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Abstract 

Introduction: Carbohydrate Inborn Errors of Metabolism (IEMs) result from disruption of the catabolic or anabolic path-
ways of different carbohydrates, fructose, galactose and glycogen being the most common and belong to a heteroge-
neous group of disorders that may be inherited or may occur as a result of spontaneous genetic variants. In IEM, there 
are altered carbohydrate pathways, both catabolic and anabolic pathways, including fructose, galactose and glycogen 
metabolism, resulting in a heterogeneous group of disorders. However, data on these pathologies in Colombia are 
scarce. The aim of our study was to identify genomic variants associated with carbohydrate IEM in the southwestern 
Colombian population lacking clinical diagnosis. Results: We performed a cross-sectional study, sequencing 320 ex-
omes and classifying variants according to standard guidelines. We identified 286 variants, including 206 new variants 
and 73 benign or probably benign variants. Notably, six variants in genes such as GALT, GAK1, ALDOB, GAA and SLC2A1 
were of uncertain significance, and one pathogenic variant in the GALT gene was associated with classic galactosemia. 
Interestingly, 18% were intronic, 5% missense, 10% synonymous, and 67% unreported variants. Conclusions: These 
findings highlight the need for early diagnostic programs to implement targeted treatments, including transdisci-
plinary management to minimize morbidity and mortality. Genetic counseling and risk education are crucial, facilitat-
ing anticipatory and preventive medicine approaches, thus advancing precision medicine.
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INTRODUCTION

Inborn Errors of Metabolism (IEM) of carbohydrates, also known 

as Hereditary Metabolic Disorders according to the International 

Classification of Inborn Metabolic Disorders (ICIMD), represent a 

heterogeneous group of genetic disorders that affect the body's 

ability to properly process and use carbohydrates, such as disor-

ders of galactose and fructose metabolism, glycogen metabo-

lism and glycolysis; pentose metabolism, transmembrane 

hexose transport, and absorption [1,2].  

Carbohydrate IEMs result from the alteration of catabolic or an-

abolic pathways of different carbohydrates, with the most com-

mon being glucose, fructose, galactose, and glycogen, with 

prognoses for affected patients ranging from benign to poten-

tially life-threatening [3].  Additionally, existing literature has 

documented a number of carbohydrate IEMs of great interest, 

such as galactosemia, fructose intolerance, and glucose-6-phos-

phate dehydrogenase deficiency (G6PDH), among others [4].

These disorders are the result of variants in key genes involved 

in carbohydrate metabolic pathways, affecting the synthesis or 

degradation of these compounds, with differentiated genetic 

variability according to the population, including the south-

west of Colombia, which can lead to specific profiles of ge-

nomic variants associated with these congenital errors [5].  

These pathologies, although rare at an individual level, are col-

lectively common, with an estimated worldwide incidence of 1 

in 1,900 births [6].
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The age of onset can vary from childhood to adolescence and 

even adulthood, although more severe forms tend to manifest 

during the neonatal period and are associated with significant 

mortality [7].  In Colombia, the laboratory diagnosis of these 

metabolic disorders is not a common practice in health ser-

vices; however, thanks to the joint efforts of health service 

providers and healthcare professionals, in recent years, signifi-

cant efforts have been made to intensify the dissemination and 

knowledge of these disorders [8].

Similarly, in Colombia, neonatal screening programs are being 

created under Law 1980 of 2019.  This law only considers six 

pathologies, such as phenylketonuria, galactosemia, cystic 

fibrosis, congenital adrenal hyperplasia, biotinidase deficiency, 

and hemoglobin disorders, leaving out other IMDs related to 

carbohydrates, such as Pompe disease (PD).  Furthermore, the 

implementation is moving slowly, as current national screen-

ing programs only actively seek congenital hypothyroidism as 

part of the federally funded programs.

