69

zic2a BT059418.1 Zinc  finger protein; DNA TGCTGGGCTTAACTTGTGATG/  This study/

binding AATCTTCCAGATAGCATTTCAC Chapter 1
AAT
Cell Death
calm2a  BT074083.1 Phosphorylase kinase GCGGAATGCTTCTCTGATCTC/  This study/

CTTCCCAGAGTTCCTGACCAT Chapter 1

grinla  XM_005161070.1  lon channel activityy, NDMA GAGAGCTGTTTTTCCGTTCG/ This study/

receptor activity GAAGATCCCTGCTGCTATGC Genbank
Neuronal Signalling/Synaptic Processes
cnrl See Reference G-protein receptor activity GGAGAGGAGTAACATGAGCT/  Reilly et al. 20087
CAAGCCACCCAACTTCTTGT
crabplb NM _001279119.1 Retinoic acid binding; ATGCCCAACTTTGCCGGT/ This study/
transporter activity GAGGGCTTTGAGAAGTTCG Chapterl
ctnnbl  NM_001173938.1  Anchors actin cytoskeleton, may TGGACCATTTCCAATTCTTGGT/ This study/
signal end of cell division ATTCTGATCAAGTGTAACATTG Genbank
TGT
er-a FJ226367.1 Hormone  binding, catenin GTGGGGATGGTGAAAGGAGG/  This study/
binding, DNA binding TCCACCACCATTGAGACTGC Genbank

gnrh NM_001124281.1  Gonadotropin releasing hormone ATTGGTCGTATGGGTGGCTA/ This study/
TCTTGAATGCTCCATCATCG Genbank
Endogenous Controls

p-actin  See Reference Cytoskeleton component ACGGCCGAGAGGGAAATC/ Ching et al. 2010™
CAAAGTCCAGCGCCACGTA
ef-la  See Reference Elongation factor of peptide AATACCCTCCTCTTGGTCGTTT/ Aykanatetal. 20117

translation CTTGTCGACGGCCTTGATG
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Figure 3.1 Mean transcription level of respective genes by population, life stage, and treatment group. The mean transcription level
represents the log of the average number of reads per individual in a group (combination of population, life stage, and treatment
group- represented by each bar). Population code are: C- Conuma, N- Nitinat, Q- Big Qualicum, and Y- YIAL. A shows
transcription level for genes involved in cell proliferation/growth, B shows transcription levels for genes involved in cell death, and C
shows transcription levels for genes involved in neuronal signaling and synaptic processes.
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Figure 3.2 Histogram showing mean sequencing read depth (average number of
transcripts per individual) of each gene across all Chinook salmon samples (not including
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Only genes with a significant transcriptional change due to age are shown. Gene in
legend are listed in the order their data points appear in the pre-smolt group.
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Figure 3.4 Trends of sn25a (Log (Normalized read count)) levels from pre-smolt to
smolt age groups in each population. Conuma and Nitinat populations show similar
trends of downregulation, while the Big Qualicum population shows a significantly larger
decrease in expression. The domesticated Y IAL population shows no significant
difference between age groups, a significantly shallower trend than the wild populations.
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CHAPTER 4

CONCLUSION
Neuroplasticity is an extremely complex and important process in animals, facilitating
natural development, responses to environmental challenges, memory, and brain injury
recover. Genetic changes at the transcriptional level contribute to neuroplasticity, but
additional studies in molecular biology and neuroscience are often needed to understand
the detailed mechanisms involved in changing plasticity. Fish are an excellent group to
use when studying trends in neuroplasticity because of their ability to regenerate neural
tissue throughout the brain (injury recovery)-2, as opposed to other animals where brain
regenerative processes are limited®*. Anadromous salmonids are an ideal group of fish to
study trends in neuroplasticity in the brain because they grow through distinct life stages
(natural development) and migrate through extremely different environments (response
development). This thesis contributes to our knowledge of the impact of the freshwater
to saltwater transition on neuroplasticity in young Chinook salmon (Oncorhynchus
tshawytscha). It also shows how the transcriptional trends of specific genes change with
age, and provides a starting point to predict expression co-dependence of interacting
genes.

