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FU R # %] & & % (Antibacterial toxins) #2#3

(A) B AR LEF 4%
Toxins that are delivered directly to the

target cell via cell-to-cell contact through

a variety of secretion systems

-%& & '] & % protein toxins

Y% B8 5 % Bs nuclease

4m i %% 4> #4 B cell wall degradation enzyme
%5 5B phospholipase

(B) A F % -

Diffusible molecules that are released
into the extracellular milieu

-4 % antibiotics

-JLH# MRk antimicrobial peptides

-%& & '] & % protein toxins

A. Contact-mediated

Outer membrane

Contact-dependent Type VI secretion

exchange inhibition
o, R RIS (R
M L NN R R R e R R (TR i
T U777 NN USRS RS = Wi il

B. Distance
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Specialized Secreted Extracellular
metabolism enzymes vesicles

Stubbendieck RM, Straight PD.

2016. J Bacteriol 198:2145-2155 3



B RFARRBEEZNT .

/A Assays used to analyze bacterial antagonistic interactions N
Overlay assays Time-lapse microscopy
(diffusible toxin) Producer Target  Propidium iodide dye = Dead cell

Co-culture competition
10-fold serial dilutions —

(ab2 CFU)
competitive index _ \@8b1 CFU/t;,

of test target (ab2 CFL)

Test tag;)et abl CFU to

(ab2

\ Comparison of competitive index in co-culture with producer strain or toxin deletion mutant

/

Garcia-Bayona et al., Science 361, eaat2456 (2018)




/ B Methods used to identify new antimicrobial toxins )

3 i. Genetic screens: Transposon or chemical mutagenesis followed by
phenotypic screening of mutant bank

44L& | ji. Biochemical approaches

2

=i
it

<~

HiRE

T~

Tandem mass spectrometry-based methods

Producer =» Comparison
strain: m} I | L of spectra from
culture 001 I parental strain

supernatant . l and mutants
or
- LC-MS/MS m» Compound
bacterial 2 identification
SLh and purification
surface abbe m/z P

AW E A | . In silico analyses

Genomic & metagenomic databases Structure prediction
) ‘ based on biosynthetic
Scans based on conserved domains or profiles, . gene profiles

sequence similarity, cluster architecture

Ge 1 - putative NRP duste Chemical synthesis
7Pl e N e p— (NRPs and

< small peptides)

Genome 2 - putative NRP gene cluster .

a l MDD l-' EE) DO Deletion or

(..) heterologous
[Mlbiosynthetic -core [[]biosynthetic -additional [[liTransport [_] Regulatory expression

)

Garcia-Bayona et al., Science 361, eaat2456 (2018)




BRERBRXAEFAXEN T X

‘c

Pipeline to identify
cellular target and/or receptor

Random mutagenesis
in a sensitive strain

- Random transposon
insertion library
- Chemical mutagenesis
- Spontaneous mutations

Isolation of
resistance

mutations

Select for mutants that
are resistant to toxin
and map mutation

~

k"

Isolation of
resistance
mutations
Select for mutants that
are resistant to toxin
and map mutation
Surface/
membrane
protein
Target Receptor
validation validation
Biochemistry, - Protein-protein
molecular biology, interaction
microscopy - Mutations
to show biological uncoupling
activity of toxin. receptor activity
Examples: from physiological
nuclease activity, role
membrane - Sensitization by
depolarization heterologous
stains, etc. expression

of the receptor

77

Garcia-Bayona et al., Science 361, eaat2456 (2018)
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Host
Membrane

Outer
Membrane

Periplasm

Inner
Membrane

Cytoplasm
Tat Sec Type | Type lll  Type lV Type VI

Green ER, Mecsas J. 2016. Microbiol Spectrum
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T6SS: an inverted phage-tail structure for effector delivery

,
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Effectors

gp18 sheath
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F“” Bacterial
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2g§o gmo

gp5/gp27 spike
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Phage DNA Effectors

phage T4 T6SS

Records, Mol Plant-Microbe Interact, 2011
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T6SS is a contractile injection machine

T R&EaH

HARE
L1 | Membrane u E -
] complex N

Y Membrane/ VarG =

B lat |Effector
Baseplate asopiate tube

5 K
Sheath

RE 29
Tube 14.6 nm
XN T Agrobacterium TssB-GFP .\ stomography of TssBC sheath (Basler, Pilkofer et al,, 2012)
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Effector
complex
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The bacterial T6SS is a spring-loaded poison dagger

jensenlab.caltech.edu
mekalanoslab.med.harvard.edu

Movie website: http://www.nature.com/nature/journal/v483/n7388/extref/nature10846-s12.mov Basler et al., Nature (2012)
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& Anti-host >

ASC

Burkholderia _ oy Pyrin inflammasome
cenocepacia
Bacterial clearance 1
R, TecA
N O Actin cytoskeleton
disrupted
BcCV
® @
(c)
Rho GTPases
deaminated
macrophage

(b)

Serratia
marcescens

S R% )

thailandensis

Anti-fungal

Nutrient uptake and

b
o5 |
.
.
,
’
.
....... A
- ~
~
S f W
~
<
\

Starvation and DEATH
autophagy response

Candida sp.

