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Abstract

The genomic variation in the Italian peninsula populations is currently under
represented: the only Italian whole genome reference are the Tuscans from the 1000
Genome Project. To address this issue, we sequenced a total of 947 Italian genomes
from three different geographical areas that could be representative of a large portion of
the whole country genomic pool. First, we defined a new Italian Genome Reference
Panel (IGRP) for imputation, which showed high-performance, especially for rare
variants imputation, and we subsequently validated it by GWAS analysis. Furthermore,
we widened the catalogue of genetic variation and investigated population structure,

pattern of natural selection, distribution of deleterious variants and human knockouts
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(HKOs). All the results emphasise a high level of genomic differentiation between
populations, diverse signatures of natural selection and a distinctive distribution of
deleterious variants and HKO, confirming the necessity of multiple genome references
for the Italian population.

Introduction

Large sequencing projects have identified the majority of common variants and millions
of rare and low frequency variants (Gudbjartsson et al., 2015; The 1000 Genomes
Project Consortium, 2015; The UK10K Consortium, 2015). Most of the rare variants
were detected in protein coding genes and it was calculated that each individual may
carry more than 20.000 variants per exome (Karczewski et al., 2017; The ENCODE
Project Consortium, 2007), a finding that complicates our understanding of gene
function since only few genes may underline a disorder or be associated with a given
phenotype. The filtering of candidate variants by frequency in unselected individuals is a
key step in any pipeline for the discovery of causal variants. The efficacy of such filtering
depends on both the size and the ancestral diversity of the available reference data.
From this point of view, the catalogue of rare and low frequency variants is still largely
incomplete, and its completion will represent a major challenge.

In the available human genome reference sequence data sets (i.e 1000G PH3, EXAC
databases, etc.), Southern European populations, which represent a significant
proportion of the overall European populations, are highly underrepresented (i.e. only a
small group of subjects from Tuscany, Italy, and Spain). To fill this gap, we obtained
whole genomes from founder populations - for which the presence of stratification (Esko
et al., 2013; Sazzini et al., 2016) and the different level of isolation were demonstrated
(Xue et al., 2017) - localized in three different parts of Italy: North-West (Val Borbera),
North-East (Friuli Venezia Giulia) and South-East (Carlantino). In founder populations,
variants that are rare or absent elsewhere can occur at higher frequencies and
overcome the difficulty of identifying rare and low frequency variants. In this respect, our
Italian genomes could be also extremely useful for the genetic analysis of other Italian

and South European populations. An Italian Reference Genome panel for imputation
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was also developed, tested and validated with GWAS analysis for red blood cells
parameters and results were compared with those previously obtained using the 1000G
data imputation panel only. Our work aims to answer the following questions: 1) Are we
able to increment the catalogue of genotypic variation, possibly in the low frequency
spectrum, with new data? 2) Do we add useful information in terms of genetic variability,
non-redundant with respect to the South European-Italian data already present in the
commonly used reference panels? 3) Will we be able to identify new loci/variants,
characteristic of a South-European subpopulation through GWAS using the new
reference panel for imputation? 4) How much homogeneous are genomes coming from
different regions of Italy in terms of population structure, natural selection signatures,
deleterious variants distribution and human knockouts (HKO)? And, as a consequence,

how reliable is to use only one reference population for Italians such as Tuscans?

Results

WGS data generation: variant calling and quality control

A total of 947 DNAs from three cohorts were sequenced at 6 to 10X coverage; 381
individuals from Friuli Venezia Giulia (FVG), 433 from Val Borbera (VBI) and 133 from
Carlantino (CAR) (Figure 1a). Genotype calls for autosomal chromosomes were
produced separately for each population. After filtering, 926 samples were retained.
Approximately 27M sites (i.e. >24M SNVs and >2M indels) were detected (Table 1) in
the joint dataset. Overall, 7.1 M sites (26%) were common (MAF>5%), 3.1M (12%) were
low frequency (MAF between 1% and 5%) and 16.6M (62%) were rare (MAF <1%) with
a similar partition in all cohorts. Singletons variants (AC=1) were >6M (24%) (Table 1
and Figure 1 b). For each individual, we identified on average ~3.5M variant sites
including ~0.56M indels and ~7.000 singletons. Considering each cohort separately, we
noticed an excess of singletons in Carlantino cohort (CAR): most of them were shared
with the other INGI cohorts, confirming that this is an artefact due to the lower sample
size (124 samples, after QC). The comparison with outbred references (EUR subset
from 1000G Phase 3, the whole 1000G Phase 3 and UK10K) highlighted that 34% to
45% of the INGI variants are not represented (~12M with EUR, ~10M with 1000G and
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~9M with UK10K respectively): 89% of those variants are private to each INGI cohort.
Moreover 8% of the sites shared between two or all three INGI cohorts were not found
either in the whole 1000G or in the EUR subpopulation from 1000G (which includes
Italian samples from the Tuscany region - TSI), suggesting that they may be
characteristic of the general Italian population. The majority of the private variants are
within the range of the low and rare frequencies (MAF < 1%) (Figure 1c) while the
proportion of low frequency and common variants are similar in the pool of shared sites

(figure supplement 1, table supplement 1).

IGRP1.0: Reference panel and imputation

To increase the burden of good quality low frequency sites imputed in our isolated
cohorts and possibly in the general Italian population, we generated a custom reference
panel integrating our WGS data with already available resources from the 1000
Genomes project.

