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What are bacteriophages?

« Bacteriophages (phages) are viruses that can attack and kill a target
prokaryotes within minutes of infection.

« Double stranded DNA, single stranded DNA, RNA (3k-500kbp)

a Myoviridae b Siphoviridae ¢ Podoviridae
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Infecting target bacteria

Specifically bind to the bacterial cell glycoprotein
Normally find its target by passive diffusion in human gut
Individual phage targets a narrow range of bacteria based on its specificity
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Bacteriophage life cycles

Bacteriophages undergo replications through:
« Lytic cycles

* Lysogenic cycles

« Chronic cycles

« Pseudolysogenic cycles
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Lytic Cycle

« Specifically target and infect the bacterial cell

« Undergoing replications via redirecting the cell metabolism to
produce new phage particles

* Released during programmed cell lysis

Lytic cycle
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Lysogenic (or temperate) Cycle

« Phage DNA integrates into the bacterial genome WITHOUT inducing cell
lysis.

 The phage genome (termed a prophage) can then replicate in concert with the
host chromosome until such time that a lysis event is induced.
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Chronic Cycle

« Remain poorly defined.

« Mainly by filamentous bacteriophage (a type of bacteriophage defined by its
filament-like or rod-like shape.

* As seen for phage M13, which is characterized by a ‘budding’ mechanism
* Replicating and being released without killing the host

Chronic cycle
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Budding Mechanism of a Chronic Cycle

«  Filamentous phage binds to F pilus of a host _—piX

single cell through pll| -
* Host TolA protein depolymerize the phage ” o
coat proteins, which remain in the inner —
membrane for recycling o
/pIII
« ssDNA of the phage enters into the cytoplasm, \
converts into dsDNA, and starts replication
. ssDNA and coated pV protein dimers form the o
precursors of the phage ————

HELHE HEHEE HHEE AT LlLILJLEdeJJJJ

« Then pVis replaced by pVIll in the channel
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Replication
Espisaakn s pV dimer
sREli dsDNA
ERRPLABREERR .
Faculty of Medicine

The Chinese Unlversity of Hong Kong (H uang et al. , 201 8)



Pseudolysogenic cycles

« Poorly understood
* The phage genome neither integrates nor propagates

« QObserved in nutritional conditions that limit bacterial DNA replication or protein
synthesis

 Phage exists as a plasmid-like prophage
« Without inducing a lytic cycle or integrating into the bacterial chromosome

Pseudolysogeny cycle
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When do we recognize our gut phageome?

Facul

Since the early 20th century

Human gut contains ~10'° bacteriophages (the ‘phageome’)
Probably the richest concentration of biological entities on earth
Recognized that phages can play a role in human health
Taking advantage of their ability to destroy pathogens

a Infant gut

Kill-the-winner dynamics:
* Highly abundant host cells are killed by lytic phage
infection
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Meconium — the earliest infant stool

 [nfant stool is sterile

« No microorganisms could be detected by direct epifluorescent
microscopy examination
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A gquestion raised

* Which came first? Bacteria or Phages?
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Gut development and maturation along with
Phages colonisation

I I Gut bacteria: Gut phages:
* Phages rapldly appear after earller ® 90% are members of * Mostly double-stranded and
. . . the Firmicutes and single-stranded DNA phages
baCte rl aI COIOn ISatlon Bactelro_idetes phyla Ratio of bacteria | *® Myovir_idae,_ Eodoviridae, Siphoviridae
* Remaining members belong | 1o phage particles | and Microviridae
8 . . . to Proteobacteria, 1:1 * Infect members of the Firmicutes,
Py - Actinobacteria, Bacteroidetes, Proteobacteria and
Reports Of 1 O Vlrus Ilke partICIeS Fusobacteria and Actinobacteria
Verrucomicrobia phyla * Mostly integrated as prophages

(VLP) per gram of faeces 1 week
after birth &y P »
* 20

\ @
« Stabilised with aging

« Still less diverse than the healthy Q @?ﬁ % o
adult phageome L S % - j
= 0
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Gut development and maturation along with

Phages colonisation

Healthy infant Healthy adult

Predominant phages:
Siphoviridae, Myoviridae, Podoviridae

Predominant phages:
Siphoviridae, hdyewisdag, Podoviridae,
Microviridae

Prophages and phages of:
Actinobacteria, Bacteroidetes (Bacteroides)
Firmicutes (Eubacterium, Lactococcus, Lactobacillus,
Streptococcus, Listeria, Staphylococcus)

Protecbacteria (Escherichia, Klebsiella)

Prophages and phages of:
Bacteroidetes (Bacteroides)
Firmicutes (Bacillus, Lactococcus, Lactobacillus,
Enterococcus, Streptococcus, Staphylococcus)

Proteobacteria (Listonella)

Features: Features:
Rapid colonisation (10° VLP/g faeces week 1) Diet-related variation
Low diversity (8 genotypes) High diversity (~2000 genotypes)

Sources of phages Stability over time

Inter-individual variations

Rapid turnover in time

Microbiota
Bacteroidetes
Firmicutes

\ Proteobacteria ,
-
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Phage — Host Interactions

2)Phage adhere
to mucus through

Ig- ||ke domains. 5) Phage and bacteria

are shed with mucus.

