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The number of sequenced genomes is rapidly increasing, but functional annotation of the genes in these genomes lags far behind.
Even in Arabidopsis (Arabidopsis thaliana), only approximately 40% of enzyme- and transporter-encoding genes have credible
functional annotations, and this number is even lower in nonmodel plants. Functional characterization of unknown genes is a
challenge, but various databases (e.g. for protein localization and coexpression) can be mined to provide clues. If homologous
microbial genes exist—and about one-half the genes encoding unknown enzymes and transporters in Arabidopsis have microbial
homologs—cross-kingdom comparative genomics can powerfully complement plant-based data. Multiple lines of evidence can
strengthen predictions and warrant experimental characterization. In some cases, relatively quick tests in genetically tractable
microbes can determine whether a prediction merits biochemical validation, which is costly and demands specialized skills.

Sequencing the Arabidopsis (Arabidopsis thaliana)
genome in the year 2000 (Arabidopsis Genome Initia-
tive, 2000) has driven advances in various disciplines,
including genetics, cell biology, and biochemistry.
Since 2000, technological advances have dramatically
reduced the time and cost of sequencing projects,
resulting in a drastic increase in the number of se-
quenced genomes and transcriptomes. As of June
2015, almost 60,000 organisms have been sequenced,
including 45,000 bacteria and 9,000 eukaryotes (www.
genomesonline.org). However, functional annotation
of genomes, including plant genomes, has fallen far
behind the rate of genome sequencing. For example,
although the Arabidopsis 2010 project sought to
identify functions for all of the approximately 27,000
Arabidopsis genes by the year 2010 (Chory et al.,
2000), the actual outcome of this project was far more
modest. As of 2015, the functions of at least 60% of
predicted Arabidopsis enzymes and transporters re-
main unclear or unknown (Fig. 1). If a stringent defi-
nition of function is used that includes biochemical
activity, subcellular localization, and biological role
based on experimental evidence, only approximately
5% of all Arabidopsis genes are characterized (Rhee
and Mutwil, 2014), and this number is even lower in
nonmodel plant species. The situation in microbes is
not much better (Campbell et al., 2014); for instance,
although approximately 80% of Escherichia coli genes
have some sort of annotation (Hanson et al., 2010),
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experimental information is available for only 54%
(Frishman, 2007). Furthermore, gene annotations are
routinely propagated between genomes without ex-
perimental or genomic context-based evidence, thus
misannotations are a common problem (Osterman and
Overbeek, 2003; Schnoes et al., 2009). Annotations can
only be confirmed by biochemical, physiological, and
genetic tests, but these are expensive and time con-
suming and demand a high skill level (Earnshaw,
2013).

With plant science funding becoming ever scarcer, it
is increasingly important to leverage every possible
resource to target experimental work to the most
promising unknown genes. Extensive amounts of in-
formation can be obtained about a particular plant gene
through online databases that enable mining of various
types of plant-based data. Furthermore, about one-half
of the unknown enzymes and transporters in Arabi-
dopsis have microbial homologs (Fig. 1), and this opens
the door to vast microbial databases to provide func-
tional clues.

Well-focused use of online resources can quickly
lead to solid predictions of gene function (de Crécy-
Lagard and Hanson, 2007; Hanson et al., 2010; Bradbury
et al., 2013). These predictions can often be tested
genetically in microbes to obtain provisional evidence
that they are correct before proceeding to far more
costly and skill-demanding biochemical and physio-
logical characterization. To emphasize these points,
we review cases in which cross-kingdom comparative
genomics led to correct prediction and subsequent
validation of the function of an unidentified plant
gene. We also provide a list of online databases that
can be used to make predictions (Box 1) and provide a
how-to guide for the powerful PubSEED database for
cross-kingdom comparative genomics (Supplemental
File S1).
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Figure 1. Estimate of the number of Arabidopsis genes that encode
uncharacterized enzymes or transporters that have good bacterial ho-
mologs. Enzymes were identified by filtering the Arabidopsis proteome
(after manual removal of duplicates) for enzyme commission number
and text searching for ase. The characterization status for every hun-
dredth enzyme-encoding gene was determined using The Arabidopsis
Information Resource (www.Arabidopsis.org). Repeating this subsam-
pling approach (Politis et al., 1999) with a different set of genes gave
nearly identical results. Uncharacterized enzymes were blasted against
prokaryote proteins, and homologs were identified with a cutoff value of
1 X 107", as used previously as an appropriate threshold to detect iso-
functional proteins (Woebken et al., 2007; Barchi et al., 2012). Trans-
porters were identified from a list of Arabidopsis membrane proteins,
provided by Rainer Schwacke (Forschungszentrum Jiilich, Germany), by
searching for terms such as transport, translocase, translocon, channel,
antiporter, export, carrier, import, symport, and porin. Every 25th trans-
porter gene was manually checked for characterization status and the
occurrence of bacterial homologs as above.
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USING CROSS-KINGDOM COMPARATIVE
GENOMICS TO DISCOVER THE FUNCTION OF
PLANT GENES

