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Analysis of genetic mutations is one of the most effective
ways to investigate gene function. We now have methods
that allow for mass production of mutant lines and cells in
a variety of model species. Recently, large numbers of
mutant lines have been generated by both ‘loss-of-
function’ and ‘gain-of-function’ techniques. In parallel,
phenotypicinformation coveringvarious mutantresources
has been acquired and released in web-based databases.
As a result, significant progress in comprehensive pheno-
type analysis is being made through the use of these tools.
Arabidopsis and rice are two major model plant species in
which genome sequencing projects have been completed.
Arabidopsis is the most widely used experimental plant,
with a large number of mutant resources and several
examples of systematic phenotype analysis. Rice is a major
crop speciesand is used asa model plant, with an increasing
number of mutant resources. Other plant species are also
being employed in functional genetics research. In this
review, the present status of mutant resources for large-
scale studies of gene function in plant research and
the current perspective on using loss-of-function and
gain-of-function mutants in phenome research will be
discussed.
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One of the direct methods for investigating gene function is
to examine and characterize the phenotypic changes associ-
ated with loss-of-function gene mutations. Typical muta-
tional methods, including the generation of point mutations
or small deletions by chemical or fast neutron mutagenesis,
are mostly used for forward genetics (Jstergaad and Yanofsky
2004). Insertional mutagenesis is a useful method for con-
structing loss-of-function mutants and has the advantage
that the mutations are tagged by known inserted fragments
(Parinov and Sundaresan 2000). The publicly available
mutant resources in Arabidopsis and rice are mostly inser-
tion tagged lines, which facilitate fast and convenient
sequence index analysis of tagged genes to investigate gene
function. There are two popular types of tagged lines in plant
research, transferred DNA-tagged (T-DNA-tagged) lines and
transposon-tagged lines (Krysan et al. 1999, Ramachandran
and Sundaresan 2001). T-DNA-tagged lines have become a
popular resource for studies of gene function, as they are
readily generated in large numbers (Krysan et al. 1999). In
addition, with a transposon Activator (Ac)/Dissociation (Ds)
system, it is possible to generate mutants with a high pro-
portion of single-copy transposon insertions. This system
requires the production of a large number of mutated lines
for genome-wide coverage. In spite of this, the single inser-
tion site in each line is easily determined, thereby simplifying
the production and subsequent genetic analysis of a single
gene knockout series (Fedoroff and Smith 1993). The avail-
ability of many plant mutant resources makes it practicable
to carry out saturation mutagenesis of an organism followed
by systematic phenotyping of the mutant lines.

Introduction
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Gain-of-function mutants are a separate set of tools with
which to dissect the function of genes, especially of genes
with functional redundancy, such as those in gene families.
Gain-of-function mutants may represent a different spec-
trum of mutants that have not been isolated as conventional
loss-of-function mutants (Nakazawa et al. 2003). In contrast
to the loss-of-function mutants that cause a recessive phe-
notype, gain-of-function mutants behave dominantly in
their T, generation (Weigel et al. 2000, Bouche and Bouchez
2001). A member of a gene family can produce a mutant
phenotype without interference from other members of
the family (Ito and Meyerowitz 2000, Nakazawa et al. 2001).
In this review we will discuss two techniques for phenome
analysis of plant lines generated for gain-of-function mutant
screening. The firstis activation-tagging technology, in which
there is random insertion of a T-DNA containing four tan-
demly arranged copies of the cauliflower mosaic virus (CaMV)
35S enhancer into the genome of the host plant. These
enhancers activate genes proximal to the insertion site
(Weigel et al. 2000). To construct a large mutant plant popu-
lation, activation-tagging lines have been generated in
Arabidopsis by in planta transformation via Agrobacterium
infection. The second technology is the FOX (Full-length
cDNA OvereXpressing gene) hunting system which is a novel
alternative activation-tagging technology using full-length
cDNAs (fl-cDNAs; Ichikawa et al. 2006). These two technolo-
gies have been developed in recent years to identify the
genes responsible for mutants of the model plants Arabi-
dopsis and rice, and during the generation of mutant
resources for large-scale screening of mutant phenotypes.
A number of activation-tagging lines of crop plants have also
been developed.

The term ‘phenome’ was coined to encompass all of the
information relating to any alteration in every omics phase,
from genome to phenotype, of the organism. In this review,
phenome is used to describe a data set from a large-scale
phenotype analysis using various mutant resources for func-
tional research into plant genomes. In Arabidopsis, it is pos-
sible to conduct a gene-based phenome analysis from
loss-of-function studies by saturation mutagenesis (Parinov
and Sundaresan 2000), and from gain-of-function studies by
the FOX hunting system (Ichikawa et al. 2006). The status of
research into rice has rapidly approached that of Arabidopsis
(Hirochika 2001, Chen et al. 2003, Nakamura et al. 2007).
Experimental techniques and information have increased to
enable many other crops or vegetables to be studied, which
is important as basic plant research is vital for the improve-
ment of food supply and quality as well as for environmental
considerations.

Saturation mutagenesis of Arabidopsis by
insertional mutation

In Arabidopsis, the basic experimental methods for generat-
ing a series of insertional mutants have been developed,

including transgenic techniques, marker selection and differ-
ent parental crosses. Insertion mutations in Arabidopsis have
been produced mainly using the T-DNA system or the trans-
poson system, which make it possible to monitor the effects
of insertional changes in a single gene (Fig. 1). Other advan-
tages of using Arabidopsis include self-pollination for main-
taining progeny, and bulk storage of mutations in the form
of seeds, which are not options in animal mutational models.
It is now feasible to use insertion mutations to analyze every
gene in the Arabidopsis genome. This makes Arabidopsis
useful not only as a model organism for plant research, but
also as the only multicellular organism in which it is cur-
rently possible to perform ‘saturation mutagenesis’ to create
knockout strains for each gene.

Since completion of the sequencing of the Arabidopsis
genome in 2000, several institutes around the world have
been working to collect approximately 26,000 individual
genes and to catalog the functional genomics of the entire
Arabidopsis genome (AGI 2000, MASC 2008). As a result, a
large number of T-DNA or transposon-insertional lines have
already been prepared for functional genomics in Arabidopsis.
The use of both of these systems has resulted in random
insertional mutations across the Arabidopsis genome, with
many of the insertion sites known and available to search by
the public (Parinov et al. 1999, Tissier et al. 1999, Samson
et al. 2002, Sessions et al. 2002, Alonso et al. 2003, Rosso et al.
2003, Kuromori et al. 2004, Ito et al. 2005). The most popular
sequence index mutant resource in Arabidopsis is that of the
T-DNA insertion lines produced by the Salk Institute (USA),
in which there is information on the insertional mutation
sites of >150,000 locations. When the mutant resources
made by other institutes in the USA, the EU, Japan and
others are added together, the information available on
insertional locations exceeds 380,000 sites mapped on the
genome of Arabidopsis (Table 1). It has been reported by an
international consortium that insertional mutants of almost
all genes of Arabidopsis are now available (MASC 2008).

