Blue (Aquacultural) Biotechnology

Production of Transgenic Fish and its Applications

Blue biotechnology applies biotechnological tools to aquatic and marine organisms. Within it,
aquacultural biotechnology focuses on farmed aquatic species themselves, and one of its most
significant achievements is the transgenic fish - an animal into whose genome a foreign gene
(transgene) has been deliberately introduced to confer a new, heritable trait such as faster growth,
disease resistance, or cold tolerance. Fish are unusually well suited to genetic engineering: external
fertilisation gives easy access to eggs and embryos, fecundity is high, and species such as zebrafish
have transparent embryos that make gene expression directly observable.

1. Scope of Blue Biotechnology

"Blue biotechnology" (also called marine biotechnology) covers any biotechnological use of aquatic
organisms - algae, microalgae, bacteria, fungi, fish, molluscs and sponges - to create useful products or
services. Its major application areas include marine pharmaceuticals (anti-cancer, antimicrobial and
anti-inflammatory compounds), food/feed and nutraceuticals (microalgal protein, omega-3 oils),
environmental applications (bioremediation of effluents, biosensors), industrial materials and marine
biofuels, and - the focus of this document - aquaculture and transgenic fish production.
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"Blue biotechnology" broadly covers any biotechnological use of aquatic organisms - from marine
drug discovery to algal biofuels. "Aquacultural biotechnology" is the subset applied to farmed
aquatic species themselves - selective breeding, reproduction control, and especially genetic
Biopharming & engineering to produce transgenic fish with improved growth, disease resistance, or environmental
biomonitoring (GFP fish) tolerance for food production.
Ecological risk &

regulatory containment

Fig. 1 - Blue biotechnology's major application domains, with aquaculture/transgenic fish (this document's focus)
expanded.
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Key points
 Blue biotechnology is the broad umbrella term; aquacultural biotechnology is the subset applied specifically

to farmed aquatic species for food production.
¢ Genetic engineering of fish sits alongside more traditional aquacultural biotechnology tools such as

selective breeding, hormone-induced spawning, and chromosome-set manipulation (e.qg. triploidy for sterility).
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2. Designing the Transgene Construct

Before any DNA can be introduced into a fish, it must first be assembled into a functional gene
construct - a single piece of DNA built from three essential parts: a promoter (controls when, where
and how strongly the gene is switched on), the structural gene itself (the protein-coding sequence
conferring the desired trait), and a terminator sequence (signals the end of transcription). This
assembly is what actually gets delivered into the fish genome.

Anatomy of a Fish Transgene Construct

PROMOTER STRUCTURAL GENE TERMINATOR

drives when/where/how strongly the protein-coding sequence
the gene is switched on to be expressed transcription (polyA site)

this complete assembly is introduced into the fish genome as a single unit

Worked example: the AquAdvantage salmon "all-fish" construct

Ocean pout Chinook salmon
antifreeze protein growth hormone
(AFP) promoter (GH) gene

Terminator
sequence

keeps the gene switched
z codes for growth P

‘hormone protein iscription

on year-round, not just in
summer/pituitary cycle

Key point

Because both the promoter and the structural gene come from fish species (ocean pout and Chinook
salmon respectively), this is called an “all-fish" gene construct. The AFP promoter keeps growth
hormone expressed continuously (instead of only seasonally, as in normal Atlantic salmon), so
AquAdvantage salmon reach market size in about half the usual time on the same amount of feed.

Fig. 2 - Anatomy of a fish transgene construct, illustrated with the "all-fish" growth-hormone construct used in
AquAdvantage salmon.

In the best-known commercial example, AquAdvantage salmon (genetically engineered Atlantic
salmon, Salmo salar), the construct combines a growth hormone (GH) gene from Chinook salmon
with an antifreeze protein (AFP) gene promoter from ocean pout. Because both donor sequences
come from fish species, this is termed an "all-fish" construct - a design choice intended to avoid
introducing DNA from unrelated taxa. Normal Atlantic salmon growth hormone is expressed mainly in
summer/under pituitary control, so growth slows in colder months; the AFP promoter instead keeps the
GH transgene switched on year-round, so AquAdvantage salmon reach market weight in about half the
usual time on a comparable amount of feed.
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3. Methods of Gene Transfer into Fish

Several physical and biological methods exist for delivering a gene construct into a fish egg, embryo or
gamete; the choice balances precision, throughput, cost and biosafety.

