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Abstract

Background. Malaria is an endemic disease present in many areas of Colombia. In the city of Buenaventura
(Colombian Pacific), there is a high incidence of malaria cases, with a high number of deaths due to this
disease. Some genetic variants provide protection against malaria, as is the case for individuals
heterozygous for some haemoglobin variants (HbS, HbC, and B-thalassemias), individuals homozygous and
heterozygous for the A- variant of the G6PD gene, and individuals homozygous for the FYBES allele of the
Duffy gene. The objective of this research was to establish the prevalence of these variants through
molecular characterization in a representative sample of the population of the urban area of Buenaventura.

Methods. A total of 819 individuals selected randomly from each of the 12 communities of the city were
included. The analysis at the molecular level was carried out using PCR-RFLP and allele-specific PCR. The
contained data were subjected to descriptive, independence and regression analyses. These evaluations
were carried out using Arlequin 3.5, SPSS 20 and R 3.4.1.

Results. Frequencies of 3.1%, 2.2%, 72.2%, 2.1%, 2.8%, and 11% were found for the resistance alleles HbS,
HbC, Duffy, B-Thalassemia-29, B-thalassemia-88 and G6PD, respectively. For the Duffy gene, there was a
higher frequency of the resistance genotype in the entire population, as well as a higher occurrence of the
Duffy resistance genotype combination with the G6PD and HbS/C resistance genotypes. In addition,
compared with other age groups, adolescents and young adults (13 to 26 years) presented the highest
proportion of resistance genotypes. Likewise, compared with other communities, the communities of the
insular zone of Buenaventura (1, 2, 4, 5) had the highest proportion of resistance genotypes. These data are
important to take into account by health and prevention entities in the city because they reveal age groups
and communities more susceptible to infection by malaria in the city of Buenaventura and groups prone to
developing and/or propagating genes that can increase the prevalence of haemoglobinopathies in the
population in the long term.

Introduction

Malaria is an infectious disease caused by an intracellular parasite of the genus Plasmodium, whose main
vector is mosquitoes of the genus Anopheles [1], and is one of the most serious public health problems
worldwide [2]. The Amazon region of Peru and the Pacific coast in Colombia are two of the areas most
affected by malaria in the Americas [3], and Buenaventura, located on the Pacific coast, is a city with one of
the highest number of register cases of malaria in the region [4].

In areas where malaria is endemic, high frequencies of genetic mutations that cause haemoglobinopathies
or defects in erythrocytes have been found, and a protective effect of these mutations has been observed in
the clinical development of malaria; studies show that the burden is reduced in affected erythrocytes, with
the latter being phagocytosed to a greater extent than healthy erythrocytes, favouring parasite removal [5, 6,
7,8,9,10, 11, 12, 13]. Among the main genotypes that confer resistance to or protection from malaria are
haemoglobin variants, such as HbS (heterozygous genotype AS), HbC (genotype AC and CC) and
heterozygotes for a and B thalassemias; the heterozygous, homozygous and hemizygous genotype of the A-
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allele of the glucose 6-phosphate dehydrogenase (G6PD) gene; and the homozygous genotype of the FYBES
allele of the Duffy gene [6, 7, 8, 14, 15].

In Colombia, haemoglobinopathies and erythrocyte defects prevail, with frequencies ranging from 2.4 to
70% being reported in different regions of the country. The results of population studies of some of these
resistance variants have also been reported [16, 17,18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32,
33], but thus far, no study has been carried out that establishes, in a population endemic to malaria, such as
Buenaventura, the prevalence of all previously mentioned resistance variants, the genotypic combinations
that are found and in which proportion and which population distribution variables (such as sex, age and
community) influence the genotypes of these resistance variants.

The main objective of this study was to establish, through molecular characterization, the prevalence of the
variants of resistance to malaria (HbS, HbC, Duffy, B-thalassemias and G6PD) in the city of Buenaventura,
an endemic region for malaria in Colombia, and to visualize the genotypic combinations of these variants,
thus determining the degree of protection of individuals by age group and geographical area of the city
(community).

Materials And Methods

Population and type of study

This was a cross-sectional study with stratified random sampling, where each “stratum” corresponded to
each of the 12 communities of the city of Buenaventura, municipality of Valle del Cauca (Fig. 1).

The population sample consisted of 819 individuals of both sexes (214 minors and 605 adults) covering all
age ranges. Foreigners, visitors or inhabitants who could not certify their origin and/or birth in the city were
not included. Participants related to each other in the same generation were excluded to guarantee the
nonrepetition of samples by kinship.

The health status of the participants was variable, and most of them were apparently healthy. Blood
samples were stored at -4 °C in the LGMH of Universidad del Valle (Cali), where they were processed. This
study was approved by the Human Ethics Review Committee (CIREH) of Universidad del Valle (Act No. 199-
020).

Molecular diagnostics for study variants
DNA was extracted from blood samples using a "salting out" technique as previously described [34].
Duffy blood group

For the analysis of the Duffy gene, amplification of the promoter and coding regions (GATA and DARC,
respectively) was performed as previously described by Ortega and collaborators [26]. For the GATA region,
the 392-bp fragment obtained after amplification was treated with three units of the restriction enzyme Sty!.
The resulting fragments were 205, 110 and 65 bp, corresponding to the negative Duffy genotype (Fy-), and
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205,110, and 80 bp, corresponding to the positive Duffy genotype (Fy+). For the DARC region, the 159 bp
fragment originating from the amplification was treated with one unit of the restriction enzyme Banl. The
products of this digestion were 159 bp for Fy (a- b+), 86 and 73 bp for Fy (a+ b-) and 159, 86 and 73 bp for
Fy (a+ b+). The fragments were visualized on 8% polyacrylamide gels.

