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Shellfish environmental

memory
Implications and opportunities

Arlana Hufimyer
Steven Roberts



B e

-~

- -3-:.“-.}_.‘_:7 “E G, ev-ik' < PPN '. < » S ~ 3 . - _ "’:. — ; ..'_"_ " '._- - T Ve " T o ) -~ = oY P b Sl o > ;‘?‘_'CK;-."’;—'- w _—-.‘Jl—'.n»“..'.n! L
— i —_ " - b=, . ) ! Tl

o - L P 4 o el
TR ot




BIE v - —— ey -
(s petagrore 4 --UL’-"'\_,,'E - = -—
LW

R o et v
" RTPEENTE S————

) o T J,E.(“A

W el

o~ .
- -




-

o e ﬁf
«l .!wf.w w': - -




. -
bt

v
™







T et N ey :
4 . - - Rigts el T
e G A SRR G Y TR s
> -~ L4 =

- - - - -

- -
- '."

T R R




< — e ———— VT — I ————— N ——— s~

~ — 4 3 - S - TEETIN IR 0 W S— S | W —— —— — | — e — f— — —— W T —— W0 — st o, S——t

T
¥ TN
4

SRR (RS X1 TEEITIP

N »"‘s.. f—p 1}




< — e ———— VT — I ————— N ——— s~

~ — 4 3 - S - TEETIN IR 0 W S— S | W —— —— — | — e — f— — —— W T —— W0 — st o, S——t

T
¥ TN
4

SRR (RS X1 TEEITIP

N »"‘s.. f—p 1}




e — e —y A — T —————————— A————— .

—— —— — | ——— — —— — - ——— - — o s ——

SRR (RS X1 YEEITIR

§o ,‘-.~_ f—p 1}

o - - — —

0. c.-'
S ’._‘
AR

_Priming.

- - - . -h & 4

4 v s LS L T - - -



e — T . — T ——————— A ——— s .

—— — p—— | ——— ———  —— T —— . — o

SRR (RS X1 YEEITIR

§o ,‘-.~_ f—p 1}

o - - — —

0. c.-'
S ’._‘
AR

_Priming.

- - - . -h & 4

4 v s LS L T - - -



Current work
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Assays for assessment
of memory and stress

Current work
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Grower Survey:
Perceptions of threats and proposed adaptation strategies

» 2024 requested input from industry

AQUATIC AND FISHERY SCIENCES SHESE
UNIVERSITY of WASHINGTON

« 20-30 min interview:

» Ranking threats

u Connor Lewis-Smith

* Input on leveraging environmental
memory as an adaptation strategy

*  Huge thank you to those who
participated! Manuscript is In review
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Grower Survey:
Perceptions of threats and proposed adaptation strategies

Sea level rise

Labor

Invasive species/pests (e.g. burrowing shrimp, green crab)

Pollution

Ocean acidification

Policy and regulations

Hypoxia

Disease (e.g. OsHV)

Harmful Algal Blooms

\ Increasing temperatures

1 2 3 4 5 6 7 8 9 10 1
Ranking (1 = Highest, 11 = Lowest)

16



Would you consider implementing environmental priming in your

Environmental Priming patchery”

Response Percentage
Yes, immediately %
Yes, but after other growers try it 7%
Yes, but after reviewing literature

supporting the practice 64%
No 21%

Would you pay more for primed seed?

Response Percentage
Yes, immediately 0%
Yes, starting with a test plot 17%
Yes, but after other growers try it %
Yes, but after reviewing data supporting

the practice 53%

No 23%



Environmental Priming

/8% of hatcheries would consider
adopting environmental priming
practices, most only after reviewing
supportive literature

/0% of respondents would be willing

to pay more for primed seed, most
only after a test plot or supportive
literature

Would you consider implementing environmental priming in your

hatchery?

Response Percentage
Yes, immediately %
Yes, but after other growers try it 7%
Yes, but after reviewing literature

supporting the practice 64%

No 21%
Would you pay more for primed seed?