Variants with read depth (DP) lower than 5 and all singleton variants not overlapping
between all INGI populations or the 1000 Genome project data were excluded. After
filtering, 95.6%, 94.29% and 92.06% variants were retained for CAR, FVG and VBI,
respectively (table supplement 2). Merging our data with the 1000G Phase 3 reference
resulted in the addition of 6.9M Italian population specific variants, 7.8% of the merged
INGI+1000G (IGRP1.0, from now on) panel (table supplement 3).

We tested our resource on the INGI populations and on an outbred Italian cohort of
randomly selected samples. As shown in Figure 2, the panel including our data (red
line) always outperforms the 1000G phase 3 reference panel for the INGI cohorts in
terms of genotype concordance (r* - right y-axes), while there are not significant
improvements for the outbred population (NW-ITA).

We compared our resource performances also in terms of the IMPUTE ‘info score’
metric. The proportion of well imputed sites (info score >= 0.4) in the IGRP1.0 reference
panel was always higher compared to the 1000G phase 3 reference panel (red and blue
bars respectively) with an increase from 20% to 36% of the rare sites (MAF<0.5%) with

info score >=0.4 (Figure 2, table supplement 4). Imputation of an outbred Italian
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population showed a similar outcome: the variants added by our resource spread evenly
across the info score bins without jeopardizing the imputation results. In particular, for
the lowest frequency bin we could impute 800.721 sites with IGRP1.0 versus 698.140
sites with 1000G phase 3 panel with info scores >=0.4 and a 13% increase of good
imputation of the rare sites. We further validated our resource on three Croatian cohorts
(VIS, KORCULA, SPLIT): the IGRP1.0 panel has higher proportion of well imputed sites
with respect to other panels with a result similar to the outbred Italian population (figure
supplement 2 and table supplement 5). A direct comparison with the recent HRC
reference panel (McCarthy et al.,, 2016) was not performed since our populations (as
well as the 1000G samples) are included in that reference. However, we checked the
guality of sites belonging to the INGI cohorts that are excluded because of filtering from
the HRC reference: among seven test cohorts, we identified 696.895 to 624.434
polymorphic sites with an average proportion of good quality sites (info score>=04) of
71% (63% - 81.5%). Focusing on rare variants for this subset, we can identify 256.222
to 326.076 polymorphic sites with a proportion of good quality sites between 15 and

63% (table supplement 6).

IGRP1.0: GWAS studies

To assess the reliability of our new reference panel, we conducted a GWAS study with
the newly imputed data on a series of red blood cells (RBC) traits (MCH, HGB, MCHC,
RBC, HCT and MCV) for each INGI cohort followed by a meta-analysis. A total of 3292
individuals (age>=18 years) were included in the analysis. The characteristics of the
samples are summarised in table supplement 7. Results from this analysis were
compared with GWAS results for our cohorts with data imputed on the 1000G reference.
Manhattan plots of all the meta-analysis results are given in figure supplement 3.
Lambda values of GWAS with 1000G showed no stratification (figure supplement 4).
Meta-analysis of GWAS with 1000G showed significant results (P<6.23E-9) only for
MCH and MCV (table supplement 8). MCH analysis identified rs4820268 (P= 4.54E-
10) in TMPRSS3, a gene already associated to MCH, MCV and MCHC (Ferreira et al.,
2009; Kullo et al., 2010). A locus on chromosome 11 at 3.8 Mb was identified for MCH
and MCV both (rs117802349, MCH P= 2.67E-10, MCV P= 2.33E-11) and two loci on
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chromosome 11 at 5.2 and 5.4 Mb were identified for MCV, near beta-globin cluster
(rs113853911, p-value = 4.01E-09 and rs80297185, p-value = 1.84E-14 - D’ = 1,
r2=0.328). Other significant results were obtained for low frequency variants on
chromosome 2 (MCH, P= 9.44E-10), 5 (MCH P= 1.98E-10 and MCV P= 1.16E-09), and
8 (MCV P=3.86E-10). Finally, a significant association was found for rs112483810
which lies 3Mb close to rs7844723, already found in association with HGB (Yang et al.,
2007).

As shown in figure supplement 5, lambda of meta-analysis of GWAS with IGRP1.0
imputation were higher than lambda of 1000G imputation, due the high number of rare
variants included in the new panel. However, the values ranged from 1.032 (MCHC) to
1.0505 (RBC) indicating adequate control of population stratification. The meta-analysis
of results of IGRP1.0 imputed data showed several GWAS significant results, mainly in
low frequency and rare variants (table supplement 9). The best hits for HGB, MCH,
MCV and RBC were found in HBB cluster (chrl1p15.4). The IGRP1.0 meta-analysis for
HGB, MCH, MCV and RBC identified the pathogenic SNP rs11549407 located in HBB
gene and responsible of beta-thalassemia (MCV P=1.86E-59, MCH P=4.88E-52, RBC
P=8.30E-14, HGB P=3.67E-10) (Danjou et al., 2015). This SNP was also replicated with
higher p-values for MCHC (P=0.0001) and HCT (P=5.38E-07). This locus was found
only in CAR and VBI and this rare variant (CAR MAF= 0.48% and VBI MAF= 0.28%)
was present neither in FVG nor in 1000G EUR. Furthermore, this variant is at very low
frequency in Exac European (AF=0.07%) and has a r2 value of 0.328 (D’=1) with the
rs113853911 variant identified in the previous analysis (replicated with IGRP1.0 only in
HGB and HCT with p-values of 1.68E-4 and 2.49E-4 respectively).