Phenome analysis of loss-of-function mutants
of Arabidopsis

An early trial of large-scale phenotypic profiling of T-DNA
mutants was reported by Feldmann (1991). More than 8,000
transformants of Arabidopsis were screened under a variety
of growth conditions for visible alterations in phenotype.
The mutants found were grouped into several general classes:
seedling-lethals, size variants, pigment, embryo-defective,
reduced-fertility, dramatic (morphological) and physiological.
At this time, Feldman (1991) suggested the feasibility of
developing a comprehensive collection of mutant lines in
which each gene is tagged by an insertion.

A more gene-based trial of systematic phenotyping was
undertaken using single-copy Ds transposon-tagged lines
(Kuromori et al. 2006). A total of 4,000 transposon-inser-
tional lines, each of which contained a Ds transposon
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Fig. 1 Scheme for the generation of insertional mutants by T-DNA or a Ds transposon. To construct T-DNA insertional mutant lines, plants are
transformed by Agrobacterium harboring the T-DNA vector, which is inserted randomly into the genome. To construct Ds insertional mutant
lines, Ds parental lines are crossed with Ac parental lines, whereupon the Ds transposon is translocated into the plant genome in the next
generation. When the tag is inserted into a gene-coding region, that gene will be disrupted and lose its function.

Table 1 Sequence index-tagged mutant resources for gene-based phenome analysis in Arabidopsis

Insertion Resource Institution Accession  Available = Numbers mapped Website for the resource Reference
type name from to the genome?
T-DNA  SALK SALK Institute Columbia  ABRC, NASC 151,534 http://signal.salk.edu/tabout. Alonso et al. (2003)
(USA) html
T-DNA  SAIL Syngenta (USA) Columbia  ABRC, NASC 57,242 n/ab Sessions et al. (2002)
T-DNA  GABI-KAT GABI(Germany)  Columbia  GABI-Kat, 63,887 http://www.gabi-kat.de/ Rosso et al. (2003),
NASC Li et al. (2007)
T-DNA  FLAGdb  INRA (France) Wassilev-  INRA 31,744 http://urgv.evry.inrafr/FLAGdb Samson et al. (2002,
skija 2004)
T-DNA  WiscDsLox University of Wassilev-  ABRC 12,464 http://www.hort.wisc.edu/ Nishal et al. (2005)
Wisconsin (USA)  skija krysan/2010/default.htm
Ds CSHL CSHL (USA) Landsberg  CSHL 21,661 http://genetrap.cshl.org/ Sundaresan et al.
(1995), Martienssen
(1998)
Ds,Spm  EXOTIC A consortium of 11 Landsberg, ABRC, NASC 23,573 http://www.jic.bbsrc.ac.uk/ Tissier et al. (1999)
laboratories (EU)  Columbia science/cdb/exotic/index.htm
Ds RIKEN RIKEN (Japan) Nossen RIKEN BRC 18,566 http://rarge.gsc.riken.go.jp/ Ito et al. (2002, 2005),
dsmutant/index.pl Kuromori et al.
(2004)

aMapped numbers are quoted from the SIGnAL website of the SALK Institute (http://signal.salk.edu/Source/AtTOME_Data_Source.html).

®n/a, not available.

ABRC, Arabidopsis Bioresource Centre; CSHL, Cold Spring Harbor Laboratory; EXOTIC, Exon Trapping Insert Consortium; GABI, Genomanalyse Im Biologischen System
Pflanze; INRA, Institut National de la Recherche Agronomique; NASC, Nottingham Arabidopsis Stock Centre; RIKEN BRC, RIKEN BioResource Center.
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mutation in a gene-coding region, were selected, and exam-
ined systematically for visible phenotypes at each growth
stage of the plant. Approximately 200 clearly visible pheno-
types were classified into eight categories (seedling, leaves,
flowering and growth, stems, branching, flowers, fruits and
seed yield) and 43 detailed subcategories depending on the
stage of the plant’s life cycle. Phenotypic images from this set
of mutants have been entered into a searchable database
(RAPID: RIKEN Arabidopsis Phenome Information Database)
(Table 2) (Kuromori et al. 2006).

Another trial that focused on phenotypes restricted to a
particular organ has been performed. From an ethylmethane
sulfonate (EMS)-mutagenized mutant population Berna
et al. (1999) described a collection of rosette leaf-shaped
mutants, belonging to 94 complementation groups. The phe-
notypes were classified into 19 classes with representative
examples (Berna et al. 1999). Horiguchi et al. (2006) obtained
a more histological phenome data set for Arabidopsis leaves.
They focused on the total number and final size of leaf cells
as a quantitative determinant of the leaf organ, and have
isolated 205 Arabidopsis mutants with altered leaf size and/
or shape from X-ray- or y-ray-irradiated M, populations and
T-DNA-tagged T, populations (Horiguchi et al. 2006).

In the SeedGenes project, a genome-wide examination of
Arabidopsis mutants that give either defective embryo or
seed developmental phenotypes has been undertaken
(McElver et al. 2001, Tzafrir et al. 2003, Tzafrir et al. 2004).
They listed 358 genes and 605 mutants in which the embryo
phenotypes were subclassified, mainly from large-scale
T-DNA insertional mutant lines (Table 2). Simultaneously,

these workers suggested a long-term goal to establish a com-
plete collection of Arabidopsis genes that give a knockout
phenotype (Tzafrir et al. 2003). Many mutant phenotypes
have already been described in the literature for a number of
these genes. Taking into account all of these published data,
the groundwork has now been done for generating a com-
prehensive mutant phenotype data set (Fig. 2). An early
effort to list the published mutant phenotypes has been
executed by Meinke et al. (2003). The Arabidopsis Informa-
tion Resource (TAIR) recently started to assign the pheno-
type to each mutant allele (germplasm) and made the image
records of the mutant phenotypes available online (http://
www.arabidopsis.org/, Swarbreck et al. 2008). Since a major
challenge of phenome analysis is to identify the mutant phe-
notype for every gene, therelevant phenotypic data extracted
from the literature must be combined with mutant pheno-
typing to make this possible (Fig. 2).

