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A B S T R A C T   

Critical swimming speed (Ucrit) is an important measurement of swimming performance and a good indicator for 
cardio-respiratory health. It offers a new opportunity to select fish with better fitness. However, the genomic 
architecture of swimming performance at whole genome level is not clear in Nile tilapia. For this study, 
swimming performance was measured in 1500 fish from the Genetic Improvement of Farmed Tilapia strain in 
their early life, which were subsequently grown in a non-aerated pond (nocturnal hypoxia) until harvest. Our 
results showed that the heritability for Ucrit was 0.31 ± 0.04. Genetic correlations between Ucrit and harvest 
weight (− 0.13 ± 0.13) and between Ucrit and daily growth coefficient (DGC) (− 0.26 ± 0.13) were slightly 
negative. Nine single nucleotide polymorphisms (SNPs) were found to be suggestively associated with Ucrit, of 
which five are located in a region between 12.18 and 19.89 Mb on linkage group (LG)14, while two SNPs are 
located between 18.85 Mb to 18.94 Mb on LG13. The remaining two SNPs are located on LG19 and LG12, 
respectively. Candidate genes in high linkage disequilibrium (LD) with these SNPs were identified, including 
hip1, hectd1, elna, smyd1b, rrp12 and pprc1. This suggests possible involvement of neuronal growth, muscle ac-
tivity, cardiovascular development and angiogenesis, and oxygen/hypoxia regulation. Three of these nine SNPs 
were significantly associated with both harvest weight and DGC, and SNP genotypes that associated with lowest 
mean Ucrit were associated with highest mean harvest weight and DGC. In conclusion, we found a clear pleio-
tropic effect of some SNPs that affect both growth and swimming performance in a hypoxic environment, while 
other SNPs had only effect on swimming performance, but not on growth. Although fast swimming fish are 
assumed to show slower growth, such as lower DGC and harvest weight, candidate genetic markers identified in 
this study provide an opportunity to select fish with good cardio-respiratory health and growth.   

1. Introduction 

Tilapia is the second most important farmed fish species for aqua-
culture production. It is farmed in >120 countries across the world in a 
wide range of culture environments. Global tilapia aquaculture pro-
duction grew 11% annually and increased from 383,654 metric tons in 
1990 to almost 7,000,000 metric tons in 2020 according to FAO Fish-
eries and Aquaculture statistics (El-Sayed, 2019) and the worldwide 
tilapia market was US$ 7.9 billion in 2020 (from IMARC, https://www. 
imarcgroup.com/tilapia-market). Many selective breeding programs 
have been established (Tayamen, 2004; Ponzoni et al., 2011; Thodesen 

et al., 2011). One of the most important breeding programs is called the 
“Genetic Improvement of Farmed Tilapia” (GIFT) implemented by 
WorldFish in Malaysia, which has played an important role in boosting 
tilapia production in many countries in Asia and the Pacific region 
(Ponzoni et al., 2011; Bentsen et al., 2017). However, a yield gap is often 
observed in environments where fish are farmed without aeration. Low 
levels of dissolved oxygen, can adversely affect growth, feed conversion 
ratio and survival in Nile tilapia (Mengistu et al., 2020b). For most 
smallholder farmers, aeration of fishponds is not available or too 
expensive. In non-aerated ponds extreme hypoxia (below the critical 
level of 3 mg/L) can frequently occur, especially during the night when 
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algae become net oxygen consumers (Mengistu et al., 2020a; Yu et al., 
2021). Therefore, it is crucial to select tilapia that grow better and 
healthier under conditions where dissolved oxygen is limited (such as 
hypoxia) by breeding companies and organizations. Smallholder tilapia 
farmers can then use these for more efficient fingerling production. 

Swimming performance of fishes has been widely studied over half a 
century (Kieffer, 2010). Swimming performance is an important feature 
that correlates with fitness, survival and metabolism in aquacultural 
species (Palstra and Planas, 2012). It also plays a crucial role in several 
other aspects, such as migration, habitat selection, predator-prey inter-
action, and reproduction (Cano-Barbacil et al., 2020). Prolonged 
swimming performance in fish can be measured in a critical swimming 
challenge test, by which critical swimming speed (Ucrit) can be assessed. 
During the test, swimming speeds are incrementally increased at pre-
scribed intervals until fish become fatigued and stop swimming. The 
moment of fatigue determines the Ucrit which is primarily aerobically 
driven and at which maximum oxygen uptake occurs (as smoothened 
average over this last swimming period but with significantly higher 
peaks during burst-and-glide swimming (Brett, 1964; Plaut, 2001; 
Kieffer, 2010; Palstra and Planas, 2012; Zhang et al., 2019). In general, 
Ucrit is used as indicator to evaluate aerobic swimming performance and 
physical fitness in fish, similar to using a treadmill for human or rodents. 
For marine fish species such as Atlantic salmon (Salmo sala) and Gilthead 
Seabream (Sparus aurata), Ucrit was used as a predictor for target traits 
such as growth performance in relation to feed intake and fillet per-
centage (Palstra et al., 2020). For freshwater species, Tudorache et al. 
(2008) performed an integrated research on swimming capacity and 
energy use in seven European freshwater fish species, showing that Ucrit 
and oxygen consumption both were positively correlated to migration 
capacity. In tilapia, Ucrit has been shown to be highly correlated with 
maximum metabolic rate (McKenzie et al., 2003). It therefore is 
reasonable to state that Ucrit is strongly positively correlated to fitness. A 
previous study from our group (Mengistu et al., 2021) based on pedigree 
information, showed the existence of additive genetic variance for Ucrit 
in Nile tilapia, and a favorable genetic correlation between Ucrit and 
body weight, standard length, height and surface area at swimming test. 

