interest was investigated using the Yeastmaker Yeast Transformation System 2. Partial gene and
full-length gene were cloned into the bait (0 GBKT7) and prey (pGADT7) vector (Clontech), as described in Table S1. The resulting
recombinant constructs were transformed into the yeast Saccharomyces cerevisiae strain Gold and Y187 (Clontech) using the Yeast-
maker™ Yeast Transformation System 2 (Clontech). Both yeast colonies containing the protein of interest were paired in a single
1.5mL centrifuge tube containing 500uL of 2X YPDA and vortexed to mix. Colonies were incubated shaking at 200 rpm at 30°C
overnight. The mated cultures were plated on selective agar plates DDO and QDO/X/A to investigate the positive interaction. All con-
structs were tested for toxicity and autoactivation prior to the experiments. Y2HGold containing pGBKT7-53 with Y187 containing
pGADT7-T was used as the positive control and Y2HGold containing pGBKT7-Lam with Y187 containing pGADT7-T was used as
the negative control.

Tomography Sample Preparation and Data Acquisition

Infection of P. aeruginosa cells with phage ®PA3 was done as indicated above. At 70 mpi, cells were scraped off from the surface of
the pad using ¥ LB media. 7 pl of cells were deposited on holey carbon coated QUANTIFOIL® R 2/1 copper grids that were glow
discharged using Pelco easiGlow™ glow discharge cleaning system. Manual blotting from the side of the grid opposite to the cells
using Whatman No. 1 filter paper removed excess liquid such that cells form a monolayer on the surface of the grid. Cells were then
plunge-frozen in a mixture of ethane/propane using a custom-built vitrification device (Max Planck Institute for Biochemistry,
Munich).

Grids were then mounted into modified FEI Autogrids™ to avoid any mechanical damage to the delicate grids during subsequent
transfer steps. Then, these clipped grids were transferred into Scios (Thermo Fisher Scientific, formerly FEI), a dual-beam (cryo-FIB/
SEM) microscope equipped with a cryogenic stage. Thin sections of 100-250 nm, or lamellae, were prepared as previously described
in Chaikeeratisak et al., 2017 containing 10-12 cells each.

Tilt-series were collected from typically -65° to +65° with 1.5° or 2° tilt increments using SerialEM* in a 300-keV Tecnai G2 Polara
microscope (FEI) equipped with post-column Quantum Energy Filter (Gatan) and a K2 Summit 4k x 4k direct detector camera (Gatan).
Images were recorded at a nominal magpnification of 34,000 with a pixel size of 0.61 nm. The dose rate was set to 10-12 e/physical
pixel at the camera level. Frame exposure was set to 0.1 seconds, with a total exposure in a frame set to be determined by an
algorithm targeting an average count number. The total dose in a tomogram was typically ~100-120 e/A? with a defocus of
-5 um. The dataset for this study consists of 16 tomograms from 7 FIB-milled lamellas. Reconstruction of tilt-series was done
in IMOD (Kremer et al., 1996) using patch tracking method. Semi-automatic segmentation of the membranes was done using
TomoSegMemTV (Martinez-Sanchez et al., 2014), an open-source software based on tensor voting, followed by manual segmenta-
tion with Amira software (FEI Visualization Sciences Group). Filaments were traced manually using Amira as well.

QUANTIFICATION AND STATISTICAL ANALYSIS

To visualize the consensus location of gp200 (capsids), 32 single cell images from each experiment, wild type and mutant, were
aligned and stacked using FlJI image analysis program (Schindelin et al., 2012). Then, the average GFP signals of all images in
the stack were projected onto a single image. To visualize gp200 distribution of each cell, the GFP signal from each single cellimage
was combined in to a 1-pixel line and stacked. Performing on 8-bit GFP channel images, the location of gp200 from mid-cell was
automatically measured by CellProfiler 2.0 image analysis program (Lamprecht et al., 2007) and normalized by cell length. Locations
of bleach spots and capsids were measured from microscopy images in FlJI and plotted as distance over time in Microsoft Excel.