Haemoglobin S (HbS)

The analysis of this variant was carried out as previously described by Ortega et al. [26]. The 571-bp
amplified fragment was treated with 2 units of the restriction enzyme Ddel. The resulting DNA fragments
were separated by polyacrylamide gel electrophoresis and examined by silver nitrate staining. For
homozygous (SS) individuals, there was a single band of 308 bp; for heterozygous (AS) individuals, there
were three bands of 308, 201 and 107 bp; and for homozygous (AA) individuals, there were 2 bands of 201
and 107 bp.

Haemoglobin C (HbC)

The analysis of this variant was carried out by allele-specific PCR using the primers proposed by Weatherall
& Clegg [35]. A 206-bp fragment corresponding to the variant and an 860-bp fragment corresponding to the
control were amplified. The absence of the variant was indicated by a 207-bp band. Fragments were
visualized by 8% polyacrylamide gel electrophoresis.

B-Thalassemias

The -88 (CaT) and -29 (AaG) variants were detected using the allele-specific PCR technique proposed by
Weatherall & Clegg [35]. For the -88 variant, a 684-bp fragment indicated the presence of the variant, and a
683-bp band indicated the absence of the variant. For the -29 variant, amplification of a 625-bp fragment
indicated the presence of the variant, and a 624-bp fragment indicated the absence of the variant. Each
reaction contained a set of control primers to amplify an 860-bp fragment. All fragments were visualized on
8% polyacrylamide gels.

Glucose 6-phosphate dehydrogenase deficiency (DG6PD)

Two regions corresponding to the A + (376A> G) and A- (202G> A) variants were identified by the allele-
specific PCR technique following the method described by Liese et al. [36]. Primers 202G and 202A were
used to identify variant A-, and primers 376A and 376G were used to identify variant A+. The amplified
fragments were visualized on 8% polyacrylamide gels. The expected sizes of the fragments were 452 bp
and 266 bp for the A + and A- variants, respectively. Each reaction contained a set of control primers to
amplify a 333-bp fragment.

Data analysis
Descriptive statistics

The contingency tables for the different variables were constructed using the statistical program R version
3.4.1 [37]. The study variables were "Sex", "Age group”, "Communities”, " HbS/C variant", "Duffy variant", " B-
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Tal-29 variant", " B-Tal-88 variant”, "G6PD variant", and a variable derived from the latter called "Protection”
(Table 1). “Protection” comprised categories corresponding to whether an individual had one, at least 2, all
or none of the resistance genotypes of the variants studied. Age was categorized into three groups, i.e., 8

months to 12 years, 13 to 26 years and 27 to 93 years, following the life cycle guide proposed by the
Ministry of Health [38].

Table 1. Variables of study.
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Variable

Sex

Age group

Communities

HbS y HbC
(HbS/C)
variant

Duffy variant

BTal -29
variant

BTal -88
variant

G6PD variant

Protection

Categories or values

1=female; 2= male
1= 8 months to 12 years
2=13 10 26 years
3=27 to 93 years
1= Community 1
2= Community 2
3= Community 3
(-)
12= Community 12
1= AA; 2= CC*;3=SS
4= AC*; 5= AS*; 6= SC*

1=FYBES/FYBES*; 2=FYA/FYA
3=FYB/FYB; 4=FYA/FYB

5=FYA/FYBES: 6=FYB/FYBES
1= AA; 2= AG*; 3= GG

1=CC;2=CT*;3=TT

1= BB; 2= A+A+; 3= A-A*
4= BA+; 5= BA- 6= A+A*
7=B; 8=A+; 9=A*

1=None (No protective genotypes)

2=0ne (having one protective
genotype from a single variant)

3=At least 2 (having a combination
of two or more protective genotypes
from 2 or more variants)

*Genotypes of protection (resistance to malaria)
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Type of
variable

Qualitative

Qualitative

Qualitative

Qualitative

Qualitative

Qualitative

Qualitative

Qualitative

Qualitative

Level of
measurement

Nominal

Ordinal

Nominal

Nominal

Nominal

Nominal

Nominal

Nominal

Ordinal

Measure
method

Survey

Survey

Survery

PCR-RFLP and
Allele-specific
PCR, followed
by band
counting

PCR-

RFLP followed
by band
counting

Allele-specific
PCR followed by
band counting

Allele-specific
PCR followed by
band counting

PCR-RFLP and
Allele-specific
PCR, followed
by band
counting

Band counting
for each
individual
considering the
results obtained
for all variants



Calculation of allele and genotype frequencies and population differentiation

The allele and genotype frequencies were calculated for all study variants. The exact population
differentiation test of Raymond and Rousset [39] was also carried out to evaluate subgroups of individuals
by age and to compare the distribution of genotype frequencies with those reported for other populations in
Colombia, which was complemented with the x? homogeneity test. For the HbS and HbC variants,
comparisons were made with HbS and HbC variant results reported in two studies conducted in
Buenaventura (Valle) [23, 18], for two populations from San Andrés and Providencia [19, 31], for one
population from Cali (Valle) [33], for two populations from Cartagena (Bolivar) [17, 24] and for one
population from each of the following departments: Putumayo, Narifio, Guajira, Chocé and Valle [31]. For
the Duffy variant, comparisons were made with Duffy variant results reported for the rural population of
Buenaventura (Valle del Cauca) and for the populations of Tumaco (Narifio), Tierra Alta (Cérdoba) [25] and
Iltaly, located in the municipality of San José del Palmar (Chocd) [21]. For the G6PD variant, comparisons
were made with G6PD variant results for the populations of Buenaventura (Valle), Quibdé (Chocd), Tierra
Alta (Cérdoba) and Tumaco (Narifio) [22]. For the -29 and -88 variants of B-thalassemia, it was not possible
to make comparisons because no studies were found that reported relevant data for these variants in the
Colombian population. All the tests referred to in this section were carried out with the Arlequin 3.5.2.2
statistical package [40] and R software version 3.4.1 [37]. For all the analyses, a value of 0.05 was used as
the maximum accepted type | error.