Selective breeding of farmed animals for economically important 
traits has high potential to increase aquaculture production. Traditional 
breeding strategies are to select families or individuals with excellent 
traits as parents to set up brood stocks for improvement, which were 
reported to be time-consuming and labor intensive, especially relatively 
slow or unstable when selecting economic traits that are determined by 
multiply segregating loci (Guo et al., 2022). Single nucleotide poly-
morphisms (SNPs) are DNA sequence variants within the genome. They 
can be used to map quantitative trait loci (QTLs) and genes affecting 
traits of interest. The analysis of QTLs for marker-assisted selection is 
more effective to accelerate genetic gain and reduces economic cost of 
bringing progeny to maturity compared to traditional breeding strate-
gies (Ma et al., 2021). However, it is still unknown which quantitative 
trait loci (QTLs) and genes are associated with Ucrit in tilapia. It is known 
that athletic performance is heritable in several species, such as human 
(Guth and Roth, 2013), horse (Schröder et al., 2011), and dog (Kim 
et al., 2018), and that variations in candidate genes involved in specific 
metabolic pathways play an important role in this trait. For instance, 
Ben-Zaken et al. (2017) suggested that the mutations C-1245 T 
(rs35767) in insulin-like growth factor and Lys(K)-153Arg(R) in myo-
statin are strongly associated with skeletal muscle phenotypes in human, 
which are beneficial for endurance and short-distance running. Over the 
past decade, several studies have been conducted to identify genes that 
play an important role in determining the swimming performance in 
skeletal and cardiac muscles of fishes. In Atlantic salmon, Robinson et al. 
(2017) detected putative SNPs associated with aerobic exercise and 
swimming performance between wild and domesticated stocks. Analysis 
of those SNPs showed that they mapped to genes involved in energetic 
processes, coding for contractile filaments in the muscle and controlling 
cell proliferation. Raffini et al. (2020) identified genes involved in 

swimming behaviour, physiology and oxygen intake differently 
expressed in the gill, by comparing divergent body shapes of two lake 
cichlid species. However, their contribution to genetic variation of 
swimming performance and their influence on growth performance in 
tilapia is not clear. 

Hence, we decided to further explore the genomic architecture 
including SNPs and QTLs associated with swimming performance using 
the experimental data described in Mengistu et al. (2021). We also 
identify the effect of candidate SNPs and QTLs for Ucrit on growth 
performance. All fish from this study were genotyped using the Axiom® 
SNP array, which contains 65 K SNP markers dispersed over the Nile 
tilapia reference genome (Peñaloza et al., 2020). The main objectives 
were: (1) to estimate the genetic correlations between Ucrit with growth 
traits at early life stage, and with growth traits at later life stage using a 
genomic relationship matrix under hypoxia the same condition as used 
by most smallholder tilapia farmers, (2) to identify QTLs associated with 
swimming performance and (3) to estimate the effect of significant QTLs 
for Ucrit on the growth traits under hypoxia. Overall, this knowledge will 
help in prioritizing SNPs and QTLs to select for better growth and 
healthier fish in tilapia breeding programs. 

2. Material and methods 

2.1. Ethics statement 

Phenotypic measurements and sampling of the GIFT strain were 
conducted as part of the GIFT selective breeding program managed by 
WorldFish at the Aquaculture Extension Centre. All fish in the GIFT 
breeding population are managed in accordance with the Guiding 
Principles of the Animal Care, Welfare and Ethics Policy of WorldFish. 

2.2. Experimental design and traits collection 

Nile tilapia were part of the GIFT selective breeding program. Sixty 
families were produced using 31 males and 58 females. The mating ra-
tios were designed for one male to at least two females. The successful 
mating were: 12 males each mated with one female (resulting in 12 full 
sib families), 12 males each mated with two females (resulting in 12 half 
sib groups equivalent to 24 full sib families), 4 males each mated with 3 
females (four half sib groups equivalent to 12 full sib families) and 3 
males each mated with 4 females (three half sib groups equivalent to 12 
full sib families), which consist a total of 60 full sib families. Each full sib 
family was reared separately in a hapa (fine mesh net enclosure) set up 
in an earthen pond. A nursing hapa has a dimension of 1.0 × 1.0 × 1.0 m, 
each was stocked with 120 fry. Thirty to 35 fingerlings from each family 
were selected, anesthetized using clove oil and then individually tagged 
using PIT (Passive Integrated Transponder) tags using intraperitoneal 
injection the position of the PIT tag was in abdominal cavity (perito-
neum). The mean body size of fish at swim testing was 10.8 g and the 
size of the PIT tag is about 95 mg. The swimming test was performed 
three weeks after PIT tagging. From each family, 25 fish in a range from 
5 to 10 cm standard length were selected for the swimming test using a 
ruler with a centimetre scale. Body weight (BWtest in g) and photo-
graphs were made one day before the swimming test. Standard length 
(SLtest) and height (Htest) at swimming test of the fish were obtained 
from each fish photographs using image analysis as described previously 
by Mengistu et al. (2020a). Surface area (SAtest) of Nile tilapia was 
calculated as: 

