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Gulf of Alaska cod fishery closed in 2020 after marine heatwaves

December 10, 2019

The Blob returns: Alaska cod
fishery closes for 2020
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Pacific cod longline survey data
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Pacific cod longline survey data
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Pacific cod longline survey data
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- Pacifi¢ cod age-0, beach seine survey Low Pacific cod recruitment and biomass
%aeo- estimates in Gulf of Alaska coincided/followed the
g 2014-16 & 2019 marine heatwaves, prompting
EZOO* review of 1st year of life biology and

ﬁ temperature response experiments
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Big Questions

-  Why & how does warming affect Pacific cod recruitment?

- Do biological reference points need to be updated in stock
assessment models?

- How resilient are Pacific cod populations in Alaska to warming?
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Larval study

Feeding larvae
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Juvenile study
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Experimental Team

How does temperature and acidification
affect larval Pacific cod survival,
growth, condition, & energy
allocation?

- Adults caught off Kodiak, AK to collect gametes
1 female x 3 males
- Fertilized embryos transported to Newport, OR,

reared through feeding stage in 3 temperatures
Cool “Optimal” Warm
e B e
- Monitored growth & survival, ‘omics samples at end

- Acidification treatment too!

Ingrid Spies




Experimental Team

How does temperature and acidification
affect larval Pacific cod survival,
growth, condition, & energy
allocation?

- Adults caught off Kodiak, AK to collect gametes

1 female x 3 males

b
- Fertilized embryos transported to Newport, OR,

reared through feeding stage in 3 temperatures

Marine Biology (2024) 171:121
https://doi.org/10.1007/00227-024-04439-w
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High larval mortality in warming
(and Warm+Acidified)
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(b) Larval Stage
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High larval mortality in warming - Heat waves likely decreased recruitment due to low larval survival

(and Warm+Acidified)

(a) Embryonic Stage

(b) Larval Stage
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High larval mortality in warming - Heat waves likely decreased recruitment due to low larval survival
(and Warm+Acidified)

(b) Larval Stage
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High larval mortality in warming
(and Warm+Acidified)

(b) Larval Stage
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High larval mortality in warming
(and Warm+Acidified)

(b) Larval Stage
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Hypothesis: high mortality in warming is due to energetic limitations caused by lipid depletion paired with
energy-demanding processes (inflammation, cell signaling / stability)

(b) Larval Stage 2
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Hypothesis: high mortality in warming is due to energetic limitations caused by lipid depletion paired with
energy-demanding processes (inflammation, cell signaling / stability)

(b) Larval Stage 2
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Warming increases larval mortality rates, which likely was a factor
influencing recruitment during heatwave years.

A Slesinger et al. 2024, Mar. Bio.

Mechanisms of larval mortality in warming could reflect energetic
limitations paired with energy-demanding inflammation and cellular
instability.

Spencer et al. In Revision, CJFAS



2. Juvenile study

Feeding larvae -12°C — )
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Laurel et al. 2023, in Fish & Fisheries
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Experimental Team How does temperature affect juvenile Pacific cod
growth, survival, & energy allocation in their
first fall/winter?
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Juvenile temperature experiment

- Wild juveniles (age-0) caught off
Kodiak, AK late summer

- Transported to Newport, OR wet lab

- Acclimated

- ~6 weeks experiment

Very Cold Cool Warm Very Warm

< P P P
n=40 / temp. .



Individuals tagged, collected:
a. Genetics with fin clips, n=40/temp (IcWGS)
b. Growth rates (length & wet weight) during

acclimation, treatment

c. Body condition (Kwet)

d. Liver condition (HSI)

e. Survival

f. Liver lipid components (n=25/temp)

g. Gene expression with liver, n=18/temp (RNASeq)
Very Cold Cool Warm Very Warm



“Genome-to-Phenome” dataset, Pacific cod juvenile temperature response
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“Genome-to-Phenome” dataset, Pacific cod juvenile temperature response

— 1. Genetics —
"' Who are they?
2. Phenotypes —
"' How does warming affect key traits?

w

Protein

. Integrate datasets —
(P Why are some fish less sensitive?

Phenotype




1.