Analyses of the number of cells or phage particles were done from at least 3 independent biological experiments. Data represent as
mean values or mean +SEM. Pairwise comparison between the data were performed using Student’s t test for unpaired data with
unequal variance. (A p value less than 0.05 indicates a significant difference) All statistical analysis, data processing, and data pre-
sentation were conducted using KaleidaGraph and Microsoft Excel.
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ABSTRACT An increasing number of multidrug-resistant Acinetobacter baumannii
(MDR-AB) infections have been reported worldwide, posing a threat to public health.
The establishment of methods to elucidate the mechanism of action (MOA) of A.
baumannii-specific antibiotics is needed to develop novel antimicrobial therapeutics
with activity against MDR-AB. We previously developed bacterial cytological profiling
(BCP) to understand the MOA of compounds in Escherichia coli and Bacillus subtilis.
Given how distantly related A. baumannii is to these species, it was unclear to what
extent it could be applied. Here, we implemented BCP as an antibiotic MOA discov-
ery platform for A. baumannii. We found that the BCP platform can distinguish
among six major antibiotic classes and can also subclassify antibiotics that inhibit
the same cellular pathway but have different molecular targets. We used BCP to
show that the compound NSC145612 inhibits the growth of A. baumannii via target-
ing RNA transcription. We confirmed this result by isolating and characterizing resis-
tant mutants with mutations in the rpoB gene. Altogether, we conclude that BCP
provides a useful tool for MOA studies of antibacterial compounds that are active
against A. baumannii.

KEYWORDS Acinetobacter baumannii, antibiotic screening, mechanisms of action

he discovery of penicillin led to the “golden era” of antibiotic research which lasted

for many decades before fading away in the 1970s. Since then, the rate of discovery
of novel antibacterial molecules has decreased dramatically, and most of the newly
commercialized antibiotics are analogues of existing ones (1-3). Although five new
classes of antibiotics acting on Gram-positive bacteria were recently discovered, fewer
novel antibiotics against Gram-negative bacteria have been developed (4). The inci-
dence of Gram-negative pathogens that are resistant to almost all existing antibiotics
is growing rapidly (5, 6). As a result, the options for treating drug-resistant Gram-
negative infections are limited; thus, new antibiotics that act against Gram-negative
bacteria are urgently needed (7). Among the Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter species (ESKAPE) pathogens (5), A. baumannii is of particular concern as it
is (8, 9) responsible for a wide range of hospital-acquired infections, including menin-
gitis, bacteremia, and skin infections (10). Apart from their intrinsic resistance, some
clinically isolated A. baumannii strains have developed resistance to antibiotics com-
monly used for treatment, such as B-lactams, aminoglycosides, and tetracyclines (11).
Also, a number of cases have been reported of strains that are resistant to colistin
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(11-13) and tigecycline (11, 14, 15), antibiotics considered to be the last line of defense
(16), emphasizing the need for novel antibiotics that are active against the pathogen.

In order to minimize the harmful effects of antibiotics on the microbiome and
prevent the spread of antibiotic resistance across various pathogens, narrow spectrum
antibiotics may be preferable over broad spectrum ones in some cases (2). Species-
specific antibiotic screening platforms have been proposed as a potential approach to
discover narrow spectrum antibiotics (17). A mycobacterium-specific screening plat-
form is an example of a successful case of such screening approaches (4, 18). These
screens resulted in the discovery of many antibiotics exhibiting both broad spectrum,
such as streptomycin (19), and mycobacterium-specific activity, including isoniazid,
pyrazinamide, ethionamide, ethambutol (4), and bedaquiline (20). Recently, Gram-
specific (21-24) and pathogen-specific (25, 26) antibiotic discovery were also proven to
be successful, leading to the identification of narrow spectrum compounds, including
some that are active only against A. baumannii (27-29). As more candidate compounds
are revealed through screening, there will be a need for better methods to elucidate
their mechanism of action (MOA) in A. baumannii.