Independence test, correspondence analysis and regression.

Chi-square tests and Fisher's exact tests [41] were used to examine the independence between the variables.
The effect of the different independent variables (“sex”, “age”, “community”) on the response variables
(“HbS/C variant”, “Duffy variant”, “B-Tal-29 variant"," B-Tal-variant”, “G6PD variant”, and “Protection”) was
performed by means of a deviancy analysis associated with the multinomial or multiordinal logistic
regression model. Once a significant effect of at least one of the aforementioned independent variables was
evidenced, Fisher's multiple comparison test with Bonferroni correction was applied to better understand
that significance. All the aforementioned tests were carried out with the statistical software R version 3.4.1

[37]

Results

Variant differentiation by age range and allele and genotype frequencies

The sample consisted of a total of 819 individuals belonging to the 12 communities of the urban area of
Buenaventura; 214 were minors and 605 were adults (mean = 35 years, SD = 20 years). For some variants,
detection was not possible in the 819 individuals; therefore, the total for some variants may vary slightly.
Similarly, there were some records without information on age (called "SG"); the results for these individuals
were taken into account when calculating the general frequencies for the population. When performing the
population differentiation analysis for the genotypes of the variants in individuals with different ages (8
months to 12 years, 13 to 26 years and 27 to 93 years), there were significant differences among the HbS/C
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variants (p = 0.0154), B-Tal-29 variant (p < 0.0001), and B-Tal-88 variant (p < 0.0001); there was no
significant difference for the G6PD and Duffy variants (p = 0.1171 and p = 0.2295, respectively). These age
groups were taken into account in the different analyses, especially in the calculation of fit, selection
coefficients and average deviation.

Haemoglobin S and C variants

For these variants, 814 individuals were successfully diagnosed. The most frequent genotype was AA
(wildtype homozygous), with 730 individuals (89.7%), represented mainly by age group 1 (8 months to 13
years), followed by the heterozygous carrier genotypes (or resistance genotypes) AS and AC, with
frequencies of 5.8% and 4.2%, respectively, mostly evidenced in age groups 2 (13 to 26 years) and 3 (26 to
93 years). The least represented or unrepresented genotypes were the heterozygous genotypes of both
variants, SC (0.2%), followed by homozygous SS (0.1%) and homozygous CC (0%), with the latter mostly
present in age group 2. Finally, the following allele frequencies were found: 94.7% for allele A, 3.1% for allele
S and 2.2% for allele C (Table 2).

Table 2. Allelic and genotypic frequencies for the HbS and C variants for the total individuals and each age
group.
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Age group Genotype Total

AA ccC SS AC AS SC
G1 152
144* 0 0 3 5) 0
94.7%** 0.0% 0.0% 2.0% 3.3% 0.0%
G2 145
123 0 1 4 16 1
84.8% 0.0% 0.7% 2.8% 11.0% 0.7%
494
G3 442 0 0 25 26 1
89.5% 0.0% 0.0% 51% 5.3% 0.2%
SG 23
21 0 0 2 0 0
91.3% 0.0% 0.0% 8.7% 0.0% 0.0%
Total 814
730 0 1 34 47 2
89.7% 0.0% 0.1% 4.2% 5.8% 0.2%

Allelic frequencies

A= 94.7%
C= 2.2%
S= 3.1%

*Absolute frequency; **Relative frequency or prevalence. G1= 8 months to 12 years; G2 = 13 to 26 years;
G3 = 27 to 93 years; SG = individuals without age records.

Duffy variant

For this gene, 819 individuals were diagnosed. Four hundred fifty (55%) had the homozygous genotype, i.e.,
the null or negative Duffy genotype (FYBES*FYBES), which was the most frequent genotype. This genotype
was most represented in age group 2. That genotype was followed in frequency by the genotypes carrying
the null allele, i.e., FYA*FYBES (18.6%) and FYB*FYBES (14.9%), with the highest proportions in age group 1.
The FYA*FYB genotype was present in 6.2% of the individuals, with most in age group 3). The less frequent
genotypes were FYA*FYA and FYB*FYB, present in 3% and 2.5% of the sample, respectively, mostly
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evidenced in age group 3 (27 to 93 years). The FYB ES allele frequency was 72.2%, and the FYA and FYB
allele frequencies were 15.2% and 12.6%, respectively (Table 3).

Table 3. Allelic and genotypic frequencies for the Duffy variant for the total individuals and each age group.