“Genome-to-Phenome” dataset, Pacific cod juvenile temperature response

Genetics — Who are they (wild caught)?
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“Genome-to-Phenome” dataset, Pacific cod juvenile temperature response

1. Genetics — Who are they (wild caught)? DNA %@@é\

Tools used:

- Sequence whole genome ~3x (i.e.
‘low-coverage”), n=160

- High-quality reference genome for alignment &
genotype probability data

4 /o
llfl:g h /s-/
/) .
S

4 genetically distinct
“populations” in Alaska

Alaska

Schaal et al., In review



What does genotype data look like?

Per-sample genotype

T— A N
Chromosome Site Sample 1 Sample2 ———> <160
5 Chr1 10,000,065 A/A G/A samples
g Chr1 10.000,883 C/IC CIT
% Chr1 10,001,961 G/G AT
& Chr1 10,002,133 C/IC C/T
Chr1 10,002,294 G/A G/A

Possible alleles: A,G,T,C
~350.,000 sites 1 from each parent



What does genotype probability data look like?

Most
common

\ COI’TImOﬂ L

Second most Per-sample genotype probabilities

Chrom. Site Major Minor Sample 1 Sample 1 Sample 1 Sample 2 Sample 2 Sample 2 -
. Allele Allele  G/G GIA AIA GIG GIA NA oo
§ Chr1 10,000,065 G A 0.00 0.33 0.67 0.03 0.97 0.00
£ ) Chrl  10.000,883
& Chr1 10,001,961 67%S§:ovt€;eb;/:ty of 97%S§z5;eb§ity of

Chr1 10,002,133 A/A G/A

Chr1 10,002,294

~350,000 sites



Use genotype probability data to predict population of origin

Used genotype probabilities from:

- 160 experimental fish
- More data: ~55 fish per population
(Schaal et al. In review), “reference fish”

1. ldentified sites associated with population
differences (top Fst)

2. Identified best sites (n=6,101) that predict
population, ~96% assignment accuracy in
reference fish

3. Predict population of origin for
experimental fish (wgsassign)




Predicted population of origin = Western GOA / Eastern Bering Sea group

PC1 xPC2 North
orthern
. . %, Bering Sea
0.10 o T
o ot OO
o®
0.05
< Aleutian Islands
8 0.00
by Experimental

0.04

-0.04 0.00
PC2 (2.3%)



“Genome-to-Phenome” dataset, Pacific cod juvenile temperature response

v Genetics — they are one population

western Gulf of Alaska / Eastern Bering Sea
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“Genome-to-Phenome” dataset, Pacific cod juvenile temperature response

Genetics — they are one population

western Gulf of Alaska / Eastern Bering Sea

Phenotypes — how are survival-associated traits affected?
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Phenotypes - growth rate, liver condition, lipid content

Growth Rate (weight Hepatosomatic index (liver size) Total Lipid Content in liver
Faster growth /& Larger liver /= More lipid &




Phenotypes - growth rate, liver condition, lipid content

Growth Rate (weight Hepatosomatic index (liver size) Total Lipid Content in liver
Faster growth /& Larger liver /& More lipid /&
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Phenotypes - growth rate, liver condition, lipid content

Growth Rate (weight Hepatosomatic index (liver size) Total Lipid Content in liver
Faster growth /& Larger liver /& More lipid /&
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Phenotypes - growth rate, liver condition, lipid content
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Warming decreased lipid reserves
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Warming decreased lipid reserves
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“Genome-to-Phenome” dataset for juvenile Pacific cod

v Genetics — they are one population DNA %@@é\

estern Gulf of Alaska / Eastern Bering Sea
" ) " J
v Phenotypes — Fewer lipid reserves in warming, slightly mRNA %%p
slower growth - juvenile overwinter survival likely lower
during heatwave years. w'y
M
Protein
Phenotype o »

Adapted from: udaix/Shutterstock.com



“Genome-to-Phenome” dataset for juvenile Pacific cod

v Genetics — they are one population DNA %@%

western Gulf of Alaska / Eastern Bering Sea “

v Phenotypes — Fewer lipid reserves in warming, slightly mRNA %Eégép

slower growth - juvenile overwinter survival likely lower

during heatwave years. ,',

M
- Integrate datasets — Performance indicators! Protein Vv
a. Genetic variants % V‘ %

b. Expression patterns

Phenotype




Variation within each temperature - opportunity!
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Liver size
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Variation within each temperature - opportunity!