Loss-of-function mutants and large-scale pheno
analyses in rice and other plant species

Rice is another plant species in which the genome sequence
has been completed, and provides an experimental model
for monocotyledonous plants and crops (IRGSP 2005). As
rice is easy to transform, T-DNA has been used successfully
to generate insertional mutant lines (An et al. 2005). Inser-
tional mutation systems employing transposons, including
Tos17, Ds and dSpm, have been used with success in muta-
tional analysis of the rice genome. Therefore, the total
number and variation of insertional mutant resources of
rice are comparable with those of Arabidopsis (Table 3)

Table 2 Open database for phenotype information of mutant resources in various plant models

Plant species  Database Website
Arabidopsis CSHL Trapper DB http://genetrap.cshlorg/TrPhenotypes.html Sundaresan et al. 1995;
Martienssen, 1998
SeedGenes Project http://www.seedgenes.org/index.html Tzafrir | et al. 2003, 2004
RAPID http://rarge.gsc.riken.jp/phenome/ Kuromori et al. 2006
FioreDB http://www.cres-t.org/fiore/public_db/index.shtml Mitsuda et al. 2008
Rice Rice Mutant Database (RMD)  http://rmd.ncpgr.cn/ Zang et al. 2006
Tos17 http://pc7080.abr.affrc.go.jp/phenotype/ Miyao et al. 2007
Oryza Tag Line http://urgi.versailles.inra.fr/OryzaTaglLine/ Larmande et al. 2008
Maize MaizeGDB http://www.maizegdb.org/rescuemu-phenotype.php Fernandes et al. 2004,
Lawrence et al. 2007
Sorghum Sorghum Research http://www.lbk.ars.usda.gov/psgd/index-sorghum.aspx Xin et al. 2008
Barley SCRI Barley Mutants http://bioinf.scri.ac.uk/barley/ Caldwell et al. 2004
Tomato Tomato Mutant Database http://zamir.sgn.cornell.edu/mutants/ Menda et al. 2004
LycoTILL http://www.agrobios.it/tilling/index.html n/a?
Soybean Soybean Mutatin Database http://www.soybeantilling.org/psearch.jsp n/a

Lotus japonicus Legume Base

http://www.shigen.nig.ac.jp/bean/lotusjaponicus/top/top.jsp n/a

an/a, not available.

1218  Plant Cell Physiol. 50(7): 1215-1231 (2009) doi:10.1093/pcp/pcp078 © The Author 2009.



Phenome by loss of function and gain of function PCP

PLANT & CELL PHYSIOLOGY

— ‘ mutant-a phenotypes

[ |
Gene B Gene C

I s E e ‘ mutant-b phenotypes
Gene A Gene B Gene C

Saturation Mutagenesis
(in Arabidopsis)

I Publication Research Activity I

AG lcode Gene References Phenotypes
CNX3 PNAS. 102, 3129-3134, 2005 _|sirtiol resistant

SPLE Plnt Cell 15, 1009-1019. 2003 |strong reduction n fertility
NM NI PlntCell 17, 1279-1291. 2008 of PR-1 genel
LPA P bnt el 18, 955-969, 2006 _|hgh chhbrophyll

PEX6 PNAS, 107, 1786-1791. 2004 |resitant to the nhbitory effe
F2L PNAS, 103, 6759-6764. 2006 |structures fzlknockoutm utar
BA2 P bnt J., 41, 815-830, 2005 Starch content & reduced
LN2 Plnt J.. 27, 89-99 . 2001 Lesbnm in o mutant, The kn:
|BARDT EMBO J, 25, 4326-4337, 2006 |when chalknged w ith the DNA

5

MRP bntPhysil, 134, 538, 204D ecreased root grow th: Inered

EM B 1687 bntPhysil, 1351 220]em bryo kthality

CYP2 bntCell 16, 1263 . 2004 |an herease i free ven endiny
PTasel3|P antPhysil 139, 1877-1691, |At5PTasel3 Deficiency Resu

3 ntJ. 41, 859-874 2005 decreased sensitivity to the &

Fig. 2 The concept of gene-based phenome analysis and construction of a comprehensive gene-mutant phenotype data set. One of the aims of
phenome analysis is to identify the mutant phenotype for every gene and to establish a complete list of genes and mutant phenotypes.
Phenotyping data of mutant resources and mutant phenotype information extracted from the published literature can be combined to make a
comprehensive gene-mutant phenotype data set.

Table 3 Sequence index-tagged mutant resources in rice

Insertion Resource Institution Numbers mapped Website for the resource Reference

type name to genome?

T-DNA POSTECH POSTEC (Korea) 84,680 http://www.postech.ac.kr/life/pfg/risd/index.html Jeon et al. (2000)

T-DNA RDM Huazhong Agricultural 15,971 http://rmd.ncpgr.cn Zhang et al. (2006)
University (China)

T-DNA TRIM Academic Sinica (Taiwan) 11,646 http://trim.sinica.edu.tw/ Hsing et al. (2007)

T-DNA SHIP SIPPE (China) 6,761 http://ship.plantsignal.cn/index.do Fu et al. (2009)

T-DNA Z)U Zhejiang University (China) 714 http://www.genomics.zju.edu.cn/ricetdnahtml  Chen et al. (2003)

T-DNA, oTL CIRAD-Genoplante (France) 28,324 http://urgi.versailles.inra.fr/OryzaTaglLine/ Sallaud et al. (2004)

Tos17

TOS17 NIAS NIAS (Japan) 17,937 http://www.dna.affrc.go.jp/database/ Miyao et al. (2003)

Ds,Spm  UCD University of California Davis 13,666 http://www-plb.ucdavis.edu/Labs/sundar/Rice_  Kolesnik et al. (2004)
(USA) Genomics.htm

Ds CSIRO CSIRO (Australia) 589 http://www.pi.csiro.au/fgrttpub/ Eamens et al. (2004)

Ds GSNU Gyeongsang National 1,046 n/ab Kim et al. (2004)
University (Korea)

Ds EU-OSTID A consortium of seven 1,301 http://orygenesdb.cirad.fr van Enckevort et al.
laboratories (EU) (2005)

aMapped numbers were quoted from the SIGnAL website of the SALK Institute (http://signal.salk.edu/RiceGE/RiceGE_Data_Source.html).

®n/a, not available.

CIRAD, Centre de coopération internationale en recherche agronomique pour le développement; CSIRO, Commonwealth Scientific and Industrial Research Organisation;
NIAS, National Institute of Agrobiological Sciences; POSTEC, Pohang University of Science and Technology; SIPPE, Shanghai Institute of Plant Physiology and Ecology.
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(Krishnan et al. 2009). The information on different sequence
index-tagged mutant resources is integrated in the genome
browsers of the Rice Annotation Project Database (RAP-DB)
(http://rapdb.dna.affrc.go.jp/) and the Salk Institute Genomic
Analysis Laboratory (SIGnAL) (http://signal.salk.edu/).

