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* Triclosan case study

e Estradiol case study

 BPA and BP replacements case study
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Microbiota

e Consists of all the bacteria, viruses,
and fungi external to the body

e Colonization begins at birth and
continues throughout life

e Required for development of host
organs and systems

Image source:
http://www.umassmed.edu/microbi
ome/microblog1/publications/ 3
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Microbiota-gut-brain axis

e Bidirectional communication

e Colonization status modifies
neurodevelopmental events

e Imbalances in gut microbiota
composition are associated behavioral
disorders

 Microbiota has not be assessed as a
modifying factor for the developmental
neurotoxicity (DNT) of environmental
chemicals
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Microbiota-chemical interactions

r
I Adverse outcomes

1 ¢ Cancer

i e Developmental

I neurotoxicity (DNT)
E * Immunotoxicity

i e Pulmonary toxicity

|

i

Molecular Cellular Tissue/Organ -
Individual
Targets Responses ReSponses
Parent Receptors,
Chemical Enzymes, Altered Altered Tissue Altered Function,
(Metabolites/ - lon channels, Cell Structure, |+— Structure, > Behavior;
Speciation) Membrane Cell Function Function Pathology
proteins
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Microbiota-chemical interactions

Foo - mTmTmmT T T T T T
I Adverse outcomes !
e i * Cancer !
. . . i 1 I
i 1. Toxicokinetic I+ Developmental !
] . ! 1 . . I
------------------------- ' e Immunotoxicity !
. . Parent .. I
chemica i * Reproductive toxicity !
| o o o o o e o e e e e e e e J
Molecular Cellular Tissue/Organ .
Individual
Targets Responses Responses
. . . Receptors,
* Bioactivation Cigﬁi::tal Enzymes, Altered Altered Tissue Altered Function,
e Detoxification (Metabolites/ - lon channels, |«—| Cell Structgre, -~ Structgre, —p Behavior;
e Membrane Cell Function Function Pathology
Speciation) oroteins

Adapted from: http://www.oecd.org/chemicalsafety ¢
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I Adverse outcomes E
e i * Cancer !
1 . . . i I |
i 1. Toxicokinetic i I o Developrpgntal !
i hypothesis ! e E neurotoxicity (DNT) !
O ! ] . . | i~ I
parent | 2- Toxicodynamic | i Immunotoxicity |
Microbiota ) : hypothesis : I o Pulmonary toxicity !
chemical 1  TYPULIESIS i * Reproductive toxicity !
e — 4
Molecular Cellular Tissue/Organ Individual
Targets Responses Responses
. . . Parent Receptors,
Bioactivation Chemical Enzymes, Altered Altered Tissue Altered Function,
Detoxification (Metabolites/ [—*| 10N channels, Cell Structure, | +—|  Structure, Behavior;
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Microbiota

Office of Research and Development
National Health and Environmental Effects Research Laboratory

Adapted from: http://www.oecd.org/chemicalsafety




Unitid States

Hypothesis

Host-associated microbiota:
1. Modify the toxicity of environmental chemicals via biotransformations; and/or

2. Is atarget of chemical exposures during sensitive windows of early
development.
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Zebrafish as a model system for
microbiota research 2 dpf

e External and rapid development
 Majority of genes conserved with humans
e Complexresident microbiota 3 dpf

e Control colonization status

e Methods for rearing axenic (microbe-free)
zebrafish through early development

 Simple conventionalization (add microbes 4 dpf
to axenic embryos)

days post fertilization (dpf)

Phelps et al. 2017, Scientific Reports

_ A. Veronii:dTomato, gift from K. Guillemin, University of Oregon o
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Does microbiota modify the toxicokinetics or toxicodynamics

of xenobiotic exposures?