IGRP1.0 meta-analysis confirmed TMPRSS6 gene for MCH and MCV already found in
1000G analysis (i.e. significant only in MCH).

Overall, IGRP1.0 imputation panel allowed us to replicate known loci and loci identified
through the 1000G imputation, increasing also the number of significant variants, as
shown in Figure 3 a-b.

Population structure
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Using only European populations for PCA analysis, each INGI population separates
from each other in the first four principal components (Figure 4 a and Figure 4 b).
Regarding the FVG cohort, we can appreciate the separation of the six villages included
in the isolate: Erto (ERT), lllegio (ILG), Resia (RSI), Sauris (SAU), San Martino del
Carso (SMC) and Clauzetto (CLZ), underlining the evidence of population structure and
of a high degree of isolation, as shown previously (Xue et al., 2017). Analyses and
clustering using genomic pairwise Fst (Figure 4 c) highlight how INGI populations
cluster with Europeans. However, the six villages from FVG show high levels of Fst in
respect to other ltalians. A closer look was taken with Treemix (Pickrell and Pritchard,
2012) analyses (Figure 4 d). Different lengths in the tree due to both inbreeding and
genetic drift confirmed the peculiar structure of the FVG cohorts but, most importantly, it
showed gene flow between North European population and North Eastern Italians. This
adds more complexity to the Italian genomic pool.

Admixture (Alexander et al.,, 2009) analyses at different cluster solutions from K=2 to
K=14 were also performed using worldwide reference populations from 1000G. The
cluster solution with lowest cross validation error was for K=9 (figure supplement 6).
VBI showed an admixture pattern similar to the one of Tuscany (TSI) from 1000G. The
more isolated FVG populations showed their own ancestral component, that was
however present at different fractions in all European and Italian populations suggesting
a strong differential isolation of Italian subpopulations.

Finally, inbreeding coefficients and total homozygosity (due to ROH) showed high levels
of variance among different Italian subpopulations as shown by the shape of the
beanplots (Figure 4 e-f). In particular, VBl shows the lowest mean coefficient
(mean=0.008) CAR, CLZ and SMC had similar distributions (0.0149, 0.0134, 0.0151,
respectively). Inbreeding was particularly high for ERT, SAU, ILG, and RSI (0.0191,
0.0325, 0.0304, 0.0311, respectively), the same pattern is followed by the total
homozygosity due to ROH, which is quite different from the reference Italian population.

Natural Selection
We tested natural selection using the statistics iIHS (Voight et al., 2006), we grouped the

markers accordingly: markers with |iHS|>=2 in only one population and markers with
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[IHS|>=2 in all Italian populations. We applied the following stringent criteria to select
genes with signature of positive selection: at least 20 markers with [IHS|>=2.

A total of 37 other genes was found under putative selection in all Italian populations
(Supplementary table 10). Interestingly, six genes (FHIT, CSMD1, CNTNAP2,
MACROD2, RBFOX1 and PTPRD) were found under putative selection in all Italian
populations but with different markers. Some of them had been previously associated
with complex traits such as FHIT associated with BMI (Hoffmann et al., 2018), CSMD1
associated with 79 different phenotypes, including age of menarche (Perry et al., 2014),
schizophrenia (Bergen et al., 2012) and educational attainment (Lee et al., 2018) (data
from GWAS catalogue), CNTNAP2 associated with mathematical ability (Lee et al.,
2018) and DNA methylation variation (Zhang et al., 2018), MACROD2 associated with
several phenotypes, including educational attainment (Lee et al., 2018) and blood
protein levels (Sun et al., 2018), RBFOX1 associated with eyes (Pickrell et al., 2016),
other neurological traits and also educational attainment (Lee et al., 2018) and PTPRD
associated with restless leg syndrome (Schormair et al., 2017) and blood pressure
(Evangelou et al., 2018).

As shown in Figure 5, the majority of genes with signatures of selection are not found in
the TSI (the available Italian reference population from 1000G project). More in detail
the fraction of private genes under selection ranges from 74% in VBI to 86% in RSI.

As a further example of the complex puzzle of signature of selection present in the
Italian peninsula we selected the highest-ranking genes in terms of |iHS| and number of
SNPs with |[iHS|>=2 that are found only in one population. We then provided some
examples reporting the genes with the average highest [iHS| and highest number of
SNPs with |iIHS|>=2 that are found only in one population.

Starting from the current Italian reference TSI, we found a strong signal for TYW1B,
associated with triglycerides (Teslovich et al.,, 2010) and educational attainment. We
found signature in CYP2C19 in CAR (associated with diastolic blood pressure (Liu et al.,
2016), ABCGS in VBI associated with lipid traits (Chasman et al., 2009), SLC25A12 in
SMC (Educational attainment (Lee et al., 2018)), ERI3 in CLZ (associated with
Educational attainment (Lee et al.,, 2018)), in ERT we found strong signatures for

ANKRD30A, which was associated with paediatric autoimmune diseases,metabolite
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levels and vestibular neuritis (Li et al., 2015), in SAU evidences were found for CLOCK
gene associated with height (Wood et al., 2014), we found SSPN in ILG (associated
with atrial fibrillation,(Nielsen et al., 2018)) and finally PBRM1 in RSI which was linked to
blood protein levels (Sun et al., 2018),schizophrenia,general cognitive ability (Davies et
al., 2018, p. 4). These are few examples of the different genomic patterns that can be

found in the various subpopulations of the Italian peninsula.

