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Research Article

Vitamin A deficiency (VAD) contributes to significant levels of mortality and morbidity, particularly 

among children and women in Africa. Cassava is a major staple crop whose biofortification with beta-

carotene can contribute to reducing the VAD prevalence in a cost-effective and sustainable approach. 

Developing high provitamin A content (pVAC) cassava varieties through the conventional approach is a 

laborious and slow process, partly due to the breeding bottlenecks caused by the biology of the crop. To 

complement the phenotypic screening for pVAC and increase selection efficiency as well as accuracy, we 

employed four Kompetitive Allele-Specific PCR (KASP) assays to predict the level of carotenoids in a 

cassava population developed from open-pollinated crosses. There was significant correlation (r = 0.88)  

between total carotenoid content (TCC) and root tissue colour score in the study population. Marker 

S1_24155522 at the phytoene synthase gene explained most of the phenotypic variation in TCC and 

root colour (R2 = 0.37 and 0.55, respectively) among the genotypes evaluated in this study. The other 

markers did not individually account for much phenotypic variation in the trait in our study population. 

Three genotypes – namely UIC-17-679, UIC-17-1713, and UIC-17-2823 – had higher TCCs, ranging from 

10.07 µg/g to 10.88 µg/g, than the national yellow check variety IITA-IBA-TMS070593 (9.20 µg/g). Marker 

PSY572/S124155522 is therefore recommended for routine use in marker-assisted selection for pVAC 

enhancement in African cassava germplasm.

Significance:

We evaluated the performance of the SNP markers associated with provitamin A content in a cassava population 
and draw relevant conclusions that will foster the applications of these markers in different cassava improvement 
programmes with similar interests. Marker-assisted selection was sufficiently accurate for an early screening of 
individuals for carotenoid content, especially when thousands of genotypes are usually handled. This screening 
will reduce efficiently the challenges and burden attached to the use of sophisticated instruments for carotenoid 
quantification (e.g. HPLC and I-check) for the benefit of breeders and researchers in the field.

Introduction
Inadequate micronutrient intake is a major health challenge, particularly in developing countries.1,2 This problem 
is exacerbated by a restricted diet that relies mostly on a single major staple crop for subsistence3,4 or on a few 
crops lacking some essential nutrients. About 56% of reported childhood deaths in developing nations are due 
to nutritional deficiencies.1 Vitamin A deficiency (VAD) causes night blindness and increases the risk of sickness 
and mortality in children and pregnant women.5 Globally, more than 250 000 children become blind every year, 
of whom half die within 12 months of losing their sight.5 In Nigeria, about 83% of children under five are vitamin 
A deficient.6 Supplement-based strategies for treating vitamin A deficiencies have had limited success, in part 
due to the short-term nature of their interventions and the inability to purchase fortified foods.4 A cost-effective 
approach to reducing the alarming rate of vitamin A deficiency in developing countries is through biofortification 
of staple crops.7

Cassava (Manihot esculenta Crantz) is an important staple crop that provides for the calorie needs of more than 
800 million people in Africa, Asia and South America.8,9 Unlike other staple crops, cassava’s starchy roots are 
inexpensive, which encourages its widespread consumption and adoption, especially in Africa.10,11 However, 
there is a reported correlation between consumption levels of white cassava storage roots and micronutrient 
deficiency, putting populations that rely on this crop at risk of concealed hunger.12 Consequently, biofortification 
of cassava with provitamin A content (pVAC) would contribute, non-exclusively, to reducing the VAD prevalence 
in West Africa4,13, and also play a crucial role in mitigating the rate of hidden hunger – a concept which refers to 
micronutrient deficiency with invisible symptoms in affected individuals14,15.