The following case histories illustrate how cross-
kingdom comparative genomics and other data min-
ing led to predictions of the function of unknown genes
and their subsequent experimental validation. Two are
drawn from B vitamin and cofactor metabolism (thia-
min and riboflavin), one from chlorophyll metabolism,
and one from chaperone biochemistry.

Discovering a Nudix Protein Involved in Thiamin
Damage Preemption

The Nudix family is a large set of proteins that
typically remove a terminal phosphate from small
molecules containing a diphosphate or triphosphate
moiety (Bessman et al., 1996). In some fungi, a dis-
tinctive Nudix protein is fused to the enzyme thiamin
diphosphokinase (TDPK; Fig. 2A), which adds a di-
phosphate group to thiamin (vitamin B1), yielding the
active thiamin diphosphate cofactor. Orthologs of this
Nudix protein occur in plants and certain bacteria and
animals; some bacterial genes for these orthologs are
clustered on the chromosome with various thiamin
synthesis genes (Fig. 2A). Comparative genomics thus
suggests that this subfamily of Nudix proteins plays a
role in thiamin metabolism. In plants, the initial form
of vitamin B1 synthesized is thiamin monophosphate,
which must be dephosphorylated by an unidentified
thiamin monophosphate phosphatase before TDPK
converts it to the active cofactor. One possibility is that
these Nudix proteins are the missing thiamin mono-
phosphate phosphatase (Gerdes et al., 2012). How-
ever, the occurrence of animal orthologs suggests that
these Nudix proteins are involved in thiamin metab-
olism rather than synthesis. Further, Nudix proteins
commonly break P-O-P bonds but not C-O-P bonds,
making it somewhat unlikely that the missing mono-
phosphatase in thiamin synthesis is a Nudix protein.
These inferences suggested that the thiamin-related
Nudix proteins should be tested for phosphatase ac-
tivity against a wide variety of thiamin-related phos-
phorylated compounds. Recombinant plant proteins
had virtually no activity against thiamin monophos-
phate and only a little against thiamin diphosphate or
triphosphate, but showed good activity against the thi-
amin damage products oxythiamine diphosphate and
oxythiamin diphosphate, whose structures are shown
in Figure 2A (Goyer et al., 2013). Furthermore, overex-
pressing an Arabidopsis protein in yeast (Saccharomyces
cerevisige) increased resistance to oxythiamin (Goyer
etal., 2013). These data indicate that this Nudix subfamily
is involved in removing toxic forms of thiamin diphos-
phate before it can cause damage by displacing the
native cofactor from thiamin diphosphate-dependent
enzymes, which both oxythiamin and oxothiamin di-
phosphate do very effectively (Tylicki et al., 2005).
Note that without the cross-kingdom comparative
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Comparative Genomics

STRING (http://string.embl.de): User-friendly and intuitive database of protein interactions across kingdoms based on gene
clusters, gene fusions, coexpression, experimental data, databases, and the literature.

PubSEED (http://pubseed.theseed.org): Detailed, metabolism-centric database for cross-kingdom comparative genomic
analyses. Gene annotations are curated by experts, continually updated, and propagated to newly sequenced genomes.
Coexpression Data

ATTED (http://atted.jp): Coexpression networks of Arabidopsis genes based on microarray data. Outputs include coexpression
network diagrams and ranked coexpression lists.

GOLM transcriptome database (http://csbdb.mpimp-golm.mpg.de/csbdb/dbxp/ath/ath_xpmgg.html): Coexpression analysis of
Arabidopsis coresponsive genes based on microarray data for many developmental stages, hormonal treatments, and stress
conditions.

GeneCAT (http:/genecat.mpg.de/): Platform to analyze microarray data from Arabidopsis, barley, poplar, and rice with a
variety of tools, including a combination of BLAST searches with coexpression analyses.

BAR (http://bar.utoronto.ca/welcome.htm): Variety of visualization tools for expression data, global promoter analyses, and
(predicted) protein: protein interactions in Arabidopsis, rice, maize, and some other plants.