Age Genotype Total
group
FYBES*FYRES FYA*FYA FYB*FYB FYA*FYB Fya*FYBES FYB*FYBES
G1 154
76* 3 3 7 35 30
49 .4%** 1.9% 1.9% 4.5% 22.7% 19.5%
G2 145
85 6 2 4 28 20
58.6% 41% 1.4% 2.8% 19.3% 13.8%
497
G3 277 14 14 37 84 71
55.7% 2.8% 2.8% 7.4% 16.9% 14.3%
SG 23
12 1 1 3 5) 1
52.2% 4.3% 4.3% 13.0% 21.7% 4.3%
Total
450 24 20 51 152 122
819
54.9% 2.9% 2.4% 6.2% 18.6% 14.9%
Allelic FYA= 15.2%
frequencies
FYB= 12.6%
72.2%
FYBES=

*Absolute frequency; **Relative frequency or prevalence. G1= 8 months to 12 years; G2 = 13 to 26 years;
G3 =27 to 93 years; SG = individuals without age records.
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B-thalassemia-29 and -88 variants

For these variants, 816 individuals were diagnosed. For the -29 variant, among the 816 individuals, 789 had
the homozygous AA or normal haemoglobin genotypes (96.0%), 32 had the AG heterozygous genotype
(3.9%) (or resistance genotype), and one had the homozygous GG or double variant homozygous genotype
(0.1%). The allele frequencies were 97.9% for A and 2.1% for G. The AA genotype was most represented in
age group 3, with 98.8%; the AG genotype was most represented in age group 2, with 9.7%; and the GG
genotype was most represented in age group 1, with 0.7% (Table 4).

Table 4. Allelic and genotypic frequencies for the B-thalassemia -29 variant for the total individuals and each

age group
Age group Genotype Total
AA AG GG
G1 152
139* 12 1
91.4%** 7.9% 0.7%
G2 145
131 14 0
90.3% 9.7% 0%
496
G3 490 6 0
98.8% 1.2% 0%
SG 23
23 0 0
100% 0% 0%
Total 32 1 816
783
95.9% 3.9% 0.1%
Allelic frequencies A= 97.9%
G= 2.1%
*Absolute frequency; **Relative frequency or prevalence. G1= 8 months to 12 years; G2 = 13 to 26 years;
G3 =27 to 93 years; SG = individuals without age records.
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For variant -88, among the 816 individuals, 776 had the normal homozygous CC genotype (95.0%), 35 had
the heterozygous TC genotype (4.29%), and 5 had the double variant or homozygous TT genotype (0.61%);
the allele frequencies were 97.2% for C and 2.8% for T (Table 2). The CC genotype was most represented in
age group 3, with 98.6%, and the heterozygous CT and homozygous TT genotypes were most represented in
age group 2, with 11% and 2.1%, respectively (Table 5).

Table 5. Allelic and genotypic frequencies for the B-thalassemia -88 variant for the total individuals and each

age group
Age group Genotype
ccC CT TT Total
G1 152
139% 12 1
91.4%** 7.9% 0.7%
G2 145
126 16 3
86.9% 11.0% 2.1%
496
G3 489 6 1
98.6% 1.2% 0.2%
SG 23
22 1 0
95.7% 4.3% 0.0%
Total 816
776 35 5
95.1% 4.3% 0.6%
Allelic frequencies C= 97.2%
T= 2.8%
*Absolute frequency; **Relative frequency or prevalence. G1= 8 months to 12 years; G2 = 13 to 26
years; G3 = 27 to 93 years; SG = individuals without age records.

G6PD A+ and A- variants
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The total sample was 817 individuals from the urban area of Buenaventura. The overall frequencies were
72.8% for the B allele, 16.2% for the African A+ allele, and 11.0% for the A- allele (between hemizygous men
and heterozygous-homozygous women). Because G6PD is a sex-linked gene, the genotype frequencies
obtained are reported by sex.

For the female population (n = 616), the following genotype frequencies were found: 54.5% for the BB
genotype (wild genotype), most represented in age group 3, and 22.1%, 13.5% and 6% for the heterozygous
BA+, BA-, and A+ and A- genotypes, respectively (the last two resistance genotypes), most represented in age
groups 2 and 3. The homozygous genotypes AA+, with 2.6%, and AA-, with 1.3%, were most represented in
age groups 3 and 1, respectively. Thus, allele frequencies of 72.3%, 16.6%, and 11.0% were observed for
alleles B, A + and A-, respectively (Table 6).

Table 6. Allelic and genotypic frequencies for the G6PD variant in females for the total individuals and each
age group
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Age group Female genotypes

BB
G1

48*

56.5%**
G2

52

47.3%
G3 228

56.4%
SG

8

47 1%
Total

336

54.5%

Allelic frequencies

A+A+

0.0%

1.8%

14

3.5%

0.0%

16
2.6%

A-A-

2.4%

1.8%

1.0%

0.0%

1.3%

72.3%

16.6%
11.0%

BA+

20
23.5%

34
30.9%

75

18.6%

41.2%

136
22.1%

BA-

12
14.1%

12
10.9%

58

14.4%

5.9%

83
13.5%

A+A-

3.5%

7.3%

25

6.2%

5.9%

37
6.0%

Total

85

110

404

17

616

*Absolute frequency; **Relative frequency or prevalence. G1= 8 months to 12 years; G2 = 13 to 26 years;
G3 = 27 to 93 years; SG = individuals without age records.

For the 201 men analysed, the following genotype frequencies (and therefore allele frequencies) were

obtained: 74.1% for the B genotype (wild genotype), 14.9% for the A+ genotype and 10.9% for the A-

genotype (resistant genotype). These alleles were most represented in age group 3 (YB genotype) and age
group 2 (YA + and YA- genotypes) (Table 7).

