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Forensics, Genius, and Enthusiasm
in the Genetics of Leonardo da Vinci

Why do we want the DNA sequence of Leonardo da Vinci?"
Three categories, or contexts, suggest themselves: The first is
in support of art history, provenance studies, and forensics. The
presence of DNA attributable to the master would be evidence
of his physical proximity. Depending on details, molecular
evidence might lend support to assertions that Leonardo had
a hand in creating a particular work. The second category of
reasons is to explore the hypothesis that Leonardo’s DNA se-
quence may contain clues to his physical qualities, materials

of his work, diet, possible illnesses, and maternal lineage.” The
possibility that Leonardo’s DNA sequence might yield clues to
his extraordinary visual sensibilities or even his singular ge-
nius deserves to be said explicitly.* The third category is not
a “reason” in the usual sense but an “apology” in the sense of
explanation. It is that this quest is extraordinarily difficult and it
engages our enthusiasm. Implications and challenges in each of
these three categories are elaborated below.

KEey worps: Forensics, DNA,
Genetics, Intelligence, 1Q, Genius.

Art history and Y chromosome evolution

DNA analysis supplies an important means of identification in forensics, tracing
family trees, and physical anthropology. It is beginning to be applied to issues of art
history*, provenance, and calibrations of auteurship.

The degree of certainty attributable via DNA analysis depends on several fac-
tors including the chain of evidence, the information content yielded by particular
methods, the reliability of data on technical grounds, and the databases to which new
data are compared.

Historians agree that Leonardo da Vinci fathered no children. However, Leon-
ardo’s own father had several other children as did Leonardo’s brothers by the same
father. The Y chromosome is only passed from father to son. Careful scholarship has
identified both deceased and living males who are candidates for the possession of a
Y chromosome in unbroken lineage continuity with Leonardo’s.’

There are three related paths by which Y chromosome analysis may contribute
to elucidation of the entire sequence of Leonardo. First, Y chromosome haplotypes
could be used as a “ground truth” to support particular relics or archeological find-
ings as likely being Leonardo. Y-corroborated bones or relics would then support
further genomic analysis. Secondly, a Y haplotype may indirectly allow reasonable
inference of Leonardo’s mitochondrial sequence. Thirdly, coalescence analysis, the
modeling of how differing alleles among contemporaries descended from a common
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ancestor, of multiple Y chromosomes descended from a shared ancestor would allow
inference of this portion of Leonardo’s genome without danger of information loss
associated with the degradation of DNA. Living descendants offer the best- perhaps
the only- opportunity to infer complete and accurate T2T (telomere to telomere), i.e.
entire and comprehensive coverage of an entire chromosome of Leonardo’s genome.
Even if exceptionally well-preserved materials were to be obtained, samples donated
directly by living relatives are expected to yield the highest fidelity sequence. Com-
plete sequence of the Y from living descendants is needed to obtain as much data
and information as possible, rather than limiting the project to forensic identification.

Less is known about Leonardo’s mother and no information on the lineage of
her mitochondrial genome is currently available.® This could change consequent to
Y chromosome study. The copy number of mitochondrial genomes in each cell is
about a thousand times that of the Y chromosome. In cases of difficult source mate-
rial mitochondrial sequences are often recoverable when nuclear genes, of which the
Y chromosome is one, are not. If even a single case is found where the Y identifi-
cation is unambiguous and mitochondrial sequences are also unitary, then in other
cases where only the mitochondrial sequences are recovered, a reasonable case for
identification could be made. Karina Aberg points out that ambiguities of identifica-
tion based on mixed samples might also be sorted out on the basis of commonali-
ties. There is a prospect, only speculative at present, that mitochondrial sequences
might become an additional and quantitatively more sensitive approach to identify-
ing Leonardo’s physical intimacy with particular works.

Neither Y chromosomes nor mitochondrial genomes suffer meiotic recombina-
tion during gametogenesis and both yield haplotype data. Haplotypes are defined as
groups of allelic variants that are inherited together, typically because they are on
the same chromosome and meiotic recombination does not separate them.” Muta-
tions in the Y and mitochondrial genomes are estimated to occur at several times the
rate of somatic chromosomes, an estimate based on sets of parent progeny analysis.
The Leonardo project offers an important opportunity to enhance understanding of
Y chromosome mutation over multiple generations.

