
Natural selection at the brush-border: recent and ancient adaptations to 
carbohydrate diets in humans and other mammals

Background
The ever-increasing availability of genome sequences from different organisms and from multiple individuals of the same species, together with resequencing data of ancient DNA samples, are opening the 
unprecedented opportunity to perform comprehensive evolutionary analyses of biological pathways. We exploited this wealth of information to investigate the evolutionary history of genes that encode 
intestinal brush-border proteins involved in carbohydrate metabolism. This decision was based on the well-accepted concept that the availability of food resources is a driver of pivotal importance in evolution 
in mammals and by the fact that one of the most important turning-points of human history, the introduction of agriculture, resulted in a dietary shift in terms of carbohydrate intake. In this respect, the 
availability of human DNA samples of pre-agricultural populations allows testing of specific hypotheses as to when adaptive alleles at genes involved in sugar metabolism arose.    
The text-book examples of positive selection at the LCT locus in pastoralists, as well as the increase in amylase gene copy number in human populations that consume starch-rich diets were the starting point 
for our work, which focuses on 9 genes encoding apical brush-border proteins involved in carbohydrate digestion and absorption: MGAM, SI, LCT, TREH, SLC2A2, SLC5A1, SLC2A5, TAS1R2, TAS1R3.
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Most brush-border carbohydrate digestion/absorption genes evolve adaptively in mammals.
We performed an in-depth analysis of the evolutionary history of these genes in 40 mammalian species. 
We found evidences of adaptive evolution in these genes, with five of them targeted by positive 
selection. For the selected genes, episodic positive selection was also detected for several mammalian 
lineages; results indicated the presence of pervasive selection, which might reflect specific adaptations 
to flight (bats) and to specialized diets (insects, crustaceans).

Results Evolution of brush-border proteins in great apes.
We applied a population genetics-phylogenetics approach (gammaMap) to study the evolution of brush-
border genes in the human, chimpanzee, and gorilla lineages: it jointly uses intra-specific variation and 
inter-specific diversity to estimate the distribution of selection coefcients ( ) along coding regions. γ
We observed a general preponderance of codons evolving under negative selection (  < 0) in all genes γ
and in all species. The most striking difference was observed for SLC5A1, which showed a 
preponderance of negative  values in chimpanzee and to a lesser extent in gorilla, but not in our γ
species, where an appreciable fraction of codons showed  values higher than 5 .γ

Conclusions

Pre-agricultural origin of most positively selected alleles 
We investigated whether natural selection acted on these genes during the recent evolutionary history 
of human populations. We also exploited information from the Neandertal and Denisova high-coverage 
genomes, as well as from a hunter-gatherer Mesolithic European from Spain and a Paleolithic Siberian. 
We showed that five genes were targeted by positive selection in human populations, acting on non-
coding variants within regulatory elements. Analysis of ancient DNA samples indicated that most derived 
alleles were already present in the Paleolithic, therefore predating the emergence of agriculture. 
Positively selected variants at SLC2A5 (fructose transporter) were an exception and possibly spread 
following the domestication of specific fruit crops. 

Several positively selected sites impinge on functional protein regions
Analysis of 3D structures and structural superimposition of homologous domains were used to 
infer the functional significance of positively selected sites. We found the corresponding residues 
of MGAM and SI to be targeted by selection: an interesting possibility is that some selected sites 
in SI and MGAM evolved to hone the folding, cellular trafcking, and membrane turnover of these 
enzymes. Moreover, in SI, missense mutations responsible for congenital sucrase-isomaltase 
deficiency (CSID) or identified in chronic lymphocytic leukemia patients (CLL) have been shown to 
alter the cellular processes mentioned above. We noted that mutations R91T (CLL, endoplasmic 
reticulum accumulation) and Q117R (CSID, mis-sorting to the basolateral membrane) 
immediately flank positively selected sites.

Our results indicated pervasive selection in mammals and human populations for genes involved in sugar absorption/digestion at brush-border that might reflect specific adaptation to specialized diets. Data 
herein suggest that the dietary shift in terms of carbohydrate intake, occurred by the introduction of agriculture, determined no major selective event at carbohydrate metabolism genes in humans. Whether 
the onset of selection occurred before the Paleolithic or these alleles segregated as neutral standing variation in these early populations remains to be evaluated, possibly through the sequencing of 
additional ancient samples. 
Finally, some of the selective events we identified open many interesting research avenues. As an example, we detected positive selection at SLC2A5 (fructose transporter) in Europeans. Reminiscent of 
lactose intolerance, some degree of fructose intolerance, associated with gastrointestinal symptoms, is quite common and fructose absorption is reduced by the presence of sorbitol. Thus, selection at 
SLC2A5 might have been driven by the domestication and widespread consumption in temperate areas of fruit crops (e.g. apples and pears) that contain excess fructose plus sorbitol. It will be extremely 
interesting to test whether the positively selected variant we identified herein (and which is in LD with an eQTL) modulates fructose absorptive capacity.

Figure 3. Violin plots. Violin plot of selection coefcients (median, white dot; interquartile range, black bar). 
Selection coefcients ( ) are classified as strongly beneficial (100, 50), moderately beneficial (10, 5), weakly γ
beneficial (1), neutral (0), weakly deleterious ( 1), moderately deleterious ( 5, 10), strongly deleterious ( 50, − − − −

100), and inviable ( 500).− −  

Figure 2. Parallel evolution at MGAM and SI, and lineage-specific selection. (A) 
Multiple alignment of SI aminoacids 78-130 for a few of representative mammalian 
species. The location of mutations R91T and Q117R is shown. (B and C) 
Superimposition of the structure of the sucrase domain with glucoamylase (MGAM, 
red) (B) and with isomaltase (SI, pale blue) (C). Enlargements highlight positively 
selected sites or residues subjected to pathological mutation located in the 
corresponding regions of the two different domains. Color codes are as follows: red, 
positively selected sites in the whole phylogeny; yellow, lineage-specific sites; 
orange and cyan, positively selected sites in the chimpanzee and human lineages, 
respectively; blue, aminoacids involved in ligand binding; violet: positively selected 
residues in gorilla. Human missense mutations affecting the protein sorting are 
reported in magenta.

Figure 1.  Domain representation of positively selected genes. Sites selected 
in whole phylogeny are in red; positively selected sites in the human, 
chimpanzee, and gorilla lineage are in cyan, orange, and violet, respectively. 
Asterisks denote lineage-specific sites that are also selected in whole 
phylogeny. Positions refer to the human sequence.
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