Response Percentage
Yes, immediately 0%
Yes, starting with a test plot 17%
Yes, but after other growers try it %
Yes, but after reviewing data supporting

the practice 53%

No 23%
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AQUACULTURE

“ Transgenerational
Plasticity

Carry-over effects

Early-life Priming

Hardening

.‘ Adults

5 Influencing
’ offspring
Influencing adult phenotype by
phenotype by altering
altering early life environmental
environment conditions of

parents
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AQUACULTURE

Early-life Priming

Hardening

‘ Adults

Influencing adult

79

b ohenotype by
®
79

altering early life /
environment
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AQUACULTURE

Trends In
o Plant Science
Ear Iy -life Primi ng Special issue: Climate change and sustainability |
Hardening ~

. Priming crops for the future: rewiring
~, - Slress memory

Haipei Liu @," Amanda J. Able @, " and Jason A. Able ® "

®
®
7

® .
-~ > Cross-stress priming
~ = % success relies on
Al ol ARG synergistic stress signaling
o~ -~ >~ :
- . pathways being shared
[ ont

across stresses varying in
nature and intensity.




Repeat exposure to hypercapnic seawater modifies growth and

GeOdUCk Clams oxidative status in a tolerant burrowing clam

Samuel J. Gurr’*, Shelly A. Wanamaker?, Brent Vadopalas®, Steven B. Roberts? and Hollie M. Putnam’

Stress priming | Subsequent encounters

primary exposure second exposure ambient recovery third exposure
110 days day O : day 7 : day 14 : day 21

' : ; 5
(pre-exposed) 5 X\ e 5

: 6

: 5
pCO, treatments = 6 X\ e .

ambient :

e Moderate
@» severe

(naive) / g 0 ;2-




Initial Exposure Common Garden Repeat Exposure




HOLLIE PUTNAM, SAM GURR, BRENT VADOPALAS, SHELLY TRIGG, JAMESTOWN S'KLALLAM TRIBE

GEODUCKS CLAMS

.
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AQUACULTURE

Transgenerational
Plasticity

Influencing Carry-over effects
offspring
phenotype by
altering
environmental
conditions of /
parents
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LAURA SPENCER

EFFECTS OF TEMPERATURE AND OA IN OLYMPIA OYSTER POPULATIONS

» Oysters were held at two temperature
regimes (6°C and 10°C) for 60 days in
December

p A differential pCO2 exposure was
carried out after the temperature
treatment ended. Held at ambient
PCO2 (841 patm) or high pCO2 (3045
uatm) for 52 days, during the Winter.

Carryover eftects of temperature and pCO, across multiple

Olympia oyster populations

] ? 1
AURA H. SPENCER.! YAAMINI R. VENKATARAMAN.! RYAN CRIM.? STUART RYAN.” MicaH J. HORWITH.” AND
1.4

STEVEN B. ROBERTS




11 Apr 2017

Jun 2013 6 Dec 2016 Adults 4 Oct 2017
conditioned,

F, D, and O-1 Temperature spawned, 6°C juveniles

cohorts exposure, 90 d moved to Clam
produced 60 d Bay for winter

Jun 2015 16 Feb 2017 11 May 2017 12 Jun 2018

O-2 cohort pCO, Larvae 6°C juveniles

produced exposure, counted, deployed in 4
from O-1 52 d 60 d bays,

4 Feb 2017 8 Apr 2017 86 d
Gonad Gonad Subset
sampled sampled reared

841 patm pCO, Common Fidalgo Bay
Common conditions conditions

Cohorts in common I 3045 patm pCO, l— (hatchery) (Clam Bay) Port Gamble Bay
conditions (Clam Bay) before

1°C daily increase to
exposures 841 patm pCO, 18°C to spawn Skokomish River Delta

Larvae reared at 18°C
3045 patm pCO, I— ] Case Inlet

Environmental conditions

Adults Offspring




LAURA SPENCER

EFFECTS OF TEMPERATURE AND OA IN OLYMPIA OYSTER POPULATIONS




LAURA SPENCER

EFFECTS OF TEMPERATURE AND OA IN OLYMPIA OYSTER POPULATIONS

» Larval release occurred earlier in warm-
exposed oysters

» Winter warming conditions increased

larval production
) No effects on larval survival were detected

) Juveniles of parents exposed to
elevated pCO. had higher survival rates
in the natural environment