1) Epithelial cells Q* S:O m Ig-like 3) Adherent phage form XO
secrete mucus. K j:domains anti-microbial layer.
Glycan £
T \_)& residues i’

S Mucin protein

backbone 4) Mucus-adherent phage o

have increased chance of

’55 : replicative success
I \ s il . - %
1 Sy = O—El): v, -’ g

o ® O @ P ® &
« Conferring protections in healthy individuals

* Protecting the underlying epithelium from bacterial infection.
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Evaluating Gut Phages Compositions

To interrogate whole-community metagenomes and access subliminal phage
sequences:

 Metagenomic sequencing
 CRISPR analysis

* genome signature-based approaches
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Evaluating Gut Phages Compositions
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Classification of Gut Phages

Domain

» Classified at family level

« Families identified are Siphoviridae,Myoviridae, Podoviridae, Kingdom |
and Microviridae = f
- |dentified viral sequences in the human gut represented e, T
<0.02% of the RNA viruses (only 7 of a total of clones Class
matched bacteriophage sequences in GenBank) SISACIS)
« Rare occurrence of RNA phages responsible for lacking s e
attempts for further analysis Family |
S
Genus
S

Species
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Gut phages and bacteria

Gut bacteria:

» 00% are members of
the Firmicutes and
Bacteroidetes phyla

» Remaining members belong
to Protecbacteria,
Actincbacteria,
Fusobacteria and
Verrucomicrobia phyla
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Ratio of bacteria
to phage particles
1:1

Gut phages:

= Mostly double-stranded and
single-stranded DNA phages

= Myoviridae, Podoviridae, Siphoviridae
and Microviridae

* |nfect members of the Firmicutes,
Bactercidetes, Protecbacteria and
Actinobacteria

* Mostly integrated as prophages

(Mirzaei and Maurice, 2017)



Environmental stress — Diet

« Change of diet triggers dynamic fluctuations across phageome
compositions

1.0 4 I III
0.8 II B Myoviridae
B Siphoviridae
0.6 — B Podoviridae
O Tectiviridae
= B Leviviridae
0.4 - O Inoviridae
— [0 Microviridae
0.2 - O Multiple hits
I B Unknown
Uy~
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il Lo B Bl - - -8 R RSB B B

Samples are labeled by subject according to diet: high-fat
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Environmental stress — Antibiotics

W Ciprofloxacin treatad Ampicillin treated

a b Cell-wall-synthesis inhibitors
o Gell-wall-synthesis _ Drug in:ctivation
«  Antibiotic treatment expands the niters | o/
resistance reservoir and ecological DnAsyrinests NN ¥
network of the phage metagenome. ] _
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Significance of gut phages
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Phages Phages
for food for disease
safety therapy
Phages Phages
as biomarkers of as drivers of
health/disease microbiota
Phages Phages as
as reporters of delivery
microbiome diversity vectors
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Exploiting lytic property to cure Clostridium

difficile infection (CDI)

Lysis of C. difficile cells by myovirus

phiCDHM1 using transmission electron | An incroaue - nular
microscopy. An increasingly granular et
appearance inside the cell, and the formation
of putative capsid structures at the outermost
edges of the cell as indicated by arrows.

Scale bars represent 10 nm.
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TEM photomicrographs courtesy of Katherine Hargreaves and Natalie Allcock, the
Electron Microscopy Facility, University of Leicester.



CRISPRs (clustered regularly interspaced

short palindromic repeats)

« Highly conserved short DNA repeat
sequences interspaced by stretches
of variable sequences (spacers) newspacer ]

originating from phages or plasmids i i

« As a ‘bacterial iImmune system’ iy el Wy

L adaptation

* Inducing sequence-specific cleavage
at foreign genetic elements

biogenesis

} interference
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Bacteriophage encodes its own CRISPR/Cas

adaptive response

ICP1 (for the International Centre for Diarrhoeal Disease Research,
Bangladesh cholera phage 1)-related, V. cholera O1-specific virulent
myoviruses

Used to counteract a phage inhibitory chromosomal island of the
bacterial host

ICP1 has two CRISPR spacers (8 and 9) that have 100% identity to
sequences within the V. cholerae PLE

PLE(8*) was infected with a spontaneous ICP1 spacer 9 deletion mutant,
referred to as ICP1(DS9).

ICP1(DS9) was blocked for plaque formation on V. cholerae PLE(8%)
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@ V. cholerae PLE(WT) AAT TTA AAT AGG GAA GAT AAG CAA AGG GTT GAC
N L N R E D K Q R V D
V. cholerae PLE(8*) AAC TTG AAC AGA GAG GAC AAA CAG AGA GTC GAT

b V. cholerae PLE V. cholerae PLE(8")
1) 2 =
[ ] | ] [ |
S9 S8 S9

ICP1 :()!()l(}

iIcP1(a59) = | LN

EOP£35x10°% ¢t

ICP1(AS9) can no more counteract the
phage inhibitory chromosomal island

(Seed et al., 2013)



Summary

« Advancement in metagenomics sequencing and CRISPR analysis
are crucial for deeper gut phageome evaluation

* The earliest infant stool is sterile
* Phages rapidly appear after earlier bacterial colonisation

* Environmental factors, diet and antibiotic administration impact on
the gut phageome stability significantly

« Phage therapy will become a new trend to ease the burden of
antibiotic-resistant bacteria

« Phage to host interaction will be clearly defined in the future
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