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ARTICLE INFO ABSTRACT

Keywords: Our recent goal for the Plant Ontology (PO) is to have it integrated with the Gene Ontology (GO). The simplest
Angiosperm aspect of this is to link morphological and anatomical images of structures for PO terms with genes involved in
Gene ontology the development of those structures (GO terms). This, also, would include images of expression analyses by in situ
Gymnosperm hybridization. By using a process of reciprocal illumination, we will be able to clarify and/or redefine PO terms.
g‘;ffll:) r;;nt In particular, an example of this is the integument development during ovule maturation in seed plants.
Ovule Gymnosperms have one integument; whereas, Angiosperms (flowering plants) have two integuments, i.e., an

inner integument surrounded by an outer integument. The question that arises is which of the two integuments
in the Angiosperms is the equivalent of the single integument in the gymnosperms? In Angiosperms, the gene
INNER NO OUTER (INO) is involved in the proper development of the outer integument but not in the inner
integument and in ino mutants there is no outer integument. INO genes are angiosperm specific as no orthologs
have been found in gymnosperms. Thus, it appears that the inner integument of the Angiosperms is equivalent

Plant ontology

—homologous- to the single integument of the gymnosperms and the PO terms can be revised accordingly.

1. Introduction

Due to the vast terminology available to describe the different plant
characteristics, the Plant Ontology (PO; http://planteome.org) [1]
arose as an initiative to develop a controlled database of plant termi-
nology used to describe the morphology, anatomy and development of
plants. The words are additionally arranged in ontologies that is, one
term is associated with another term [2-6]. In order to better describe
the development, the PO database is also linked with databases that
contain genomic information [5] such as The Arabidopsis Information
Resource (TAIR; https://www.arabidopsis.org) for Arabidopsis, Gra-
mene (http://www.gramene.org)for rice, MaizeGDB (https://www.
maizegdb.org) for maize and the Gene Ontology (http://www.
geneontology.org). The Gene Ontology (GO) database is a valuable
source for molecular biology as it provides information about the gene’s
molecular activities including function, role in a biological process and
location in a cellular component [7].

In spite of the enormous diversity of extant plant lineages, most
molecular and developmental studies are focused on flowering plants
(angiosperms, with 53 genomes annotated and publicly available;
https://phytozome.jgi.doe.gov/pz/portal.html) and more specifically
on Arabidopsis thaliana. Outside angiosperms, few genomes have been
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sequenced making the GO annotations mostly Arabidopsis centered and,
furthermore, developmental studies are generally based on model
species [8]. Considering the morphological changes through plant
evolution and in consequence also in the genetic mechanisms, the
available information for Arabidopsis, maize and rice, constitute only
three distant points across plant evolution and it does not allow us to
make a full association between the PO and GO. To better illustrate the
idea, we are going to use one of many examples: ovule development in
seed plants.

2. A Case study: ovule development in seed plants

After a search in the Planteome database (http://planteome.org/)
for PO term ‘plant ovule development’ (ID: GO:0,048,481; http://
browser.planteome.org/amigo/term/G0:0,048,481; Fig. 1), the defini-
tion of this term is linked with genes involved in its development only
for the model species Arabidopsis (http://browser.planteome.org/
amigo/gene_product/TAIR:locus:2,028,020; Fig. 1d,e). The ovule is a
salient feature of seed plants (Fig. 2a) and it has been defined as a
megasporangium (nucellus) surrounded by the integument(s) [9,10].
Gymnosperm ovules only have one integument that surrounds the nu-
cellus leaving a small opening called the micropyle distal to the stalk
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‘Planteome

b Plant ovule
/

Term Information @

Accession

Name

Ontology
Synonyms

Altern:

ate IDs

Definition

G0:0048481

plant ovule development

biological_process

None

None

The process whose specific outcome is the progression of the ovule over time, from its formation to the mature
structure. The ovule is the structure in seed plants enclosing the female gametophyte, and is composed of the
nucellus, one or two integuments, and the funiculus; it develops into the seed. Source: GOC:tb

Comment None
History See term history for GO:0048481 at QuickGO
Subset None
Related Link to all annotated objects annotated to plant ovule development.
Link to all direct and indirect annotations to plant ovule development.
Link to all direct and indirect annotations download (limited to first 10,000) for plant ovule development.
Feedback Contact the Planteome feedback if you find mistakes or have concerns about the data you find here.
Comments, changes to terms, or requests for new ontology terms can be made at GO issue tracker on GitHub.
Object Annotation Assigned
Object Object name Type Direct annotation extension Taxon Evidence with/from Reference by
INO INNERNO OUTER protein  plant ovule Arabidopsis IMP TAIR:Publication:501681768 TAIR
development thaliana PMID:12183380
EMB2369  AT4GO4350 potein  plant ovule Anabidopsis RCA TAIR:Publication:501748728 TAIR
development thaliana PMID:22589469
KAN KANADI protein plant ovule Arabidopsis 161 TAIR:gene:2028345 TAIR:Publication:501718878 TAIR
development thaliana PMID:16623911
AGL16 AGAMOUS-like 16 protein  plant ovule Arabidopsis RCA TAIR:Publication:501748728 TAIR
development thaliana PMID:22589469
OVAS AT3G13490 protein plant ovule Arabidopsis IMP TAIR:Publication:501718049 TAIR
development thaliana PMID:16297076
Object Object Direct Annotation Assigned
Object name Type annotation extension Taxon Evidence with/from Reference by
O INO INNERNO protein nucleus Arabidopsis ISM TAIR:AnalysisReference:501750651 TAIR
OUTER thaliana
INO INNERNO protein transcription Arabidopsis 1SS TAIR:Publication:901 TAIR
OUTER factor activity, thaliana PMID:10601041
sequence-
specific DNA
binding
INO INNERNO protein transcription Arabidopsis 1SS TAIR:Publication: 1345963 TAR
OUTER factor activity, thaliana PMID:11118137
sequence-
specific DNA
binding