Fidalgo Bay Port Gamble Bay Skokomish River Delta Case Inlet

a a a a a

Q
Parental pCO»

4 Ambient
[ High

A

Cohort

B Fidalgo Bay
A Dabob Bay
@® Oyster Bay C1
> Oyster Bay C2
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o
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-
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Eastern Oyster

Linmol. Oceanogr. 67, 2022, 1732-1745
© 2022 Association for the Sciences of Limnology and Occanography.
doi: 10.1002/In0. 12162

Parental exposure of Eastern oysters (Crassostrea virginica) to elevated
pCO, mitigates its negative effects on early larval shell growth and

morphology

Elise M. McNally ©," Alan M. Downey-Wall, F. Dylan Titmuss, Camila Cortina, Kathleen Lotterhos ,

Justin B. Ries
Department of Marine and Environmental Sciences, Marine Science Center, Northeastern University, Nahant, Massachusetts

Transgenerational plasticity in early larval shell growth and morphology, but not in survival, in
response to the parental pCO2 exposure. Larvae from parents exposed to elevated pCO2
exhibited faster shell growth rates than larvae from control parents, with this effect being
significantly larger when larvae were grown under elevated pCO2
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WHAT IS EPIGENETICS?

ALTERS THE PHENOTYPE (WITHOUT CHANGING DNA CODE); HERITABLE

Nucleosome

Histone Modification DNA Methylation



WHAT IS EPIGENETICS?

ALTERS THE PHENOTYPE (WITHOUT CHANGING DNA CODE); HERITABLE

Nucleosome

& A

Histone Modification DNA Methylation

CAN BE INDUCED WITH ENVIRONMENTAL MANIPULATION




ECOLOGICAL EPIGENETICS

\

\_

Selection

~ ™
Phenotypic
_~—— | variation
o S/
Affects
4 R
Gene
expression
\_ Y,
/Affect\
a R a R
Genetic | Regulates|  Epigenetic
variation <€ variation
. W . W,
Alters
N\
Alters 4

Affects

— N
N

DESIRED TRAITS

Ecoiogy Letters, (2008) 11: 106-115

cdoi: 10.7111/).7 457

0248

2007.01130.x

IDEA AND
41N I4A0lL ) Epigenetics for ecologists
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METHYLATION LANDSCAPE IN MARINE INVERTEBRATES

., ..|IL.|.dlnllJ NNTRITN? TN 1 TS

~ exons DNA methylatlon Ievel (O 100%) @ cytosmes
\

" gene ITIOS&IC

associated with gene bodies



METHYLATION LANDSCAPE IN MARINE INVERTEBRATES

| u u‘ _I_I 1 Ll 11y L_..u_I_IJ_‘_l IJll'
Gl 01 CGIIWHE_' \ CG II-!.IO'%THBT CGI'TJa!ﬂ!B ﬂl !!!“ L “ CGIl_ 1!')I 5192 CGI_10!)15

exons DNA methylation level (0-100%) @ cytosines

¢ ¢ J BN | B > < < B B > < < ] > >N [ [

These Two Mice are Genetically Identical and the Same Age

Low Nurtured

While pregnant, both of their mothers were fed Trese mothers came from a lorg ins of inbred rats, so their genomes arz highly
Bisphenol A (BPA) but DIFFERENT DIETS: similar. Bt thay care for -heir pups very differently.

