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ABSTRACT 

 Atlantic cod (Gadus morhua) is an economically valuable fish native to the Atlantic 

Ocean, particularly off the coast of the Canadian Atlantic. Having faced major population 

decline historically with little relief, understanding their genetic variation may allow for better 

fisheries management concerning the species. Much of the genetic variation in Atlantic cod is 

present in chromosomal inversions, which under current methodology are expensive and difficult 

to identify. The objective of this study was to develop a tool to identify the inversion on linkage 

group 1 in Atlantic cod using diagnostic SNPs, which would make future research into the 

implications of these inversions between populations much more attainable. While progress has 

been made in understanding how this tool could be developed, no conclusive results were able to 

be evaluated during the period of this study.  
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Introduction 

Gadus morhua (Atlantic cod) is an economically valuable, cold-water fish with 

populations widely dispersed throughout the Atlantic Ocean that has been fished for hundreds of 

years (Lear, 1998; Rose, 2004). The northern stock of Atlantic cod, found primarily off of the 

coast of Newfoundland and Labrador, has been majorly fished since around the 15th century 

(Lear 1998).  

By the 16th century, a consistent 100,000 tonnes of G. morhua were being fished each 

year, and this rate was maintained until the 18th century, when catches plummeted (Lear, 1998). 

This is believed to be due to a period of severe ocean cooling, and as ocean temperature 

increased, the stock rebounded (Rose 2004). The annual catch gradually increased after the 

collapse in the 18th century, until the late 20th century, when the Northern cod stock collapsed 

once again in 1992, resulting in a fishing moratorium being issued in Canada (Myers et al., 

1997). The collapse in 1992 brought some northern subsections of the population of G. morhua 

to as low as an estimated 1% of historical populations (Myers et al., 1997). 

This crash is largely attributed to overfishing and improper fisheries management, such 

as scientific overestimation of population size (Myers et al., 1997). Another major reason 

suggested for the crash of the Northern cod stock was decreasing ocean temperatures (Rochet, 

1998). Since the major crash and fishing moratoriums, the population has not been able to 

recover to previous levels (Schijns et al., 2021). 

 Understanding the genetic variation in different fish populations, such as that in G. 

morhua may be a valuable tool in fisheries management, allowing researchers to predict the 

response of various ecotypes to environmental fluctuations. This has been tested in other studies, 
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such as Leitwein et al., 2017 which evaluated genetic differences and drift in Oncorhynchus 

mykiss populations in California after periods of climate change and anthropogenic alterations on 

habitat, before considering how this could be used in the conservation of the river fish.  

Chromosomal inversions are structural mutations where chromosome segments break and 

reattach in a reverse orientation (Sturtevant et al., 1921). When this occurs, the chromosome is 

no longer able to undergo crossover and surviving inversions will be passed on as whole 

identical “supergenes”, which can be identified and treated as one locus, or genotype (Kess et al., 

2019; Puncher et al., 2019). Inversions that are retained long-term often span hundreds or 

thousands of genes and contribute large amounts of genetic diversity (Wellenreuther and 

Bernatchez, 2018).  

G. morhua have four main studied inversions on chromosomes 1, 2, 7, and 12 (LG01, 02, 

07, 12), plus another 3 more recently discovered putative inversions on chromosome 6, 11, and 

21 (Kirubakaran et al., 2016). While these inversions have been identified, little research has 

gone into what makes these inverted types more beneficial to some fish populations, despite 

much of the diversity found within G. morhua being a result of these inversions. This could be 

partially due to the current methodology for detecting chromosomal inversions in cod – Next 

Generation Sequencing (NGS) – which is not only expensive but also a very labor-intensive 

process, which involves creating highly specific reads of long gene sequences around hundreds 

of single nucleotide polymorphisms (Kirubakaran et al., 2016). 

Between the inverted and non-inverted G. morhua genotypes, there exist many fixed 

single nucleotide polymorphisms (SNPs), single base-pair variations within the genetic code 

(Kirubakaran et al., 2016). These are likely to have mutated after the inversion occurred, 

allowing them to differentiate between each genotypic state. Developing a method to identify 
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these diagnostic SNPs may allow for a much more cost-effective and accessible means of 

identifying which individuals express an inverted genotype, allowing more research into the 

implications of such inversions.  