Deleterious variants enrichment

The profound differentiation in all our Italian samples, and subsequent different level of
isolation and selection signature led to the question whether there was any difference in
deleterious or neutral variant distribution among different populations compared to the
Italian reference population.

To answer this question, we applied the DVxy statistic (Xue et al., 2017) for DV variants
(Drifted Variants respect to a reference) between 1-2 allele count (AC) and 3-5 AC in
each population using as actual Italian reference (TSI). Variants were grouped
according to CADD score. In our analysis we discovered a significant relative
enrichment in deleterious variants with CADD>20 in the more isolated/inbred
populations compared to the TSI (DVxy-sd>1), this is true when we are considering
populations such as ILG, RSI, SAU and also SMC, whereas no differences were found
when considering neutral or low deleterious variants (CADD 0-5, DVxy+/-sd=1) (Figure
6).

This level of enrichment could be explained with lower effectiveness of purifying
selection due to isolation and small effective population size (Xue et al., 2017), however
the interesting point lies somewhere else: these Italian populations show enrichment for
high deleterious variants (CADD>20) at low frequency (3-5 AC).

In order to show the complexity of the Italian catalogue of deleterious variants, we
estimated the ratio of DV variants (3-5 AC and CADD>20) that are different between
pairs of sub-populations with DV variants shared between pairs (Figure 7), with the
lowest value being 12 for the pair CLZ/VBI and the highest 31 for RSI/SAU. All values
are highly positive indicating that the majority of DV variants are private of each

subpopulations.
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Human Knockout

Homozygote loss of Function (LoF) variants represent a category of deleterious variants
and examples of human KO (HKO). Considering that the highest enrichment was found
for variants with CADD score>20, we used this value to select LoF variation.

In our total cohort, 509 LoF presenting with a CADD score >20 were found at
homozygous state in at least one individual per population (table supplement
11 ).Gene ontology analysis revealed an excess of transmembrane signalling receptor
genes including olfactory receptors, as already described (MacArthur et al., 2012).

In order to have an high reliable dataset, we used a stringent filtering criteria analysing
only variants that affected all transcripts (considered as TOTAL LoF in opposition to
PARTIAL LoF), resulting in 205 variants affecting 195 different genes (table
supplement 12). Among these 205 variants, the majority (150, ~73%) was shared
among all 3 populations and more than a half (~60%) had frequency >=0.05. A large
number of HKOs was located in genes involved in hair/skin/epithelium or eye
phenotypes, and many were members of gene families. As a matter of facts, 5 HKO
were found in keratin genes: (KRT37, KRT24, KRT31 and KRT83) and 5 in keratin
associated protein (KRTAP1-5, KRTAP1-1, KRTAP19-6 and KRTAP13-2, KRTAP29-1).
Two different rare stop gain mutations were found in KRT83 (AF in Europeans
rs146753414=0.0265, rs2857667 =0.0063). Two missense mutations in this gene were
associated to a mild form of monilethrix (MNLIX; OMIM #158000), a rare autosomal
dominant hair disease that results in fragile, brittle hair that tends to fracture and
produce some degree of alopecia (Steensel et al., 2005). The hair of three carriers of
the KO of KRT83 in the VB population and of nine heterozygotes in three families was
investigated and resulted normal. Lack of KRT83 does not seem to affect hair structure
as much as substitutions of amino acids that are highly conserved and affect the helix
termination motifs, known hotspots for monilethrix mutations. Finally, we found a very
rare stop gain (rs11355796) in COL6A5 gene (collagen type VI, alpha 5) identified in
homozygous state in one individual from VBI. The variant is enriched in all three Italian
populations (AF~0.015 compared with reference Europeans of 0.0013. Mutations in the

COL6A5 gene were shown to cause familial neuropathic chronic itch (Martinelli-
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Boneschi et al., n.d., p. 5). Unfortunately, we do not have so far clinical data on our
homozygous HKO, but for sure a related heterozygous carrier reported to complain of
itching all his life.

We then analysed only variants reported in gnomAD, resulting in 133 different genes
which are distributed among the populations as shown in Figure 8: we found that the
majority of genes are private of FVG, VBl and CAR (61, 36 and 10 respectively)
whereas only 13 genes are shared among all populations. Among these HKO genes
only few of them show evidence of selection (11 genes out of 133) (see table
supplement 13), in particular signatures of selection are found in populations where the
LOF variants are not present with the exception of CDH23 (associated with LDL
cholesterol) and KLHL23 (associated with obesity-related traits); however, these HKO
are considered PARTIAL.

The novel aspect that we report is that we add new information into the variability and

genomic signatures in HKO genes present in the Italian genomic pool.

Discussion

The ability to interrogate all kind of genetic variations is critical for the classification of
genetic determinants of complex and monogenic disorders: the whole genome
sequencing of peculiar populations such as isolates has given a significant contribution,
providing denser data and allowing a better mapping of the genomic features under
study (Hatzikotoulas et al., 2014).