METHODS OF GENE TRANSFER INTO FISH

Microinjection

DNA construct injected directly into the
male pronucleus/cytoplasm of a newly
fertilised egg using a fine glass needle

(low throughput, ~1% integration success)

high precision, good survival of injected
embryos, but slow and labour-intensive

!

Electroporation

brief electric pulses transiently permeabilise
the egg/sperm membrane, letting DNA
diffuse in from the surrounding medium

fast, simple, treats large batches of eggs
at once; efficiency reduced by the tough
outer chorion layer of fish eggs

!

Sperm-mediated
gene transfer

sperm are incubated with the DNA construct,
which binds to the sperm surface, and
carried into the egg during fertilisation

simple and low-cost; results have been
inconsistent between species and
laboratories

!

Retroviral/viral
vector transfer

a modified virus carrying the transgene
infects the embryo and integrates it into
the host chromosome via viral machinery

efficient, stable single-copy integration;
preparing viral particles is laborious and
raises biosafety considerations

!

Particle bombardment
(gene gun)

DNA-coated microscopic gold/tungsten
particles are physically fired into embryonic
cells under high pressure

bypasses membrane barriers directly;
can cause more physical damage to
target cells/tissue

Fig. 3 - The main methods used to introduce a transgene construct into fish, with their key trade-offs.

Method Basic principle Main trade-off

Microinjection

Electroporation

Sperm-mediated

transfer

Retroviral/viral vectors

DNA injected directly into the pronucleus/
cytoplasm of a fertilised egg

Electric pulses transiently open pores in
the egg/sperm membrane for DNA entry

DNA binds to sperm surface and is
carried into the egg at fertilisation

A modified virus infects the embryo and
integrates the transgene via viral
machinery
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Very precise, but slow, labour-intensive
and low-throughput (~1% stable
integration)

Fast and treats large batches at once,
but the tough chorion layer limits
efficiency

Simple, low-cost; results are
inconsistent across
species/laboratories

Efficient, stable integration; preparing

viral particles is laborious, raises
biosafety concerns
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Basic principle Main trade-off

Particle bombardment = DNA-coated microscopic particles are Bypasses membrane barriers directly;
(gene gun) physically fired into embryonic cells can cause physical damage to target
tissue
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4. Producing a Transgenic Fish Line

Turning a successfully injected egg into a commercially viable transgenic fish line takes several
generations of screening and breeding, followed - for a food fish - by measures to prevent the
transgene ever reaching wild populations.

Producing a Growth-Hormone Transgenic Salmon
(AquAdvantage Salmon Case Study)

Fertilised Atlantic salmon egg

Microinjection of the all-fish
GH gene construct

Transgene integrates into
the fish genome (random site)

only a fraction of injected eggs
achieve stable integration

]

Founder (F0) fish raised
and screened by PCR/Southern blot

Selective breeding across
generations

establishes a homozygous transgenic
line with reliable fast growth

All-female, triploid
(reproductively sterile) eggs produced

Contained land-based grow-out
0 market size

Why sterility + containment matter

Reproductive sterility and physical containment together prevent escaped transgenic fish from
breeding with wild stocks - the key safeguard against the ecological risks described by the
Trojan gene hypothesis (Section 6).

Fig. 4 - From microinjection of the gene construct to contained grow-out: the production pipeline for AQquAdvantage
salmon.

After microinjection, only a fraction of eggs achieve stable transgene integration; the resulting founder
(FO) fish are screened by PCR or Southern blot to confirm the transgene is present and will be
inherited. Selective breeding across generations then establishes a stable, homozygous transgenic
line. For AquAdvantage salmon specifically, the eggs sold for commercial grow-out are made
all-female and triploid (three chromosome sets instead of two, induced by a pressure or heat-shock
treatment that blocks release of a polar body during egg maturation) and are therefore reproductively
sterile. Combined with physical containment at land-based facilities (screens, nets, covered drainage
systems), this is designed to make escape and interbreeding with wild salmon effectively impossible.
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5. Applications of Transgenic Fish

5.1 Growth enhancement

The best-developed application: growth-hormone transgenics (e.g. AquAdvantage salmon) reach
market size markedly faster with improved feed-conversion efficiency, directly improving the economics
of aquaculture production.