In recent years, we have developed a method for antibiotic mechanism of action
(MOA) study called bacterial cytological profiling (BCP) that can be applied to various
bacterial species (30-32). BCP generates reference cytological profiles of bacterial cells
upon treatment with different classes of antibiotics. BCP has been proven to be
beneficial in MOA studies of antibiotics (30, 31, 33-37) and in a rapid antibiotic
susceptibility test (32). Although a BCP-derived method was successfully used in a
synergy study between azithromycin and human antimicrobial peptide LL-37 against
multidrug-resistant A. baumannii (MDR-AB) (38), reference BCP profiles of A. baumannii
treated with various types of antibiotics have not been reported. A. baumannii is very
distantly related to Escherichia coli, and it was, therefore, unclear to what extent BCP
could be applied. Here, we investigated the utility of BCP for A. baumannii. We showed
that BCP is a useful tool for identifying the MOA of antibacterial molecules that inhibit
the growth of A. baumannii (see Table S1 in the supplemental material) and used this
platform to determine that the compound NSC145612 inhibits transcription in A.
baumannii.

RESULTS

BCP in A. baumannii can distinguish different classes of antibiotics. We first
determined, based on cell morphological changes in A. baumannii ATCC 19606, if BCP
can distinguish between antibiotics that interfere with six major cellular pathways,
namely, protein translation (chloramphenicol), RNA transcription (rifampin), membrane
integrity (colistin), lipid synthesis (triclosan), cell wall synthesis (piperacillin), and DNA
replication (Ciprofloxacin). After A. baumannii ATCC 19606 was incubated with antibi-
otics, we found unique cell cytological profiles depending on the class of antibiotics
used for treatment (Fig. 1A to F). Chloramphenicol-treated cells had a signature
toroidal-shaped chromosome (Fig. 1B), while treatment with the transcription inhibitor
rifampin resulted in diffuse 4',6-diamidino-2-phenylindole (DAPI) staining throughout
the cell except for a small rounded region near the cell membrane (Fig. 1C) similar to
the BCP profile of actinomycin D-treated E. coli from the previous study (30). Colistin-
treated cells were attached together, creating a long chain of small and round cells (Fig.
1D) similar to what we previously reported (38). Triclosan-treated cells were shorter and
slightly rounder than untreated cells (Fig. 1E). The cell wall synthesis inhibitor pipera-
cillin resulted in cell elongation without visible cell septation (Fig. 1F). In the case of
DNA replication inhibitors, we found that even though DNA replication inhibitors
effectively inhibited growth of A. baumannii ATCC 19606 as measured by MIC, only less
than 10% of the cells treated with these inhibitors showed a possible DNA replication
inhibition phenotype in this strain (Fig. S1). Thus, another well-studied A. baumannii
strain, ATCC 17978 (39), was used in a DNA replication experiment (see Fig. S2 and
Table S1 in the supplemental material). We found that the cell morphology of A.
baumannii ATCC 17978 changed upon ciprofloxacin treatment. The treated cells were
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FIG 1 A. baumannii cells treated with antibiotics targeting different cellular pathways show distinct morphological changes. (A) Untreated
bacterial cells. Bacterial cells were treated with 5X MIC (B, D to F) and 2X MIC (C and G) of each antibiotic for 2 hours and then stained
with FM 4-64 (red) and DAPI (blue). Scale bar represents 1 um. (H) A three-dimensional (3D) PCA graph constructed from PC1 (57.11%),
PC2 (17.90%), and PC3 (9.35%) shows antibiotics that are distinguished into different subgroups as coded by colors. Three independent
experiments were performed for each antibiotic treatment and cytological parameters (Table S2) measured as described in Materials and
Methods. (I) Euclidean cluster map of antibiotics, using values from PC1, PC2, and PC3 of PCA. Ciprofloxacin* indicates that all data for
treatment with ciprofloxacin were obtained in A. baumannii ATCC 17978 strain.