DAY 0 DAY 1 DAY 6 - DAY 9
o Sterility testing * Daily media change
Collect conventionally colonized embryos e Colonize @ e Daily feed
e Chemical exposured * Daily chemical exposure O

in water containing microbes @
)

Derivation to create sterile,
axenic (AX) embryos

Add microbes@
to AX embryos
to colonize on
Day 1 (AC1)

Office of Research and Development
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DAY 10

« Sterility testing
« Behavior testing
» DNA extraction

e CC = conventionally
colonized

e AX = Axenic or
microbe-free

Phelps et al. 2017, Scientific Reports
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Microbiota & DNT: Zebrafish neurobehavioral toxicity assay

Q
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Developmental antibiotic exposure mimics AX hyperactivity
phenotype at 10 dpf

b
359 time, p < 0.0001 =~ 30= b
= 30 Time x group, p = 0.0001 ~®- CC (n=24) € T
(&)
E ) -O= AC1 (n=24) ;’g 25 - a a
~ 5 =
o § o @ AX (n=24) g 5 04 I
> “ o
° a -O- CC + AB (n=24) £
E ¢ 15+ © g 157
o = ©
s v £
0 59 @ ° o
Q I I c < 59
0= ©
T T T T T T T T T T T o -
0 2 4 6 8 10 12 14 16 18 20 22 = 0 ce A:‘,l AX CC'AB
+
Time (min)
e AB=amphotericinB (0.25 ug/mL), kanamycin (5
ug/mL), and ampicillin (100 ug/mL)
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Examine microbiota-chemical interactions: Triclosan case
study

DAY 6&10

“
»
i III I i
JalESERRE ]|

16S rRNA
sequencing

14
12
10

; . Targeted and
< .

. < e NTA chemistry
4 bi ; ab é
24 a a
LT El =]
qee o QQ._&: o oq@ o
-
2
. g AX  Automated
@ Microbes 8 \’Cb{ behavior test
@ Triclosan or §
0.1% DMSO g
| — |

Time

-]
o o
@

Microbe-free

Microbe-free

Phelps et al., In preparation 13
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Chemical dependent effects on host-associated microbiota

begin to emerge at 6 dpf

NMDS Axis 2

2D Stress: 0.11

Similarity
45
————— 55

65

Group
CC_DMSO

M CC_0.16 uM Triclosan
B CC_0.3 pM Triclosan
AC1_DMSO
AC1_0.16 pM Triclosan
AC1_0.3 uM Triclosan
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NMDS Axis 1
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Chemical dependent effects on host-associated microbiota
begin to emerge at 6 dpf

10

Family Grou

A Vibrionaceae cC IZ?MSO
I F_I ﬂ ﬁ \ ‘: izewa”t?”aceae B CC_0.16 pM Triclosan
romatiaceae .
AALAAALA EE EENENE Wy Acromonadaceae B CC 0.3 uM Triclosan

Comamonadaceae AC1_DMSO

|- Cytophagaceae AC1_0.16 UM Triclosan
Burkholderiales_unclassified AC1_0.3 UM Triclosan

O Flavobacteriaceae

< Pseudomonadaceae

O Neisseriaceae

w Bacteria_unclassified

O Rhizobiaceae

&£ Cryomorphaceae

A Xanthomonadaceae
Sphingobacteriaceae

A Gammaproteobacteria_unclassified

E
=
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Widespread changes in microbiota coalesce at 10 dpf

14 Similarity
55

Group
CC_DMSO
m CC_0.16 uyM Triclosan
B CC_0.3 yM Triclosan
AC1_DMSO
AC1_0.16 uM Triclosan
AC1_0.3 pM Triclosan

NMDS Axis 2

T T

-2 -1 0 1
NMDS Axis 1

Office of Research and Development
National Health and Environmental Effects Research Laboratory




SEPA

United S
Em'lmnmanlal Protection
Agency

Triclosan exposure changes relative family-level taxonomy

10

£

(=
%
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444 podp

44

TP 1 e PR

AA AA EEEEEEEN

Family

A Vibrionaceae

v Shewanellaceae

B Chromatiaceae

& Aeromonadaceae
Comamonadaceae

-+ Cytophagaceae
Burkholderiales_unclassified

w7 Burkholderiaceae

O Flavobacteriaceae

¢ Pseudomonadaceae

O Neisseriaceae

A Oxalobacteraceae
Sinobacteraceae

® Moraxellaceae

w7 Bacteria_unclassified

O Rhizobiaceae

v Bacteroidetes_unclassified

A Gammaproteobacteria_unclassified

Group
CC_DMSO
m CC_0.16 pM Triclosan
B CC 0.3 puM Triclosan
AC1_DMSO
AC1_0.16 UM Triclosan
AC1 0.3 pM Triclosan
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Triclosan exposure changes relative family-level taxonomy

