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Nonlinear dimensionality reduction techniques. The 𝑛×𝑚  genotype matrix 𝐺 , with 𝑛 
individuals and 𝑚 genetic variants or SNPs can be seen as a cloud of points (in this case 
individuals) lying near or on a low dimensional manifold embedded in a high dimensional 
feature space (in this case the space of SNPs). In order to represent the topological 
properties of such a manifold in low dimensions, several nonlinear dimensionality reduction 
techniques have been proposed, the majority of which construct a proximity graph by first 
connecting each point in the dataset with its 𝑘 nearest neighbours and then projecting these 
points to a space of reduced dimensions by taking advantage of the structural properties of 
the graph. 
 
In this paper, we used two different nonlinear dimensionality reduction approaches to 
compare their results with ncMCE’s: Isomap1 and Laplacian Eigenmaps2. The former 
constructs a distance matrix by measuring shortest-paths between points over the proximity 
graph and projects the points to low dimensions by multidimensional scaling of this distance 
matrix. The latter extracts the Laplacian from the proximity graph and recovers the low 
dimensional coordinates of the points by solving a generalised eigenvalue problem. 
 
Note these two techniques have two free parameters: 𝑘, the number of nearest neighbours 
needed to construct the proximity graph and 𝑑, the dimension of embedding. We fixed the 
later to 2 but analysed the behaviour of different proximity graphs constructed with 𝑘 = 2  𝑡𝑜  31 
neighbours (see Fig. S1). 
 
We quantified the success of the resulting two-dimensional projections by computing their C-
score (see below for details and Fig. S2 for results). 
 
 

Additional comments about ncMCE: As mentioned in the main article, ncMCE performs the 
embedding of the sample dissimilarities measured over their minimum spanning tree (MST). 
This novel MST-derived nonlinear measure, that we refer to as minimum curvilinearity (MC), 
gives rise to the MC-kernel. The MST is an acyclic graph with all the samples in a population 
as nodes, connected to each other by paths of minimum length. As a consequence, 
measuring distances over this graph emphasizes the separation between nodes far apart in 
the manifold and maintains or reduces the distances between nearby nodes, which produces 
a sort of gradual denoising and reveals nonlinear patterns hidden in the high-dimensional 
feature space4. 

The fact the in ncMCE the MC-kernel is not centred, poses the risk that this matrix is not 
always positive semi-definite and that its eigenvalues can be negative (with consequences in 
the projection to low dimensions). However, in practice, kernels that do not satisfy Mercer’s 
condition (positive semi-definiteness of the kernel) can still be used as soon as they convey 
the intuitive idea of similarity5, as in the case of Isomap’s kernel1,6 and some kernels used in 
kernel PCA, like the famous Sigmoid kernel7. 



 
Figure S1. Nonlinear dimensionality reduction approaches applied to the Japanese 
population. (a) Isomap and (b) Laplacian Eigenmaps, nonlinear dimensionality reduction 
techniques, confirm the two subgroups found by ncMCE in the Japanese dataset: Tokyotas 
(JP-Tk) and Okinawans (JP-RK). 



 
Figure S2. C-score indicating clustering quality over dimensions 1 (left) and 2 (right) in 
the Japanese population. (a) Isomap and (b) Laplacian Eigenmaps. Notice that the best C-
score (red circle) is attained for a very low k, which means that a proximity graph with a tree-
like structure, like ncMCE’s basis, is preferred  for providing a good discrimination between 
the two clusters. 
 

 
Figure S3. PCA applied to the Japanese population without substitution of missing 
values. PCA is unable to find the two clusters that ncMCE found on the original and 
unadjusted data matrix. 



 

 
Figure S4. Linearisation of the Japanese dataset by substitution of missing values. 
Substituting missing values per SNP with mean (a) or median (b) linearises the Japanese 
dataset and allows PCA to find the two clusters that ncMCE found on the original and 
unadjusted data matrix (Fig. 4b,c in the main article). 

 
Figure S5. Mann–Whitney non-parametric statistical test with Benjamini correction 
confirmed ncMCE’s sub-cluster detection. Extraction of the SNPs that most significantly 
differentiated between members of the sub-groups identified by ncMCE in the Japanese 
population (p ≤ 0.01 after Benjamini correction) confirmed what ncMCE found: the presence 
of two sub-groups of individuals with clear genetic differences (a). The heat map shows the 
log!" 1 + 𝑆𝑁𝑃  𝑣𝑎𝑙𝑢𝑒 , in which the SNP values can be 0 (homozygous wild-type), 1 
(heterozygous wild-type), 2 (homozygous variant type) or 3 (missing data). The SNPs are 
subdivided in a first set with high average values, in the top-left corner of the heat map, 
characterising the first cluster of individuals. The second set, in the bottom-right corner, has 
also high average values and characterises the other cluster. Note that the genetic variants in 
the first or the second set of SNPs make the two groups genetically different. Interestingly, the 
PCA projection of the Japanese individuals, which considered only the significant SNPs 
extracted from the original genotype matrix, revealed the two groups that ncMCE identified 
(b).  PCA could not detect these groups upon application to the original dataset (Fig. 4a in the 
main article). 
 