Large-scale phenotype analysis has been reported in rice
using several mutant resources. Using the TRIM (Taiwan
Rice Insertional Mutants) population of T-DNA insertion
lines, the visible phenotypes of 11 categories (growth condi-
tion, leaf color, leaf morphology, plant morphology, mimic
response, tiller, heading date, flower, panicle, seed fertility
and seed morphology), which were divided into 65 subcate-
gories, were observed (Chern et al. 2007). In the T, popula-
tion, 4,065 lines had at least one clearly mutant phenotype,
although these visible phenotypes included both knockout-
and activation-type mutants, because the TRIM population
contains a tri-functional T-DNA, giving the possibility of
gene trap, gene knockout or activation tagging (Chern et al.
2007).

From about 50,000 insertion lines with the endogenous
retrotransposon Tos17, phenotypes in the M, generation
were observed in the field and were characterized into 11
categories (germination, growth, leaf color, leaf shape, culm
shape, spotted leaf/lesion mimic, tillering, heading date,
spikelet, panicle, sterility and seed) that included 53 finer
phenotype descriptors (Miyao et al. 2007). More agronomic
traits (plant height, tillering ability, duration of growth, color
of plant and stigma, seed weight per plant and seed set rate
per plant) have been investigated for phenotypic character-
izations using homozygous Ds lines (Jiang et al. 2007).

Several rice mutant phenotype databases are now avail-
able, including mutant populations of Tos17-tagged lines
(Miyao et al. 2007), T-DNA-tagged lines (Zhang et al. 2006,
Larmande et al.2008), and chemical- and irradiation-induced
lines (Wu et al. 2005) (Table 2). Again, it is important to
integrate the phenotype information already published in
order to establish a complete collection of gene-to-mutant
phenotypes in model organisms. All of the known mutant
phenotypes in rice are collated in an excellent review by
Kurata et al. (2005).

Insertional mutagenesis has been applied to other crops
to generate mutants and carry out phenotype screens. In
maize, 1,882 sequence index Mu-tagged mutant lines were
generated (Settles et al. 2007). RescueMu is derived from the
maize Mu1 transposon and provides strategies for maize
gene discovery and mutant phenotypic analysis (Fernandes
et al. 2004). The phenotype data of RescueMu mutated lines
are available online in the Maize Genetics and Genomics
Database (MaizeGDB) (Table 2). In the model legume Medi-
cago truncatula, retrotransposon Tnt1-tagged mutant lines
were generated, and visible phenotypic classes were observed
in the preliminary screening of 3,237 Tnt1 lines (Tadege et al.
2008).

Insertional mutagenesis, using T-DNA or transposons,
can be used in some experimental plant species, but they are
less applicable to many grasses, where either a transgenic
technique must be specifically developed or the large
genome size prevents any manipulation. Chemical muta-
genesis and the Targeting Induced Local Lesions IN Genomes
(TILLING) method are applicable to many of these species
and have come into widespread use (Comai and Henikoff
2006, Weil 2009). In these species, the phenotyping of mutant
resources is first evaluated before the identification of inser-
tion positions, in contrast to gene-based phenotyping.

In sorghum, visible phenotypes distinctive from the wild
type were observed for 41 phenotype descriptions of an
EMS-treated mutant population consisting of 1,600 lines
planted in the field. The validity of TILLING for gene identifi-
cation was also discussed (Xin et al. 2008) (Table 2). In barley,
visible phenotypes were scored from an EMS-treated popu-
lation to make a web-accessible database (Caldwell et al.
2004) (Table 2). In tomato, a total of 13,000 M, families,
derived from EMS and fast-neutron mutagenesis, were visu-
ally phenotyped in the field and put into a morphological
catalog that included 15 primary and 48 secondary catego-
ries (Menda et al. 2004) (Table 2). The database of genome
to phenome is expanding to Solanaceae species (Menda
et al. 2008).

Activation tagging for phenomic analysis of
gain-of-function mutants

In recent years, several gain-of-function-type mutant
resources have been established and the activation-tagging
technique is the most popular method used for their genera-
tion. The basic scheme for the generation of activation-
tagging lines is shown in brief in Fig. 3. The activation-tagging
technique was used to isolate cytokinin-independent
mutants from 50,000 Arabidopsis calli (Kakimoto et al. 1996).
They isolated the CKI1 gene, which endowed cytokinin-
independent growth, although it has been shown that CKI1
was unlikely to be the cytokinin receptor (Aoyama and Oka
2001). In accordance with the development of conventional
in planta transformation methods, large numbers of activa-
tion-tagging lines have been produced (Wenck et al. 1997,
Clough and Bent 1998). Weigel and colleagues first gener-
ated approximately 25,000 activation-tagging lines with
pSK1015 and pSK1074 that possessed resistance to the
herbicide glufosinate (Weigel et al. 2000). By screening
approximately 25,000 lines, they identified 23 (0.1%) domi-
nant mutants with dramatic morphological phenotypes
(Table 4). These mutants were identified as activation-
tagged loci in the Arabidopsis genome, and the distances
between the inserted loci of the activation T-DNAs and the
corresponding genes were in the range of 0.4 to 3.6 kb. The
enhancer affected genes on both sides on the insertion
(Weigel et al. 2000).
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Fig. 3 Scheme for the generation of activation-tagging lines. To construct an activation-tagging library, Arabidopsis plants are transformed by
Agrobacterium harboring the activation-tagging vector, pPCVICEn4HPT, containing the T-DNA with tetrameric CaMV 35S enhancers, left (LB)
and right border (RB) sequences of T-DNA, the ampicillin resistance gene (Amp) and the hygromycin resistance gene (HPT). T, transformed
plants are obtained that have activation tags inserted into the genome randomly. In phenotypic mutants, the transcriptional enhancers activate
the genes near the inserted T-DNA. In this case, Gene A and Gene B are candidates for the activated gene.

Nakazawa and colleagues have also generated an activa-
tion-tagging population (Nakazawa et al. 2003) (Table 4).
They generated 55,000 activation-tagging lines and from
these lines they obtained many mutants showing various
criteria, including rosette color, number of leaves before
bolting, width of leaves, length of petiole, plant height, shape
and number of cauline leaves, flower shape, number of
flower organs, flowering time, fertility and branching of
shoots (Nakazawa et al. 2003). A total of 1,262 lines that
showed any morphological phenotype in their T, generation
were isolated from the lines, giving a frequency of 2.3%. The
distances between the enhancer sequence and the corre-
sponding start codon of activated genes were between 0.7
and 8.2 kb (Ichikawa et al. 2003).

