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The Human Genome Project (HGP) has paved the way for the Digital Per-
sonal Genomes (DPG), whereby a person’s complete genome sequence
serves as the primary entry for the Digital Healthcare Systems (DHS). If the
goal is to deliver PDG on demand, affordability, mainly the cost, becomes
one of the primary issues. However, as a once-in-a-lifetime event, a total
cost of US $100 is close to $1 per year contribution. Therefore, what remains
is still largely an engineering challenge, since amulti-fold reduction of the cur-
rent per-genome sequencing cost may be achievable by increasing the scale
of operation and the degree of automation over 5–10 years. The second
issue is to differentiate scientific achievements from what is applicable to
the healthcare systems and human well-being in general. The original
thought of HGP is to understand the genetics of cancers—an idea or a pro-
posal was made and debated in the early 1980s, and it is still clear that we
need both high-quality genome sequences and time to fully understand their
encoded biological information; the success of HGP lies on the separation of
these two goals. Over the past 40 years or so, not only has the urge to use
PDG for healthcare purposes reached a new height as the two National Insti-
tutes of Health-led projects, HGP and PMP (Precision Medicine Project),1,2
Figure 1. An illustration of how the three digital systems, PDG (Personal Digital Geno
DHS starts with PDG but DLS contains all and covers the entire lifespan. Association s
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have been paving the way toward this finishing line and the “All-of-Us” effort
has delivered its sequence data approaching millions, but also there have
been increasing demands on genome sequences of entire populations. It be-
comesmore apparent that, at the finishing line, fully digitalized genomic data
will serve as a permanent ID in DHS and Digital Life System (DLS; a more
detailed description about the relationship between PDG, DHS, and DLS is
illustrated in Figure 1). Even if we assume the existence of such DHS and
DLS, there is still an enormous number of foreseeable challenges, both scien-
tifically and organizationally, some of which we would like to share here.
The scope of PDG data
A current view of PDG data (all data deposited to DHS are preferably lon-

gitudinal over a person’s lifespan) include at least four basic categories: (1)
the genomes (both themitochondrial and the nuclear, together with their het-
eroplasmic and non-germline variants, respectively); (2) cell- and organ-
based ribogenomes; (3) epigenomes at single-cell and single-molecule levels;
and (4) condition-defined microbiomes of the human body.
mes), DHS (Digital Healthcare System), and DLS (Digital Life System), are unified
tudies are thus expanded to link genotype and phenotype as symptom-associated
-Yang background indicates that physiological and pathological elements, including
nfection andmenopause) and early phase signatures of common diseases, disease
y (inherited and complex diseases), are all intertwined as gradual processes from
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The breadth of phenotyping
When a research project morphs into an infrastructure-creation project,

disease-based cohort studies expand into population-based symptom phe-
notyping and the magnitude of such effort changes considerably; billions in
currencies have to be invested and nationwide efforts have to be orches-
trated. There are at least three tracks to be considered: (1) the biomedical
track, designed to look for inheritable factors and including diseases of all cat-
egories, rare or common, simple or complex, transmittable or age-related,
long-term or casual; (2) the environmental track, looking for geographical,
vocational, and hazardous health-risk factors; and (3) the lifespan track,
defining and collecting age-associated preclinical data for various chronic
diseases. It is undoubted that an all-out effort, track-specific study designs,
and all-purpose data management platforms are all necessary.

In the Core Facility and Information Hub for Genotype-to-Phenotype (G2P)
Data Generation and Management, data generation ensures quality and effi-
ciency of the data production and houses and partitions data, whilemanage-
ment converts data into information and knowledge and connects it to rele-
vant systems of various stakeholders including, but not limited to, the
healthcare, public health, drug discovery, infant care, early education, and
aged care systems. The two entities are designed to be permanently opera-
tional, and the digital G2P records accompanied by PDG and scientific litera-
ture are intended to be stored as public archives. Population-based and dis-
ease-centric genome-wide association studies (GWAS) are to be extended to
phenotype-centric and symptom-centric GWAS.

The timely development of phenotyping assays and instruments
In addition to best-formulated questionnaires, accurate measurements to

generate high-quality data are of essence for phenotyping, such as those for
heart rate, blood sugar and pressure, and urine tests. There are two alterna-
tives for sampling and data collection: the use of either a direct-to-consumer
device (such as wearable device) or a POCT (point-of-care-test) instrument.
For instance, to collect data for a population-based study on sleeping disor-
ders, a wearable or positioned surveillance device that traces and quantifies
the subject’s movement becomes prerequisite.

