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Salmonids have b e e n  classified into n ine  g enera  and  roughly sixty-eight closely re
lated species .  C o n s id e rab le  basic biological k n o w led g e  of t rou t  and  sa lm on  has b e e n  
d e v e lo p ed  as a result of  their w id e sp re a d  use  in scientific research ,  a s a n  e n v iro n m en 
tal sentinel spec ie s  and  their use  as a food  and  sp o r t  fish. M o re  is know n  a b o u t  the  
b io logy of sa lm onids than  nearly any o th e r  fish group. M o re  recently  g en o m ic  studies 
have co n tr ib u ted  g e n e  lists and  genetic  and  physical m ap s  as well as n e w  tec h n o lo 
gies to in tegrate  g e n e  express ion  pa t te rn s  with traditional ecological,  evolu t ionary  
an d  physio log ica l  s tudies .  O f  pa r t icu la r  in te res t  is th a t  th e  c o m m o n  a n c e s to r  of 
sa lm onids p u rp o r ted ly  e x p e r ie n c e d  a w h o le  g e n o m e  duplica tion  ev en t  b e tw e e n  25 
and  100 MYA. Given th a t  g e n e  duplica tion  may o n e  of the  m os t  im p o r ta n t  m e c h a 
nisms of g en e ra t in g  m o lecu la r  a n d  physiological diversity, the  s tudy  of sa lm onid  
g e n o m e s  p rov ides  an  exce llen t  o p p o r tu n i ty  to e x am in e  genet ic  an d  ultimately sp e 
cies diversity. EHere w e  review s o m e  of the  re ce n t  g en o m ic  da ta  and  sug g es t  a reas  of 
fu r ther  research.

K E Y W O R D S  Salmonids; genom ics ;  g e n e  duplication; diversity; evolution; repeats ;
ESTs

1. Introduction

Our long-term objectives are to study the 
impact of genome duplication on the modes 
and rates of change in gene number, gene 
function and evolution particularly in the

purported genome duplication in salmonids. 
This entails the study of loss, dosage effects, 
neofunctionalization and subfunctionalization 
of gene functions. It also entails the study of 
mechanisms of genome structure restabili
zation after genome duplication and the po
tential role of interspersed repetitive elements
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in  restructuring  the genome through 
rearrangements, insertions and deletions. 
This should be relatively straight-forward but 
recent EST data suggest a much more com
plicated history than can be explained by a 
single genome duplication in salmonids. 
Given the large volume of work done in 
salmonids and that “gene duplication is prob
ably the most important mechanism for gen
erating new genes and new biochemical 
processes that have facilitated the evolution 
of complex organisms from primitive ones,” 
(Li 1983) the first and most important ob
jective of our studies is to test and verify an 
ancestral salmonid genome duplication and 
then, if our initial data are correct, document 
the extent to which very recent segmental 
gene duplications have occurred. Genome 
duplications are thought to be defining ge
netic events in the evolution of complex ver
tebrates. In our studies we have focused ef
forts on documenting and characterizing;
i) global versus regional duplication patterns,
ii) gene family duplications (immune sys
tems), and iii) the role of interspersed repeats 
in genome stabilization. The purpose of this 
chapter is review some of the broad and very 
general interpretations of recent data pertain
ing to the purported genome duplication in 
salmonids and suggest areas of further re
search.

The Salmonidae family includes; white- 
fish and ciscos (subfamily Coregoninae); 
graylings (Thymallinae); and trout, salmon 
and charr (Salmoninae), Fig. 1.

These fish have been further classified 
into nine genera and roughly sixty-eight spe
cies (Nelson 2006) that are more than 92% 
similar at the DNA level. They are native to 
the cooler climates of the Northern Hemi
sphere but have been widely introduced 
around the world.