Here, we report the results of a series of analyses obtained through the investigation of
WGS from 947 subjects coming from different Italian geographic areas (i.e. South, North
West and North East) and their contribution to the identification and description of a
relevant proportion of the Italian population pool of genetic variation.

The number of new variants described and discovered, especially in comparison with
1000G data, which include the Italian reference TSI (~1.86 M variants shared between
all INGI cohorts but not TSI) confirms that these genomes are able to increment the
catalogue of Italian genotypic variation, in particular in the low frequency spectrum.

This leads us to the inevitable next step: the creation of a reference panel for imputation

using the ltalian whole genome data. The “ltalian core” of the reference panel was
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assembled with INGI data only and it proved to be an extremely useful resource when
merged with other larger reference panels: the IGRP1.0 outperformed the 1000G Phase
3 reference panel for imputation of inbred and outbred Italian and other European
populations such as the Croatians cohorts.

More in detail, our new reference panel could facilitate the imputation of rare variants for
GWAS studies and help the identification of population specific variants of different
Italian and possibly Southern European populations: a notable point is that we are
incrementing the total number of variants that are valuable for GWAS studies without
adding “noise” neither INGI populations, as expected, nor in other outbred populations in
terms of imputation quality.

With this resource at our disposal, another question arises: will we be able to increment
the power to detect genome wide significant loci/variants using this new reference panel
for imputation?

In this case, the reliability of IGRP1.0 panel was proven running a series of GWAS tests
on some selected RBC traits, demonstrating that it performs better than the 1000G
panel alone. As a matter of facts, GWAS studies carried out with IGRP1.0 panel
imputed data, not only replicated previous findings with higher statistical significance,
but also demonstrated that several previously found suggestive signals (p<lE-5)
became genome wide significant (p<1E-8).

One interesting example is the RBFOX1 gene: we showed that it harbours signals of
selection in all Italian populations and, moreover, it carries two variants significantly
associated to MCV and MCH traits, that we were able to pinpoint only through our
custom reference panel (table supplement 11). These results need further dissection,
but are, again, a clue of the fact that the genetic features of our cohorts represent an
important resource in the understanding of gene function and association to different
traits.

On the other hand, one of the major point of our work consisted in addressing the issue
of the underrepresentation of South European population in whole genome databases.
Recent works based on array data pinpointed the genetic diversity in the Italian
peninsula (Sazzini et al., 2016) along with the presence of isolates (Esko et al., 2013).

This foregoing information prompted the inquiry about the homogeneity of genomes
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coming from different regions of Italy in terms of diverse genomic aspects (population
structure, natural selection signatures, deleterious variants distribution and HKO) and,
as a consequence, how reliable is to use only one reference population for Italians such
as the Tuscan (TSI).

Population structure analysis revealed that our populations fall in the European pole of
variation, but their separation from the North European cohorts is clear.

Principal component analysis, tree graph analyses, ancestry coefficient distribution
confirm the non-homogeneous genetic background of the Italian populations from North
to South and highlight the fact that the use of the only TSI as genome reference leads to
an underestimation of the Italian genomic variability, and if that was not enough, ROH
pattern and inbreeding coefficient showed a wide array of values not comparable using
the only South European reference of 1000 Genomes.

Discussing Natural Selection, it was demonstrated that environmental differences along
the peninsula might have shaped the genome through mechanisms such as evolution
and selective pressure (Sazzini et al., 2016). Our analyses pinpointed the presence of
shared selective pressure on specific genes in all Italian populations such as HIT,
CSMD1, CNTNAP2, MACROD2, RBFOX1 and PTPRD, however the striking point was
the level of selection signatures that are private of single populations (when substructure
is taken into account) ranging up to 86% of the total genes found for RSI. In addition,
considering the relationship of some populations (RSI, SAU, SMC) with North European
populations (as shown in Treemix analyses), we can suppose that a number of
haplotypes passed in some North East Italian populations but not others: this peculiar
gene flow could be responsible for some unique signals of selection.

For what concerns the distribution of deleterious variants it was already demonstrated
how the relative relaxation of purifying selection in presence of isolation (Chheda et al.,
2017; Xue et al., 2017) leads to an increased frequency of specific deleterious variants.
This aspect reinforces our thesis about the need of a more broadened reference for the
Italian genomic variation, as we demonstrated that not only have we an enrichment of
low frequency deleterious variants (CADD>=20) in our genomes, but also most of this
enrichment is population-specific.

In our analyses of human knockout we showed that the majority of the loss of function
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(>70%) was shared among all the three populations and, as expected, they belong to
the category of transmembrane signalling receptor genes, including olfactory receptors.
Nevertheless, while analysing only the genes with at least 1 homozygous individual in
each cohort, we discovered an inverse pattern: the majority of genes harbouring HKO
are private of each cohort. In addition the majority of them (91%) was not found in any
selection scan, suggesting the lack of evolutionary constraints for these genes, even
though more accurate analyses are needed to confirm this consideration. Still, this gives
us another hint of the necessity of multiple genomes to describe the catalogue of HKO
present in Italy: with our data we are starting to scratch the surface, providing some of
them.

Furthermore, HKO and pattern of deleterious variants are useful examples to show how
clinical-relevant polymorphisms could be found enriched in frequency in specific
populations within the same country and provide extremely relevant information that
could be used for developing personalized medicine strategies: another great added
value of our cohorts is that a large series of instrumental and clinical phenotypes is
already available. Thus, future efforts should be pointed towards the functional
characterization of putatively enriched variants and deep phenotyping of carriers of such
polymorphisms as well as deep phenotyping of HKO.