The mother of this mouse The mother of this mouse

received a normal mouse | received a diet supplemented

diet with choline, folic acid,
betaine and vitamin B12



Four Dimensionalities

Targeted Regulation Stochastic Regulation

Reliable Transcription Spurious Transcription




Four Dimensionalities

* Evolutionary

» Life History Driven Reliable Transcription Spurious Transcription
* Constitutive




 |[nducible

* Evolutionary

e Constitutive

Four Dimensionalities

e Distinct Lineage
» Experiential Targeted Regulation Stochastic Regulation

» Life History Driven Reliable Transcription Spurious Transcription




PUTNAM ET AL

GEODUCKS AND 0A

NPHP3 APLP @ D10
< —_— Yy > @ D135
Wnt CANNONICAL Wnt NON-CANNONICAL

- - N/ R

Planar Cell Polarity Wnt Ca 2+

RGS12
NOTC WNT78  ANPRA WNT78 WNT7B
wea Wnt] WNTSA  positive || peaatve 1S WNTSA Wit} wNTsA

regulator || regulator o
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SL9A1

Target Gene Expression;
Cell Fate; Organ Formation
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Cell Growth and Proliferation;
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Cytoskeletal Change AGO2
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epigenetic interplay )

New Results A Follow this preprint

Dynamic DNA methylation contributes to carryover
effects and beneficial acclimatization in geoduck clams

Hollie M. Putham, "= Shelly A. Trigg, Samuel J. YWhite, Laura H. Spencer,
Brent Vadopalas, Aparna Natarajan, Jonathan Hetzel, Erich Jaeger, Jonathan Seohoo,
Cristian Gallardo-Escarate, Frederick W. Goetz, 1>/ Steven B. Roberts

doi: https://doi.org/10.1101/2022.06.24.497506



PUTNAM ET AL

GEODUCKS AND 0A

NPHP3 APLP . D10
‘ — Yy — ’ @ D135
Wnt CANNONICAL Wnt NON-CANNONICAL
4 4 . Y4 ™
@ Planar Cell Polarity Wnt Ca 2+
WNT7B ANPRA z WNT78
gg Wnt) WNTSA  positive || pianive Wnt) wiTsA
mgdator
i PN R . SRR AR Raag
s || SR
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Dsh
-
FTM
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negative
MET HEG1 regulator -
MET RIPR1 CMYAS [ Calcineurin positive
r FHL2 NFAT | regulator
SL9A1
Target Gene Expression; Cell Polarity; Muscle Growth
Cell Fate; Organ Formation Cell Growth and Proliferation;
Osteoblast/Bone formation Tissue Remodeling; V
Cytoskeletal Change AGO2
I\ epigenetic interplay y

Following four months of ambient
common-garden conditions, juveniles
Initially exposed to low pH
compensatorily grew larger, with
DNA methylation indicative of these
phenotypic differences, demonstrating
epigenetic carryover effects persisted
months after initial exposure.



ASLO

Limmol. Oceanogr. 67, 2022, 1732-1745
© 2022 Association for the Sciences of Limnology and Occanography.
doi: 10.1002/In0. 12162

Parental exposure of Eastern oysters (Crassostrea virginica) to elevated

pCO, mitigates its negative effects on early larval shell growth and
morphology

Elise M. McNally ©,* Alan M. Downey-Wall, F. Dylan Titmuss, Camila Cortina, Kathleen Lotterhos ,

Justin B. Ries
Department of Marine and Environmental Sciences, Marine Science Center, Northeastern University, Nahant, Massachusetts




DNA methylation carrelates with transcriptional noise in
response to elevated pCO, in the eastern oyster

(Crassostrea virginica)

Yaamini R. Venkataraman'*, Ariana S. Huffmyer”?, Samuel J. White?, Alan Downey-Wall*, Jill
Ashey’, Danielle M. Becker®, Zachary Bengtsson?, Hollie M. Putnam®, Emma Strand®*, Javier A.

Rodriguez-Casariego®, Shelly A. Wanamaker®, Kathleen E. Lotterhos’, Steven B. Roberts?




