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The production of aquatic protein for human consumption is widely argued as 
playing a pivotal role in the provision of global food security. However, the 
sustainable intensification of aquaculture production faces key challenges from 
impacts of, for example, climate change and the incidence of pandemic diseases 
and syndromic disorders. Current initiatives to tackle these challenges rely on 
the dissemination of Better Management Practices to farmers, often based in 
remote locations. In the longer term our improved understanding of 
invertebrate immune systems, in particular pattern recognition receptors and 
pathways, will present positive solutions to disrupt host/pathogen interactions. 
Combining these insights with advances in bioscience tools, including gene 
editing, will provide novel avenues to reduce the impacts of disease in biosecure 
culture systems. Concerted research efforts between academic and industry 
scientists, supported by appropriate investment, should be directed toward 
overcoming challenges of implementing bioscience solutions to control diseases 
in order for the aquaculture industry to meet future global demand. 

Introduction  
The production of aquatic protein for human consumption is widely argued 
as playing a pivotal role in the provision of global food security. However, 
the sustainable intensification of aquaculture production faces key challenges 
from impacts of, for example, climate change and the incidence of pandemic 
diseases and syndromic disorders. Current initiatives to tackle these challenges 
rely on the dissemination of Better Management Practices to farmers, often 
based in remote locations. 

In the long-term further investment in fundamental bioscience to improve 
understanding of invertebrate immune systems, in particular pattern 
recognition receptors and pathways, will present positive solutions to disrupt 
host/pathogen interactions. Species and even strain differences in the 
molecular architecture of the immune system are ultimately key to differences 
in the phenotype of immune susceptibility. Therefore, future research must 
be more sensitive also to species and even strain differences in host pathogen 
interaction, rather than assume that syntheses of immune interactomes 
established for superior taxonomic groups necessarily apply for the target 
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cultured species. Combining these insights with advances in bioscience tools, 
including gene editing, will provide novel avenues to reduce the impacts of 
disease in biosecure culture systems. 

Ultimately, however, progress toward solutions to disease will need to be 
achieved across multiple fronts from farm management practices and 
sanitation through to the farm-scale deployment of disruptive technologies. 
The technical and cost challenges of farm deployment, combined with the 
‘moving target’ of rapidly evolving existing and emergent pathogens, will 
mean that no single solution to the eradication of disease will apply for 
all cases and all crop species. Only with a holistic approach to disease 
management will the potential for aquaculture to meet the demand for global 
nutritional security be met. 

Since the 1970s the aquaculture industry has witnessed prodigious global 
growth. In 2020, the UN Food and Agriculture Organisation (FAO) 
estimated that aquatic animal protein (fisheries and aquaculture) contributed 
17% of total protein for human consumption (FAO 2020). In the same year, 
global aquaculture production reached a record 122.6 million tonnes, with 
a total value of USD 281.5 billion (FAO 2022). Farmed finfish contributed 
47%, worth an estimated USD 146.1 billion, whilst the production of other 
farmed aquatic animal species contributed 14.4% from, mainly, bivalve 
molluscs (USD 29.8 billion), and 9% from crustaceans (USD 81.5 billion), 
with the remainder from other aquatic invertebrates and semi-aquatic species. 

There is a growing acknowledgement of the role that aquaculture will play 
as the global population exceeds nine billion people. Moreover, a burgeoning 
‘middle class’ is already driving a change in food consumption, with an 
increased preference for meat protein instead of traditional wheats and pulses 
(Stentiford et al. 2012). It is argued that aquaculture will make a significant 
contribution to global food security, and the importance of this contribution 
in countries currently suffering malnutrition or food insecurity (Garlock et 
al. 2022). Indeed, the consumption of aquatic foods (excluding algae) has 
increased at an annual rate of 3% p.a. compared with a global population 
growth of 1.6.%; the annual per capita consumption of aquatic foods has 
increased from an average of 9.9kg in the 1960s to in excess of 20kg by 2019. 
The UN FAO predict that the aquaculture production of aquatic animals 
will reach 100 million tonnes by 2027 and 106 million tonnes by 2030 and 
that annual individual consumption of aquatic animal protein will rise to 
21.4kg by 2030 (FAO 2022). 