The sequencing of the whole exome (WES) is becoming more 

common in clinical practice, as it addresses a larger number of 

genes and is able to identify point mutations and other types 

of genetic alterations in DNA.  This technique has proven its 

usefulness in the diagnosis of IMDs, and its decreasing cost is 

turning it into a standard procedure in the diagnostic protocols 

for these disorders [12].  Studies to identify new genetic vari-

ants are expanding the field of knowledge about IMDs, which 

promotes early detection and timely treatment [13].  However, 

clinical approaches for diagnosing IMDs are challenging, espe-

cially for the rarer variants of the disease, presenting a chal-

lenge for clinicians who must be familiar with this group of 

conditions and learn to identify the typical manifestations of 

different IMDs [14].  Additionally, Colombia lacks studies that 

characterize and determine the clinical significance of variants 

found in population genetic studies, furthermore, there is no

Listen to previous allelic frequency studies that allow estimat-

ing the risk of occurrence of these diseases in southwestern 

Colombia, considering other risk factors such as endogamy as-

sociated with geographically isolated populations, which in-

creases the risk of occurrence of these mostly autosomal 

recessive inherited pathologies [15,16].

In the specific context of the southwest region of Colombia, 

the prevalence and diversity of genomic variants associated 

with these congenital errors are areas of study that have been 

little explored.  Therefore, the present study sought to identify, 

determine, and characterize the genomic variants of genes as-

sociated with Inborn Errors of Metabolism (EIM) related to car-

bohydrates, through the analysis of the results of whole exome 

sequencing of 320 patients from the southwest region of 

Colombia found in the genomic database of the Institute of 

Genomics of Medical Genetics in the city of Cali, who did not 

have a clinical and/or paraclinical diagnosis of these patholo-

gies, in order to determine their allelic frequencies.  This will al-

low for the expansion of knowledge about these pathologies 

among the medical and scientific community, as well as health 

authorities, in order to suggest the establishment of screening 

and early diagnosis programs, which will allow for the imple-

mentation of timely treatments, since there are specific and 

targeted options available for some of these pathologies.

MATERIALS AND METHODS

This is a cross-sectional, observational, and descriptive study in 

which the candidate genetic variants of galactose-1-phos-

phate uridyltransferase (GALT), galactokinase 1 (GALK1), fruc-

tose-bisphosphate aldolase B (ALDOB), alpha-glucosidase 

(GAA), glucose transporter type 1 (SLC2A1), and glucose-6-

phosphate dehydrogenase (G6PDH) were sought, identified, 

and characterized genomically and bioinformatically.  These 

genetic variants were previously identified through literature 

review, taking into account the frequency of reports, clinical 

impact, prevalence, and incidence; associated with galac-

tosemia type I and II, hereditary fructose intolerance, Pompe 

disease, deficiency of glucose transporter I, deficiency of glu-

cose 6-phosphate dehydrogenase in a population in the south-

west of Colombia with different pathologies and clinically and/

or paraclinically undiagnosed with IEM by carbohydrates.

Literature review

For the selection of genes associated with IMDs (Inborn Errors 

of Carbohydrate Metabolism), a literature review was con-

ducted in the Scopus, PubMed and LILACS databases for arti-

cles published between 2010 and February 2023 (in English, 

Spanish and Portuguese), including articles specifically related 

to inborn errors of carbohydrate metabolism, providing infor-

mation on prevalence, clinical characteristics, and/or informa-
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tion on lethality, and conducted in humans.  Two researchers 

conducted the search independently and a third researcher 

verified the information.  Subsequently, relevant information 

was recorded in an Excel spreadsheet to organize publications 

and summarize the main data.

Study population

The results obtained from the whole exome sequencing of 320 

patients who did not present clinical and/or paraclinical diag-

nosis of carbohydrate metabolism disorders from the south-

western region of Colombia were used.  These results were 

provided by the Institute of Medical Genetics - GENOMICS 

(Cali), with prior signed consent from the participants.

Selection criteria

Results of whole exome sequencing of patients who did not 

present clinical and/or paraclinical diagnosis of carbohydrate 

metabolism disorders from the database of the Institute of 

Medical Genetics - GENOMICS (Cali):

- Patients from the southwestern regions of Colombia.

- All patients who signed a consent form.