10
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Family

A Vibrionaceae
B Chromatiaceae
- AALA ﬁ - _.,l & Aeromonadaceae
Comamonadaceae
-+ Cytophagaceae
‘ Burkholderiales_unclassified
w7 Burkholderiaceae
O Flavobacteriaceae
¢ Pseudomonadaceae
O Neisseriaceae
A Oxalobacteraceae
1 Sinobacteraceae
Il ® Moraxellaceae
17 Bacteria_unclassified
= ™11 Rhizobiaceae
1 v Bacteroidetes_unclassified
|4~ Gammaproteobacteria_unclassified

Group
CC_DMSO
m CC_0.16 uM Triclosan
B CC 0.3 puM Triclosan
AC1_DMSO
AC1_0.16 UM Triclosan
AC1 0.3 pM Triclosan
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No status-dependent differences in parent tissue dose
observed at 6 dpf

6 dpf
14 I CC n=4
124 CIE AC1n=5
o _ [ AX n=3-5
T % 10
ig % . Dose p<0.0001
5 3
8 ¥ i
2 S 4-
=
|5 =
0-

Q,\Q’j:Q,\‘b‘:bQ,@(b

Nominal Triclosan (uM)
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Colonized zebrafish contain higher concentrations of triclosan

at 10 dpf
10 dpf

14+ e CEEEE CC n=4

12- XX AC1n=5
g~ I AX n=3-5
0 & 104 de
2 2 Dose p<0.0001
c S 8 cd i Status p<0.0001
32 6. cd Status*Dose p=0.0081
o O
O %_ 4- ‘ bc ¢
== ab L

la B 5

0'_: 1 T

Q

Q o D
\ - . *
QO Q Q‘ Q Qo Q

Nominal Triclosan (uM)
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Do triclosan resistant
microbes biotransform
triclosan?

Q

H H

A. >\||II 0
h HO © H

O, _oH
cl o o cl 0

Cl Cl Cl Cl

Triclosan Glucuronide

Triclosan Sulfate
Gl OH

SU‘(.?* o \)G‘ﬂ
cl Triclosan C
P450 ] MeT

Cl QCH,

Begel

Methyl Triclosan
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Agilent MPP; MS1

screened against:

1. Known triclosan
metabolites

2. DSSTox Database

3. METLIN Database

MPP output:
1434 Features

1

661 Features

]

645 Features

|

Remove artifacts, blank subtract (R script)

Remove duplicates

Remove non-reproducible features

DAY 6 563 Features DAY 10

563 Features

1

303 Features

]

257 Features

| ]

Remove low-intensity features l,

Remove non-variable features l

563 Features

242 Features

211 Features

Remove features below the

- T - ul t t ~
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Microbial colonization changes 78 features > 2 fold
CC|0.3uMTCS v AX | 0.3 uM TCS AC1[0.3 uM TCS v AX | 0.3 uM TCS
A. | | B- 1 1
2.5 I ! 2.51 | |
2.0 : ! 50l ! : .
o | | o o . “becaWme
n L eee - o
5 154 : : g 1.5 ® ! , @ @ ®
© 1 1 0 1 |
3 ____________ @ ®........... z_ e b
S o S L
EJ 1.0 ! : B’ 1.0 ; ;
0.51 E ; 0.51 ' :
0.0- E : 0.07 o
6 3 | 0 | 3 5 -6 3 0 3 6
log10(Fold Change) log10(Fold Change)

® TCS ® down NA ® up TCS+303 ® TCS @ down NA @ up TCS+S03
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Colonized larvae contain higher concentrations of parent
triclosan by NTA

Triclosan (C12H7CI302)
feature counts

1200000~

1000000+

800000+

600000+

4000004

200000+

0

Status p<0.0001
Dose p<0.0001

HIH
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Nominal Triclosan (uM)

Triclosan Sulfate
(C12H7CI305S)

feature counts

600000 - Status p<0.0001
Dose p=0.0083
500000+
4000001
300000+
2000004 [N
100000+ —
L
0 -—=y=—or ——r— ——r— r
QO O ®» 0 O ® 9 o

Nominal Triclosan (uM)

I CC n=4
X AC1n=5
CEEl AX n=3-5
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Link microbiota to phenotype: 17- estradiol (E2) case study

DAY 0 DAY 1

Collect conventionally
colonized embryos in water
containing microbes e

DAYS 6-9 DAY 10

COQ;E:E;’:;”Y 1. Examine chemical- ) : I"'||||||| |
« Media change icrob dependent changes in “0e— gjz|_= i
{micrones) microbial communities "< (° fii!!!e!!;ll.