In chapter 2, | used a whole transcriptome sequencing approach, selecting for
MRNA, to determine transcriptional changes in the brains of Chinook salmon smolts in
response to salt water. | found that there were substantial differences in the
transcriptional profile of saltwater challenged smolts compared to freshwater controls,
though many of the differentially expressed genes currently have no known function in

neuroplasticity. Furthermore, there were differences in the transcriptional response to
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salt water between farmed and wild individuals. In chapter 2, | examined the changes in
the transcription levels in response to salt water for genes specifically known to be
involved in aspects of neuroplasticity in the brains of Chinook salmon smolts, and how
those responses differed between age groups and populations (three wild, one
domesticated). Most of the differences observed were due to a decrease in transcription
of genes from the parr to smolt stage across all populations, though there were also
responses to population and age interaction effects and salt water. These patterns indicate
that age is the predominant factor in neuroplasticity, though results also showed
neuroplastic potential increases in response to salt water exposure which may have been
more gene specific.

Here 1 discuss the key findings of my thesis, how they relate to current and past
research, and potential implications. The strongest observation suggests that as salmon
develop from the parr to smolt stage, there is a reduction in the transcription of genes
involved in neuroplasticity. This is consistent with previous work showing salmon
physiologically prepare for the saltwater environment prior to entering salt water>®, and
indicates that the brain develops in a directed manner to cope with the new environment.
Decreasing plasticity with age has been observed in many species”®, and is common as
brain development slows.

The final way | addressed the response of neuroplastic potential to salt water was
to determine whether it was conserved, or differed between wild and domestic
populations. RNA-Seq differential transcription analysis of Chapter 2 data showed
modest differences in the genes responding to salt water between wild and domesticated

populations. Chapter 3 data showed none of the genes analyzed responded differently to
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salt water between populations, but one gene (sn25a) showed a significantly reduced
change with age in the domesticated population compared with wild population fish.
Together, these results may reflect local adaption for relaxed brain plasticity in the
domesticated population due to a decrease in selective pressures and environmental
enrichment compared to the wild environment. Domestication effects in salmon have
been shown in other traits''!2, and lowering selective pressures may have caused an
increase in transcription level variation!3 This may be why | saw few differences between

wild and farmed populations in Chapter 3.

4.1 FUTURE DIRECTIONS
This thesis provides the first analysis of potential changes in neural plasticity in

response to ocean entry of Chinook salmon, and has substantially contributed to our
knowledge of local adaptation of this response and possible mechanisms of neural
plasticity. While this project explored transcriptional variation at known gene loci, it also
revealed changes in genes of unknown function. | was also not able to localize
transcriptional changes to specific regions of the brain, leaving the response of specific
functional areas unknown. While there was evidence of well-described general
developmental pathways guiding phenotypic and neural plasticity, these are not the only
source of structural and functional differentiation - epigenetic mechanisms have recently
been shown to be involved in developing these processes as well. Future experiments to
build on the knowledge here include:

e Experiment 1: | found many genes in Chapter 2 that were differentially regulated

in the brain’s response to salt water. One of the drawbacks of using high-
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throughput sequencing technology is the return of data (genes) that have not been
characterized in the study species and some that have not been characterized in
any species. To truly understand the role of these genes in the brain, it would be
necessary to investigate the function of these genes through knockout experiments
and yeast two-hybrid experiments directed at suspected interacting proteins. This
would offer insight into the importance of the gene under different conditions, as

well as pathways these uncharacterized genes may be involved in.

Experiment 2: Although studies of global gene expression in the brain are a solid
foundation to investigate how the brain responds to stimuli, it is well known that
different regions of the brain have different functions and likely different gene
expression response patterns. Investigating the expression pattern changes in
different regions of the brain in response to salt water would offer insight into
differences in response to salt water among regions. Such a study would aid in

determining which functional changes occur and where.

Experiment 3: The salmon studied here were still early in development, so
developmental mechanisms may have driven the differences found in
neuroplasticity. Investigating the brain’s genetic response to trauma later in life
will allow the detection of neuroplastic mechanisms involved in injury recover.
Considering the high capacity for neural regeneration in fish, it would be
interesting to compare gene expression changes after injury in fish to those of

human/mammal expression patterns in the brain after injury. ldentifying genes
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expressed in a damaged fish brain that allow it to recover from injury, and
comparing them to genes expressed under similar circumstances in mammals will
offer insight into why mammals cannot recover from brain injury to the same
extent as fish. Targeting these genes for therapy in damaged mammalian brains
may offer the opportunity for humans to recover from brain injuries in a similar

manner.