Genevestigator (https://genevestigator.com/gv/): Platform to analyze transcriptomic data from a large set of RNAseq and
microarray experiments, with tools to search for experimental conditions, genes, and similarities (clustering or coexpression).

ROAD (http://ricearray.org/index.shtml): Rice-specific gene expression and coexpression analysis of microarray data.

Protein Localization and Interactions

PPDB (http://ppdb.tc.cornell.edu/): Database on the subcellular localization of Arabidopsis and maize proteins based on mass
spectrometry and predictions. Also includes curated information about protein function and properties.

SUBAZ3 (http://suba.plantenergy.uwa.edu.au/): Database of subcellular localization of proteins based on experimental mass
spectrometry and GFP-fusion data, predictions, manually curated literature, and protein:protein interactions.

BioGRID (http://thebiogrid.org/): Genetic and protein interactions curated from literature for pro- and eukaryotic model species.

Phenotypic Data

RAPID (http://rarge.psc.riken.jp/phenome/): Phenotypic data of Arabidopsis transposon insertional mutants, classified into 8
primary and 43 secondary categories.

SeedGenes (http://www.seedgenes.org/): Collection of Arabidopsis loss-of-function mutants showing a seed phenotype.

Oryzabase (http://www.shigen.nig.ac.jp/rice/oryzabase/): Rice database for mutant phenotypes and wild type collections with
information about development, anatomy, mutants, and genetic resources.

Chloroplast 2010 (http://www.plastid.msu.edu/): Database of more than 3200 Arabidopsis mutants of plastid-localized gene
products with data on plant, plastid, and seed phenotypes.

Chloroplast Function Database Il (http://rarge-v2.psc.riken.jp/chloroplast/): Database of phenotypes for Arabidopsis knockout
mutants of nuclear-encoded chloroplast genes.

A more comprehensive list of online tools can be found at
http://lwww.hos.ufl.edu/meteng/HansonWebpagecontents/workshop/Comparative%20Genomics %20 Workshop%202014%20-

%20Ressourcement.htm.

Box 1. A selection of online tools for identifying unknown plant enzymes.

genomics that suggested the Nudix enzymes were in-
volved in thiamin metabolism but not synthesis, this
project would probably have been jettisoned after it was
discovered that these proteins had no thiamin mono-
phosphate phosphatase activity.

Identifying a Riboflavin Damage Control Enzyme

Riboflavin (vitamin B2) gives rise to the cofactors
FAD and FMN. The first two intermediates in ribo-
flavin biosynthesis are reactive glycosylamines that
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can spontaneously break down to 5-phosphoribosyl-
amine and Maillard products, which are highly reac-
tive and harmful (Isbell and Frush, 1958; Foor and
Brown, 1975; Fischer et al.,, 2004, Munanairi et al.,
2007). Because riboflavin biosynthesis is not feedback
regulated, intermediates 1 and 2 can potentially build
up and cause harm to the cell via their decomposi-
tion (Foor and Brown, 1975; Fischer et al., 2004).
Comparative genomics showed that the third enzyme
of riboflavin biosynthesis in plants (RIBR) is fused to a
domain of unknown function, COG3236. Strikingly,
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Figure 2. Clues to the function of unknown plantenzymes and transporters can come from cross-kingdom comparative genomics
and plant-based data. A, The nudix (nud) gene encoding the Nudix enzyme (dark green) that preempts damage in thiamin
metabolism is fused to, or clusters with, thiamin biosynthetic genes (pale green) in certain bacteria and fungi. The Nudix enzyme
preferentially dephosphorylates the thiamin diphosphate analogs oxythiamin and oxothiamin diphosphate and prevents their
inhibitory effects on thiamin diphosphate-utilizing enzymes. thi, Thiamin biosynthesis genes. B, The N-glycosidase COG3236 is
fused to the riboflavin biosynthesis genes (lilac) ribA in some bacteria or RIBR in plants; COG3236 deglycosylates excess reactive
riboflavin intermediates to fairly innocuous ribose-5-phosphate and pyrimidine moieties, preventing ring opening and Maillard
reactions, which give rise to very harmful products. PRA, 5-Phosphoribosylamine; TP, targeting peptide. C, The COG1836 gene
(dark blue) clusters with genes of polyprenoid metabolism (light blue) in several bacteria, and COG1836 is also fused to phytol
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this domain also occurs as a fusion with a different
enzyme of riboflavin biosynthesis (RibA) in some
bacteria. In addition, COG3236 occurs as a free-
standing protein in other bacteria (Fig. 2B). Further-
more, an Arabidopsis mutant lacking the COG3236
domain of RIBR shows a reduced flavin content
(Ouyang et al., 2010). COG3236 is distantly related to
de-ADP-ribosylation proteins that cleave N-glycosidic
bonds. The fusion between COG3236 and riboflavin
biosynthetic enzymes in two different kingdoms
suggests that COG3236 is involved in the early ri-
boflavin pathway. Further, based on the fact that the
first two pathway intermediates are N-glycosides, it
was hypothesized that COG3236 hydrolyzes these
intermediates and thus prevents the harm they
could cause. Biochemical characterization showed
that COG3236 indeed catalyzes hydrolysis of the
N-glycosidic bonds of these intermediates, yielding
a relatively harmless pyrimidine moiety and ribose-
5-phosphate (Fig. 2B). Deletion of COG3236 in E. coli
caused a 10% to 20% reduction in flavin content,
further confirming the connection between COG3236
in riboflavin biosynthesis (Frelin et al., 2015). In this
case, the very demanding biochemical characteriza-
tion of COG3236 could never have been justified
without the extremely strong comparative genomic
evidence.

