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ARTICLE INFO ABSTRACT

Background: The development of next generation sequencing technology is rapidly changing the face of the
genome annotation and analysis field. One of the primary uses for genome sequence data is to improve our
understanding and prediction of phenotypes for microbes and microbial communities, but the technologies
for predicting phenotypes must keep pace with the new sequences emerging.

Scope of review: This review presents an integrated view of the methods and technologies used in the
inference of phenotypes for microbes and microbial communities based on genomic and metagenomic data.
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S?égor s Given the breadth of this topic, we place special focus on the resources available within the SEED Project. We
RAST discuss the two steps involved in connecting genotype to phenotype: sequence annotation, and phenotype
MG-RAST inference, and we highlight the challenges in each of these steps when dealing with both single genome and

metagenome data.

Major conclusions: This integrated view of the genotype-to-phenotype problem highlights the importance of a
controlled ontology in the annotation of genomic data, as this benefits subsequent phenotype inference and
metagenome annotation. We also note the importance of expanding the set of reference genomes to improve
the annotation of all sequence data, and we highlight metagenome assembly as a potential new source for
complete genomes. Finally, we find that phenotype inference, particularly from metabolic models, generates
predictions that can be validated and reconciled to improve annotations.

General significance: This review presents the first look at the challenges and opportunities associated with the
inference of phenotype from genotype during the next generation sequencing revolution. This article is part of
a Special Issue entitled: Systems Biology of Microorganisms.
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1. Introduction

The field of biology is currently in the midst of a sequencing
revolution [1,2]. The commercially viable sequencing platforms available
today can produce >10'! base pairs of data every week. At an average of
108 base pairs needed to sequence and assemble a small bacterial or
archaeal genome that translates into 10> microbial genomes a week;
nearly equivalent to all the closed bacterial and archaeal genomes that
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are publically available at this time (www.genomesonline.org). We have
also seen a dramatic expansion at the opposite end of the sequencing
hardware market, i.e., cheap platforms which can produce compara-
tively small sequence datasets (10°~10% bp) in a matter of days, enabling
the democratization of sequencing. Previously, it was necessary to
prioritize the genomes and biological samples that were sequenced
given limited sequencing capacity. This paradigm is now being reversed,
as we divert efforts to finding new samples to sequence and exploring
new ways of applying sequencing technology (e.g., RNAseq [3]).

We focus this review on technologies and methodologies for
efficiently utilizing the genomic data generated by the sequencing
revolution to improve our ability to understand and predict microbial
phenotypes (Fig. 1). In particular we focus on technologies that
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Fig. 1. Data sources and frameworks involved in predicting phenotype from genotype.

perform these tasks within the SEED framework for genome
annotation and analysis, as this is the system we specifically use
and develop [7,8].

We argue that there are two fundamental steps associated with
the prediction of phenotypes from genotypes: (i) the process of
sequence annotation that produces a list of the biological functions
encoded within the genes of the sequence, and (ii) the inference of
phenotypes based on an integrated analysis of the represented
biological functions. A variety of frameworks and methods exist for
the annotation of sequence data [4-12]. We briefly discuss the
available frameworks along with their important strengths; then we
focus on the Rapid Annotation using Subsystems Technology (RAST)
[13] server developed within the SEED Project, with emphasis on how
RAST makes high-quality, high-throughput annotation and scalable
curation of annotations possible.

The list of biological functions that is output by the sequence
annotation process serves as the input to the phenotype inference
process. For these two processes to interface efficiently, this list of
biological functions must follow a strictly controlled vocabulary. We
explore how frameworks for the annotation of genome sequences
accomplish this task with emphasis on how this is done within the
SEED.

A variety of methods exist for translating lists of biological
functions into phenotype predictions. In one approach, functions are
organized into subsystems or pathways (e.g. DNA replication, alanine
biosynthesis) for which the integrated overall function is understood.
Phenotypes are then predicted based on the evidence for the presence
or absence of a given subsystem or pathway from an organism.
Another useful approach is genome-scale metabolic modeling [14].
Metabolic models enable the prediction of a wide variety of detailed
metabolic phenotypes including gene essentiality, growth conditions,
biosynthetic capabilities, and nutrient requirements [15]. We discuss

the prediction of phenotypes based on subsystems and metabolic
models, with a special focus on the Model SEED system for high-
throughput model generation and analysis [16].

There are two fundamental types of sequencing taking place
today: (i) sequencing of individual genomes from pure cell isolates
(classical genomics), and (ii) sequencing of all the DNA content
isolated from an environmental sample (metagenomics) [17]. The
annotation and interpretation of these two types of sequence data
involve unique challenges and distinct phenotype predictions, calling
for the use of a range of methodologies and tools. The first portion of
our review focuses on technologies for inferring phenotype from
genotype based on single genome sequences. The final portion of our
review examines the challenges and technologies associated with
inferring phenotype from genotype based on metagenome sequences
[18].

2. Decoding the genome from sequence to function

Genome sequence analysis and annotation has existed as a
scientific field since the first large DNA molecules began to be
sequenced over two decades ago. In that time, numerous frameworks
for the annotation of genomes and genomic data have emerged,
including the many notable frameworks that are in common use
today: SwissProt [4], ExPasy [5], Entrez [6], KEGG [7,8], IMG [9], PIR
[10], BioCyc [11], MicrobesOnline [19], and SEED [12]. Each of these
frameworks has distinctive and significant strengths in genome
annotation: Uniprot, SEED, and PIR include extensive manual curation
efforts; Entrez integrates a database of publications and omics
datasets; MicrobesOnline has extensive support for tree-based
annotation and expression data; KEGG and Biocyc focus significantly
on the collection and curation of metabolites, biochemical interac-
tions, and metabolic pathways. Rather than conduct a detailed survey
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