Significant efforts have been undertaken to exploit the natural variability for carotenoid content in the existing 
cassava gene pool.16-18 For instance, HarvestPlus programme and its partners have improved and released high 
vitamin A cassava in Nigeria in the past years. Between 2011 and 2014, two waves of yellow cassava varieties 
were released in Nigeria, with carotenoid contents ranging from 6 to 8 µg/g and 8 to 10 µg/g, respectively.19 The 
existing pVAC cassava varieties can supply up to 40% of the recommended daily intake of vitamin A.20 Nonetheless, 
there is a need to breed for higher pVAC cassava varieties as the breeding target fixed at 15 µg/g in yellow cassava 
genotypes has not yet been achieved in West Africa.17,21

The use of molecular markers to complement the conventional breeding approach is expected to increase and 
accelerate the genetic gain across environments and seasons22,23 compared with conventional breeding which 
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depends on the environment24 and relies upon identification of the traits at 
maturity25. Moreover, known phenotyping protocols used for carotenoid 
quantification, such as high-performance liquid chromatography (HPLC) 
and I-check, are sophisticated, time-consuming and expensive21, thereby 
limiting the number of samples that can be handled within a short period 
without introducing errors at the early stage of selection when thousands 
of genotypes usually are handled.

Advances in molecular biology technology led to the discovery of single 
nucleotide polymorphism (SNP) markers which are prioritised in crop 
breeding due to their density in the whole genome and their need in 
advanced genotyping platforms.26 The commonly used SNP genotyping 
platforms include GoldenGate, BeadXpress and Kompetitive Allele 
Specific PCR, the genotyping platform used in this study. Kompetitive 
Allele Specific PCR (KASP) is a simple and cost-effective genotyping 
system, convenient for studies that involve relatively few markers.27

Efficient biofortification of cassava storage roots using the available 
natural variation requires a prior understanding of the genetic architecture 
of the trait28 and identification of quantitative trait loci (QTL)-linked markers 
for marker-assisted selection (MAS) implementation. A biparental QTL 
mapping using genotyping by sequencing was first conducted by Rabbi 
et al.29 and enabled the identification of a major locus on chromosome 1  
which explained 92.85% of the variation in root pulp colour. However, 
the QTL mapping method mentioned above is extremely dependent on 
the genetic diversity of the two parents, hence there is variation in QTL 
effects between populations.30 Genome-wide association studies have 
been identified to overcome QTL mapping limitations whereby genomic 
regions responsible for phenotypic traits are identified by using a large 
size of diverse populations to retrieve significant associations narrowing 
down the candidate regions.31

Thus, using the genome-wide association studies approach, the same 
authors, Rabbi et al.18, uncovered two major loci associated with increased 
pVAC on chromosome 1 at positions 24.1 and 30.5 Mbp. The two SNP-
linked markers (S1_24121306 and S1_30543382) explained jointly 
81% of total phenotypic variation in root colour score.18 Other studies 
using independent populations have confirmed the association signals 
from the same genomic region28,32,33 which contains phytoene synthase 
2, a rate-limiting enzyme in the carotenoid biosynthesis pathway34. 
More recently, five additional QTLs on chromosomes 5 (S5_3387558), 
8 (S8_4319215 and S8_25598183), 15 (S15_7659426), and 16 
(S16_484011) were identified using a large genome-wide association 
studies panel of over 5000 cassava accessions.33

Four of the genome-wide uncovered markers (S1_24155522, 
S1_30543962, S5_3387558, and S8_25598183) linked to pVAC were 
recently converted to allele-specific PCR assays to facilitate their routine 
use in MAS.35 We carried out MAS using these SNP markers on a pVAC 
breeding population developed at the University of Ibadan, Nigeria. We 
present the performance of the markers in predicting total carotenoid 
content and root colour score.