Burkholderia %8 H@ '%]?1 CytOS keleton
-%m e B2 Membrane

-4m i iZ Membrane
-%m feL B Cell Wall

S. cerevisiae cell wall _ #z@);i NUC|e|C aC|d

Coulthurst. Microbiology, 2019. 165: 503-15. Sana, et al, PLOS Pathogens, 2017. 13(6): p. e1006325
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/6 2014 HV mag WD
2:15:44 PM 20.00 kV 12 000 x

T6SS T4SS
B 5 44 :
> FIRFOARERAEOE bR H (T4SS, T6SS) b94 A&
£ I Re
> WA REARARAWTERAZTOTPLRARRIEELRES . D
AR KRR AEREFOEGRFN

E¥XRARRER:
> Ry A B I R
> A8 B B A B B T 45 R BNAE A e T e JR TR R S

Photos by Wang, YC (Jane WN, IPMB Plant Cell Biology Core); Santos, MNM, Hsieh, K
(IBC, Shih, YL lab), Lin et al., Front. Microbiol., 2020
http://californiaagriculture.ucanr.org/landingpage.cfm?article=ca.v062n03p 111&fulltext=yes
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Disease cycle of crown gall

Transformed cells
divide rapidly

- A 7 {1 .' "
. a p o 9, ||
{ {{ 02> )
[2
\."'“Il
-'/'
Y%

T-DNA is

integrated info

plant chromosomes, 4
plant cell is transformed /¢

Older gall
with several
new centers

T-DNA leaves of activity —>

bacterium
and enters
wounded
plant cell

Bacteria multiply
and spread
intercellularly

Galls on stem
and root of

heavily infected
plant

» Bacteria entering
stem or root
through wound

Plant
infected

with crown
gall

Crown gall bacteria
2\ overwintering in
‘ soil

Bacterium becomes
attached fo wounded

plant cell Ti-plasmid

}EI—% *E Chromosome

FIGURE 12-26 Disease cycle of crown gall caused by Agrobacterium tumefaciens.

Bacteria from gall surface move
into soil

Plant pathology 3rd Edition, G. N. Agrios

—
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Agrobacterium tumefraciens: from causal agent of
plant tumors transformed to gene engineering magician

m  Crown gall disease

= Interkingdom DNA transfer

m Gene transfer tool

‘ REY /
Apple rootstock
& Bent, Plant Physiol (2000) Grape vine |

Several economically important crops suffer serious crown gall diseases and
many plants resistant to Agrobacterium-mediated transformation!!!

14
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Agrobacterium tumefaciens
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53

Agrobacterium strain C58 produces three toxins

atu3640 (tde2)
atu4330 (tagE)
atu4331 (tagF)

atu3641
atu3642 (tssl2)

atu3638

atu4332 (tssM)

atu4333 (tssL)

T~

= =
T - ¥~ o~ _— —

CTOC LSO oo T @ . % ©
uw D u D n nw u u 2] 0w u %
£ ST 8 8 888 Ly 8 LiE 4 =
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=

. e e

vgrG2 ppkA pppA

aTae-Tai: @Mie B o -2 R ZaH
type VI secretion peptidoglycan
amidase effector and immunity

Tdel-Tdil: BB o BEE1- 2R ZF G K1
type VI DNase effector and
immunity protein 1

Tde2-Tdi2: ZB o REE2- LK T G K2
type VI DNase effector and
immunity protein 2

-

ODGOO

fha clpV hcp vgrG1
/mp operon hcp operon
4 1 = \/ectors
== (Tde2)
3 - (Tde2 + Tdi2) /
2 -
1 -
0
0 1 2 3 4 5 6 7 8
*
IPTG Time (hr)

Bacterial growth inhibition assay

Ma et al., Cell Host Microbe, 2014
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T6SS as a weapon for interbacterial competition

H#ERREEEEG S TdisE Tde DNA
¢ g > NRBELSUREE FNETE
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I DNA % #2 &5
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Py
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A oy AT TdeAHEMBE N ARFHT
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*
S
""""
------------------------------------------------

-
.....
-------------------------------------------------------------

Tde-Tdi: type VI DNase effector and immunity protein

Ma et al.,, Cell Host Microbe, 2014
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Tde1 loading, firing, and translocation to target cells
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Ali et al., EMBO Rep, 2023 18
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T6SS is widespread across A. tumefaciens species complex and
functions as an antibacterial weapon