Liver size

_ _ _ _ _ ____

100 * Liver wet weight / Total wet weight
.
s

|dentified sites on genome associated with liver
size, lipid content, & growth in warming

Genome-Wide Association Studies
(GWAS) within each treatment
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Tangent — using GWAS to identify sex markers (preliminary)
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Sex-association, GWAS
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Leveraged genetic data from
~60 females & ~100 males

Data from Schaal et al. In
review



Tangent — using GWAS to identify sex markers (preliminary)
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Tangent — using GWAS to identify sex markers (preliminary)

Sex marker in same Chromosome ) )
11 region in Atlantic cod Benchtop sex assay in Atlantic cod
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Article | Open access | Published: 15 January 2019 1000bp

Characterization of a male specific region containing a

candidate sex determining gene in Atlantic cod

750bp
Tina Graceline Kirubakaran, @ivind Andersen, Maria Cristina De Rosa, Terese Andersstuen, Kristina Hallan

Matthew Peter Kent & & Sigbjgrn Lien &

Scientific Reports 9, Article number: 116 (2019) ] Cite this article



Tangent — using GWAS to identify sex markers (preliminary)
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l Amerlcan Journal of Heredity, 2018, 326-332
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Brief communication

Identification of Genomic Regions Associated
With Sex in Pacific Halibut

Daniel P Drinan, Timothy Loher, and Lorenz Hauser

From the University of Washington, School of Aquatic and Fishery Sciences, Seattle, Washington (Drinan);
International Pacific Halibut Commission, Seattle, Washington (Loher); University of Washington, School of Aquatic
and Fishery Sciences, Seattle, Washington (Hauser).

Genetic markers add sex data
from commercially caught
halibut to assessment

INTERNATIONAL PACIFIC
HALIBUT COMMISSION

Genetic Markers (SNPs) For Sex

Identification

The sex ratio of the commercial fishery catch represents an extremely important source of uncertainty in the
annual stock assessment (Stewart and Hicks, 2020). The IPHC has generated sex information of the entire set of
aged commercial fishery samples on an annual basis since 2017 (>10,000 fin clips per year). Sex information is
obtained using genetic techniques based on the identification of sex-specific single nucleotide polymorphisms
(SNPs) (Drinan et al., 2018) using TagMan qPCR assays conducted at the IPHC's Biological Laboratory.
Therefore, direct estimates of the sex-ratio at age for the directed commercial fishery are now available for stock
assessment. Sex-ratio information of the commercial catch is likely to further inform selectivity parameters and
cumulatively reduce uncertainty in future estimates of stock size, in addition to improving simulation of
spawning biomass in the MSE Operating Model.



~100 markers putatively associated with liver size in
Pacific cod juveniles exposed to warming

Putative markers associated with
Hepatosomatic Index (liver condition), Temperature = 16
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~100 markers putatively associated with liver size in
Pacific cod juveniles exposed to warming

Putative markers associated with
Hepatosomatic Index (liver condition), Temperature = 16
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~100 markers putatively associated with liver size in
Pacific cod juveniles exposed to warming
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“Genome-to-Phenome” dataset for juvenile Pacific cod

v Genetics — they are one population DNA %@%

western Gulf of Alaska / Eastern Bering Sea w'r

v Phenotypes — Fewer lipid reserves in warming, slightly slower mRNA %Eégép

growth
3

v Gene expression — Lipid usage, immune activity, & damage
control may deplete energy reserves Brofsin

1. Integrate datasets — Performance indicators!
v ~100 genetic markers of liver size in warming

a. Expression patterns Phenotype




“Genome-to-Phenome” dataset for juvenile Pacific cod
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v Gene expression — Lipid usage, immune activity, & damage
control may deplete energy reserves Brofsin

1. Integrate datasets — Performance indicators!
v ~100 genetic markers of liver size in warming

a. [Expression patterns Phenotype




What does my gene expression data look like?