Materials and methods

Plant materials and experimentation

The study population was derived from five yellow cassava varieties  
(IITA-IBA-TMS011368, IITA-IBA-TMS011371, IITA-IBA-TMS011412, 
IITA-IBA-TMS070593 and IITA-TMS070539) released between 2011 
and 2014 and used as female parents in open-pollinated crosses. Before 
this study, about 3200 half-sib seeds were generated and 89%, 62%, 
and 0.05% of the progenies were successively screened for different 
attributes such as cassava mosaic disease severity, plant architecture 
and root yield among other traits in seedling nursery, clonal evaluation, 
and preliminary yield stages, respectively.23

Sixty-five (65) cassava genotypes with yellow root tissues selected from 
preliminary yield trials and two check varieties (IITA-IBA-TMS070593 and 
IITA-IBA-TMS30555) were evaluated in this study for visual root tissue 
colour and lab-quantified total carotenoid content (TCC). The experiment 

was laid out in a randomised complete block design with two replications 
at the Teaching and Research Farm of the Department of Agronomy, 
University of Ibadan, Nigeria. To minimise the experimental error due 
to the relatively large experimental field size, genotypes were divided 
into two sets. Set 1 and 2 comprised 32 and 33 cassava genotypes, 
respectively, following the approach of Okechukwu and Dixon36. The 
check varieties were included in each set. The cassava cuttings were 
planted at a spacing of 1 m x 1 m with 20 plants representing each 
genotype in a 20-m2 plot.

Carotenoid assessment in cassava storage roots

The cassava genotypes were selected from preliminary yield trials 
based on their root colour score. However, to ascertain their actual 
carotene content, total carotenoid content was measured using iCheckTM 
(BioAnalyt GmbH, Germany; http://www.bioanalyt.com). The root colour 
was visually scored using a colour chart with a scale ranging from 1 to 8 
where 1 = white; 2 = light cream, 3 = cream, 4 = light yellow, 5 = yellow, 
6 = deep yellow, 7 = orange and 8 = pink.37 At harvest (12 months 
after planting), two to three fully developed roots were selected for TCC 
quantification using the protocol developed by BioAnalyt laboratory and 
described by Jaramillo et al.38 The selected cassava roots were properly 
washed, peeled, and rewashed to remove all impurities. Each root was 
divided into four vertically; two opposite quarters were chopped into 
small pieces (to ease the grinding process) and mixed thoroughly.  
A homogenised sample, 5 g in weight, was collected, macerated using 
a mortar and pestle, and mixed with 20 mL of distilled water. A final 
volume of 25 mL was obtained and transferred to a graduated tube. A 
slurry volume of 0.4 mL was extracted using a syringe and needle and 
injected into the reagent vial. The vial was allowed to stand for about 5 
min to separate the liquid phase before taking and recording the iCheckTM 
reading.

TCC was calculated as described by Esuma et al.39:

  TCC  
µg   g−1

   =   
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S
  
 _ 
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      R  
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     Equation 1

where   V  
S
       is the total slurry volume (25 mL),   W  

S
    is the sample weight 

and   R  
i
    stands for the iCheck reading. The iCheckTM carotene analysis 

procedure was conducted at the Crop Utilisation Laboratory of the 
Department of Agronomy, University of Ibadan.

DNA extraction and KASP genotyping

The DNA was extracted from young freeze-dried cassava leaves 
following a modified Dellaporta et al.40 procedure. The DNA quantity 
and quality were checked using a Nanodrop photometer (ND-8000, 
Thermo Fisher Scientific, USA) and DNA bands were viewed on agarose 
gel (1%). The KASP genotyping was performed as described by Codjia  
et al.41 Four top SNPs (S1_24155522, S1_30543962, S5_3387558 and 
S8_25598183) coming from phytoene synthase 2 on chromosome 1 
and new loci on chromosomes 1, 5 and 8 extracted from Rabbi et al.33 
were used for screening the cassava genotypes for pVAC. The pVAC-
linked markers successfully converted to allele-specific PCR assay35 
enabled the molecular screening. Yellow variety IITA-IBA-TMS 07/0593 
(one of the female parents) and white variety IITA-IBA-TMS 30555 were 
used as positive and negative controls, respectively, in the screening 
for carotene content. The KASP genotyping was conducted at the 
International Institute of Tropical Agriculture (IITA), Ibadan.