In conclusion, we showed how our unique dataset of populations and WGS data fill a
gap in publicly available human genome sequence data sets (i.e. 1000G, gnomAD
databases, etc.), in which Southern European populations - a significant proportion of
the overall European populations - are highly underrepresented and it will able to
produce regionally appropriate reference panels.

Furthermore,considering the fact that in Italy, a National Genomic BioBank is not yet
existing the availability of a catalogue of rare and low frequency variants for Italians
populations will facilitate the understanding of these genetic loci improving the accuracy
and efficacy of a series of genetics/genomics studies, and subsequently opening new

perspectives for precise medicine and drug targets identification.

Materials and Methods
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WGS data generation: variant calling and quality control

All samples selected for sequencing already had genotype data from other platforms
(SNP array and Exome chip): this data allowed us to assess genotype concordance
against a “trusted” set of variants. For all cohorts, samples were selected randomly. The
sequencing was carried out at different sequencing centres: the Wellcome Trust Sanger
Institute in Hinxton (UK), the BGI, Shenzhen (PRC) and the HSR in Milan. Table
supplement 14 summarises the total number of samples sequenced. All the data were
post processed at the Sanger Institute. A written informed consent for participation was
obtained from all subjects. Regarding the FVG cohort the project was approved by the
Ethical committee of the IRCCS Burlo-Garofolo. Regarding the CAR cohort the project
was approved by the local administration of Carlantino, the Health Service of Foggia
Province, Italy, and ethical committee of the IRCCS Burlo-Garofolo of Trieste. For VBI
cohort, data collection and genotyping were approved by the institutional ethical
committee of the San Raffaele Hospital in Milan and by the Regione Piemonte.

The raw data were checked first at lane level to remove any sample with bad quality
data. 54 samples were realigned to the hs37d5 reference sequence because they were
aligned to a previous version of the GRCh37 build: this process has been carried out
using the ‘Bridgebuilder system’ developed by the Human Genetics Informatic group at
the Wellcome Trust Sanger Institute (BridgeBuilder, 2015) .

After the alignment, performed with bwa software (Li and Durbin, 2010), each bam file
was improved through the implementation of the following steps: 1) Realignment
around known and discovered INDELs using GATK (McKenna et al.,, 2010)
RealignerTargetCreator and IndelRealigner; 2) Base Quality Recalibration by GATK
BQSR using the BaseRecalibrator and PrintReads tools; 3) Recalculation of the MD tag
by samtools (Li, 2011) calmd; 4) Bam indexing.

For the Carlantino cohort, sequencing was carried out using lllumina technology
(Genome Analyzer and HiSeq 2000) at the Wellcome Trust Sanger Institute for 115
samples with an average coverage of 4x, an additional batch of 40 samples was
sequenced at Beijing Genomics Institute (BGI) with an average coverage of 10x. Among

the 115 samples sequenced at the Sanger Institute 27 failed the quality check at the
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lane level: 5 were re-processed while 22 were excluded from further analyses.

The most common cause of failure was the high percentage of adapter contamination
and a bimodal insert size distribution.

For the Friuli Venezia Giulia cohort, 200 samples were sequenced at the Wellcome
Trust Sanger Institute with a mean coverage of 4x and 192 samples at BGI with a mean
coverage of 10x. Among the 200 Sanger samples, only 4 failed the quality check at the
lane level, thus were excluded from further analyses. Among the BGI set 6 samples
were duplicated from the Sanger pool: we merged the two sets of data to increase the
coverage of each sample. We removed 1 additional sample from this set because of
data corruption.

The data for the Val Borbera Cohort were generated at a mean coverage of 6x for all
selected samples: 210 were sequenced at the Wellcome Trust Sanger Institute, 209
were sequenced at BGI and a small batch of 29 was processed at the San Raffaele
Hospital. After the first step of quality check we removed 2 samples from the Sanger
Institute set for contamination and bad quality DNA respectively, 12 samples from the
OSR dataset for bad quality and 1 sample from the BGI set for data corruption.

Finally a total set of 947 samples was sent forward for the Variant Calling step.

We produced genotype calls for autosomal chromosomes separately for each
population using the following pipeline.