DNA methylation carrelates with transcriptional noise in
response to elevated pCO, in the eastern oyster
(Crassostrea virginica)

Females (gonad tissue) Males (sperm)
572 ppm (n = 8) 2,827 ppm (n = 8) 572 ppm (n = 4) 2,827 ppm (n = 6)

-~

Genetic Differentially Average Gene Transcript-Level
Variation Methylated Locl Methylation Expression

Differential Gene Differential Transcript Alternative
Expression Expression Splicing

Change in Predominant
Transcript Identity

Transcriptional
Noise




DNA methylation carrelates with transcriptional noise in
response to elevated pCO, in the eastern oyster

(Crassostrea virginica)

Yaamini R. Venkataraman'*, Ariana S. Huffmyer”?, Samuel J. White?, Alan Downey-Wall*, Jill
Ashey’, Danielle M. Becker®, Zachary Bengtsson?, Hollie M. Putnam®, Emma Strand®*, Javier A.

Rodriguez-Casariego®, Shelly A. Wanamaker®, Kathleen E. Lotterhos’, Steven B. Roberts?

Gene body methylation impacts maximum number of transcripts expressed per gene and
changes in the predominant transcript expressed. Elevated pCO2 exposure increased gene
expression variability (transcriptional noise) in males but decreased noise in females,
suggesting a sex-specific role of methylation in gene expression regulation.



DNA methylation carrelates with transcriptional noise in
response to elevated pCO, in the eastern oyster
(Crassostrea virginica)
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Methylation has a genome-wide regulatory role, effectively maintaining
gene expression homeostasis in reproductive tissues under elevated
pCO2 by reducing transcriptional noise.

The relationship between methylation and transcriptional noise was
different between female reproductive tissue and sperm: male oysters
required higher levels of methylation to achieve similar reductions in
transcriptional noise when compared to female oysters.
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Epigenetic and Genetic Population Structure is Coupled
in a Marine Invertebrate

Katherine Silliman ® "7, Laura H. Spencer (®*7, Samuel J. White?, and Steven B. Roberts (& “*

First characterization of genome-wide DNA
methylation patterns in the oyster genus Ostrea

ldentified 3,963 differentially methylated loci between
populations. Clear coupling between genetic and
epigenetic patterns of variation, with 27% of
variation in inter-individual methylation
differences explained by genotype.

Underlying this association are both direct genetic
changes in CpGs (CpG-SNPs) and genetic variation
with indirect influence on methylation (ImQTLSs).
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IMPLICATIONS

EPIGENETIC AND GENETIC POPULATION STRUCTURE
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Assays for assessment
of memory and stress
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Pacific Oyster Resazurin

NH,
‘ metabolic
activity
—
AN

HOS-_

Highly fluorescent (excitation ~570

ResorUfln nm, emission ~585 nm)
(reduced) The amount of resorufin produced is
directly proportional to the metabolic

activity of the cells.

N SOZ
Resazurin
(oxidized)




Pacific Oyster Resazurin

NH,
0 H 0 N /0 H o Correlated with oxygen
2 o S consumption
O 0
m eta bo I Ic E.g., Gonzalez-PinzoOn et al. 2012,
e 8 © O O Ricciardi et al. 2014
a CtIVIty o Correlation with respiration in oysters

(L. Plough, USDA, data analysis in
é progress)

HOS<_OH

Highly fluorescent (excitation ~570

Resorufin nm, emission ~585 nm)

(reduced) The amount of resorufin produced is
directly proportional to the metabolic
activity of the cells.

Resazurin
(oxidized)




Using Resazurin Assay to Study

Oysters and Improve Aquaculture

Vo G

Pacific Oyster

NH,
OH O /0 H Screening for Assessing the Effects
: o S Stress-Resilient of Microbiome
meta bO | IC Oyster Lines Manipulation
AR Test metabolic activity Measure host metaholic health
under thermal, salinity, or pH changes from microhiome
a Ct I Vlt y stress modifications

—

HO..S<_ OH Sttt
Monitoring Larval Evaluating Impact of
; . and Juvenile Health Environmental
Resazu rin Resoruﬁ N in Hatcheries Exposures
R Rapid assessment of Measure metabolic response
lability and metabolic stat t llutants, harmful algal
(OXId Ized) (reduced) VIaDILLy and metabouc status O polu [-?lgos,:ns?rer?&u dlgda