!

* Chemical exposure
* Feed

Light-dark behavior data

AX
I\ﬂ@ﬂ
cC
| — |
Time

2. Identify chemicals that
cause colonization
status-dependent
neurobehavioral toxicity

<----- e

Derivation to create microbe-free,
axenic (AX) embryos

Distance moved

Add microbese

to AX embryos 3. Determine whether £34 mco ey
i6:tolenize on host-associated B § 3maiin i
. . g o
Axenic J mlcc;ptblo;a - 8o f &
(microbe-free) modity chnémical — z£'| g mB =
toxicokinetics during ~ T T

. SRNERNEREE
brain development R
Nominal waterborne E2
concentration (M)

® Microbes
O E2or0.1% DMSO

Catron et al., In preparation
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Exogenous E2 exposure does not affect microbial community

structure

NMDS Axis 2
o
@

2D Stress: 0.17

NMDS Axis 1

Office of Research and Development
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100~

80

|

60

40

Read abundance (%)

20

06 11 20 3.9

Family

W Oxalobacteraceae

B Burkholderiaceae
Pseudomonadaceae

B Cytophagaceae
Cryomorphaceae

B Aeromonadaceae
Vibrionaceae

B Comamonadaceae

B Bacteria_unclassified

B Moraxellaceae

W Sinobacteraceae
Sphingobacteriaceae

B Chromatiaceae

B Shewanellaceae

W Proteobacteria_unclassified

B Gammaproteobacteria_unclassified

W Flavobacteriaceae
Rhizobiaceae

B Bacteroidetes_unclassified
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E2 exposures triggers behavioral hypoactivity in colonized
zebrafish
A. B
307 Concentration*phase, p = 0.0831 -o- -~ 307 I ]
- o L ) 0.1% DMSO (n=23) ~ _
~ o5 - Concentration*phase*time, p = 0.0003 g o5 - Light, p < 0.0001 Dark, p = 0.0110
£ =@ 0.05 uM E2 (n=24) =
e 38
= S 20- -0~ 0.14 uM E2 (n=24) > 9 207 a .
S 2 -O- 0.4 uM E2 (n=23) = ab ab
o o 151 o = 159
£ -O- 1.2 uM E2 (n=22) o 2 A, L by 7
o E 107 -O- 3.5 uM E2 (n=24) 7 £ 101 ab
g N ° g bc bc
Z 5 < 5 :
s, | LI
I I I I I I I I I I !
0 2 4 6 8 10 12 14 16 18 20 22 Q@O 0.06’0.\/“ 0% WY &? @90 QQ%Q.N SIS
Time (min) Q\QO Q\Qo
o E2 (uM) > E2 (uM)
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CC = colonized

301 Concentration*phase, p = 0.3432
—~ Concentration*phase*time, p < 0.0001
T 251
2
O G 20+
o8
154
£
8 E 104
% o
@ 5-
0O
e I |
0 2 4 6 8 1012 14 16 18 20 22
Time (min)
=~ 30+ L |
= Light, p=0.0003 Dark, p=0.0159
e HEe
B <
3 S 204
£ 3
8 c 151 ab
c £ b -
2 o 104 o
-_a =
: ﬁ ﬁ
[0}
= 0- . .
0.1% 12 g1qo 04 12
DMSO ——— S ———
E2 (M) 9 E2 (um)
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Distance moved (cm) /

Mean distance moved (cm) /

AC1 = colonized

304 Concentration*phase, p = 0.2513
25 Concentration*phase*time, p = 0.0066
G 204
a
o 154
=
£ 10+
N
54
!_.
04 T
0 2 4 6 8 1012 14 16 18 20 22
Time (min)
30+ L ]
Light, p<0.0001 Dark, p=0.0011
25+
S
8_ 20'
a
c 154 - b
= o b
o 10- —
: \ | FT n
0 T
0.1% 12 01% 04 12
DMSO DMSO
2 (M) 2 (uM)