Statistical analysis

Data on TCC and root colour score were subjected to an analysis of 
variance (ANOVA) using the Agricolae42 package in R software.43 For 
the marker–trait association, the best linear unbiased estimator (BLUE) 
values for TCC and root colour were extracted from a fitted mixed 
model where blocks and replications were treated as random effects 
and genotypes, including controls, were regarded as fixed following an 
adapted mathematical formula for randomised complete block design 
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from Dixon44. Polymorphic information content (PIC) and favourable 
allele frequencies were calculated using Tassel45 and R software jointly. 
The markers’ effect on TCC and root colour was visually assessed using 
the ggpubr package.46

For marker predictive ability assessment, a multiple linear regression 
was computed using the lm function from the lm4 package.47 The traits 
(TCC or root colour) were considered as response variables and the 
markers as independent variables (predictors) according to the formula 
adapted from Uyanik and Güler48:

 Y =  β  
0
   +  β  

1
    X  

1
   +  β  

2
    X  

2
   + … +  β  

n
    X  

n
   + ℇ   Equation 2

where  Y  = the predicted value of the trait by the markers,   β  
0
    = the 

constant intercept,   β  
1
  ,  β  

2
  , …  β  

n
    = regression coefficient for each marker,   

X  
1
  ,  X  

2
   …  X  

n
   =     explanatory variables (markers) and  ℇ  = residual value.

The best regression model was chosen through a stepwise regression 
method (both backward and forward) using the Mass package. For 
model validation, a bootstrapped sampling strategy was applied (n = 10)  
using the tidymodels package. The correlation matrix plot was performed 
using the corrplot package.49

results and discussion

Variation for TCC among cassava genotypes

The analysis of variance revealed highly significant differences among 
the yellow cassava genotypes for TCC, but no significant difference 
among block components was observed (Table 1). The coefficient of 
variation (CV) was 26%. Genotypes UIC-17-679, UIC-17-1713, and 
UIC-17-2823 had TCCs ranging from 10.07 µg/g to 10.88 µg/g. These 
values are higher than the TCC value of 9.20 µg/g recorded in the yellow 
check variety IITA-TMS-070593 (Table 2).

Frequency distribution and correlation between TCC and 

root colour score

Data on TCC followed a normal distribution (Figure 1). The TCC ranged 
from 2.43 µg/g to 10.88 µg/g with a mean of 5.88 µg/g. The highest 
TCC recorded in this study (10.88 µg/g) is similar to the maximum TCC 
(11 µg/g) reported by Esuma et al.39 among the F

1
 progenies of cassava 

using the iCheckTM carotene determination procedure. The root colour 
ranged from 1 to 4 with a mean of 3 in the panel of yellow cassava 
genotypes (Figure 1).

A highly significant correlation (r = 0.88; p < 0.0001) was observed 
between visual root colour score and TCC using iCheckTM (Figure 2), 
which is consistent with earlier submissions.13,50,51 Screening large 
cassava populations becomes much more motivating due to the existing 
correlation between TCC and root colour score.39 However, lab-based 
quantification of carotenoid content is still needed at later stages of 
selection in order to have more precise estimates, for example when 
recommending new genotypes for official registration and release.52

Marker informativeness, technical metrics and genotypic 

population structure

The favourable allele frequencies for the SNP markers varied from 0.20 
to 0.87 with an average of 0.49 (Table 3). The observed heterozygosity 
at the studied loci ranged from 0.19 to 0.89 with a mean of 0.51. The 
polymorphic information content (PIC) – which is a crucial metric for the 
informativeness of a marker – varied from 0.22 (marker S1_24155522) 
to 0.49 (marker S5_3387558) with an average of 0.38 (Table 3). 
The SNP markers S1_24155522, S1_30543962, S5_3387558, 
and S8_25598183 had call rates of 94%, 98.5%, 98.5% and  
97%, respectively.