Gene ID in genome

gene_gadmor
ND1

ND2

Cox1

coxz

ATPS

Ccox3

ND3

ND4L

LOC115539476
LOC115539709
LOC115538781
abhd14a

acyl
LOC115537228
LOC115537019
LOC115538651
LOC115538267
kbtbd12

PCG001

8276
39142
555463
315625
82892
165275
10710
19364
37081
16299
4102
176843
260
890
586
1197
1626
2106
659
727

1003

8202
43297
631876
309958
105415
189321
13595
31196
42648
21803
3787
211635
228
849
596
1381
1244
2402

674
192
743

PCGO11

8327
57032
917827
493176
89100
235193

Samples

PCGO15

294979
73253
135559

Gene counts

219
777
630
1031
1245
2008
564
564
153
766

PCGO17

5508
33489
378628
189346

112870
10244
20566
29274

270
561
417
774
1224

PCG020

4351

114784
266

137

PCG029

5673
38921
438595
227614
86703
135462
9792
21021
35681

N

PCG004 PCGO035

6385
36460
455514
219894
78859

216



What does my gene expression data look like?

Gene ID in genome Samples functional info for many gene

e N Y

gene_gadmor PCG001 PCG004 PCGO11 PCGO15 PCGO17 PCG020 PCG029 PCG035 spid species evalue protein_names

ND1 8276 8202 8327 7750 5508 4351 5673 6385 P55779 | GADMO 0.00e+00 NADH-ubiquinone oxidoreductase chain 1 (EC 7.1.1.2) (NA
ND2 39142 43297 57032 31681 33489 30275 38921 36460 P55780  GADMO 2.40e-158 NADH-ubiquinone oxidoreductase chain 2 (EC 7.1.1.2) (NA
Ccox1 555463 631876 917827 551062 378628 403956 438595 455514 Q36775 GADMO 0.00e+00 Cytochrome c oxidase subunit 1 (EC 7.1.1.9) (Cytochrome ¢
cox2 315625 309958 493176 294979 189346 229132 227614 219894 Q37741  GADMOC 1.12e-132 | Cytochrome c oxidase subunit 2 (EC 7.1.1.9) (Cytochrome ¢
ATPS 82892 105415 89100 73253 77770 58061 86703 78859 P55778  GADMO 2.60e-104  ATP synthase subunit a (F-ATPase protein 6)

Ccox3 165275 189321 235193 135559 112870 81377 135462 126615 P55777 A GADMO 5.84e-152 ' Cytochrome c oxidase subunit 3 (EC 7.1.1.9) (Cytochrome ¢
ND3 10710 13595 10404 7013 10244 2567 9792 8231 P15957 = GADMOC 1.48e-32  NADH-ubiquinone oxidoreductase chain 3 (EC 7.1.1.2) (NA
ND4L 19364 31196 42855 16261 20566 17877 21021 16269 P23633 = GADMO 1.08e-41 NADH-ubiquinone oxidoreductase chain 4L (EC 7.1.1.2) (N,
ND4 37081 42648 67118 30275 29274 37939 35681 34155 P55781 = GADMO 0.00e+00 NADH-ubiquincne oxidoreductase chain 4 (EC 7.1.1.2) (NA
ND5 16299 21803 2823¢ 19960 19262 18187 P55782  GADMC 0.00e+00 NADH-ubiguinone oxidoreductase chain 5 (EC 7.1.1.2) (NA
ND6 4102 3787 3181 G ene cou nts 1774 3772 3391 P55783 | GADMOC 1.86e-42 NADH-ubiquinone oxidoreductase chain 6 (EC 7.1.1.2) (NA
CcYTe 176843 211635 27739% 114784 137070 144369 Q37080 GADMO 0.00e+00 Cytochrome b (Complex lll subunit 3) (Complex lll subunit
LOC115539476 260 228 333 219 270 266 312 266 Q99MK9 MOUSE 1.66e-27 Ras association domain-containing protein 1 (Protein 123F
LOC115539709 8390 849 919 777 561 461 945 1000 Q9WVF8 = MOUSE 5.41e-27 Tumor suppressor candidate 2 (Fusion 1 protein) (Fus-1 pn
LOC115538781 586 596 576 630 417 450 704 730 Q12891 HUMAN 3.51e-104 Hyaluronidase-2 (Hyal-2) (EC 3.2.1.35) (Hyaluronoglucosan
abhd14a 1197 1381 1629 1031 774 757 1158 1108 Q1Lv46  DANRE 4.34e-34 Protein ABHD14A (EC 3.-.-.-) (Alpha/beta hydrolase domail
acyl 1626 1244 1670 1245 1224 1386 1566 1642 Q6PTTO  RAT 2.57e-16 Aminoacylase-18 (ACY-1B) (EC 3.5.1.14) (ACY IB) (N-acyl-L-
LOC115537228 2106 2402 2555 2008 1845 2826 2127 2235  Q6PHS9 | MOUSE 1.07e-34 Voltage-dependent calcium channel subunit alpha-2/delta
LOC115537019 659 544 N 564 505 611 696 444 Q90339 CYPCA 1.94e-172  Myosin heavy chain, fast skeletal muscle