However, growth is unlikely to be evenly distributed across the globe. 
Aquaculture production is likely to remain dominated by Asia and it is to 
be expected that annual production will be routinely impacted by adverse 
weather conditions, or to outbreaks of existing or emergent pathogens, 
syndromic disorders, or other socioeconomic factors. Pathogenic infection 
remains a key limitation on aquatic food production; one that is exacerbated 
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through the intensification of production systems. Indeed, by some estimates, 
aquaculture production of some species (e.g. penaeid shrimp) in key 
countries has been static or erratic since 2017 (Anderson, Valderrama, and 
Jory 2019). 

Estimates identify a US$6 billion p.a. cost of aquatic animal diseases, with 
particular impacts being reported in defined sectors, such as shrimp farming 
(e.g. 40% of production being lost). In order for the aquaculture industry 
to deliver on the anticipated growth and contribution toward food security, 
it remains that significant interventions must be made in the production 
systems across multiple countries (Stentiford et al. 2017). 

Technical solutions to the problems of disease have been developed for some 
diseases of finfish but, thus far, attention has focussed on application for high 
value crops within western aquaculture. For example, routine vaccination 
against vibriosis, enteric red mouth and furunculosis is practiced in European 
salmonid culture (e.g. Press and Lillehaug 1995). Such technological solutions 
for disease management of single diseases do not offer current prospect 
for lower value fish species and invertebrate taxa which are cultured 
predominantly across the globe in Low and Middle Income Countries 
(LMIC). To date, the best success for these crop species has resulted from 
the inception of Better Management Practices (BMPs) to improve pond and 
culture health. BMPs take a holistic view of the cultured crop and the culture 
environment; providing key advice on issues such as pond soil preparation, 
treatment of water after filling, maintenance of pond water quality, post-
larval supply and quality, stock density, feeding regime, and monitoring 
during grow out. This advice is intended to reduce physiological stress within 
the culture stock during the growth cycle and has been shown to have positive 
outcome in reducing the incidence of disease outbreaks. 

Currently therefore, significant improvements in aquaculture output are 
being achieved by raising farmer awareness of BMPs and through 
encouraging adherence to the advice (Wang et al. 2023). Efforts have been 
considerably supported by the release of mobile phone apps to assist remote 
farmers in culture practice at the pond-side (e.g the Indian Council of 
Agriculture Research ICAR Central Institute of Brackishwater Aquaculture 
CIBA Vanami Shrimp app and Chingri Shrimp app) and also with the 
diagnosis and reporting of disease outbreaks (e.g. the ICAR National Bureau 
of Fish Genetic Resources NBFGR ReportFishDisease app). However, app 
development alone is not sufficient. The successful implementation of BMP 
through mobile phone apps works best when accompanied by farmer 
sensitization and extension workshops, which can upskill the work force, 
demonstrate the full utility of the app platform, and instil confidence in 
farmers using this technology at the pond side (e.g. Dickson et al. 2016). 
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Without doubt, BMPs will remain a key component of improved farm 
practice in the future. However, as the aquaculture sector strives to return to 
growth, particularly after the challenges of the coronavirus pandemic, there 
is a renewed sense that technological advances in the biosciences might be 
identified to directly meet the challenge of existing and emergent bacterial or 
viral diseases. 

Historically, technology to disrupt the life cycle of disease-causing pathogens, 
particularly within shellfish aquaculture, has relied upon the administration 
of pre- or probiotics or the prophylactic administration of 
immunostimulants. As has been argued, many of these interventions are 
based on an incomplete understanding of the complexity of invertebrate 
immune systems (V. J. Smith, Brown, and Hauton 2003; Hauton and Smith 
2007). It is surely an indication of their limited success that, globally, farmers 
are still challenged by pandemic disease outbreaks, none of which are 
effectively controlled through the addition of non-specific prophylactic 
treatments. 

I argue that, rather than advocate for the continued development of non-
specific immunostimulants, primers or probiotics, which – even if 
demonstrated to induce an immune response in laboratory settings – still 
seem unable to confer effective protection at aquaculture scale, might it be 
better to improve understanding of host/pathogen interaction and pathogen 
entry mechanisms in the first instance? If the existing host immune effector 
pathways offer no effective counter to pathogen multiplication, then it is 
surely not appropriate to pursue the repeated stimulation of that ineffective 
immune response. It must be more effective to prevent the pathogen gaining 
first entry into host tissues/host cells rather than to subsequently seek to 
disrupt pathogen replication or promote any non-specific and non-effective 
immune response. 

