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Abstract 

 

 

 A microinjection protocol was developed and validated for CRISPR/Cas9 gene editing in 

channel catfish, Ictalurus punctatus. This protocol proved to be rapid, efficient and does not 

require elaborate equipment or a high level of technical skill. To demonstrate the efficiency of 

the protocol, two channel catfish immune-related genes were targeted, toll/interleukin 1 receptor 

domain-containing adapter molecule (TICAM 1) gene and rhamnose binding lectin (RBL) gene. 

Brood stock were artificially spawned and the eggs were fertilized. A microinjection needle was 

loaded with the injection solution then connected to a microinjector. Injection volume was 

determined with a hemocytometer by injecting into a drop of mineral oil. Microinjection was 

performed by introducing the needle into the yolk and expelling the injection material. Embryos 

were then incubated in Holtfreter’s solution until hatch. Indels in TICAM 1 and RBL genes were 

confirmed by DNA sequencing. Dramatic changes in the predicted protein sequence included 

frameshift and truncated protein due to a premature stop codon. 

 The effects of microinjection of different dosages of guide RNA (gRNA)/Cas9 protein on 

the mutation rate, embryo mortality, hatchability and early fry survival were investigated in 

channel catfish. Three dosages of gRNA/Cas9 protein (low, 2.5 ng gRNA/7.5 ng Cas9 protein, 

medium, 5 ng gRNA/15 ng Cas9 protein and high, 7.5 ng gRNA/22.5 ng Cas9 protein) targeting 

TICAM 1 and RBL genes, were compared. Microinjection increased the embryo mortality 

compared to non-injected controls. Injection of gRNA/Cas9 protein increased the embryo 

mortality when compared to the injected control embryos. Hatching percent was reduced with 
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injection of higher dosages of gRNA/Cas9 protein. Increasing the dosage of gRNA/Cas9 protein 

increased the mutation rate. Mutation rate was higher in dead embryos than 4-month old 

fingerlings, suggesting that off-target effects caused some mortality or knockout of the target 

genes affected viability. These experiments lay the foundations for designing and conducting 

gene editing experiments in channel catfish and can be used as a guide for other fish species. 

 A third study evaluated the efficacy of interspecific hybridization of channel catfish 

females and blue catfish I. furcatus males (CB hybrid catfish), and the transfer of cecropin B 

gene in enhancing the resistance to Ichthyophthirius multifiliis in catfish fingerlings and food 

size fish using a communal challenge. At the fingerling stage, cecropin transgenic channel 

catfish, cecropin transgenic CB hybrid catfish and non-transgenic CB hybrid catfish had similar 

resistance to ich and the three genotypes had significantly improved resistance to ich when 

compared to non-transgenic channel catfish. The experiment at the food size stage was 

conducted on non-transgenic channel catfish and non-transgenic CB hybrid catfish. CB hybrid 

catfish had a lower infection rate and higher survival rate than channel catfish. The results 

suggest that genetic enhancement of resistance to ich in catfish can be achieved by either 

generation of cecropin transgenic channel catfish or production of non-transgenic CB hybrid 

catfish, but no additional benefit was obtained by applying both genetic improvement programs 

simultaneously. 
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Chapter 1: Introduction 

 

Aquaculture continues to grow significantly as a food production sector providing 

consumers with healthy food, creating more jobs and investment opportunities and enhancing 

food security. In 2014, inland and marine aquaculture production was 73.8 million tonnes, an 

increase of more than 20% compared to 2009, and the first-sale value was estimated to be more 

than US$ 160 billion in 2014 (FAO, 2016). Finfish production reached 49.8 million tonnes 

accounting for 67.5 % of world aquaculture production (FAO, 2016). In the US, 150 thousand 

tonnes of catfish were produced in 2014, a 54% decrease in production since the peak of 2003 

(Hanson and Sites, 2015). To restore the peak of catfish production and to enhance its 

profitability, integration of multiple factors will be necessary, including management of catfish 

production operations, stimulating the immune system, disease prevention and genetic 

improvement of disease resistance and other traits. 

Disease resistance is a critical trait as 40% of all aquaculture production (Owens, 2012) 

and 40% of catfish production (Tucker, 2012) is lost to disease. The losses from disease 

outbreaks result in mortality, lowered production, poor feed conversion ratios and financial loss 

from the cost of treatment and disease control measures. Bacterial disease cases dominated the 

total number of submitted cases in previous years (MSU, 2012) in the catfish industry. The most 

common bacterial infections in catfish are enteric septicemia of catfish (ESC) (Edwardsiella 

ictaluri) and columnaris (Flavobacterium columnare) (Plumb and Hanson, 2011). Losses in the 

channel catfish (Ictalurus punctatus) industry from Flavobacterium columnare and Edwardsiella 

ictaluri epizootics were estimated to be $60 – 80 million (Sommerset et al., 2014). Here, 
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 2 

different approaches to control diseases in aquaculture including chemotherapy, vaccination and 

genetic improvement programs are reviewed and discussed.  

Chemotherapy 

 Several antibiotics and chemical compounds have been approved for aquaculture use 

such as florfenicol, oxytetracycline dihydrate and formalin (FDA, 2016). However, there are 

potential risks associated with chemotherapy in aquaculture. Risk of the bacteria developing 

antibiotic resistance will make that antibiotic less effective for curing diseases caused by 

antibiotic resistant bacteria. In addition, antibiotic resistant genes may be transferred to other 

bacterial species (Courvalin, 1994, Bennett, 2008). Antibiotic resistance was reported in Vibrio 

anguillarum (Aoki et al., 1981), Flavobacterium psychrophilum (Ekman, 2003) and 

Flavobacterium columnare (Declercq et al., 2013). These chemicals may also result in a 

bioaccumulation hazard, environmental pollution and risks to fish farmers who apply them. 

Costs and difficulties of application in aquaculture enterprises cannot be ignored and, in spite of 

being effective in reducing fish mortality (Soto et al., 2013, Gaunt et al., 2015), this approach 

does not provide a long term solution to the disease problems.  

Vaccination 

Vaccines are used to stimulate the immune system of the fish to provide protection 

against pathogens. Commercial vaccines are now available for several aquaculture fish species 

(Sommerset et al., 2014). For channel catfish, two live attenuated vaccines for Flavobacterium 

columnare and Edwardsiella ictaluri are now commercially available. Research has been 

conducted to develop a more efficient vaccine for Flavobacterium columnare than the one 
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currently used (Mohammed, 2015). However, no commercial vaccines for other bacterial, viral 

and parasitic diseases are available. Viral vaccines are usually inactivated viruses, viral proteins 

or DNA vaccines with viral nucleic acids sequences (Sommerset et al., 2014). The two main 

methods of vaccine delivery to fish are immersion and injection. Immersion is available only for 

a small number of bacterial pathogens and difficult to use for large fish. Injection is more 

laborious, requires the fish to be of a certain size which makes it impossible to vaccinate fry or 

large numbers of fish with this technique. Additional shortcomings of vaccination include 

handling stress, costs of vaccines and immunity from vaccination may protect the fish for the 

short-term only.  

Genetic approaches to improve disease resistance 

Genetic improvement of disease resistance can be achieved through short-term breeding 

programs, long-term breeding programs or a combination of both. The improvement in resistance 

can be inherited by future generations, which will provide early protection for the fish at the fry 

stage when the immune system is not completely developed (Zapata et al., 1996). Genetic 

improvement of disease resistance can be achieved through selection, crossbreeding, 

interspecific hybridization, transgenesis and marker-assisted selection (Fuji et al., 2007, 

Dunham, 2011). Genome editing technology opens avenues for manipulating disease resistance 

genes for the benefit of aquaculture, but the research is still in its early stages. The benefits from 

genetic improvement programs can be maximized by integrating molecular genetic tools with 

traditional breeding programs (Dunham, 2011). 
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Selection 

 Selection is a long-term genetic improvement program that can be used to improve 

quantitative traits such as growth rate and disease resistance over a few to several generations. 

Utilization of the genetic variation of the resistance to diseases within and between populations 

needs to be considered to achieve the best possible improvement (Price, 1985). The response to 

selection is variable and depends upon the heritability of the trait of interest, phenotypic variation 

and selection intensity (Dunham, 2011). Different strategies for performing selection in fish 

exist. In mass or individual selection, individual fish are selected based on their own 

performance while in family selection, individuals are selected based on the mean of the 

performance of their families. The two approaches can be combined by selecting the best 

individuals from the best families to maximize and accelerate the rate of improvement (Dunham, 

2011).  

 Selection for disease resistance has been implemented in several aquaculture species with 

variable outcomes. In salmonids, selection for enhancing the disease resistance has been 

successful. One of the first documented successful trials was for brook trout (Salvelinus 

fontinalis) selected from a population with endemic furunculosis where three generations of 

selection improved the survival from 2% in the original population to 69% in the selected 

population (Embody and Hayford, 1925). Selection for the resistance to furunculosis in brook 

trout and brown trout (Salmo trutta) improved the resistance (Ehlinger, 1964), however, one of 

the selected strains of brook trout was more susceptible to gill disease (Ehlinger, 1977).  

Recently, Henryon et al. (2005) detected additive genetic variation for resistance to enteric 

redmouth disease (ERM), rainbow trout fry syndrome (RTFS) and viral hemorrhagic septicemia 
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(VHS) demonstrating that selection would improve the resistance to these diseases in  rainbow 

trout (Oncorhynchus mykiss). The resistance to the causative agents of furunculosis, infectious 

salmon anemia (ISA) and infectious pancreatic necrosis (IPN) in Atlantic salmon (Salmo salar) 

was estimated to be moderate to highly heritable indicating that the resistance to these diseases 

would be improved with selection (Ødegård et al., 2007, Wetten et al., 2007, Kjøglum et al., 

2008). Strains of rainbow trout that are resistant to IPN (Okamoto et al., 1993) and bacterial cold 

water disease (BCWD) (Leeds et al., 2010) have been developed. In Krasnodar common carp 

(Cyprinus carpio), selection improved the resistance to dropsy (Kirpichnikov et al., 1993).  

Genetic variation of disease resistance has been reported in catfish suggesting the 

possibility of improving the resistance to diseases through selection (Wolters and Johnson, 

1994). However, in Kansas strain of channel catfish, the resistance to enteric septicemia of 

catfish (ESC) was not improved with one generation selection when the offspring of parents that 

survived an ESC outbreak were compared to offspring of Kansas select and Kansas random 

parents that had not been exposed to Edwardsiella ictaluri (Dunham et al., 1994). Mass selection 

for resistance to Aeromonas hydrophila in walking catfish (Clarias macrocephalus) did not 

improve the survival rate and time when the selected and control fish were disease challenged 

(Na-Nakorn et al., 1995).  

Bosworth et al. (2003)   compared the resistance to proliferative gill disease (PGD) in 

USDA 103-line channel catfish full sib families, channel catfish female x blue catfish male 

(Ictalurus furcatus) (CB) backcross hybrids and blue catfish mixed families and concluded that a 

genetic component for the resistance to PGD existed and the application of selection to improve 

the resistance to PGD may be possible. Research has been conducted on NWAC103 channel 

file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_116
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_178
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_86
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_86
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_117
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_91
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_85
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_180
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_180
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_45
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_113


 6 

catfish strain (Wolters et al., 2002) to incorporate multiple economically important traits such as 

growth, carcass yield and resistance to ESC using multitrait selection. In two generations of 

family selection, resistance to ESC was improved by 10.3% in the newly selected strain, 

USDA303 (Bilodeau-Bourgeois et al., 2007).  

Marker-assisted selection and quantitative trait loci 

Marker-assisted selection (MAS) is useful for indirect selection of traits that are difficult 

or expensive to measure, have low heritability, or require rearing of the fish until maturity such 

as carcass traits, fecundity and disease resistance. The use of different markers in selection for 

disease resistance would reduce the costs for challenge testing, keep valuable genotypes that may 

be lost by disease challenge and avoid the selection of potential disease carriers (Vike et al., 

2009). The application of marker-assisted selection in aquaculture would not only accelerate the 

selection for disease resistance traits but also reduce the negative impacts of selection on other 

traits (Ødegård et al., 2011). Several disease resistance markers have been identified and could 

be used for selection such as quantitative trait loci (QTL) (Moen et al., 2009, Geng et al., 2015, 

Liu et al., 2016a), candidate genes for disease resistance (Fuji et al., 2006, Johnson et al., 2008) 

and gene expression profiling (Baoprasertkul et al., 2006, Thongda et al., 2014).  

QTLs for disease resistance have been identified in several aquaculture species (Ozaki et 

al., 2001, Moen et al., 2007, Rodríguez-Ramilo et al., 2011). In rainbow trout, major QTLs for 

resistance/susceptibility to IPNV and whirling disease have been identified (Ozaki et al., 2001, 

Baerwald et al., 2011). In Atlantic salmon, QTLs for IPNV and ISA have been detected (Moen et 

al., 2007, Houston et al., 2008). In addition, QTLs have been identified for resistance to 

Aeromonas salmonicida and VHS in turbot (Scophthalmus maximus) (Rodríguez-Ramilo et al., 
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2011, Rodríguez-Ramilo et al., 2014), resistance to fish pasteurellosis in gilthead sea bream 

(Sparus aurata) (Massault et al., 2011), resistance to Vibrio anguillarum in Japanese flounder 

(Paralichthys olivaceus) (Zhou et al., 2016), and ESC and columnaris disease resistance in 

channel catfish (Geng et al., 2015, Zhou et al., 2016).   

The application of MAS in breeding programs has been successful for disease resistance 

in Japanese flounder. A microsatellite allele, Poli9-8TUF, was identified to control the resistance 

to lymphocystis disease (LD) in Japanese flounder (Fuji et al., 2006).  Selective breeding for 

Poli9-8TUF reduced the incidence of LD in a selectively bred Japanese flounder population to 

zero when tested at two LD endemic farms compared to control population which had 4.5% and 

6.3% LD incidences in the two farms (Fuji et al., 2007). MAS-lymphocystis disease resistant 

flounder are now commercially sold in Japan with 35% market penetration rate (Ozaki et al., 

2012).  

Intraspecific Crossbreeding 

Crossbreeding is a short-term genetic improvement program in which unrelated 

individuals are crossed to achieve heterosis or hybrid vigor in a single generation. The 

improvement of disease resistance in crossbred  F1 fish has been successful in 50 – 70 % of the 

crosses examined (Dunham, 2011). In 90% of Nile tilapia (Oreochromis niloticus) crosses, 

crossbred fry had heterotic survival of 90% when compared to the parents which had 60% 

survival (Dunham, 2011).  

The crossing of 2 catfish strains at Auburn University (AU-M and AU-K) resulted in a 

fast growing crossbred catfish (AU-MxK) which exhibited heterosis for disease resistance 
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(Dunham and Smitherman, 1985, Padi, 2003). Using a diallel cross, Wolters and Johnson (1995) 

estimated the effects of crossing three channel catfish strains, Red River, Norris and Marion X 

Kansas (MK) on the resistance to Edwardsiella ictaluri. Following immersion challenge with E. 

ictaluri, the cross between Norris and MK had the highest survival rate ± SE (90.0 ± 1.5) when 

compared to Norris X Norris and MK X MK which had 52.5 ± 7.3 and 68.9 ± 2.6 mean survival 

rate ± SE, respectively. Crossbreeding of local strains of Gunther’s walking catfish in Thailand 

improved the resistance to Aeromonas hydrophila in the crossbred offspring (Prarom, 1990). If 

the breeder is fortunate, crossbreeding will improve more than one trait. Crossbreeds of Marion 

female X Kansas male strains of channel catfish exhibit heterosis for multiple traits including 

growth, early sexual maturity and resistance to diseases (Dunham, 2011). Crossbreeding usually 

improves reproductive performance. In addition to improved growth and disease resistance, AU-

M and AU-K crossbred channel catfish exhibited heterosis for early sexual maturity and higher 

spawning rates when three years old compared to their parents  (Dunham and Smitherman, 

1985).  

Interspecific hybridization 

Interspecific hybridization is the mating of different species to produce hybrids. The 

success rate of this approach is relatively high for disease resistance improvement (Dunham, 

2011). In salmonids, brook trout X rainbow trout hybrids proved to be resistant to viral 

hemorrhagic septicemia virus (VHSV) and infectious hemopoietic necrosis virus (IHNV) 

(Dorson et al., 1991).  Hybrids of brown trout female X Atlantic salmon male exhibited 

intermediate resistance to skin fluke, Gyrodactylus salaris, (Bakke et al., 1999) and significant 

heterosis for amoebic gill disease (AGD) resistance with the resistance improved by 69% over 
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the mid-parent average (Maynard et al., 2016). However, Atlantic salmon X Arctic char 

(Salvelinus alpinus) hybrids did not exhibit any improvement in the resistance to sea louse, 

Lepeophtheirus salmonis, when compared to the parents (Fleming et al., 2014). 

Reciprocal hybrids of Xiphophorus maculatus and Xiphophorus variatus had 

significantly lower infection levels for Ichthyophthirius multifiliis when compared to the parental 

stock (Clayton and Price, 1994). Koi (Cyprinus carpio) X goldfish (Carassius auratus) hybrids 

had reduced mortality (35%) when challenged with koi herpesvirus isolate E (KHV-E) compared 

to koi X crucian carp hybrids (91% mortality) and koi without any history of disease (100% 

mortality) (Bergmann et al., 2010). In tilapia, resistance to Aeromonas sobria was improved in 

hybrids produced by crossing Nile tilapia (Oreochromis niloticus) female X blue tilapia 

(Oreochromis aureus) male (Cai et al., 2004).  

Of almost 50 North American catfish interspecific hybrids, only the hybrid between 

channel catfish females and blue catfish males (CB hybrid) possesses superior economically 

important traits compared to both parent species (Smitherman and Dunham, 1985).  CB hybrid 

catfish proved to be superior in growth, resistance to many pathogens, survival and production in 

high density ponds, harvestibility, dress out percentage and tolerance to low dissolved oxygen 

levels (Dunham and Masser, 2012).  

CB hybrid catfish exhibited intermediate resistance to Edwardsiella ictaluri when 

compared to both parent species (Wolters et al., 1996) as blue catfish are almost totally resistant 

to this bacterial pathogen. Survival and antibody levels following E. ictaluri exposure were also 

intermediate between channel and blue catfish. The resistance to columnaris disease can be 

improved by the production of CB hybrid catfish (Dunham and Masser, 2012). When challenged 
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with Flavobacterium columnare BGFS-27 (genomovar II), CB hybrid catfish had 31% mortality 

and the onset of the disease lagged for 3 days while the two parental species, channel and blue 

catfish, had ~80% mortality (Arias et al., 2012). Dunham et al. (1990) also found that the hybrid 

had much greater resistance to columnaris than channel catfish in the pond environment during 

the fingerling stage.  

Interspecific hybridization variably improved the resistance to channel catfish virus 

(CCV), Ichthyophthirius multifiliis or external parasites. The CB hybrid catfish had similar 

mortality rate as the channel catfish USDA 103-line when challenged with CCV (Silverstein et 

al., 2008). Xu et al. (2011) compared the resistance of channel catfish, blue catfish and CB 

hybrid catfish to Ichthyophthirius multifiliis where CB hybrid catfish were as susceptible to ich 

infections as channel catfish or blue catfish. However, the mean survival of the hybrid was about 

10% higher, which would have been significantly different given greater replication.  Griffin et 

al. (2014) found that the resistance to the digenetic trematode Bolbophorus damnificus in CB 

hybrid catfish was similar to channel catfish and blue catfish.  

Transgenesis 

Transgenic fish have been generated for several goals such as improvement of growth 

rate (Du et al., 1992), cold tolerance (Wang et al., 1995), generation of  models to study human 

diseases (reviewed in Dooley and Zon, 2000), enhancement of disease resistance (Dunham et al., 

2002), generation of novel ornamental fish (Gong et al., 2003), production of pharmaceutical 

proteins (Morita et al., 2004), monitoring environmental pollution (Amanuma et al., 2000, 

Cachot et al., 2007), modification of body composition (Yoshizaki et al., 2007, Cheng et al., 

2014), transgenic sterilization (Su, 2012), and studying gene functions in vivo (Xu et al., 2003). 
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Regarding disease resistance, several transgenic fish expressing different genes have been 

produced.  

Antimicrobial peptides 

Cecropin 

Cecropins are antimicrobial peptides that lyse cell membranes of bacteria causing their 

death (Moore et al., 1996). Cecropins were first discovered in the hemolymph of the giant 

silkmoth, Hyalophora cecropia (Stciner et al., 1981) before being identified in many other 

organisms (Hultmark et al., 1982, Lee et al., 1989, Kylsten et al., 1990, Tryselius et al., 1992). 

Cecropins are more effective against gram-negative than gram-positive bacteria (Moore et al., 

1996). Resistance to bacterial diseases was improved two- to four-fold by generation of F1 

cecropin B transgenic channel catfish (Dunham et al., 2002). Introduction of cecropin gene into 

the medaka (Oryzias latipes) genome enhanced the resistance to Pseudomonas fluorescens and 

Vibrio anguillarum (Sarmasik et al., 2002). 

Although, cecropin is an antibacterial protein, it can provide protection against other 

pathogens such as viruses, fungi and protozoa. Resistance to infection by Aeromonas 

salmonicida and IHNV have been improved in homozygous cecropin P1 and CF-17 transgenic 

rainbow trout (Chiou et al., 2014). Cecropins inhibited the replication of human 

immunodeficiency virus 1 (HIV-1) by suppressing viral gene expression (Wachinger et al., 

1998).  

Cecropins also exhibited a strong antifungal activity (Ekengren and Hultmark, 1999, Ji et 

al., 2014) against different fungal species including Aspergillus, Fusarium (De Lucca et al., 
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1998, De Lucca et al., 2000) and Candida species (Park et al., 1997) in vitro. Additionally, 

antiprotozoal activity was observed against Plasmodium and Leishmania species where the 

normal development of oocysts was reduced or inhibited (Boman et al., 1989, Gwadz et al., 

1989, Akuffo et al., 1998). Expression of cecropin A in cecropin transgenic mosquito Anopheles 

gambiae reduced Plasmodium berghei oocyst production by 60% when compared to non-

transgenic mosquitos (Kim et al., 2004). The broad spectrum action of cecropins against a wide 

range of pathogens was explained by the ability of cecropins to form large time-variable and 

voltage-dependent ion channels in the lipid membranes that have similar structure in different 

organisms (Christensen et al., 1988, Milani et al., 2009).  

Lactoferrin 

Lactoferrin is an 80 kDa protein from the transferrin family that is responsible for 

binding, transport and metabolism of iron ions (Iyer and Lonnerdal, 1993). Lactoferrin is 

secreted in various body fluids mainly milk and other biological fluids with multiple functions 

(Lönnerdal and Iyer, 1995, García-Montoya et al., 2012). Lactoferrin has been transferred and 

expressed in several animal species (Chen et al., 2008, Meng et al., 2013, Cooper et al., 2015). 

Lactoferrin has broad spectrum antibacterial (Bellamy et al., 1992, Yamauchi et al., 1993), 

antiviral (Van der Strate et al., 2001), antiparasitic (Turchany et al., 1995, OMATA et al., 2001) 

and antifungal activity (Bellamy et al., 1994).  

Transfer of human lactoferrin driven by carp β-actin promoter to grass carp 

(Ctenopharyngodon idellus) delayed the onset of clinical signs in grass carp fry when injected 

with grass carp hemorrhage virus (GCHV) (Zhong et al., 2002). Lactoferrin transgenic grass carp 

also exhibited enhanced resistance to Aeromonas hydrophila with improved phagocytic activity 

file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_36
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_37
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_127
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_21
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_69
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_69
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_1
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_84
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_31
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_104
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_79
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_98
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_61
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_27
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_103
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_34
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_14
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_185
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_168
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_166
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_118
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_15
file:///C:/Users/Ahmed%20Elaswad/Desktop/Review.docx%23_ENREF_189


 13 

and a high rate of bacterial clearance while serum lysozyme activity was not changed when 

compared to non-transgenic fish (Weifeng et al., 2004). Lin et al. (2010)   generated transgenic 

zebrafish containing bovine lactoferrin (LFB) gene fused with green fluorescent protein (GFP) in 

which gene expression was driven by zebrafish β-actin promoter. The functional domain of LFB 

was released exhibiting in vitro antibacterial activity against Escherichia coli, Edwardsiella 

tarda and Aeromonas hydrophila. Feeding the non-transgenic adult zebrafish with LFB 

transgenic embryos enhanced the resistance to E. tarda when compared to adult zebrafish fed 

non-transgenic embryos.  