T-DNA insertions are often complex, and characteriza-
tion of multiple inverted or tandem copies or truncated
T-DNA inserts often makes molecular analysis difficult
(Nacry et al. 1998). To circumvent this problem, several
groups use the single copy transposon tagging system (Tisser
et al. 1999). Activation tagging using the maize transposon
system, Enhancer-inhibitor (En-1) or Enhancer/Suppressor-
mutator (En/Spm), has been established (Wilson et al. 1996,

Marsch-Martinez et al. 2002, Schneider et al. 2005). Marsch-
Martinez et al. (2002) generated a population of about 8,300
independent stable activation-tagging lines using Wassilews-
kija (WS) and Landsberg erecta (Ler) accessions. Upon exam-
ination of 2,900 insertion lines, 31 dominant mutants were
found, giving a frequency of approximately 1%. Another
group used the maize transposon system for the generation
of a transposable element-mediated activation-tagging
mutagenesis in Arabidopsis (TAMARA) (Schneider et al.
2005) (Table 4). They produced 9,471 stable activation-
tagging lines harboring close to 6,000 independent transpos-
able elements. Approximately 0.1% of activation-tagged
lines showed visible dominant phenotypes including flower
shape, flowering time, dwarfism, bushiness, shape of rosette
leaves, length of internode and fertility. They also screened
a non-visible phenotypic mutant by an HPLC-based high-
throughput method for phenolic compounds (Schneider
et al. 2005, Gigolashvili et al. 2007).

Recently, a new activation-tagging method has been
developed and applied to Arabidopsis. A system using
pEnLOX/pCre requires two plasmids, pEnLOX that contains
tetrameric CaMV 35S transcriptional enhancers flanked by
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Table 4 Gain-of-function type mutant resources and databases

Resource Resource name Institution Accession or Available Nos. of Website for the resource  Reference
type genotype from lines
Activation  Arabidopsis
tagging
Weigel T-DNA  SALK Institute (USA)  Columbia ABRC, NASC 22,6002  http://arabidopsis.org/abrc/ Weigel et al.
lines weigeljsp (2000)
http://arabidopsis.info/
CollectionInfo?id=59
RIKEN activation RIKEN (Japan) Columbia RIKEN BRC ~ 32,650* http://activation.psc. Nakazawa et al.
tagging lines database.riken.jp (RIKEN (2003), Ichikawa
SciNeS) et al. (2003)
Unknown Plant Research Interna- Wassilevskija, Contact 8,300 n/ab Marsch-Martinez
tional (Netherlands) Landsberg authors et al. (2002)
TAMARA University of Cologne  Columbia NASC 9,471 http://arabidopsis.info/ Schneider et al.
(Germany) CollectionInfo?id=71 (2005)
Unknown NI Vavilov Institute of ~ Columbia Contact 156 n/a Pogorelko et al.
General Genetics RAS authors (2008)
(Russia)
JIC activate lines  John Innes Centre (UK) Landsberg ABRC, NASC 9722 http://arabidopsis.info/ n/a
CollectionInfo?id=29
Rice
RISD POSTECH (Korea) Dongjin, Hway-  Contact 48,000  http://www.postech.ackr/  Jeong et al. (2006)
oung authors life/pfg/risd
TRIM Academia Sinica Tainung 67 Contact 55,000 http://trim.sinica.edu.tw/ Hsing et al. (2007),
(Taiwan) authors Chern et al.
(2007)
Soybean
GmGenesDB University of Missouri  Bert, Thorne Contact 900 http://digbio.missouri.edu/  Mathieu et al.
(USA) authors gmgenedb/index.php (2009)
FOX (cDNA library/
hunting host plant)
system
Arabidopsis FOX RIKEN (Japan) Arabidopsis- RIKEN BRC 15,000  http://nazunafox.psc. Ichikawa et al.
lines Columbia/ database.riken.jp (RIKEN (2006)
Arabidopsis- SciNeS)
Columbia
Rice FOX RIKEN, NIAS, RIBS Rice-Nipponbare/ RIKEN BRC 33,000 http://ricefox.psc.rikenjp/  Kondou et al.
Arabidopsis Okayama (Japan) Arabidopsis- (2009)
lines Columbia
FOXrice lines NIAS (Japan) Rice-Nipponbare/ Contact 12,000 n/a(in preparation) Nakamura et al.
Rice-Nippon- authors (2007)
bare

2 Numbers of publicly available lines from the corresponding bioresources.
bn/a, not available.

ABRC, Arabidopsis Bioresource Centre; JIC, John Innes Centre; NIAS, National Institute of Agrobiological Sciences; NASC, Nottingham Arabidopsis Stock Centre; RIBS,
Research Insititue of Biological Sciences; RIKEN BRC, RIKEN BioResource center; RISD, Rice T-DNA Insertion Sequence Database; POSTECH, Pohang University of Science and
Technology; TAMARA, transposon element-mediated activation tagging mutagenesis; TRIM, Taiwan Rice Insertional Mutant; SciNeS, Life Science Networking System.

two loxP sites, and pCre that contains the cre gene (Pogore-
lko et al. 2008) (Table 4). More than 100 mutants have been
isolated from the activation-tagging lines (acceptors, named
the E-lines) containing the pEnLOX, and 10 helper lines
(donors, named the C-lines) containing pCre have been gen-
erated. By crossing the E-lines with the C-lines, reversion of
the mutants to the wild-type phenotype occurs owing to

the removal of the CaMV 35S enhancers from the E-lines.
Using the pEnLOX/pCre system, they have successfully
obtained the reverted transformant of a mutant phenotype
with small, pale green-colored rosette leaves and decreased
fertility. This method may be used as a convenient system to
identify easily the corresponding gene of the phenotypic
activation-tagged line.
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Activation tagging has also been applied to rice. In recent
years, a number of rice activation-tagging lines have been
generated and used for exploring functional rice genes. Over
47,000 rice T-DNA insertion lines using japonica rice have
been established (Oryza sativa cv. Dongjin or Hwayoung)
(Jeong et al. 2002) (Table 4). The authors used a construct,
termed pGA2715, for promoter trapping and CaMV 35S-
driven activation tagging of rice genes, and have isolated
nine dominant mutants from 3,290 independent pGA2715-
transformed seedlings (Jeong et al. 2002). They also obtained
27,621 flanking sequence tags (FSTs) from 41,234 lines. The
sequences obtained were mapped on the rice genome and
activation-tagging patterns near the inserted enhancer were
analyzed. Half of the lines tested showed enhancement of
tagged genes (Jeong et al. 2006). It should be noted that
transcriptional enhancers have been shown to activate the
expression of genes located up to 10.7 kb from the activation
enhancer.

Wan et al. (2009) performed phenotypic analysis of 50,000
individual activation-tagged rice plants that harbored pER38,
a plasmid containing tandemly arranged double CaMV 35S
enhancers. They identified about 400 dominant mutants,
showing visible phenotypes (sterility, dwarfism, overgrowth,
early flowering, late flowering, light green leaf, leaf angle,
lesion mimicking, radical growth, curled leaf, early senes-
cence, late senescence and overtillering), from 6,000 T, gen-
eration plants and 36,000 T, generation plants. The
frequencies of visible phenotypes identified were 2.1 and
6.4%, respectively.