elongated and their chromosomes formed a single large nucleoid in the cell center (Fig.
1G). Overall, A. baumannii cytological profiles of cells treated with different antibiotics
were similar to those of E. coli shown in our previous study (30). Next, we quantitated
36 different cytological parameters of cells treated with each antibiotic (see Table S2 in
the supplemental material) and used principal-component analysis (PCA) to determine
if these cell profiles can be used to quantitatively classify the MOAs. The results showed
that antibiotics with different MOAs were distinguishable from each other (Fig. 1H) and
replicates of each antibiotic treatment were clustered together (Fig. 11). These results
suggest that BCP can be applied to A. baumannii in discriminating antibiotics targeting
six major cellular pathways, including protein translation, RNA transcription, membrane
integrity, lipid synthesis, cell wall synthesis, and DNA replication.

In A. baumannii, BCP can subclassify different antibiotics that inhibit the same
cellular pathway based on their mechanism of action. Our previous study in E. coli
also showed that BCP can be used to classify subgroups of antibiotics based on their

April 2019 Volume 63 Issue 4 €02310-18

56

aacasm.org 3

AINN NHOMONOTVYINHO ¥e 0202 ‘v Ae|y uo /Bio'wse-oee/:dpy woy papeojumoq



Htoo et al. Antimicrobial Agents and Chemotherapy

DAPI SYTOX-Green

c 3 J
©
s B *
£ © *
H 3 .y ° Amikacin
= o ¢ e © K Azithromycin
= - 3 *
= c ® ., * Chloramphenicol
2 =] 4 * @ Gentamicin
— b .' * 0 u® 9 Kanamycin
4 - 4 Minocycline
o
L ]
*
o

c
‘©
©
=
S
<

Minocycline

Tetracycline
— Tigecycline
Tobramycin
Untreated
1 PC1 (44.30%) PC2 (26.82%)

Tetracycline
Gentamicin

Tigecycline
Kanamycin

£
o
>
£
©
[

k)

[

FIG 2 A. baumannii cytological profiling differentiating protein translation inhibitors into subgroups by their MOA. Bacterial cells were treated with each
antibiotic at 5X MIC for 2 hours and then stained with FM 4-64 (red), DAPI (blue), and Sytox green (green). Scale bar represents 1 um. (A to D) Cells treated
with protein translation inhibitors (P1 group) show distinct cell profiles. (E) Untreated cells. (F to I) Cells treated with aminoglycosides (P2 group) showing altered
membrane permeability. Arrows indicate membrane pooling. Sytox green (Right panels) only stains nucleoids in the cells with permeabilized membranes. PCA
graph of protein translation inhibitors using PC1 (44.30%), PC2 (26.82%), and PC3 (8.53%) (J) and Euclidean cluster map, using PC1, PC2, and PC3 from PCA (K).

MOA (30). To test if the ability of subclassification by BCP is also observed in A.
baumannii, we investigated whether BCP can differentiate various protein translation
inhibitors and cell wall synthesis inhibitors. From all protein translation inhibitors tested
(Fig. 2A to 1), we found that they were classified into 2 groups that correlated with their
known MOA, similar to the previous study in E. coli (30), namely, translation inhibition
(P1) and aminoglycosides (P2) (Fig. 2J and K). Tetracycline, tigecycline, and minocycline,
which are structurally related, were closely clustered in the analysis (Fig. 2K). Protein
translation inhibitors belonging to the P1 group bind directly to the ribosome to inhibit
translation (40-43), resulting in the formation of toroidal-shaped DNA (Fig. 1B and Fig.
2B to D). In addition to the translation inhibition, aminoglycosides (44) displayed a
significant effect on A. baumannii membrane permeability, as indicated by the increase
in Sytox green uptake (Fig. 2F to |, right panel) whereas Sytox green signal was not
detected in the untreated cells (Fig. 2E, right panel). The increase in Sytox green
intensity found in aminoglycoside-treated cells is more than 20 times higher than those
of untreated cells (Table S2). This permeability effect of aminoglycosides separated
them from the untreated and the others in the P1 group (Fig. 2J and K). We also found
that BCP could distinguish between two types of penicillin binding protein (PBP)
inhibitors in A. baumannii (Fig. 3), as expected (45, 46). Among all cell wall synthesis
inhibitors tested in this study (Table S1), only meropenem, a preferred choice for
treating A. baumannii infections (10, 47-49), and piperacillin are active against the
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FIG 3 Cytological profiling of cell wall synthesis inhibitors; meropenem-treated cells showing different profiles to the cells treated with
piperacillin. (A to C) Bacterial cells were treated with antibiotics at 5X MIC for 2 hours and then stained with FM 4-64 (red) and DAPI (blue).
Scale bar represents 1 um. PCA graph of cell wall synthesis inhibitors showing only PC1 (64.30%) and PC2 (22.81%) (D) and Euclidean
cluster map using PC1, PC2, and PC3 from PCA showing distinct morphological clusters (E).