The objective of this study is to develop a primer toolset using fixed SNPs within the 

inversion boundaries where the genotypic state could be identified much easier, with a specific 

focus on the linkage group found on chromosome 1 (LG01) of G. morhua. LG01 is currently 

estimated to be millions of base pairs long and is very complex (Kirubakaran et al., 2016). If 

primers can successfully be designed to identify inversions with near 100% accuracy, it would 

lessen the reliance on NGS and instead apply much cheaper and more efficient methods, making 

future research much more accessible. 
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Methods 

Sampling 

G. morhua individuals were previously taken from offshore active spawning locations in 

Newfoundland and New Brunswick, specifically St. Ann’s Bank and the inner Bay of Fundy Dr. 

Gregory N. Puncher in 2018, allowing both inverted and non-inverted types to be sampled. The 

individuals then had their DNA extracted using DNA extraction kits and were sequenced as a 

part of a ddRAD library. The full methodology of the sampling process and library sequencing 

can be found in Puncher, G., 2019 paper “Chromosomal inversions in the Atlantic cod genome: 

Implications for management of Canada’s Northern cod stock”. Extracted DNA was stored at      

-20ºC from 2018 until used for this study in 2021. 

From these sampled individuals, 3 inverted homozygotes, 2 heterozygotes, and 3 non-

inverted homozygote individuals were selected based on genotypic state and amount of DNA left 

for processing. 

Primer Design & PCR  

Using sequences provided by Dr. Gregory N. Puncher, six sets of primers were designed 

to flank six different fixed SNPs on LG01 (Table 1). Each primer was17-23bp in length and 

flanked a 100-110bp region to be amplified through PCR. 
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Table 1. Primer sequences used for PCR amplification of SNPs located on linkage group 1 of G. morhua 

individuals 

Primer Primer Sequence Direction 

GMO_7583_70_F AAATTCTCGGGTGCCATTAAAC  Forward 

GMO_7583_70_R GCCAATCTGTGAACTGAACATAC Reverse 

GMO_7229_63_F CCCACAGATCTATGTGTACTTCC  Forward 

GMO_7229_63_R CTCTGTTCAGCCTCAACCTC Reverse 

GMO_6175_47_F GACTGGCAGCCACTGGT Forward 

GMO_6175_47_R CTCCTCATCCCGAGATGGTT   Reverse 

GMO_3790_40_F CCCTACTATTACACCTCTGTGA  Forward 

GMO_3790_40_R ATGAACAGCGGCCATCTT Reverse 

GMO_3905_61_F TCCCAGGCCTGACCTTAAA  Forward 

GMO_3905_61_R ACCTCTGTATGCGGGTTA  Reverse 

GMO_4205_32_F GCAGCTCTGTGGAGTCG  Forward 

GMO_4205_32_R CATTTGAGCCCACAATTCCC  Reverse 

 

The thermal cycling parameters (35 repeated cycles of PCR) used to amplify the flanked 

sequences were the following: initial activation at 95°C for two minutes (only the first cycle), 

DNA denaturation at 95°C for one minute, annealing of primers at 50.5-52.5°C for 30 seconds 

and extension of new DNA strands at 72°C for one minute and a final extension of DNA strands 

at 72°C for 8 minutes (after the final cycle).  
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Analysis 

 After running PCR cycles on each sample set (each of the 8 samples with each of the six 

primers, a total of 42 products) in the thermocycler, 20µl samples were sent in a plate to Genome 

Quebec to undergo Sanger sequencing, which generated sequenced chromatographs for each 

sample set.  

These chromatographs and supplied are used to identify the amplified region, before 

identifying the SNP and which form was present in each sample, allowing each sample to be 

declared either inverted or non-inverted for linkage group 1. These sequenced results are then 

compared with previous genotyping completed by Puncher (2019), allowing an understanding of 

the efficacy of each primer set in diagnosing inversions. To confidently consider the tool to be 

reliable, a concordance greater than 90% between the Sanger sequenced data and the previous 

genotyping done by Dr. Puncher would be expected. 
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Results 

 From the 6 primer sets and 8 samples sent for sequencing, 48 chromatographs were 

returned with limited results (Figure 1). The sequences generated contained a lot of noise which 

made identification of bases difficult, resulting in many inconclusive (N) identifiers.  

 

Figure 1. Chromatogram generated via Sanger sequencing of primer 6175 with individual 575. 

 Had the sequencing and primers worked properly, a cleaner chromatogram may have 

been generated with significantly less noise and more confident (taller, even peaks) base 

identifiers, allowing the majority of the sequence to be identified and analyzed properly (Figure 

2). Figure 2 represents an ideal situation with even peaks with little noise, allowing proper 

identification of each base pair, that would’ve made the present SNP more apparent.  
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Figure 2. Simple mockup chromatogram to show possible ideal sequencing results without noise and 

unknown base pairs using primer 6175. 