SAtest =
1
4

π*SLtest*Htest (1) 

Fish feeding was stopped 24 h before the beginning of the swimming 
test. The fish were acclimatized for one hour in the swimming flume 
without flow. The critical swimming test was executed using a Brett type 
rectangular oval shape raceway with a swimming compartment on one 
side and a propellor for inducing flow on the other side as described by 
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Mengistu et al. (2021). In short, the swim flume measured 230 cm in 
length and 90 cm in width with a water depth of 40 cm, and was 
equipped with a Minn Kota Terrova 80 lbs. propeller. After every 30 
mins, the velocity was increased to the next speed interval until the fish 
fatigued. At each setting, the average water flow velocity was recorded 
using a FP111 Global Water Flow Probe (Mengistu et al., 2021, sup-
plementary Table 1 for mean water velocities and standard deviations at 
each propeller speed setting). The mean water temperature in the tank 
was 28.3 ± 0.6 ◦C during the swim test. The swimming test takes 
maximally 4.5 h with 9 propeller speed level. A fish fatigue is defined 
when it touched the back fence and could not be stimulated to continue 
swimming. Each fatigued fish was taken out immediately, and fatigue 
time was recorded. Fatigue time was used to calculate the absolute 
critical swimming speed (Ucrit) as below (Brett, 1964): 

Ucrit = U− 1 +
( t

Δt

)
ΔU (2)  

where U− 1 is the highest velocity maintained for the full-time period, t is 
the time to fatigue at final velocity level in minutes, Δt is the time each 
velocity level is maintained at (= 30 min), ΔU is velocity increment in 
cm/s. 

The caudal fin clip tissue samples were cut from each individual fish 
using a 3 mm diameter hole punch before stocking in the pond. Fin clips 
were preserved in 95% ethanol and stored at − 20 ◦C until DNA 
extraction. The experimental design and data collection is published by 
Mengistu et al. (2021). After the swimming test, fish were stocked in a 
non-aerated pond for grow-out and harvested after 145 or 146 days to 
keep similar hypoxic conditions as in most smallholder tilapia farming 
systems. The dissolved oxygen level varied from 0.91 mg/L to 6.21 mg/L 
measured every 2 h for 24 h using Eco-Sense® DO200A reported in our 
previous study (Yu et al., 2021). The stocking and harvest weight (Harw) 
were recorded and daily growth coefficient (DGC) was calculated as 
below (Bureau et al., 2000). 

DGC =

[ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
harvest weight3

√
−

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
stocking weight3

√

time in days

]

× 100 (3)  

2.3. SNP genotyping and quality control 

A SNP array is a powerful high-throughput genotyping tool to 
characterize genome-wide single-nucleotide polymorphisms (SNPs). 
The DNA was extracted and genotyped by Identigen (Dublin, Ireland) 
using an Axiom® SNP array, which contains 65 K SNP markers dispersed 
over the Nile tilapia reference genome (Peñaloza et al., 2020). The raw 
data from SNP array genotyping was imported to the Axiom analysis 
Suite version 4.0.3 software for genotype calling and quality control. 
Data was filtered to meet a dish quality control (DQC) >0.82 and call 
rate for samples (CR) >0.93, respectively. Next, a second quality control 
step was applied based on per SNP call rate and minor allele frequency 
(MAF) statistics using PLINK v1.90 (Purcell et al., 2007). A genotype call 
rate threshold (>90%) was set for SNP filtering. SNPs with MAF higher 
than 5% were retained. A total of 1388 fish and 51,438 SNPs were used 
for subsequent analyses. 

2.4. Descriptive statistics and genetic parameters estimation 

Basic statistics of phenotype data was analysed in R (4.0.2). The 
difference of traits between male and female were compared by un-
paired two-samples t-test. We built the genomic relationship matrix 
(GRM) with 51,438 SNPs using calc_grm program with vanraden2 op-
tion (Calus and Vandenplas, 2013). Variance components and herita-
bilities for traits including Ucrit, SLtest, Htest, SAtest, BWtest, Harw and 
DGC were estimated using univariate models based on residual 
maximum likelihood method using ASReml version 4.1.0 (Gilmour 
et al., 2015). The following model was applied: 

y = Xb+Z1a+Z2c+ e (4)  

where y is a vector with observations for one trait, being Ucrit, SLtest, 
Htest, SAtest, BWtest, Harw and DGC, and b is a vector with fixed effects. 
Test day and sex are significant factors for SLtest, Htest, SAtest and 
BWtest; hence, only test day was fitted as class variable for Ucrit, while 
age at harvest as a covariate and sex as a class variable for Harw; weight 
at stocking as a covariate and sex as a class variable for DGC. a is a vector 
of the additive genetic effects of individuals and was assumed to be 
distributed as N (0, Gσa

2), with G the genomic relationship matrix and σa
2 

is the additive genetic variance; c is a vector of the common environ-
mental effects, and was assumed to be distributed as N (0, Iσc

2), e is a 
vector with the random residual and is assumed to be distributed as N (0, 
Iσe

2), with I the identity matrix and σe
2 is the residual variance; X, Z1 and 

Z2 are design matrices assigning trait values to the fixed effects, additive 
genetic effects and common environmental effects. Heritability (h2) was 
estimated as the ratio of additive genetic variance to the phenotypic 
variance. Phenotypic and genetic correlations between Ucrit and traits 
such as SLtest, Htest, SAtest, BWtest, Harw and DGC were estimated 
based on a bivariate linear model. The log-likelihood for the bivariate 
model did not converge when the common environmental effect was 
fitted as random effect, therefore the common environmental effect was 
excluded in all bivariate models. The fixed effects were the same as in 
the univariate models for Ucrit, SLtest, Htest, SAtest, BWtest, Harw and 
DGC traits. 