In recent years, the identification of the nuanced complexity of host microbial 
receptors that bind and internalise invading pathogens might offer new 
mechanisms or pathways with which to disrupt pathogen entry. Variant 
receptors offer potential mechanisms to support exquisite sensitivity, 
specificity and, even phenotypes analogous to memory immunity in 
invertebrates (Criscitiello and de Figueiredo 2013; Armitage, Peuß, and Kurtz 
2015; L. C. Smith and Lun 2017; Lv et al. 2020; Liberti et al. 2022; Buckle 
and Yoder 2022; Iwama and Moran 2023). As examples, Criscitiello and de 
Figueiredo (2013) and Iwama and Moran (2023) provide excellent reviews 
of the evolution of variant pattern recognition receptors PRRs within the 
wider invertebrates, including anti-viral Toll-like receptors and the RNA 
interference pathways, immunoglobulin superfamily peptides, arthropod 
Dscam receptors, gastropod FREP receptors, the SpTransformer Gene Family 
in gastropods, and IgSF Variable Domain Chitin-binding Proteins (VCBPs) 
in tunicates. 
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Exploiting this new understanding may identify ways to disrupt host 
pathogen interaction at the point of first contact. However, whilst significant 
advances in understanding have been made, there is still much more to do, 
particularly with a focus on disrupting pathogen entry. 

Future research efforts should be sensitive to the evolutionary history of 
different cultivated species. For example, Bateman et al. (2012) have already 
reported that there is differential sensitivity to White Spot Syndrome Virus 
amongst the Decapoda. As a general observation, taxa within the 
Dendrobranchiata (true shrimps) exhibit greater susceptibility to infection 
with this pathogen compared to the Pleocyemata (crabs and crayfish). 
Literature summaries of the state of the art in our understanding of immune 
system complexity should provide species specific resolution (e.g. Qin et al. 
2023) and should not merge theoretical models of immune pathways across 
phyla, based on the assumption of pathway conservation (for example: Zheng, 
Xu, and Liu 2019). Any future interventions will require resolution of host 
pathogen interactions will require verification at the level of the individual 
species, or even family line. 

How can bioscientists exploit understanding host/pathogen interactions to 
disrupt the life cycle of disease-causing organisms? The development and 
optimisation of protocols to produce gene edited crops presents a significant 
breakthrough toward the goal of reducing pathogenic disease within 
aquaculture (Gratacap et al. 2019). The ability to edit key gene sequences 
provides two avenues for advance in the field. Firstly, the targeted deletion 
of key genes will allow the functions of those coded proteins to be explored 
in vivo in model species. This may apply to immune effector molecules 
but could equally apply to the removal of key immune receptor proteins 
from host species. Secondly, the targeted deletion of selected cell surface 
expressed or secreted immune receptor proteins could be used to subvert the 
pathogen life cycle at the point of host cell entry. The potential development 
of gene edited broodstock for aquaculture has already been presented, for 
fish (Blix et al. 2021; Gutási et al. 2023), for molluscs (Potts et al. 2021) 
and for crustaceans (Gonzalez-Duarte et al. 2021). Some early experiments 
have demonstrated exciting future prospects (Gui et al. 2016; Kumagai et al. 
2017; Martin et al. 2016; Xu, Pham, and Neupane 2020; Molcho et al. 2022), 
and a small number of gene edited fish, including sea bream Pagrus major, 
tiger pufferfish Takifugu rubripes and olive flounder Paralichthys olivaceous, 
have been approved for human consumption (reviewed by Ledesma and Van 
Eenennaam 2024). Moreover, it is expected that pigs, gene -edited to resist 
porcine reproductive and respiratory syndrome, will soon by licenced in the 
USA and elsewhere (Cohen 2024). 

Supporting such advances, is the development of updated legislation to 
permit this technology to be released, at scale, in the context of culture 
systems for food production. The recent proposals for the use of gene edited 
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crops, at least within the UK context, will permit the commercialisation of 
these technological solutions (Cohen 2024; The UK Gene Editing (Precision 
Breeding) Act 2023) and, in time, should help to reduce the costs associated 
with the initial development. 