Transformation

Pro [NEIESHNAN- Ter pro JEESONANE- T
C pBIGS2113SF < S

Full-length cDNA library

Independent T1 lines
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Activation tagging can also be used for identification of
novel genes that have not been informatically annotated.
The CaMV 35S enhancer in T-DNA constructs when inte-
grated into the plant genome may activate both coding and
non-coding genes neighboring the site of insertion. For
example, activation of new gene transcripts of microRNA
(miRNA) has been reported, including their involvement in
leaf shape structure (Weigel et al. 2000, Palatnik et al. 2003).

The FOX hunting system, a novel gain-of-functio
approach for plant phenome analysis

The activation-tagging system is useful to construct a large-
scale gain-of-function mutant population, but this system
has some disadvantages because the effects of inserted tran-
scriptional enhancers in the genome are subject to changes
in more than one gene located near the enhancers (Ichikawa
et al. 2003). For the past few years, fl-cDNA clones of several
plant species have been collected (Seki et al. 2002, Kikuchi
et al. 2003). The Arabidopsis fl-cDNA population termed
‘RIKEN Arabidopsis full-length (RAFL) cDNA clones’ was
collected and sequenced (Seki et al. 2002). Using these
fl-cDNA resources a novel gain-of-function-type approach,
the FOX hunting system, was developed (Ichikawa et al.
2006). In this system fl-cDNAs are randomly expressed in
Arabidopsis plants and these transformed lines are termed
FOX lines.

The scheme of construction of the Arabidopsis FOX lines
is shown in brief in Fig. 4 (Ichikawa et al. 2006). About 10,000
independent Arabidopsis fl-cDNAs were mixed at an almost

&

Agrobacteria library

' Dip infiltration

— Pro mTer—
Fig. 4 Scheme for the generation of FOX lines. To generate FOX Agrobacterium libraries, RIKEN Arabidopsis full-length (RAFL) cDNAs (fl-cDNA)
from A libraries were recloned into the pBIG2113SF vector containing the CaMV 35S promoter, the TMV omega sequence (indicated as ‘Pro’) and
the NOS terminator (indicated as ‘Ter’), and transformed into Agrobacterium. Arabidopsis plants are transformed with the FOX Agrobacterium
libraries by floral dip infiltration. The T, FOX plants generated are self-pollinated, and then many independent T, FOX seed libraries are obtained.
From the T, FOX lines, phenotypic mutant lines (in this case, the ‘H'’ line) are identified. The corresponding gene of the 'H’ mutation is easily and
immediately identified by PCR with T-DNA-specific primers and sequencing.
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equal molar ratio to generate a fl-cDNA library, and 15,000
Arabidopsis FOX lines were generated (Table 4). These
fl-cDNAs were transferred to a plant expression vector to
generate the Agrobacterium library (FOX Agrobacterium
library). Each Arabidopsis fl-cDNA was transformed into
Arabidopsis (Columbia accession) by the floral dipping
method. Each Arabidopsis FOX line that was generated con-
tained on average 2.6 cDNA clones as detected by Southern
blot analysis, and their mean size was 1.4 kb within the range
of 0.3-4.2kb (Ichikawa et al. 2006). The average size and
range of the cDNA distribution was quite similar to that
observed in 277 randomly chosen Arabidopsis fl-cDNAs
(Ichikawa et al. 2006). The FOX hunting system is useful for
systematic phenomic analysis of the function of each inserted
gene. The visible phenotypes included alterations in visible
morphology, growth rate, plant color, flowering time and
fertility. The appearance of morphological mutants in the
Arabidopsis FOX lines (9% of total plants transplanted) was
higher than that of the RIKEN activation-tagging lines (2%
of total plants transplanted). The visible phenotypic lines
were found in 1,487 T, generation lines, and these pheno-
types were regenerated in 23% of approximately 1,000 T,
progeny, which showed dominant or semi-dominant phe-
notypes (unpublished data).

As one of the applications of this system is to elucidate
stress-related gene function, a FOX library focused on stress-
inducible transcription factors was developed (mini-scale
FOX system) and analyzed (Fujita et al. 2007). The Arabidopsis
fl-cDNAs of 43 stress-inducible transcription factors were
mixed and 224 plants with inserted fl-cDNAs were gener-
ated and salt-tolerant lines that stayed green under high-
salinity conditions were obtained.

The FOX hunting system in which Arabidopsis is the host
plant has an additional advantage in that it can be used
to elucidate the function of genes from other organisms.
Arabidopsis has a high transformation efficiency and a short
generation time. By introducing fl-cDNAs from other organ-
isms (e.g. crops), gene function can be characterized in a
short time.

More than 28,000 independent rice fl.cDNAs have been
collected by the National Institute of Agrobiological Sciences
(NIAS) (Kikuchi et al. 2003). Using approximately 13,000
independent rice fl-cDNAs, rice FOX Arabidopsis lines were
generated. These are Arabidopsis transgenic lines expressing
rice fl-cDNAs under the control of the CaMV 35S promoter
(Kondou et al. 2009). Kondou and colleagues have generated
>23,000 independent rice FOX Arabidopsis lines (Table 4).
Each plant contains on average 1.1 rice fl-cDNAs as detected
by PCR and their size distribution is 0.5-4.5 kb. The rice FOX
Arabidopsis lines were used for large-scale phenotype screen-
ing. They were screened for several traits including: visible
phenotype, photosynthetic activity, element accumulation,
pigment accumulation, hormone profiles, secondary

metabolite composition, bacterial and fungal resistance, salt
and high temperature tolerance, UV resistance and high
light tolerance. For the visible phenotype mutants, 1,297
(5%) mutant candidates were isolated from 23,715 T, rice
FOX Arabidopsis lines. Rice fl-cDNAs recovered from these
mutants were introduced into wild-type Arabidopsis and
about half of them represented the same phenotypes (48%)
(unpublished data). Some of these rice fl-cDNAs were intro-
duced intorice and produced the same phenotypes observed
in the rice FOX Arabidopsis lines (22%) (unpublished data).
Therefore, this method of heterologous gene screening by
the FOX hunting system can be used for plants with low
transformation efficiency and long generation times.
Recently, a high temperature mutant and a high salinity-
tolerant mutant isolated from the rice FOX Arabidopsis lines
have been characterized in detail (Yokotani et al. 2008,
Yokotani et al. 2009).