Mean distance moved (cm) /

AX = microbe-free

304 Concentration*phase, p = 0.0530

Concentration*phase*time, p = 0.2952

£ 25
o
88
3 @ 15-
=
8 E 10
% ™
}% =k
)]
o4 I E——
0 2 4 6 8 10 12 14 16 18 20 22
Time (min)
30+ I E—
Light, p=0.5695 Dark, p=0.0061
254 a3
i
S 20- b b
% -7
c 157
=
o 104
5-
D' T T
01% 04 1.2 0.1% 04 1.2
DMSQO — _—
E2 (uM) PVMSO g5 (uw)
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CC = colonized

301 Concentration*phase, p = 0.3432
—~ Concentration*phase*time, p < 0.0001
T 251
2
O G 20+
o8
154
£
8 E 104
% o
@ 5-
0O
e I |
0 2 4 6 8 1012 14 16 18 20 22
Time (min)
=~ 30+ L |
= Light, p=0.0003 Dark, p=0.0159
e HEe
i
=
2 S 201
£ 3
8 c 154 ab
c £ b --
2 o 104 o
-_a =
: rT ﬁ
[0}
= 0- . .
0.1% 12 g1qo 04 12
DMSO ——— S ———
E2 (M) 9 E2 (um)
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Distance moved (cm) /

Mean distance moved (cm) /

AC1 = colonized

304 Concentration*phase, p = 0.2513
25 Concentration*phase*time, p = 0.0066
G 204
a
o 154
=
£ 10+
N
54
!_.
04 T
0 2 4 6 8 1012 14 16 18 20 22
Time (min)
30+ L ]
Light, p<0.0001 Dark, p=0.0011
25+
S
8_ 20'
a
e 151 = B
= o b
o 10- —
: \ | FT n
0 T
0.1% 12 01% 04 12
DMSO ——— DMSO
E2 (M) 2 (uM)

Mean distance moved (cm) /

AX = microbe-free

Concentration*phase, p = 0.0530
Concentration*phase*time, p = 0.2952

£ 25
o
88
3 @ 15-
=
8 E 10
% ™
}% =k
)]
o4 I E——
0 2 4 6 8 10 12 14 16 18 20 22
Time (min)
30+ I E—
Light, p=0.5695 Dark, p=0.0061
254 a
i
S 20- b b
% -7
c 157
E | o - — -
o 104
5-
D' T T
01% 04 1.2 0.1% 04 1.2
DMSQO — _—
E2 (uM) PVMSO g5 (uw)
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Microbe-free zebrafish contain higher concentrations of
parent compound

Status, p < 0.0001
Dose, p <0.0001
3 - Status*dose, p < 0.0001

Bl ccC (n=4)
/= AC1 (n=4)
c Ml AX (n=4,2,5)
bc
b i b [ b
B .= .=F
-

Tissue concentration
(pmole E2/larva)
N
]

T
Q o Vv Q o v Q o v
Q" N Q" N Q" N

Nominal waterborne E2 concentration (uM)
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Examine chemical-dependent changes in microbial communities:
Bisphenol A (BPA) and BPA replacement compounds case study

Colonized

Colonized

@ Microbes O Bisphenol
test chemical

%

{

DAY 10
'IE i I -
o
. e
8
2
I of | 0|
Il |||| Time
16S rRNA Automated
sequencing behavior test

Office of Research and Development
National Health and Environmental Effects Research Laboratory

H3C CHj

HOOH

Bisphenol A (BPA)

Bisphenol AF (BPAF)

Q
HO OH 3

Bisphenol F (BPF)

Bisphenol B (BPB)

Bisphenol S (BPS)

