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Atlantic cod (Gadus morhua)
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Simulated increase in sea surface temperature

NOAA Coral Reef Watch Daily Skm SST Anomaly Categories for Tracking Marine Heatwaves (v1.0.1) 22 May 2024
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Embryonic egg stage is the thermal bottleneck

Thermal window widths
across life stages (fishes)
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Embryology

Stem cell
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Nature Reviews | Genetics

One genome
at fertilization
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Similarities among vertebrate embryos s,

Fish Salamander Tortoise Rabbit Human
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How conserved is the expression during development
within each species?
Are they adjusted depending on environmental inputs?
Development: sensitive or not to environment?
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=== 10°C incubation:
Higher mortality
Sensitive eggs
Deformities




Nutrition and Epigenetics
Broodstock and Offspring

New Results THE PREPRINT SERVER FOR BIOLOGY

Altered spawning seasons of Atlantic salmon broodstock genetically and
epigenetically influence cell cycle and lipid-mediated regulations in their
offspring

Takaya Saito, Marit Espe, Maren Mommens, "=/ Christoph Bock, = Jorge M.O. Fernandes, Kaja H. Skjaerven
doi: https://doi.org/10.1101/2024.02.03.57874|
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Nutrients

A: Intragenerational

Epigenetic mechanisms
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3. Non-coding RNA (ncRNA)

One genome

@ % Many epigenomes
>
. L4 i
2 0
»° Organogenesis s ge‘nome
4 One epigenome
]
s =
(] .
. -
Gastrul .
astrula
“ ? Cleavage ,'
Y U
Y "
Yo Blastura
/a e =-°
4 y \
-

L4

P
P

g 1mm
—

w

Vi e
NG 2 _P on/off?‘&« ‘ %
e s



i) B

> Background

» Broodstock females are manipulated to spawn
both earlier and later than the normal
Spawning season

Why: to produce offspring throughout
the year-

How: can be controlled by regulation of
feeding, light and temperature regimes

« Aim: to investigate if the spawning season
differs in nutritional status, RNA seq and
meDNA

« Help from Aqua Gen AS: Kyrksaetergra
SRR roodfish <<< # offspring




Light and temperature to adjust time for spawning
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Fo; Four broodstock spawning seasons

. Off-season: Jun
. Early-season: Sep
. Normal-season: Nov
. Late-season: Jan

F1. Metabolite

- Larvae weight
changes in eggs
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Season Spawning Starvation
Off-season June 109
Early Sept 163
Normal Nov 120
Late Jan 166




Compared four spawning seasons:
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Growth performance

Broodstock weight (kg)
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Spawning SeasOoNns: impact nutritional status of eggs
I

Nutritional status of eggs
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Earlier or delayed seasonal broodstock
spawning changes nutritional status and
metabolic programming of growth for next-
generation Atlantic salmon

Kaja H. Skjzerven ® 2 =, Maren Mommens ®, Anne-Catrin Adam °, Takaya Saito °,

Eystein Oveland 9, Marit Espe ©

Out-of-season spawning affects the
nutritional status and gene expression in
both Atlantic salmon female broodstock and
their offspring

Kaja H. Skjaerven ® o =, Eystein Oveland ° Maren Mommens °, Elisa Samori %, Takaya Saito °,
Anne-Catrin Adam ¢, Marit Espe @




Omics analysis
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 Larvae liver samples
* Gene expression with RNA-seq

* DNA methylation with bisulfite
sequencing




Results of gene expression analysis

b Violin plots of three pair-wise comarisons
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More downregulation of mMRNA expression compared to nhormal season
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11 biological pathways changed in offspring liver

Metabolism [r——— ; Off: the carbon metabolism.
: KEGG category . . .
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These findings may be linked to
variations in the nutritional status of
the eggs.




DNA methylation analy3|s

Average methylation rates by spawning seasons
82.41
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Correlation DMC with DEGS:
Cell cycle genes are regulated

Gene ID Symbol DMC! DEG? Gene name Function
Oft- Early Late Oft- Early Late
season season
106562317 caprin-1 Hypo (Hypo) (Hypo) Down  (Down) (Down) caprin-1 Cell cycle
106599887 cyp8b1l Hypo - - Down - - 5-beta-cholestane-3-alpha,7-alpha-diol Metabolism,
12-alpha-hydroxylase cytochrome P450
106588407 kifcl - Hypo Hypo - Down Down  carboxy-terminal kinesin 2 Cell cycle, Meiosis
106582038 adrenodoxin - Hypo - Down - adrenodoxin Metabolism,
cytochrome P450
106604665 sIc43ala - Hypo - - Up (Up) solute carrier family 43 member la Transporter
106561604 aurkb (Hyper) Hyper Hyper - Down Down aurora kinase B Cell cycle
106570052 Ipinl - Hyper - - Up - phosphatidate phosphatase LPIN1 Metabolism

Correlating methylation differences with corresponding LFCs, we found 11 DMCs:

4 DMCs in P250, 7 DMCs in P1K associated with DEGs.
caprin-1 and kifcl: hypo-methylated CpG sites, aurkb: hyper-methylated CpG sites; all three: Downreg.
CpG methylation differences greater than 30% lacked clear association with DEGs in the liver




maternal mRNA?
Broodstock and Offspring
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Research questions:

« Changes in broodstock incubation temperature: change
the maternal mRNA in the newly fertilized eggs?

e Can the differences be detected in the ovarian tissue
several months before spawning?