5.2 Disease resistance

Transgenes encoding antimicrobial peptides or components of the innate immune system are being
developed to reduce losses from major aquaculture pathogens, potentially lowering reliance on
antibiotics in farmed fish.

5.3 Cold and salt tolerance

Antifreeze protein (AFP) genes from naturally cold-tolerant fish (such as ocean pout or winter flounder)
have been transferred into species like goldfish and tilapia to extend their tolerance to low water
temperatures, potentially widening the geographic range over which a species can be farmed.

5.4 Biopharming and biomonitoring

* Biopharming: fish engineered to produce human therapeutic proteins (e.g. clotting factors) in their
tissues or secretions, exploiting fish as low-cost bioreactors.

* Biomonitoring/research models: fish carrying a green fluorescent protein (GFP) reporter gene
fused to a promoter of interest let researchers visually track gene expression, development, or
exposure to environmental toxicants/pollutants in real time.

* Ornamental fish: the same GFP technology is marketed commercially as fluorescent aquarium fish
(e.g. GloFish, based on zebrafish) - the first genetically engineered animal sold directly to
consumers.

Key points
« Growth enhancement (AquAdvantage salmon) is the only transgenic fish application currently approved for

human food use in some jurisdictions; disease-resistance and stress-tolerance transgenics remain mostly at
the research/development stage.

¢ GFP-marker fish illustrate a broader principle: a transgene need not itself be commercially useful - it can
simply serve as a visible tag for studying gene expression or environmental exposure.
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6. Ecological Risk and Regulatory Concerns

6.1 The Trojan gene hypothesis

A central ecological concern is what happens if transgenic fish escape into the wild and interbreed with
natural populations. The Trojan gene hypothesis, proposed and experimentally supported by William
Muir and Richard Howard using transgenic Japanese medaka, predicts a counter-intuitive outcome: if a
transgene (such as growth hormone) gives males a mating advantage (e.g. larger body size preferred
by females) while simultaneously reducing offspring viability, the transgene can still spread through
a wild population purely because of the mating advantage - even as it drives the population toward
extinction, in principle within tens of generations. The transgene acts as a "Trojan horse": favoured by
sexual selection, harmful to population fitness.

6.2 Containment and regulatory approval

Because of risks like this, regulatory approval of a food-grade transgenic fish (such as AquAdvantage
salmon, approved by the US FDA) requires rigorous food-safety review (demonstrating the fish is as
safe to eat and nutritionally comparable to its non-transgenic counterpart) alongside an environmental
risk assessment, and depends heavily on the physical and biological containment measures described
in Section 4 - land-based facilities with multiple redundant physical barriers, combined with
reproductively sterile, all-female stock.

Worth noting

* The Trojan gene hypothesis specifically requires two conditions together - a mating/competitive advantage
AND reduced offspring viability. A transgene that only increases growth without any fitness cost, or one with
no mating advantage at all, would not by itself threaten a wild population by this mechanism - which is why
case-by-case ecological risk assessment (not a blanket rule) is used for each transgenic line.
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7. Quick Revision Summary

Blue biotechnology
Aquacultural biotechnology
Transgene construct

"All-fish" construct

Gene transfer methods

AquAdvantage salmon

Sterility for containment

Trojan gene hypothesis

GFP transgenic fish

Biotechnology applied to aquatic/marine organisms broadly

Subset applied to farmed aquatic species for food production
Promoter + structural gene + terminator, introduced as one unit

Promoter and gene both sourced from fish species (e.g.
AquAdvantage salmon)

Microinjection, electroporation, sperm-mediated transfer, viral
vectors, particle bombardment

Ocean pout AFP promoter + Chinook salmon GH gene; reaches
market size in about half the time

All-female, triploid stock - reproductively sterile

Mating advantage + lower offspring viability can spread a harmful
transgene through a wild population

Visible reporter for gene expression/biomonitoring;
commercialised as GloFish

Notes prepared for study purposes. Consult current primary literature and regulatory guidance (e.g. FDA/FAO) for details required

in formal citation or professional practice.
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