 



Example downstream analysis of the SNPs that most significantly differentiate 
between Japanese ethnic groups. We explored the role of the genes to which the 
significant SNPs (responsible for the separations amongst the Japanese populations) 
mapped (see description of the SNP-to-gene mapping below). After performing a functional 
enrichment analysis of the respective gene list (see the Supplementary Files 1 and the SNP-
to-gene mapping details below), we found that the genes are significantly involved in 
pathways associated with diseases, such as Alzheimer’s (p = 1.23E–8, Benjamini; p = 1.59E-
7, Bonferroni; see the Methods for details on the meaning of these p-values), certain 
cardiomyopathies (p < 2.228E-9, Benjamini; p < 2.74E-8, Bonferroni) and certain types of 
cancer (p < 2.3E-4, Benjamini; p < 0.008, Bonferroni) or with neuronal activity (p < 2,26E–10, 
Benjamini; p < 2.26E-9, Bonferroni) and melanogenesis (p = 3.74E–6, Benjamini; 8.59E-5; 
Bonferroni). The genes are also significantly involved in the bioprocesses that govern 
neurogenesis (p < 3.45E-4, Benjamini; p < 0.006, Bonferroni) and cell proliferation (p = 
3.06E–4, Benjamini; p = 0.005, Bonferroni). If the p-values used to select the most significant 
SNPs are Benjamini-corrected, the results are the same although the number of genes is 
reduced (see Supplementary File 2 and the SNP-to-gene mapping details below). 
 
The fact that these diseases and pathways tend to be more present in elders and are related 
to aging processes, readily drew our attention to the Okinawa Centenarian Study8,9, a 
research project based on reliable age verification data, with the goal of understanding why 
Okinawans present such as an exceptional longevity and represent the ethnic group with the 
world’s highest ratio of centenarians (40–50 per 100,000 persons8). To our surprise, one of 
the findings of this study was that Okinawan elders experience a slower age decline and a 
delay or complete avoidance of the diseases associated with aging, such as Alzheimer’s, 
cardiovascular disorders and cancer compared to other Japanese ethnic groups8,10. In 
addition, Okinawan centenarians possess HLA alleles that lower their risk of developing 
inflammatory and autoimmune disorders10. Two genes from the HLA family are part of the list 
of significant genes identified in this study (see the genes highlighted in yellow in the 
Supplementary File S1). 
 
Moreover, a recent study11 may explain why we found pathways and processes associated 
with neuronal activity, neurogenesis, melanogenesis and cell proliferation in general. 
Katsimpardi and colleagues found that restoring the functionality of age-related processes like 
blood flow and neural stem cell production counteracted the negative effects of aging in 
mice11. They also discovered that administration to old mice of a member of the TGF-β 
protein family, a family of factors that decreases with aging, reversed the age-related decline 
of neurogenesis and contributed to vascular remodelling11. Two members of this family of 
proteins are part of the list of significant genes identified in this study (see the genes 
highlighted in green in the Supplementary File S1). 
 
SNP to gene mapping. The SNP-to-gene mapping was performed using Barts Cancer 
Institute’s SNPnexus web database12 with default parameters. We batch-queried the 
GRCh37/hg19 assembly with the dbSNP identifiers of all SNPs in the PanSNPdb dataset and 
with the dbSNP identifiers of the significant SNPs found in the Japanese population. 
 
Gene functional analysis. DAVID Bioinformatics Resources 6.713 was used to find that the 
genes that separated the Japanese population into two groups were significantly associated 
with age-related diseases and pathways (1016 genes listed in Supplementary File 1). It is 
important to mention that, for this analysis, our background was set to be the collection of all 
genes to which the whole set of SNPs in the PanSNPdb dataset map: 54,794 SNPs that 
mapped to 6320 genes. This was done in order to produce more conservative p-values. In 
fact, a general guideline for enrichment analyses is to use a narrowed-down list of genes 
instead of all genes in the human genome as a background4,13,14. The reported p-values are 
the result of a modified, more conservative Fisher exact test in which it is checked whether 
the user gene list (the set of 1016 genes) is specifically enriched in age-related diseases and 
pathways than random chance compared to the background (the set of 6320 genes). 
 
 



 
Supplementary File 1. Excel file with the significant genes involved in the separation of the 
Japanese population into two groups (no multiple testing correction was applied to detect the 
SNPs that map to these genes) along with pathways and bioprocesses that are enriched for 
these genes. 
 
Supplementary File 2. Excel file with the significant genes involved in the separation of the 
Japanese population into two groups (Benjamini correction was applied to detect the SNPs 
that map to these genes) along with pathways and bioprocesses that are enriched for these 
genes. 
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