Mid-Blastula Transition

>

Maternal

Expression level

Egg 1-cell 16-cell 128-cell 3.5 hpf 5.3 hpf
Developmental Stage Aanes et al. 2011

« Early embryonic development is controlled by
maternal mRNA

 Zygotic transcription is initiated

) \laternal-to-zygotic transition




Maternal-to zygotic
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Experimental design
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Early embryoninc protein production relies

exclusively on maternal molecules like messenger
Broodstock temperature  mruas ncororated o the ovarian folicies

Broodstock
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change in
maternal mMRNAs? Q

Elevated temperatures (9°C and 12°C vs. 6°C) during oogenesis

Influenced the next generation?
Targeting maternal mMRNAs embryos, in view of up- and down-regulated genes in
ovarian follicles of pre-spawning adults




Broodstock temperature modulates
maternal mMRNA in offspring

* mRNAs functions in embryonic development:
cytoskeleton assembly: sdk2 , eml6 , elmo2
cell fate: hipk2 , yap1 , and yrk
folding of proteins: dnajblb
transcriptional regulator and mitosis: mapk4
protein methylation: eef2kmt
translation: zarl
chromatin configuration: smarcel and kdm2b

RPM

RPM

RPM

RPM

i eefzkmt

"
PR,

m dync1i1
-

Qq arhgap20i
e —
A

29 7

6°C 9°C12°C

yrk
——
r—n.s —l

pnpla8l
.,

ppdpfal
e —
R

6°C 9°C12°C

C elmo2
2.0 —e—)
)
154 4
1.04
0.5+ &
0.0~
g dnajb1b
57 —eme—

[ |

k dmap1
209 ——
|

154
-
104
5_
0_

O  sgpp2
09 —rr—
.

1.5
1.04
-
1
0.5
0.0-

S slec16al
9 —r—,
.

4_
o T
1
0- T

6°C 9°C12°C

d  hipk2

——
A

| kdm2b
0.8 ——
| ]
0.6
044 T
0.24
l "
0.0- 'L.T._
p znf592
44 —rrr—
vy
3_
. -
I i
1_
0_

t sic41a1
5+ e —)
A

4
3_
2_
i B

6°C 9°C12°C



Temperature-induced maternal mRNAs adjustments in embryos

n = 6 egg batches per °C mmm==) RNA sequencing
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Change in transcripts in oocytes for
embryo development months ahead of
spawning
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Thermal adjustments of maternal mRNAs in Atlantic cod embryos:
an intergenerational adaptation mechanism to ocean warming?
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Maternal temperature history N
* maternal temperature history:
contributes to egg quality and embryogenesis

via maternal mRNAs Editor’s Choice- Atlantic cod adaptation: Genetic

insights into climate resilience

* mRNAs functions in embryonic development: ‘ | '
cytoskeleton assembly: sdkz , emls, elmo? e e B e
cell fate: hipk2 , yap1 , and yrk temperatures, providing a deeper understanding of marine species’ response
folding of proteins: dnajb1b to climate change.
transcriptional regulator and mitosis: mapk4
protein methylation: eef2kmt e
translation: zar1 -
chromatin configuration: smarcel and kdm2b Kl aentiring - Kimom i

er forandringer i den statistisk... ‘ \t
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Editor's Choice - Atlantic cod adaptation:... o ~»
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* mRNAs: may change developmental gene S KhjaHdSkjerven
regulatory networks, causing a ‘domino effect’ g | ]
through subsequent embryonic tissue
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Summary:

« The metabolism interacts with the (epi-)gene regulation

» Broodstock handling affects the nutrient status of eggs- like SAM —
is needed for DNA methylation

« Atlantic salmon: < \\‘ - ' 7s 4
» Broodstock spawning season manipulation changes the nutritional
status of broodstock, and their offspring (Skjeerven et al., 2020 and
2022). Altered spawning seasons transcriptionally and eplgenetlcally

influence cell cycle and lipid mediated regulations in their offspring
(Saito et al., in review)

« Atlantic cod:

« Temperature (Ocean warming) shapes embryonic developmental
prospects of the next generation in Atlantic cod by altering maternal
MRNA in offspring, these where regulated months earlier in the
ovarian tissue (Skjeerven, Maud, Kleppe et al.,Kjesbu 2024)

* Further studies:

« mMRNAs: may change developmental gene regulatory networks,
causing a ‘domino effect’ through subsequent embryonic tissue
architecture, growth, and development?
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