strain according to the MIC assay. Meropenem-treated A. baumannii cells were round
and bloated compared with control cells, in agreement with its affinity toward PBP2
(50) (Fig. 3A and B). Cells treated with piperacillin were elongated with an average
length of 12 um (Fig. 3C and Table S2), likely due to the affinity of piperacillin toward
PBP3 (49), which is required for cell septa formation in A. baumannii. Altogether, these
results suggest that BCP in A. baumannii can also subclassify antibiotics based on their
MOA (Fig. 2 and 3), similar to what we previously reported in E. coli (30).

The compound NSC145612 inhibits the growth of A. baumannii via RNA tran-
scription inhibition. In this study, we have tested 64 compounds from National
Cancer Institute’s Developmental Therapeutics Program library for their antibacte-
rial activities against Gram-negative bacterium E. coli ATCC 25922 and found that 17
compounds were active. Among those Gram-negative active compounds, the com-
pound NSC145612 (Fig. 4A, right panel) showed a promising MIC against A. baumannii
ATCC 19606 at 25 uM (Table S1). Although the chemical scaffold of NSC145612 is
closely related to rifampin (51), which is an antibiotic inhibiting DNA-dependent RNA
polymerase (52), the compound has never been tested for its mechanism of action. In
order to investigate if the compound exhibits the same MOA as rifampin, we performed
BCP on the compound against A. baumannii. As expected, the result showed that
NSC145612-treated A. baumannii cells exhibited a cytological profile identical to
rifampin-treated cells (Fig. 4B to D) and grouped together in PCA analysis (Fig. 4E and
F), suggesting that NSC145612 inhibits RNA transcription of A. baumannii, similar to
rifampin. This conclusion was supported by examining NSC145612 in E. coli AtolC,
whose growth was inhibited at 30 uM (see Table S3 in the supplemental material). BCP
of NSC145612-treated E. coli AtolC cells showed decondensed DNA (see Fig. S3 in the
supplemental material), which is a hallmark of transcription inhibition in E. coli (30).

In order to gain more information regarding the molecular target of the compound
NSC145612, we isolated and characterized resistant mutations in both A. baumannii
and E. coli AtolC. A total of four NSC145612-resistant mutants of E. coli were isolated
(Table S3). Whole-genome sequencing of the resistant mutants revealed various mu-
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FIG 4 A. baumannii cell treated with NSC145612 show similar profiles to the RNA transcription inhibitor rifampin. (A) Chemical structure of rifamycin, rifampin,
and NSC145612. (B) Untreated cells. Bacterial cells were treated with 2X MIC of rifampin (C) or NSC145612 (D) for 2 hours and then stained with FM 4-64 (red)
and DAPI (blue). Scale bar represents 1 um. PCA graph of 6 major classes of representative antibiotics and NSC145612 using PC1 (56.28%), PC2 (18.80%), and
PC3 (9.18%) (E) and Euclidean cluster map, using values from PC1, PC2, and PC3 from PCA, showing NSC145612 closely clustered to rifampin (F). Ciprofloxacin*
indicates that all data for treatment with Ciprofloxacin was obtained in A. baumannii ATCC 17978 strain.