LOC115538651 727 674 630 564 479 599 554 523 QI9NXG6 HUMAN 5.61e-20 Transmembrane prolyl 4-hydroxylase (P4H-TM) (EC 1.14.11
LOC115538267 57 192 81 153 104 137 110 104 Q8CIW6 = MOUSE 3.91e-23 Solute carrier family 26 member 6 (Anion exchange transp:

kbtbd12 1003 743 646 766 D 875 301 216 Q3ZB90 DANRE 0.00e+00 Kelch repeat and BTB domain-containing protein 12 (Kelch



~ 1,600 genes with expression associated with liver size in warming

Z-score
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Liver size performance indicators in warming, both GENETICS and EXPRESSION

# of
Chromosome markers

4 3

Calcium 12 2
transport 0 1
2 1

Immune 5 1
system 2 1
23 1

17 2

Gene ID

LOC132456135

tmco1

LOC132466560

LOC132453053

LOC132457513

LOC132452628

LOC132452644

LOC132445594

Protein Name

Netrin receptor UNC5D

Calcium load-activated calcium channel

TBC1 domain family member 9B

Stonustoxin subunit beta

Stonustoxin subunit beta

NLR family CARD domain-containing protein 3

HERV-H LTR-associating protein 2

Unknown

Function

Cell adhesion, apoptosis in response to DNA
damage

Calcium transport, endoplasmic reticulum calcium
homeostasis

Membrane trafficking, calcium transport

May be related immune system function. From
stonefish, toxic/fatal to mammals.

May be related immune system function. From
stonefish, toxic/fatal to mammals.

Negative regulator of the innate immune response
Enhances T-cell proliferation and cytokine

production

Unknown



Liver size performance indicators in warming, both GENETICS and EXPRESSION

Calcium
transport

Immune
system

Chromosome markers Gene ID Protein Name Function
Cell adhesion, apoptosis in response to DNA
4 LOC132456135 Netrin receptor UNC5D damage
Calcium transport, endoplasmic reticulum calcium
12 tmco1 Calcium load-activated calcium channel homeostasis
10 LOC132466560 TBC1 domain family member 9B Membrane trafficking, calcium transport
May be related immune system function. From
2 LOC132453053 Stonustoxin subunit beta stonefish, toxic/fatal to mammals.
May be related immune system function. From
5 LOC132457513 Stonustoxin subunit beta stonefish, toxic/fatal to mammals.
23 LOC132452628  NLR family CARD domain-containing protein 3  Negative regulator of the innate immune response
Enhances T-cell proliferation and cytokine
23 LOC132452644 HERV-H LTR-associating protein 2 production
17 LOC132445594 Unknown Unknown




Hepatosomatic Index (liver size)
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Expression value (normalized)
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“Genome-to-Phenome” dataset for juvenile Pacific cod

v Genetics — they are one population DNA %%

western Gulf of Alaska / Eastern Bering Sea “

v Phenotypes — Fewer lipid reserves in warming, slightly slower mRNA %Eégép

growth
J

v Gene expression — Lipid usage, immune activity, & damage
control may deplete energy reserves Brofsin

v Markers of juvenile performance in warming
v ~100 genetic markers

v ~1,600 gene expression indicators Phenotype




“Genome-to-Phenome” dataset for juvenile Pacific cod

v Genetics — they are one population DNA %%

western Gulf of Alaska / Eastern Bering Sea “

Phenotypes — Fewer lipid reserves in warming, slightly slower mRNA %Eégép

growth
J

Gene expression — Lipid usage, immune activity, & damage
control may deplete energy reserves Protein
Markers of juvenile performance in warming

v ~100 genetic markers

v ~1,600 gene expression indicators Phenotype

Can we predict “performance” or “resilience” of other cod groups
using our markers?