Table 7. Allelic and genotypic frequencies for the G6PD variant in males for the total individuals and each

age group
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Age group Male genotypes Total
B A+ A-

G1 51 9 9 69
73.9% 13.0% 13.0%

G2 23 7 5 35
65.7% 20.0% 14.3%
71 13 7 91

G3
78.0% 14.3% 7.7%

SG 4 1 1 6
66.7% 16.7% 16.7%

Total 149 30 22 201
74.1% 14.9% 10.9%

*Absolute frequency; **Relative frequency or prevalence. G1= 8 months to 12 years; G2 = 13 to 26 years;

G3 =27 to 93 years; SG = individuals without age records

Prevalence of variants by community

Table 8 shows in detail the genotype frequencies found for each variant in each community of the city of
Buenaventura. The AA, AS and AC genotypes of the HbS/C variants were the most predominant in all the
communities. In all the communities, the most prevalent genotype was wildtype AA, followed by
heterozygous variants related to resistance to malaria: in some communities, heterozygous AS was more
predominant (communities 1, 3,7, 8,9, 10, 11, 12), and in another, heterozygous AC was more predominant
(communities 2, 4, 5, 6), with community 1 having the highest frequency of the AS genotype and community
5 having the highest frequency of the AC genotype. For the Duffy variant, the most prevalent genotypes were
the FYBES*FYBES genotype (resistance genotypes) and the heterozygous FYA*FYBES FYB*FYBES genotypes.
In all the communities, the genotype with the highest prevalence was the null homozygous

FYBES*FYBES, For the B-thalassemia-29 and -88 variants, in all the communities, the most frequent
genotypes were wild-type homozygous AA and CC, respectively, followed by heterozygous AG and CT
(resistance genotypes), except for communities 7, 8, and 9, which did not have any individuals with the
heterozygous CT genotype for -88, and communities 8, 9 and 12, which did not have any individuals with the
heterozygous AG genotype for-29. Finally, for the G6PD variant in women, the most prevalent genotype in

all communities was the wild genotype BB followed by the heterozygous BA+ and BA- genotypes (the latter
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related to resistance). For men, the most frequent genotype was the wild BY genotype, followed by the A+ Y
and AY genotypes, with the latter being related to resistance.

(Place table 8 here)

Independence test, multiple regression and prevalence

The results of Fisher's independence tests (p <0.005) were significant for "Community" and "Age group”
(variables described in Table 1) with respect to all response variables. The exceptions were the "Duffy
variant’, which was not related to the variable "Age group” but with the variable "community” and the "G6PD
variant', indicating that there was a relationship between “Duffy variant” and "Age group" but not between
“Duffy variant” and “Community” (Table 9). Regarding the multinomial regression (and polynomial for the
response variable “Protection”), the variable “Age group” influenced HbS/C, B-thalassemias -29 and -88 and
G6PD (Table 9), and "community" influenced the Duffy variants, B-thalassemias -29 and -88, G6PD and
“Protection”. For both tests, no significance was found for the variables with respect to "Sex", except for
"G6PD variant" in Fisher's test of independence (an expected result because G6PD is sex-linked).

Table 9. /Independence test and multinomial and ordinal regression for the study variables.

Variables

Duffy HbS/C BTal. BTal.-88 G6PD Proteccién

variant variant -29 variant variant

variant

Sex 0,8734 0,9725 0,2629 0,0455 0,0005* 0,5508
Variables

Age group 0,2584 0,0165* 0,0005* 0,0005* 0,0005* 0,0111*
(Independence
test)

Community 0,0005* 0,0001* 0,0005* 0,0005* 0,1999 0,0005*
Factores Sex 0,8843 0,8353 0,3884 0,1617 0,4693 0,2758

(Regression) +
Age group 0,1957 0,0297* <0,0000* <0,0001* 0,0112* 0,0029*
+

Community <0,0001* 0,1224 0,0001* <0,0001*  0,0002* <0,0001*

*Significan p-values (p<0.05)
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Considering the results of Fisher's independence tests and multiple regression analyses, the multiple
comparison test was conducted for “categorized age” and “community” with respect to “protection”. For age,
there were significant differences between the age group of 13 to 26 years and the age group of 8 months to
13 years and between the age group of 13 to 26 years and the age group of 27 to 93 years. On the other
hand, communities 1, 3, 4 and 5 were significantly different from communities 6,7,8,9,10,11and 12 (p <
0.0361)

To delve deeper into the results of these tests, the prevalences of “categorized age” and “community” were
established in relation to the variable “protection” (Fig. 2 and 3). For the age groups, the age group from 13
to 26 years had a higher percentage of individuals in the category “at least two” (33.1%) than did the other
two age groups. This highest level of protection indicates that these individuals present combinations of
two or more protective genotypes of 2 or more of the resistance variants investigated in this study. The
frequency of “at least two” was second highest in the age group from 27 to 93 years, followed by the age
group from 8 months to 12 years (Fig. 2). The “one” category (that is, presenting only one resistance
genotype of only one variant) was the most prevalent in all age groups, being higher in the age group from
27 to 93 years and the age group from 8 months to 12 years. Finally, the category “none” (not having any
resistance genotype) was also most represented in the age groups of 8 months to 12 years and 27 to 93
years (Fig. 2).

Regarding the communities (Fig. 3), 1, 3, 4, and 5 had higher prevalences of individuals with “at least 2"
(from 25.6% to 38.3%), with less representation of “at least 2" in communities 2, 6,7, 8,9 and 10. The
category “one” was also the most prevalent in all communities, with quite similar percentages among them,
with 2, 4 and 9 having the highest percentages. Finally, individuals with no protective variant were most
represented in communities 6 to 12 (30.6% to 44%), with very little representation in communities 1 to 5 (Fig.
3).