e Experiment 4: Many aspects of the developmental process has been shown (in
mammals) to be governed by epigenetic changes, including mechanisms such as
methylation, acetylation, and RNAI, as well as gene-gene interactions (epistasis).
In salmon, developmental processes at the genetic level are complicated by their
ancestrally tetraploid genome. With twice the number of possible loci for each
gene, it is likely that many duplicated gens are partially silenced'*. Methylation
of both histone packaging proteins and DNA itself can cause gene silencing, and
differing levels of methylation during development would be consistent with brain
development partially governed by epigenetic mechanisms. Such experiments
would offer insight into the regulation of phenotypic plasticity experienced by
salmon as they transition between fresh and salt water.

My research has not only provided a baseline understanding of the brain changes
involved in the saltwater response of Chinook salmon, but has also offered further
evidence for the mechanisms of regulation of neural plasticity, and in part, phenotypic
plasticity, and the occurrence of rapid local adaptation. Changing environments often

require cognitive acclimation, which is facilitated by neuroplasticity, and mass changes in
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neuroplasticity are presently best identified at the transcriptomic level. The implications
of my research are not confined to salmon species, or even fish, as fish provide a unique
model for neural regeneration, and thus knowledge of their neuroplastic mechanisms can

be used to inform mammalian brain recovery research.
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APPENDIX

Sequencing Metrics

Table A1 Number of high quality reads (determined using standard Roche 454 quality-
control parameters) and average read length recorded in each sample as reported by
Roche 454 FLX+ software. Wild (BQ) and domesticated (YIAL) are labelled W and D
respectively, and freshwater control group and saltwater challenged group are labelled F
and S respectively.

Sample High Quality Average Mapped Unique
Reads Read Length Reads Genes
(bases)
WEF 25,544 324 1180 431
WS 119,052 414 4723 1397
DF 39,660 380 1707 727
DS 55,615 403 2168 672

Differential Transcription

Table A2 Significantly differentially expressed genes in response to salt water of the
wild fish. Significance was determined using false discovery rate. The g-value
represents the probability that differences identified as significant are false positives.

Gene Fold Change p-value g-value
pak4 68.0 1.04E-41 2.12E-41
calm2a 30.5 1.11E-17 2.46E-17
z9c,171772 22.0 1.86E-12 493E-12
rpl10 17.0 4.12E-05 9.07E-05
gnb211 16.0 8.14E-05 1.95E-04
rpl5b 14.0 3.16E-04 8.45E-04
fthla 11.4 7.49E-24 1.48E-23
ppial 10.5 2.00E-05 4.50E-05
LOC793200 10.0 4.54E-03 1.18E-02
oazl 9.0 8.73E-03 2.07E-02
olfmla 9.0 8.73E-03 2.07E-02
psmab 9.0 8.73E-03 2.07E-02
rps4x 8.0 1.64E-05 4.16E-05
slc25a6 8.0 1.67E-02 4.03E-02
eno3 8.0 1.67E-02 4.03E-02
eiflb 8.0 1.67E-02 4.03E-02
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atpévOca 8.0 1.67E-02 4.03E-02

nchp2 8.0 1.67E-02 4.03E-02
prdx2 6.0 5.48E-03 1.24E-02
zgc,109973 6.0 5.48E-03 1.24E-02
rpl8 53 8.74E-07 2.62E-06
sumoz2 5.0 3.28E-03 9.48E-03
rpl36 5.0 1.78E-02 4.10E-02
crabplb 5.0 1.78E-02 4.10E-02
btf3 4.4 2.42E-05 5.59E-05
hsp90ab1 4.2 5.04E-06 1.19E-05
rps3 4.0 1.71E-02 4.09E-02
atp5o 3.6 5.63E-04 1.36E-03
zgc,113055 3.0 4.02E-03 1.03E-02
COX3 1.6 4.02E-07 1.44E-06
nme2b.1 -2.7 2.23E-02 4.42E-02
rps7 -3.1 4.96E-11 1.44E-10
rps9 -3.3 5.29E-03 1.24E-02
dynli2a -3.5 1.07E-02 2.31E-02
hbbe2 -3.9 1.09E-05 2.68E-05
rps24 -4.3 8.42E-03 2.07E-02
rpl18a -5.2 6.13E-08 1.94E-07
rpsS -5.3 1.93E-03 4.51E-03
zgc,55461 -5.3 5.17E-03 1.24E-02
zgc, 73293 -5.9 1.71E-06 4.55E-06
rpsll -8.0 1.57E-03 4.01E-03
rps20 -9.0 2.28E-02 4.60E-02
ndufa4l -11.0 6.61E-07 1.77E-06
gpia -14.0 1.14E-03 2.99E-03
rps23 -16.0 3.36E-04 8.62E-04
LOC100330344 -24.0 2.41E-06 5.55E-06