Samtools mpileup (v.1.2) (Li, 2011) was used for multisample genotype -calling
(parameter set: -E -t DP,DV,SP -C50 -pm3 -F0.2 -d 10000). The generated BCF files
were converted to VCF format with bcftools call (v.1.2) (parameter set: -Nvm) and
filtered with bcftools filter (v.1.2) (parameter set: -m+ -sLowQual -e"%QUAL<=0"-g3 -
G10 -Ov - ). Variant Quality Score Recalibrator (VQSR) filtering was applied to the raw
call data with GATK v.3.3 (DePristo et al., 2011). Raw calls from samtools were used
with the UnifiedGenotyper module in "Given allele mode" to generate all the annotation
needed to calculate the VQSLOD scores through the VariantRecalibrator module,
separately for SNVs and INDELs. For SNVs we selected the following parameters: i)
Annotations: QD, DP, FS, HaplotypeScore, MQRankSum, ReadPosRankSum,
InbreedingCoeff; ii) Training set: HapMap 3.3, Omni 2.5M chip, 1000 Genomes Phase I,
iii) Truth set: HapMap 3.3, Omni 2.5M chip; iv) Known set: dbSNP build 138. For
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INDELs we selected: i) Annotations: DP, FS, ReadPosRankSum, MQRankSum; ii)
Training set: Mills-Devine, 1000 Genomes Phase |, dbSNP v138; iii) Truth set: Mills-
Devine; iv) Known set: Mills-Devine, dbSNP build 138. For each population the lowest
VQSLOD threshold was chosen according to the output produced by
VariantRecalibrator to select the best cut-off in terms of specificity and sensitivity of the
trained model. The Transition/Transversion (Ti/Tv) ratio was used as a parameter to
select the best threshold, taking as a reference the empirical value of ~ 2 calculated by
(1000 Genomes Project Consortium et al., 2012) . For SNPs the minimum VQSLOD
values selected were -59.1994 (99.94% truth sensitivity threshold), -15.0283 (99.80%
truth sensitivity threshold), -22.6034 (99.9% truth sensitivity threshold) for VBI, FVG and
CAR cohort respectively. For INDELs we used a more conservative approach, selecting
a sensitivity threshold of 95% for each population. The filter was applied to each call set
with GATK ApplyRecalibration module.

We performed several genotype refinement steps on the filtered data: 1.
BEAGLEvV4.r1230 (Browning and Browning, 2007) was used to assign posterior
probabilities to all remaining genotypes. 2. SHAPEITv2 (Delaneau et al., 2013) to phase
all genotypes calls and 3. IMPUTEvV2 (Howie et al., 2009) to perform internal imputation
in order to correct genotyping errors.

Finally, bcftools annotate (v.1.2) was used to add information about Ancestral Allele and
allele frequencies from 1000G phase 3 (Sudmant et al., 2015) populations and rsIDs
from dbSNP v.141 (Sherry et al., 2001). The Variant Effect Predictor v.90 (McLaren et
al., 2010) provided all consequence annotation as well as Polyphen and Sift information.
CADD score (Kircher et al., 2014) information was also added.

Samples and sites were again investigated for outliers or artefacts after the variant
calling.

First, we looked for batch effects due to the different sequencing centres: we conducted
an MDS analysis on each cohort testing the first PCA component for correlation with the
sequencing centre variable with a Pearson’s correlation test and obtaining a significant
outcome only for the FVG cohort (p=0.001728). We compared the analysis for the FVG
cohort with data available from a previous work (Esko et al., 2013) showing that the

pattern is consistent with the underlying population structure. We then generated a sites
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exclusion list, focusing on: a) Hardy-Weinberg equilibrium (sites removed if exact test p-
value was below the threshold of 1e-8); b) Heterozygosity rate distribution (removed
sites with values greater than 3 standard deviations of the mean); ¢) MAF mismatch
when compared with SNP array data; d) Non Reference Discordance rate (NRDR),
defined as the ratio between the sum of concordant calls of the alternative allele in WGS
and array data and the sum of all discordant calls of the alternative allele in WGS and
array data (cut off value for removal of 3 standard deviations of the mean).

We removed 5,552 , 2,577 and 2,502 sites from CAR, FVG and VBI respectively.

We excluded samples using the following parameters: a) Singleton number, b)
Heterozygosity rate and c) Non Reference Discordance rate. We removed one sample
from the FVG cohort for an excess of singletons (~100000 singletons counted). We
calculated also the heterozygosity rate for each sample and removed all samples with
values exceeding a threshold of 3 SD from the average value for each population: one
sample was removed from the CAR cohort, one sample from the FVG cohort and 4
samples from the VBI cohort. Finally, we calculate the samples’ non-reference
discordance rate and removed all individuals with an NRDR greater than 5%: 8 samples

from the CAR cohort, 1 sample from FVG cohort and 5 samples from the VBI cohort.

Reference imputation panel

We selected a ‘highly reliable’ subset of variants to include in our reference panel.

In order to avoid mismatches between the INGI datasets, we split all multi-allelic variant
sites in different vcf records and performed INDELs normalization with bcftools norm to
prepare the data. Data from 1000G Project phase 3 and UK10K project (The UK10K
Consortium, 2015) were processed in the same way.

SNPs and INDELs from the INGI WGS data to be included in the reference panel were
selected with the following criteria: a) all sites with Alternative Allele count (AC) >= 2 and
Read depth (DP) >= 5; b ) all the singleton sites (AC = 1) either shared at least between
two INGI cohorts or which were known sites or present at least in one of the external
resources selected (UK10K and 1000G Project Phase 3).

To build the Italian reference dataset, a ‘core’ INGI panel was created merging data
from the different INGI cohorts, using the method implemented by the IMPUTE2
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software (Howie et al.,, 2011). The data were then added to the 1000G phase 3
reference panel to obtain a final reference (INGI+1000G also called IGRP1.0).

The imputation test was performed on chromosome 2 genotypes in different cohorts: a)
INGI cohorts; b) a cohort of 567 unselected outbred samples from North Western Italy
(NW-ITALY); c) three cohorts from Croatia (VIS - 960 samples, KORCULA - 1812
samples and SPLIT - 466 samples)

Imputation metrics across the different panels were compared for each population. We
assessed the r? metric, which estimates the correlation between the true genotype and
the imputed genotype and the IMPUTE info score parameter, which provides a
measure of the observed statistical information associated with the allele frequency
estimate for each variant (Marchini and Howie, 2010). We removed from each INGI
cohort all the samples represented in the reference panel.