Exploratory analysis: predicting liver size

PCA from genotype probabilities, liver size markers in warm fish only

A
0.2 A
A A syrived
PC%/ & B Died
16%
(16%) & |k |
0.0 hsi
» A A 4 200
Ad A B 250
B " 200
A A 150
02 A A 6
0 0.2 0.1 0.0 0.1 0.2

(62%)



Exploratory analysis: predicting liver size

PCA from genotype probabilities @ 32 top liver size markers, warm fish only
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Exploratory analysis:
Which populations would we predict to have largest livers in warm conditions?
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Exploratory analysis: predicting liver size

Liver
size

Step 1. PCA from genotype probabilities @ 32 top liver size markers

PC Score
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Exploratory analysis: predicting liver size

Step 2. Model liver size ~ PC scores in experimental fish

Liver size,
fish exposed to
warming

300

200

100

R=-0.72, p=6.2e-07
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y=220-300 x
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PC scores (summed)
55% total variation
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| 200
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Predicted HSI

Exploratory analysis: predicting liver size

Step 3. Use PC-based model to predict liver size in other populations

Predicted HSI by marine region
for juveniles exposed to warming (x-axis, n=31 markers)
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300

250

Predicted HSI

150

Exploratory analysis: predicting liver size

Step 3. Use PC-based model to predict liver size in other populations

Predicted HSI by marine region

for juveniles exposed to warming (x-axis, n=31 markers)
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Example marker in gene GalNAc-T2

- Cell signaling, cell adhesion, and protecting the mucosal surfaces in various tissues
- Glygoprotein / glycolipid biosynthesis

Actual liver size ~ likely genotype
Warm-exposed fish

300 x *
225
°

150 .

AIG || G/IG

Small Medium|| Large




Example marker in gene GalNAc-T2

- Cell signaling, cell adhesion, and protecting the mucosal surfaces in various tissues
- Glygoprotein / glycolipid biosynthesis

Predicted liver size based on
likely genotype
Reference fish & warm-exposed fish

Actual liver size ~ likely genotype
Warm-exposed fish

300 . #

1.00

225 075 Predicted liver size
= based on genotype
[
150 bt < 0.50 . arge
. medium

. small

AIG || G/IG

Small || Medium|| Large

Warm eGOA NBS WGOA  EBS Aleutians ~ Japar/

Korea
exposed



Broad Conclusions (preliminary)

Low recruitment in GoA during heatwaves is likely related to high larval mortality and low juvenile
overwintering survival, both related to lipid metabolism, inflammation, and cell adhesion effects.

Stock assessments may need to adjust reference points in heat wave years

Genetic variability related to adaptive traits may enable selection for juveniles more capable of
allocating lipid reserves, more resilient populations

Other Pacific cod groups could be screened for putative markers of performance
- Through time — before/during/after heat waves (future project!) - is selection happening?
- Distinct Pacific cod groups — are some groups more resilient than others?
- Juveniles using different nursery habitat (onshore vs. offshore, Laurel study)



Applications of genomic resources in fisheries management

Building Genomics Database — Sequence data + metadata = opportunities for integration!
Sex identification — for sex data from fisheries or surveys, benchtop assay for experiments, surveys using DNA
Tagging studies — identify sex, population of origin, other markers (e.g. climate resilience) using fin clips
Ancient DNA studies — have genotypes at temperature-sensitive / performance markers changed through time?
Aging tools — “Epigenetic clock”, if developed, to estimate ages from DNA

Assay development — Expression data in lieu of more invasive / costly measurements (e.g. lipid components)

eDNA - Collected during surveys to estimate species presence, quantify relative abundance
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Extra slides



Juvenile cod overwintering survival
depends on size, lipid reserves, and
both are temperature-dependent
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A latitudinal progression of population decline...
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Exploratory analysis: predicting liver size

PCA from genotype probabilities @ 32 top liver size markers, warm fish only

Hepatosomatic Index (liver condition)

200

100

R=-0.7,p=1.2e-06
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Genes with putative performance markers Genes with putative performance markers
Hepatosomatic Index (liver condition) Growth rate (wet weight)

Cold Optimal Cold Optimal




~100 markers putatively associated with liver size in
Pacific cod juveniles exposed to warming
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