2.5. Association analysis for swimming performance 

As a Gaussian distribution is assumed for phenotypes in an associa-
tion test of quantitative trait (Goh and Yap, 2009), the normality of traits 
including Ucrit, Harw and DGC was tested with a Shapiro-wilk test. 
Because it is impossible to completely follow an absolute normal dis-
tribution in most cases, we normalized them by the square root method 
(McDonald, 2009). To test significance of factors in the experiment, a 
linear model was conducted using Stepwise Algorithm (Neerchal et al., 
2014). The fix factors were the same as in the univariate models. Only 
test day was fitted as class variable for Ucrit; age at harvest as a covariate 
and sex as a class variable for Harw, while stocking weight as a covariate 
and sex as a class variable for DGC. Once the most appropriate linear 
model had been fitted, residuals were extracted for the subsequent as-
sociation analysis (Gondro et al., 2013). 

Population structure and kinships can be confounding factors in 
genome-wide association studies (Hoffman, 2013). The top five prin-
cipal components were added as covariates and included in subsequent 
GWAS models as fixed effect in this association model, since we 
observed a slight family structure. All SNPs that passed the quality 
control were used to generate the genomic relationship matrix. 

Animal phenotypes and genotypes were jointly analysed to identify 
genomic regions associated with Ucrit, Harw and DGC. The following 
model was applied: 

y = Wα+Zμ+ xβ+ ε (5)  

where y is the vector of each trait from (Ucrit, Harw and DGC); α is a 
vector of associated fixed effects, μ is the vector of additive genetic ef-
fects, W and Z are the corresponding design matrices, x being the vector 
of SNP genotypes and β their associated effects, ε is vector with the re-
sidual effects. Analyses were conducted using the GEMMA software 
(Zhou and Stephens, 2012). As the Bonferroni method is overly con-
servative, SimpleM method which based on the effective number of in-
dependent tests (Gao et al., 2010), was used to calculate the suggestive 
(5.15E-05) and genome-wide significance (2.57E-06) thresholds. The 
empirical p-values are based on the Wald tests. Manhattan and quantile- 
quantile (Q-Q) plots were generated through the “qqman” package 
(https://cran.r-project.org/web/packages/qqman/). The inflation fac-
tor λ was calculated to indicate the influence of population structure in 
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the association analyses. 

2.6. Candidate genes in QTLs 

Candidate regions associated with swimming performances were 
characterized within a 200 kb window size (100 kb upstream and 
downstream) flanking the candidate SNPs. LD and haplotype blocks 
were analysed with LDBlockShow (Dong et al., 2020), while r2 > 0.8 as 
cut-off for blocks. Candidate genes were defined as genes located in the 
same haplotype blocks as the candidate SNPs or nearby candidate SNPs 
if no block is present. Afterwards, candidate genes were functionally 
annotated based on the latest tilapia reference genome (O_niloticu-
s_UMD_NMBU) downloaded from NCBI Genome database (http 
s://www.ncbi.nlm.nih.gov/assembly/GCF_001858045.2). To better 
understand the function of tilapia genes, we performed a BLAST against 
zebra fish (Danio rerio) proteins based on the genome 
(GCF_000002035.6_GRCz11), using a threshold of E-value <1e-6. 

2.7. The effect of candidate SNPs in swimming performance on growth 

In order to investigate the influence on growth of candidate SNPs 
associated with Ucrit, we estimated the genetic association between SNPs 
and growth traits (DGC, Harw) based on generalized linear model in 
SNPassoc (González et al., 2007). The best fitting genetic model was 
evaluated based on Akaike Information Criterion (AIC) score. The sig-
nificant threshold was defined as adjusted P-value (FDR) < 0.05. 

3. Results 

3.1. Descriptive statistics 

A total of 1500 fish (60 families and 25 fish per family) were tested 
for swimming performance. After the swimming test, fish were stocked 
and allowed to grow out in non-aerated pond, except 260 fish that were 
dead before stocking. Comparing the Ucrit of the dead fish to those 
surviving, showed no significant difference (P value = 0.29). Descriptive 
statistics of Ucrit, SLtest, Htest, BWtest, SAtest, Harw and DGC for further 
analyses are presented in Table 1. Ucrit was not significant different 
between males and females. However, all other traits presented a 
significantly higher mean value in males compared to that in females. 