Hepcidin 

Hepcidin is the liver-expressed antimicrobial peptide 1 (LEAP-1) that has been identified 

in human, animal and fish species (Krause et al., 2000, Pigeon et al., 2001, Shike et al., 2004). 

Hepcidin is involved in immunity against bacteria (Bao et al., 2005, Tao et al., 2014), viruses 

(Chia et al., 2010, Wang et al., 2010) and in iron metabolism (Hu et al., 2007). The effects of 

transfer of hepcidin gene to fish have been studied in transgenic zebrafish. Generation of 

transgenic zebrafish expressing Oreochromis mossambicus hepcidin 2-3 (TH2-3) gene increased 

the resistance to Vibrio vulnificus (204) strain, but not Streptococcus agalactiae (Hsieh et al., 

2010) while the expression of Oreochromis mossambicus hepcidin 1-5 (TH1-5) and shrimp 

chelonianin in transgenic zebrafish enhanced the resistance against both pathogens Vibrio 

vulnificus and Streptococcus agalactiae (Pan et al., 2011). In both TH2-3 and TH1-5 transgenic 

zebrafish, the expression level of several of the immune-related genes was modulated as some of 

them were upregulated and some were downregulated.  
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Epinecidin-1 

Epinecidin-1 is another fish antimicrobial peptide that has been identified in grouper 

(Epinephelus coioides) (Pan et al., 2007). Epinecidin-1 exhibits antibacterial, antifungal and 

antiprotozoal activities (Pan et al., 2009). Peng et al. (2010) developed a zebrafish transgenic line 

expressing epinecidin-1 using the Tol2 transposon system. When injected with Vibrio vulnificus 

and Streptococcus agalactiae, bacterial growth was reduced or inhibited in epinecidin-1 

transgenic zebrafish tissues for up to 24 hours when compared to non-transgenic controls. 

Feeding groupers and zebrafish on diets containing recombinant epinecidin-1 from E. coli  for 30 

days resulted in modulation of immune-related gene expression and significant reduction of 

mortality in treated fish when challenged with Vibrio vulnificus compared to the controls (Pan et 

al., 2012). Epinecidin-1 was electrotransferred to skeletal muscles of grouper in two steps, 

injection of epinecidin-1 expressing plasmid into skeletal muscles then electroporation (Lee et 

al., 2013). When intramuscular injection of treatment and control groupers with Vibrio vulnificus 

48 hours after electroporation was performed, treatment fish had significantly lower bacterial 

numbers and higher immune-related gene expression in their muscles when compared to 

controls.  

Myxovirus resistance proteins  

Myxovirus resistance (Mx) proteins are important for antiviral immunity (Haller and 

Kochs, 2011). They proved to be effective for  enhancing the resistance to viruses in transgenic 

animals (Pavlovic et al., 1995) and fish (Su et al., 2009).  Mx proteins inhibit viral replication 

(Caipang et al., 2003). Over expression of rare minnow (Gobiocypris rarus) Mx-like gene in 

Mx-transgenic rare minnow enhanced the resistance to grass carp reovirus (Su et al., 2009).  
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Lysozyme 

Lysozyme is an antibacterial enzyme that attacks peptidoglycan in cell walls of bacteria 

(Nakamura et al., 1990). Thus, it is thought to be more effective against Gram positive bacteria 

than Gram negative bacteria. Yazawa et al. (2006) transferred the hen egg white (HEW) 

lysozyme gene and GFP gene driven by Japanese flounder keratin promoter to zebrafish. Gene 

expression was confirmed in the liver and skin. Increased lytic activity in the protein extracts 

from the liver of F2 transgenic fish was found to be 1.75 times higher than wild type fish. The 

survival after Edwardsiella tarda and Flavobacterium columnare challenge was improved in F2 

transgenic zebrafish (60% and 65% survival respectively) compared to 0% survival in wild type 

fish. In Atlantic salmon, Fletcher et al. (2011)   generated a stable transgenic salmon line that 

was expressing lysozyme under the control of ocean pout antifreeze protein gene promoter op5a. 

The lytic activity kidney tissue extracts from F2 lysozyme transgenic fish showed 40% increase 

when compared to wildtype siblings. However, the evaluation of disease resistance in lysozyme 

transgenic Atlantic salmon to actual challenge with bacteria was not reported.  

The approach for improving the disease resistance in fish by the transfer of lysozyme 

gene may not be as effective as other antimicrobial peptide genes. Most economically important 

diseases in aquaculture are caused by Gram negative bacteria. It has been reported that different 

bacterial species were able to evade the lysozyme-based peptidoglycan resulting in the 

emergence of lysozyme resistant bacteria (Schwartz et al., 2003, Bera et al., 2005, Shimada et 

al., 2010). It appears that the effectiveness of higher lysozyme activity in conveying disease 

resistance is greatly affected by the immune status of the fish (Røed et al., 2002). Experimental 

challenge of high- and low-lysozyme lines of rainbow trout with Aeromonas salmonicida and 
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Vibrio anguillarum yielded different results. Before vaccination, mortality due to A. salmonicida 

was higher in the high-lysozyme line while after vaccination, the high-lysozyme line had 

significantly higher mortality rate and higher levels of antibodies when compared to the low-

lysozyme line. For V. anguillarum challenge, mortality was high in both lines before vaccination, 

while after vaccination, slight but not significant increase in survival and significant increase in 

antibody levels were seen in the high-lysozyme line when compared to the low-lysozyme line 

(Røed et al., 2002). In these experiments, bacteria were injected intraperitoneally, which 

eliminated the natural defense barriers, especially the mucosal barriers.  

Pleiotropic effects of transgenes on disease resistance 

The insertion of transgenes can result in pleiotropic effects (Dunham, 2011). Pleiotropic 

effects occur when a transgene affects more than one trait in a positive or a negative manner. 

Pleiotropic effects are discussed with emphasis on disease resistance. Transgenic common carp 

containing rainbow trout growth hormone had higher survival than non-transgenic controls when 

exposed to stressors and pathogens such as hypoxia, anchor worms, Aeromonas and dropsy 

(Chatakondi, 1995). Transfer and expression of “all-fish” growth hormone in common carp 

significantly enhanced non-specific immune functions in transgenic common carp when 

compared to non-transgenic carp (Wang et al., 2006). These immune functions included 

lysozyme activity, serum bactericidal activity, leukocrit and phagocytic percent of macrophages 

in head kidney which were significantly higher in the transgenic carp. However, phagocytic 

indices and relative spleen weight were not different in both genotypes (Wang et al., 2006). 

When challenged with Ichthyophthirius multifiliis, all-fish growth hormone transgenic common 

carp had higher survival in comparison to non-transgenic common carp (Ling et al., 2009). 
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Expression of delta-5 (Δ-5) desaturase and delta-6 (Δ-6) desaturase in the muscles of transgenic 

zebrafish not only increased the polyunsaturated fatty acid content but also enhanced the 

resistance to Vibrio alginolyticus infections as well as anti-inflammatory reactions (Wang et al., 

2014). At 4 and 12 h after injection of V. alginolyticus into the muscles, transgenic zebrafish 

showed enhanced antibacterial activity and modulation of the expression of multiple cytokines 

(IL-1β, IL-22, and TNF-α) resulting in decreased inflammatory response.  

On the other hand, growth hormone transgenic coho salmon (Oncorhynchus kisutch) 

were as resistant as non-transgenic fish when infected with V. anguillarum at the fry stage. 

However, transgenic fish were more susceptible to V. anguillarum infection than non-transgenic 

fish at the smolt stage (Jhingan et al., 2003). In these transgenic salmon fish, there was much 

family variation. Disease resistance was sometimes improved, reduced or unchanged when 

compared to non-transgenic controls.  

Gene editing technology 

Zinc Finger Nucleases (ZFNs), Transcription Activator-Like Effector Nucleases 

(TALENs) and Clustered Regulatory Interspaced Short Palindromic Repeats 

(CRISPR)/CRISPR-associated protein 9 (Cas9) are genome editing tools that has been used to 

induce double strand breaks (DSB) in genes of interest. Depending upon how the cell addresses 

the DSB, gene knockout, knock-in (insertion) or correction may be achieved. If the DSB is 

repaired by non-homologous end joining (NHEJ), mutations (mostly indels) will occur. Genes 

could be inserted or corrected by providing a DNA template for DSB repair by homologous 

recombination (Urnov et al., 2005). ZFNs and TALENs utilize the phenomenon that DNA 

domains can bind to specific DNA sequence. When linked with a DNA cutting domain, 
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endonuclease, they can induce DSB. Both can be programmed to target a specific gene. The 

DNA binding domain will differ depending on the gene being targeted while the nuclease 

domain remains the same. The domains and efficiency are different from ZFNs to TALENs. 

ZFNs: 

DNA cleavage domains are from the FokI restriction endonuclease combined with zinc 

finger proteins (ZFP) (Porteus and Carroll, 2005). To induce DSB, ZFNs must be engineered in 

pairs, one for each DNA strand. Efficiency could be explained not only inducing the DSB 

efficiently, but also in terms of specificity and cytotoxicity. Off-target effects result when the 

ZFP binds to the non-intended DNA sequence and this could result in lethality (cytotoxicity) if 

essential genes were targeted in error (Pattanayak et al., 2011) or when the DSBs become too 

great for the cell of the organism to tolerate. Improved design has been made through the use of 

heterodimer variants of FokI which reduced DNA damage in mammalian cells (Miller et al., 

2007). Zinc fingers have gene targeting frequencies of up to 20% (Porteus and Carroll, 2005). In 

channel catfish, the overall mutation rate for three ZFN sets was 19.7% with one ZFN set 

inducing average mutation rate of 38.5 % in two of the treatments (Qin et al., 2016). Because of 

greater costs, complexity of design, off-target effects, cytotoxicity and lower mutation rate, 

research on ZFNs is decreasing especially once TALENs became available.  

TALENs:  

TALENs also have two domains, the DNA binding domain (TALE) and nuclease domain 

(FokI). They can be engineered to target a specific DNA sequence with the Repeat Variable Di-

residue (Boch, 2011) (Fig 2). TALENs share the same principle as ZFNs but they are less costly 
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and more efficient in terms of specificity, off target effects and cytotoxicity. Off target effects 

were low compared to ZFNs when whole genome sequencing was performed (Veres et al., 

2014). The mutation rate for TALENs gene edited zebrafish embryos ranged from 11% to 33% 

with small indels and in rare cases a deletion of more than 300 bp (Sander et al., 2011).  In 

channel catfish, mutation rates ranged from 45% to 63% (Qin, 2015). Cytotoxicity was low due 

to high specificity when compared to ZFNs (Mussolino et al., 2014).  

CRISPR/Cas9 Technology:  

Clustered regularly interspaced short palindromic repeats (CRISPRs) were described in 

2002 in bacteria and archea (Jansen et al., 2002) before being extensively studied and used for 

gene editing experiments. CRISPRs are 21-37 bp identical repeats that are separated from each 

other by a non-repetitive DNA sequence called Spacer DNA. The spacers are derived from viral 

genomic sequences (Barrangou et al., 2007) or plasmids (Garneau et al., 2010). CRISPR 

associated (Cas) genes are not present in all species of bacteria (Jansen et al., 2002).  

CRISPRs play an important role in the bacterial immunity against phages and plasmids. 

Barrangou et al. (2007)   found that different strains of Streptococcus thermophiles bacteria with 

different number and type of spacers have different levels of resistance to viruses. Addition or 

removal of a spacer modified the resistance against phages. Segments of viral genomic 

sequences were inserted into the bacterial CRISPR loci as a spacer sequence. This process may 

explain the “acquired immunity” of bacterial cells against phages to which they have been 

previously exposed (Al-Attar et al., 2011, Terns and Terns, 2011). Once the viral genomic 

sequence is processed and integrated into the CRISPR loci, bacteria become resistant to the 

phage from which the spacer DNA originated, provided that the phage does not evolve to escape 
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bacterial defense. When viral DNA was inserted into the cell, it was attacked by the defense 

mechanism of bacterial cells.  

The principle has been used to engineer CRISPR-Cas systems to target specific DNA 

sequence more efficiently than TALENs and ZFNs (Mali et al., 2013). The system consists of a 

guide RNA which determines the targeted sequence in the genome and a DNA endonuclease 

enzyme, Cas9. When introduced into the cell, Cas9 will induce DSB, and depending on the goal, 

genes can be mutated, corrected or inserted. Compared to ZFNs and TALENs, CRISPR/Cas9 

system is preferred for its simplicity, efficiency, accuracy, cheaper cost, lower toxicity and 

higher germline transfer of mutations (Varshney et al., 2015).  

Applications of CRISPR/Cas9 technology for disease resistance research in aquaculture 

Functional genomics 

The genome of channel catfish has been sequenced (Liu et al., 2016b), however, there are 

still many genes in which gene function is not clearly understood. There is an increasing 

importance to study gene function in channel catfish to identify candidate genes that are 

important for the development of a particular economically important trait. Understanding gene 

function can assist in selecting the best fish for commercial production as well as recreational 

fishing activities.  

In progression of disease, expression of immune-related genes may become upregulated 

or downregulated and the expression level for the same gene may differ from one species to 

another (Baoprasertkul et al., 2006, Peatman et al., 2007). This genetic variation could be more 

thoroughly investigated to identify the putative roles of these genes and their correlation with 
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phenotypic variation for disease resistance. In channel catfish, which are more susceptible to 

Edwardsiella ictaluri infection, expression of toll/interleukin 1 receptor domain-containing 

adapter molecule (TICAM 1) gene was dramatically upregulated following bacterial challenge 

with E. ictaluri while it was downregulated in blue catfish, a resistant species to E. ictaluri 

infection (Wolters and Johnson, 1994, Hawke et al., 1998, Baoprasertkul et al., 2006) . 

Therefore, knocking out TICAM 1 gene would increase the understanding of its function during 

the pathogenesis of ESC. Another gene whose expression is correlated to disease progression is 

the rhamnose binding lectin (RBL) gene. Following experimental infection with F. columnare in 

a columnaris susceptible strain of channel catfish, there was an acute robust upregulation of RBL 

gene expression when compared to a columnaris resistant strain of channel catfish (Beck et al., 

2012). Blocking channel catfish RBL in vivo using L-rhamnose 15 minutes before a columnaris 

challenge reduced the mortality in treatment groups compared to controls (Beck et al., 2012). 

Many other genes have been reported to be differentially regulated following E. ictaluri 

(Peatman et al., 2007, Peatman et al., 2008), F. columnare (Sun et al., 2012) and A. hydrophila 

(Li et al., 2013) infections. Once potential genes are identified, they can be selected for or against 

to genetically improve aquatic organisms for the benefit of aquaculture.  

Targeted gene insertion 

Transgenic fish resistant to infectious diseases have been generated through the 

introduction of transgenes using different techniques such as embryo microinjection, embryo 

electroporation and sperm-mediated gene transfer. Once transgenes are introduced, and 

regardless of the technique, there is no control on how many transgene copies and where in the 

genome transgene integration will occur. Integration of transgenes has been reported to be 
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random and to occur at multiple integration sites with multiple copies at the same locus with 

different concatameric arrangements (Tewari et al., 1992, Dunham, 2011). Although the time 

and tissue of transgene expression are controlled by the promoter, integration site, whether it is 

heterochromaic or euchromatic, has been shown to affect the transgene expression (Robertson et 

al., 1995, Dobie et al., 1996). Yan et al. (2006) reported that histone modifications can allow or 

inhibit transgene expression.  A chromatin region is permissive to transgene expression when it 

is enriched in histone H3K4 methylation and H3 acetylation while non-permissive chromatin 

regions are poor or depleted of these modifications.   

High copy numbers of transgenes were integrated e.g. about 100 copies of a transgene 

were detected per germ cell of a transgenic zebrafish (Stuart et al., 1988). The effects of 

transgene copy number on the level of expression were variable. Integration of multiple 

concatameric homologous copies of a transgene, which is common in transgenic fish, has been 

reported to repress gene expression in plants (Linn et al., 1990, Assaad et al., 1993), drosophila 

(Dorer and Henikoff, 1994, Sabl and Henikoff, 1996)  and mammals (Garrick et al., 1998). Other 

researchers reported increased transgene expression with increased copy numbers (Grosveld et 

al., 1987, Hobbs et al., 1993, Tang et al., 2003). With random integration of uncontrolled copies 

of transgenes, a large number of fish will need to be tested in a time consuming, expensive 

manner to identify founder fish with the desired transgene integration site and the intended 

expression level.  

Genome editing tools provide the ability to “knockin” or insert transgenes at specific loci. 

A donor DNA template is co-injected with CRISPR/Cas9 into one cell embryos. The donor 

template contains the transgene flanked by a DNA sequence that is homologous to the loci in 
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which gene insertion is intended. In this case, homologous recombination machinery will use the 

provided DNA template to correct the DSB which will result in the insertion of one copy of the 

transgene at the target locus (Auer et al., 2014). This strategy has some limitations, including and 

especially the efficiency. The rate of transgene insertion depends on the repair mechanism of the 

DSB. In mammalian cells, DSB are mostly repaired by the NHEJ pathway (Mao et al., 2008). 

However, successful trials of switching the DSB repair mechanism from NHEJ to homologous 

recombination by suppressing NHEJ key molecules such as KU70, KU80 and DNA ligase IV 

have been reported (Chu et al., 2015).  

Objectives: 

1. Develop and validate a microinjection protocol for gene editing in channel catfish using 

CRISPR/Cas9 technology. Successful knockout of two immune-related genes, TICAM1 

gene and RBL gene was achieved. The protocol can be modified to microinject transgene 

constructs, insert or correct genes or regulate gene expression using CRISPR/Cas9 

technology.  

2. Assess the effects of microinjection of different dosages of gRNAs/Cas9 protein on the 

mutation rate, embryo mortality, hatch and early fry survival. This study was conducted 

by targeting TICAM and RBL genes which will help identify the optimum dosage to 

achieve the best mutation rate with less adverse effects on the embryos.  

3. Evaluate cecropin transgenesis and interspecific hybridization of channel catfish female 

X blue catfish male as genetic improvement programs to enhance the resistance to 

Ichthyophthirius multifiliis infections at the fingerling and food size stages. 
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Chapter 2: Microinjection of CRISPR/Cas9 protein into channel catfish, Ictalurus 

punctatus, embryos for gene editing 

 

Abstract 

The complete genome of channel catfish has been sequenced, leading to greater 

opportunity to study gene function in channel catfish (Ictalurus punctatus). Gene knockout has 

been used to study gene functions in vivo. Clustered regularly interspaced short palindromic 

repeats/CRISPR associated protein 9 (CRISPR/Cas9) system is a powerful tool used to edit 

genomic DNA sequences. The traditional approach has been to introduce CRISPR/Cas9 mRNA 

into the single cell embryos through microinjection. Microinjection can be a slow an inefficient 

process in catfish. Here, a detailed protocol for microinjection of channel catfish embryos with 

CRISPR/Cas9 protein is described. Briefly, eggs and sperm were collected then artificial 

fertilization performed. Fertilized eggs were transferred to a petri dish containing Holtfreter’s 

solution. A microinjection needle was loaded with the injection solution then connected to a 

microinjector. Injection volume was determined with a hemocytometer by injecting into a drop 

of mineral oil. Once the needle was adjusted to inject the required volume, fertilized eggs were 

microinjected. The needle is introduced into the yolk and injection material is expelled. Embryos 

were then incubated in Holtfreter’s solution until hatch. To demonstrate the efficiency of this 

approach, toll/interleukin 1 receptor domain-containing adapter molecule (TICAM 1) gene and 

rhamnose binding lectin (RBL) gene were targeted for gene knockout in channel catfish. Indels 

were confirmed by DNA sequencing. Dramatic changes in the predicted protein sequence 

included frameshift and truncated protein due to premature stop codon.  
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1. Introduction 

Microinjection is a common laboratory technique used to deliver a small amount of a 

substance such as DNA, RNA, protein and other macromolecules into cells or embryos through a 

glass capillary (Hammer et al., 1985). Microinjection is performed using a special equipment set 

up including microinjector, micromanipulator and a microscope (Komarova et al., 2011). The 

technique has been used by many researchers to genetically modify organisms through 

generation of transgenics, gene knockouts, gene therapy and to understand the dynamics of 

intracellular components (Du et al., 1992, Davis et al., 2000, Jao et al., 2013).  

Channel catfish (Ictalurus punctatus) is the most popular catfish species in the United 

States. There is an increasing need to study functional genomics in channel catfish especially 

now that the complete genome of channel catfish has been sequenced (Liu et al., 2016). 

Understanding gene function would not only enrich the research that is being conducted on 

catfish, but could also lead to more effective genetic improvement programs to enhance the 

catfish industry. Once critical genes for a given trait of interest are identified, they can be used to 

genetically improve catfish production through selection for these genes, suppressing them or 

transferring them through transgenesis or combinations of these options. Combining the best 

genes for different commercially beneficial traits from different species in one fish would greatly 

improve productivity and profitability of fish production operations (Dunham, 2011).  

Gene knockout is a direct method to study gene functions in vivo. Mutations at the DNA 

level will be inherited to future generations which will facilitate the study of their effects in 

different generations. Different genome editing tools have been developed including zinc finger 

nucleases (ZFNs) (Doyon et al., 2008), transcription activator-like effector nucleases (TALENs) 
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(Miller et al., 2011) and clustered regularly interspaced short palindromic repeats/CRISPR-

associated protein 9 (CRISPR/Cas9) system (Ran et al., 2013).   

CRISPR/Cas9 system is a powerful, efficient tool that has been used to edit genomic 

DNA sequences including gene knockout in fish through RNA-guided site-specific DNA 

cleavage (Jao et al., 2013). The system consists of a guide RNA (gRNA), which determines the 

targeted sequence in the genome and a DNA endonuclease enzyme, Cas9. CRISPR/Cas9 system 

can be designed to target any sequence in the genome with several advantages over ZFNs and 

TALENs including (1) lower cost, (2) easier engineering, (3) more specific binding of guide 

RNA to the target sequence reducing the off-target mutations (Hruscha et al., 2013), (4) multiple 

sequences can be targeted with different gRNA at the same time (Cong et al., 2013), (5) high 

mutagenesis rate in genes that could not be mutated by TALENs (Cradick et al., 2013) and (6) 

improved germline transmission rate of mutations up to 6-fold when compared to ZFNs and 

TALENs (Varshney et al., 2015).  

The main alternative method for microinjection is the electroporation in which electric 

impulses are applied to embryos or cells to increase the membrane permeability and the uptake 

of biological molecules (Neumann et al., 1982, Powers et al., 1991). Several transgenic fish were 

generated using electroporation such as medaka (Oryzias latipes) (Inoue et al., 1990), zebrafish 

(Danio rerio) (Buono and Linser, 1991), chinook salmon (Oncorhynchus tshawytscha) (Sin et 

al., 1993), channel catfish (Dunham et al., 2002), sea bream (Sparus sarba) (Lu et al., 2002) and 

common carp (Cyprinus carpio)(Cheng et al., 2014).  

Electroporation has been used to deliver plasmid DNA, RNA and Cas9 protein for gene 

knockout. In mammalian cells, the delivery of Cas9/gRNA plasmid DNA, Cas9 mRNA/gRNA 



44 

 

and Cas9 protein/gRNA complexes using electroporation was compared (Liang et al., 2015). In 

the ascidian chordate (Ciona intestinalis), TALENs expressing constructs were electroporated 

into fertilized eggs to induce knockout of multiple genes (Treen et al., 2014). Oin et al. (2016) 

electroporated ZFNs expressing plasmid constructs to knock out luteinizing hormone in channel 

catfish. However, once introduced into the cell, plasmid constructs will need to be transcribed to 

RNA and translated to functional proteins before they can target the desired DNA sequence. 

Simultaneously, the single cell embryo is developing, which makes mutation of the genome less 

likely at the one cell stage using this technique. 

As a means for introducing genome editing tools into cells, microinjection has several 

advantages over electroporation. (1) Genome editing molecules can be reliably introduced into 

cells or embryos through microinjection. (2) Less injection material is needed. (3) It is easy to 

determine the amounts of material injected. (4) Higher mutation rates with low mosaicism in the 

founder fish can be achieved which would improve germline transmission of mutations to F1. (5) 

Fewer founder fish need to be analyzed to produce the first generation due to the higher mutation 

rate. In electroporation, more founder fish need to be analyzed which will increase the costs. 