Considerable basic biological knowl
edge of trout and salmon has been developed 
as a result of their widespread use in scien
tific research, as an environmental sentinel 
species and their use as a food and sport fish. 
More is known about the physiology and 
biology of salmonids than any other fish 
group. In the past 20 years there have been 
over 20,000 reports on the ecology, behavior, 
physiology and genetics of these species 
(Thorgaard el al. 2002). These studies pro
vide data from an economically important 
and phylogenetically distinct group of fish. 
Recent genome studies have targeted 
Ostariophysi (zebrafish, catfish, flathead 
minnow, etc), or Acanthopterygii (cod, 
ciclids, fugu, medaka, sticklebacks, rockfish) 
euteleostei lineages that have been separated 
from Protacanthopterygii (salmonids) 200- 
300 million years ago [MYA] (Ichiguro el 
al. 2003; Nelson 2006; Yamanoue el al. 
2006; Inoue el al. 2006). Salmonids, with 
their genome duplication and wealth of bio
logical data, are excellent model organisms 
for studying comparative genomics, evolu
tionary processes, fates of duplicate genes 
and genetic architecture of complex pheno
types, as well as carcinogenesis, toxicology,

Salm oninae |

S a lm o n id a e
L

Coregoninae

Thym allinae

Salmo (Atlantic salmon, trout) 
Oncorhynchus (Pacific salmon,trout) 
Salvelinus (charr)
Coregonus (whitefish)
Thymallus (grayling)
Esocidae (pike)
Osmeridae (smelt)

Fig. 1. G e n e ra l re la tio n sh ip s  o f  th e  m a jo r sa lm o n id  a n d  c lo se s t  s iste r g ro u p s  (Ich ig u ro  e t  a/. 
2 0 0 3 ; N e lso n  2 0 0 6 ; Y a m a n o u e  e t  a/. 2 0 0 6 ; In o u e  e t  a/. 2 0 0 6 ).
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comparative immunology, disease, ecology, 
physiology, nutrition and many other genetic 
and physiological processes (Thorgaard el al. 
2002).

2. G enom e Duplications

The common ancestor of salmonids purport
edly experienced a whole genome duplica
tion event between 25 and 100 MYA (Olmo 
1970; Allendorf and Thorgaard 1984). Ex
tant species would therefore be the result of 
reversion back to a stable diploid state. Evi
dence for tlie ancestral salmonid autotetraploid 
genome duplication includes; multivalent 
chromosome formation during meiosis and 
evidence for tetrasome segregation at some 
loci; one of the largest euteleost genome sizes 
(3—1.5 pg) with double that of sister orders 
Esociform es (0 .8 -1 .8  pg, pike) and 
Osmeriformes (0.7 pg, smelt) (Gregory
2005); homeologous chromosomal segments 
based on recent genetic maps and compara
tive studies using microsatellite markers 
(Leder el al. 2004), and duplicated gene fam
ily studies such as Hox, MHC, growth hor
mone, many allozymes and others (Thorgaard 
el al. 2002; McKay el al. 2004; Moghadam 
el al. 2005; Hoegg and Meyer 2005; Sliiina 
el al. 2005).

The genome duplication in salmonids is 
just the most recent of a series of genome 
duplications in this lineage. There is good 
evidence prim arily  from  sequenced 
zebrafish, and pufferfish genome sequences 
for tetraploidization/rediploidization early in 
tlie ray-filmed fish lineage (350—100 MYA) 
(Hoegg el al. 2004; Volff 2004; Steinke el 
al. 2006; Crow el al. 2006). In addition, sev
eral studies have supported Olmo’ s original 
2R hypothesis that one and possibly two 
rounds of genome duplication occurred in 
early ancestral vertebrates ( '6 0 0  MYA) 
(Taylor and Raes 2004). The 2R hypothesis 
(1 to 2 to 4 gene nile) is the prevalent model 
that is used to explain the evolution of gene 
families and vertebrate genomes. The 3R

hypothesis further explains gene families in 
ray-fined fish (1-2-4—8). While evidence 
from Hox, sodium channels, glycolytic en
zymes and other genes (Novak el al. 2006) 
support the 3R hypothesis, debate continues 
(Hughes 1999) and it may be impossible to 
deduce events that happened so long ago 
using current methods. Interestingly, in 
salmonids, 14 Hox clusters have been re
cently identified thus supporting a 4R hy
pothesis (1 -2 -4 -8 -1 6  with 2 losses) 
(Allendorf and Thorgaard 1984).

The importance of understanding the 
role of genome duplications lies in that ver
tebrate species diversity and body plan di
versity have commonly been linked to ge
nome duplications although there is some 
debate on how well we can draw these con
clusions based on the very old genome du
plications commonly studied (Donoghue
2006). The number of salmonid species and 
the relatively recent genome duplication 
make salmonids ideal for examining recent 
events that could have played such a pivotal 
role in generating gene diversity and possi
ble species diversity found in modem verte
brates.