Finding a Missing Phytyl-phosphate Kinase

Arabidopsis has a pathway that salvages phytol
released from chlorophyll degradation (Ischebeck
et al., 2006). Two kinases associated with chloroplast
membranes act successively to phosphorylate phytol
to phytyl-phosphate and then phytyl-diphosphate,
which is a precursor to chloroplast prenyl lipids;
phytol kinase had been identified, but the gene en-
coding phytyl-phosphate kinase was not known in
plants or any other organism. A candidate membrane
protein, COG1836, was discovered by comparative
analysis of plant and microbial genomes (Seaver et al.,
2014). Bacterial COG1836 genes cluster with genes
encoding phytol kinase and other genes of polyprenyl
metabolism (Fig. 2C). Further support for COG1836
as a phytyl phosphate kinase candidate comes from
plant-based data: proteomics data show that Arabidopsis
COG1836 localizes to the chloroplast envelope (Ferro
et al., 2010), and transcriptomic data show that its

expression pattern tracks that of phytol kinase (Fig. 2C).
The strength of this evidence, from both cross-kingdom
comparative genomics and plant-based data sets,
warranted lengthy biochemical and plant genetic tests,
which confirmed that Arabidopsis COG1836 indeed
has phytyl-phosphate kinase activity (P. Doermann,
personal communication).

Uncovering the Rubisco Chaperone Function of a
PCD Paralog

PCD is involved in recycling oxidized pterin cofac-
tors back to the reduced (tetrahydro) form and occurs in
animals, protists, bacteria, and nonflowering plants.
Paralogs (distant homologs) of canonical PCDs occur in
bacteria and plants, including some that lack pterin-
dependent enzymes. None of the PCD paralogs tested
had PCD activity in genetic complementation tests
(Naponelli et al.,, 2008) or enzyme assays (Wheatley
etal., 2014). Clues to the function of these PCD paralogs
in photosynthetic bacteria came from comparative ge-
nomics; the genes for these paralogs occur in clusters
encoding a-carboxysomes, which are proteinaceous
bacterial microcompartments for carbon fixation (Fig.
2D). Plant PCD paralogs localize to plastids (Naponelli
et al.,, 2008), strengthening the connection to carbon
fixation. The overall structure of the paralogs is similar
to PCD but with major differences in the active site
region. Heterologous coexpression of PCD paralogs
from several photosynthetic bacteria with GroEL and
Rubisco increased the amount of assembled, soluble
Rubisco in E. coli, indicating a chaperone function and
leading to the name a-carboxysome Rubisco assembly
factor (Wheatley et al., 2014). This example again shows
how valuable comparative genomics can be in making
functional, and testable, hypotheses. It also emphasizes
that paralogs are not necessarily just inactive copies of
known enzymes but can have new and important
functions of their own.