However, the survival of microinjected embryos is lower than electroporated ones, but this can 

be overcome by injecting more embryos (Dunham and Winn, 2014).  

Regular microinjection of embryos is technically demanding and time consuming, 

however, a rapid efficient CRISPR/Cas9 protein microinjection protocol is presented for channel 

catfish embryos. This protocol requires less time and expertise since CRISPR/Cas9 protein are 

injected into the yolk of one cell embryos. Hundreds of fertilized eggs can be injected in 1 hour 

(approximately the time needed for the first cell division to occur). Two disease susceptibility-
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related genes, toll/interleukin 1 receptor domain-containing adapter molecule (TICAM1) gene 

and rhamnose binding lectin (RBL) gene, were knocked out in channel catfish, using 

CRISPR/Cas9 protein system to validate the protocol for CRISPR gene editing. 

2. Materials and methods 

This experiment was conducted at the Fish Genetics Research Unit, E. W. Shell Fisheries 

Research Center, Auburn University, AL. All experimental protocols used in this experiment 

were approved by the Auburn University Institutional Animal Care and Use Committee (AU-

IACUC) before the experiment was initiated. A list of the equipment and supplies used in this 

experiment can be found in Table 1. The following are the steps and procedures for preparation 

and microinjection of channel catfish one-cell embryos as illustrated in Figure 1. All 

microinjection procedures have been photographed and filmed and the video can be accessed 

from the URL: https://youtu.be/oOYwp23utsE  

2.1. Brood stock selection and spawning 

2.1.1. Choose healthy channel catfish brood stock from the strain or genetic line that you would 

like to gene edit. Channel catfish males and females should exhibit good secondary sex 

characteristics.  

2.1.2. Select males that have a broad muscular head that is wider than the rest of their bodies 

with well-developed genital papilla. Dark color and scarring and wounds from territorial 

fighting are also signs of sexual readiness. Select females that have heads that are 

narrower than the rest of their bodies, and have soft, palpable, well-rounded abdomen. 

For accuracy and to avoid stressing the fish during initial handling, stop feeding the 

females 2-3 days before examining their readiness for spawning.  

https://youtu.be/oOYwp23utsE
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Table 1. Name, type, company, catalog number (if applicable) of materials and equipment used 

to validate the microinjection protocol for gene knockout in channel catfish, Ictalurus punctatus.   

 

 

Name of Material/ 

Equipment 

Type Company Catalog 

Number 

Comments/Description 

Reproboost® 

implant 

Hormone Center of 

Marine 

Biotechnology 

 
Luteinizing hormone 

releasing hormone analog 

(LHRHa) for artificial 

spawning  

TRICAINE-S Anesthesia  Western 

Chemical. Inc. 

 
For sedation of brood 

stock fish during hormone 

injection and egg 

stripping.  

Phenol red Reagent Sigma-Aldrich P0290 0.5%, sterile filtered 

Stereo microscope Equipment Olympus 213709 For visualizing the eggs 

during microinjection 

Microinjector Equipment ASI-Applied 

Scientific 

Insturmentation  

Model 

MPPI-3 

For the delivery of the 

injection material into the 

embryos 

Micromanipulator Equipment ASI-Applied 

Scientific 

Insturmentation  

Model 

MM33  

For holding and 

controlling the movement 

of the injection needle.  

Eppendorf 

Microloader 

Tool Eppendorf 5242956.003 For loading injection 

solution into 

microinjection needles. 

Vertical needle 

puller 

Equipment David Kopf 

Instruments 

Model 720 For pulling microinjection 

needles 
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Table 1 Continued. 

 

 

 

Name of Material/ 

Equipment 

Type Company Catalog 

Number 

Comments/Description 

Vertical needle 

puller 

Equipment David Kopf 

Instruments 

Model 

720 

For pulling microinjection 

needles 

Borosilicate glass 

capillaries 

Tool Fisher 

Scientific 

 
1 mm outer diameter (OD), for 

making microinjection needles. 

Petri dish Tool VWR 25384-302 For holding the embryos during 

the microinjection. 

Crisco® Vegetable 

shortening 

The J.M. 

Smucker 

Company 

 
For coating spawning pans and 

petri dishes. 

Holtfreter`s 

solution 

Reagent Home Made 
 

59 mM NaCl, 0.67 mM KCl, 

2.4 mM NaHCO3, 0.76 mM 

CaCl2, 1.67 mM MgSO4 

(Armstrong et al., 1989) to 

incubate the microinjected 

embryos till hatch.  

Doxycycline 

hyclate USP 

(monohydrate) 

Antibiotic Letco 

Medical 

690904 Added to Holtfreter’s solution 

to 10 ppm to prevent bacterial 

infections. 
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Figure 1 A summary of the microinjection procedures of one-cell channel catfish (Ictalurus 

punctatus) embryos with gRNA/Cas9 protein to knock out toll/interleukin 1 receptor domain-

containing adapter molecule (TICAM1) gene and rhamnose binding lectin (RBL) gene. 
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2.1.3. Fish handling should be done quickly, but carefully. To reduce handling stress, all 

procedures that require handling of the females should be done while fish are held in 

spawning bags (32 mm size mesh). 

2.1.4. Just before the hormone injection, obtain the body weight of the females. 

2.1.5. Spawning bags with females inside can then be hung in a flow through tank with 

continuous water flow and adequate aeration.  

2.1.6. Aseptically, load the implanter that has a 14-gauge needle with 85 µg/kg of luteinizing 

hormone releasing hormone analog (LHRHa) implant. Rinse the injection site (dorsal 

musculature) with 0.9% sterile saline solution before the injection. Insert the implanter at 

a 45-degree angle and release the implant. Withdraw the needle and swipe the injection 

site with a cotton previously soaked in 70% ethanol.   

2.1.7. Place the spawning bag in the holding tank so that the fish is completely submerged in 

water 15-20 cm below the water surface. Adequate aeration (above 5 ppm dissolved 

oxygen) and good water quality are important for ovulation of high quality eggs.  

2.1.8. Predict the ovulation time based on the water temperature using the degree-hour 

relationship (Phelps et al., 2007). Usually, the first check for eggs is done at about 36 hrs 

after hormone injection and then at 4 hrs interval.  

2.1.9. To check for ovulation, gently lift the spawning bag above the water surface while you 

are looking for the eggs that are attached inside the spawning bag. When you see eggs (at 

least 10), this female is ovulating and ready for hand stripping.  

2.2. Sperm preparation 

2.2.1. Sperm can be prepared a few hours before the expected ovulation time.  
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2.2.2. Males are euthanized by a percussive blow to the head without anesthesia. Anesthesia 

might have a negative effect on the sperm motility.  

2.2.3. Collect the testes in a small weighing pan, remove any tissue and wash them with 0.9% 

saline to remove blood, if necessary. Well-developed testes are white with many villiform 

projections.  

2.2.4. Determine the weight of the testes.  

2.2.5. Crush the testes and filter the sperm using a 100-micron mesh. Use 0.9% saline solution 

to wash the sperm from the mesh into a 50-mL tube. Saline solution can be added up to10 

mL/gram of testes.  

2.2.6. Determine the concentration of the sperm, check the motility and viability, however, for 

these procedures, this is not necessary if the testes are well developed.   

2.2.7. Sperm can then be stored at 4°C and should be used within 24 hrs. after preparation.  

2.3. Egg collection and fertilization 

2.3.1. Place the female in the anesthetic solution containing 100 ppm buffered tricaine methane 

sulfonate (MS-222) with sodium bicarbonate until the fish is completely anesthetized.  

2.3.2. Apply a very thin layer of vegetable shortening, e.g., Crisco, to a 20- cm diameter clean 

dry spawning pan.  

2.3.3. Carefully, remove the fish from the spawning bag and dip it in 0.9% saline to wash off 

the MS-222. Dry the fish off completely using a clean towel avoiding the removal of the 

mucus layer on the fish body surface.  

2.3.4. Apply vegetable shortening to the area around the vent including the pelvic fins to 

prevent attachment of the eggs during hand stripping.  
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2.3.5. Hand strip the eggs into the greased spawning pan by applying gentle pressure to the 

ovaries. Good eggs should flow freely, be golden yellow in color and have minimal or no 

clumps or blood clots. Avoid contact between eggs and water before fertilization as water 

can stimulate the micropyle closure.  

2.3.6. To fertilize the eggs for microinjection, transfer 200-300 eggs to a greased spawning pan. 

Add 1-2 mL of the sperm solution to the eggs and mix gently.  

2.3.7. Add freshwater to the eggs to activate the sperm and eggs. Enough water should be added 

to slightly cover the eggs. Gently swirl the eggs for 30 seconds. Fertilization should occur 

in 1-2 min. It is important to fertilize the eggs in a single layer. Catfish eggs adhere to 

each other making it difficult to microinject multiple layers of embryos.  

2.3.8. Add more freshwater to the fertilized eggs and allow the eggs to harden for 10-15 min.  

2.3.9. The remaining unfertilized eggs can be covered by a wet towel to prevent drying and can 

be fertilized over a few hours. Fertilization can be done in a staggered manner e.g. one 

batch of 200-300 eggs can be fertilized every 30-60 minute to ensure the continuous 

supply of embryos at the one cell stage for microinjection and control non-injected 

embryos. Avoid contact between the wet towel and the eggs. In this protocol, eggs 

fertilized within 2 – 3 hours after stripping were efficiently microinjected and seemed to 

have similar success as eggs fertilized immediately after stripping.  

2.4. Needle pulling and loading 

2.4.1. Pull a 1.0 mm OD borosilicate glass capillary into 2 needles (Figure 2). Store the needles 

in a paper box with a piece of sponge in which several incisions have been made. To 

avoid breaking the needle, the diameter of the sponge should be smaller than the length of 

the needle stem.  
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2.4.2. The needle tip can then be opened by breaking a small piece of the needle finest region 

using sharp object. Alternatively, the needle can be opened by pinching off the thinnest 

region of the tip with a pair of forceps under the microscope.  

2.4.3. Prepare the injection solution by mixing gRNA(s) with Cas9 protein. Other types of RNA 

or DNA can also be injected with the same procedure. In this protocol, gRNAs were 

designed to target two of the channel catfish immune related genes, toll/interleukin 1 

receptor domain-containing adapter molecule (TICAM1) gene and rhamnose binding 

lectin (RBL) gene. The genomic targets for gRNAs were 5’ GGA GGT GAA GCA CGT 

CGA GGA 3’ for TICAM 1 gene (Figure 3) and 5’ GGA CTT TGA GTC GGA GAA 

GTG G 3’ for exon 1 of RBL gene with protospacer adjacent motif (PAM) sequence 

underlined (Figure 5). Phenol red can be added to color the gRNA/Cas9 protein mix with 

the phenol red constituting up to one third of the total volume. The mixture is then 

incubated for 10 minutes on ice before use. 

2.4.4. With a microloader, load 5-10 µl of the gRNA/Cas9 mixture into the injection needle by 

inserting the microloader into the needle stem and expelling the mixture slowly while 

retracting the microloader tip (Figure 2). Avoid trapping air bubbles inside.  

2.4.5. Attach the needle to the micropipette holder and ensure a tight connection, and then 

attach the holder to the micromanipulator. Ensure free stable movement. Apply pressure 

for microinjection by opening the nitrogen cylinder and adjusting the pressure regulator.  

2.4.6. The volume of injection can be affected by the pressure, needle diameter and duration of 

injection. To determine the volume you wish to inject, inject into a drop of mineral oil 

placed on a hemocytometer. If needed, the pressure and needle diameter can be adjusted 
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to increase or decrease the volume of the injection. Inject multiple times in the mineral oil 

to ensure consistent volume.  

2.5. Microinjection of catfish embryos 

2.5.1. Apply a very thin layer of vegetable shortening to a 100-mm clean petri dish.  

2.5.2. Transfer 50-100 eggs from the fertilization pan to the petri dish and cover them with 

Holtfreter’s solution (Table 1). The eggs should be aligned against each other in a single 

layer. This alignment should hold the eggs in place during the microinjection process.  

2.5.3. Place the petri dish with the eggs on the stage of the microscope and hold it with one 

hand. Lower the needle with the other hand (Figure 2) until it pierces the chorion and the 

yolk in a single smooth movement. The tip of the needle should be as close as possible to 

the blastodisc before delivering the injection material. Depress the pedal to deliver the 

injection material into the yolk. If the blastodisc is not clearly visible, then the injection 

material can be spread into different locations in the yolk. To do that, the needle is 

inserted to the far end of the yolk, then depressing the pedal and withdrawing the needle 

are done simultaneously to spread the injection material at different locations of the yolk. 

Fifty nanoliters can be injected into the yolk without any problems.  

2.5.4. Retract the needle smoothly as not to damage the egg. Then move the petri dish to inject 

another egg with the same procedure. Avoid movement of the petri dish during the 

injection process as this may damage the egg or break the needle. Remove eggs that are 

ruptured or damaged due to microinjection. Injection can be started at 15-20 minutes after 

fertilization and continue as long as the embryos are still in the one cell stage (until about 

90 minutes after fertilization).  
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2.5.5. Injected embryos are placed back in Holtfreter’s solution with 10 ppm doxycycline and 

continuous aeration for 6-7 days until hatch. The solution is changed daily and dead 

embryos are removed.  

 

3. Results 

To demonstrate the efficiency of the microinjection protocol, gRNAs designed to target 

the channel catfish toll/interleukin 1 receptor domain-containing adapter molecule (TICAM1) 

gene and rhamnose binding lectin (RBL) gene were microinjected.  

3.1.  TICAM 1 

DNA sequencing revealed the indel mutations induced in TICAM 1 gene. Out of 24 

random individuals analyzed, 19 were mutated (79.2%). Examples of mutations are illustrated in 

Figure 3 and Figure 4. Effects of indel mutations in TICAM1 gene coding sequence of channel 

catfish on predicted protein length and sequence compared to the wild type sequence are 

illustrated in Table 2. Mutations resulted in removal of a few to several amino acids from the 

protein, changing the downstream reading frame and premature termination of translation.  

In most cases, more than 80% of the protein sequence was truncated due to a premature 

stop codon. In these cases, the predicted polypeptide length ranged from 91 to 106 amino acid 

residues (wild type TICAM 1 has 520 amino acid residues). Mutations with extremely truncated 

protein are expected to be nonsense producing a non-functional protein. In the case of the 87 bp 

deletion mutation (Table 2, Figure 3), 29 amino acids were removed from the protein without 

changing the reading frame which may or may not result in loss of function depending on which 

domain of the protein is affected.  
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3.2. RBL 

DNA sequencing confirmed the presence of indel mutations (Figure 5). Out of 40 

individuals analyzed, 35 were mutated (87.5%). Deletions ranged from 5 bp to 183 bp while up 

to 20 bp were inserted. Interestingly, the 183 bp deletions completely removed intron 1, exon 2 

and 19 bp from intron 2. Theoretically, this should influence the splicing of the RBL gene since 

the splice sites have been mutated.  

Indel mutations had variable effects on the predicted protein sequence when compared to 

the wild type protein sequence (308 amino acid residues) (Table 3). More than 70% of indels 

resulted in truncated protein that is 10% or less than the length of the wild type protein. In some 

indels (mutation number 4, 5, and 6), the predicted polypeptide was less than 10 amino acids. 

Only 2 cases (number 2 and 3) resulted in deletion of 2 and 4 amino acids without changing the 

reading frame which may or may not affect the protein function.   
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Figure 2. Microneedle pulling, loading for microinjection of one-cell channel catfish, Ictalurus 

punctatus, embryos.  A: Needle pulling with a vertical needle puller. Needle structure and 

diameter are affected by the heat of the heater filament and the solenoid force. B: Microneedle 

loading with the CRISPR/Cas9 mix using microloader tip. C: Arrangement of channel catfish 

embryos in a 100-mm petri dish containing Holtfreter’s solution. Microneedle is lowered until it 

touches and pierces the egg. D: Magnified section of panel C showing the process of piercing the 

egg. Note the needle tip is pushing the chorionic membrane inward but has not penetrated it yet. 

Injected embryos have the red injection material inside.  
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Figure 3. CRISPR/Cas9 induced mutations in toll/interleukin 1 receptor domain-containing 

adapter molecule (TICAM1) gene coding sequence of channel catfish, Ictalurus punctatus. Blue 

sequence represents the protospacer adjacent motif (PAM) while the green sequence represents 

the target for gRNA. Double strand break induced by Cas9 protein was expected to occur at the 

site of the 2 red triangles. Mutations are assigned numbers 1 through 8. Deletion mutations are 

represented by a dashed line in which each dash corresponds to a nucleotide that has been 

deleted. Red sequences are insertions while purple represents substitution mutation.  
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Figure 4. Indel mutations in the channel catfish, Ictalurus punctatus, toll/interleukin 1 receptor 

domain-containing adapter molecule (TICAM1) gene coding sequence induced by 

microinjection of gRNA/Cas9 protein into channel catfish one-cell embryos as revealed by DNA 

sequencing chromatogram.  

 

 

 

 

 



59 

 

Table 2. Effects of indel mutations in the toll/interleukin 1 receptor domain-containing adapter 

molecule (TICAM1) gene coding sequence of channel catfish, Ictalurus punctatus, on predicted 

protein length (amino acids) and sequence compared to the wild type sequence (WT).   
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Predicted protein sequence 

WT 0 0 0 520 No No MAEETELVDEKKPTELCVNRNTVVNSPLER

SISGSRSTENISGEHTAAECLIMGASLQPRRE

STEAFKVQKEPPKRDDSYPSSLRSTSTSCSSY

SLEISVSTATTNNSNKESRPLPLKTPPESRDG

QNHEAKPSSPLVDHKPFYSVTKSYKSSDPTP

LQERAQLEKFKFRQYPDKHDTSEIVTPKSPNI

ESGLEKTFLSIPSGGGKVGAQPVSTSKPPEAS

STQEVGKHDSFSTEKQASQEEEDMFYAFVIL

HAEEDSEEAVRLKSRLESISSTIGATFSEDFA

VPGQSTFRSVEDAIENSAYVMLLLTPNFNTH

LNETNADSALMNSIEKPHKHNTVIPLLPRAN

GLTRNQMPFILRTKNPLVETRDRDTFEKMA

KKVLDLRNIQRQKSMWTEAQLVKKQREKQ

QWLQEKKRYCKDFIQESPRVRELEEQIQQLK

MQQQHLQPPYAQQTNSHQGFPGRPQSSGPM

PFRSPSPMPSYYSGNMWPQLPSNIHIQNAKCI

MIGNNSTMTVGGGVDSGDEDNF 

(GenBank: NP_001187154.1) (Baoprasertkul et 

al., 2006) 

1 0 5 -5 104 Yes Yes MAEETELVDEKKPTELCVNRNTVVNSPLER

SISGSRSTENISGEHTAAECLIMGASLQPRRE

STEAFKVQKEPPKRDDSYPSSLRSTFVQLLQ

PRNQRIHSHNQ 
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Table 2. Continued. 
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Predicted protein sequence 

2 5 40 -35 94 Yes Yes MAEETELVDEKKPTELCVNRNTVV

NSPLERSISGSRSTENISGEHTAAECL

IMGASLQPRRESTEAFKVQKEPPKR

DDSYPSSLRSTSNKSHNQ 

3 0 87 -87 491 No  Yes  MAEETELVDEKKPTELCVNRNTVV

NSPLERSISGSRSTENISGEHTAAECL

IMGASLQPRRESTEAFKVQKEPPKR

DDSYPSSLRSTSKTPPESRDGQNHEA

KPSSPLVDHKPFYSVTKSYKSSDPTP

LQERAQLEKFKFRQYPDKHDTSEIV

TPKSPNIESGLEKTFLSIPSGGGKVGA

QPVSTSKPPEASSTQEVGKHDSFSTE

KQASQEEEDMFYAFVILHAEEDSEE

AVRLKSRLESISSTIGATFSEDFAVPG

QSTFRSVEDAIENSAYVMLLLTPNFN

THLNETNADSALMNSIEKPHKHNTV

IPLLPRANGLTRNQMPFILRTKNPLV

ETRDRDTFEKMAKKVLDLRNIQRQK

SMWTEAQLVKKQREKQQWLQEKK

RYCKDFIQESPRVRELEEQIQQLKMQ

QQHLQPPYAQQTNSHQGFPGRPQSS

GPMPFRSPSPMPSYYSGNMWPQLPS

NIHIQNAKCIMIGNNSTMTVGGGVD

SGDEDNF 
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Table 2. Continued.  
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Predicted protein sequence 

4 3 131 -128 95 Yes  Yes  MAEETELVDEKKPTELCVNRNTVV

NSPLERSISGSRSTENISGEHTAAECL

IMGASLQPRRESTEAFKVQKEPPKR

DDSYPSSLRSTSRAFKSPG 

5 1 0 +1 106 Yes  Yes  MAEETELVDEKKPTELCVNRNTVV

NSPLERSISGSRSTENISGEHTAAECL

IMGASLQPRRESTEAFKVQKEPPKR

DDSYPSSLRSTSIFVQLLQPRNQRIHS

HNQ 

6 1 0 +1 106 Yes  Yes  MAEETELVDEKKPTELCVNRNTVV

NSPLERSISGSRSTENISGEHTAAECL

IMGASLQPRRESTEAFKVQKEPPKR

DDSYPSSLRSTSTFVQLLQPRNQRIH

SHNQ 

7 14 0 +14 100 Yes  Yes  MAEETELVDEKKPTELCVNRNTVV

NSPLERSISGSRSTENISGEHTAAECL

IMGASLQPRRESTEAFKVQKEPPKR

DDSYPSSLRSTSRSTPPPRAAPTA 

8 35 9 +26 91 Yes  Yes  MAEETELVDEKKPTELCVNRNTVV

NSPLERSISGSRSTENISGEHTAAECL

IMGASLQPRRESTEAFKVQKEPPKR

DDSYPSSLRSTSTQV 
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Figure 5. CRISPR/Cas9 induced mutations in rhamnose binding lectin (RBL) gene of channel 

catfish, Ictalurus punctatus. Exonic sequences are UPPERCASE while intronic sequences are 

lowercase letters. Blue sequence represents the protospacer adjacent motif (PAM) while the 

green sequence represents the target for gRNA. Double strand break induced by Cas9 protein 

was expected to occur at the site of the 2 red triangles. Mutations are assigned numbers 1 through 

9. Deletion mutations are represented by a dashed line in which each dash corresponds to a 

nucleotide that has been deleted. Red sequences are insertions.  
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Table 3. Effects of indel mutations in the rhamnose binding lectin (RBL) gene of channel catfish, 

Ictalurus punctatus, on predicted protein length (amino acids) and sequence compared to the 

wild type sequence (WT).  
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Predicted protein sequence 

WT 0 0 0 308 No  No  MMLFLKLSLFTLIISAPGLMVSGENM

ITCYSDVQRLTCETGLIKVKSTVYGR

TNSITCNTNRPFSEVTFTNCALRITTI

ADRCNGLKECELKTDLLGNPDPCFG

TYKYYNTTYDCINGHRVVICEQGYS

TLDCGSDSIEIINANYGRGNSRTCSN

GILSSQTQNTNCYAPNTLSIVAAMCK

GKKTCTVEASNTIFNDPCVGTVKYL

TVSYICTREIVTCESSTATLNCGAHRI

KIISANYGRTDSTTCSSGRPASQTSN

KNCYTPDALNKIAARCEEQSSCEVP

ATNVVFSDPCFGTYKYLTIVYSCV 

(GenBank: AHJ14694.1)  (Thongda et al., 

2014) 

1.  0 5 -5 29 Yes Yes MMLFLKPLHLNYFSSWLNGFWREY

DYLLQ 
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Predicted protein sequence 

2.  0 6 -6 306 No No MMLFLSLFTLIISAPGLMVSGENMIT

CYSDVQRLTCETGLIKVKSTVYGRT

NSITCNTNRPFSEVTFTNCALRITTIA

DRCNGLKECELKTDLLGNPDPCFGT

YKYYNTTYDCINGHRVVICEQGYST

LDCGSDSIEIINANYGRGNSRTCSNGI

LSSQTQNTNCYAPNTLSIVAAMCKG

KKTCTVEASNTIFNDPCVGTVKYLT

VSYICTREIVTCESSTATLNCGAHRIK

IISANYGRTDSTTCSSGRPASQTSNK

NCYTPDALNKIAARCEEQSSCEVPAT

NVVFSDPCFGTYKYLTIVYSCV 

3.  0 12 -12 304 No No MILSLFTLIISAPGLMVSGENMITCYS

DVQRLTCETGLIKVKSTVYGRTNSIT

CNTNRPFSEVTFTNCALRITTIADRC

NGLKECELKTDLLGNPDPCFGTYKY

YNTTYDCINGHRVVICEQGYSTLDC

GSDSIEIINANYGRGNSRTCSNGILSS

QTQNTNCYAPNTLSIVAAMCKGKKT

CTVEASNTIFNDPCVGTVKYLTVSYI

CTREIVTCESSTATLNCGAHRIKIISA

NYGRTDSTTCSSGRPASQTSNKNCY

TPDALNKIAARCEEQSSCEVPATNVV

FSDPCFGTYKYLTIVYSCV 
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Predicted protein sequence 

4.  0 16 -16 6 Yes Yes MMLFLN 

5.  0 183 -183 8 No Yes MMLFLKRI (Assuming splicing is not 

altered) 

6.  1 183 -182 5 Yes Yes MMLFL (Assuming splicing is not 

altered) 

7.  1 0 +1 31 Yes Yes MMLFLKTQPLHLNYFSSWLNGFWR

EYDYLLQ 

8.  1 0 +1 31 Yes Yes MMLFLKSQPLHLNYFSSWLNGFWR

EYDYLLQ 

9.  20 0 +20 18 Yes Yes MMLFLKASSHISSSASSP 

 

 

4. Discussion 

A detailed protocol for microinjection of channel catfish embryos to achieve gene 

knockout was presented. Injection of CRISPR/Cas9 protein in the yolk is much simpler, time 

saving, does not require extensive training and proved to be successful for inducing indels in 

channel catfish TICAM 1 and RBL genes. These procedures lay the foundations for generating 

gene knockouts in channel catfish using a more reliable and effective method. The protocol can 

be modified to target other genes in the channel catfish genome using CRISPR/Cas9 system. It is 

also worth evaluation in other catfish species such as the blue catfish (Ictalurus furcatus). 
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However, if other biologically active substances such as DNA or mRNA are to be injected, the 

protocol may need to be optimized to determine the best conditions.   