Nevertheless, significant hurdles remain. First and foremost, gene editing for 
disease resistance requires the identification of particular receptor or effector 
proteins that are key to a resistance phenotype in the host. Our knowledge 
of many host pathogen interactions in aquaculture is not yet sufficiently 
detailed that we can, with confidence, identify a single protein interaction 
or suite of proteins that are pivotal to the outcome of infection, such that 
they could be over-expressed or abrogated in a gene edited crop species. For 
many pathogens, especially those that are globally significant, our current best 
insights identify that multiple host pathogen interactions mediate entry and 
replication (e.g. Verbruggen et al. 2016), representing significant complexity 
from the perspective of gene editing. Continued progress will necessitate 
the sustained investment in fundamental basic science to understand the 
interaction of key hosts and their pathogens at a molecular scale. 

The high cost of such technological innovation should not be underestimated 
as well. In the initial years of gene edited aquatic crops, the cost to grower and 
consumers will likely lead to this technology being prioritised for high value 
crops. This will not address the challenge of pandemic diseases in the wider 
world, particularly in LMIC countries. The development of gene edited stock 
will require improved systems for biosecurity and monitoring, including the 
use of indoor recirculating culture systems (Xiao et al. 2018; Ahmed and 
Turchini 2021) that can protect and maintain high value products whilst the 
technology for gene editing is developed and tested, and whilst costs remain 
high. As gene edited crops become validated and more widespread, then it is 
anticipated that the costs of growers will fall, permitting wider adoption. 

Moreover, the challenges of practically implementing technology for the 
industry are great. It is one thing to propose the use of gene editing 
technology to understand host pathogen interactions in an experimental 
setting, it is a very different prospect to propose the creation of gene edited 
lines and the distribution at farm scale (Gonzalez-Duarte et al. 2021). These 
challenges are compounded for species with complex genomic structure 
(e.g. Zhang et al. 2019; Kawato et al. 2021) or in species that exhibit low 
genetic heritability that challenges the stability of a gene edited phenotype 
in subsequent breeding programmes (Cock et al. 2009; López-Ordaz et al. 
2024). 

Furthermore, the rapid co-evolutionary ‘arms race’ that takes place between 
host and pathogen, so neatly characterised in the ‘Red Queen Hypothesis’ 
(reviewed in Van Oosterhout 2021), will likely mean that any gene edited 
solution to infection will eventually be circumvented through the rapid 
evolution of the pathogen by mutation or horizontal gene transfer and 
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subsequent selection. Gene editing may fail by only buying time until a new 
strain or variant of the pathogen evolves, or until the emergence of a new 
pathogen that exploits a different entry mechanism. 

Ultimately, we must anticipate that the successful deployment of gene edited 
crop lines will require a continuous pipeline from basic science, through 
to product verification and licencing, and then distribution to farming 
communities. This pipeline will need to be supported by the continuous 
improvement in the farm security and management practice toward the end 
goal of reducing losses to disease and achieving future food security. 

Conclusions  
We are at a pivotal time for the global aquaculture industry. Having 
demonstrated significant growth over multiple decades, the potential of the 
industry to contribute toward global food security is undeniable. However, 
significant challenges remain; challenges which – if not addressed – seriously 
threaten that potential to deliver. Farmer training and improved practice 
is buying time for the industry to develop technological solutions to the 
impacts of disease-causing organisms in culture environments. Herein I have 
argued briefly for a focus on the immune receptor arm of host immune 
systems as providing novel avenues for disrupting host pathogen interactions. 
Disruption at this point will subvert the pathogen life cycle at a point before 
significant replication can take place and will reduce the impact caused by, 
particularly, intracellular pathogens. Once host targets have been identified it 
will be possible to employ advances in gene editing technology to develop 
lines of crop species with improved resistance to key pathogenic organisms 
that can be used within a culture setting. Challenges to the implementation 
of gene editing have been discussed, including further investments in 
fundamental basic science to tease apart the intimate molecular interactions 
of particular species as hosts and their pathogens. Deploying such high-cost 
methods will require supporting technologies to improve biosecurity and 
monitoring of crop species and, so, development of culture technology will 
go hand in hand with advances in bioscience and with improvements to farm 
management practices. 
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