tations in DNA-dependent RNA polymerase subunit B (rpoB gene) (Table S3), a well-
known gene responsible for rifampin resistance in E. coli and Mycobacterium tubercu-
losis (52, 53). Notably, three of our four resistant mutants contain mutations (Table S3)
which are located in the rifampin resistance-determining region (RRDR) of the rpoB
gene spanning from codon 507 to 533 (54). The rare mutation rpoB(V146F), which is
located near the rifampin-binding pocket of the enzyme (55), was also found in one of
the NSC145612-resistant mutants (LB143 strain). In accordance with the genetic pro-
files, the BCP profile of resistant mutants treated with NSC145612 and rifampin showed
no cytological changes compared with the untreated controls (Fig. S3), confirming that
NSC145612 and rifampin are inactive against the strains containing the rpoB mutation.

To confirm the molecular target of NSC145612 in A. baumannii, two NSC145612-
resistant A. baumannii strains were also isolated with MIC above 200 uM (Table 1). As
expected, NSC145612-resistant A. baumannii contained a mutation in the rpoB gene,
rpoB(G543S) (Table 1), which is located in the RRDR and is known to be responsible for
rifampin resistance in A. baumannii (56, 57). BCP results showed that neither NSC145612
nor rifampin treatment resulted in cytological changes of NSC145612-resistant A.
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TABLE 1 MIC of NSC145612 and rifampin against A. baumannii strains

MIC (M) by compound:

Strain rpoB mutation NSC145612 Rifampin
A. baumannii 25 1.2
A. baumannii HH1102 rpoB(G543S) >200 24
A. baumannii HH1105 rpoB(G543S) >200 24

baumannii strains compared with the controls (Fig. 5), confirming that NSC145612 and
rifampin are inactive against the resistant strains. Overall, these results suggest that
NSC145612 inhibits RNA transcription of A. baumannii by targeting its RNA polymerase
subunit B.

DISCUSSION

A recent report from the World Health Organization revealed that among the
ESKAPE pathogens, A. baumannii poses a threat to public health and economies
worldwide (9). A. baumannii is a successful pathogen due to its ability to survive in
desiccated environments and its intrinsic antibiotic resistance (8). As a result, MDR-AB
is spreading at an alarming rate (58-60). Multiple approaches exist in order to help
mitigate the rise of MDR-AB, including developing more stringent guidelines for
antibiotic usage and establishing effective surveillance and containment programs (9).
A direct approach to combat MDR-AB is to find new antibiotics that are effective against
this pathogen.

BCP has been developed for several species of bacteria, including E. coli, S. aureus,
and B. subtilis, but it has not been systematically applied to A. baumannii (31, 32, 61).
We studied the cytological profiles of antibiotics commonly used to treat A. baumannii.
We show that BCP can be used to identify the MOA of newly discovered compounds
to facilitate A. baumannii-specific antibiotic discovery. BCP successfully differentiates A.
baumannii cells treated with different antibiotics targeting major cellular pathways,
namely, protein translation, RNA transcription, membrane integrity, lipid synthesis, cell
wall synthesis, and DNA replication. Similar to E. coli, A. baumannii cytological changes

NSC145612-resistant strains

NSC145612- HH1102 HH1105
sensitive strain  poB(G543S)  rpoB(G543S)

NSC145612 Untreated

Rifampin

FIG 5 NSC145612-resistant A. baumannii cells show no morphological change upon NSC145612 and
rifampin treatment. (A to C) NSC145612-sensitive strain. Arrows indicate signature phenotype of RNA
transcription inhibition. (D to I) NSC145612-resistant strains with rpoB mutations indicated. Bacterial cells
were treated with 2X MIC of NSC145612 (B, E, and H) or rifampin (C, F, and 1) for 2 hours and then stained
with FM 4-64 (red) and DAPI (blue). Scale bar represents 1 um.
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can reveal subgroups of protein translation inhibitors and cell wall synthesis inhibitors,
suggesting similar cytological responses across Gram-negative bacterial species.