- Informed assent for the use of data.

Exome sequencing

Whole exome sequencing was performed on the patients by 

extracting blood and collecting it on filter paper and immers-

ing it in phosphate buffer.  DNA extraction was carried out us-

ing the Qiagen DNeasy kit; the quality and quantity of DNA 

from each sample were quantified and verified.  Next, the Nex-

tera TM libraries were sequenced using the Illumina platform 

with a coverage of 100X.  Sequence alignment was performed 

with the GRCh38/hg19 reference genome.  The sequencing re-

sults are in variant call format (VCF) files and underwent a pre-

liminary interpretation and prioritization filter, all with the aim 

of ensuring the accuracy and quality of the genomic data ob-

tained.

Variant identification

All exomes belonging to the big data of the Institute of Medi-

cal Genetics - GENOMICS (Cali), a total of 320 patients, are in 

VCF (Variant Call Format) format.  For the identification of ge-

netic variants, the VCF Editor 1. 0 program was used, which al-

lows processing the VCF format of the exomes, applying 

different search filters, and obtaining a final spreadsheet file 

with information organized in columns by chromosome, posi-

tion, altered nucleotide, Clinvar record, among other character-

istics [17].

Bioinformatic analysis

Bioinformatic analysis of the variants was performed using the 

Clinvar, Varsome, and Intervar databases to identify if they had 

been previously described [18-20].  Furthermore, the disease-

associated consequences were determined using bioinfor-

matic tools, Functional Analysis through Hidden Markov Mod-

els (FATHMM), Polymorphism Phenotyping v2 (Polyphen-2), 

Mutation Taster, MutationAssessor, Protein Variation Effect Ana-

lyzer (PROVEAN), Sorting Intolerant From Tolerant (SIFT), UMD-

Predictor, Human Splicing Finder.

Classification of variants

Genetic variants were classified according to the guidelines for 

the interpretation of sequence variants from the American Col-

lege of Medical Genetics and Genomics and the Association for 

Molecular Pathology [21].

Calculation of allele frequencies

Allelic frequency was calculated by simple counting, dividing 

the number of total alleles found for each variant by the total 

number of patients with exome.

Equation 1

Number of copies of the allele in the population

Total number of copies of the gene in the population.

Ethical aspects

The ethics committee of the Universidad del Valle (Cali, Colom-

bia) reviewed and approved the study.  The authors declare no 

conflicts of interest.  Furthermore, in this article, the confiden-

tiality of the data was maintained, and informed consent was 

obtained from the legal representative of the patient (father 

and mother).

RESULTS

Literature review

The search strategy yielded 706 records, after excluding dupli-

cate records and applying inclusion criteria, 94 publications 
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were obtained, 47 were excluded after full-text analysis, and 47 

studies were included in the final analysis, which most frequently 

reported data on the genes GALT, GALK1, ALDOB, GAA, SLC2A1, 

and G6PD, associated with IMDs by carbohydrates; therefore, 

these genes were chosen to be evaluated in the study population.

Genomic Variants in Carbohydrate IMDs

Through genomic and bioinformatic analysis of 320 complete 

exomes from patients in southwestern Colombia, without clini-

cal and/or paraclinical diagnosis associated with inborn errors 

of carbohydrate metabolism, 286 variants related to the genes 

ALDOB, G6PD, GAA, GALK1, GALT, and SLC2A1 were found; 191 

of these variants had not been previously reported in the Clin-

var, Intervar, and Varsome databases, 19 of them do not have 

reported clinical significance in these platforms. The genes 

with the highest number of variants found were GALK1, GAA, 

and G6PD associated with galactosemia type II, Pompe dis-

ease, and glucose-6-phosphate dehydrogenase deficiency re-

spectively; the genes with the lowest number of reported 

variants were ALDOB and GALT. Among the variants that had 

been previously reported, 29% were synonymous changes, 

16% were missense changes, and 55% were variants in non-

coding regions in the genes associated with carbohydrate 

IMDs (Figure 1).