Approximately 90% of the study population were identified with 
favourable ‘A’ allele at marker S1_24155522 while about 3% of the 
genotypes did not have the favourable allele (Table 4). Furthermore, 72% 
were homozygotes fixed for the useful allele A whereas about 18% were 
found heterozygotes (CA) at phytoene synthase linked marker (Table 4).

Effects of favourable and unfavourable alleles on TCC 

and root tissue colour

Exploratory analysis of genotype classes (AA, CA, CC) at SNP S1_24155522 
versus TCC revealed a highly significant difference (p < 0.0001) (Figure 3).  
The individuals with two copies of favourable alleles (AA) at phytoene synthase 
locus had a TCC mean of 6.52 µg/g, whereas most of the genotypes (CC)  

Source of 

variation
df

Sum of 

square

Mean 

square
F-value Pr(>F)

Genotype 66 475.2 7.199 2.933 1.04E-05***

Block 1 0.0 0.008 0.003 0.954

Residuals 66 162.0 2.455

Coefficient of 

variation
26.25

***p < 0.001

table 1: Mean squares among cassava genotypes and other 
components for total carotenoid content

Genotypes tCC Groups Standard deviation

highest tCC

UIC-17-679 10.88 a ±8.20

UIC-17-1713 10.84 a ±2.97

UIC-17-2823 10.07 ab ±0.58

TMS07/0593 9.20 abc ±1.04

UIC-17-2402 9.03 abcd ±1.98

UIC-17-1632 8.39 abcde ±0.63

UIC-17-1911 8.33 abcde ±0.66

UIC-17-119 8.24 abcdef ±0.60

UIC-17-707 8.00 abcdefg ±2.80

UIC-17-26 7.98 abcdefg ±0.59

Lowest tCC

UIC-17-90 4.10 opqrstuvw ±0.87

UIC-17-7 4.07 opqrstuvw ±0.63

UIC-17-93 4.02 pqrstuvw ±0.35

UIC-17-8 3.82 qrstuvw ±0.21

UIC-17-646 3.75 rstuvw ±0.59

UIC-17-1749 3.43 stuvw ±0.85

UIC-17-1178 3.38 stuvw ±0.29

UIC-17-2610 2.86 tuvw ±0.17

UIC-17-1972 2.63 uvw ±0.42

TMS30555 2.43 vw ±0.14

table 2: Cassava genotypes with the highest and lowest total carotenoid 
content (TCC)

https://www.sajs.co.za
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with the unfavourable allele had an average TCC of 2.54 µg/g. The majority 
of heterozygous genotypes (CA) had an intermediate level of TCC (4.25 
µg/g). A t-test (pairwise comparison) revealed a significant difference at 
the 5% level at the other loci, except for marker S8_25598183 which was 
not significant in discriminating between genotypic classes for TCC trait 
(Figure 3). Similar observations were made for root colour scores at all loci, 
excluding S8_25598183 (Figure 4).

In a recent study conducted by Udoh et al.13, the marker at PSY2 gene 
(S1_24155522) was significantly associated with root colour score 
and TCC. Phytoene synthase had previously been identified as a gene 
engaged in the initial step of cassava carotenoid biosynthesis.18,34 
Phytoene synthase is known for the accumulation of provitamin A 

carotenoid in cassava roots.28,34 This study confirms the primary role of 
the PSY enzyme (Manes.01G124200), which converts geranylgeranyl 
diphosphate to phytoene.18,34 Beta-carotene constitutes the main 
component of TCC in cassava17,53, suggesting that the products of PSY2 
are mostly channelled towards the lycopene beta cyclase (lcyB) part of 
the pathway.54 Further research is needed to find markers that select for 
down-regulation of the activity of lycopene epsilon cyclase (lcyE), which 
will even boost the proportion of beta-carotene.55

Carotenoid accumulation in cassava is driven by an additive gene 
effect.28 This observation is supported by the differential allele effect 
observed in the box-plot analysis for marker PSY_572/ S1_24155522 
(Figures 3 and 4). Keller et al.56 defined the additive effect as an allele 

Figure 1: Frequency distribution of total carotenoid content (TCC) and root colour score among the yellow 
cassava genotypes.