While A. baumannii ATCC 17978 treated with ciprofloxacin showed a clear cytolog-
ical profile consistent with inhibiting DNA replication (Fig. S2), treatment of A. bau-
mannii ATCC 19606 with ciprofloxacin did not induce similar cytological changes (Fig.
S1). The fact that A. baumannii ATCC 19606 did not respond to DNA replication
inhibitors made it unpractical for data from this strain to be used in the analysis. DNA
damage and replication inhibition caused by quinolone antibiotics induce SOS re-
sponses in E. coli (62-64) and other bacteria (65, 66). In previous studies of E. coli (30,
67), filamentous E. coli observed after quinolone antibiotic treatment was a result of
replication-halt-induced SOS response (65). Upon SOS response induction, sulA is
derepressed due to the decrease in LexA protein, a master regulator of SOS response
genes. SulA then inhibits FtsZ polymerization which leads to cell division inhibition and
filamentation (68, 69). However, the SOS response of Acinetobacter spp. is not well
understood due to the lack of similar SOS response genes, including /exA and sulA (68,
70-72). Since distinct responses to DNA damage have been observed in different
species of Acinetobacter (73, 74), it is possible that A. baumannii ATCC 19606 and ATCC
17978 respond differently to the DNA replication inhibitors. Based on these results,
multiple A. baumannii strains should be used to establish a comprehensive database of
cytological profiles.

The compound NSC145612 from the National Cancer Institute’s Developmental
Therapeutics Program has previously been tested for anticancer and AIDS antiviral
activity, all of which gave negative results (51). In this study, its antibacterial activity was
tested by BCP and later confirmed by resistant mutant selection and genome sequenc-
ing. NSC145612 inhibits the growth of A. baumannii and E. coli via RNA transcription
inhibition by targeting the RpoB protein. Altogether, this study proves the utility of BCP
as a potential method to reveal the mechanism of action of compounds that are active
against A. baumannii.

MATERIALS AND METHODS

Bacteria strains and growth and ibiotics. Aci bacter b ii strain ATCC 19606, strain
ATCC 17978, and Escherichia coli strain AD3644 (AtolC) were used in this study. The bacteria were grown
in LB medium or LB agar at 30°C. A total of 22 antibiotics were tested on A. baumannii from which 15
antibiotics with MIC of less than 112 pg/ml were used in this study (Table S1). The compound NSC145612
was obtained from the National Cancer Institute’s Developmental Therapeutics Program. Preparation of
the antibiotics was performed according to the manufacture’s recommendations.

MICs. MICs of all antibiotics are shown in Table S1. MICs were determined using the microdilution
method (30). Overnight cultures of A. baumannii were diluted 1:100 in LB broth and allowed to grow at
30°C on a roller until exponential phase or until an optical density at 600 (ODy,,) of 0.2 was obtained. The
bacterial culture was further diluted 1:100 into each well of a 96-well plate containing antibiotics in LB
medium at appropriate concentrations. Cultures were allowed to grow at 30°C for 24 hours. MICs were
determined by observing the concentration of the antibiotic in the well where the bacteria was unable
to grow.

Fluorescence microscopy. Overnight cultures of A. baumannii were diluted 1:500 and those of E. coli
at 1:100 in LB broth and grown at 30°C on a roller until exponential phase. Antibiotics were added at
concentrations of 0.75 times MIC for colistin; 2 times the MIC for rifampin, NSC145612, and ciprofloxacin;
and 5 times the MIC for the rest of the tested antibiotics. Cultures were then grown at 30°C on a roller
for 2 hours. A. baumannii cultures were stained with FM 4-64 (2 ug/ml), DAPI (4 ng/ml), and Sytox green
(0.5 uM). E. coli cells were stained with FM 4-64 (1 pg/ml), DAPI (2 ug/ml), and Sytox green (0.5 uM).
Stained bacterial cultures were harvested by centrifugation at 6,000 X g for 30 seconds and resuspended
in 1/10 volume of the same culture medium. Three microliters of this was added to agarose pads (1.2%
agarose in 20% LB broth) on concave glass slides. Fluorescence microscopy was performed with
consistent imaging parameters throughout all experiments.