In protocols for microinjection of fish embryos, microinjection procedures could be 

divided into two main categories: injection into the embryonic cells and injection into the yolk. 

In medaka, morpholinos were injected in the cytoplasm of one-cell embryos to study various 

developmental processes in vivo (Porazinski et al., 2010). In channel catfish, CRISPR/Cas9 

mRNA targeting the GnRH gene were microinjected into the blastodisc of one cell embryos 

(Qin, 2015). In three-spined stickleback (Gasterosteus aculeatus), blastomeres were 

microinjected to generate transgenics and gene knockouts (Erickson et al., 2016). On the other 

hand, one-cell zebrafish embryos were yolk-injected with morpholinos to manipulate the protein 

Heart of Glass (Heg) which proved to be effective (Rosen et al., 2009). Approaches of the 2 main 

categories have advantages and disadvantages, but if both prove to have the same effectiveness 

for the same species, yolk microinjection of one-cell embryos is preferred for several reasons.  

Yolk microinjection is less invasive to the embryos since the microinjection needles do 

not pierce the embryonic cells. In addition, many embryos can be injected in a short period while 

the embryos are still at the first cell stage. There is no need to align the embryos at a certain 

position as is necessary when embryonic cells are injected. This also would save time and reduce 

the handling stress of embryos. In seasonally spawning fish, there is a limited spawning time in 

which all the procedures need to be done to achieve successful knockout. In channel catfish, the 

spawning season lasts for about 2 months (Silverstein and Small, 2004) so developing a rapid but 

effective microinjection protocol will allow microinjection of many embryos to target many 

genes in this short time period. Fortunately, channel catfish can be artificially spawned (Su et al., 
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2013) to supply enough embryos for microinjection to overcome the high mortality due to 

microinjection procedures. Effects of microinjection of gRNA/Cas9 protein on embryo survival 

are discussed in detail in chapter 3. In addition, the time of fertilization can be controlled to 

ensure the embryos are in the one-cell stage when needed.  

 Microinjection of CRISPR/Cas9 induced indels in different fish species including 

zebrafish (Jao et al., 2013, Chang et al., 2013), Atlantic salmon (Salmo salar L.) (Edvardsen et 

al., 2014), Nile tilapia (Oreochromis niloticus) (Li et al., 2014), channel catfish (Qin, 2015), 

Atlantic killifish (Fundulus heteroclitus) (Aluru et al., 2015) and common carp (Zhong et al., 

2016). In this protocol, successful indels were induced in the coding sequences with dramatic 

effects on the predicted protein sequence in most cases, including frameshift mutations or a 

truncation of the protein due to a premature stop codon. The phenotypic effects of these 

mutations still need to be investigated. Truncated mRNAs may be degraded through the 

nonsense-mediated mRNA decay (NMD) pathway (Gatfield et al., 2003) resulting in reduction 

or inhibition of expression, and if expressed, truncated proteins will likely be nonfunctional (Lim 

et al., 1997). 

 In RBL gene, two types of mutations (number 5 and 6) resulted in deletion of 183 bp 

completely removing half of exon 1, intron 1, exon 2 and part of intron 2. Theoretically, this type 

of mutation may alter the splicing of RBL pre-mRNA. Mutations at the splice sites inhibit the 

ability of the spliceosome to recognize the exon (Talerico and Berget, 1990).  

 

 



68 

 

5. Conclusion 

 Development of a reliable efficient protocol for targeted gene editing in channel catfish is 

crucial for studying functional genomics especially after the genomic resources have been 

enriched with the sequencing of channel catfish genome. The procedures described here are 

simple, rapid but efficient and proved to successfully achieve gene knockout. Two genes, 

TICAM 1 and RBL were targeted to demonstrate the efficiency of CRISPR/Cas9 knockout using 

microinjection. Depending on what is being injected, the protocol can be modified to include 

other biologically active substances. It can be also modified to microinject other catfish species 

or other fish species that have similar egg structure and composition. This protocol lays the 

foundations for gene knockout in channel catfish.  
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Chapter 3: Effects of microinjection of different dosages of CRISPR/Cas9 protein on 

mutation rate, embryonic development, hatchability and early fry survival in channel 

catfish, Ictalurus punctatus. 

 

Abstract 

The current study was conducted to assess the effects of microinjection of different 

dosages of guide RNA (gRNA)/Cas9 protein on the mutation rate, embryo mortality, hatchability 

and early fry survival in channel catfish, Ictalurus punctatus. Guide RNA targeting two of the 

channel catfish immune related genes, toll/interleukin 1 receptor domain-containing adapter 

molecule (TICAM 1) gene and rhamnose binding lectin (RBL) gene, were microinjected into the 

yolk of one-cell embryos. Three dosages of gRNA/Cas9 protein (low, 2.5 ng gRNA/7.5 ng Cas9 

protein, medium, 5 ng gRNA/15 ng Cas9 protein and high, 7.5 ng gRNA/22.5 ng Cas9 protein) 

were injected into the yolk of one-cell embryos. Two types of control embryos were used; 

injected control (injected with the same solution without gRNA or Cas9 protein, iCTRL) and 

non-injected control (nCTRL) embryos. Embryos were incubated in Holtfreter’s solution with 

continuous aeration. Dead embryos were recorded and removed daily. Time of hatch and number 

of dead fry were recorded. Mutated individuals were identified with the Surveyor® mutation 

detection assay and confirmed with DNA sequencing. In both genes, microinjection procedure 

itself increased the embryo mortality when the iCTRL group was compared to the nCTRL group 

(p < 0.05). Mutation rate increased by increasing the gRNA/Cas9 dosage (p < 0.05). Mutation 

rate was higher in dead embryos compared to 4-month-old fingerlings but it was not significant 

(p > 0.05).   
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In TICAM 1 microinjected embryos, the low dosage did not significantly increase the 

embryo mortality when compared to the iCTRL (p = 0.295). The medium and high dosages 

increased the embryo mortality significantly when compared to the iCTRL (p < 0.0001). 

However, the embryo mortality was not statistically different among the medium and high 

dosages (p = 0.892). All TICAM 1 treatments had similar mean time to hatch (p = 0.130). 

Hatching percent was significantly lower in the medium (p = 0.009) and high dosages (p = 

0.005) when compared to the nCTRL group. All other comparisons were not significant (p > 

0.05). Survival % was significantly lower in the iCTRL group when compared to the nCTRL 

group (p = 0.001) while all other groups had statistically similar hatch % (p > 0.05). The fry in 

the nCTRL group had the longest mean time to death compared to the other 4 groups (p < 0.05) 

in which no differences in the fry mean survival time to death were detected (p > 0.05).  

In RBL, the lowest embryo mortality percent (13.1%) was recorded in the nCTRL group 

(p < 0.05) followed by the iCTRL group (29.8% mortality, p < 0.05). Treatment groups had 

significantly higher embryo mortality rates when compared to nCTRL and iCTRL (p = 0.0001). 

Medium dosage resulted in higher mortality than the low dosage (p = 0.044). No significant 

differences in embryo mortality percent were detected between the medium and high dosage 

groups (p = 0.999). The nCTRL group had the longest embryo mean time to death followed by 

the iCTRL group, both of which were statistically different (p < 0.0001). Both nCTRL and 

iCTRL groups had significantly longer embryo mean time to death compared to the three 

treatment groups (p < 0.0001), which had similar means (p > 0.05). The highest hatching % was 

recorded in the nCTRL group then iCTRL followed by low dosage and finally the medium and 

high dosages. Hatching % was statistically different between all the groups (p < 0.05) except the 

medium and high dosages which were similar (p = 1.000). Effects on mean time to hatch were: 
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nCTRL and iCTRL hatched earlier than the three treatment groups (p < 0.0001), low and 

medium dosages hatched at the same time (p = 0.184). Also medium and high dosages had 

statistically similar hatching time (p = 0.628). Low dosage embryos hatched earlier than high 

dosage embryos (p = 0.039). The nCTRL and iCTRL had similar mean fry survival time (p = 

0.170) and the 2 control groups had higher mean survival time for the fry than treatment groups 

(p < 0.05). All treatment groups had similar mean survival time for the fry (p > 0.05). The 

current results lay the foundations for designing gene editing experiments in channel catfish and 

can be used as a guide for other fish species. 

 

1.  Introduction 

Channel catfish (Ictalurus punctatus) is an important fish species in the United States that 

has been extensively used in aquaculture, scientific research and is extremely popular among 

anglers (Jackson, 2004). Channel catfish has been hybridized with blue catfish (Ictalurus 

furcatus) to produce the channel catfish female X blue catfish male (CB) hybrids with superior 

performance when compared to both parent species (Dunham and Masser, 2012). Catfish 

production has been contracting in the US since its peak in 2003 when more than 300,000 tonnes 

were processed (Hanson and Sites, 2015). Restoration of catfish production in the US would 

require integration of both management and genetic improvement programs including traditional 

breeding and molecular genetics tools (Dunham, 2011). The benefits from combining these 

enhancement programs would be maximized with the use of catfish genomic resources (Liu et 

al., 2016a). 
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Recently, extensive genomic data for channel catfish became available after the complete 

sequencing of its genome (Liu et al., 2016b). However, to implement this genomic data in 

genetic enhancement programs, it would be necessary to perform functional studies for 

economically important traits such as growth, feed conversion, tolerance to hypoxia, disease 

resistance and reproduction. One way to study functional genomics is gene editing using the 

CRISPR/Cas9 system (Zhou et al., 2014). The development of CRISPR/Cas9 system made the 

genome editing experiments more efficient, precise, rapid and economic. The system consists of 

a guide RNA which determines the targeted sequence in the genome and a DNA endonuclease 

enzyme, Cas9 (Cong et al., 2013). Since 2013, many gene editing experiments have been 

conducted on fish species including gene knockout (Jao et al., 2013, Edvardsen et al., 2014, 

Ablain et al., 2015, Varshney et al., 2015) and gene insertion or knock-in (Auer et al., 2014, Irion 

et al., 2014, Kimura et al., 2014, Hisano et al., 2015).  

Knocking out or silencing a gene may affect not only the primary phenotype, but also one 

or more secondary phenotypes due to the interactions of gene products in different metabolic 

pathways resulting in pleiotropic effects. (Ho et al., 1997, Söker et al., 2008, Mohandas et al., 

2016). In medaka (Oryzias latipes), successful knockout of myostatin (MSTN) gene increased 

the expression level of myogenic regulatory factors (MyoD, Myf5 and myogenin) (Chisada et al., 

2011, Chiang et al., 2015). As a trade-off for faster growth demonstrated by increased body 

length and weight in MSTN-deficient medaka, the immune system was compromised. Following 

immersion challenge of F3 MSTN-mutant medaka with red spotted grouper nervous necrosis 

virus (RGNNV), although both mutant and wild type fish had the same mortality percent, 

MSTN-deficient fish had lower expression of several interferon-stimulated genes and higher 

virus copy numbers (Chiang et al., 2015).  
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Microinjection of guide RNA (gRNA)/Cas9 protein into catfish embryos may affect the 

hatching, embryo development and early fry survival. The higher mortality in injected embryos 

may be due to the microinjection procedure itself, off target mutations induced by the 

gRNA/Cas9 protein (Cradick et al., 2013) or pleiotropic effects of target gene knockout. The 

extent of off-target mutations depends on the specificity of the CRISPR/Cas9 which is 

determined mainly by the protospacer adjacent motif (PAM) and the guide RNA sequence (Mali 

et al., 2013, Wu et al., 2014). Off-target sites with 5 nucleotides mismatch with the gRNA 

sequence can still be targeted at a frequency that is comparable to on-target site (Fu et al., 2013). 

However, off target mutations may be minimized by better gRNA design (Pattanayak et al., 

2013, Cho et al., 2014, Lee et al., 2016), optimization of the dosage of gRNA/Cas9 protein (Hsu 

et al., 2013) and the use of Cas9 nickase mutant with paired gRNAs which reduced off-target 

effects by 50 to 1,500 fold in cell lines (Ran et al., 2013, Cho et al., 2014)   

Since the CRISPR/Cas9 technology opened avenues for precise genome editing, it is 

important to assess the effects of gRNA and Cas9 on the survival and hatchability of 

microinjected catfish embryos to allow better experimental design for gene editing experiments. 

Studying such effects would allow accurate estimation of the number of embryos and the amount 

of gRNA/Cas9 protein to be injected to generate enough founder fish for functional genomics 

studies with minimal off-target mutations. So, the objective of the current study was to assess the 

effects of microinjection of different dosages of gRNA/Cas9 protein on the embryo survival, 

embryonic development, hatching percent and early fry survival in channel catfish. Guide RNAs 

used in this study were designed to target the channel catfish toll/interleukin 1 receptor domain-

containing adapter molecule (TICAM 1) gene and rhamnose binding lectin (RBL) gene.  
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2. Materials and Methods 

This experiment was conducted at the Fish Genetics Research Unit, E. W. Shell Fisheries 

Research Center, Auburn University, AL. All experimental protocols used in this experiment 

were approved by the Auburn University Institutional Animal Care and Use Committee (AU-

IACUC) before the experiment was initiated.  

2.1. Experimental design 

The experiment included three treatment and two control groups for TICAM 1 and RBL 

genes.  Three dosages of gRNA/Cas9 protein (2.5 ng gRNA/7.5 ng Cas9 protein, 5 ng gRNA/15 

ng Cas9 protein and 7.5 ng gRNA/22.5 ng Cas9 protein) were injected (with fixed volume, 50 

nL), while the 4th group was injected with the same volume (50 nL) without gRNA or Cas9 

protein as shown in Table 4. The second control was not microinjected. Each of the treatment 

and control groups for the 2 genes had three replicates. Brood stock preparation, artificial 

spawning and microinjection procedures were performed as described in details in chapter 2.  

2.2. Guide RNA and Cas9 protein 

Guide RNAs used in the study are listed in  
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Table 5. Four gRNAs for TICAM 1 and 5 gRNAs for RBL were designed using CRISPRscan 

gRNA design tool (Moreno-Mateos et al., 2015). Guide RNAs were prepared per Shah et al. 

(2015)  with the use of Expand High FidelityPLUS PCR System (Roche Diagnostics, USA). Cas9 

protein was purchased from PNABio, CA, USA. For TICAM 1 gene, equal amounts of the 4 

gRNAs were mixed with Cas9 protein before injection. For RBL, equal amounts of the 5 gRNAs 

were mixed with Cas9 protein before injection. For each dosage, the concentrations of gRNAs 

and Cas9 proteins were adjusted so that the injection of 50 nl will deliver approximately the 

amount needed for each dosage.  

Table 4 Different treatments and control groups of channel catfish, Ictalurus punctatus, embryos 

microinjected with gRNA/Cas9 protein targeting toll/interleukin 1 receptor domain-containing 

adapter molecule (TICAM 1) gene and rhamnose binding lectin (RBL) gene. The solution 

injected into the iCTRL embryos had the same composition (water with up to one third of 0.5% 

phenol red solution) as the treatment groups but without gRNA/Cas9 protein.    

Treatment Guide RNA (ng) Cas9 protein (ng) Total volume injected (nL) 

TICAM 1 RBL TICAM 1 RBL TICAM 1 RBL 

Low dosage 2.5 2.5 7.5 7.5 50 50 

Medium dosage 5 5 15 15 50 50 

High dosage 7.5 7.5 22.5 22.5 50 50 

Injected control (iCTRL) 0 0 0 0 50 50 

Non-injected control 

(nCTRL) 

0 0 0 0 0 0 

 

 

 



81 

 

 

 

 

Table 5 The genomic target sequences for gRNAs used to target the channel catfish, Ictalurus 

punctatus toll/interleukin 1 receptor domain-containing adapter molecule (TICAM 1) coding 

sequence and rhamnose binding lectin (RBL) genes. Underlined sequences represent the 

protospacer adjacent motif (PAM).  

Target sequence for gRNA (3’5’) 

TICAM 1 RBL 

1. GGAGGTGAAGCACGTCGAGGA 

2. GGTGACGGAGATTTCTGTGGCGG 

3. GGGTTCTCGGGTTTATATCTT 

4. GGTGGACTTCGTAGGAGATGAG 

1. GGACTTTGAGTCGGAGAAGTGG 

2. GGGGCTGGGTACGAAACCTTGG 

3. GGTGAATGCTGACGTAGTTAC 

4. GGAGTCAAGAGTCTGGGTCTTG 

5. GGAGTGACACAGGATGTAGACG 

 

2.3. Embryo incubation and hatching 

Immediately after microinjection, embryos were incubated in Holtfreter’s solution (59 

mM NaCl, 0.67 mM KCl, 2.4 mM NaHCO3, 0.76 mM CaCl2, 1.67 mM MgSO4) (Armstrong et 

al., 1989) with 100 ppm doxycycline (Su et al., 2015). Each replicate of a treatment was 

incubated in a plastic tub containing 7 liters of Holtfreter’s solution and continuous aeration as 

shown in Figure 6.  
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Figure 6 The static incubation of channel catfish, Ictalurus punctatus, embryos microinjected 

with gRNA/Cas9 protein targeting toll/interleukin 1 receptor domain-containing adapter 

molecule (TICAM 1) coding sequence and rhamnose binding lectin (RBL) genes. A: Embryos 

were incubated in replicate plastic tubs containing Holtfreter’s solution with 10 ppm doxycycline 

and continuous aeration. Tubs were placed in a rectangular tank containing water. B: Red arrow 

points to the non-injected control (nCTRL) channel catfish embryos during the incubation.  

Incubation temperature ranged from 26 to 28°C while dissolved oxygen levels were kept 

above 5 ppm using air supplied from air blowers. All tubs for each gene were held in a 

rectangular tank containing pond water (Figure 6) to reduce the fluctuations in temperatures and 

ensure all the experimental units had the same temperature.  The number of embryos in each 

replicate for TICAM 1 and RBL can be found in Table 6.  
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Table 6 Number of channel catfish (Ictalurus punctatus) embryos microinjected with different 

dosages of gRNA/Cas9 protein targeting toll/interleukin 1 receptor domain-containing adapter 

molecule (TICAM 1) gene and rhamnose binding lectin (RBL) gene and their controls. Three 

replicates were used for each of the treatment and control groups for each gene.  

Treatment Number of injected embryos in each of the 3 replicates 

(R1,2,3) 

TICAM 1 RBL 

R1 R2 R3 Total R1 R2 R3 Total 

Low  52 50 38 140 67 47 52 166 

Medium  50 42 34 126 34 52 38 124 

High  38 30 40 108 42 65 66 173 

Injected control (iCTRL) 54 54 51 159 42 34 38 114 

Non-injected control (nCTRL) 80 86 97 263 71 71 102 244 

 

  

Dead embryos were removed and recorded daily. Embryos were not handled in the first 

24 hours of incubation. At the time of dead embryo removal, Holtfreter’s solution was replaced 

and the incubation tubs were cleaned. Temperature of Holtfreter’s solution was monitored with a 

thermometer and adjusted to the same degree as the old solution to minimize the adverse effects 

of temperature fluctuation on embryos. When hatching began, the time of hatch, number of 

hatching fry and number of dead fry were recorded separately for each experimental replicate. 

After hatch, the fry were reared in Holtfreter’s solution without doxycycline until 10 days post 

fertilization (dpf). When the fry began to swim up (at 9-10 dpf), they were fed artemia nauplii 

(Pentair Aquatic Eco-systems, USA) three times/day to ensure continuous feed supply. Starting 

at 10 dpf, complete water exchange was done every third day with one third of Holtfreter’s 

solution replaced with pond water each time until two thirds of Holtfreter’s solution was replaced 
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with pond water. Water quality parameters were monitored daily. The experiment was 

terminated at 18 dpf when no fry died in the 5 groups for each gene for 5 successive days.  

2.4. Mutation detection 

 Mutation detection, calculation of mutation rates and identification of different types of 

mutations were investigated at the binding sites for all TICAM 1 gRNAs and 2 gRNAs for RBL 

(no 4 and 5,  

 

 

 

 

Table 5 

 

 

 

 

 

Table 5). Genomic DNA was extracted from both whole single embryos that died after 72 

h post fertilization and barbel tissue from 3-4 month old fingerlings. Yolk and egg shells were 
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removed from the embryos before DNA was extracted. DNA extraction was performed using 

proteinase K digestion and ethanol precipitation as described in chapter 4. PCR and Surveyor® 

mutation detection assay were performed to identify the mutant embryos and fingerlings. Primers 

(PCR was performed using Expand High FidelityPLUS PCR System (Roche Diagnostics, 

Indianapolis, IN, USA) with the following components: up to 20 µl PCR grade water; 1X 

Expand HiFiPLUS reaction buffer with MgCl2, 0.2 mM dNTP mix, 0.4 µM for each of the forward 

and reverse primer of the same set, 100-300 ng genomic DNA and 1.25 units of Expand HiFiPLUS 

enzyme blend. PCR cycling conditions were as follows: initial denaturation at 94 °C for 3 min; 

35 cycles of denaturation at 94 °C for 30 sec, annealing at temperatures listed in Error! Not a 

valid bookmark self-reference. for 30 sec, extension at 72 °C for 1 min/kb; and final extension 

at 72 °C for 10 min. Two PCR reactions for each sample were prepared, one was used to detect 

large deletion while the other was used for Surveyor® mutation detection assay.  

Table 7) were designed to amplify a segment TICAM 1 and RBL genes. The annealing site for 

primers flanked the binding sites for gRNAs by not less than 100 bp from both ends.  

PCR was performed using Expand High FidelityPLUS PCR System (Roche Diagnostics, 

Indianapolis, IN, USA) with the following components: up to 20 µl PCR grade water; 1X 

Expand HiFiPLUS reaction buffer with MgCl2, 0.2 mM dNTP mix, 0.4 µM for each of the forward 

and reverse primer of the same set, 100-300 ng genomic DNA and 1.25 units of Expand HiFiPLUS 

enzyme blend. PCR cycling conditions were as follows: initial denaturation at 94 °C for 3 min; 

35 cycles of denaturation at 94 °C for 30 sec, annealing at temperatures listed in Error! Not a 

valid bookmark self-reference. for 30 sec, extension at 72 °C for 1 min/kb; and final extension 
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at 72 °C for 10 min. Two PCR reactions for each sample were prepared, one was used to detect 

large deletion while the other was used for Surveyor® mutation detection assay.  