) . Genomo-  Predator
Conserved T6SS gene cluster with diverse effectors ~ species  genotype Prey: E. coli (pRL662)
imp hep
AchS A T g | CoBAtssL
G1 s 1D132
1D1108 ) - ++
N273 (KK PN - 1D132AtssL
§56 (KKK FRHIE KKK ——- 1D1609
| os e G7 +
[ 1D1609AtssL
1 D132 ol e
| ‘ 1D1460
e P Sy Sy T Y
5 ATCC31749 e .
[ o O A e R e e e 1D1460AtssL
| e sasciasiasiiniiisandin - widadshs RO PPy
Tl 1oMe0 o e o Sl o e i mpe - <) +
W e e e e o ke R 12D1AtssL
163 e L e e 07 T T P 1D1108
N A | +++
e v S e <y G eqateye |
I ofepasse = 1D1108AtssL
B i I e e e e — iy m v e
L croprim D e e e e <5 15955
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col— CFBPSSO7 LDl oo o oo e b s 15955AtssL
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ca[— CFBPES23 DLl o o o S e G D O +++
| ABAtssL
ch%w e Ty ey Y TR
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— CFBPSA73 £t o i o GOl n S0
A- farymeorell orBRs477 <X KA LD T 19
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.ﬂ 60~80 <60 ‘ |[:>TSSS genes ’vng E:>Peptidoglycon-targeting ’Nuclease E:>Othertoxin @lmmunity gene @Pseudogene‘

Chou, Lin et al., 2021; Wu et al., 2018
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T6SS is not required for gall formation when inoculated directly on plant wounding sites

Tumor assay on tomato stems Tumor assay on potato tuber disc
WT At6ss
: . N
30.00 r
)
W 3 S
'S o 20.00 G
s 0
3z
n =
2%
£ 10.00 -
5
£
8 0.00
Weeks post —_— .
inoculation lcm  (by Chien CF) W et al., J Bacteriol. (2008)

» We tested the role of T6SS in :
« Tumorigenesis under a more natural setting

« A. tumefaciens-associated microbiota in crown gall (termed as gallobiome) 20
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Workflow of soil inoculation and gallobiome analysis

TL. 8 A,

Needle-wounded Soil Containing either A. tumefaciens
tomato seedling with C58 wild-type, A tssL or AtssB
two ture leave (107 CFU/g soil) Record disease indidence

and crown gall weight

5

'IIIIIIIIIIIIIIIIIIIL”J-I.\

T
N
g LU

<=

&imne2 + @
Extract DNA by Power Soil® kit.

'Sequen'ce on lllumina Amplify 16S rRNA gene with
Miseq (paired-end 300 bp) primers and blockers.

2154 %#85 5T Operational Taxonomic Units (OTUs)

Taxonomic classfication o VA A s
l e /l! ’ ~e /'
;\'\rn N 7
rd ‘ s
Filtering non-bacterial reads}
Analysis of 3‘:\; [} 1,
bacterial compositions P

Wang et al., mBio, 2023 21
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Diversity of crown galls generated through soil inoculation

£

4

¢

|
Wt
AtssL

Not all infected plants produce tumors, in contrast to 100% disease
incidence when inoculated directly on wounded stems.

Wang et al., mBio, 2023 22



Disease incidence
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T6SS mutants induced lower crown gall disease incidences

1.04

0.8+

0.6

0.4

0.2

0.0

Disease incidence

June
July

October
®November

C58 WT

AtssL

Weight of gall (g)

0.1;

0.01;

0.001

Crown galls weight and morphology

,k C58 WT

AtssL

C58 WT AtssL AtssB
(N=70) (n=41) (n=28)

Wang et al., mBio, 2023
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Tumorigenesis is affected by environmental factors

30 ® C58WT
- @ AtsslL
B ©® AtssB

- Temperature

1 T T T IN
(3, ]
(9,) @anjesadwa)

Disease incidence

|
N
o

T

-
(3]

- An inverse correlation between disease incidence and temperature

Wang et al., mBio, 2023



Axis 2 (11.87 %)
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Gallobiomes induced by T6SS mutants were not significantly different
- PCoA analysis of 53 galls microbiota on OTUs (operational taxonomic units)

Strains
¢ o® e C58 WT
e ® AtssL
® AtssB
°
o .o e © ®
® ® o) R
™
® o8 o o’ ®0 o ®e %
() o ® P ® T
o °° o P
of ° B
e * °
o
o
® o

Axis 1 (36.92 %)

p-value = 0.362, R = 0.023

Month of inoculation

® Oci.
e Nov.
o
e
o
co‘ ©° ©
e oo ® 0%, °
®o O ‘. )
o ® o.®
o° 0® o
oP®
o
o ° o
o
o o

Axis 1 (36.92 %)

p-value = 0.001, R? = 0.260

24 induced by WT, 16 by AtssL, and 13 by AtssB.
» Most of the variation between samples were contributed by different

seasons (July vs. October/November).