Telomere to telomere, i.e. complete and reliable sequence, was achieved for the
human Y chromosome only in 2023.® The human Y chromosome is subject to spe-
cialized types of sequence variation.’ Estimates of Y chromosome types and rates of
change would be newly empowered via T2T of descendants whose lineage is known
over centuries. T2T analysis of multiple descendants of Leonardo’s Y would, via
coalescence analysis, be best able to accurately predict the primordial sequence. (It
is, in many circumstances, as difficult to predict the past as the future.) Coalescence
analysis from T2T analysis of multiple contemporary Y’s would both reinforce the
forensic value of candidate archeological and relics and also give a fresh view of the
rates and types of human evolution on the Y. They would be a route to the best and
most comprehensive model of the original sequence of Leonardo’s Y. A benefit of a
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full T2T analysis of contemporary holders of the lineage of Leonardo’s Y is that it
would offer precise insight, both into Leonardo’s genome and more generally, details
of human Y chromosome evolution.

The historical development of DNA forensics suffered from underestimates of
the importance of characterizing the population to which a new analysis is com-
pared.'® In the present context, one needs to know the frequency of relevant haplo-
types in the population in which Leonardo lived. It may turn out that the mitochon-
drial haplotype is not as frequent in the local population and therefore more reliable
evidence of Leonardo’s physical proximity than the Y.

In addition to bones and relics of the conventional sort we note the possibility
that single intact cells of Leonardo may one day be found on or in his work, e.g. the
notebooks where several fingerprints have been found. Crime scene investigators are
developing technologies to isolate individual cells from fingerprints allowing their
DNA to be amplified for identification.''> Whole genomic sequence via the single
cell amplification is routine in contemporary cell-developmental'® and cancer biol-
ogy but has not yet been applied in the contexts of cells recovered from fingerprints
or ancient DNA. New methods will need to be developed. In one future-oriented sce-
nario, even a single cell recovered out of a fingerprint of Leonardo’s could become a
rich source for the master’s genomic sequence.

There are works that may have been created by the workshop of Leonardo da
Vinci and the master’s hand may have been directly involved.!*'®* We can conceive
of circumstances in which DNA evidence has the potential to contribute to relevant
discussions.

DNA sequence and genius

One famous parody describes how a rabbi asked his disciple why the letter
peh (p) was needed in the word korah. When the disciple replied that the
letter did not appear in the word, the rabbi persisted: “Let us assume for a
moment that the letter is placed in this word.” “But why should it be needed
there?” asked the disciple, to which the rabbi replied: “That is exactly what
I asked you.” Steinsaltz, A., The Essential Talmud."

At the outset of this section the author should make clear that he is not a genetic
determinist on this matter. Genius seems to be recognized in retrospect as a rare com-
ing together of factors including cultural and personal circumstances and luck.'s"”
Having said all that, if one were to consider a type case where DNA sequence might
play a detectable role, what better place to consider than Leonardo da Vinci?

Are there clues to Leonardo da Vinci’s genius in his DNA sequence? In any non-
trivial case guesses are subject to surprise if and when a “black box” can be opened
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and its contents examined. It is not necessary to believe in a model to consider the
implications “as if” it is true. The following is in the spirit of “AS IF.” Suppose, for
a moment, there are clues to Leonardo’s unique genius in his DNA sequence. Where
might they be?

Two distinct hypotheses follow from the “as if”” conjecture that Leonardo’s DNA
sequence will yield clues to his unique genius. The first and less radical possibility
is that Leonardo is at the high end of a continuum of human variation in intelligence
associated with a particular set of SNPs (Single Nucleotide Polymorphisms). “Gen-
eralized intelligence” or “g” is defined as the quantity measured by IQ tests and is
reported to overlap with educational attainment. The supposition, challenged in this
section, is that by counting and adding up SNPs associated with high 1Q, the IQ of a
person can be estimated from their genomic sequence.

The second hypothesis, or way of thinking, is more radical: to consider that
Leonardo was a qualitative rather than a quantitative variant, a “one off” for which
there will be no statistical correlation or continuity with the tail of a normal distri-
bution. These two ways of framing the search for significance in Leonardo’s DNA
sequence are in analogy to alternative ways to think about the origin of new species
in biological evolution.?” One school of thought considers speciation as continuous
with population biology. Another school thinks of speciation events as qualitatively
different than everyday processes that alter allelic frequencies within existing popu-
lations.