Table 7 Primers used to amplify a partial sequence of channel catfish, Ictalurus punctatus, 

toll/interleukin 1 receptor domain-containing adapter molecule (TICAM 1) gene and rhamnose 

binding lectin (RBL) gene flanking the target sites for guide RNAs. Primers T1F and T1R were 

used to amplify DNA segments containing small indels while primers T2F and T2R were used 

for large deletion. Primers RBL 1F and RBL 1R were used to amplify a partial DNA sequence   

Primer 

name 

Strand Sequence 5’-3’ Annealing 

temperature 

Product length 

(bp) 

T1F Forward GCTGCTGAATGTCTGATTATG 60 ºC 750 

T1R  Reverse GTCCTCCACACTCCTGAAG 

T2F Forward ACTGGTGGACGAGAAGAAG 60 ºC 1462 

T2R Reverse CTGGATGTGGATGTTGGATG 

RBL F Forward ATCGTGTTGTGATCTGTGAG 57 ºC 645 

RBL R Reverse GCCCTAGCCAATTTGATGTT 

 

  To detect large deletions, PCR products were resolved in 2% agarose gel and compared 

to wild type controls. Samples with large deletion showed shorter DNA bands(s) (Figure 7, 

Figure 10). Surveyor® mutation detection assay was performed using Surveyor® mutation 

detection kit for standard gel electrophoresis (Integrated DNA Technologies) according to the 

manufacturer instructions. Briefly, PCR products were hybridized. Samples from mutated P1 

individuals formed heteroduplexes after hybridization (heteroduplex is a DNA molecule in 

which one strand is wild type and the other is mutated). Surveyor® nuclease was used to cleave 

heteroduplexes at the mismatch points (expected mutation site). A negative control was included 
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in the reaction by using DNA from full sib channel catfish that were not injected with 

gRNA/Cas9 protein. Surveyor®-digested samples were electrophoresed for 50 minutes in 2% 

agarose gel using 1X TBE and compared to wild type samples (Figure 7, Figure 11).  

DNA sequencing: 

Since the PCR product was expected to be a mixture of both wild-type and mutated 

alleles, cloning of the PCR product before sequencing was necessary. For TICAM 1, PCR was 

performed on mutant individuals that were previously identified with PCR or Surveyor® assay 

using the primers T2F (forward) and T2R (reverse). For RBL, primers RBL F (forward) and 

RBL R (reverse) were used to amplify a segment from mutant individuals for sequencing. PCR 

products were then cloned in pCR™4-TOPO® vector using TOPO® TA cloning® kit for 

sequencing following the manufacturer instructions (Invitrogen by Life Technologies). DNA 

from 3 wild type individuals that were full sib to the mutated individuals was amplified using the 

same primers, then pooled into one reaction and cloned as a wild type control for sequencing.  

One Shot® TOP10 Electrocomp™ E. coli (Invitrogen by Life Technologies) were 

transformed with the pCR™4-TOPO® vector containing the PCR product following the 

manufacturer’s instructions with some modifications. 2 µl of the TOPO® cloning reaction were 

added to 25 µl of competent cells, kept on ice for 30 minutes, heat shocked at 42 ºC for 30 sec, 

then kept on ice for 2 minutes before adding 250 µl of SOC medium (provided with the kit) and 

incubated at 37 ºC for 1 h. Selection of transformed cells was achieved by plating 50 µl and 100 

µl on LB agar plates containing 100 ppm ampicillin and overnight incubation at 37°C. A single 

colony was picked up and inoculated into a 1.5 ml eppendorf tube containing 1 ml LB medium 

with the same concentration of ampicillin and incubation conditions before sending the samples 
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for sequencing. T2F primer was used for sequencing of TICAM 1 mutated samples while RBL F 

primer was used for RBL mutated samples.  

Mutation rates were calculated for replicates of different treatments for TICAM 1 and 

RBL in both dead embryos and alive fingerlings. Mutation rates were calculated as the number 

of mutated individuals detected by PCR or Surveyor® assay in a replicate or treatment / total 

number of individuals in the same replicate or treatment * 100.  

 

2.5. Statistical analysis 

 Since the density of embryos and fry was different between the different groups and even 

the replicates of the same group, an analysis of covariance (ANCOVA) for the effects of embryo 

and fry density on embryo mortality, survival, hatching and fry survival was performed. No 

significant effects for differences in density were detected (p = 0.274).  

Embryo mortality % was calculated as the number of dead embryos in a group or 

treatment divided by the total number of embryos and multiplied by 100. Each embryo was 

assigned a value representing the time (dpf) of death. Survival % was similarly calculated as the 

number of alive embryos in a group or treatment divided by the total number of embryos and 

multiplied by 100. Survival curves for embryos in the 5 groups were compared using Kaplan-

Meier test. Log Rank (Mantel-Cox) test was used for pairwise comparisons for embryo survival.  

 Hatching % was calculated as the total number of fry that have completed hatching/total 

number of embryos*100. Each fry was assigned a day representing the time (dpf) of hatch. Mean 

time to hatch for each group was compared using Kaplan-Meier test. Hatching percent for the 5 

groups was compared using one-way ANOVA. All assumptions were satisfied.  
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Dead fry were collected daily, recorded and assigned a value representing the day of 

death (dpf). Survival % was calculated as the number of alive fry/total number of fry (alive + 

dead) *100. For TICAM 1, when equality of variance for survival percent was not satisfied, 

Welch’s test was used and pairwise comparisons for survival percent among the 5 groups were 

done using Games-Howell test. To account for the time to death, survival curves of fry in the 5 

groups were compared using Kaplan-Meier test and survival curves were plotted. Alive fry were 

assigned a value (18) representing the dpf in which the experiment was terminated. In the 

survival analysis, alive fry were censored (the actual survival time is partially known, if the 

experiment continued, the survival time of alive fish would have changed). Pairwise comparisons 

for survival time to death were performed using Log Rank (Mantel-Cox) test. Histograms were 

generated using Microsoft Excel 2016 and all statistical analysis were performed using SPSS 

16.0.  

 

 

3. Results 

3.1. Mutation rate 

3.1.1. TICAM 1:  

PCR detected the large deletion in TICAM 1 gene demonstrated by shorter band(s) when 

compared to the wild type PCR product (750 bp) as shown in Figure 7A. Mutations in some of 

the samples that did not show shorter bands with PCR were detected with Surveyor® assay. 

Mutated samples had multiple bands after surveyor® digestion when compared to the 

surveyor®-digested wild type control (Figure 7B). There was a positive correlation between the 

gRNA/Cas9 protein dosage and the mutation rate (r = 0.445, n = 16, p = 0.084) (Table 8, Figure 
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8). Mutation rate for the same dosage was higher in dead embryos than 4-month-old fingerlings 

(Table 8, Figure 8). However, the correlation between mutation rate and status (dead embryos or 

alive fingerlings) was not significant (r = 0.337, n = 16, p = 0.202).   

DNA sequencing of TICAM 1 pooled samples revealed different types of mutations 

(Figure 9). Deletion mutations ranged from a few base pairs to more than 900 bp deletion. 

Insertions ranged from a few bp to 25 bp. In one sequencing reaction, a segment of 70 bp was 

found inverted (TCCTCTACTCAGGAAGTTGGAAAGCATGACAGCTTTAGTACAGAGA 

AGCAAGCCAGCCAGGAGGAAGAGG). Three of the 4 gRNA (no 1, 2 and 4) were efficient 

in inducing mutations. Guide RNA no 3 was not as efficient as other gRNAs (induced mutation 

in 3 sequencing reaction out of 60, not listed in Figure 9). Each mutation in Figure 9 was found 

once in 60 sequencing reactions. The rest (36) were wild type.  

 

 

Figure 7 Mutation detection in channel catfish (Ictalurus punctatus) embryos microinjected with 

gRNA/Cas9 protein targeting the channel catfish toll/interleukin 1 receptor domain-containing 

adapter molecule (TICAM 1) gene. For each sample, half of the PCR product was resolved in 
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2% agarose gel to detect the large deletion (A) while the other half was digested with Surveyor® 

enzyme (B). A: PCR amplification of a partial segment of TICAM 1 gene using T1F (forward) 

and T1R (reverse) primers. Samples 1-6 came from embryos that were microinjected with 

gRNA/Cas9 protein while samples 7 and 8 represent wild type (wt1 and wt2) channel catfish that 

were full sib to embryos 1-6. Embryos with large deletion had short band(s) when compared to 

the wild type 750 bp band. B: After digestion of the PCR product with Surveyor® enzyme, 

samples that had more bands than the wild type controls were considered mutated. Lane M 

contained 1 kb plus DNA ladder (Invitrogen).  

 

 

Figure 8 Mutation rate ± standard error (SE) of channel catfish (Ictalurus punctatus) dead 

embryos and alive fingerlings microinjected with gRNA/Cas9 protein targeting toll/interleukin 1 

receptor domain-containing adapter molecule (TICAM 1) gene. Three dosages were 

microinjected into one-cell embryos (low dosage: 2.5 ng gRNA/7.5 ng Cas9, medium dosage: 5 

ng gRNA/15 ng Cas9 and high dosage: 7.5 ng gRNA/22.5 ng Cas9).  
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5’CCTCCACTTCGTGCAGCTCCTAC//GACCACTGCCTCTAAAGACACCGCCAG//CACCTGAAGCATCCTCTACTCAG 3’ WT 

5’CCTCCACTTCGTGCAGCTCCTAC//GACCACTGC--------------------------AAGCATCCTCTACTCAG 3’ -309  
5’CCTCCACTTCGTGCAGCTCCTAC//GACCACTGCCTCT-------CCGCCAG//CACCTGAAGCATCCTCTACTCAG 3’-7  
5’CCTCCACTTCGTGCAGCTCCTAC//--------CCTCTAAAGACACCGCCAG//----------------------- 3’ -17-64  
5’CCTCCACTTCGTGCAGCTCCTAC//------------TAAAGACACCGCCAG//----------------------- 3’ -14-367  

5’CCTCCACTTCGTGCAGCTCCTAC//GACCACTGCCTC------C-CCGCCAG//CACCTCTAGAAGCA--------- 3’ -6-1+3-605  
5’CCTCCAGG--------------------------------------------//----------------TACTCAG 3’ +2-128-39 

5’CCTCCACTT-----------------ACCA---CCTCTAAAGACACCGCCAG//CACCTGTGTCAACAAGCAAGCAT 3’ -73-3+11 

5’CCTCCA-----TGCAGCTCCTAC//GACCACTGCCTCTAAAGACACCGCCAG//CACCTGAAGCATCCTCTACTCAG 3’ -5  

5’CCTCCACTTCGTGCAGCTCCTAC//GACCA------CTAAAGACACCGCCAG//CACCTGCAAGCA----------- 3’ -6-712  
5’CCTCCACTTCGTGCAGCTCCTAC//GACCACTGCATCTAGACCACTGCTTCCTGAGT---AAGCATCCTCTACTCAG 3’ +23-309  
5’CCTCCA----------------------------------------------------------------------- 3’ -741  
5’CCTCCACTTCGTGCAGCTCCTAC//GACCACTGC---TAAAGACACCGCCAG//CACCTGAAGCATCCTCTACTCAG 3’ -3  

5’CCTCCACTTCGTGCAGCTCCTAC//GACCACTGCCTCTAAAGACACCGCCAG//---------CATCCTCTACTCAG 3’ -10  
5’CCTCCACTTCGTGCAGCTCCTAC//GACCACTG-------------------//CAC----------CTCTACTCAG 3’ -210 -10  
5’CC--------------CTCCTAC//GACCAC----TCTAAAGACACCGCCAG//CACC------------------- 3’ -14-4-20  

5’CCT-----TCGTGCAGCTCCTAC//GACC------TCTAAAGACACCGCCAG//CACCTGAAGCATCCTCTACTCAG 3’ -5-6  

5’CCTCCACTTAAGTAGATGGATGCTTCCTGAGGAG-------------------------GAAGCATCCTCTACTCAG 3’+25-386 

5’CCTCCACTTCGTGCAGCTCCTAC//GACCAC---CTCTAAAGACACCGCCAG//ACA-------------------- 3’-3+3-920 

5’--------TCGTGCAGCTCCTAC//GACCAC---CTCTAAAGACACCGCCAG//CACCTGAAGCATCCTCTACTCAG 3’-134-3 
5’CCTCCACTTCGTGCAGCTCCTAC//GACC------TCTAAAGACACCGCCAG//CACCTGAAGCATCCTCTACTCAG 3’ -6 
5’CC---------------------//GACCACTGCCTCTAAAGACACCGCCAG//CACCT-------CCTCTACTCAG 3’ -82-7-433 

TICAM 1 coding sequence ATG TGA 

Indels (bp) 
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Figure 9 CRISPR/Cas9 induced mutations in the toll/interleukin 1 receptor domain-containing adapter molecule (TICAM1) gene of 

channel catfish (Ictalurus punctatus).Blue sequence represents the protospacer adjacent motif (PAM) while the green sequence 

represents the target for gRNA. Indels induced by the simultaneous microinjection of three gRNAs are illustrated. Deletion mutations 

ranged from few base pair to more than 900 bp deletion and are represented by a dashed line in which each dash corresponds to a 

nucleotide that has been deleted. Red sequences are insertions. Double slash is present where a DNA sequence between two gRNA 

targets has been omitted for simplicity. When double slash is absent, this means that there is a large deletion and the entire sequence 

between 2 gRNA targets has been deleted. Each sequence starting with 5’ and ending with 3’ came from a single reaction representing 

a single allele. Mutations are reported in order starting with those at the 5’ end e.g. +2-128-39 means 2 bp insertion, 128 bp deletion 

and 39 bp deletion.  
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3.1.2. RBL:  

 Mutations caused by the injection of RBL gRNAs no 4 and 5 were detected by PCR and 

surveyor® mutation detection assay.  The two gRNAs induced large deletion detected by PCR as 

demonstrated in Figure 10. In some samples, such as sample no. 3 and 6 in Figure 10, there was 

no amplification of the wild type band (645 bp) suggesting that Cas9 protein cleaved the target 

sequence early in development, possibly at the one cell stage, resulting in mutations in all cells 

(Figure 10). Surveyor® assay was used to identify mutant samples that did not have the large 

deletions as shown in Figure 11. Mutated samples had additional band(s) not present in the wild 

type control (Figure 11).  

 

 

Figure 10 PCR amplification of a partial segment of channel catfish (Ictalurus punctatus) 

rhamnose binding lectin (RBL) gene using RBL F (forward) and RBL R (reverse) primers. 

Samples 1-6 came from embryos that were microinjected with gRNA/Cas9 protein while sample 

7 represents wild type channel catfish that was full sib to embryos 1-6. Mutated embryos had 

large deletion demonstrated by the short band(s) compared to the wild type 645 bp band. Lane M 

contained 1 kb plus DNA ladder (Invitrogen) while lane 8 represents a no-DNA control.  
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Figure 11 Surveyor® digestion of a partial segment of channel catfish (Ictalurus punctatus) 

rhamnose binding lectin (RBL) gene amplified with RBL F (forward) and RBL R (reverse) 

primers. Samples 1-8 came from embryos that were microinjected with gRNA/Cas9 protein. 

Samples were compared to the full sib wild type (wt) channel catfish control. Samples 2-7 were 

mutated while samples 1 and 8 were not mutated. Lanes M contained 1 kb plus DNA ladder 

(Invitrogen). 

Effects of microinjection of different dosages of RBL gRNAs on the mutation rate were 

similar to TICAM 1 (Table 8). There was a positive correlation between the gRNA/Cas9 protein 

dosage and the mutation rate (r = 0.542, n = 17, p = 0.025). Except for the high dosage in which 

dead embryos and 4-month old fingerlings had the same mutation rate, mutation rate for other 

dosages was higher in dead embryos than 4-month old fry (Table 8, Figure 12) but the 

correlation between mutation rate and status (dead embryos or alive fingerlings) was not 

significant (r = 0.263, n = 17, p = 0.308).   

DNA sequencing (Figure 13) confirmed the presence of mutation which ranged from a 

few bp to more than 300 bp deletion and few to several base pair insertions.  
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Figure 12 Mutation rate ± standard error (SE) of channel catfish (Ictalurus punctatus) dead 

embryos and alive fingerlings microinjected with gRNA/Cas9 protein targeting rhamnose 

binding lectin (RBL) gene. Three dosages were microinjected into one-cell embryos (low 

dosage: 2.5 ng gRNA/7.5 ng Cas9, medium dosage: 5 ng gRNA/15 ng Cas9 and high dosage: 7.5 

ng gRNA/22.5 ng Cas9).  

 

0

20

40

60

80

100

Low Medium High

Pe
rc

en
t

RBL mutation rate 

Alive Dead



97 

 

 
 

 

 



98 

 

Figure 13 CRISPR/Cas9 induced mutations in rhamnose binding lectin (RBL) gene of channel catfish (Ictalurus punctatus). Blue 

sequence represents the protospacer adjacent motif (PAM) while the green sequence represents the target for gRNA. Indels induced by 

the simultaneous microinjection of 2 gRNAs are illustrated. Samples 1 and 2 were from the low dosage, 3 and 4 from the medium 

dosage while 5 and 6 from the high dosage. Deletion mutations ranged from few base pair to more than 300 bp deletion and are 

represented by a dashed line in which each dash corresponds to a nucleotide that has been deleted. Red sequences are insertions. 

Double slash is present where a DNA sequence between the two gRNA targets has been omitted for simplicity. When double slash is 

absent, this means that there is a large deletion and the entire sequence between 2 gRNA targets has been deleted. Each sequence 

starting with 5’ and ending with 3’ came from a single reaction representing a single allele. Mutations are reported in order starting 

with those at the 5’ end e.g. -7-1 means 7 bp deletion and 1 bp deletion. Sequencing reactions with the same type of mutation are 

represented by a single sequence with a fraction of total e.g. (7/13) means that a certain type of mutation is present in 7 sequencing 

reactions out of 13.   
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Table 8 Total analyzed, number of mutated individuals and mean mutation rate of channel 

catfish (Ictalurus punctatus) dead embryos and alive fingerlings microinjected at one-cell stage 

with three dosages of gRNA/Cas9 protein targeting toll/interleukin 1 receptor domain-containing 

adapter molecule (TICAM 1) gene and rhamnose binding lectin (RBL) gene. The three 

gRNA/Cas9 protein dosages were: low dosage: 2.5 ng gRNA/7.5 ng Cas9, medium dosage: 5 ng 

gRNA/15 ng Cas9 and high dosage: 7.5 ng gRNA/22.5 ng Cas9.  

Treatment Dead embryos Alive fingerlings 

Total 

analyzed 

Mutated Mean mutation 

% ± SE 

Total 

analyzed 

Mutated Mean mutation 

% ± SE 

TICAM 1* 

Low 22 15 68.2 ± 5.51 50 30 60.0 ± 1.12 

Medium 19 16 84.2 ± 11.81 13 9 69.2 ± 28.57 

High 25 22 88.0 ± 7.39 16 12 75.0 ± 13.33 

RBL** 

Low 26 23 88.5 ± 7.22 33 26 78.8 ± 4.84 

Medium 26 24 92.3 ± 5.82 12 10 83.3 ± 2.86 

High 28 26 92.9 ± 4.17 14 13 92.9 ± 4.17 

TICAM 1 and RBL combined*** 

Low 48 38 79.2 ± 5.35 83 56 67.5 ± 4.96 

Medium 45 40 88.9 ± 6.17 25 19 76.0 ± 12.18 

High 53 48 90.6 ± 4.08 30 25 83.3 ± 7.76 

*Positive correlation between gRNA/Cas9 dosage and mutation rate (p = 0.084).  
**Positive correlation between gRNA/Cas9 dosage and mutation rate (p = 0.025). 
***Positive correlation between gRNA/Cas9 dosage and mutation rate (p = 0.013) 

 

3.1.3. Combined analysis for TICAM 1 and RBL mutation rate: 

The same conclusions were obtained when the mutation data from TICAM 1 and RBL 

genes were combined (Table 8). Increasing the gRNA/Cas9 protein dosage increased the 
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mutation rate. There was a positive correlation between the gRNA/Cas9 protein dosage and the 

mutation rate (r = 0.429, n = 33, p = 0.013). Although the mutation rate was higher in dead 

embryos compared to alive fingerlings, no significant correlation was detected (r = 0.245, n = 33, 

p = 0.153). 

 

Congenital anomalies 

Congenital anomalies noticed in 4-month-old fingerlings included uni- or bilateral 

absence of eye development, unilateral absence of barbels, spinal and head deformities (Figure 

14). All injected and non-injected 4-month-old control fry were free of any anomalies. Number, 

percent and genotype of fish with each type of anomaly are listed in Table 9. Except for one 

fingerling with head deformity in high dosage treatment of TICAM 1, all other fingerlings with 

congenital anomalies had mutated TICAM 1 and RBL genes.  

 

Figure 14 Congenital anomalies in channel catfish (Ictalurus punctatus) 4-month-old fingerlings 

injected at the one cell stage with gRNAs/Cas9 protein targeting toll/interleukin 1 receptor 

domain-containing adapter molecule (TICAM 1) gene and rhamnose binding lectin (RBL) gene. 

A: Absence of barbel development on the right side. B: The head is curved to the left side with 

deformities in the mouth. C: Spinal deformity. D: Absence of left eye development.  
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Table 9 Number and percent of channel catfish (Ictalurus punctatus) 4-month-old fingerlings 

with congenital anomalies due to microinjection of three different dosages of gRNAs/Cas9 

protein targeting toll/interleukin 1 receptor domain-containing adapter molecule (TICAM 1) 

gene and rhamnose binding lectin (RBL) gene. Three dosages for each gene included low 

dosage: 2.5 ng gRNA/7.5 ng Cas9 protein, medium dosage: 5 ng gRNA/15 ng Cas9 protein and 

high dosage: 7.5 ng gRNA/22.5 ng Cas9 protein. 

Gene Dosage 

Number and percent of fingerlings with anomaly*  Total 

number Absence of eye 

development 

Absence 

of barbel 

Deformed 

head 

Spinal 

deformity 

TICAM Low 0 (0%) 0 (0%) 0 (0%) 0 (0%) 50 

Medium 0 (0%) 0 (0%) 2 (15.4%) 0 (0%) 13 

High 0 (0%) 1 (6.3%) 3 (18.8%) 

(2 mutated) 

0 (0%) 16 

RBL Low 2 (7.7%) 0 (0%) 1 (3.8%) 1 (3.8%) 26 

Medium 1 (10%) 0 (0%) 0 (0%) 0 (0%) 10 

High 1 (7.7%) 0 (0%) 0 (0%) 0 (0%) 13 

*All fingerlings with anomalies were mutated except one from the TICAM 1 high dosage that 

had head deformity but was not mutated.  

 

 

3.2. Embryo mortality 

3.2.1. TICAM 1 

Embryo mortality started at 1 dpf. Mortality ranged from 23% in the nCTRL group to 

82% in the high dosage group (Table 10). Plot of survival curves showed the similarity in 

mortality between low dosage and iCTRL groups, and medium and high dosage groups (Figure 
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16). The lowest mean time to death for embryos was 4.2 and 4.3 dpf in the medium and high 

dosage groups, respectively, while the highest was 7.4 days in the nCTRL group (Table 10). 

Overall comparison of survival curves revealed significant differences in the mean survival time 

to death (p < 0.0001) suggesting differences between at least 2 groups. Pairwise comparisons 

detected significant differences in embryo mortality in all microinjected groups when compared 

to the nCTRL group (p < 0.0001).  Mortality in the low dosage group was not different from the 

iCTRL group (p = 0.295). Mortality in the medium and high dosage groups was not different (p 

= 0.892), however, it was significantly higher in the medium and high groups than all other 

groups (p < 0.0001) (Table 10).  

 

Figure 15 Embryo mortality of channel catfish (Ictalurus punctatus) embryos injected with 

different dosages of gRNAs and Cas9 protein targeting toll/interleukin 1 receptor domain-

containing adapter molecule (TICAM 1) gene and two control groups (injected control, iCTRL, 

and non-injected control, nCTRL). Guide RNA/Cas9 protein dosages included low dosage: 2.5 

ng gRNA/7.5 ng Cas9 protein, medium dosage: 5 ng gRNA/15 ng Cas9 protein and high dosage: 

7.5 ng gRNA/22.5 ng Cas9 protein. Medium and high dosages had the highest mortality % while 
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the non-injected group had the lowest mortality %. Low dosage had similar mortality to the 

iCTRL.  