Figure 2: Correlation between markers and phenotypic traits. Blank spots are not 
statistically significant.

https://www.sajs.co.za
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substitution’s effect at a locus that can explain half of the difference 
of homozygous individuals’ performance as observed in this study at 
PSY2 gene (Figures 3 and 4). The additive nature of the provitamin A trait 
suggests that the accumulation of TCC in cassava storage roots would 
be improved through a recurrent selection allowing gene recombination 
within the breeding set.16,28,51

Prediction of TCC and root colour by markers using 

multiple linear regression model

Individually, the marker at the phytoene synthase gene explained much 
of the phenotypic variation in TCC (R2 = 0.37) while the other markers –  
S1_30543962, S5_3387558 and S8_25598183 – explained 11%, 
7% and 5%, respectively. For root colour, each marker S1_24155522, 
S1_30543962, S5_3387558 and S8_25598183 accounted separately 
for 55%, 8%, 16% and 5%, respectively.

For markers predictive ability assessment, a multiple linear regression was 
computed with the four markers which explained 39% of the total variation 
in TCC in the present population (adjusted R2=0.39; p = 2.78E-05)  
(Figure 5). On the other hand, these SNP markers together explained 
up to 54% of the total variation in visual root colour (adjusted R2=0.54; 
p = 3.901E-08) (Figure 5). However, the best model chosen using a 
stepwise regression method returned a simple model only fitted with 
the most significant predictor at the phytoene synthase gene indicating 
the elimination of other non-significant markers in the prediction model 
for TCC and root colour. The low phenotypic variation of TCC and root 
colour explained by the three markers S1_30543962, S5_3387558 and 

S8_25598183 suggests that the newly uncovered QTLs for pVAC have a 
minor effect on the trait, as previously reported by Ige et al.35

The best prediction model fitted with the most significant marker 
was validated using a bootstrap resampling strategy. The correlation 
coefficient between the predicted and the observed TCC values ranged 
from 0.36 to 0.80 with an average of 0.63 (Figure 6) whereas a 
correlation ranging from 0.66 to 0.89 with a mean of 0.75 was found 
between predicted and observed root colour score (Figure 7). These 
results confirm that marker S1_24155522 has sufficient predictive 
ability for usage in marker-assisted selection to enhance provitamin A 
content in African cassava storage roots.

Phenotypic and molecular improvement for  

provitamin A content

In this study, the maximum TCC recorded in the cassava population 
was 10.88 µg/g – a value that, although higher than that of the national 
yellow control variety, still does not reach the breeding target (15 µg/g). 
The rapid-cycling recurrent selection approach is known to increase 
carotenoid accumulation in cassava storage roots, especially in breeding 
programmes targeting exclusively carotenoid content enhancement.16 
However, the method relies on precise carotenoid quantification using 
laboratory methods such as high-performance liquid chromatography 
(HPLC) which is costly, time consuming and labour intensive.16,21 
The use of SNP markers is expected to facilitate rapid population 
improvement and overcome the challenges associated with phenotype-
based selection.57

SNP marker Favourable allele Alternate allele Favourable allele frequency heterozygosity PIC

S1_24155522 A C 0.87 0.19 0.22

S1_30543962 G A 0.41 0.61 0.48

S5_3387558 T C 0.46 0.89 0.49

S8_25598183 T G 0.21 0.35 0.33

table 3: Favourable allele frequency and informativeness of the SNP associated with provitamin A content in the study population