From heritability in monozygotic twins to SNPs in populations: Weak reasoning

Consider the possibility that Leonardo’s genius lies at the extreme end of a nor-
mal distribution of “g” (General Intelligence, “g”, defined as the property measured
by IQ tests). There is a literature claiming to map intelligence, as measured by 1Q
score, to particular SNPs) in the human genome. It has been proposed that the SNP
map of Leonardo’s genome will give important clues as to his appearance, a subject
of interest in its own right. The reasoning here is the same. A critical consideration
of SNP mapping of intelligence is best discussed in the context of an important un-
solved problem in reconciling the results of monozygotic twin studies with those of
SNP studies in unrelated populations.

The reasoning and experimental approach of comparing twins is often associ-
ated with Francis Galton in 1875. Galton was the first to use human twin studies in
what we now call genetics research but the history of their development in genetic
investigations, realizing the critical comparison of monozygotic (identical) twins
with dizygotic (fraternal) and the development of “heritability coefficient” as used in
contemporary social sciences should not be attributed to Galton.?!
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Monozygotic twins share 100% of the same SNPs, whereas dizygotic twins and
other siblings by the same parents share, on average, 50% of the allelic state of each
gene (“gene” here is defined as the DNA sequence at a defined locus). To the extent
that a population of monozygotic (Mz) twins are more similar for a phenotype than a
population of dizygotic (Dz) twins this additional phenotypic similarity is routinely
attributed to the additional alleles shared by the Mz twins. Twin studies rate intel-
ligence measured by IQ as a heritable behavioral trait along with many others. An
algebraic statement of the reasoning is given by WG Hill: “For quantitative traits,
heritability can be estimated as 2(r,,, — r,,) where r, , refers to the co-twin pheno-
typic correlation for MZ twins and r,, refers to the correlation for DZ twins.”*

A diagram of the chain of reasoning that heritability of “g” (20%-80% in differ-
ent studies) is consequent to SNPs is given in Figure 1. The weaker links in the chain
of reasoning are marked in the figure as A), B), C) D), briefly noted in the figure
legend and elaborated in the following text.

Let us stipulate for this discussion that many twin studies themselves are well
done, interpreted, and complied,”?** acknowledging the caveat that experienced
environment may be more similar for identical Mz twins than for Dizygotic, Dz
twins.? In terms of 1Q, for young children the hereditary component tends lower
and in mature adults it tends higher.?® IQ heritability in different studies ranges from
20%-80%. Comprehensive review of many studies that collectively cover the lifes-
pan puts the hereditary component of g as measured by IQ at approximately 50%.%
Creativity is less studied than IQ but literature comparing Mz and Dz twins allows an
interpretation less certain but similar to that for other behavioral traits, i.e. significant
heritability, plausibly in the range of 50%.77*°

Comparison of nature vs nurture or genetic vs environmental influence neces-
sarily depends on the particular environments as well as the genotypes being com-
pared. It is well known that many negative influences of the environment can lead
to a decrease in IQ, e.g. heavy metals.*® There is the less appreciated possibility of
unrealized positive environmental influences that go beyond the current idea that the
absence of detriment is the best that can be achieved.*!

The word “heredity” has an ambiguous component, or rather, it is often used
with different implicit definitions or easily confused contexts that can lead to sub-
stantial misunderstanding and “talking past one another.” On the one hand, if envi-
ronments in a comparison of different genotypes are held constant, then differences
in phenotype are often assigned entirely to heredity. On the other hand, in particular
environments, some differences in heredity may become either more or less relevant,
even irrelevant. Consider for example two genotypes where one of the genotypes
requires several times more vitamin C than the other. If a constant environment sup-
plies adequate amounts of vitamin C for both genotypes, then there will be no phe-
notypic difference between them. If the environment supplies zero vitamin C, both
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will be deficient and there also will be no difference between the genotypes. [F AND
ONLY IF the environment supplies adequate vitamin C for the low-requiring but
not enough for the high-requiring genotype will there be a phenotypic difference
between the two genotypes and that difference will be attributable to “hereditary”
components.