Regarding the “protection” variable, 276 individuals were included in the “none” category; that is, for any
variable, they did not have a resistance genotype. The category “one” included 360 individuals, with the
Duffy variant (genotype FYBES'FYBES) being the most represented, with 78.3%, followed by G6PD, with
10.8%, with the BA- and A+A- genotypes being more frequent, and HbS/C, with 6.4%, with the AS and AC
genotypes being more frequent (Fig. 4). For "at least 2" for the “protection” variable, among the 183
individuals who were included in that category, 160 (87.4%) presented a combination of only two protection
genotypes for two resistance variants, 21 (11.9%) presented a combination of three protection genotypes for
three resistance variants, and only 1 (0.0%) presented a combination of four protection genotypes. No
individual presented a combination of 5 protection genotypes from the 5 variants investigated (Table 1).

For "at least two" for the protection variable, the most prevalent double combination included the resistance
genotypes of the Duffy + G6PD variants (53.8%), with the genotype combination FYBES*FYBES/BA- being the
most frequent, followed by FYBES*FYBES/A+A-. The HbS/C + Duffy pair (25.6%) was the second most
frequent, represented mostly by the AS/FYBES*FYBES genotype, followed by the AC/FYBES*FYBES
combination. No individual had a combination of resistance genotypes of the HbS/C variants and B-Tal-29
(Fig. 5).
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Regarding triple combinations (three resistance genotypes of three different variants), the HbS/C + Duffy +
G6PD combination was the most prevalent (36.4%), with the genotypic combination AS/FYBES*FYBES/BA-
being more frequent (Fig. 6). That combination was followed in frequency by the triple combination Duffy
+ B-Tal-29 + B-Tal-88 with 18.2% (FYBES*FYBES/AG/CT genotypes). There were no individuals with the
HbS/C + B-Tal-29 + B-Tal-88, HbS/C + B-Tal-29 + G6PD or HbS/C + B-Tal-88 + G6PD combinations. Finally,
only one individual had a combination of 4 resistance genotypes: HbS/C + Duffy + p-Tal-88 + G6PD
(AS/FYBES*FYBES/CT/BA- genotypes).

Comparison with other populations of Colombia

The analysis of population differences and homogeneity in the Buenaventura population, with respect to the
results reported for the variants in populations in Colombia, yielded the following results. Regarding the
results for the three alleles of HbS and HbC obtained herein, there were significant differences (p<0.0064) in
the distribution of genotype frequencies in the populations of Cali [33], Cartagena [17], Putumayo, Narifio,
Guaijira, San Andrés, Chocé and Valle [31]; however, there were no significant differences (p =0.0935) in the
distribution of genotype frequencies in the populations of San Andrés [19], Cartagena [24] and
Buenaventura [23]. Regarding the results for the Duffy variant, there were significant differences (p <0.0001)
in the distribution of genotype frequencies between the population of Buenaventura in this study and the
populations of Italy, Chocd [21], Tierra Alta, and the indigenous population of Buenaventura [25], with no
significant differences in the frequency distribution between the population in this study and the population
of Tumaco [25]. Finally, for the G6PD variant, there were significant differences (p<0.0465) in the
distribution of genotype frequencies between the population in this study and the populations of Quibdé,
Tierra Alta and Tumaco, with no differences with respect to the population of Buenaventura [22].

Discussion

The allele and genotype frequencies found for the variants investigated in this study coincide with those
reported for the black population in the world, especially for some populations from Africa and the Middle
East [42]. In this study, the allele frequencies were 3.1% for HbS, similar to that reported for the populations
of Kenya, Niger, Ghana, Mozambique, Saudi Arabia, Iran and India [42, 43, 44, 45]; 2.2% for HbC, close to that
for populations in Mauritania, Niger, Guinea and Ghana [42, 46]; 72.2% for the FYBES allele, similar to that for
populations from Namibia, Niger, Algeria, Mauritania and Sudan [42, 47, 48]; 11% for the A- allele of the
G6PD variant, as in the populations of Senegal, Angola, Tanzania, Nigeria, Saudi Arabia, Iran, India and
Pakistan [42, 49, 50]; 2.1% for the G allele of the B-Tal-29 variant, similar to those found in populations from
Tunisia, Algeria and Morocco [35, 51]; and 2.8% for the B-Tal-88 T allele, close to that reported in Middle
Eastern countries such as Iran, Pakistan and Lebanon [52, 53], and although this mutation is of African
origin and it is estimated that the maximum frequency in these countries is approximately 21% [35, 52],
allele frequencies are not reported for specific African populations but rather in general in databases or for
Afro-descendant individuals living in other geographical areas [35, 52, 54]. Regarding studies carried out in
Colombian populations, for the three alleles of the HbS and HbC variants, frequencies ranged from 0.1 to
4.6% forthe S allele and from 0.2 to 3.0% for the C allele [23, 18, 19, 31, 33, 17, 24, 31]. For those studies, the
Buenaventura population was significantly different from the populations of Cali, Putumayo, Narifio,
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Guajira, Chocd, Valle, one of the two populations from Cartagena and one of the two populations from San
Andrés. Analysing each allele separately, the C allele is different between the population of Buenaventura
and the other populations, in which it was found in lower frequencies, with the exception of the population
of Cali, where the frequency of both the S and C alleles is low and both are significantly different. For the
previously mentioned populations, the differences found could be explained by the Afro-descendant
component of the sample because although these populations have a significant percentage of Afro
descendants, the percentage does not exceed that reported for the Buenaventura population (~ 90%) [55]. In
addition, for the population in this study, all participants identified as Afro, and in the samples of the other
studies, there was a mixture of ethnicities. Currently, this is the only study in which analyses were carried out
directly by PCR using DNA for these variants; in other studies, capillary electrophoresis, isoelectric focusing
and HPLC techniques were used, methods that can generate discrepancies with respect to molecular
diagnoses using DNA, which is usually a definitive diagnostic technique for confirming gene variants [56].
For the Duffy gene, there were discrepancies between the population in this study and the populations of
Italy in Chocd, Tierra Alta and the indigenous population of Buenaventura. In those populations, there was a
lower frequency of the null Duffy allele (FYBES) and a higher frequency of the FYA and FYB alleles with
respect to those estimated for the Buenaventura population in our study; this difference is attributed to the
high Amerindian component of the samples in the other studies [25]. This is also an indication that the
genetic component of the rural Buenaventura population cannot be equated with that of the urban
population, and therefore, the most appropriate measures to consider when conducting diagnostic studies is
to take into account the population structure. For the G6PD variant, it was not possible to compare allele
and genotype frequencies in this study population with those in other populations because this is the first
study in Colombia that makes a distinction between the three alleles of this variant (B, A+ and A-) and the 6
possible genotypes. In the other studies, although some include molecular diagnoses, they do not report
allele and genotype frequencies but rather measure G6PD enzyme activity. For example, Herrera-Valencia
and collaborators [57] mixed all the carrier genotypes of each allele by group; by having the same grouping
in our study, it was possible to compare our population with their population, finding significant differences
between the population of Buenaventura in this study and the populations of Quibdo, Tierra Alta and
Tumaco but not between the population of Buenaventura in this study and the population of Buenaventura
in their report.