3.2. SNP distribution, allele frequency and family structure 

In total 55,119 SNPs were exported from quality control in the Axiom 
Analysis Suite software (v4.03) and further investigated for their 

distribution, minor allele frequency and family structure. Those SNPs 
were distributed across the whole genome (Fig. 1a). The highest number 
of SNPs (4457) was seen for LG7, while the lowest number of SNPs (249) 
was found on an unplaced contig. The SNP distribution was mostly 
consistent with the physical length of the linkage groups according to 
the Oreochromis niloticus genome assembly (O_niloticus_UMD_NMBU). 
The majority of the SNPs belonged to the common (MAF ≥ 0.3) and 
intermediate (0.3 > MAF ≥ 0.1) groups, which consisted of 19,757 and 
21,198 SNPs respectively (Supplementary Fig. 1). 

The PCA based on 51,438 informative SNPs showed genetic variation 
amongst those 60 GIFT families. The first, second and third components 
explained 15.6%, 13.2% and 11.5% genotype variation, respectively 
(Fig. 1b). However, it seems that there are several clusters that represent 
families. 

3.3. Phenotypic and genetic parameter estimation with different traits at 
swimming test 

Variance components and heritabilities from univariate models for 
different traits including Ucrit, SLtest, Htest, SAtest and BWtest are 
presented in Table 2. The h2 for Ucrit was 0.31 with standard error 0.043. 
The variance explained by common environment was not significant 
ranging from 1.20E-06 to 3.10E-03. The h2 for the remaining four traits 
at the swimming test (SLtest, Htest, SAtest and BWtest) were relatively 
close, ranging from 0.23 to 0.27. The h2 estimates for harvest weight and 
DGC were moderate with 0.29 ± 0.047 and 0.30 ± 0.046, respectively. 
Phenotypic and genetic correlations are shown in Table 3. The genetic 
correlation between Ucrit and other traits at the time of swimming test 
ranged from 0.35 to 0.43, indicating that fish with better swimming 
capacity usually show a longer standard length, larger body height, 
weight and body area compared to fish with poorer swimming capacity. 
The estimated rg between Ucrit and harvest weight (− 0.13 ± 0.13) and 
Ucrit and DGC (− 0.26 ± 0.13) were slightly negative but not different 
from zero, suggesting that Ucrit might have a negative genetic correlation 
to body weight at harvest and growth until harvest. 

3.4. Genome-wide association study for swimming performance and 
growth 

The linear mixed model was implemented to identify QTLs associ-
ated with critical swimming speed and growth. The P values of corrected 
thresholds for 5% genome-wide significant levels and suggestive asso-
ciation were 2.57E-06 and 5.15E-05, respectively. The genome-wide 
association results are shown in Fig. 2, while the inflation factor 
lambda (λ) was estimated to be 0.97, suggesting there is little population 
stratification present in the association results. In total, nine SNPs 
located on LG12, LG13, LG14 and LG19 exceeded the genome-wide 
suggestive threshold for Ucrit (Fig. 2a), while none exceeded the 
genome-wide significant threshold. Five out of 9 SNPs were located 
between 12.18 and 19.89 Mb on LG14. Two SNPs were located between 
18.85 and 18.94 Mb on LG13, while the remaining two SNPs were 
located on LG19:3659540 and LG12:24066436 (Supplementary Table 
1). Five of the suggestive SNPs showed the minor allele (ranging from 
0.074 to 0.485) to be associated with improved swimming performance 
and indicated potential for maker-assisted selection for this trait. For 
harvest weight (Fig. 2b), only four SNPs on LG19 exceeded the genome- 
wide suggestive threshold. However, there is a peak located on LG16 
between 22.55 Mb to 38.36 Mb for DGC (Fig. 2c), which include in total 
7 SNPs over the suggestive threshold. Notably, there were three over-
lapping peaks above the suggestive line from LG7, LG16 and LG21 for 
both harvest weight and DGC, although a peak on LG11 did not attain 
any statistical significance. 

3.5. Candidate genes in the QTL regions 

Candidate genes were defined as genes located in the same haplotype 

Table 1 
Summary statistics of traits for all swimming tested fish.  

Trait Sex No. Mean SE t- 
value 

Effect of sex (P 
value) 

Ucrit (cm/s) 
male 680 69.05 0.21 − 0.12 NS (0.91) 
female 702 69.09 0.20   

SLtest (cm) 
male 683 7.24 0.02 4.20 S (2.84E-05) 
female 705 7.11 0.02   

Htest (cm) 
male 683 2.74 0.01 5.01 S (6.15E-07) 
female 705 2.67 0.01   

BWtest (g) 
male 683 11.07 0.10 4.56 S (5.56E-06) 
female 705 10.45 0.09   

SAtest (cm2) 
male 683 15.67 0.10 4.82 S (1.63E-06) 
female 705 15.02 0.09   

Harw (g) 
male 537 457.1 3.82 16.4 S (< 2.2e-16) 
female 589 379.5 2.78   

DGC (g1/3 

/d) 
male 537 3.18 0.01 9.62 S (< 2.2e-16) 
female 589 3.00 0.01   

S: significant; NS: non-significant; standard length (SLtest), height (Htest), sur-
face area (SAtest); body weight (BWtest); harvest weight (Harw); daily growth 
coefficient (DGC) (P < 0.05 was set as significance threshold). 
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blocks as the candidate SNPs or nearby candidate SNPs if no block is 
present (as showed in Supplementary Fig. 2). A summary of all candi-
date genes and their functions is shown in Table 4. The SNPs with the 
highest significance for Ucrit were located in an intron of the hip1 
(huntingtin interacting protein 1) gene on LG14. Hip1 is mainly involved 
in regulating the central nervous system and body length. Other 
candidate genes on LG14 were limk1a, elna, lsamp, aipl1 and dner. 
Candidate genes on LG13 were pprc1 and rrp12, while two other 
candidate genes located on LG19 and LG12 were hectd1 and smyd1, 

respectively. The functional annotation for these candidate genes sug-
gests the involvement of several relevant biological processes, including 
neuronal growth, muscle activity, cardiovascular development and ox-
ygen/hypoxia regulation. 