 

Figure 16 Kaplan-Meier plot of survival curves of channel catfish (Ictalurus punctatus) dead and 

alive (censored) embryos injected with different dosages of gRNAs and Cas9 protein (low 

dosage: 2.5 ng gRNA/7.5 ng Cas9 protein, medium dosage: 5 ng gRNA/15 ng Cas9 protein and 

high dosage: 7.5 ng gRNA/22.5 ng Cas9 protein) targeting toll/interleukin 1 receptor domain-

containing adapter molecule (TICAM 1) gene and two control groups (injected control, iCTRL, 

and non-injected control, nCTRL).  Mortality in the low dosage group was not different from the 

iCTRL group (p = 0.295). Mortality in the medium and high dosage groups was not different (p 

= 0.892). All other pairwise comparisons were significantly different (p < 0.05).  
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3.2.2. RBL  

 Mortality started at 1 dpf and continued until 7 dpf when all embryos hatched. The lowest 

mortality percent was recorded in the nCTRL group (13.1 %) followed by the iCTRL group 

(29.8 %). The three treatment groups injected with gRNA/Cas9 protein had higher mortality 

(73.2-83.9 %) (Figure 17). One-way ANOVA revealed significant differences in the embryo 

mortality percent among different groups (p < 0.0001). In pairwise comparisons, significant 

differences were detected between nCTRL and all three treatment groups (p < 0.0001), iCTRL 

and all three treatment groups (p < 0.0001), iCTRL and nCTRL groups (p = 0.002) and low and 

medium dosage groups (p = 0.044). Comparison of mortality % between low and high dosages 

approached the significance level, however, it was not significant (p = 0.064). No significant 

differences in embryo mortality percent were detected between the medium and high dosage 

groups (p = 0.999).  

The embryo mean time to death ranged from 4.2 to 6.7 days with nCTRL group having 

the longest time to death (Table 10). Survival curves were plotted (Figure 17) and overall 

comparison of survival curves revealed significant differences in mean time to death between at 

least two groups (p < 0.0001). With pairwise comparisons, the nCTRL group had significantly 

longer mean time to death than the iCTRL group (p < 0.0001) and the two control groups 

(iCTRL and nCTRL) had significantly longer mean time to death (p < 0.0001) than the three 

treatment groups (low, medium, high dosages). Embryo mean time to death in the medium 

dosage group was shorter but not significant when compared to the low dosage group (p = 0.051) 

and the high dosage group (p = 0.098). Low and high dosage groups had statistically similar 

embryo mean time to death (p = 0.608).   
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Figure 17 Mortality and survival of channel catfish, Ictalurus punctatus, embryos microinjected 

with different dosages of gRNA/Cas9 protein (low dosage: 2.5 ng gRNA/7.5 ng Cas9 protein, 

medium dosage: 5 ng gRNA/15 ng Cas9 protein and high dosage: 7.5 ng gRNA/22.5 ng Cas9 

protein) targeting rhamnose binding lectin (RBL) gene compared to the injected control (iCTRL) 

and non-injected control (nCTRL) embryos. A: Mortality percent in the three treatment and two 

control groups. B: Kaplan-Meier plot of survival curves for the five groups with alive embryos 

being censored.  

 

3.3. Embryo hatch 

3.3.1. TICAM 1 

Mean time to hatch ranged from 7.0 to 7.4 dpf for all the groups (Table 10). No 

significant differences were detected in the time to hatch for all the five groups (p = 0.130) 

(Figure 18).  Non-injected control had the highest hatch percent (78%) while the high dosage 

group had the lowest hatch rate (18%) in all three replicates combined (Figure 18).  One-way 

ANOVA revealed significant differences in the hatching percent between at least two groups (F 
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= 7.677, p = 0.004). Pairwise comparisons detected significant differences in the hatching 

percent between the medium dosage and nCTRL (p = 0.009), high dosage and nCTRL (p = 

0.005). Hatching percent in the low and high dosages approached significance (p = 0.09), 

however, low and high dosages were not significantly different. No differences were detected in 

all other pairwise comparisons (p > 0.05, Table 10).  

  

Figure 18 Embryo hatching of channel catfish (Ictalurus punctatus) embryos injected with 

different dosages of gRNAs and Cas9 protein (low dosage: 2.5 ng gRNA/7.5 ng Cas9 protein, 

medium dosage: 5 ng gRNA/15 ng Cas9 protein and high dosage: 7.5 ng gRNA/22.5 ng Cas9 

protein) targeting toll/interleukin 1 receptor domain-containing adapter molecule (TICAM 1) 

gene. A: Hatching percent in the three treatment groups (low, medium and high dosages) and 

two control groups (injected control, iCTRL, and non-injected control, nCTRL).  Medium and 

high injection dosages had the lowest hatching % (p < 0.05) while the non-injected group had the 

highest hatching %. B: Plot of time-to-hatch curves of the five groups. Hatching rate was 

calculated as the fraction of total embryos that hatched.  
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3.3.2. RBL 

 Few individuals in the control groups started to hatch on 5 dpf while most of the fry 

hatched on 6 dpf. In the treatment groups, fry hatched on 6 and 7 dpf. All fry hatch was 

completed in all groups on 7 dpf. The highest hatching percent was recorded in the nCTRL 

group (86.9%) while the lowest hatch percentages were recorded in the medium and high dosage 

groups (16.1 and 16.2 % respectively) (Table 10, Figure 19). Comparison of mean hatching 

percent revealed significant differences between at least two groups (p < 0.0001). With pairwise 

comparisons, the following means for hatching percent were different: low and medium dosage 

groups (p = 0.033), low and high dosage groups (p = 0.038), iCTRL and the three treatment 

groups (p < 0.0001), nCTRL and the three treatment groups (p < 0.0001) and nCTRL and iCTRL 

groups (p = 0.003). Medium and high dosages had similar means for hatching percent (p = 

1.000).  

 

Figure 19 Hatching percent of channel catfish, Ictalurus punctatus, embryos microinjected with 

different dosages of gRNA/Cas9 protein (low dosage: 2.5 ng gRNA/7.5 ng Cas9 protein, 

medium dosage: 5 ng gRNA/15 ng Cas9 protein and high dosage: 7.5 ng gRNA/22.5 ng Cas9 

protein) targeting rhamnose binding lectin (RBL) gene compared to the injected control (iCTRL) 

and non-injected control (nCTRL) embryos.  
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 Overall comparison of mean time to hatch revealed differences between groups (p < 

0.0001, Table 10). With pairwise comparisons, the means for time to hatch for the following 

groups were different: nCTRL and iCTRL hatched earlier than other three treatment groups (p < 

0.0001). Low dosage group hatched earlier than high dosage group (p = 0.039). Low and 

medium groups had similar mean time to hatch (p = 0.184) as well as medium and high groups 

(p = 0.628).   

3.4. Early fry survival  

3.4.1. TICAM 1 

Fry started to die one day after hatch. Survival percent ranged from 54 to 97 % in 

medium dosage and nCTRL groups respectively (Figure 20, Table 10). Comparison of mean 

survival percent revealed significant differences between at least two groups (Welch’s test, p = 

0.001). Games-Howell pairwise comparisons detected significant differences in the survival 

percent between the iCTRL and nCTRL groups (p = 0.001). All other pairwise comparisons were 

not significant (p > 0.05). Accounting for the survival time to death, the nCTRL group had the 

highest mean survival time to death (17.7 dpf) while the medium dosage group had the shortest 

mean survival time to death (14.3 dpf) (Table 10). Survival curves were plotted (Figure 20) and 

pairwise comparisons of survival curves revealed significant differences between the nCTRL and 

iCTRL group (p = 0.001), nCTRL and the three treatment groups (low, medium, high dosages) 

(p < 0.0001). All other pairwise comparisons were not significant (p > 0.05). 
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Figure 20 Early survival of channel catfish (Ictalurus punctatus) fry injected at the one-cell stage 

with different dosages of gRNAs and Cas9 protein (low dosage: 2.5 ng gRNA/7.5 ng Cas9 

protein, medium dosage: 5 ng gRNA/15 ng Cas9 protein and high dosage: 7.5 ng gRNA/22.5 ng 

Cas9 protein) targeting toll/interleukin 1 receptor domain-containing adapter molecule (TICAM 

1) gene.  A: The fry survival percent in the three treatment and two control groups at 18 day post 

fertilization (dpf). B: Kaplan-Meier plot of survival curves for the five groups with alive fry 

being censored.  

3.4.2. RBL 

 The fry mean survival ranged from 62.1 to 97.5 % with the means of treatment groups 

lower than the control groups (Table 10) (Figure 21).  The shortest mean survival time to death 

was recorded in the high dosage group (14.8 dpf) while the longest mean time to death was 17.8 

dpf for the iCTRL group. Kaplan-Meier plot of survival curves (Figure 21) illustrated the 

differences in survival time to death between different groups. Overall comparison revealed 

differences between at least two groups (p < 0.0001). Pairwise comparisons detected the 

significant differences between control and treatment groups in mean time to death. nCTRL and 

iCTRL groups had similar fry mean time to death (p = 0.170). iCTRL group had significantly 
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longer mean time to death when compared to low dosage (p = 0.001), medium dosage and high 

dosage groups (p < 0.0001). nCTRL group had significantly longer time to death when compared 

to the low dosage (p = 0.004), medium dosage (p = 0.003) and high dosage groups (p < 0.0001). 

Treatment groups had statistically similar mean survival times to death (low and medium p = 

0.776, low and high p = 0.107, medium and high p = 0.272).  

 

Figure 21 Early survival of channel catfish, Ictalurus punctatus, fry microinjected at the one-cell 

stage with different dosages of gRNA/Cas9 protein (low dosage: 2.5 ng gRNA/7.5 ng Cas9 

protein, medium dosage: 5 ng gRNA/15 ng Cas9 protein and high dosage: 7.5 ng gRNA/22.5 ng 

Cas9 protein) targeting rhamnose binding lectin (RBL) gene compared to the injected control 

(iCTRL) and non-injected control (nCTRL) groups. A: Mean percent survival of fry at 18 dpf. B: 

Kaplan-Meier plot of survival curves for the five groups with alive fry being censored.  

3.5. Pooled analysis (TICAM and RBL combined) 

3.5.1. Embryo mortality 

 Embryo mortality percent ranged from 18.1% in the nCTRL group to 82.6% in the high 

dosage group (Figure 22). Overall comparison of mortality % revealed significant differences (p 
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= 0.0001) between groups. Significant differences in mortality percent were detected between 

low and medium dosages (p = 0.025), low and high dosages (p = 0.006), low dosage and nCTRL 

(p = 0.006), medium dosage and both iCTRL and nCTRL (p = 0.004), high dosage and iCTRL (p 

= 0.004), high dosage and nCTRL (p = 0.004) and iCTRL and nCTRL (p = 0.016). No 

differences in mortality percent were detected between medium and high dosages (p = 0.749) 

and low dosage and iCTRL group (p = 0.150) (Table 10). 

 

Figure 22 Embryo mortality of channel catfish (Ictalurus punctatus) embryos injected with 

different dosages of gRNAs and Cas9 protein targeting toll/interleukin 1 receptor domain-

containing adapter molecule (TICAM 1) gene and rhamnose binding lectin (RBL) gene 

compared to two control groups (injected control, iCTRL, and non-injected control, nCTRL). 

Guide RNA/Cas9 protein dosages included low dosage: 2.5 ng gRNA/7.5 ng Cas9, medium 

dosage: 5 ng gRNA/15 ng Cas9 and high dosage: 7.5 ng gRNA/22.5 ng Cas9. Medium and high 

dosages had the highest mortality % while the non-injected group had the lowest mortality %.   
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Kaplan-Meier test detected significant differences between at least two groups (p < 

0.0001). Except medium and high dosage which had statistically similar mean time to death (p = 

0.150), all other pairwise comparisons were different (p < 0.0001). nCTRL had the longest mean 

time to death (7.5 dpf) (p < 0.0001), followed by iCTRL which had the second longest mean 

time to death (6.2 dpf) (p < 0.0001). Mean time to death for low dosage group (5.4 dpf) was 

shorter than nCTRL and iCTRL groups (p < 0.0001) and longer than the medium and high 

dosage groups (p < 0.0001) which had a mean survival time of 4.3 and 4.8 dpf respectively 

(Figure 23,Table 10).  

 

 
 

Figure 23 Kaplan-Meier plot of survival curves of channel catfish (Ictalurus punctatus) dead and 

alive (censored) embryos injected with different dosages of gRNAs and Cas9 protein targeting 

toll/interleukin 1 receptor domain-containing adapter molecule (TICAM 1) gene and rhamnose 

binding lectin (RBL) gene compared to two control groups (injected control, iCTRL, and non-

injected control, nCTRL).  Three dosages were injected (low dosage: 2.5 ng gRNA/7.5 ng Cas9, 
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medium dosage: 5 ng gRNA/15 ng Cas9 and high dosage: 7.5 ng gRNA/22.5 ng Cas9). Mortality 

in the low dosage group was not different from the iCTRL group (p = 0.295). Except for 

mortality percent in the medium and high dosage groups, which was not different (p > 0.05), all 

other pairwise comparisons were significantly different (p < 0.05).  

3.5.2. Embryo hatch 

Overall hatching percent was significantly different among the five groups (p < 0.0001) 

(Table 7). Hatching % was statistically different in low and medium dosages (p = 0.025), low 

and high dosages (p = 0.006), low and iCTRL (p = 0.006), low and nCTRL (p = 0.004), medium 

and iCTRL (0.004), high dosage and iCTRL (p = 0.004), high and nCTRL (p = 0.004) and 

iCTRL and nCTRL (p = 0.016). No differences in the hatching percent were detected between 

medium and high dosages (p = 0.749) and low and iCTRL (p = 0.150) (Figure 24, Table 10).  

 

Figure 24 Hatching percent of channel catfish (Ictalurus punctatus) embryos injected with 

different dosages of gRNAs and Cas9 protein targeting toll/interleukin 1 receptor domain-

containing adapter molecule (TICAM 1) gene and rhamnose binding lectin (RBL) gene 
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combined. Three dosages were injected (low dosage: 2.5 ng gRNA/7.5 ng Cas9, medium dosage: 

5 ng gRNA/15 ng Cas9 and high dosage: 7.5 ng gRNA/22.5 ng Cas9). Medium and high 

injection dosages had the lowest hatching % (p < 0.05) while the non-injected control (nCTRL) 

had the highest hatching %.  

Time to hatch for each group was plotted (Figure 25) and comparison of mean time to 

hatch revealed significant differences between at least two groups (p = 0.001). Mean time to 

hatch was significant different between nCTRL and low dosage (p = 0.022), nCTRL and medium 

dosage (p = 0.0004), nCTRL and high dosage (p = 0.016), low and medium dosages (p = 0.038) 

and medium dosage and iCTRL (p = 0.005). All other pairwise comparisons of time to hatch 

were not significant (p > 0.05) (Table 10).  

 

 
 

Figure 25 Plot of time-to-hatch (days post fertilization, dpf) of channel catfish (Ictalurus 

punctatus) embryos injected with different dosages of gRNAs and Cas9 protein targeting 

toll/interleukin 1 receptor domain-containing adapter molecule (TICAM 1) gene and rhamnose 

binding lectin (RBL) gene combined. Three dosages were injected (low dosage: 2.5 ng 
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gRNA/7.5 ng Cas9, medium dosage: 5 ng gRNA/15 ng Cas9 and high dosage: 7.5 ng 

gRNA/22.5 ng Cas9). Hatching rate was calculated as the fraction of total embryos that hatched.  

 

3.5.3. Fry survival 

The highest fry survival percent ± standard error was recorded in the nCTRL group 

(94.9% ± 4.40) followed by the iCTRL group (82.7% ± 16.62) while the lowest was recorded in 

the medium group (63.0 ± 18.97) (Figure 26), however, fry survival % was not significantly 

different in all five groups (p > 0.05) (Table 10).  

 

Figure 26 Combined fry survival percent of channel catfish (Ictalurus punctatus) injected with 

different dosages of gRNAs and Cas9 protein targeting toll/interleukin1 receptor domain-

containing adapter molecule (TICAM 1) gene and rhamnose binding lectin (RBL) gene. Three 

dosages were injected (low dosage: 2.5 ng gRNA/7.5 ng Cas9, medium dosage: 5 ng gRNA/15 

ng Cas9 and high dosage: 7.5 ng gRNA/22.5 ng Cas9). Survival % was calculated at 18 days 

post fertilization. Medium and high injection dosages had the lowest hatching % (p < 0.05) while 

the non-injected control (nCTRL) had the highest hatching %.  

0

20

40

60

80

100

Low Medium High iCTRL nCTRL

Pe
rc

en
t

Treatments

Combined Fry survival % for TICAM and RBL



116 

 

Kaplan-Meier test revealed significant differences in the fry mean time to death among 

groups (p < 0.0001). Survival curves were plotted (Figure 27) and the fry survival time was 

longer in the control groups than the treatment groups with the following pairwise comparisons 

being significant: the three treatment groups (low, medium and high) and nCTRL (p < 0.0001), 

medium and iCTRL (p = 0.007), high and iCTRL (p = 0.048) and iCTRL and nCTRL (p < 

0.0001) (Table 7). All other pairwise comparisons were not significant (p > 0.05) (Table 7).  

 
 

Figure 27 Kaplan-Meier plot of survival curves of channel catfish (Ictalurus punctatus) fry 

injected at the one-cell stage with different dosages of gRNAs and Cas9 protein (low dosage: 2.5 

ng gRNA/7.5 ng Cas9, medium dosage targeting toll/interleukin 1 receptor domain-containing 

adapter molecule (TICAM 1) gene and rhamnose binding lectin (RBL) gene. Three dosages were 

injected (5 ng gRNA/15 ng Cas9 and high dosage: 7.5 ng gRNA/22.5 ng Cas9). Survival was 

calculated starting at the fry hatch date until 18 days post fertilization (dpf) where alive fry were 

censored.  
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Table 10 Total injected embryos, number and percent of dead and alive embryos, mean time to death (days post fertilization, dpf) ± 

standard error (SE), mean time to hatch (dpf) ± SE, hatch % ± SE, fry survival % ± SE and fry mean survival time to death (dpf) ± SE 

for channel catfish, Ictalurus punctatus, embryos injected with different dosages of guide RNAs (gRNAs) and Cas9 protein targeting 

the channel catfish toll/interleukin 1 receptor domain-containing adapter molecule (TICAM 1) gene and rhamnose binding lectin 

(RBL) gene. Three dosages of gRNA were injected including low dosage (2.5 ng gRNAs, 7.5 ng Cas9 protein), medium dosage (5 ng 

gRNAs, 15 ng Cas9 protein) and high dosage (7.5 ng gRNAs, 22.5 ng Cas9 protein). Two control groups included a control that has 

been injected with the same volume of injection solution (composition: water with up to one third of 0.5% phenol red solution, no 

gRNA/Cas9 protein) as the treatment groups which was 50 nanoliters for all microinjected embryos (iCTRL) and a non-injected 

control (nCTRL). Significant differences are marked with different superscript letters.  

Group Total 

embryos 

injected 

Dead embryos Alive embryos Embryo 

mean time 

to death 

(dpf) ± SE 

Mean time 

to hatch 

(dpf) ± SE 

Hatch % ± SE Fry survival 

% ± SE 

Fry mean 

time to 

death (dpf) 

± SE 

Number % Number % 

TICAM 1 

Low  140 63 45.0 77 55.0 6.0 ± 0.22a 7.0 ± 0.08a 55.0 ± 13.63ab 70.1 ± 6.99 ab 15.2 ± 0.49a 

Medium  126 100 79.4 26 20.6 4.2 ± 0.21b 7.4 ± 0.13a 20.6 ± 9.65a 53.8 ± 9.35 ab 14.3 ± 0.81a 

High  108 88 81.5 20 18.5 4.3 ± 0.24b 7.3 ± 0.18a 18.5 ± 5.71a 80.0 ± 19.90 ab 16.2 ± 0.83a 

iCTRL 159 83 52.2 76 47.8 5.9 ± 0.18a 7.1 ± 0.10a 47.8 ±4.85ab 67.1 ± 1.51 a 15.1 ± 0.49a 

nCTRL 263 60 22.8 203 77.2 7.4 ± 0.08 7.1 ± 0.05a 77.2 ± 7.60b 96.6 ± 1.31 b 17.7 ± 0.13 
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Table 10 Continued.  

 

 

 

 

 

Group Total 

embryos 

injected 

Dead embryos Alive embryos Embryo 

mean time 

to death 

(dpf) ± SE 

Mean time 

to hatch 

(dpf) ± SE 

Hatch % ± SE Fry survival 

% ± SE 

Fry mean 

time to 

death (dpf) 

± SE 

Number % Number % 

RBL 

Low  166 120 72.2 46 27.7 4.6 ± 0.18 a 6.3 ± 0.07a 27.7 ± 2.57 80.4 ± 7.06 16.2 ±0.56a 

Medium  124 104 83.9 20 16.1 4.2 ± 0.22 a 6.5 ± 0.12ab 16.1 ± 0.75 a 75.0 ± 12.37 16.0 ± 0.78a 

High  173 145 83.8 28 16.2 5.0 ± 0.15 a 6.6 ± 0.10b 16.2 ± 1.27 a 62.1 ± 2.75 14.8 ± 0.78a 

iCTRL 114 34 29.8 80 70.2 5.9 ± 0.17 6.1 ± 0.03c 70.2 ± 0.90 97.5 ± 1.27 17.8 ± 0.12b 

nCTRL 244 32 13.1 212 86.9 6.7 ± 0.07 6.1 ± 0.02c 86.9 ± 4.25 93.4 ± 3.39 17.4 ± 0.15b 

TICAM and RBL combined 

Low  306 183 59.8b 123 39.8 5.4 ± 0.15 6.7 ± 0.06b 40.2 ± 8.68b 74.0 ± 4.82a 15.6 ± 0.37ab 

Medium  250 204 81.6a 46 18.4 4.3 ± 0.16a 7.0 ± 0.11a 18.4 ± 4.55a 63.0 ± 7.75a 15.0 ± 0.58a 

High  281 232 82.6a 49 17.4 4.8 ± 0.14a 6.9 ± 0.10 ab 17.4 ± 2.66a 69.4 ± 9.25a 15.3 ± 0.58a 

iCTRL 273 117 42.9b 156 57.1 6.2 ± 0.14 6.6 ± 0.06bc 57.1 ± 5.48b 82.7 ± 6.78a 16.5 ± 0.27b 

nCTRL 507 92 18.1 415 81.9 7.5 ± 0.06 6.5 ± 0.04c 81.9 ± 4.46 94.9 ± 1.80a 17.6 ± 0.10 
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4. Discussion 

In the current study, the effects of microinjection of three dosages of guide RNA 

(gRNA)/Cas9 protein (low, 2.5 ng gRNA/7.5 ng Cas9, medium, 5 ng gRNA/15 ng Cas9 and 

high, 7.5 ng gRNA/22.5 ng Cas9) on the mutation rate, embryo mortality, hatchability and early 

fry survival in channel catfish were investigated. Efficient mutagenesis was achieved as 

demonstrated by PCR, Surveyor® assay and DNA sequencing. The higher dosages achieved 

higher mutation rates. The mutation rate was higher for each dosage in 4-month-old fingerlings 

than dead embryos. Microinjection procedure increased the embryo mortality when injected 

control embryos were compared to non-injected controls. Injection of gRNA/Cas9 protein 

increased the embryo mortality and congenital anomalies in 4-month-old fingerlings when 

compared to the injected control embryos. Hatching percent was reduced with injection of higher 

dosages of gRNA/Cas9 protein.  

Microinjection continues to be the most effective and reliable method to deliver 

biologically active substances such as DNA, RNA or protein into embryos (Xu, 1999), however, 

microinjected embryos had lower survival rates when compared to their non-injected siblings 

(Rosen et al., 2009, Schubert et al., 2014). Survival of microinjected embryos depends on the 

substance and the volume being injected. The larger the volume of microinjection, the higher the 

embryo mortality. (Schubert et al., 2014). Schubert el al. (2014) found that increasing the 

injection volume increased embryo mortality. In their study, injection of 0.5 nL autoclaved water 

reduced the survival of zebrafish embryos at 96 h from 98% to 95% while the injection of 4.2 nL 

reduced the survival to 84% when compared to controls (98%).  
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Ideal volumes injected into zebrafish (Danio rerio) embryos were variable depending on 

where injection took place. For delivery of injection materials into one cell embryo, 10 – 20% of 

the cytoplasmic volume was injected (Xu, 1999). For microinjection into the yolk, up to 10% of 

the egg volume can be injected (Rosen et al., 2009). In case of the fully automated robotic 

microinjection, 3 nL were injected into single zebrafish embryos (Wang et al., 2007) which is 3 

times the volume injected by Yin et al. (2015). The injection of 3 nL (300 nM) of fluorescein-

tagged morpholinos targeting the gene no tail into the cytoplasm of one cell zebrafish embryos 

with an automated microinjection system resulted in 98% survival with 98.5 of surviving 

embryos exhibiting the intended tailless phenotype (Wang et al., 2007). In this study, 50 nL were 

injected into the yolk which is about 0.04% of the total egg volume assuming the average 

diameter of channel catfish eggs is 3 mm (Chapman, 2000).  