As observed in the results of the independence and regression analyses, the genotypic patterns of the
resistance variants, as well as the “protection” variable, were influenced in some way by the age of the
individuals as well as by their geographical location within the city of Buenaventura ("communities”). This
finding is similar to that reported for the same population in previous studies, only taking into account the
resistance variants of HbS and Duffy [26, 28]; it was surprising that the phenomenon continued to occur
after taking into account more variants of resistance to malaria. Regarding age, the 13- to 26-year-old group
had clear differentiation in genotypic patterns with respect to the other two age groups (8 months to 12
years and 27 to 93 years); this group had a higher proportion of resistance genotypes of the different
variants investigated, both individually (Tables 2-7) and as a whole (Fig. 3), as well as a lower proportion of
genotypes that do not confer resistance. These results indicate that compared to other age groups,
adolescents and young adults from Buenaventura have a genotypic composition that could confer greater
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resistance to or protection from malaria infection; importantly, however, children under 12 years of age and
older adults may be more susceptible to malaria infection. These data agree with results reported in the
literature, i.e., individuals under 5 years of age (or in some, under 14 years of age), pregnant women and
older adults are more susceptible to malaria infection [58, 59, 60]. In Buenaventura, specifically, the highest
numbers of reported weekly and yearly cases of malaria infection occur in individuals between the ages of
10 and 29 years, decreases considerably with aging [61]. This observed pattern has been related to the work
activities of these groups because young people and adults are more exposed to infection by the parasite
due to their occupations, which often involve travel to rural areas and, therefore, increased exposure to
mosquito bites. In contrast, young children and older adults, due to their daily activities, tend to be less
exposed to mosquito bites and have lower infection rates [62, 63]. Currently, the highest mortality rates from
malaria in Valle del Cauca have been reported in people over 60 years of age and under 5 years of age [64],
as has been reported in various regions of the world. Therefore, it is worth noting once again that although
adolescents and young adults seem to have the highest rates of malaria infection, they have the lowest
mortality rates from malaria, which could be due in large part to the fact that they have the highest
frequencies of the genotypes of variants that generate resistance to or protection from malaria [26]; in
contrast, those younger than 5 years and older than 60 years could be more affected by having lower
frequencies of these resistance genotypes. Although as an individual ages he or she acquires immunity due
to constant infections [63], as ageing continues, the proportion of naive and memory T cells in the immune
system tends to gradually decrease due to the accumulation of exposure to various antigens, in addition to
a reduction in thymus activity, which can limit the production of such cells [65].

These findings once again support the fact that genotypes that confer malaria resistance do not protect an
individual from developing disease but rather decrease the parasitic loads of Plasmodium and decrease in
the clinical severity of the disease (such as cerebral malaria and malaria with severe anaemia), which
generally lead to death; additionally, in some cases, a protective effect has been observed in uncomplicated
malaria [5, 6]. For the variants investigated in this study, parasite loads were lower in individuals with
resistance genotypes than in individuals with normal genotypes, mainly for Plasmodium falciparum (for the
4 variants mentioned) and P vivax (for Duffy, G6PD and B thalassemias) [7, 8,9, 10, 11, 12, 13]. Regarding
the reduction in cerebral malaria and severe anaemia, a greater protective effect against these clinical
manifestations has been found for the HbS, HbC and G6PD variants (except for severe anaemia, for which it
has been observed that the G6PD variants worsen symptoms) [5, 66].