Clinical significance of genomic variants in genes associated 

with IBD by carbohydrates in the Colombian southwest

Regarding the clinical significance given by the ACMG and ac-

cording to the prediction software used in the variants found, 

24.5% presented a benign and probably benign meaning, 

3.1% presented an uncertain meaning, and 0.3% were classi-

fied as pathogenic or probably pathogenic. For this last classifi-

cation, in the GAA gene, the modeling and prediction software 

showed a pathogenic effect in three variants (p.Gly576Ser, 

p.Asp91Asn, and p.Thr927Ile); however, due to their very high 

allelic frequency, 2.5%, 2.2%, and 1.6% respectively were re-

classified as benign and probably benign. The remaining 72% 

corresponded to variants that have not been functionally re-

ported and their clinical importance is currently unknown.

Allelic frequencies found

According to the allelic frequencies analyzed, the variant at po-

sition chr17:g.73753661C>T in the GALK1 gene had the high-

est frequency, with 34.38% in the entire sample; however, this 

variant did not show any reported clinical significance in data-

bases such as Clinvar and Varsome. Similarly, the variant 

c.*22+1116G>C in the GALK1 gene had a frequency of 32.19%, 

which has not been reported in databases like Clinvar, nor in 

intronic region prediction programs like Human Splincing 

Finder, however, it did show a benign clinical significance in 

other databases such as Varsome.
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The variants that were analyzed by the prediction software and 

classified as pathogenic, probably pathogenic, or pseudodefi-

cient variants, as shown in Table 2, had an allelic frequency 

ranging from 0.025 to 0.00625, with 0.00625 being the lowest 

frequency reported for the p.Ser135Leu variant in the GALT 

gene.

DISCUSSION

In the complete exomes of 320 patients with complex and un-

diagnosed clinical and/or paraclinical pathologies of any IEM, 

286 variants were found for the genes chosen by the literature: 

GALT, GALK1, ALDOB, GAA, G6PD, and SLC2A1, of which, ac-

cording to the criteria established in the guidelines issued by 

the ACMG and the Association for Molecular Pathology, were 

classified into 73 variants of benign or likely benign signifi-

cance, 1 variant of pathogenic significance, 6 variants of uncer-

tain significance, and 206 variants that have not been 

previously reported in clinical and population databases.

Pathogenic variant in GALT

Classical Galactosemia (CG) belongs to a rare group of heredi-

tary disorders of galactose metabolism, caused by defects in 

the enzyme galactose-1-phosphate uridyltransferase encoded 

by the GALT gene; as a consequence of the enzymatic deficit, 

patients present a wide spectrum of physical and cognitive dis-

abilities, potentially leading to mortality [23]. Regarding the 

GALT gene, within the results of the 320 complete exomes, the 

variant c.404C>T (p.Ser135Leu) had a clinical significance of 

pathogenicity through the analysis performed by the bioinfor-

matics software, with a frequency of 0.00625, which has been 

described to mainly affect patients of African descent and 

comprises up to 90% of the causal variants of galactosemia in 

South African patients [24,25]. The p.Ser135Leu variant demon-

strated a pathogenic effect after in silico protein functional anal-

ysis in all the prediction software programs used, which is 

consistent with the in silico studies conducted by Kumar S U et 

al., that had also confirmed the pathogenic effect of this variant.

They used a comprehensive computational process for the 

nonsense variant, p.Ser135Leu, to analyze the conservation of 

amino acids, pathogenicity predictions, and protein stability, 

using bioinformatics tools. They found that the substitution of 

the native amino acid with a leucine causes the loss of hydro-

gen bonds in the protein core, altering the correct folding in 

the loop region and the eight beta-sheet regions. They con-

cluded that p.Ser135Leu, compared to other variants, is the 

most deleterious among prevalent variants that alter the over-

all function of the protein [26].