The FOX hunting system can be applied to rice. Approxi-
mately 12,000 rice FOX rice lines that express rice fl-cDNAs
in rice were established (Nakamura et al. 2007) (Table 4).
Each line contained 1.04 rice fl-cDNAs on average, and the
average size was 1.66 kb (Nakamura et al. 2007). The range of
distribution of fl-cDNAs integrated into 238 rice FOX rice
lines was similar to the average size of the original rice
fl-cDNA library (1.99 kb) (Nakamura et al. 2007). Visible muta-
tion was observed at the T, stage. The visible phenotypes
were the same as the 53 phenotype descriptors belonging to
the 12 classes in the Tos17 insertion lines, as described above,
and eight possible phenotypes related to the characteristics
of callus, regenerants and roots. As a result 1,496 out of 9,021
lines (16.6%) had altered phenotypes. Phenotypes seen in
the rice FOX rice lines included dwarf, weak and lethal, drop-
ping leaf and pale green, lesion mimic, growth promotion,
green callus, narrow leaf and high tillering. Both the rice FOX
Arabidopsis lines and the rice FOX rice lines are available to
identify and explore the function of rice genes. The com-
bined use of these two lines should lead to increasingly effi-
cient analysis of rice gene function.

Phenotype changes associated with the FOX lines are
caused by the inserted gene because the fl-cDNA is expressed
in the correct orientation between the CaMV 35S promoter
and the NOS terminator (Taji et al. 2002, Ichikawa et al.
2006). Recently, fl-cDNA clones from many plants including
soybean, cassava, poplar and Cryptomeria japonica have
been collected (Nanjo et al. 2007, Futamura et al. 2008, Taji
et al. 2008, Umezawa et al. 2009). The FOX hunting system
may also be an alternative method for these plants to obtain
gain-of-function mutants.

Resources and databases relating to gain-of-
function mutants

The RIKEN activation-tagging lines (http://activation.psc.
database.riken.jp) and the Arabidopsis FOX Arabidopsis

1224

Plant Cell Physiol. 50(7): 1215-1231 (2009) doi:10.1093/pcp/pcp078 © The Author 2009.



lines (http://nazunafox.psc.database.riken.jp) have been
sequenced for their T-DNA insertion sites and inserted fl-
cDNAs, respectively (Table 4). These mutant databases also
contain information based on visible phenotypes, which are
classified into eight categories (adult plant, root, rosette leaf,
cauline leaf, stem, flower, silique and seed) including 24 sub-
categories. The database for rice FOX Arabidopsis lines (rice
FOX database; http://ricefox.psc.riken.jp/) contains data on
mutant lines isolated from the rice FOX Arabidopsis lines
(Kondou et al. 2009) (Table 4).

The TAMARA lines are available as a public resource to
researchers through the Nottingham Arabidopsis Stock
Centre (NASC) (Schneider et al. 2005) (Table 4). The John
Innes Centre (JIC) activate lines that comprise 972 individual
lines are also available through NASC (Table 4).

In rice, two databases of activation-tagging lines are avail-
able. One database was produced by Jeong et al. (2006)
(http://an6.postech.ac kr/pfg) (Table 4) and contains data
for the FSTs of inserted lines. The other database was pro-
duced by Hsing et al. (2007) and is termed TRIM (http://
trim.sinica.edu.tw/). Researchers can search the TRIM data-
base by locus, annotation, line number and blast, putative
knockout or activated gene with keyword, or plant/seed
phenotype, and the TRIM database provides genetic segre-
gation data (Chern et al. 2007) (Table 4). Updated informa-
tion on these databases can be obtained from the Rice
Functional Genomic Express Database (RiceGE) (http://
signal.salk.edu/cgi-bin/RiceGE).

Phenomic analysis for other plant species using

gain-of-function mutants and its application

to crop plants
Besides Arabidopsis and rice, activation-tagging lines have
also been generated in other species. Mathews et al. (2003)
reported on the development of tomato activation-tagging
lines. To identify genes that regulate metabolic pathways,
they generated 10,427 independent insertion lines and found
1,338 (13%) lines with visible phenotypes, including altera-
tions in fruit color and shape. Imaizumi and colleagues con-
structed T-DNA insertional lines of a model legume, Lotus
japonicus, using a multifunctional vector for activation tag-
ging (Imaizumi et al. 2005). They generated >3,500 T-DNA
insertion lines, and in the T, generation identified 45 (1.5%)
possible dominant mutants with abnormal visible pheno-
types with respect to aerial parts (nitrogen starvation syn-
drome, anthocyanin overaccumulation and strange leaf
shapes), nodules (low, ineffective, small or big nodulation)
and roots (thick root).

An activation-tagging system in barley has been gener-
ated, highlighting a case involving a monocot crop. The
maize Ac/Ds transposable element system, which has a mod-
ified Ds element (UbiDs) containing two maize polyubiquitin
promoters, was used (Ayliffe et al. 2007). The authors
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have generated activation-tagging lines and confirmed
the enhancement of gene expression. In other cases, there
are reports on the generation of activation-tagging lines
in Catharanth roseus, petunia, poplar and soybean (van der
Fits and Memelink 2000, Zubko et al. 2002, Busov et al. 2003,
Mathieu et al. 2009). The lines of soybean are available in
the GmGenesDB (http://digbio.missouri.edu/gmgenedb/)
(Table 4).

Recent phenome analysis approaches and
phenotyping parameters

Up to this point, the phenome trials have primarily exam-
ined the morphological characteristics of external appear-
ance or visible phenotypes, which is only one of the criteria
required for a phenome data set. Indeed, Bouche and Bou-
chez (2001) reported that fewer than 2% of T-DNA lines
displayed significant morphological alterations. Also, about
3% of the observed mutants were found to have clearly
visible phenotypes in aerial organs in transposon-tagged
lines (Kuromori et al. 2006). The proportion of clear visible
phenotypes from gain-of-function mutant resources is also
limited (Weigel et al. 2000, Nakazawa et al. 2003, Ichikawa
et al. 2006, Kondou et al. 2009). Therefore, we might reveal
other phenotypes if we could extend the phenotyping.

How do we handle the many phenotyping criteria
required for integrated phenome information? We propose
three categories of measurement to search for various traits
for total phenome analysis: physical, chemical and biological
(Fig. 5). The visible phenotype is a physical measure that can
be found through macroscopic observation of the plant.
Other phenotypes are classified as non-visible phenotypes,
for example physical features at the cellular level that cannot
be determined without instruments (microscopic physical
phenotypes), biochemical changes not externally visible as
morphological abnormalities (chemically measured pheno-
types) and phenotypic responses to different growth condi-
tions or stresses (biologically measured phenotypes) (Fig. 5).