25



Axis 2 (21.28 %)
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Distinct gallobiome compositions associated
WT and T6SS mutants in July

July October November ...
® AtssL
° ° [ J AtssB
°
° o
°
° _ )
o ® ° R d ®
— i % ) O
L0 : . S| ee
® S S le N o °
N L] ° K]
~ o) = Y o
o~ ° ° ° <
R e o
@ <
° o
o ° o ©
o . °
° ° o
Axis 1 (36.18 %) Axis 1 (34.01 %) Axis 1 (53.93 %)
p-value = 0.021, R? = 0.305 p-value = 0.669, R? = 0.039 p-value = 0.758, R? = 0.068

26
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Sphingomonas OTUs and Burkholderiacea were more abundant in the
gallobiomes induced by the T6SS mutants in July

OTU :
(operational taxonomic unit) Fami Iy
2000+ 80+
== Burkholderiaceae
1500+ <— SphanTU1. 60-
== SphinOTU2
1000- = -
5004 20- '
’ 0 ]
0+t~ S 0 T M L
5 4 3 2 41 0 1 2 3 4 5 5 4 3 2 414 0 1 2 3 4 5
Centred log-ratio Centred log-ratio
transformed abundance transformed abundance

27
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Agrobacterium exhibits T6SS antagonism to a tomato isolate
Sphingomonas sp. R1

Attacker (10 or 1) 1-1 10-1
Prey (1)
107+ 10°% 1
_ T
10°- 105 a
9.>" 10° q_>>‘ 1044
e 10% -
o o 1034
2 1034 -
(18
O 102-‘ O 102-
101_ 101'
100- T T 100- T T
¢<‘ v ) . v %
& O S 2
Attacker Cf"b > g%\é‘ V\g V\g
v -
Prey Sphingomonas sp. R1 Sphingomonas sp. R1
pRL662-GFP(S65T) PRL662-GFP(S65T)

Prey survival by counting
CFU (colony forming unit)

-In vitro interbacterial competition

Wang et al., mBio, 2023 28
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Colonization on wounded site of tomato seedlings after co-inoculation in soil

7
- 10_ CFUs/g
soil | 10

dpi

S @&
1 cm segment
containing wound

Soil containing C58, AtssL, AtssB
(GmR and GFP knock-in strains)
w/wo mixed
R1 pBBR1::mCherry (KmR)

523 + 50 ppm Gm: C58

523 + 20 ppm Km: R1 Vortex for 3 min

in 1 ml 0.9% NaCl

Wang et al., mBio, 2023
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Agrobacterium exhibits T6SS antagonism to Sphingomonas sp. R1 during
plant colonization

Sphingomonas sp. R1

p =0.0072
1071 p=0.0464
p=0.0727 .
106- ° ° o - T
1 ki = il — B
105 :
L J a ’
* * o* o C58WT
2 ST -j.i 3 fs | o AtssL
g 10% I H o ':: ¢ q AtssB
» 3) K e R1
— p
& 103 .
¢ .
102..
101.
10n L] L] \l Nl \l L] L] L]
06{. xQ:\ xq' xqb < (f? 99\, (9&
N\ © v Q> > >
4 A4

Inoculate single strain

Wang et al., mBio, 2023 3 O



ERBENA S RASA B AT BRYRA S

HFiERREZE G ETdifRTde
DNAN REEE S UIRE A S FE

¢ éﬁ >
<
' Tde e
) DNA%
(Qle-’rdi G >‘
V ............................................

.
o
o
-
o
0
o
0

------------------------------------------------
. .
.

03 b

*
......
-------------------------------------------------

. -
. s
-------------------------------------------------------------

T Tde AR EMBEF BB RFHT
B 3 4R F T e NI DNAS F

Agrobacterium WT

4 HRF RS
10 i T %

Agrobacterium AT6SS

31



EYELRBREER

. u\/\ﬁki%ﬁéﬁﬁf&ﬁﬁ%if‘ﬁzﬁ 'kﬁi léﬂq’ﬁnAﬂiﬂéﬁ
HRERGERLSHUB AR TR &Twﬁi%%,& PhoEe

/%&JP&ﬁﬁﬁﬁﬁbﬁ%wiﬁ

2 g
R B RES - Cooperation Dispersal
- //» //»
A FHBERE l
Toxl-Tox2—T6x3 ‘
=, R F 12 &
o G- Ant
1% 5 R T Hl N— ¢ agonlsm Pathogenlcny

Sl J@é / M
A~ . o
Competition
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Modified from Lin et al (2020).Front. Microbiol. Modified from Front. Plant Sci., 31 July 2013 | doi: 10.3389/fpls.2013.00287 32
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