3.6. The effect of suggestive SNPs from Ucrit on growth 

To investigate the effect of candidate SNPs on growth, the signifi-
cance threshold was defined with FDR multiple testing value <0.05. The 
summary for the effect of the nine suggestive SNPs with DGC is shown in 
Supplementary Table 2. One significant SNP with DGC (AX-317442766) 
followed a dominant genetic model, which means the genotype 

Fig. 1. SNP distribution generated from SNP array (a), PC plot on SNPs (b), each dot represents one individual.  

Table 2 
Genetic variance components and heritability for traits at swimming test in GIFT 
population.  

Traits σa
2 σe

2 σc
2 σp

2 h2 

Ucrit 5.15 11.72 1.20E-06 16.88 0.31 (0.043) 
SLtest 0.05 0.18 1.70E-04 0.23 0.24 (0.042) 
Htest 0.01 0.03 2.40E-05 0.04 0.26 (0.042) 
SAtest 1.06 3.47 3.05E-03 4.53 0.23 (0.042) 
BWtest 1.23 3.38 3.10E-03 4.61 0.27 (0.043) 
Harw 1515.89 3652.26 2.23 5170.40 0.29 (0.047) 
DGC 0.02 0.05 0.35E-09 0.08 0.30 (0.046) 

Ucrit when only test day was fitted as class variable in the model; SLtest, Htest, 
SAtest and BWtest were estimated when test day and sex were included in the 
model as class variables; age at harvest as a covariate and sex as a class variable 
for Harw; weight at stocking as covariate and sex as a class variable for DGC. 

Table 3 
Genetic and phenotypic correlations between Ucrit and other traits at swimming 
test, harvest weight, daily growth coefficient.  

Traits rg rp 

BWtest 0.43 ± 0.10 0.36 ± 0.03 
SLtest 0.42 ± 0.11 0.35 ± 0.03 
Htest 0.35 ± 0.11 0.30 ± 0.03 
SAtest 0.39 ± 0.11 0.33 ± 0.03 
Harw − 0.13 ± 0.13 0.06 ± 0.04 
DGC − 0.26 ± 0.13 − 0.01 ± 0.04 

In a bivariate model, the fixed effect were the same as in the univariate models 
above except the common environmental effect was excluded in all models. 
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homozygous for the major allele (TT) had significantly higher DGC 
(3.12) compared to the mean DGC (3.07) of CT or CC genotype. Two 
SNPs (AX-317595114 and AX-317418538) were significantly associated 
with DGC following an over-dominant genetic model. For SNP AX- 
317595114, the heterozygous genotype (TC) had a significantly higher 
DGC (3.11) compared to the mean DGC of CC and TT (3.06) genotype. 
However, for SNP AX-317418538, the heterozygous genotype (AG) had 
a significantly lower DGC (3.04) compared to the mean DGC of GG and 
AA (3.10). From the summary for the effect of the nine SNPs with har-
vest weight (Supplementary Table 3), we found that three SNPs (AX- 
317442766, AX-317595114 and 317,418,538) were significant, the 
same for DGC. We also investigated the effect size of the significant 
SNPs, to understand the interplay amongst Ucrit, harvest weight and 
DGC. We observed that the TT genotype of SNP AX-317442766 had a 
lower mean Ucrit than the genotypes CT and CC but had the highest mean 
harvest weight and DGC (as shown in Fig. 3a). The same is observed for 
AX-317418538 (Fig. 3c), in which the GG genotype had a lower mean 
Ucrit than genotype AA and AG but had the highest mean harvest weight 
and DGC. For SNP AX-317595114 (Fig. 3b), the TT genotype had a 
highest mean Ucrit, but also a lowest harvest weight and DGC compared 

to genotype TC and CC. Overall, three of these 9 SNPs were significantly 
associated with both harvest weight and DGC, and SNP genotypes that 
presented a low mean Ucrit had a high mean harvest weight and DGC. 

4. Discussion 

Following the earlier study of swimming performance in tilapia 
(Mengistu et al., 2021), we re-examined the genetic correlations be-
tween Ucrit with body size traits at the swimming test and with growth 
traits after a growing-out period in a non-aerated pond using a genomic 
relationship matrix. To better understand the genomic architecture of 
swimming performance in Nile tilapia, we identified QTLs associated 
with critical swimming speed, and estimated the effect of candidate 
SNPs for Ucrit on the growth traits. 