Marker Marker genotype Counts Genotype frequencies

S1_24155522

AA 48 0.72

CA 12 0.18

CC 2 0.03

Uncallable 5 0.07

S1_30543962

GG 7 0.10

GA 40 0.60

AA 19 0.28

Uncallable 1 0.01

S5_3387558

TT 0 0.00

TC 60 0.90

CC 6 0.09

Uncallable 1 0.01

S8_25598183

TT 2 0.03

TG 23 0.34

GG 40 0.60

Uncallable 2 0.03

table 4: Allelic and genotypic frequencies of the markers associated with provitamin A content in the cassava population

https://www.sajs.co.za
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In our study, we used iCheck to quantify total carotenoid content rather 
than individual carotenoid components (alpha-carotene, all-trans beta-
carotene, violaxanthin, lutein, 15-cis beta-carotene, 13-cis beta-carotene, 
9-cis beta-carotene, and phytoene), a process that would require HPLC. 
In cassava, it is well established that more than 80% of TCC is total beta-
carotene32, a precursor of vitamin A known to be readily converted into 
retinol by the body58 . Additionally, various studies have reported a high 

positive correlation between TCC and total beta-carotene in cassava 
storage roots.16,32,59

The accuracy of MAS found in this study for root colour score is 55%. 
A similar study using different cassava populations resulted in a higher 
accuracy of 80%.35 The relatively lower prediction accuracy from our 
study could be explained by the small population size derived from five 

Figure 3: Effects of favourable and unfavourable alleles on total carotenoid content (TCC) in the evaluated yellow 
cassava population.

Figure 4: Effects of favourable and unfavourable alleles on root colour score in the study cassava 
population.
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parents and the narrow range of variation in root pigmentation (between 
cream and yellow) after discarding white root clones at the early stages 
of selection.

Nevertheless, the observed accuracy from relatively few markers is in 
agreement with previous studies which have shown simple inheritance 
of carotenoid traits in cassava.51,60 Further, the accuracy obtained 
from the present study is similar to that obtained from genome-wide 
predictions.32,61 Ikeogu et al.32 reported prediction accuracies up to 52% in 
a genomic selection with 594 cassava genotypes using the multiple trait 
carotenoids (individual TC components). Equally, Esuma et al.61 reported 
an equivalent accuracy of 52% in root colour score while predicting 
carotenoids using genomic tools. This shows that MAS is sufficient for 
an early screening of individuals for carotenoid content. MAS is much 
more suitable for traits controlled by a few or major loci62 as observed 
in this study with the major PSY2 gene known to be responsible for 
provitamin A accumulation and tagged by marker S1_24155522. The 
approach is particularly convenient when dealing with traits that are 
expensive to phenotype, such as carotenoid content, and which can only 
be evaluated at harvest. We demonstrate the suitability of carotenoid-
content-linked SNPs for MAS in our breeding population. The present 
results open avenues for breeders to more comfortably fast-track the 
transfer of useful alleles of carotenoid genes into elite cassava breeding 
lines, thus contributing to the reduction of VAD prevalence, especially 
among pregnant women and children in developing countries.

Conclusion
We carried out marker-assisted selection to increase provitamin A 
content in a cassava breeding population using four SNP markers and 

laboratory-quantified carotenoid content as well as root colour score. 
The marker accuracy evaluation revealed that the major PSY2 locus 
on chromosome 1, tagged by S1_24155522 and driven by an additive 
gene effect, explained a relatively high phenotypic variation in TCC and 
root colour in the study population and could be deployed for MAS in 
cassava breeding programmes. The top three genotypes – UIC-17-
679, UIC-17-1713, and UIC-17-2823 – with TCC greater than that 
of the national yellow check IITA-IBA-TMS070593 are recommended 
to be advanced to the next breeding stages for evaluation of other 
key traits such as root yield, dry matter, cyanide content, and root 
mealiness across multi-environments to satisfy farmers’ and 
consumers’ needs.
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