Table A3 Significantly differentially expressed genes in response to salt water of the
domesticated fish. Significance was determined using false discovery rate. The g-value
represents the probability that differences identified as significant are false positives.

Gene Fold Change p-value g-value
zgc,113055 30.0 3.08E-08 7.36E-08
zgc,73293 20.0 2.13E-05 3.68E-05
pcpdb 16.0 7.20E-08 1.18E-07
LOC100330344 15.0 5.23E-04 8.68E-04
zgc,109973 15.0 5.23E-04 8.68E-04
rps7 13.9 3.62E-21 5.12E-21
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rpl7a
rpl18a
rps27a
2Qc,65996
rpll2

ubc

naca
COX3
hbbe2
rpl10a

rps3
nme2b.1
rpl7
zgc,92237
rps25
tubb2c
rps9
fabp7a
fthla

tubal
atp5cl
calmlb
29c,123194
tuba8l4
zQc, 171772
zgc,101757
calm3a
rpl3

heatr3
slc25a4
calm3b
mbp

psmas
rpl5b
calm2a
tuba8l2
LOC793200
pak4
gnb2I1
slc25a6

13.0
10.0
10.0
9.0
9.0
7.5
7.5
6.7
6.7
6.3
6.0
6.0
5.8
5.0
4.7
4.5
4.3
4.1
-2.6
-3.5
-3.5
-4.4
-4.5
-5.5
-5.5
-5.5
-6.0
-6.8
-8.0
-9.0
-9.0
-9.0
-11.0
-11.0
-13.4
-15.0
-17.0
-19.7
-20.0
-24.0

1.84E-03
1.23E-04
1.18E-02
2.15E-02
2.15E-02
3.25E-13
2.37E-03
1.63E-46
4.95E-04
1.06E-04
1.30E-02
1.30E-02
1.46E-07
7.59E-03
1.28E-02
4.38E-03
7.25E-03
3.19E-04
1.10E-05
1.73E-02
1.73E-02
1.88E-05
2.20E-03
5.94E-06
2.47E-04
1.15E-02
6.46E-03
6.22E-08
1.94E-02
1.04E-02
1.04E-02
1.04E-02
2.93E-03
2.93E-03
1.17E-15
2.18E-04
5.83E-05
8.69E-30
7.89E-06
5.33E-07

3.80E-03
2.38E-04
2.11E-02
3.92E-02
3.92E-02
3.96E-13
4.70E-03
1.63E-46
8.68E-04
2.18E-04
2.11E-02
2.11E-02
2.30E-07
1.51E-02
2.11E-02
8.97E-03
1.48E-02
5.78E-04
2.00E-05
3.32E-02
3.32E-02
3.47E-05
4.65E-03
1.29E-05
5.07E-04
2.11E-02
1.19E-02
1.16E-07
3.64E-02
1.87E-02
1.87E-02
1.87E-02
5.04E-03
5.04E-03
1.71E-15
4.26E-04
1.14E-04
6.50E-30
1.83E-05
1.04E-06
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Table A4 Significantly differentially expressed genes from the freshwater control of the
wild fish to the freshwater control of the domesticated fish.