«, Testing the Efficacy of Diets
/{\_ )) or Nutritional Supplements

Compare metabolic output of
oysters fed different diets




Applications Resazurin

NH,
OH 0\ /'OH

‘ metabolic -
activity

—

HO<S<_OH

Resorufin

Resazurin
(oxidized)

(reduced)

Is metabolic activity associated with a stress event different when oyster had
previously experienced a stress? (Is there evidence for functional priming?)
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Applications

1.001 0<0.001
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Probability of Mortality
o
&
Metabolic Rate

0.25 4 2"

0.00 4

20C 36C 38C 40C 42C 20C 36C 38C 40C 42C
Mortality increases with Metabolic rates decrease at

temperature high temperatures

N=768 oysters 4-6 mm C. gigas seed
Format: 96-well plates 4 h exposure to 20-42°C
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Ariana Huffmyer - UW

Applications Seed

0.00010

Oysters that survived incubation.mortality
stress trials had a greater
capacity for metabolic

depression

= g|lve

dead
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POLY(I:C) EXPERIMENT TO .
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POLY(I:C) EXPERIMENT TO
INDUCE ENVIRONMENTAL MEMORY

mmersio Offsprin
Poly(IC ek L
Broodstock
)
Effects /]\ 0%0 @
t Immune Gene Environmental
Response Expression Memory

Offspring from immune-challenged
parents exhibited greater metabolic
flexibility
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Using Resazurin Assay to Study

Oysters and Improve Aquaculture

Vo G

Screening for Assessing the Effects
Stress-Resilient of Microbiome
Oyster Lines Manipulation
Test metabolic activity Measure host metaholic health
under thermal, salinity, or pH changes from microhiome
stress modifications
‘W
SAAAS
Monitoring Larval Evaluating Impact of
and Juvenile Health Environmental
in Hatcheries Exposures
Rapid assessment of Measure metabolic response
viability and metabolic status to pollutants, harmful algal
blooms, etc.

«, Testing the Efficacy of Diets
/{\_ )) or Nutritional Supplements

Compare metabolic output of
oysters fed different diets




Using Resazurin Assay to Study

Oysters and Improve Aquaculture

Vo G

NH,
OH O /0 H Screening for Assessing the Effects
: o S Stress-Resilient of Microbiome
meta bO | IC Oyster Lines Manipulation
AR Test metabolic activity Measure host metaholic health
under thermal, salinity, or pH changes from microhiome
a Ct I Vlt y stress modifications

—

HO..S<_ OH ‘WW
Monitoring Larval Evaluating Impact of
; : and Juvenile Health Environmental
Resazu rin Resoruﬁ N in Hatcheries Exposures
R Rapid assessment of Measure metabolic response
lability and metabolic stat t llutants, harmful algal
(OXId Ized) (reduced) VIaDILLy and metabouc status O polu glg;:ns?rer?&u dlgda

«, Testing the Efficacy of Diets
/{\_)) or Nutritional Supplements

Compare metabolic output of
oysters fed different diets

Next Step



Performance Testing

Development of SORMI (Summer Oyster Resilience and Mortality Index)
A quantitative tool for improving field survival

—

Bobbi Hudson - Pacific Shellfish Institute (Lead)
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Mackenzie Gavery - NOAA Northwest Fisheries Science Center
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California Sea Grant

* Performance Testing
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Predicting Performance



Performance Testing

Development of SORMI (Summer Oyster Resilience and Mortality Index)
A quantitative tool for improving field survival

Evaluate index in
POGS oysters
Correlating with survival

Index Development

Establish stress
resilience matrices
based on physiological
performance

Resazurin HM_W I . I.|||

OUTREACH

Implement index
to enhance
genetic selection

Community of Practice
On-farm application I:I

Workshop Workshop




Performance Testing

Development of SORMI (Summer Oyster Resilience and Mortality Index)
A quantitative tool for improving field survival

Evaluate index Iin
POGS oysters
Correlating with survival

Index Development

Establish stress
resilience matrices
based on physiological
performance

e [+ il

OUTREACH

Implement index
to enhance
genetic selection

Community of Practice
On-farm application I:I

il oL o AL e
sormi.science Workshop Workshop
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