Part of the embryo mortality in this experiment could be attributed to the microinjection 

procedures. Comparing the embryo mortality in nCTRL with the iCTRL groups confirmed the 

adverse effects of microinjection on embryo survival. Embryo survival was reduced from 81.9% 

to 57.1% due to microinjection of 50 nL of buffer (water and phenol red). The nCTRL group had 

significantly longer mean time to death and higher survival percent when compared to the 

iCTRL group. Except for microinjection, embryos in the 2 groups were full sib and have been 

exposed to the same handling stress. The same result was obtained for both genes, TICAM 1 and 

RBL. A similar conclusion was drawn when zebrafish embryos were microinjected with 0.5 and 

4.2 nL of autoclaved water (Schubert et al., 2014). In the current study, a coloring material 

(phenol red) was used to track the injection. This technique has been used by several researchers 

(Yuan and Sun, 2009, Benard et al., 2012, Feng et al., 2015, Hisano et al., 2015, Yin et al., 2015, 
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Erickson et al., 2016, Xiao and Zhang, 2016), however, the effects of adding phenol red to the 

injection material on survival rate of fish embryos have not been investigated.  

 Another cause of embryo mortality could be due to gRNA/Cas9 protein dose. To assess 

the effects of different doses of gRNA/Cas9 protein on embryo survival, a group of embryos 

were injected with the same injection volume without gRNA/Cas9 protein. The three treatments 

(low, medium and high dosage) and iCTRL groups were full sib, exposed to the same handling 

stress and reared in the same environmental conditions with three replicates for each treatment to 

reduce the experimental error. However, in the six gRNA/Cas9 treatments for TICAM 1 and 

RBL genes combined, five treatments (all except the low dose for TICAM1 gene) showed 

significant effects of gRNA/Cas9 protein where embryo survival was reduced when compared to 

the iCTRL treatment. In the current experiment, embryo hatching % varied depending on the 

treatment with the lowest hatch rate in high dosage (17.4 % for TICAM 1 and RBL combined) 

which is still higher than the hatch rate (9%) obtained by Oin, (2015) when channel catfish 

embryos were microinjected with 100 picogram of gRNA and 300 picogram of Cas9 mRNA 

targeting gonadotropin releasing hormone (GnRH). The volume of injection was not reported 

and no coloring material was used. In his injected control embryos, hatch rate was 11% which is 

less than the hatch rate of injected control embryos in the current study (57.1% for TICAM 1 and 

RBL combined).  

Increasing the concentration of TICAM 1 gRNA/Cas9 protein increased the mutation rate 

of both genes as well as the mortality rate of channel catfish embryos. In zebrafish, a similar 

conclusion was obtained when varying concentrations of gRNA and Cas9 mRNA were injected 

(Shah et al., 2015). The researchers concluded that increasing the concentration of Cas9 mRNA 
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injected into zebrafish embryos led to increasing occurrence of toxic phenotypes ranging from 

death after several hours to general problems with the heart, nervous system and axis formation. 

When higher concentrations of gRNAs targeting the solute carrier family 24 member 5 

(SLC24A5) gene were injected into zebrafish embryos, gene knockout as well as toxicity 

increased (Shah et al., 2015).  

DNA sequencing proved the efficiency of CRISPR/Cas9 system in inducing mutations in 

channel catfish. The frequency of different types of mutations can give an idea about how early 

in the development CRISPR/Cas9 protein induced-mutations take place. The fewer types of 

mutations with high frequency may indicate cleavage of DNA targets by Cas9 protein at earlier 

developmental stages. In RBL, low dosage embryos had four types of mutations. In the medium 

dosage, there were two types of mutations in one mutated embryo while in another one, there 

was only one type of mutation in all sequencing reactions (15/15) suggesting the possibility of 

mutating RBL gene at the one-cell stage. No wild type alleles were detected by sequencing in 

medium and high dosage. The two types of mutation in medium and high dosages suggest bi-

allelic mutation of RBL gene in which DSB in each of the two alleles resulted in a different type 

of mutation. CRISPR/Cas9 induced bi-allelic mutations were reported in zebrafish when the 

tyrosinase gene was targeted (Jao et al., 2013). Tyrosinase mutant embryos were mosaic for 

pigmentation suggesting that there are still some cells with the wild type tyrosinase gene that can 

produce pigmentation.  

TICAM 1 and RBL are immune-related genes that play a significant role in the disease 

progression pathway of enteric septicemia of catfish and columnaris disease, respectively 

(Baoprasertkul et al., 2006, Beck et al., 2012, Peatman et al., 2013, Thongda et al., 2014). 
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However, there is not enough information on their pleiotropic effects and if knockout of the 2 

genes would affect survival. Successful knockout of those genes has been achieved as described 

in chapters 2 and 3, so the possibility of the knockout affecting the survival of channel catfish 

embryos cannot be eliminated without further investigation. Pleiotropic effects for gene 

knockout were previously reported (Ho et al., 1997, Söker et al., 2008) such as the immune 

suppression in myostatin-deficient medaka (Chiang et al., 2015). The possibility of the effects of 

off-target mutations on embryo survival exists. However, many researchers reported that low off-

target frequency is associated with CRISPR/Cas9 system (Cho et al., 2014, Smith et al., 2014, 

Veres et al., 2014, Kim et al., 2015). In contrast, some researchers reported substantial off-target 

effects for the CRISPR/Cas9 system (Cradick et al., 2013, Fu et al., 2013, Pattanayak et al., 

2013). These conflicting conclusions might be due to the design of gRNA, the method of off-

target mutation detection or the gene being targeted (Kim et al., 2015). Toxic effects of gRNA 

depend on the genes that may have been off-targeted and it is difficult to eliminate this 

possibility in the current experiment. In RBL, the three doses of gRNA resulted in statistically 

similar embryo survival that was different from the iCTRL treatment. However, with more 

replication, the low dose may result in statistically lower mortality as the embryo survival was 

18% higher than the closest (high) dose.  

The introduction of nucleic acids into fish embryos may affect the embryo hatch rate and 

time (Dunham, 2011, Su et al., 2015). In channel catfish, these effects are usually reduced hatch 

rate and extended hatching time of transgenic embryos when compared to controls (Su et al., 

2015). In the current experiment, the effects of different doses of gRNA/Cas9 protein on the 

mean time to hatch were variable. In TICAM 1, no differences in mean time to hatch were 

detected between the treatments and controls suggesting that, under the current experimental 
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conditions, neither microinjection procedures nor different doses of gRNA/Cas9 protein have 

significant effects on hatch time. In RBL, microinjection procedures did not affect the time to 

hatch (nCTRL and iCTRL groups had similar mean time to hatch). However, gRNA/Cas9 

injection delayed the hatch time when compared to controls. Moreover, increasing the dose of 

gRNA/Cas9 increased the time to hatch (delayed hatch). Su et al. (2015) found that the effects of 

transgenic sterilization constructs introduced by electroporation on embryo hatching time were 

variable. Some constructs did not affect the mean time to hatch while others delayed the embryo 

hatch time when compared to controls.  

The effects of gRNA/Cas9 on delaying the embryonic development and subsequent 

extension of embryo time to hatch cannot be eliminated. Those effects may be attributed to the 

double strand breaks induced in the DNA. The adverse effects of DNA damage on embryonic 

development exist and such effects depend on the severity of the DNA damage. In mice, severe 

sperm DNA damage induced by sperm chromatin fragmentation (SCF) resulted in delayed 

paternal DNA replication and retarded the embryonic development and a large proportion of the 

embryos were arrested at the G2/M (second gap phase/mitosis) border (Gawecka et al., 2013). 

There is also time needed by the cell to repair the DNA double strand break which may delay 

embryonic development and result in temporary cell arrest during the cell cycle until the DNA 

repair is complete (Lliakis, 1991). This time ranges from several minutes to several hours 

depending on the type of cells, the repair mechanism and the severity of the DNA double strand 

breaks (Bradley and Kohn, 1979, Iliakis et al., 1991, Nunez et al., 1995).  

Microinjection procedure decreased the hatching percent significantly in RBL, while in 

TICAM 1, the hatch percent in the nCTRL group was still 22% higher than iCTRL group, but 
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the difference was not statistically different due to the high variation in hatch percent between 

replicates. The injection of gRNA/Cas9 protein reduced the hatch % significantly in RBL when 

compared to the iCTRL group, and increasing the dosage from low to medium reduced the hatch 

%, which is mainly affected by the embryo mortality in each treatment. Although it was not 

significant for TICAM 1, the hatch % was reduced by more than 30% when the dosage was 

increased from low to medium. Fry in most treatments had significantly lower mean survival 

time when compared to the nCTRL revealing the possible effects of microinjection and/or the 

dosage of gRNA/Cas9 on early fry survival. The microinjection procedure significantly reduced 

the early fry survival in TICAM 1 but gRNA/Cas9 protein did not affect fry survival. In RBL, 

the gRNA/Cas9 protein reduced fry survival. 

5. Conclusion 

The effects of microinjection of different dosages of gRNAs/Cas9 targeting TICAM 1 

and RBL genes on embryo survival, hatch and early fry survival were evaluated. Microinjection 

procedures increased embryo mortality. Increasing the dosage of gRNA/Cas9 protein increased 

embryo mortality and reduced hatching percent. Effects on mean time to hatch were different 

depending on the gene being targeted. In TICAM 1, no differences were detected between 

treatment and control groups. In RBL, mean time to hatch was longer in treatment groups when 

compared to controls. Means of fry survival time to death were similar for the three dosages. The 

current study paves the way for better design of genome editing studies in catfish and can be 

modified for other fish species. Determining the best dosage for mutation, embryo survival, 

hatch and fry survival would facilitate the generation of sufficient numbers of founder fish 

carrying different mutations.   
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Chapter 4: Effects of cecropin B gene transfer and interspecific hybridization on the 

resistance to Ichthyophthirius multifiliis in channel catfish, Ictalurus punctatus, and channel 

catfish female x blue catfish male, I. furcatus, hybrids 

 

Abstract 

The resistance of channel catfish (Ictalurus punctatus), the channel catfish female X blue 

catfish (Ictalurus furcatus) male (CB) hybrid, and channel catfish and hybrid catfish containing 

cecropin B gene driven by the cytomegalovirus (CMV) promoter to ich, Ichthyophthirius 

multifiliis, infection was investigated. Two experiments were conducted. Transgenic and non-

transgenic channel catfish and CB hybrid catfish fingerlings were used in experiment I while 

food-size non-transgenic channel catfish and hybrid catfish were used in experiment II. In 

experiment I, four catfish fingerling groups (total 80 fingerlings) including cecropin transgenic 

channel catfish, cecropin transgenic CB hybrid catfish, non-transgenic channel catfish and non-

transgenic CB hybrid catfish, were challenged communally in the same tank and mortality was 

recorded in each group. Dead fish were sampled for DNA analysis and necropsied to confirm the 

cause of death. Transgenic fish were identified by nested PCR amplifying a partial sequence of 

the CMV promoter then confirmed by DNA sequencing. The fish started to die on the 5th day 

and cumulative mortality reached 98.7% 12 days after infection. No correlation was detected 

between body weight and time to death for all groups. Non-transgenic channel catfish lived the 

shortest time when compared to the three other groups. Survival analysis indicated significant 

differences between at least two groups (p < 0.05). Pairwise comparisons revealed significant 
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differences between non-transgenic channel catfish and the three other groups (p < 0.05). No 

differences were detected between cecropin transgenic channel catfish, cecropin transgenic CB 

hybrid catfish and non-transgenic CB hybrid catfish (p > 0.05). In experiment II, hybrids had less 

severe infection than channel catfish (p < 0.05). Mortality percentage was 62.4 and 40.2% for 

channel catfish and hybrid catfish, respectively. Hybrid catfish were more resistant to ich 

infection and the mean survival time for hybrid catfish was significantly longer (more than five 

days longer) than channel catfish (p < 0.001). The results suggest that genetic enhancement of 

ich resistance can be accomplished in channel catfish by either cecropin transgenesis or 

interspecific hybridization. Improving survival time is important as well as survival rate, since 

extension of survival time provides greater opportunity to apply treatments to stop the ich 

infection.  

 

1. Introduction 

Ich or freshwater white spot disease is a highly contagious parasitic infestation caused by 

the protozoan Ichthyophthirius multifiliis. The disease is a major problem in aquaculture 

(Hoffman, 1999) resulting in severe economic losses (Traxler et al., 1998), especially for 

intensive production due to not only mortalities, but also the cost of treatment and control 

measures. Environmental stressors such as low dissolved oxygen, high density and low water 

quality can predispose fish to ich (Dickerson, 2006). Infective theronts attack the skin of the fish 

damaging an important barrier of defense against many invasive pathogens. As a result, the fish 

becomes more susceptible to infection of many additional fish pathogens such as Aeromonas 

hydrophila (Xu et al., 2012a) and Edwardsiella ictaluri (Xu et al., 2012b).  
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Enhancement of disease resistance would result in higher survival rates and lower losses 

due to diseases, which should lead to increased productivity, profitability, efficiency and welfare 

of fish (Dunham, 2009). Disease resistance in aquaculture fish species can be enhanced by 

selection, crossbreeding, interspecific hybridization and transgenesis (Dunham, 2011).  

Genetic variation within and between species may result in different levels of disease 

resistance in fish (Wiegertjes et al., 1996) which could be exploited to develop disease resistant 

varieties of fish. Evidence of interspecific and intraspecific variation in resistance to 

Ichthyophthirius multifiliis has been observed in poeciliid and goodeid fishes (Clayton and Price, 

1992) and between species of rainbowfish (Melanotaenia eachamensis and Melanotaenia 

splendida) (Gleeson et al., 2000). Reciprocal hybrids of Xiphophorus maculatus and 

Xiphophorus variatus had significantly lower infection levels for ich when compared to the 

parental stock (Clayton and Price, 1994). 

The hybrid between channel catfish (Ictalurus punctatus) females and blue catfish 

(Ictalurus furcatus) males (CB hybrid) is the only hybrid of almost 50 ictalurid hybrids that 

possesses superior economically important traits compared to both parent species (Smitherman 

and Dunham, 1985). CB hybrids are superior in growth, resistance to many pathogens, higher 

survival and production in high density ponds, tolerance to low dissolved oxygen levels, and 

increased harvestibility and dress out percentage (Dunham and Masser, 2012). Xu et al. (2011)  

concluded that the resistance to ich was not significantly different among CB hybrids, channel 

catfish and blue catfish, although the mean observed survival of the CB hybrids was the highest.   

Another approach that has been used to enhance disease resistance is the generation of 

cecropin transgenic fish. Cecropins are antimicrobial peptides that are more effective against 
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Gram-negative than Gram-positive bacteria (Moore et al., 1996). Generation of F1 cecropin B 

transgenic channel catfish enhanced the resistance to Flavobacterium columnare and 

Edwardsiella ictaluri when compared to non-transgenic controls (Dunham et al., 2002). 

Resistance to Pseudomonas fluorescens and Vibrio anguillarum was enhanced by the transfer of 

cecropin gene to the medaka (Oryzias latipes) (Sarmasik et al., 2002).  

In addition to the antibacterial properties of cecropin, antiviral, antifungal and 

antiprotozoal activities have been reported. Homozygous cecropin P1 and CF-17 transgenic 

rainbow trout (Oncorhynchus mykiss) exhibited improved resistance to Aeromonas salmonicida 

and infectious hematopoietic necrosis virus (IHNV) (Chiou et al., 2014). Cecropins inhibited the 

replication of human immunodeficiency virus 1 (HIV-1) by suppressing viral gene expression 

(Wachinger et al., 1998). In vitro antifungal activity of cecropin has been demonstrated against 

different fungal species including Aspergillus, Fusarium (De Lucca et al., 1998, De Lucca et al., 

2000) and Candida species (Park et al., 1997).  

Cecropin also exhibited antiprotozoal activity against Plasmodium and Leishmania 

species by reducing or inhibiting cyst development (Boman et al., 1989, Gwadz et al., 1989, 

Akuffo et al., 1998). Plasmodium berghei oocyst production was reduced by 60% in cecropin A 

transgenic mosquito Anopheles gambiae when compared to non-transgenic mosquitos (Kim et 

al., 2004). There is no information available on whether the resistance to ich could be enhanced 

by the generation of cecropin B transgenic fish or catfish. The objectives of the current study 

were to compare cecropin transgenesis, interspecific hybridization and their combination for 

genetically enhancing the resistance to ich for catfish. 
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2. Methods 

This study was conducted to assess the resistance to ich in different cecropin transgenic 

and non-transgenic catfish genotypes at the fingerling and food size stages, and was organized 

into two separate experiments. Experiment I was conducted with fish at the fingerling stage 

representing 4 genotypes: cecropin transgenic channel catfish, cecropin transgenic CB hybrid 

catfish, non-transgenic channel catfish and non-transgenic CB hybrid catfish. Experiment II was 

conducted with non-transgenic channel catfish and non-transgenic CB hybrid catfish at the food 

size stage. All experimental protocols used in this experiment were approved by the Auburn 

University Institutional Animal Care and Use Committee (AU-IACUC) before the experiment 

was initiated. 

 

2.1. Experiment I: Effects of cecropin B gene transfer on the resistance to ich in channel 

catfish and CB hybrid catfish at the fingerlings stage 

Eighty 10-month-old fish comprising 4 different genetic groups, cecropin transgenic 

channel catfish, cecropin transgenic CB hybrid catfish, non-transgenic channel catfish and non-

transgenic CB hybrid catfish, were randomly chosen for this experiment. Four fish were lost 

during the experiment due to predation or other unknown causes, thus the data was collected on 

76 fish. Mean body weight ranged from 7.65 to 10.96 g (Table 11). Cecropin transgenic channel 

catfish were F3 cecropin transgenic channel catfish whose F1 ancestors exhibited improved 

bacterial disease resistance against Edwardsiella ictaluri and Flavobacterium columnare 

(Dunham et al., 2002). Cecropin transgenic hybrid catfish were produced by crossing F2 cecropin 

transgenic channel catfish females with a non-transgenic mix strain of blue catfish males. 
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Channel catfish came from ten spawns (seven cecropin transgenic, three non-transgenic) while 

CB hybrids were produced from five spawns (two cecropin transgenic and three non-transgenic). 

The cecropin gene was driven by the cytomegalovirus (CMV) promoter in all cecropin 

transgenic catfish. All the cecropin transgenic channel catfish and non-transgenic channel catfish 

parents used for production of the fish used in the study were from the same line and reared in 

the same earthen pond. Fingerling fish used in this experiment were reared in aquaria at the Fish 

Genetics Research Unit, E. W. Shell Fisheries Research Center, Auburn University, AL. 

The disease challenge was a blind experiment. The fish were randomly chosen for the 

challenge without identifying the genotype which resulted in unequal numbers of fish in the four 

groups. After the challenge was completed and time of death was recorded for each fish, tissue 

samples were analyzed to identify the classification of each fish. Fish were moved to a 200L 

challenge tank in a flow through system one week before the challenge was initiated. They were 

kept communally in the same tank with continuous water flow. All fish were healthy and free of 

any disease symptoms before the experiment was initiated.  

A cohabitation challenge was conducted by placing eight ich-moribund catfish obtained 

from a natural outbreak into the challenge tank. The fish used for infection were excluded from 

the analysis. Dissolved oxygen and temperature were measured daily. During the entire 

experiment, dissolved oxygen was above 5 ppm using air supplied from air blowers.  

Temperature ranged from 19 °C at the beginning of the experiment and reached 26 °C at the end 

of experiment. Dead fish were collected twice per day, morphologically identified as channel 

catfish or CB hybrid catfish, weighed and the anal fin sampled for DNA analysis. Dead fish were 

necropsied to confirm the cause of death. No other disease infections were observed during the 
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challenge and no treatment was applied for ich in this experiment. This experiment was 

terminated at day 20. All the fish died except one cecropin transgenic channel catfish. 

Table 11 Number of fish, mean body weight (g) ± standard deviation (SD), estimated mean 

survival time to death ± standard error (SE) and 95% confidence intervals for cecropin transgenic 

channel catfish (Ictalurus punctatus), non-transgenic channel catfish, cecropin transgenic 

channel catfish female X blue catfish (Ictalurus furcatus) male (CB) hybrid catfish and non-

transgenic CB hybrid catfish challenged with Ichthyophthirius multifiliis. Estimated mean 

survival time for non-transgenic channel catfish was significantly different (p < 0.05) from the 

other three groups in which no differences were detected (p > 0.05).  

Group Number 

of fish 

Mean body 

weight (g) ± SD 

Mean time to death (days) 

Estimate SE 95% confidence 

interval 

Cecropin 

transgenic 

channel catfish 

23 10.96 ± 3.49 8.7a 0.6 7.5 9.8 

Non-transgenic 

channel catfish 

13 7.71 ± 2.79 7.1b 0.4 6.4 7.9 

Cecropin 

transgenic CB 

hybrid catfish 

25 7.65 ± 2.98 8.3a 0.4 7.6 8.9 

Non-transgenic 

CB hybrid 

catfish 

15 7.57 ± 2.44 8.7a 0.4 8.0 9.5 

abMeans in the same column with same letter are not significantly different (Log rank test, p > 0.05) while 

means with different letters are significantly different (Log rank test, p < 0.05).  
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2.2. Experiment II: Evaluation of interspecific hybridization as an approach to improve 

the resistance to ich infections in food fish stage channel catfish and CB hybrid 

catfish 

This experiment was conducted with non-transgenic channel catfish and CB hybrid 

catfish from the same family and genotype as those in experiment I, but the fish were at the food 

size stage. The channel catfish and CB hybrid catfish used in this experiment were half-sibs 

(having the same channel catfish female parent). Fish used in experiment II were reared in a 400 

m2 earthen pond for two years. At the time of stocking, all fry had the same age and 

approximately the same size (~80 mg).  After the 2-year rearing period, fish were seined and 

moved to a holding facility at the Fish Genetics Research Unit, E. W. Shell Fisheries Research 

Center, Auburn University, AL. Fish were randomly split into three rectangular tanks (837 liters 

each) so that each tank had random numbers of both channel catfish and CB hybrid catfish. The 

number of fish from each genotype in each tank can be found in Table 12. 

Table 12 Number and mean body weight (kg) ± standard deviation (SD) of channel catfish 

(Ictalurus punctatus) and channel catfish female X blue catfish (Ictalurus furcatus) male hybrid 

(CB hybrid) catfish used in experiment II. Fish in tanks 1 and 2 had a natural outbreak of 

Ichthyophthirius multifiliis while tank 3, the control, did not.  

Location Channel catfish Hybrid catfish 

Number Mean body weight ± SD Number Mean body weight ± SD 

Tank 1 78 0.544 ± 0.20 51 0.717 ± 0.24 

Tank 2 47 0.770 ± 0.30 46 0.841 ± 0.23 

Tank 3 (control) 49 0.576 ± 0.27 56 0.753 ± 0.26 
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While in the holding tank, the fish had continuous water flow from the same source, were 

fed to satiation with regular catfish floating feed (32% protein), and the dissolved oxygen levels 

were kept above 5 ppm during the whole experiment using air supplied from air blowers. In 

March 2016, an outbreak of ich infection occurred in two of the three tanks at around the same 

time. Before the ich outbreak, the fish were healthy and did not show any signs of disease. Fish 

in the third tank (control) did not show any disease symptoms and no mortality was recorded in 

this tank during the entire experiment.  

The number of parasite trophonts in the sick fish skin was visually estimated to assess the 

severity or the level of infection. Since all fish had white spots on their bodies, but with variable 

numbers, three levels of infection were measured. In level 1, less than 100 trophonts were visible 

on the fish skin while in level 2, 100 – 300 parasite trophonts were visible on the skin. Level 3 

was heavily infected fish whose skin had more than 300 parasite trophonts (Figure 28).  
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Figure 28 White spots on the skin of sick channel catfish (Ictalurus punctatus) and channel 

catfish female X blue catfish (Ictalurus furcatus) male hybrid (CB hybrid) catfish caused by the 

infection with Ichthyophthirius multifiliis at food size. Blue arrow points to a channel catfish that 

is heavily infected with ich trophonts.  