Regarding the geographic zones of the urban area of Buenaventura, called “communities”, it was found that
factors such as age have an effect on the genotypic distribution of the resistance variants and of the
“protection” variable: communities 1, 3, 4, and 5 had higher frequencies of the protective genotypes of the
variants as well as higher frequencies of “at least two” protective variants; communities 6 to 12 had lower
proportions of “at least two” and higher frequencies of “none” (Fig. 3). This clear differentiation is supported
by the analysis of multiple comparisons, showing significant differences between the two groups of
communities. The previous finding agrees, strikingly, with the geographical distribution of the communities
in the urban area of Buenaventura because communities 1, 2, 3, and 4 are in the insular area of the city,
communities 6 to 12 are in the continental zone, and community 5 serves as the bridge between the
communities of the insular zone and the continental zone. For many years, the communities of the insular
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zone, the oldest in the city, have had the lowest rates of malaria infection. In contrast, those in the
continental zone have had the highest number of infections (especially communities 10 and 12) [60, 66].
The latter has been attributed to the greater population density of the vector in these communities, the
higher proportion of forest area and the substantial number of individuals with unsatisfied basic needs [67,
68]. To the above, we can add what was found in this study: the communities of the continental zone were
those with the lowest frequencies of resistance genotypes; therefore, their inhabitants are the most
susceptible to developing severe forms of malaria. On the other hand, the populations in the communities of
the insular zone, because they are older, may have had more time to adapt to malaria through their
“inventory” of resistance genotypes. However, although having resistance genotypes and higher allelic
frequencies of these variants than those for other non-Afro-descendant populations of Colombia, the
population of Buenaventura is more robust when facing malaria, making these individuals more susceptible
to developing haemoglobinopathies because these alleles are carried by heterozygous individuals who do
not develop severe forms of such diseases (such as sickle cell anaemia or thalassemia major) and therefore
will be more likely to pass these genes to their offspring and thus perpetuate cases of haemoglobinopathies
in the population in the future.

Finally, having found a greater representation of individuals with the Duffy resistance variant both in the
total number of individuals (Table 3) and in the single variant and double and triple combinations (Figs. 4-6)
indicates that the FYBES allele or Duffy null allele (which provides resistance), unlike the other variants in this
study, is the only variant that is not associated with any haemoglobinopathy or erythrocyte defect; in fact, it
is the only resistance variant with a frequency of 100% in some African populations [42]. Similarly, the A-
variant of the G6PD gene, which is next in frequency (Table 6, Fig. 4) and was also the most prevalent in the
double and triple combinations together with Duffy and HbS/C (Fig. 5 and 6), is a variant that, although it
reduces enzyme activity, does not reduce activity by 100%: hemizygous men and homozygous women have
approximately 12 to 20% enzymatic activity [11, 69], and this allele can be found at maximum frequencies
of 32.5 to 35% in some African and Middle Eastern populations [42]. The third in frequency for the total
population and the second unique and combined variants were HbS and HbC (Table 2, Fig. 4), which have
been recorded at maximum frequencies of 18.4% in some African populations [42]. These frequencies are
lower than those of the aforementioned variants and are expected for haemoglobin S due to its lethal or
almost lethal character but not expected for HbC because, on the contrary, homozygous CC presents a
higher protective effect than does heterozygous AS (approximately 90% for CC and 70% - 85% for AS) [12],
without a lethal effect. However, due to the allele frequency found in this study, CC homozygotes in the
population are unlikely, with a higher likelihood of AC heterozygotes, a genotype that has a lower protective
effect than AS (47%) [13]. Finally, for B-thalassemias in this study, -29 and -88, their frequencies were the
lowest and similar to those for haemoglobin C (Tables 4 and 5 and Fig. 4) but much lower than those
reported for Africa (60% and 21% for -29 and -88, respectively) [35, 54] and were the least frequently found in
double and triple combinations. This is perhaps because their resistance genotypes coincided (which is only
one, the heterozygote), compared to the other variants that have more than one resistance genotype, and
their frequencies were higher in this population. In addition, although in the African population these are
variants that generate thalassemia minor symptoms, in other populations it has been found that these
variants can generate more severe symptoms of the disease (thalassemia major) [70]. Therefore, it is not
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truly known if these variants could be causing deleterious effects in the population of Buenaventura and if
this could be the reason for finding a decreased frequency of these variants, not to mention the ethnic
mixture, which may be influencing the diversity of allelic frequencies for this and all variants.

Conclusions

In the urban area of Buenaventura, the group of adolescents and young adults (13 to 26 years) has higher
frequencies of resistance genotypes that could confer greater resistance to malaria, as do individuals from
the communities of the insular area (1, 3, 4 and 5). Likewise, individuals younger than 12 years and older
than 26 years could have a greater susceptibility to malaria infection due to the low presence of resistance
genotypes, as could individuals residing in communities 6, 7, 10 and 12 of the continental zone of the city.
Finally, the distribution of allele and genotype frequencies for the resistance variants investigated in this
study in the urban area of Buenaventura cannot be equated with those of other areas of Colombia, not even
in the rural area of Buenaventura (this for the Duffy gene). This is possibly due to the different proportions
of individuals of Afro descent that make up the regions of the country.
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Colombia \

Valle del Cauca

Buenaventura (urban communities)

Figure 1

Map of the communities in the city of Buenaventura, located in the Department of Valle del Cauca. The
department is situated in Colombia, a country located in South America. From Ortega et al. [28]. Licensed
under CC BY 4.0: https://creativecommons.

org/licenses/by/4.0/. Modified from original. Available at https://academicjournals.
org/journal/IJGMB/article-abstract/8E4460450921
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Figure 2
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Bar chart illustrating age groups in relation to the 3 levels of the “protection” variable.
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Bar chart illustrating the 12 communities of the city of Buenaventura in relation to the 3 levels of the
“protection” variable.
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Figure 4

Pie chart depicting frequencies of resistance variants within the "one" category of the "protection” variable.
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Figure 5

Pie chart for double variant combinations within the "at least two" category of the "protection” variable.
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Figure 6
Pie chart for triple variant combinations within the "at least two" category of the "protection” variable.
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