Catron et al., Under revision 30
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BPS BPA BPF
o) HsC CHs
A o OO B C
HO OH
110- © 110- HO OH B 1101 * %
| p=0.8333 p < 0.0001 . | p<0.0001
%0 901 Ac,, =215 M * % 901 Ac,, = 19.4 uM
@ - © © 4
£ 70 E 70 £ 70
g 50 - g 50 2 50-
] o 1]
£ 301 2 304 = 304 ¢
10 - 10 } 10 -
R IR ! ...... F IREREE @ e [ EEEREE [ XEEEE E i P I R, ; ; E __________________
'10 T T T T T 1 -10 T T T T T 1 '10 T T = T T T 1
-1.0 -05 0.0 05 1.0 1.5 2.0 10 -05 0.0 05 1.0 15 20 -1.0 -05 0.0 0.5 1.0 15 2.0
log (UM concentration) log (uM concentration) log (1M concentration)
BPB BPAF
HsC ,—CHg F,C. CF3
D E AT T,
1104 kk o ckk 110 - *%k  kk  kk
90- p < 0.9001 (_’_' g0d P< 0.0001
ACg, =5.8 uM ACy =22 M
Tgu 704 E 704
o o
E 50' -g 50_
] ]
£ 304 2 304
10 3 ‘ 104
'10 T T T T T 1 '10 T T T T T 1
-10 -05 0.0 0.5 1.0 1.5 2.0 -10 -05 00 0.5 1.0 15 20
log (1M concentration) log (1M concentration) 31
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BPS, BPA, or BPF exposure disrupted global microbial
community structure

2D Stress: 0.12 0.1% DMSO_BPA 0.1% DMSO_BPS
OR=0.085 A 1.1 uMBPA ¥ 4.4 uMBPS
14 A 2.0pMBPA V¥ 7.9 uMBPS
OR=0.500 A 36 uMBPA 14.1 uM BPS
A 6.4 uMBPA 25.2 uM BPS
OR=0.305 11.5 uM BPA 45.0 yM BPS
N 0.1% DMSO_BPB 0.1% DMSO_BPAF
% M 0.5uMBPB @® 0.18 uM BPAF
< B 0.9 uMBPB ® 0.32 uM BPAF
8 b W 1.6uMBPB ® 0.56 uM BPAF
S M 29uMBPB ® 1.0 uM BPAF
Z M 51uMBPB 1.8 uM BPAF
OR=0.831 0.1% DMSO_E2 0.1% DMSO_BPF
% 0.34 pM E2 & 1.5uMBPF
:/7 X 0.6puME2 & 2.7 uMBPF
-1 =0, X 1.1uME2 & 4.8 uMBPF
R OR=0.255 * 2.0 uME2 @ 86 MBPF
3.5 M E2 15.3 uM BPF
I I | |
-1 0 1 2
NMDS Axis 1
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A 100 -

100-

B

| 8 |

60-

| | 4 |

i

ll II- lIIlI- | ] I

o 11
2

100+

C
| |
6
4
|\ 1 ||I I|\|||
| i

20 36 64 115 o 15 27 48 86 153

Family -

B Oxalobacteraceae
I Burkholderiaceae
]

o

o
o
I

o

o
o
l

1 Pseudomonadaceae B
B Cytophagaceae

. Cryomorphaceae
B Aeromonadaceae

Percentage
Percentage
Percentage

404

o
o
o

1
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Differential chemical effects: Host developmental toxicity vs.
microbiota disruption
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Summary

1. We developed an experimental system to test whether microbiota
affects the kinetics and/or dynamics of xenobiotic exposures

2. Axenic zebrafish are hyperactive
3. Antibiotic exposure phenocopies hyperactivity in colonized zebrafish

4. Triclosan resistant taxa increase host parent tissue dose and
perform a sulfation reaction

5. Exogenous E2 exposure triggers hypoactivity in the light period in
colonized zebrafish, possibly via a bioactivation event

6. Inverse relationship between host toxicity and microbiota disruption
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hypothesis e
Parent 2. Toxmodyn?mlc
chemical | __hypothesis
Molecular Cellular Tissue/Organ -
Individual
Targets Responses Responses
Receptors,
Cigﬁir::teﬂ E?\Czi?rgss, Altered Altered Tissue Altered Function,
(Metabolites/ - lon channels, |«—| Cell Structure, |+—> Structure, — Behavior;
Speciation) Membrane Cell Function Function Pathology
proteins
TOXICOKINETIC TOXICODYNAMIC
e Biotransformation; triclosan: Phelps et al. In preparation. * Antibiotics: Phelps et al. Scientific Reports. 2017.
e Biotransformation; estradiol (E2): Catron et al. In e Bisphenol compounds: Catron et al. Submitted.

preparation.
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Outstanding questions

Do chemical-induced compositional changes affect other aspects of
development or predispose the organism to future insults?

Do microbiota-mediated biotransformations broadly affect chemical
toxicity?
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