When mortality began, the fish in the two tanks containing infected fish had static 

treatment with 50 ppm formalin bath for 1 hour /day. After the 1-hour formalin bath, water flow 

was resumed. Formalin treatment was applied until the mortality stopped and disease symptoms 

disappeared. Dead fish were collected twice/day, weighed, identified for species and sex, 

sampled for DNA analysis to confirm the genetic group, necropsied to confirm the cause of death 

and assigned a value representing the day of death. Since this was a natural outbreak, it was 

difficult to determine the exact time in which the fish were first exposed to the infection. To 

overcome this problem, the day in which the white spots were discovered on the fish was 
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assumed to be day 0. Experiment II was terminated at day 35 when the fish recovered completely 

and no fish died in the two tanks for nine successive days.  

2.3. Identification of parent species, hybrids and cecropin transgenic fish 

2.3.1. Sample collection and DNA extraction:  

Anal fin clips (10-20 mg) were placed into sterile 1.5 ml Eppendorf tubes, individually 

labelled and then stored at -80 °C until analysis.  DNA was extracted as follows: Tissue samples 

were digested in 600 µl of cell lysis buffer (100 mM NaCl, 10 mM Tris, 25mM EDTA, 0.5% 

SDS and 0.1 mg/ml proteinase K) in a shaker incubator for 60-90 min. Protein was precipitated 

by adding 200 µl of protein precipitation solution (Qiagen, Redwood City, CA). DNA was then 

precipitated with isopropanol, washed with 75% ethanol and dissolved in TE buffer (10 mM 

Tris, 1 mM EDTA, pH 8.0). DNA integrity was checked with 1% agarose gel electrophoresis. 

DNA concentration and purity were measured using a NanoDrop 2000 spectrophotometer 

(Thermo Scientific, Wilmington, DE).  

2.3.2. Identification of channel catfish and hybrid catfish: 

In addition to the identification of channel catfish and hybrid catfish by external 

appearance, they were also identified anatomically and molecularly. The shape of the swim 

bladder was examined in dead fish. Channel catfish had a heart shaped, single-lobed swim 

bladder, while hybrid catfish had a bi-lobed swim bladder with the anterior lobe being heart 

shaped with the posterior lobe being a small protrusion (Dunham et al., 1982, Dunham and 

Masser, 2012). Molecular identification of channel catfish and hybrid catfish was achieved by 

amplifying follistatin (Fst) and hepcidin antimicrobial (Hamp) genes using specific primers 

(Table 13) (Waldbieser and Bosworth, 2008). Hybrid catfish were heterozygous (Figure 29).  
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Figure 29 Amplification of follistatin (Fst) and hepcidin antimicrobial (Hamp) genes from 

channel catfish (Ictalurus punctatus) and channel catfish female X blue catfish (Ictalurus 

furcatus) male (CB) hybrid catfish. Lane M contains 1 kb plus DNA ladder (Invitrogen). 

Channel catfish had only one band for each of Fst and Hamp, 348 and 222 bp respectively. CB 

hybrid catfish had two bands for each gene, 399 and 348 bp for Fst and 262 and 222 bp for 

Hamp. Lanes 1-10 are catfish samples. Lanes C and H are the channel catfish and hybrid catfish 

controls, respectively. N is a no-template control.  

2.3.3. Identification of transgenic catfish: 

Nested Polymerase Chain Reaction (PCR):  

To ensure PCR specificity, the fish were analyzed for the presence or absence of the 

CMV-cecropin transgene in a two-step nested PCR targeting CMV promoter. Primers (Table 13) 

were designed using OligoPerfect™ Designer (Invitrogen). The first-step of the nested PCR was 

carried out with a 10 µl reaction in a 0.5 mL microcentrifuge tube with the following 

components: up to 10 µl PCR grade water; 1X PCR buffer without Mg (provided with the 

enzyme); 2 µM of dATP, dCTP, dGTP and dTTP each (Denville Scientific Inc., Metuchen, NJ); 

1.5 mM MgCl2; 0.2 µM CMV 1F; 0.2 µM CMV 1R; 0.2 unit of Platinum® Taq DNA 

Polymerase (Invitrogen) and 100-300 ng genomic DNA. PCR cycling conditions were as 

follows: initial denaturation at 94 °C for 4 min; 35 cycles of denaturation at 94 °C for 30 sec, 
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annealing at 58 °C for 20 sec, extension at 72 °C for 35 sec; and final extension at 72 °C for 10 

min.  

In the second-step of nested PCR, 0.5 µl of the first PCR product was used as a template. 

Primers CMV 2F and CMV 2R were used to amplify a 305 bp region (Fig. 2) that was included 

in the product amplified in the first-step PCR. A positive control was included by addition of 10 

ng of pRC/CMV plasmid DNA construct to the PCR reaction. Negative controls included DNA 

from non-transgenic channel catfish and non-transgenic hybrid catfish. A contamination control 

reaction was also included by addition of 0.5 µl of TE buffer instead of the genomic DNA since 

the genomic DNA from the fish tissue samples was dissolved in TE buffer. To check the PCR 

result, 1.5% agarose gel electrophoresis was utilized and the samples run for 30 min at 5V/cm. 

Agarose gels were then visualized with a Molecular Imager® Gel Doc™ XR+ System using 

Image Lab™ software (Bio-Rad Laboratories, Inc., California, USA). Catfish samples were 

compared to the positive control as well as the negative controls. Negative controls including 

non-transgenic channel catfish DNA and non-transgenic CB hybrid catfish DNA were used to 

confirm the absence of amplification product in negative catfish samples. A no-template control 

was used to monitor contamination of PCR screening procedures.  

Table 13 Primers used to identify fish species and transgenic fish used in the Ichthyophthirius 

multifiliis challenge. Follistatin (Fst) and hepcidin antimicrobial (Hamp) forward (F) and reverse 

(R) primers were used to identify fish genetic type (channel catfish, Ictalurus punctatus, and 

channel catfish female X blue catfish Ictalurus furcatus male (CB) hybrid catfish). 

Cytomegalovirus (CMV) primers were designed to amplify a partial sequence of CMV promoter 

in a 2-step nested PCR. CMV 1F (forward) and CMV 1R (reverse) were used in the first step of 

nested PCR while CMV 2F and CMV 2R were used in the second step. Annealing sites for CMV 
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2F and CMV 2R primers were present in the PCR product that was amplified by CMV 1F and 

CMV 1R. Primers CMV 2F and CMV 2R were also used for DNA sequencing to confirm the 

PCR results.  

Primer 

name 

Sequence 5’-3’ Product length (bp) Reference 

Fst F ATAGATGTAGAGGAGCATTTGAG 348 for channel catfish, 

399 for blue catfish 

(Waldbieser 

and 

Bosworth, 

2008) 

Fst R GTAACACTGCTGTACGGTTGAG 

Hamp F ATACACCGAGGTGGAAAAGG 222 for channel catfish, 

262 for blue catfish Hamp R AAACAGAAATGGAGGCTGGAC 

CMV 1F CCAATAGGGACTTTCCATTGAC 448 This 

dissertation CMV 1R CCAGTTAAGCAGTGGGTTCTCT 

CMV 2F CCCACTTGGCAGTACATCAA 305 This 

dissertation CMV 2R GGCGGAGTTGTTACGACATT 

DNA sequencing and sequence alignment: 

To confirm the presence of the transgene, positive samples were sequenced. A two-step 

nested PCR reaction was carried out using Expand High FidelityPLUS PCR System (Roche 

Diagnostics, Indianapolis, IN, USA) with the following components: up to 25 µl PCR grade 

water; 1X Expand HiFiPLUS reaction buffer with MgCl2, 0.2 mM dNTP mix, 0.4 µM of CMV 1F 

and CMV 1R for the first-step PCR; 0.4 µM of CMV 2F and CMV 2R for the second-step PCR, 

100-300 ng genomic DNA for the first reaction, 1 µl of PCR product as a template for the second 

reaction and 1.25 units of Expand HiFiPLUS enzyme blend with the same PCR cycling conditions 

and the reaction controls. To purify the amplified DNA fragment, samples were run on a 1.5% 

agarose gel electrophoresis, the 305 bp band was excised into a clean 1.5 mL Eppendorf tube and 

then purified using QIAquick Gel Extraction Kit (Qiagen).  Purified fragments were sequenced 

from both ends using CMV 2F and CMV 2R primers. To ensure DNA sequencing accuracy and 
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quality, pRC/CMV was included in two sequencing reactions. Sequencing reactions were 

performed on an ABI 3100 Genetic Analyzer (Applied Biosystems). Partial CMV promoter 

sequences obtained from sequencing reactions were trimmed and aligned to the original CMV 

sequence in the pRC/CMV cecropin expressing vector using t-coffee (Notredame et al., 2000).  

2.4. Statistical analysis 

The severity of infection (demonstrated by the number of white spots on the fish skin)  

for channel catfish and CB hybrid catfish was compared using a Chi square contingency table 

test with Bonferroni adjustment for pairwise comparisons (GarcIa-pErez and NUNez-antOn, 

2003). To calculate the mean survival time to death, dead fish were assigned the actual time 

(day) of death. In experiment I, the day in which the experiment was initiated was given the 

value zero. The fish that survived were assigned a value of 20 (the day when the experiment was 

terminated). In experiment II, the day at which the white spots were observed on the fish was 

considered day 0. Cumulative % mortality was calculated based on the cumulative number of 

dead fish every day divided by the total number of fish at the beginning of the experiment for 

each group multiplied by 100.  

Mean survival time to death ± SE (Table 11) was calculated for each group. First, a 

Pearson product-moment correlation coefficient was computed to rule out any possible effects of 

body weight on the survival time to death and assess the relationship between the body weight 

and time of death for all the fish used in the study, regardless of the group. Then the same 

coefficient was computed for each group separately to assess the relationship between the fish 

body weights in each group and the time of death.  
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In survival analysis, alive fish were censored (the actual survival time is partially known, 

if the experiment continued, the survival time of alive fish would have changed). To investigate 

the effects of classification and cecropin on survival time, the Kaplan-Meier estimator for 

survival time to death was computed (Kaplan and Meier, 1958). Log rank (Mantel-Cox) test was 

used for pairwise comparisons of the survival curves of different genetic groups. To rule out the 

possibility of considering the surviving cecropin transgenic channel catfish in experiment I as 

potential outlier, survival analysis was performed two times, with and without the surviving 

cecropin transgenic channel catfish in the analysis. All analyses were performed using SPSS 

software version 16.0. 

 

3. Results 

3.1. Nested PCR and DNA Sequencing 

Nested PCR successfully amplified a 305 bp region of the CMV promoter as shown in 

Figure 30. A strong specific band was clearly visible for transgenic individuals, which matched 

the amplified product of the pRC/CMV positive control plasmid DNA. DNA sequencing of 

transgenic catfish samples proved the presence of CMV in the amplified PCR product. The 

sequencing chromoatogram showed evenly-spaced single peaks of one color with little baseline 

noise (Figure 31). Alignment of DNA sequences of transgenic catfish samples revealed 99 % - 

100% identity with the CMV sequence.  
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Figure 30 Results of nested PCR amplification of a partial segment of cytomegalovirus (CMV) 

promoter demonstrated by the 305 bp band in the positive control (+). Lanes M represents 1 Kb 

plus DNA ladder (Invitrogen). Catfish amplification products are in lanes 1 through 21 where 

cecropin transgenic channel catfish (Ictalurus punctatus) and cecropin transgenic channel catfish 

female X blue catfish (Ictalurus furcatus) male (CB) hybrid catfish showed a clear strong 305 bp 

band while the band was absent for non-transgenic channel catfish and non-transgenic CB hybrid 

catfish. Controls used in the PCR reaction were pRC/CMV plasmid DNA (+), non-transgenic 

channel catfish DNA (C), non-transgenic CB hybrid catfish DNA (H) and no-template control 

(N).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 31 A DNA sequencing chromatogram of a partial sequence of CMV promoter amplified 

by nested PCR using Expand High FidelityPLUS PCR System (Roche Diagnostics, USA) 

performed on ABI 3100 Genetic Analyzer (Applied Biosystems) using CMV 2R primer. 
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3.2. Experiment I 

The cohabitation challenge was effective and resulted in infection. White spots became 

visible on the fish skin 2-3 days post infection, and catfish started to die the 5th day after the 

infection. Mortality continued for eight days, reached 98.7%, and then stopped. Only one fish, a 

cecropin transgenic channel catfish, survived until the experiment was terminated at day 20. 

Figure 32 demonstrates daily cumulative % mortality for each of the four genetic groups.  
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Figure 32 Daily cumulative % mortality from ich infection for 4 catfish groups: cecropin 

transgenic channel catfish (Ictalurus punctatus) (C+), non-transgenic channel catfish (C-), 

cecropin transgenic channel catfish female X blue catfish (Ictalurus furcatus) male (CB) hybrid 

catfish (H+) and non-transgenic CB hybrid catfish (H-). Daily cumulative % mortality was 

calculated based on the cumulative number of dead fish everyday divided by the total number of 

fish at the beginning of the experiment for each group multiplied by 100. Mortality started at the 

5th day after infection was induced and continued for eight days. Non-transgenic channel catfish 

was the first group to reach the 100% daily cumulative mortality followed by non-transgenic CB 
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hybrids and then cecropin transgenic CB hybrids. One cecropin transgenic channel catfish 

survived till the experiment was terminated. 

No correlation was detected between body weight and time to death for all groups (r = 

0.039, n = 76, p = 0.736), or within cecropin transgenic channel catfish (r = -0.036, n = 23, p = 

0.872), cecropin transgenic hybrid catfish (r = -0.016, n = 24, p = 0.941), non-transgenic channel 

catfish (r = 0.080, n = 14, p = 0.786), and non-transgenic hybrid catfish (r = -0.034, n = 15, p = 

0.904).  

Kaplan-Meier plot of survival curves (Figure 33) and pairwise comparisons (Table 11) 

revealed the difference between non-transgenic channel catfish and the other three genetic 

groups. Non-transgenic channel catfish lived the shortest time when compared to cecropin 

transgenic channel catfish (p = 0.032), cecropin transgenic CB hybrid catfish (p = 0.045) and 

non-transgenic CB hybrid catfish (p = 0.009). No differences were detected between cecropin 

transgenic channel catfish, cecropin transgenic CB hybrid catfish and non-transgenic CB hybrid 

catfish (p > 0.05, Table 11). Inclusion or exclusion of the surviving cecropin transgenic channel 

catfish did not alter the outcome of the statistical analysis.  
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Figure 33 Kaplan-Meier plot of survival curves for dead and alive (censored) catfish in the four 

groups challenged with Ichthyophthirius multifiliis: cecropin transgenic channel catfish 

(Ictalurus punctatus) (C+), non-transgenic channel catfish (C-), cecropin transgenic channel 

catfish female X blue catfish (Ictalurus furcatus) male (CB) hybrid catfish (H+) and non-

transgenic CB hybrid catfish (H-). Mortality started at the 5th day after infection was induced and 

continued for eight days. One cecropin transgenic channel catfish survived till the experiment 

was terminated (censored at day 20). 

3.3. Experiment II 

By estimating the approximate number of parasite trophonts on the fish skin, the number 

and % of fish from each genotype in an infection level was calculated (Table 14, Figure 34). In 

infection level 1, a higher percent of hybrid catfish (37.1%) existed in this category when 

compared to channel catfish which had 20% (p = 0.005). In level 2 category, no significant 

differences in the percent of channel and hybrid catfish were detected (p = 0.317).  
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Figure 34 Level of infection in channel catfish (Ictalurus punctatus) and channel catfish female 

X blue catfish (Ictalurus furcatus) male hybrid (CB hybrid) catfish infected with 

Ichthyophthirius multifiliis. Three levels of infection were assumed. In level 1, less than 100 

trophonts were visible on the fish skin while in level 2, 100 – 300 parasite trophonts were visible 

on the skin. Level 3 was reported in heavily infected fish whose skin had more than 300 parasite 

trophonts. Data labels represent the percent of a genotype that had certain infection level out of 

the total for that genotype e.g. 20% of the total channel catfish had infection level 1.  At the end 

of the experiment, no white spots were seen on any survivors.  

No correlation was detected between body weight and time to death for channel catfish 

and CB hybrid catfish (r = 0.004, n = 222, p = 0.954), or within channel catfish (r = -0.116, n = 

125, p = 0.196) and CB hybrid catfish (r = 0.007, n = 97, p = 0.947). Also, no correlation was 

detected between the sex of the fish and the time to death (r = 0.089, n = 222, p = 0.188).  

Mortality started five days after the appearance of the white spots on the fish skin (Figure 

28) and continued until day 26.  Channel catfish had cumulative percent mortality of 62.4% 

while CB hybrids had 40.2% mortality (Figure 35). The mean survival time to death for channel 
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catfish and CB hybrid catfish was significantly different (p = 0.0003) (Table 14). CB hybrid 

catfish were more resistant to ich infection than channel catfish. They lived more than five days 

longer and had a survival percentage at the end of the experiment that was higher than that of 

channel catfish by 22.2%. The plot of survival curves for the two genotypes also revealed the 

difference between channel catfish and CB hybrid catfish (Figure 36). 

 

 

Figure 35 Mortality and survival percent of channel catfish, Ictalurus punctatus, and channel 

catfish female X blue catfish, Ictalurus furcatus, male hybrid (CB hybrid) catfish after the 

infection with Ichthyophthirius multifiliis. Mortality percent was calculated as the number of 

dead fish for a genotype divided by the total number of fish in that genotype at the beginning of 

the experiment and multiplied by 100. Survival % was calculated as the number of alive fish at 

the end of the experiment for a genotype divided by the total number of fish at the beginning of 

the experiment for that genotype and multiplied by 100. 
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Figure 36 Kaplan-Meier plot of survival curves for dead and alive (censored) non-transgenic 

channel catfish, Ictalurus punctatus, and channel catfish female X blue catfish, Ictalurus 

furcatus, male hybrid (CB hybrid) catfish after the infection with Ichthyophthirius multifiliis. 

Mortality started at day 5 after the appearance of the white spots on the fish body and continued 

until day 26. The experiment was terminated at day 35 with alive fish at that time being censored 

(the actual survival time is partially known, if the experiment continued, the survival time of 

alive fish would have changed). 
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Table 14 Number, mortality, percent of fish in each infection level and mean survival time to 

death ± standard error (SE) for channel catfish, Ictalurus punctatus, and channel catfish female X 

blue catfish, Ictalurus furcatus, male hybrid (CB hybrid) catfish infected with Ichthyophthirius 

multifiliis. Three levels of infection were measured. In level 1, less than 100 trophonts were 

visible on the fish skin while in level 2, 100 – 300 parasite trophonts were visible on the skin. 

Level 3 was reported in heavily infected fish whose skin had more than 300 parasite trophonts. 

At the end of the experiment, no white spots were seen on all survivors.  

Species Number  Mortality 

(%) 

Fish in each infection 

level (%) 

Survival time to death (days)  

Level 

1 

Level 

2 

Level 

3 

Mean ± SE 95% confidence 

interval 

Channel 

catfish 

125 62.4 20.0 34.4a 45.6 21.8 ± 0.98 19.9 23.7 

Hybrid 

catfish 

97 40.2 37.1 41.2a 21.6 27.1 ± 1.02 25.1 29.1 

 

4. Discussion:  

Enhancement of disease resistance in farmed fish has been attempted using traditional 

breeding and transgenic methods. In this study, the possibility of enhancing the resistance to ich 

infections in catfish using interspecific hybridization of channel catfish female X blue catfish 

male and transfer of cecropin B gene was evaluated. A natural cohabitation infection showed that 

hybridization or transfer of the cecropin gene improved ich resistance measured as a length of 

time until death as fingerlings, but combining the two genetic enhancement programs provided 

no additional benefit. Hybridization also increased survival at the food size stage during an ich 

epizootic. 
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This contrasts with the result for other traits when two successful genetic enhancement 

programs were combined.  Salmon metallothionein (MT) promoter/salmon growth hormone 

(GH) complementary DNA was transferred to a wild rainbow trout strain (Devlin et al., 2001) 

and when this GH transgenic wild rainbow trout was crossed with a domestic rainbow trout, the 

resulting GH transgenic crossbreed was 18 times larger than the non-transgenic wild parent, 13 

times larger than the non-transgenic wild X domestic crossbreed, nine times larger than the non-

transgenic domestic parent and more than 2.5 times larger than the wild transgenic rainbow trout. 

The combined effects of transgenesis and crossbreeding had a much greater growth enhancement 

than crossbreeding or transgenesis alone. Such examples have not been reported for genetic 

improvement of disease resistance. 

In both experiments, hybrid catfish had better resistance to ich infection demonstrated by 

the survival time to death or the percent of the hybrid catfish that survived at the end of the 

experiment or both, which is similar to the interspecific hybridization of Xiphophorus spp. 

Clayton and Price (1994) found that reciprocal hybrids of Xiphophorus maculatus and 

Xiphophorus variatus had significant lower infection levels for ich when compared to the 

parental stock.  

 The cohabitation challenge has been used for ich immunization and ich disease 

challenges (Dalgaard et al., 2002, Xu et al., 2011). Here, cohabitation challenge was effective in 

inducing the infection. In both experiments, the fish genotypes under evaluation were placed in 

the same tank to control variation in the number of infective pathogens, water quality, 

temperature and feeding rate (Xu et al., 2011). This method is also similar to what happens in 

fish tanks or ponds where fish are exposed to infective theronts directly from the water.  
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In experiment I, mortality approached 100% which is similar to previous published 

cohabitation challenges for ich when channel catfish and CB hybrid catfish were challenged by 

adding 3 ich moribund fish to the challenge tank (Xu et al., 2011). In experiment II, the infection 

level ranged from 1 to 3 scale with 1 representing a low level and 3 representing a high level of 

infection. All fish were infected and white spots were visible on the skin which is consistent with 

results obtained by Xu et al. (2011), where all the fish showed white spots, although the fish used 

in their experiment were of different age. 

In contrast to our results,  Xu et al. (2011)  concluded that there were no differences in 

the susceptibility of channel catfish, blue catfish and CB hybrid catfish to ich. However, with 

increased replication or a different experimental design, they would have likely reached the same 

conclusion that the CB hybrid catfish had better survival than the channel catfish, since hybrid 

had an absolute survival 10% higher than channel catfish. The survival of fish over time after the 

onset of an epizootic is important since those with a longer survival time have a better chance to 

receive one or more treatments to combat the disease. If the 10% increased survival observed by 

Xu et al. (2011) for hybrids was statistically significant or an extended survival time allowed 

treatment resulting in a 10% better survival, the resulting increase in profit would be $4500 /ha at 

current (2016) catfish fingerling prices. 

Cecropins have been found to have a wide range of effects against different pathogens 

including bacteria, viruses, fungi and protozoa. Cecropins form large pores in the phospholipid 

bilayer of the cell membrane (Milani et al., 2009), which is quite similar in different organisms. 

Additionally, cecropin P1 gene transfer to rainbow trout alters native gene expression for a 

multitude of immune related genes (Lo et al., 2014). Transfer of cecropin transgene enhanced the 

resistance to bacterial pathogens in F1 channel catfish (Dunham et al., 2002) as well as medaka 
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(Sarmasik et al., 2002). Recently, cecropin P1 and CF-17 (which contains a synthetic cecropin B 

analog) were found to enhance the resistance to Aeromonas salmonicida and infectious 

hematopoietic necrosis virus (IHNV) in both F2 and F3 transgenic rainbow trout (Chiou et al., 

2014).  

Cecropins also exhibited antifungal activity against Aspergillus, Fusarium (De Lucca et 

al., 2000) and Candida species  (Park et al., 1997). The antiprotozoal activity of cecropins 

included the reduction or inhibition of oocyst production of Plasmodium and Leishmania species 

(Gwadz et al., 1989, Akuffo et al., 1998, Kim et al., 2004). Current research indicates that 

cecropin likely has activity against Ichthyophthirius, but additional research is needed to 

determine the mechanism. Genetic enhancement of catfish by either generation of cecropin 

transgenic channel catfish or production of CB hybrid catfish is another means of combatting ich 

epizootics. Generation of cecropin transgenics and interspecific hybridization could be 

mechanisms to increase resistance to ich in other species of fish.  
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