The most commonly discussed mecha
nism by which organisms acquire new func
tions has been Olmo’ s classical model (Olmo 
1970) which is based on the principle that 
duplication events provide gene redundancy 
upon which natural selection may be relaxed 
and new functions evolve. This model pre
dicts that one of the genes remains under 
conservative selection while tlie most likely 
fate of the other gene duplicate is non- 
functionalization via mutations. However, 
occasionally, rare beneficial mutations at the 
redundant loci followed by positive natural 
selection may give rise to a gene with a novel 
function (neo-functionalization), thus pre
serving both duplicates (Olmo 1970). This 
model predicts that retention of duplicates 
is a rare event. However, what is observed 
in the case of many genes is that duplicated 
genes are commonly retained (Hughes 1999).
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Previous estimates of 30-70%  duplicate 
retention occur in salmonids (est. time of 
duplication is 25-100 MYA), 20% retention 
in teleost duplicates ('350  MY A), 50% re
tention in xenopus duplicates (30 MY A) and 
72% retention in rice (11 MY A). To account 
for this high level of duplicate retention, 
Hughes (1999) suggested that gene duplica
tions that lead to functionally distinct pro
teins are ordinarily preceded by a period of 
gene sharing: that is, a period in which a sin
gle generalist gene performs two or more dis
tinct functions, perhaps in different tissues 
or in different developmental stages. Upon 
gene duplication, these functions are able to 
take on separate specialist functions through 
positive selective forces. This model is used 
to explain some of the very large immu
noglobulin, olfactory receptor, and defensin 
gene family structures in which selection for 
sub-functionalization, or genes expressed 
differently in various tissues or developmen
tal stages appears to precede gene duplica
tion. More recently, tlie duplication/degen
eration/complementation (DDC) model 
(Force et al. 1999; Lynch 2000; Hughes 
2005) proposes partitioning of the expres
sion patterns of the original gene between 
the duplicates (sub-functionalization) via 
complementary degenerative mutations, par
ticularly in regulatory regions. This does not 
require positive selection pressure to pre
serve both copies in the genome, only com
plementary mutations in the duplicates. 
Larger numbers of small populations are 
particularly important variables in this 
model. Salmonids offer particularly valuable 
life histories in this regard.

3. Expressed Sequence Data

One very puzzling observation arising from 
preliminary EST (expressed sequence tag) 
analysis of the Atlantic salmon (436,000 At
lantic salmon ESTs; GenBank, September
2007) is that the number of expressed dupli
cate transcripts (presumed paralogues) de

creases more regularly with respect to per
cent divergence than expected (see Fig. 2).

Over 81,000 contigs derived from 
436,000 ESTs (cGRASP) were compared to 
each other by BLAST analysis and the 
number of alignment pairs with e-values < 
le-25 and lengths > 200 bp were plotted 
against % identity. A similar analysis of At
lantic salmon EST contigs compared with 
rainbow trout EST contigs showed a peak at 
approximately 94% identity and 92% when 
compared to lake whitefish ESTs (unpub
lished data, Brown 2008). Within this over
all context, tlie data from Fig. 2 suggest that 
many of the Atlantic salmon contig consen
sus sequences are more similar to each other 
than Atlantic salmon contigs consensus se
quences were to rainbow trout or whitefish 
consensus sequences. These preliminary data 
indicate that there may be more gene dupli
cates of recent origin than expected from a 
single ancestral genome duplication in tlie 
common ancestor of salmonids. These ob
servations raise very intriguing questions,
i) why are there so few paralogous alignment 
pairs among expressed genes and ii) why is 
there no paralogous peak at -80-90% simi
larity?

The distinguishing feature between mul
tiple segmental genome duplications and a 
genome duplication is that a whole genome 
duplication affects all genes at the same time 
and predicts similar levels of divergence 
among duplicates; within tlie bounds of dif
ferential selection pressures. Multiple seg
mental duplications on tlie other hand affect 
only portions of the genome and several may 
occur over a broader time period. In the later 
instance we expect a broader range of diver
gence values between duplicates, perhaps 
similar to the pattem shown in Fig. 2. Ex
tended genomic sequence data are only be
ginning to become available and the prob
lems associated with resolving extensive 
duplications requires diligence. Some re
gions clearly show an 80-90% divergence 
in noncoding sequences [MHC class I regions ;
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Fig. 2. T h e  n u m b e r  o f  A tlan tic  sa lm o n  EST c o n tig s  th a t  h ave  a  BLAST h it (E-value < l e - 2 5 ;  
len g th  > 2 0 0  bp ) a g a in s t a n o th e r  A tlan tic  sa lm o n  EST c o n tig  is p lo t te d  w ith  th e  p e r c e n t  id e n t i ty  
(x-axis). M o d ified  from  G D  B row n th e s is  (B row n 2 0 0 8 ).