This is also supported by studies conducted by Coelho AI et al., 

when they molecularly characterized GALT deficiency in Portu-

gal, in forty-two galactosemic patients where the p.Ser135Leu 

variant was the third most prevalent in their population (4%), 

the parents of patients carrying the p.Ser135Leu variant were 

of African origin [27]. Studies conducted by Crespo C, et al., in 

2020 in 37 Argentinian patients with a galactose-1-phosphate 

uridylyltransferase enzymatic activity lower than 35% of the 

normal value, identified the p.Ser135Leu variant in a patient 

with zero enzymatic activity [28].

The allelic frequency of the p.Ser135Leu variant was higher 

than the reported Latin frequencies by ExAC and gnomAD; like-
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wise, this variant in the study population exceeded the data re-

ported in global frequencies (Table 3). The prevalence of African 

variants in the population of southwestern Colombia may be as-

sociated with the high percentage of African ancestry in Colom-

bian territory. It can vary between 0.0 and 92.1% depending on 

the population and ethnic group of the study [29].

Pseudodeficiency variants in OAG

Pathological alterations in the protein product of the GAA 

gene are associated with type II glycogen storage disease or 

EP, caused by a decrease in alpha-glucosidase acid, necessary 

for the degradation of glycogen into glucose, altering the 

function of cellular and lysosomal metabolism. [30]. Variants 

of the GAA gene represented 36% of the variants found in 

the present study, where 50% of the variants were found in 

intronic regions. 

Regarding the variants found, the p.Gly576Ser variant of com-

mon pseudodeficiency [31] has been described by Reuser AJJ 

et al. in heterozygosity in a cis position in 17 Asian patients 

with classical infantile EP with less severe cardiomyopathies 

and slower disease progression [32]. Furthermore, Reuser AJJ 

et al. found other pseudodeficiency variants; p.Asp91Asn and 

p.Thr927Ile in Caucasian patients affected with late-onset EP 

without cardiomyopathy, with a more attenuated form with 

symptom onset before the age of 12 [32].

The pseudodeficiency alleles p.Asp91Asn and p.Gly576Ser 

have been reported in an American population of Asian de-

scent, in 38 infants with positive screening for Pompe disease, 

with late-onset being more prevalent [33]. Similarly, the vari-

ants p.Asp91Asn and p.Gly576Ser were described in 3 patients 

with suspected late-onset Pompe disease, presenting other al-

tered biochemical tests along with enzymatic activity very 

close to the minimum values [34] with varying degrees of sar-

copenia or frailty syndrome in adulthood [35].

In comparison to population databases like 1,000 Genomes, 

ExAC, and gnomAD, the variant p.Aps91Asn for GAA was found 

to have an allelic frequency within global frequency values but 

well above what is reported for Latin America, GnomAD, and 

Exac. The variant Gly576Ser for GAA had an allelic frequency 

above that reported in population databases containing gene 

frequencies of Latin American populations, and this variant 

also had a much higher prevalence in the Latino population 

compared to the global frequency in these databases (Table 4).

In Colombia, Pompe disease is not included in neonatal 

screening programs, although it can be identified through tan-
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dem mass spectrometry [33]. In addition to this, the benefits of 

treatment before the onset of clinical symptoms in this progres-

sive disease have been documented, avoiding irreversible mus-

cle damage [36]. The results of variability and allelic frequency of 

the GAA gene are the basis for alerting the competent health 

authorities about the existence of these variants in the popula-

tion of southwestern Colombia, recognizing the importance of 

including this pathology in neonatal screening programs.

Variants of pseudodeficiency in G6PDH

G6PDH deficiency is considered the most common genetic ab-

normality that is inherited as a polymorphic trait linked to the 

X chromosome, with an estimated 400 million affected individ-

uals and its distribution and genetic variability is closely re-

lated to geographical regions and ethnic groups [37].In 

relation to the present study, the genetic variability of G6PD 

was low in the 320 complete exomes of patients without clini-

cal and/or paraclinical diagnosis belonging to the southwest 

region of Colombia, with a total of 36 variants, of which 29 

variants have not been previously reported, 4 variants had a 

clinical significance of benign/probably benign, and 3 variants 

had an uncertain clinical significance.