Gene Fold Change p-value g-value
pak4 113.0 5.28E-30 7.03E-30
calm2a 64.0 1.24E-16 1.71E-16
slc25a6 23.0 1.05E-05 2.15E-05
zgc,171772 21.0 3.64E-05 5.69E-05
rpl3 19.5 8.14E-09 1.49E-08
gnb211 19.0 1.26E-04 2.24E-04
LOC793200 16.0 8.02E-04 1.48E-03
tubasl2 15.0 7.97E-04 1.48E-03
fthla 12.0 1.19E-11 1.80E-11
rpl5b 11.0 7.99E-03 1.35E-02
psma5 11.0 7.99E-03 1.35E-02
zgc,101757 11.0 7.99E-03 1.35E-02
tuba8l4 8.0 1.14E-05 2.15E-05
atp5cl 7.0 9.54E-03 1.73E-02
zgc,123194 5.7 5.68E-03 1.35E-02
rpl8 4.5 9.01E-03 1.40E-02
hsp90abl 4.2 5.37E-03 1.35E-02
calmlb 2.83 6.85E-03 1.35E-02
COX3 -1.9 1.49E-05 2.60E-05
rpl7 -2.6 1.41E-02 2.19E-02
rpss -3.0 2.38E-02 4.94E-02
dynli2a -3.0 2.38E-02 4.94E-02
fabp7a -3.2 3.88E-03 7.04E-03
rpl10a -3.3 1.41E-02 2.19E-02
rps9 -3.5 8.25E-03 1.35E-02
ubc -5.1 1.08E-08 1.49E-08
pcp4b -6.5 2.72E-03 6.03E-03
nme2b.1 -6.5 2.72E-03 6.03E-03
rps27a -8.0 1.47E-02 2.32E-02
zgc,65996 -8.0 1.47E-02 2.32E-02
gpia -8.0 1.47E-02 2.32E-02
rps23 -9.0 7.55E-03 1.35E-02
rpsll -9.0 7.55E-03 1.35E-02
hbbe2 -9.3 3.95E-07 5.44E-07
rps24 -10.0 3.87E-03 7.04E-03
rps7 -12.8 1.23E-19 1.43E-19
LOC100330344 -13.0 5.08E-04 1.03E-03
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rpll8a
ndufa4l
zgc, 73293

-16.0
-18.0
-23.0

3.36E-09
1.68E-05
2.39E-07

4.49E-09
2.73E-05
3.80E-07

Table A5 Wild fish Gene Ontology of genes significantly differentially expressed in

response to salt water.

Term GO ID P-Value Differentially % of Total
Expressed Genes in
Genes Term
Biological process
metabolic process 8152  4.49E-06 22 0.62%
biosynthetic process 9058  2.34E-09 17 1.52%
cellular metabolic process 44237  5.96E-07 21 0.74%
primary metabolic process 44238  1.1E-06 21 0.71%
organic substance metabolic ~ 71704  1.62E-06 21 0.69%
process
cellular process 9987  4.88E-06 26 0.51%
Molecular function
structural molecule activity 5198  2.71E-14 13 6.02%
structural constituent of 3735 1.8E-18 13 13.00%
ribosome
Cellular component
macromolecular complex 32991  9.89E-13 19 1.73%
ribonucleoprotein complex 30529 2.58E-16 14 6.31%
organelle 43226  2.54E-05 16 0.70%
non-membrane-bounded 43228 1.04E-12 14 3.26%
organelle
intracellular organelle 43229  2.75E-05 16 0.70%
cell part 44464  0.00015 20 0.49%
intracellular 5622 1.3E-07 11 1.96%
intracellular part 44424  3.39E-06 20 0.63%
organelle part 44422  0.00104 9 0.94%
intracellular organelle part 44446  0.00102 9 0.95%

Table A6 Domesticated fish Gene Ontology of genes significantly differentially
expressed in response to salt water.

Term GO ID P-Value Differentially % of Total
Expressed Genes in
Genes Term
Biological process
metabolic process 8152 0.246 14 0.39%
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biosynthetic process
cellular metabolic process
primary metabolic process
organic substance metabolic
process

cellular process
Molecular function
structural molecule activity
structural constituent of
ribosome

Cellular component
macromolecular complex
ribonucleoprotein complex
organelle
non-membrane-bounded
organelle

intracellular organelle

cell part

intracellular part
intracellular

organelle part

intracellular organelle part

9058
44237
44238
71704

9987

5198
3735

32991
30529
43226
43228

43229
44464
44424
5622
44422
44446

0.00218
0.0697
0.0942

0.113

0.267

1.22E-10
7.94E-11

1.42E-10
6.82E-13
3.04E-05
1.72E-12

3.36E-05
4.23E-05
4.84E-06
0.014
0.0077
0.00773

17
12
16
14

0.98%
0.49%
0.48%
0.46%

0.35%

5.09%
9.00%

1.55%
5.41%
0.70%
3.26%

0.70%
0.51%
0.63%
1.07%
0.83%
0.84%
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