Genome Wide Association Studies (GWAS)

GWA studies on Red Blood Cells indexes (MCH, HGB, MCHC, RBC - normalized with
natural logarithm , HCT and MCV) were performed in each population separately, using
age and gender as covariate in an additive model, once using 1000G imputation and
once IGRP1.0. The analyses were carried out using the mixed linear models as
implemented in R ABEL packages (Aulchenko et al., 2007). Genomic kinship was used
to take into account the relatedness. Variants with info score<=0.4 were excluded if the
MAF was>=1%. For rare variants (MAF 0.1%-1%), a more stringent Info Score cut-off
(>=0.8) was used (Pistis et al., 2015). Meta-analysis was performed using the software
METAL (Willer et al., 2010) and heterogeneity Cochran Q test was performed. After
meta-analysis, the variants that were not present with the same direction in at least two
of the three cohorts were excluded. Variants with significant p-value (<0.05) for
heterogeneity test were also excluded. Bonferroni correction was applied: the thresholds
were P=6.23e-9 for 1000G and 4.69e-9 for IGRP1.0. The positions are referred to the
build 37. Manhattan plots were generated with the R library ggman (Turner, 2017) and
hudson package (Lucas, 2018) .

Population Structure
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Principal component analysis (PCA) was carried out to define the genetic structure of
our population using PLINK (Daly et al., 2007). PCA was carried out after removing
markers in high LD (r2>0.4), using the function --indep-pairwise 200 50 0.4 and with
MAF <0.02. Runs of homozygosity (ROH) and inbreeding coefficient we estimated as
well using PLINK using the command --homozyg and --het . Pairwise Fst between
worldwide populations was calculated using the software 4p (Benazzo et al., 2015) .

The same dataset was used for tree graph analyses implemented in Treemix (Pickrell
and Pritchard, 2012). The analysis of ancestral component was performed using
ADMIXTURE v 1.2 (Alexander et al., 2009) using the European population plus one
African reference (YRI) one East Asian (CHB) and one South Asian (GIH). Cross

validation error procedure was implemented to select the best cluster solution.

Natural Selection

Evidence of positive selection was estimated for each population using iHS statistic
(Voight et al., 2006) implemented in selscan program (Szpiech and Hernandez, 2014),
we used only markers with MAF>0.05, furthemore we adopted a conservative approach
for genes under putative positive selection: we selected only genes with at least 20

markers with standardized |iHS|>=2.

Deleterious Variants

After the exclusion of multiallelic variants, we subdivided all variant in bins according to
their CADD score and frequency. The following minor allele frequency classes were
created: between 1-2 allele count, 3-5-allele count, 5-10AC and more 10 AC, thus the
variants were binned in the following CADD categories 0-5, 5-15,15-20 >20. We then
applied the DVxy statistic as described in Xue et al., using as reference the TSI
population from 1000 Genomes. In addition, we estimated the ratio of of private and

shared DV variants (variants enriched).

Human Knockouts
To identify HKO, we considered only deleterious variants in protein coding genes: we

first selected variants with high impact as defined by VEP (i.e. frameshift, splice
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acceptor variant, splice donor variant, stop gained, stop lost, start lost, transcript
ablation, transcript amplification) and among those we further selected for CADD
score >=20. A total of 12,231 variants (8,832 SNV and 3,399 indels) were selected and
5,916 had a CADD score >=20. Among this subset of variants, those presenting at least
one homozygous individual in one population were defined putative HKO. After filtration
for total KO, the average number of HKO per individual was 20 (12-31), in agreement
with previous determinations (Narasimhan et al., 2016). HKO’s were classified as
TOTAL when the variant was predicted as LOF in all Ensembl database transcript,
otherwise they were classified as PARTIAL, even though this approach is highly
conservative, as some PARTIAL loci could still affect the functional transcripts. Overlaps
of HKOs between populations were analysed using the R package “VennDiagram”

(Chen, 2018) (https://cran.r-project.org/package=VennDiagram ).
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INGI All samples

CAR FVG VBI INGI
Samples 124 378 424 926
Females 66 220 249 535
Males 58 158 175 391
Average coverage 6.31 7.23 6.12 6.55
Sites 13,370,262 17,002,010 19,361,094 26,619,091
Multiallelic Sites 248,638 356,599 393,328 560,918
SNPs 12,208,629 15,521,313 17,830,208 24,557,366
INDELSs 1,161,633 1,480,697 1,530,886 2,061,725
Sites MAF <= 1% 3,627,622 7,283,720 9,416,028 16,685,951
Sites 1% < MAF <= 5% 3,007,162 3,069,534 3,121,545 3,125,971
Sites MAF > 5% 6,735,478 6,648,756 6,823,521 7,123,064
Singletons SNPs 2,061,824 2,784,746 3,554,744 6,193,486
Singletons INDELs 92,372 131,275 133,156 273,679
Average Heterozygosity 17.57% 13.27% 12.16% 13.34%
rate per sample
Average Derived allele 4,703,290 4,741,910 4,844,980 4,763,393
count per sample
Average variations per 3,518,020 3,421,910 3,541,760 3,493,897
sample
Average INDELSs per 531,151 586,740 590,109 569,333
sample
Average singleton per 17,285 7,671 8,646 6,925

sample
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