The “Missing Heritability Problem” refers to a shortfall of SNPs to quantitative-
ly account for results of twin studies.’? The statistical association of IQ score with
each SNP is purported to be in the range of 1/100™ of an IQ point. (The range of IQ
measurement is ca 50-150 or about 100 points. Put another way each relevant SNP
is reported to account for ca 0.005% of the total variance in intelligence.) There are
approximately 1,000 IQ-relevant SNPs that are thought to be independent and addi-
tive as are most complex traits.* In total these 1000 SNPs are believed to account by
correlation for ca 10% of intelligence as measured by IQ testing.*** One possibil-
ity is that there are many thousands of additional SNPs each of which contributes
additional correlation to IQ but that the individual effects are too small to be found
even in the sample sizes of hundreds of thousands. Alternatively, the SNP approach
has reached a ceiling because non-SNP factors are responsible for the majority of
heritability. Two non-SNP possibilities are of special interest: epigenetic marks, and
small duplications. The properties of heritability manifested by epigenetic marks and
of CNVs differ from SNPs.

Important classes of heritable alterations of genetic material are not expected to
show up in SNP studies. These may be candidates for solving the important problem
of missing heritability.’**” The best studied epigenetic mark in animals is 5-methyl-
Cytosine, a covalent modification of DNA that does not change the base sequence.
Histone modifications, chromatin remodeling, and non-coding RNAs are additional
epigenetic mechanisms that can manifest across one or even several generations.’%*
CNVs (Copy Number Variants), are expansions and contractions in the genome that
can range from a few bases to many thousands. Important consequences follow from
the different molecular mechanisms that underlie heritability. Epigenetic marks and
CNVs are much less stable over multiple generations than are SNPs.

SNPs are the most stable of genetic variants over many generations; they change
only by point mutations at a rate approximated as one or two changes per hundred
million bases (1 x 10e-8 > 2 x 10e-8) per generation.** CNVs are both more frequent
and more dramatic since each can encompass many genes, and occur at rates esti-
mated at 10e-5 to 10e-3 per generation in germ lines*!, a rate one thousand to one
hundred thousand times greater than the rate of generation of new SNP variants.*
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Epigenetic variation is far less stable across generations than either SNPs or
CNVs.# Twin studies go only over a single generation. The assumption of stabil-
ity of heritability over multiple generations is hundreds to millions of times more
valid for SNPs than for CNV or epigenetic inheritance. The heritability of epigenetic
marks is in some systems responsive to modification by parental experience. Epige-
netic methylation or small RNA modification of expression across generations and
their rapid heritable modifications are not Lamarkian in the sense of specificity, but
they violate an absolutist form of the Weissman doctrine that demands complete
separation of germ cells from soma and somatic experience. The term “epigenetic”
can encompass many different molecular mechanisms and each may have particular
characteristics of heritability across generations and propensity to change.*

A fascinating study shows that identical twins share epigenetic methylation pat-
terns.® This study was well controlled by comparing mono- to di- zygotic twins. Fur-
ther, the study describes stereotyped epigenomic signatures in sub-telomeric regions
that are unique to monozygotic twins. It is now possible to tell if a single person is,
in fact, one of a monozygotic twin pair.

Shared patterns of cytosine methylation in monozygotic twins and the instabil-
ity of cytosine methylation over multiple generations suggest the specific hypothesis
that the high phenotypic correlations found in monozygotic twins are attributable to
shared patterns of cytosine methylation. Cytosine methylation and other transgen-
erational epigenetic mechanisms are transmitted over single generations* but are
not stable over the long term. Cytosine methylation and other epigenetic marks are
invisible to SNP studies in either large or small populations.