 The sequencing had also generated sequences much longer than intended, with the target 

for each sample being around 100bp, and instead having generated over 1000bp sequences for 

each sample (Table 2).  
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Table 2. Comparison of the target length for each primer against the sequence which was amplified for each 

sample. 

   

Individual Identifier 

Primer Target Length (bp) 787 794 331 591 600 547 575 537 

7583 110 1602 1661 1548 1591 1620 1761 1715 1672 

7229 109 1624 1680 1702 1722 1567 1673 1852 1710 

6175 100 1678 1598 1774 1713 1668 1585 1835 1790 

3790 100 1708 1842 1778 1712 1597 1640 1701 1578 

3905 100 1708 1681 1628 1550 1542 1546 1473 1571 

4205 100 1687 1580 1625 1881 2019 1580 1595 1612 

 

 None of the results analyzed generated a sequence for the target strand of each primer, 

making it impossible to identify the SNPs present on any of the individuals sequenced, and 

therefore not meeting the target of >90% concordance.  
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Discussion 

 The objective of this study was to design a primer tool that would target SNPs on G. 

morhua DNA sequences to more easily identify if an inversion was present on linkage group 1.  

With the results from this study, no conclusive progress has been made toward making the tool.  

There were two main issues found in the results generated from the sequencing. The first 

of which is the amount of noise present in the chromatograms, making it difficult to properly 

identify the base pairs making up the sequence. When the sequence has a high quantity of 

unknown base pairs, it becomes difficult to confidently extrapolate any information from the 

sequence.  

The sequenced region was also much longer than the target region, which indicates 

improper amplification in PCR. When the target is properly amplified, many copies of the strand 

containing the target region are produced, making the concentration of the target much higher, 

allowing the sequence of only that region to be produced. In this study, a region much larger than 

what was targeted was produced, leaving ambiguity regarding the location of the sequence along 

the genome. In conjunction with the noise present in the chromatogram, it became impossible to 

analyze the sequence for which version of each SNP was present in the individuals. 

Possible Sources of Error 

 The DNA used in this study was extracted in 2018 and stored at -20°C and was used for 

PCR beginning in May of 2021. Because the extracted DNA was stored at -20°C over a long 

period and not -80°C, there may have been some degradation of the nucleic acids present in the 

DNA. If there were frozen specimens to extract new DNA from, it may have resulted in more 

clear sequence results that are more easily understood and interpreted. Degraded DNA could also 
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be a cause for the improper amplification in PCR which found large, non-specific regions being 

amplified instead of the target region.  

 Additionally, the primers used in PCR may have been improperly handled or diluted, 

causing there to be a low amount present for the sequencing template, or having different 

impurities present from the environment (Sequencing Troubleshooting, 2014). Ordering new 

primers and taking special care to the cleaning of the environment and preparation of the 

concentration recommended for Sanger sequencing may result in more typical results and proper 

sequencing after amplification.  

 Finally, many different SNPs have the potential to be diagnostic of the LG01 inversion, 

and the 6 represented in this study may have been less suitable for the creation of a reliable tool. 

Suggestions for Future Research 

 Identification of inversions in DNA using SNPs may still be possible, with more 

troubleshooting and an extended timeline. Using SNPs to identify individuals is a subject most 

researched in human forensics, which has seen significant progress in identifying an assortment 

of diagnostic SNPs present within different human populations (Kidd et al., 2012; Lee et al., 

2005; Phillips et al., 2007). Further refinement of the methodology of this study may allow for a 

proper tool to be identified and tested, which would make research into Atlantic cod significantly 

more attainable, both in the level of skill required and concerning cost. 

 With inexpensive, easy methodology made possible by a diagnostic SNP tool, studies 

into the major inversions present in different cod populations could allow an understanding of 

why these inversions exist within the populations, which could have significant applications in 

ecology and fisheries management to preserve the diversity of this species.  
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Conclusions 

 Despite not being able to generate a reliable tool of primers at a near 100% concordance 

(>90%) during the research period, headway has been made on the methodology that might be 

used to properly design a tool for inexpensive, easy, and reliable identification of Atlantic cod 

inversions. Further research may solidify and produce reliable primer tools for not only linkage 

group 1, but the other inversions as well. 
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