4.1. Heritability and genetic correlation 

Heritabilities for all traits investigated in this study was moderate to 
high. Our results confirm those from the earlier study by Mengistu et al. 
(2021) and provide further evidence and support that swimming 

Fig. 2. Manhattan plot for Ucrit (a), Harw (b) and DGC (c). The orange and blue horizontal line represent the genome-wide significance (2.57E-06) and suggestive 
significance threshold value (5.15E-05) respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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performance is heritable and potentially applicable in genomic selec-
tion. The standard error of the heritability estimates was smaller using 
the genomic relationship matrix method compared to a pedigree-based 
relationship matrix. The genetic variance estimated for Ucrit based on 
genomic relationship matrix is 5.15 in this study while 6.71 in previous 
study estimated by pedigree relationships by Mengistu et al. (2021). This 
confirms the idea that variance components are more accurately esti-
mated when using a genomic relationship matrix, which not only utilizes 
the relationships of an individual with all other individuals in the 
analysis, but also captures the Mendelian sampling variance (Veerkamp 
et al., 2011). Our heritability estimate of Ucrit is within the range with 

that in other species e.g. 0.24 in Guppy (Poecilia reticulata) (Nicoletto, 
1995), 0.24 in Atlantic salmon (Salmo salar) (Hurley and Schom, 1984), 
0.41 in threespine stickleback (Gasterosteus aculeatus) (Garenc et al., 
1998) and 0.55 in European sea bass (Dicentrarchus labrax) (Vandeputte 
et al., 2016). 

Similar to the heritability, the genetic correlations based on the 
genomic relationship matrix were also more precise compared to those 
based on pedigree information. The positive phenotypic genetic corre-
lations between Ucrit and SLtest, Htest, SAtest, BWtest indicate that 
larger fish swam faster in absolute terms during the swimming test. The 
observed genetic correlations between Ucrit and Harw, and Ucrit and 

Fig. 3. The effect estimation of candidate SNPs on growth with AX-317442766 (a), AX-317418538 (b) and AX-31739145 (c).  
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DGC, suggests an interaction between growth and swimming perfor-
mance. A negative genetic correlation indicates that Nile tilapia with 
higher Ucrit have lower growth and harvest weight in non-aerated ponds. 
In juvenile common carp (Cyprinus carpio), when acclimatized to the 
lower temperature, Ucrit was negatively correlated with feeding rate and 
growth rate, suggesting a trade-off between growth and exercise. But 
this trade-off in juvenile common carp (Cyprinus carpio) can disappear 
when acclimatized to higher temperature (Pang et al., 2016). On the 
other hand, a negative correlation between growth and swimming per-
formance could occur in species that mature in their first year, like 
tilapia. Growth rate becomes positively correlated with Ucrit when fish 
mature within a few months after hatching, this pattern has been found 
in European sea bass (Dicentrarchus labrax) (Cominassi et al., 2019), 
Atlantic Salmon (Salmo salar) and Gilthead Seabream (Sparus aurata) 
(Palstra et al., 2020). In addition, selection for high growth rate can lead 
to the development of cardiac abnormalities, which has been observed 
in several farmed species, such as broiler chicken (Olkowski, 2007) and 
rainbow trout (Oncorhynchus mykiss) (Brijs et al., 2020). The GIFT strain 
has been selected for harvest weight over fifteen generations so far. The 
negative correlations between Ucrit and growth traits in the study, seems 
to suggest that a low Ucrit could lead to cardio-respiratory health prob-
lems in the future. These results indicate that selection for better growth 
in combination with selection for fish with good cardio-respiratory 
health is feasible in a breeding program, which will aid in providing 
fingerlings resilient to (periodic) hypoxic culture conditions within 
smallholder tilapia farming. 

4.2. Genome-wide association study 

Our results show several QTLs involved in the swimming perfor-
mance in Nile tilapia. It is well-known that the larger the effect of the 
QTL, the higher the chance of finding a significant association for a given 
size of study, i.e. higher power. Our analyses showed limited numbers of 
clear associations, and even where candidate regions were found, the 
effect generally seemed limited in size. However, our study was only 
based on 1500 samples. Increasing the number would increase the 

power and stronger associations would be expected to emerge. While 
some medium to strong associations were found, the results also indi-
cated that Ucrit is a complex trait regulated by many genes with small 
effect. 

Overall, 16 genes in high linkage disequilibrium (LD) with the 
identified SNPs, were found. The 65 K SNP array used in this study 
covers <2% of all SNPs presented in the GIFT population (Cádiz et al., 
2020). It is more likely candidate SNPs are in strong LD with the casual 
SNPs rather than causal SNPs. The SNP with the highest significance 
(LG14:12189511) was linked to the gene hip1, which codes for 
huntingtin-interacting protein. The gene has been suggested to confer 
narrow body shape in zebrafish (Komoike et al., 2010), whereas HIP1 in 
human is presumed to affect cognitive and central nervous function 
(Metzler et al., 2003; Ramocki et al., 2010). Two other genes (Lsamp and 
dner) are also potentially involved in neuronal growth and differentia-
tion (Pimenta et al., 1995; Hsieh et al., 2013). The candidate gene hectd1 
codes for HECT domain E3 ubiquitin ligase 1. A zebrafish (Danio rerio) 
orthologue of the human and mouse HECTD1 gene is annotated in the 
ZFIN database. The expression level of HECTD1 decreased under hyp-
oxia in human cells (Erler, 2014; Wang et al., 2020). The response to 
oxygen levels in human cells suggests hectd1 in tilapia may be an 
interesting candidate gene under similar challenging circumstances. 
Similarly, the rrp12 gene has orthologues found in both human and 
mouse, which have been associated with adaptation to low oxygen. The 
human orthologue of RRP12 was found to be associated with living at 
high altitude in Asian and Amerindian populations (Foll et al., 2014). 
Further candidate genes identified in the present study include elna, for 
which variant (elnasa12235 c.264 T > A, p.Tyr88*) has been shown to 
reduced blood flow and to induce heart function abnormalities in 
zebrafish (Danio rerio) (Zorrilla, 2018). Furthermore, zebrafish (Danio 
rerio) and human orthologues of two genes (smyd1b and pprc1) are 
potentially involved in cardiac and exercise-related muscle activity (Li 
et al., 2013; Uguccioni et al., 2010). 