Cytological profiling. Cytological profiles were determined by automated cell analysis using Cell-
Profiler 3.0 (75). Briefly, images were preprocessed on Fiji software (76) and subsequently analyzed on
CellProfiler 3.0 software. Cell morphological parameters, such as length, width, area, perimeter, form
factor, ferret diameter, radius, compactness, solidity, and eccentricity, of both cell membrane and
nucleoid were determined. To obtain the average intensity of Sytox green and DAPI, both the membrane
and nucleoid outlines were used and subtracted by background intensity in corresponding images. The
fold increase in permeability of aminoglycosides (P2 group) was determined by dividing the Sytox green
intensity of aminoglycoside-treated cells with that of the untreated cells (Table S2). Decondensation of
the nucleoid was determined by the ratio of the area of the nucleoid to that of the cell membrane.
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Statistical analysis. As described previously (30, 31, 38), the cytological parameters of each antibiotic
were obtained from three independent experiments. Profiling data was from automated analysis of the
cells in each imaging field. Only images containing more than 20 for long cells and for the rest, more than
30 cells per imaging field were selected into data points. Weighed principal-component analysis (PCA)
was performed using statistic tools on MATLAB 2017a. Euclidean cluster analysis was generated from
Morpheus (https:/software.broadinstitute.org/morpheus).

Isolation of NSC145612-resi

In E. coli, r

mutants were obtained by plating E.

coli AD3644 (AtolC) onto LB agar plates containing 2X MIC of NSC145612. The plates were incubated at
30°C, and resistant mutants were purified and stabilized on additional 2X MIC of NSC145612 selection
plates. In A. baumannii, A. baumannii ATCC 19606 culture was diluted into the LB medium containing
NSC145612 starting at 0.5X MIC. This process was repeated with escalating concentrations of NSC145612
until the NSC145612-resistant A. baumannii was obtained. The resistant strains were purified on LB agar
plates, and the MICs for NSC145612 and rifampin were determined by the broth dilution method, as
mentioned above.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AAC
.02310-18.

SUPPLEMENTAL FILE 1, PDF file, 1.2 MB.
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The widespread of Vibrio parahaemolyticus (VP anpnp) that causes the acute hepatopancreatic
necrosis disease (AHPND) results in a mass mortality of shrimps and aquatic animals. Due to the
emergence of multidrug resistance of V. parahaemolyticus which makes this harder to handle,
alternatives to combat VP aupnp and its resistant strains are urgently needed. Bacteriophage - a virus that
replicates and kills bacteria — then becomes a possible tool to use as a biocontrol against the pathogenic
bacteria. In this study, we isolated a novel bacteriophage against VP aupnp from sea water and named it
“Seahorse” due to its structure under transmission electron microscopy. One-step growth curve revealed
that it has short latency time (~20 minutes) and produces offspring at 72 pfu/cell. The genome sequence
was 45,171 bp long encoding 48 putative open reading frames and 3 tRNAs. Furthermore, at 10 minute-
post infection, blob-shaped nucleoids appeared in the infected cell and the number of cells containing
the blobs significantly increased over the time. They turned into toroid-shaped DNA during the late
infection. The cellular morphology of phage treated cells was similar to that of tetracycline treated cells
suggesting that phage Seahorse exhibits a mechanism of killing that interferes host protein translation
during its reproduction.

Keywords: bacteriophages, Vibriophage, Vibrio parahaemolyticus, VPAHPND, Mechanism of killing
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