>500 kb comparisons (Shima et al. 2005; 
Lukács el al. 2007) and others (TCRG re
gions; >250 kb comparisons (Yazawa el al.
2008)] show no similarity at all outside of 
coding regions. However since most gene 
targets were originally a-priori chosen to 
verify tlie ancestral salmonid genome dupli
cation hypothesis, we need to reexamine our 
initial assumptions and look for examples of 
other gene/region duplications. Specifically 
we need to;
i) Identify more duplicate gene sets that are 

92-96% similar in inter-genic regions, 
isolate and characterize corresponding 
BAC clones and use FISH analysis to 
test for segmental duplications (on the 
same chromosome) or a hallmark of a 
genome duplication (on different chro
mosomes).

ii) Examine all genes in duplicated genomic 
regions (existing plus new regions) for 
changes in rates of evolution among du
plicates (KalKs ratios), determine fre
quency of gene loss, and identify levels 
of altered transcription in tissues and

developmental life stages. This will en
able us to more accurately identify pat
terns of duplicate death, dosage effects, 
rates of gene evolution and possible sub/ 
neo-functionalization.

iii) Lise the total EST data from rainbow 
trout, chinook, sockeye, brook trout, lake 
whitefish, grayling, northern pike and 
rainbow smelt to; a) build contigs and 
consensus transcript sequences from all 
species b) identify bins of similar tran
scripts, c) for each bin, generate com
mon alignments and identify largest 
common alignment regions, d) for each 
bin generate phylogenies and analyze 
them for species relationships and gene 
duplications, e) examine common pat
terns that support or refute tlie ancestral 
salmonid duplication hypothesis. The 
use of species relationships will enable 
us to clearly identify gene duplications 
in ancestral salmonids and those occur
ring more recently.

iv) Continue building a full-length salmonid 
gene database. This will be done using
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a combination of EST assemblies and 
sequenced full-length cDNA clones. Ef
forts to identify 8,000-10,000 full-length 
cDNAs will need to expand and the re
sults made available for all salmonid 
researchers.

4. Repeated Regions

A second puzzling observation arises from 
an analysis of salmonid transposons. We ini
tially hypothesized that subsequent to an 
ancestral salmonid genome duplication and 
during the rediploidization process, that we 
would expect an increase in transposable el
em ent (TE) activ ity  to facilita te  the 
restabilization of tlie salmonid genome back 
to a diploid state required for successful cell 
replication. Transposable elements (TEs) are 
sequences capable of integrating into new 
sites within the genome and are classified 
into retrotransposons (use RNA intermedi
ates and reverse transcription) or transposons 
(no reverse transcription). TEs can alter or 
disrupt gene expression depending on spe
cific insertion locations. Several observa
tions that have been made on TEs specifi
cally in fish are: i) the diversity of TEs is 
higher in fish than mammals; ii) there tends 
to be a higher turnover of TEs in teleosts; 
and iii) TEs tend to be localized especially 
to heterochromatic areas of the chromo
somes. It was hypothesized that subsequent 
to an ancestral salmonid genome duplication, 
during the rediploidization process, that there 
would be an increase in TE activity to facili
tate the restabilization of tlie salmonid ge
nome. For non-coding TE DNA, tins would 
correspond to sequence divergence values 
greater than that between salmon/trout and 
whitefish (~8%). While the specific role of 
transposable elements in spéciation, genome 
duplication  and subsequent genome 
restabilization remains uncertain (Kazazian 
2004; Sverdlov 2000) there is no doubt that 
TEs can be very important drivers of genome 
evolution. Certainly tlie enormous impact of

TE’s is evident in the more than 30% com
position of the total human genome.