Fig. 1. Example of Plant Ontology (PO) a. http://planteome.org for b. plant ovule (P0O:0,020,003). c. The information includes the Gene Ontology (GO) ID number,
definition, related terms (http://browser.planteome.org/amigo/term/G0:0,048,481) and d. a list of genes involved in the process, five genes are shown here, all of
them associated with a taxon: A. thaliana found with TAIR database. e. Specific information for each of the genes is provided indicating its function and location,
information found throughout the GO (http://browser.planteome.org/amigo/gene_product/TAIR:locus:2,028,020).
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Fig. 2. a Simplified phylogeny of the seed plants. b. selected

N b ) ) ) INO € species or groups with distinctive ovule morphologies. ¢. sche-
SGEbIdapstickians EMP2369 matic representation of the different ovule morphologies here
KAN presented. d. genes found with the PO search. e. available in-
AGLI16 formation for the gene INO, purple indicating expression of INO in
* Oryza sativa OVAS the Arabidopsis ovule, restricted to the outer integument. No INO
g;;rbeiiiﬂfjs e homologs have been identified in gymnosperms [16]. Red aster-
isks, species for which molecular information is included in the PO
and GO databases; f, funiculus; i, integument; ii, inner integument;
S ) n, nucellus; oi, outer integument.
eed Amborella trichopoda 2
plants | :
Gymnosperms No INO homologs

(i.e., the funiculus) bearing the ovule (Fig. 2a-c). In contrast, angios-
perm ovules have two integuments and in derived angiosperms such as
Arabidopsis the ovule is reflexed so that the micropyle is next to the base
of the funiculus (Fig. 2¢) [9,10]. One question that is still unresolved is
which of the two integuments from angiosperms is homologous to the
single integument in gymnosperms? The genetic network involved in
ovule development has been relatively well studied in A. thaliana where
expression and functional analyses have been done for multiple ovule
developmental genes [11]. INNER NO OUTER (INO; Arabidopsis thaliana
sequence: AT1G23420) belongs to the YABBY transcription factors and
it is a gene that is specifically involved in the development of the outer
integument of Arabidopsis ovules [11-15]. In angiosperm species with
only one integument INO shows ambiguous expression patterns but it is
generally found in the outer most layer of the integument [16,17]. The
YABBY gene family has suffered multiple duplication events before the
diversification of angiosperms, in fact INO seems to be angiosperm
specific as no INO orthologs have been found in gymnosperms [18]. The
same pattern is found in other genes of the ovule developmental net-
work. For example, ABERRANT TESTA SHAPE (ATS = KANADI 4;
Arabidopsis thaliana sequence: AT5G42630) is a gene involved in the
separation layer between the two integuments of Arabidopsis, ats mu-
tants develop both integuments fused [19] and it is also angiosperm
specific (Zumajo-Cardona and Ambrose in prep.). With the data gath-
ered so far, it is likely that the genes involved in the proper develop-
ment of the outer integument are the result of a neo-functionalization.

The genes associated with ovule development in plants found with
the PO search are from Arabidopsis (Fig. 2d) thus, it is still unclear if the
function of these genes is conserved across seed plant evolution, or
which genes are involved in ovule development in species with dif-
ferent ovule morphologies such as A. trichopoda or gymnosperms. With
the expression and functional results from Arabidopsis and available
data about the evolution of these genes (Fig. 2e), one can hypothesize
that the integument of gymnosperms is homologous to the inner in-
tegument of angiosperms and that the outer integument is the result of
a neo-functionalization event in these gene families. However, gene
expression data constitute a useful tool to hypothesize homologous
relationships but if used in isolation it can be misleading [20], which
corroborates the need for standardizing genomic tools, such as in situ
hybridization expression analyses and gene knockdowns, in non-model
organisms [8].

3. Conclusion

Here we present one of many instances for which having genetic
information across different plant lineages permit us to have a better

understanding of the different processes that lead to the morpho-ana-
tomical evolution and development of certain traits. The PO constitute
a very important tool for all plant biologists, in consequence, the next
goal for the database is to be able to provide information about
homology as well. It is crucial extend different genomic tools to other
non-model species, including genome and transcriptome annotations,
expression analyses and gene knockdowns. In doing so we will be able
to better integrate the PO with the GO making both more useful to a
broader user group of plant biologists.
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