A REDEMPTIVE ROADMAP

The first thing to do when beginning a scientific in-
quiry is to gather as much information about the topic
as possible. To gain information about a particular
plant gene, powerful online resources are available
(Box 1), all of which collate various types of data and
can provide clues to the gene’s function (Fig. 3). For

Figure 2. (Continued.)

kinase in some species. Expression of COG1836 and phytol kinase is correlated during Arabidopsis development (http://csbdb.
mpimp-golm.mpg.de/csbdb/dbxp/ath/ath_xpmgq.html). DS, Phytoene desaturase; PPS, polyprenyl pyrophosphate synthetase;
IPK;, isopentenyl phosphate kinase. D, The pterin-4a-carbinolamine dehydratase (PCD) paralog, a-carboxysome Rubisco as-
sembly factor (acRAF; dark orange), is associated with a-carboxysome gene clusters (orange). CbbL and CbbS, Rubisco large and
small subunit; CsoS2, shell protein of unknown function; CA, carbonic anhydrase; BMV, bacterial microcompartment vertex shell
proteins; Bfr, bacterioferritin family; ParA, partitioning A family; CbbO, CbbQ activase; CsoS1D, double domain shell protein;
CbbX, Rubisco activase; NdhF, complex | NADH oxidoreductase chain F family protein; NdhD, complex | NADH dehydro-

genase oxidoreductase M family; CphX, CO, hydration protein.
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plant genes that have good microbial homologs, and
approximately 50% of Arabidopsis genes do, vast mi-
crobial resources can be mined for information, which
greatly increases the chances of developing a functional
prediction (Fig. 3). Note that, in the examples discussed
above, the functional predictions were always primar-
ily derived from microbe-based data, with plant-based
data further supporting the hypothesis.

When microbial homologs of a plant gene exist,
a good place to start a cross-kingdom comparative
genomics exploration is the STRING (Search Tool for
the Retrieval of Interacting Genes/Proteins) data-
base (Szklarczyk et al., 2015), which is intuitive, but
precomputed and therefore rigid. STRING can often
give useful first hints about potential functions. More
in-depth analyses can be achieved by using the
powerful PubSEED database (Overbeek et al., 2005).
PubSEED uses the subsystem approach to genome an-
notation (Overbeek et al., 2005) and allows substantial
user control. It contains sequenced genomes of all
kingdoms and enables users to easily detect homologs

Unknown plant enzyme or transporter
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Figure 3. A roadmap for identifying functions for uncharacterized plant
genes. Various prediction methods are available for plant genes that can
be complemented with microbial prediction methods if good microbial
homologs exist. Functional predictions can be validated experimen-
tally; relatively quick genetic tests in microbes may help decide if more
expensive and time-consuming plant genetics and biochemical assays
are worthwhile.
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and identify gene clustering patterns. A step-by-step de-
scription of how PubSEED was used to predict the func-
tion of COG1836 is given in Supplemental File S1.
For Arabidopsis genes of unknown function without
microbial homologs, postgenomics databases (e.g.
transcriptomic, proteomic, metabolomic) can provide
clues through a combination of transcriptomics, gene
fusions, localization, and other data (Box 1) that lead to
testable predictions (Fig. 3). The classical literature can
also provide a treasure trove of useful information,
and this resource is becoming more available as the
older literature is digitized and text search tools be-
come more efficient.

Testing functional predictions can sometimes be done
quite quickly in microbial systems, and if warranted, can
then be extended to plant systems that take much longer
to yield results (Fig. 3). In the PCD paralog example
above, genetic tests in microbes showed that the
paralog lacked PCD activity, and subsequent coex-
pression of the paralog with Rubisco and GroEL in
E. coli indicated that it has chaperone activity. Thus,
work done in microbes confirms a link between the
PCD paralog and carbon fixation and so warrants
experiments to define the specific function of the
paralog in plants.

Plant scientists should not be afraid to use bacterial
genetics in their work. Working with microbes is often
much faster and easier than working with plants. The
large number of genetically tractable microbes means
there are many more genetic systems available for mi-
crobes than for plants, and microbial genetics is usually
much quicker and more straightforward than plant
genetics. Biochemistry is almost invariably simpler,
easier, and cheaper in microbes; gene cloning can be
done with genomic DNA due to a lack of introns, and
protein production often requires less optimization.
Thus, from a practical standpoint, it is generally better
to do as much as possible in microbes before moving to
plants.

CONCLUSION

Despite tremendous effort in the plant science com-
munity to identify functions of all unknown plant genes,
only about one-half of all Arabidopsis genes are char-
acterized to any extent. We have highlighted the power
of comparative genomics and plant omics databases to
predict functions of unknown plant genes, and how
quick genetic tests in microbes can be used to test these
predictions. Our detailed guide on how to use PubSEED
(Supplemental File S1) aims to encourage plant scientists
to embrace and use comparative genomics to predict the
functions of unknown plant genes.

Supplemental Data

The following supplemental materials are available.

Supplemental File S1. A tutorial showing how the PubSEED database was
used to find the missing phytyl-phosphate kinase.
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