A watchdog system for causal agents of global pandemics
SARS-CoV-2, the causal agent of COVID-19, has led to an estimated eco-

nomic lossofmany trillionsofUSdollars in2020alone.3,4BillionsofUSdollars
shouldhavebeen investedonaperannumbasis tostudyandsurvey theorigin
and transmission routes of coronaviruses via natural hosts and to establish a
global surveillance system for this virus in particular aswell as others, suchas
theflu viruses andEbola, in general. TheHIV/AIDSstudies and intervention ef-
forts in the past 35 years have provided a positive example of disease preven-
tion but a final solution, such as a vaccine for HIV, has not been achieved.

International collaboration and data sharing
The research communities, especially the genome research community,

hold the tradition to maintain public databases for best sharing. The new
challenges are the enormous amount of data and sharing mechanisms
beyond research communities. Nevertheless, discussions among the stake-
holders are of essence for the formulation of guidelines and standards for
data quality. For PDG data, we have to be extremely careful when differenti-
ating private genetic variations (that are limited in number and unique to a
person) and privacy protection for individual PDG data; the former is less
informative for population-based studies and the latter has to be shared after
desensitization.

Plans for all-life-form genome sequencing
These plans are not going to be random but prioritized based on the need

of biomedical, agricultural, and environmental studies, as well as biodiversity
conservation. For instance, our own microbiomes are related to and
frequently exchange genetic materials with those of our living environments,
and it would be very dangerous to ignore the fact that these environmental
microbiomes are also variable according to seasons and climate variables.
Sincewhole genomesequencing for population-based studies of anywild an-
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imals and plants are rare, affordable alternative genotyping techniques
should be developed.

New data types and an outlook for future technology platforms
The ultimate demand from PDG is faster and cheaper sequencing. DNA

sequencing, especially the next-generation sequencing platforms, are
adequate for the current need in terms of both cost and throughput, albeit ex-
hibiting a few pitfalls (such as short read length and long turnaround time).
Two features for future sequencing technology development are of essence:
long read length for better sequence assembly and direct sequencing of RNA.
Two long-read platforms have been provided by Oxford Nanopores and
Pacific Biosciences, but the cost and throughput of their platforms have to
be comparable when applied as complementary or alternative data, accom-
panying those of the short-read platforms. The current ribogenomics relies
on reverse transcription and RNA-specific characteristics, such as hundreds
of covalently modified nucleotides and their synthetic pathways, are lost
completely in the process. A meaningful analysis of an RNA molecule has
to meet three simple parameters: position (presence or absence of a modi-
fied nucleotide with single-molecule resolution), identity (molecular structure
of the modified nucleotide at the position), and degree (the actual count of
modified sites over the expected). Therefore, convergence of single-cell, sin-
gle-molecule technologies and platforms represent the future direction of
sequencing technology development.

Integration and extension of data beyond genomics
Two lines of research activities and their data integration have to go for-

ward: one concerns functional interpretations of the genomic data at large
multi-dimensionality and the other is the extension of other omics data gen-
eration based on improved technologies. The scale and resolution of such
omics data types, such as proteomics, glycomics, interactomics, andmetab-
olomics, should match those of genomics, preferably at single-cell and sin-
gle-molecule levels. Therefore, microelectronics and microfluidics technolo-
gies are the choices for highly parallel and high-precision operations, such
as lab-on-a-chip and organ-on-a-chip. Of course, aside from computing
power and proficient platforms, visualization technology and system anima-
tion at cellular level are also highly beneficial for data integration and
comprehension.

The success of HGP and its sequels suggests that it is time to sequence
everyone’s genome by building an infrastructure to sequence better and
sequence cheaper. HGP is undoubtedly an excellent investment, as its eco-
nomic impact has been reported to have a return on investment of over
250-fold.5 A step into the PDG era marks another massive investment, 20-
to 40-fold more than that of HGP as a decade-long project, and once such
an infrastructure is ready for operation the annual budget for maintaining it
should be a trivial fraction of the annual healthcare expenditure over a life-
span. What we are promoting here is a sharp transition of genomic informa-
tion acquisition from the coupling of basic and clinical research projects and
patients to a full call for concerted efforts of all members of Village Earth for
their health and well-being.
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