To conclude: Known SNPs account for approximately 10% correlation with
measured IQ scores. One approach is to assume that the remaining “heritability gap”
to get to the ~50% or even greater heritability inferred most strongly from Mz twin
studies is due to thousands of never-to-be-seen SNPs. There are alternative ideas for
how to account for the heritability gap. One approach considers that epigenetics and
CNV (Copy Number Variation) are good candidates for the “missing heritability”,
i.e. the gap between twin-studies-assigned heritability and SNP-assigned heritabil-
ity. That’s because epigenetics and CNV are strong for a single generation but, even
when the method allows their detection, too mutable to a give stable signal in popu-
lation studies.®

Epigenetics and CNV are heritable but not with the multi-generational stabil-
ity of SNPs. Epigenetics and CNVs provide realistic alternatives more amenable
to rapid change across generations compared to the SNP-based assignment of un-
changeable race-associated “inconvenient” inheritance.***” Molecular mechanisms
of 1Q heritability may exist but be far less “locked in stone” than supposed by a
SNP-limited view of genetics. Stress-induced epigenetic changes are reversible over
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a single generation, unlike SNPs.*# Tt is conceivable but remains to be tested, that
one type of epigenetic modification might be inferred from ancient or damaged DNA
because 5-methyl cytosine is more prone to deamination than cytosine.*® Differential
U’s (and consequent C > T transitions) across the genome might allow inference of
local methylation states of different genes or regions.

Leonardo as a “hopeful monster”

Leonardo da Vinci was a singular genius. There is no evidence that any of his
relatives or their descendants are of particular talent. Richard Goldschmidt in 1940
proposed a “hopeful monster” theory of speciation through rare and dramatic mac-
romutations.”’ Goldschmidt’s theory is in radical contrast to the conventional neo-
Darwinian synthesis of population biology.

Let us consider Leonardo a “mutant” or a “hopeful monster” in some unique and
positive sense. Thinking in this way has advantages of generating ideas that are more
subject to experiment and these are described in more detail in a companion paper on
K+ channels and the genetics of vision.

The sequence of Leonardo himself would allow the direct test of hypothesized
novel alleles. It is also possible to guess what the allele might be, subsequently to
make it by gene synthesis and place it into an appropriate living background. A new
type of inspiration from the master: if a unique allele of a gene played a role, then
which gene and what allele?

In summary, the hope of getting useful information from SNP analysis for un-
derstanding Leonardo’s unique genius is slight. At best there might be some sort of
correlation and a certain “bragging right” for people who happen to share SNPs with
the master. The possibility of special alleles of retinal-expressed potassium chan-
nels has the advantage of being an explicit and testable hypothesis. Whether or not
Leonardo’s DNA is ever analyzed, consideration of the problem has led to ideas that
are themselves worthwhile. This point forms a natural transition to the next section
concerning another way to think about the Leonardo DNA project.

“Enthusiasm”

Daniel Kahneman and others have shown that human decision making is often
of the type I style, i.e. decisions are made at an intuitive level, not with explicit rea-
son or rationality.> Reasons often come up later in order to justify decisions already
made. When judging work as an appropriate addition to a particular scientific journal
or in grant review panels an intangible is often asked of reviewers: What is your level
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of “enthusiasm?”. I’'m told pitch- judging by venture capitalists is similar. “Scientific
taste” is a related quality involved in choosing which problems to work on. Commu-
nities of practice form around shared enthusiasms and taste, particular ways of doing
science encompassing both methods and the type of questions that are of interest.>
Although narrow communities of aesthetics and practice get routine puzzle-solving
work done efficiently, they are necessarily conforming. The rut of communities of
scientific conformation can be transcended in three distinct ways. The first is when
a routine puzzle turns out to be not merely a puzzle but an insoluble paradox within
the reigning paradigm.**

The second is when an interdisciplinary group forms to work on problems that
require transcending disciplinary silos. A new sort of question invites us to listen and
learn from each other. The Leonardo DNA project is this type of creative opportuni-
ty. We have the involvement of art historians, curators, restorers, forensic scientists,
physical anthropologists, biochemists, and environmental microbiologists of both
natural and built environments. In addition to what we bring each other, there is the
world around us. COVID-19 dropped into the mix.

The third way a problem inspires is by being hard, apparently insoluble with
current knowledge and methods. Exploration into novel and difficult territory is a
type of necessity that can be a mother of invention and innovation, perhaps with
applications beyond the problem that inspired them. To obtain Leonardo’s DNA se-
quence is a hard, possibly insoluble problem and yet it has the potential to bring out
the best in those who undertake to solve it.

