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Abstract: Despite a large and
multifaceted effort to understand
the vast landscape of phenotypic
data, their current form inhibits
productive data analysis. The lack
of a community-wide, consensus-
based, human- and machine-inter-
pretable language for describing
phenotypes and their genomic and
environmental contexts is perhaps
the most pressing scientific bottle-
neck to integration across many
key fields in biology, including
genomics, systems biology, devel-
opment, medicine, evolution, ecol-
ogy, and systematics. Here we
survey the current phenomics land-
scape, including data resources and
handling, and the progress that has
been made to accurately capture
relevant data descriptions for phe-
notypes. We present an example of
the kind of integration across
domains that computable pheno-
types would enable, and we call
upon the broader biology commu-
nity, publishers, and relevant fund-
ing agencies to support efforts to
surmount today’s data barriers and
facilitate analytical reproducibility.

Introduction

Phenotypes, i.e., observable traits above

the molecular level, such as anatomy and

behavior, underlie, and indeed drive,

much of the research in the life sciences.

For example, they remain the primary

data we use to define most species and to

understand their phylogenetic history.

Phenotype data are also used to recognize,

define, and diagnose pathological condi-

tions in plants, animals, and other organ-

isms. As such, these data represent much

of what we know of life and are, in fact,

necessary for building a comprehensive

tree of life [1]. Our observations of

organismal phenotypes also inspire science

aimed at understanding their develop-

ment, functions, evolution, and interac-

tions with the environment. Research in

these realms, for example, has uncovered

phenotypes that could be used to create

antimicrobial materials [2] and efficient

microrobots [3], yield novel approaches

for drug delivery [4], treat the adverse

effects of aging [5], and improve crop

traits [6], among many other applications.

Disease phenotypes, likewise, provoke us

to research their genomic and environ-

mental origins, often through manipula-

tions of model organisms and/or by

exploring the wild populations and ances-

tors, especially in the case of plants. The

gamut of research on phenotype is very

broad, but given the lack of computability

across phenotype data (Fig. 1, bottom

panel), there exists minimal cross-domain

interaction. By not investing in the infra-

structure needed to share phenotype data,

we are missing opportunities for extraor-

dinary discoveries.

Annotation strategies for genomes, in

contrast to phenomes, are well advanced,

with common methodologies, tools, syn-

taxes, and standards for articulating a

precise description of nearly every type of

genomic element [7–12]. Genomic data

are also aggregated into large datasets,

e.g., NCBI [7], EBI [8], DDBJ [9], and

others [10–13]. Researchers lack these

similarly well-established, linked, and con-

solidated resources for describing pheno-

types and the contexts in which they arise,

despite previous calls for more investment

in this area [14–17]. Phenotype data

(Table 1), although abundant and accu-

mulating rapidly—e.g., species descrip-

tions, image databases, analyses of induced

variation, physiological measurements,

whole genome knockout studies, high-

throughput assays, electronic health rec-

ords—are extremely heterogeneous, large-

ly decentralized, and exist predominantly

as free text. Thus, phenotype data are

difficult to locate and impractical to

interpret. In some areas of research, such

as crop genetics and patient care, a great

majority of the phenotype data underlying

published research is not publicly available

[18]. There also exists a divide between

quantitative data and qualitative pheno-

type data, requiring reference measures or

populations and statistical cutoffs to sup-

port interoperability (for example, ‘‘large

head’’ versus a head circumference mea-

surement). Finally, phenotypes change

over time—be it evolutionary time, dis-

ease-course time, or developmental time—

and the timing and ordering of phenotypic

presentation is specific in any given

context yet is rarely communicated. In

short, while phenotype data are as com-

plex, diverse, and nuanced as genomic

data, they have not seen data standardi-

zation and analyses applied with the same

broad strokes as we have seen for geno-

mics.

Nevertheless, a small quantity of phe-

notype data, for a handful of species, is

indeed formalized, such that it can be

reliably searched, compared, and analyzed

computationally (see below). However,

with many disparate approaches to for-

malizing phenotypes, including different

annotation strategies, the use of unrelated
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Fig. 1. How to discover branching phenotypes? (Bottom panel) Phenotype data exhibiting various forms of branchiness are not easily
discerned from diverse natural language descriptions. (A) Bee hairs are different from most other insect hairs in that they are plumose, which
facilitates pollen collection. (B) A mutant of Drosophila melanogaster exhibits forked bristles, due to a variation in mical. (C) In zebrafish larvae (Danio
rerio), angiogenesis begins with vessels branching. (D) Plant trichomes take on many forms, including trifurcation. (Top) Phenotypes involving some
type of ‘‘branched’’ are easily recovered when they are represented with ontologies. In a semantic graph, free text descriptions are converted into
phenotype statements involving an anatomy term from animal or plant ontologies [56,118] and a quality term from a quality ontology [106],
connected by a logical expression (‘‘inheres_in some’’). Anatomy (purple) and quality (green) terms (ontology IDs beneath) relate phenotype
statements from different species by virtue of the logic inherent in the ontologies, e.g., plumose, bifurcated, branched, and tripartite are all subtypes

PLOS Biology | www.plosbiology.org 3 January 2015 | Volume 13 | Issue 1 | e1002033





and if researchers avoid practices that may

create errors [39] by writing their descrip-

tions in ambiguous or locally idiosyncratic

ways. Thus we must involve authors,

editors, publishers, and funding agencies

in the entire scholarly communication

process in establishing the needed resourc-

es needed for data interoperability.

Predicting an individual organism’s

phenotypic characteristics based on the

combination of its genetic heritage, devel-

opment, and environmental context is a

challenge for research at the intersection

of the physical and life sciences [40] and is

a driving force behind a major cyberin-

frastructure investment by the United

States National Science Foundation

(NSF) [41]. With focused attention on

the requirements for a phenomics-based

system, we can expedite this goal. Inte-

grating species phenotypes with data

across all levels of the biological hierarchy

is possible if strategies for data manage-

ment are co-developed and coordinated.

Achieving Data Integration

Researchers who attempt to explore

biological data using a multidisciplinary

approach are aware that it is nearly

impossible to integrate comparable data

from multiple species and multiple publi-

cations. We manually assemble an exam-

ple (Fig. 2) of how large-scale availability

of logically structured phenotype descrip-

tions could inform and relate disparate

fields of research and help address this





type data collected in these different types

of environments may at first glance seem

mutually irrelevant, there is, in fact, often

a need to combine them. ,4Aposue ,o a
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