When we did a phylogenetic compari
son of several hundred TEs (avg. 1.5 kb in 
length and consisting of over 30% of tlie 7 MB 
of genomic DNA thus far analyzed; Fig. 3), 
we found that one of tlie waves of TE activ
ity (comprising ~one third of the total) 
roughly corresponded to the time of the 
Salmo!Oncorhynchus spéciation period and 
another wave (again one third of the total) 
seems to represent very recent and ongoing 
TE activity (de Boer et al. 2007). tlie major
ity of new TE families correspond to recent 
waves of activity (~6-8% and 2—4% diver
gence) that correspond to times and levels 
of divergence seen among salmonid species. 
We had expected the majority of transposon 
activity to have occurred immediately after 
an ancestral genome duplication and during 
a restabilization period (or and estimated 10- 
20% divergence). These observations also 
raise an intriguing question. As transposons 
are both an indicator and facilitator of ex
tensive genome-wide changes, why do so 
few transposon duplications appear to occur 
pre-salmonid spéciation during which a pur
ported genome duplication and subsequent 
rediploidization/restabilization process oc
curred?

What we see from our initial data is that 
one of the waves of TE activity roughly 
corresponds to the time of the Salmo! 
Oncorhynchus spéciation period (corre
sponding to 94% identity or 6% difference) 
and another wave seems to represent exten
sive ongoing TE activity. It is not clear 
whether the observed TE activity is associ
ated with spéciation processes, or is involved 
in ongoing restabilization efforts to eliminate 
occasional tetravalent structures evident dur
ing cell division. What we need to do is to 
obtain better estimates of when and where 
bursts of TE activity occurred by expanding 
tlie number of Tel-like elements in not only 
Atlantic salmon but also other salmonid spe
cies. We also need to test whether the same
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Fig. 3 . R e c e n t  a n c e s t r y  o f  s a lm o n id  
t ra n s p o so n s . S a lm o n  D N A  tra n s p o so n s , SALTI 
a n d  Tss s e q u e n c e s ,  t r a n s p o s o n s  o b ta in e d  from  
a p p ro x im a te ly  5 M b p  o f in -h o u se  Salm o salar 
BAC c lo n e  s e q u e n c e s  a n d  s e q u e n c e s  re co v ered  
from  G e n B a n k  s e a rc h e s  w e re  a lig n e d  a n d  a  
U PG M A  p h y lo g e n e tic  tre e  w a s  g e n e ra te d . T he 
a b s e n c e s  o f  a  m ark er o n  te rm in a l b ra n c h  links 
in d ic a te s  S a lm o  sa la r  r e p e a t  e le m e n ts  a n d  
c o lo re d  m ark e rs  in d ic a te d  re p e a ts  from  o th e r  
fish s p e c ie s  (se e  d e  B oer e t al. 2 0 0 7  for d e 
tails). D is tan c e s  (%) a re  in d ic a ted  by  th e  b o t
to m  bar. F igure m o d if ied  from  d e B o e r  e t al. 
(2 0 0 7 ).

pattem is found in other repeat families. Ini
tial observations from SINE and LINE ele
ments suggest a similar pattem. One of the 
benefits of these studies will be a repeat li
brary that will be essential in genome se
quence analysis and resolution of repeated 
regions.

Still another intriguing result comes 
about from the identification of Xenopus, 
catfish, and lamprey Tel transposons all 
within genomic BAC sequences that show 
95-99%  sim ilarity to Salmo salar Tel 
transposons (de Boer et al. 2007). Additional 
GenBank searches further identified >97% 
identity to several partial (480 bp) Tel-like 
transposons in EST clones of Schistosoma 
japonicum (Melamed et al. 2004). This ex
citing observation strongly suggests that 
there may be horizontal transfer of these el
ements. Testing this idea will require con- 
finning the initial observations by obtaining 
much broader TE sequence representation in 
salmonids as well as different fish species. 
Extensive phylogenetic studies will be 
needed to determine the spread and timing 
of elements within species. In addition, two 
open reading frames with high similarity to 
transposase have been found, so we will try 
to confirm RNA and protein expression. This 
will be very important in the further devel
opment of vertebrate gene transfer biotech
nologies, like the Sleeping Beauty vector 
(Wadman et al. 2005). The potential for 
horizontal DNA transfer between frogs, lam
preys, catfish and salmonids is particularly 
intriguing in developing our understanding 
the role of repeat elements in times and re
gions of genomic stress.