Previous studies have shown that skeletal and cardiac muscle tissues 
are significantly influenced by swimming-induced exercise in several 
species, such as Atlantic salmon (Salmo salar) (Castro et al., 2013) and 
zebrafish (Danio rerio) (Rovira, 2017). Sustained swimming could in-
crease transcriptional activity in white muscle during growth and 
development in rainbow trout (Oncorhynchus mykiss) (Palstra et al., 
2013). We further confirmed that a few candidate genes were also 
involved in skeletal and cardiac muscle in Nile tilapia. 

In summary, while the majority of genes involved in the trait prob-
ably cannot be fully identified by a study of the scope and size of the 
current one, we were able to identify a number of good candidates. It 
was found that pathways including central nervous system and neuron 
development, oxygen adaptation and hypoxia regulation, cardiac and 
exercise-related muscle activity are potentially involved in regulation of 
swimming performance. Overall, these 9 SNPs involved in muscle ac-
tivity, cardiovascular development and angiogenesis, and oxygen/hyp-
oxia regulation pathways, should be prioritized for marker-assisted 
selection in breeding program. 

4.3. Pleiotropic SNPs with swimming performance and growth 

We also investigated the impact of candidate SNPs associated with 
Ucrit on growth. As the function of genes becomes better known, it is 
often revealed that they are involved in multiple pathways, and there-
fore have multiple effects on the phenotype (pleiotropy). Pleiotropy is 
widespread in animal breeding. When one trait is under selection, the 
mean of other traits also changes over generations. This response to 
selection could be reflected by the genetic correlation between traits 
(Gratten and Visscher, 2016). Knowing the genetic basis of traits and 
their pleiotropic effects through candidate gene and molecular pathway 
analysis can reveal how traits may be related at the functional genomic 
level. 

Our results show only three of the SNPs are associated with harvest 

Table 4 
Candidate genes from suggestive SNPs and their biological functions.  

LG rs pos Candidate genes Functional annotation 

14 
AX- 
317442766 12,189,511 hip1 

central nervous 
system, body length 

19 
AX- 
317595114 3,659,540 hectd1 hypoxia regulator 

14 
AX- 
317032241 19,888,564 

LOC112842187 
(ncRNA) 

cardiovascular 
development    

LOC100693040 
(limk1a)     
LOC102081909 
(ncRNA)     
LOC100694912 
(elna)  

14 
AX- 
317417214 9,648,027 lsamp neuronal growth 

14 
AX- 
317424375 19,382,001 aipl1 photoreceptor    

trarg1     
LOC109204983 
(ncRNA)     
gosr1  

13 
AX- 
317391485 18,854,572 pprc1 

exercise-related 
muscle activity 

13 
AX- 
317415431 18,943,978 rrp12 oxygen adaptation 

12 
AX- 
323027008 24,066,436 

LOC100708974 
(smyd1b) 

skeletal and cardiac 
muscles activity 

14 
AX- 
317418538 12,496,362 dner 

neuronal and glial 
differentiation 

Gene names in brackets were annotated based on a BALST against Danio rerio. 
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weight and DGC. These three SNPs are linked to three genes (hip1, 
hectd1, dner). Gene hip1 regulates body length, therefore it is not sur-
prising that hip1 is also associated with growth. The gene hectd1 is 
assumed to be involved in adaptation to hypoxia (Wang et al., 2020) and 
our previous studies have shown that hypoxia can suppress growth in 
Nile tilapia (Mengistu et al., 2020a; Yu et al., 2021). The candidate genes 
involved in cardiovascular development and exercise-related muscle 
activity suggested no relationship with growth. Nevertheless, they 
potentially can be applied as biomarkers to select fish with good cardio- 
respiratory health and good growth. Genes involved in neuronal growth 
and differentiation pathway can influence growth while others do not. 
After all, growth traits are also polygenic with potential involvement of 
thousands of QTLs (Zhang et al., 2021). 

5. Conclusions 

Moderate heritability of swimming performance was found based on 
genomic relationship matrix estimation. Large fish generally swim faster 
than smaller fish, whereas fish with better swimming performance 
showed slower growth later in life. Nine suggestive SNPs between ge-
notype and swimming performance were identified. The identified QTLs 
indicate that swimming performance is a complex trait with pleiotropic 
effects on growth. Our results reveal a clear pleiotropic effect of some 
SNPs associated with swimming performance on growth traits including 
harvest weight and DGC, while other SNPs had only effect on swimming 
performance, but not on growth. Using these SNPs in selection has the 
potential to select fish with good cardio-respiratory health and good 
growth. Overall, our analyses shed a first light on the genomic mecha-
nisms of swimming performance and growth in tilapia. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.aquaculture.2022.738522. 
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