The variant of uncertain significance c.292G>A, p.Val98Met, 

also known as the G6PD A- variant (rs1050828), has been de-

scribed in African populations as producing 10 to 60% of nor-

mal enzymatic activity.It had an allelic frequency of 0.025 in 

the population of southwestern Colombia.However, the ho-

mozygous variant p.Val98Met is not sufficient to cause enzy-

matic deficiency and requires the association with the variant 

c.466A>G, p.Asn156Asp.This variant had a frequency of 0.043 

in the present study, being a higher frequency than that re-

ported for Latin America in databases such as gnomAD and 

1000 Genomes (Table 5).

Valencia SH et al.studies also assessed the prevalence of G6PD 

deficiency in 426 individuals through enzymatic activity analy-

sis and genotyping in endemic malaria regions of the Colom-

bian Pacific coast [40].

In these regions located in the southwestern part of Colombia, 

Valencia SH et al.reported the existence of the G6PDD A- vari-

ants; p.Val98Met and p.Asn156Asp with severe to intermediate 

enzymatic deficiency in 6.62% of hemizygous men and 4.64% 

in women; and along with the A+ variant which only includes; 

c.376 A>G, reported an intermediate enzymatic deficiency in 

five hemizygous men and one heterozygous woman, with the 

highest proportion of individuals with haplotypes A- and A+ of 

G6PD, coming from Tumaco and Buenaventura, regions related 

to the study population.

Vela-Amieva Met al.studies, in a cohort of 81 Mexican new-

borns, in a neonatal screening program for G6PDd found nine 

different G6PDd genotypes; with G6PD A- p.Val98Met and 

p.Asn156Asp being the most frequent (60.5%), demonstrating 

that the same variant of G6PD could cause a very variable 

residual enzymatic activity, changing the course of the pheno-

typic spectrum even from the first day of life, as the average 

residual G6PD activity percentage in hospitalized patients in 

the neonatal period with or without neonatal jaundice varied 

between 29 and 34% [42].

In-silico assays conducted by Batista da Rocha J.et al.evaluated 

the functional impact of the African variants, p.Val98Met and 

p.Asn156Asp, using structural bioinformatics techniques.They 

have described significant changes in the residues of the cat-

alytic binding domain of NADP+, in terms of direction and im-

pact, highlighting that the differences are of an additive 
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nature, in relation to the NADP+ and G6PD binding, finding 

greater changes with the p.Val98Met variant in contrast to the 

p.Asn156Asp variant.However, in the presence of both variants, 

the G6PD A- genotype showed greater instability in enzymatic 

function compared to the p.Val98Met variant alone [43].

CONCLUSION

In the studied population, a high frequency of the variants p.-

Val98Met and p.Asn156Asp associated with G6PD deficiency 

was found, which has an uncertain clinical significance in the 

literature and its presence in carriers is associated with G6PD 

deficiency.These findings suggest that these variants in the 

G6PD gene could be considered a risk factor for the popula-

tion of southwestern Colombia.Additionally, with a lower al-

lelic frequency, the pathogenic variant p.Ser135Leu in the 

GALT gene associated with classical galactosemia circulates 

within southwestern Colombia, suggesting that conditions 

such as galactosemia may contribute to the diagnostic bur-

den of IMDs related to carbohydrate metabolism within the 

Colombian territory.

This work increased the information reported so far on the 

variants associated with IMDs by carbohydrates, allowing for 

future research, recognizing the impact of pathogenic variants 

and pseudodeficiency that can occur in society.It also contrib-

uted to the knowledge and creation of molecular bases for 

IMDs by carbohydrates in southwestern Colombia, allowing for 

adequate genetic counseling and education on the risk of heri-

tability, practicing anticipatory and preventive medicine, get-

ting closer to precision medicine.

The use of databases and bioinformatics software allowed us 

to predict the clinical significance of the different variants, from 

genotype to phenotype.This research not only provides a 

deeper understanding of genetic variability in the studied 

population, but also aims to be a valuable reference for similar 

research in different geographical contexts.This comprehen-

sive approach can contribute to the development of public 

health and personalized strategies in the identification and 

management of carbohydrate IMDs worldwide.
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