5. Discussion

Salmon, trout and charr comprise a group of 
fish that are of great economic and societal 
importance to coastal, rural and aboriginal 
communities of many northern countries. 
A lthough A tlantic salmon is the main 
aquaculture species, there are also vibrant
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commercial fisheries for wild salmonids. As 
salmonid aquaculture continues to develop 
and expand, it must find ways of minimiz
ing its impact on wild fisheries and the 
environment. There is a real need for do
mesticated broodstocks that maximize dis
ease resistance, optimize adaptation to local 
environments and minimize escape viabil
ity and impact on wild populations. A better 
understanding of how natural populations of 
salmonids adapt to local conditions will ben
efit agencies that have to make management 
decisions concerning stock assessment and 
harvesting plans. The aquaculture industry 
and enhancement schemes can also take ad
vantage of this knowledge so that all com
mercial activities relating to salmonids can 
develop in a complementary maimer.

One of our objectives is to demonstrate 
tlie power of genomics to conduct scientifi
cally exciting research that will yield practi
cal benefits for salmonid production and pro
vide sound advice for managing wild stocks 
and the environment. Expansion of existing 
genomic research efforts of Canada, Norway, 
tlie United States, Chile and tlie United King
dom will: (i) expand genomic resources for 
Atlantic salmon and rainbow trout; (ii) ex
tend genomic resources to other salmonids 
including, chinook, sockeye, whitefish, gray
ling, and brook charr; and (iii) use tlie exist
ing and expanded genomic resources as tools 
to answer questions that are of biological, 
economic and social importance to aquacul
ture, conservation, and tlie environment.

Physical map resources, gene identifi
cation (ESTs) and BAC end sequencing pro
vide tlie starting resources for many genomic 
activities. Genomic efforts have built a physi
cal genomic framework for Atlantic salmon 
consisting of approximately 4,200 contigs 
(Ng el al. 2005), and have provided key BAC 
libraries for both Atlantic salmon, rainbow 
trout and rainbow smelt (cGRASP; Ng el al. 
2005; von Schalburg el al. 2008a). Contig 
BAC end sequences and end sequences from 
more than 100,000 Atlantic salmon BACs

enable genome characterization, and provide 
resources for consolidating the physical map 
and integrating it with tlie linkage map. Com
pletion of over 700,000 ESTs from Atlantic 
salmon, rainbow trout, chinook, sockeye, 
brook trout, Arctic whitefish, Arctic grayling, 
northern pike and rainbow smelt provide an 
excellent foundation for the identification of 
genes and polymorphic variation in genic 
regions (cGRASP). Atlantic salmon and rain
bow trout have the 17th and 27th largest EST 
representation of any species to date (Octo
ber, 2007). This foundation facilitates the 
identification of full-length coding sequences 
of genes. These resources provide an excel
lent gene representation for application tools 
such as microarrays, and provide tens of 
thousands of potential polymorphic markers 
for genetic maps. The distribution of more 
than 3,000 16K microarray (cGRASP; von 
Schalburg el al. 2008b) slides in the last year 
to over 40 laboratories around the world 
points to the impact of these resources on 
tlie fish community. These arrays facilitate 
unsurpassed assessment of gene expression 
of thousands of genes and provide whole new 
avenues of studying duplicated gene fami
lies. The completion of several megabases 
of finished genomic has enabled a more thor
ough understanding of key functions such as 
repeat families, immunity (MHC, TCR, IL-2) 
and growth (GH1, GH2) as well as suggest
ing candidate genes for sex determination 
and upper temperature tolerance.

At sequence divergences corresponding 
to a purported ancestral salmonid genome 
duplication we find fewer gene duplicates 
and less transposon activity than expected. 
Conversely, we find greater gene duplication 
and greater transposon activity at sequence 
divergences corresponding to salmonid 
spéciation events and more recent times. 
Given that an ancestral salmonid genome 
duplication is assumed in thousands of in
dependent studies and is considered a fun
damental tenant in our current understand
ing of salmonid genetics, physiology and
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biology, these two puzzling observations 
need to be carefully examined.

Genomic and EST sequences have also 
provided key insights into tlie nature of tlie 
genome duplication in salmonids. As a result, 
we now have a much better understanding 
of the enormous complexity and reorgani
zation that occurred in salmonid genomes

during the rediploization process (e.g., ex
tensive segmental duplication, transposons/ 
repeat element expansion). We also have a 
much better appreciation of its impact on the 
generation of new species and their varia
tion in response to environmental conditions, 
pathogens and disease.
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