One approach the Leonardo DNA project has been pursuing is recovery of DNA
from Leonardo’s notebooks and drawings. Beyond Leonardo, this concept opens
up the exploration of archives and libraries as unintended repositories of DNA, im-
portant information not previously envisioned by their curators. Paper archives and
libraries had not previously been appreciated in this way as the trend toward digi-
tization and the optionality of hard copy attests. Museums and culture collections
have often found uses for their materials that were beyond those originally intended.
The use of museum collections for the extraction of DNA has importantly informed
obtaining DNA barcodes from type specimens.> More recently museum specimens
were used to obtain the transcriptome of an extinct Tasmanian tiger proving that un-
der some circumstances RNA and DNA are both stable over the long term.>

The COVID-19 global pandemic emerged in 2019 and 2020. How it originated
remains unclear and controversial as do the cause-effect relationships of many dif-
fering mitigation efforts. COVID-19 is not the first and not likely to be the last pan-
demic in which ignorance of its origin and the effects of mitigation alternatives limit
effective action. The juxtaposition of the Leonardo DNA project and COVID-19
birthed the CoronaCal project, “a biological diary” (CoronaCal) that allows anyone
in the community to collect and store serial saliva samples and chart symptoms on
ordinary printer paper.”’
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Summary and look to the future

Five forward-looking themes present themselves:
1. The prospect of complete and high-fidelity sequencing of Y chromosomes whose
lineage genealogies are of Leonardo. Multiple contemporary Y chromosome data
would allow two complementary projects: a) by coalescence analysis, determine the
most likely high-detail sequence of Leonardo’s Y and b) contribute to knowledge
about how Y chromosomes change over generations. Unlike the somatic chromo-
somes, the Y chromosome does not have a pairing partner during meiosis and its
mechanisms of change will be unique.
2. Using the Y as a “ground truth” the potential of locating more of Leonardo’s ge-
nome both somatic and mitochondrial.
3. The Leonardo DNA project has inspired a specific hypothesis concerning potas-
sium channels expressed in the retina as key to the temporal acuity of vision.
4. The forensic approach to Leonardo’s notebooks and related historical correspond-
ence dovetailed with COVID to inspire multilevel biological diaries, the first instan-
tiation being CoronaCal, that together aim to bring historical research methodology
into epidemiology.
5. The motivation to recover maximum information from minute amounts of dam-
aged nucleic acids inspires new approaches with wider applications.
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Figure 1. The logical progression of Twin studies to SNPs: Assumptions and Weak Points

Premise: MZ twins share 100% of their alleles as defined by SNPs

Error: True but incomplete. Mz twins also share CNV, epigenetics, the
womb environment and often a single placenta

(A) {

Premise: Biological heredity is entirely determined by Mendelian genes

Error: Mendelian genes are only one component of biological heredity

(B) {

Premise: Mendelian genes are entirely encoded in DNA sequence

Error: Largely correct but Mendelian genes are not the only hereditary factors

(©) ‘,

Premise: Meaningful gene differences are detectable by SNP chips and/or short read sequencing

Error: True but incomplete. A subset of hereditary factors are detectable by SNP chips or short
reads. This subset is the slowest to change over multiple generations

(D) ‘

Premise: SNPs account for an equal proportion of phenotypic correlation in Mz
twins, close relatives, and large population GWAS

Error: Non-SNP heredity accounts for more of the correlation of Mz twins and
close relatives. Non-SNP heredity is less stable over multiple generations
and becomes invisible in large population studies

Figure 1. Legend. A) The higher correlation of Mz (Monozygotic) as compared
to Dz (Dizygotic) twins is the measure. Measured “heredity” depends on the envi-
ronments involved. B) Examples of hereditary factors that are not DNA sequence
based Mendelian genes include epigenetic modification of DNA (primarily 5-meC),
histone modification, and small RNAs. C) The history of human population analysis
developed through a SNP chip phase with data from hundreds of thousands of peo-
ple. This has led to a “light under the lamppost™ literature with the assumption that
SNPs are all the differences that matter. CNV (copy number variation) and epigenet-
ics are invisible to SNP chips and accompanying analysis. D) Epigenetic heredity
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and copy number variations are subject to change over generations at rates many
times that of SNP mutation. Perhaps millions of times in excess, arguing that the
right conditions may alter relevant hereditary outcomes in a very few generations.
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