Insertion-tagged mutant lines with homozygous inser-
tional mutations are currently being constructed from the
original T-DNA-tagged lines (http://signal.salk.edu/gabout.
html) (Alonso and Ecker 2006) and the Ds transposon-
tagged lines (http://www.brc.riken.go.jp/lab/epd/Eng/cata-
log/transp.shtml). Knockout or knockdown mutants usually
show recessive characteristics for the mutant phenotype, so
itis often difficult to detect the non-visible phenotypes from
a heterozygous mutant pool, although it may be possible to
detect their visible phenotype. Homozygous insertional
mutation lines will be a novel resource of gene knockout sys-
tems to investigate non-visible phenotypes (Fig. 5). The
original gain-of-function resources are also efficient in
detecting non-visible phenotypes, because such phenotypes
are dominant in nature. Once the phenotypes are obtained
in any generation, a candidate gene can be readily confirmed
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Insertion Mix

Multiple Homo-

2zygous Insertion 2. Phenot

es by Chemical measuremen
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Fig. 5 Scheme for the application of mutant resources to phenome analysis. Three phenotypic categories, physical, chemical and biological
measurements, are used to search for various traits for total phenome analysis. Phenotypes described by physical measurement consist of
macroscopic phenotypes detected by visible observations and microscopic phenotypes detected by observations using specialized equipment.
Phenotypes categorized by chemical measurement are biochemical phenotypes, for example metabolite profiling. Phenotypes observed through
biological measurement are conditional phenotypes revealed by environmental changes or stress treatments. Of the mutant resources available,
the tag-line original resources, which are usually heterozygous for the insertion, are amenable to visible observation but often not to non-visible
observation. Plants homozygous for the insertion can be selected from the original tag-line resources and will be a novel resource of homozygous
(knockout-type) mutants, which are useful to detect non-visible phenotypes. In addition, homozygous insertion lines will be the starting material
to produce multiple homozygous insertion mutants, which can be applied to phenotyping again. The original gain-of-function resources, which
are heterozygous, can be analyzed in all three phenotypic categories. To confirm the phenotype of an isolated mutant, the candidate gene must

be isolated and re-transformed. Re-transformants of the single gene can then be phenotyped.

by re-transforming into wild-type plants (Fig. 5). Many
dominant mutants, which showed non-visible phenotypes,
were isolated from rice FOX Arabidopsis lines (Kondou et al.
2009).

Finer evaluation using digital technology provides another
possibility for obtaining data for more quantitative traits. For
example, Boyes et al. (2001) reported an automated moni-
toring system for digital evaluation of phenotypic finger-
prints. They presented the possibility of time-course analysis
based on a series of defined Arabidopsis growth stages. In
addition, several institutes have developed automated plat-
forms for Arabidopsis phenomic approaches (Granier et al.
2006, Walter et al. 2007). Also an automatic imaging system
has been applied to growth monitoring of rice (Ishizuka et al.
2005). These procedures may be used as methods for quan-
tifying the physically measurable traits (Fig. 5).

Metabolite profiling is one of the derivative phenome
analyses utilizing a chemically measured method for assay-
ing biochemical changes in plant cells (Fiehn 2002). Recently,
homozygous mutant lines were utilized for metabolic
phenotyping of a subset of Ds transposon-inserted lines of
Arabidopsis (Matsuda et al. 2009). This examination resulted
in identification of the functions of about 70 genes involved
in glycosylation of flavonoids. Homozygous T-DNA lines are
also used for the ‘lonomics’ approach (Baxter et al. 2007).
This approach is another high-throughput phenotyping
technology used to detect the composition of chemical
elements in an organism (Baxter et al. 2007). Additionally, a
large population of gain-of-function Arabidopsis suspension-
cultured T87 cells transformed with Arabidopsis fl-cDNAs
have been generated for metabolomics research by Ogawa
et al. (2008). Non-targeted metabolic profiling analysis using
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several techniques is useful for investigating the chemically
measured phenotype of mutant lines (Fig. 5).

Such homozygous mutant lines and the FOX lines will be
useful in the systematic gene-based phenotyping of non-
visible phenotypes. This includes even relatively weak phe-
notypes, which cannot be detected by traditional genetic
screening. In addition, homozygous mutant lines will yield
materials for gene knockout systems that can not only be
applied one-by-one in phenotypic analysis, but can also be
useful in generating double mutants and multiple mutants
(Fig. 5). Sharing the phenotypic information between both
loss-of-function mutants and gain-of-function mutants can
be helpful for phenome analysis.

Comparable and complementary use of the
loss-of-function and gain-of-function approaches

We have described the many mutant resources including
loss-of-function and gain-of-function mutants that have
been generated in model plants and expanded for use in
various plant species. Large-scale phenotype analysis has
progressed by using these different kinds of mutant resources.
Such resources are useful to study gene function, and pro-
vide the possibility of complementary usage of alternative
mutational resources. Basically, loss-of-function mutations
are stably inherited and insertion mutagenesis makes satura-
tion mutagenesis practicable. Genome-phenome analysis
based on mutant resources will be possible, as has been
demonstrated in Arabidopsis and rice. When phenotypes
are found in loss-of-function mutants, the gene directly
causing the phenotype can be isolated. However, very few
lines show clear phenotypes, especially as the result of a
single gene mutation, because of the functional redundancy
of duplicated genes or gene families; 65% of the predicted
proteins in the Arabidopsis genome belong to gene families
with more than two members (AGI 2000). In contrast, gain-
of-function mutations can overcome the problems caused
by gene redundancy or phenotypic lethality (Weigel et al.
2000, Tani et al. 2004). Once the effect of the induced gene
has been proven, the results obtained can be swiftly applied
to research in crops or vegetables. However, if we have a
clear mutant phenotype in a gain-of-function mutant, it is
not easy to discuss the biological gene function, in contast to
loss-of-function mutants, because the phenotypes obtained
from gain-of-function mutants could be caused by ectopic
expression of the overexpressed genes. Therefore, the phe-
notypes in gain-of-function mutants should be carefully
analyzed. The possibility of gene silencing caused by co-
suppression of the corresponding gene through multiple
generations should also be taken into account when analyz-
ing such gain-of-function phenotypes (Weigel et al. 2000).
In addition to insertional or point mutations, chimeric
repressor silencing technology (CRES-T) was reported as a
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novel method for introducing loss-of-function mutations
for the analysis of redundant plant transcription factors
(Hiratsu et al. 2003). This method provides the missing link
between loss-of-function and gain-of-function mutants,
because loss-of-function phenotypes induced by CRES-T can
be dominant, although the molecular mechanism of the
repression is unknown. The phenotypic information
obtained from the application of CRES-T in Arabidopsis and
six floricultural plants is stored in a web-based interface
(Mitsuda et al. 2008) (Table 2). RNA interference (RNAI) is
another possible method to overcome the difficulties posed
by gene redundancy and to generate phenotypes using a
multigene knockdown procedure. Systematic preparation of
vectors and RNAI resources for Arabidopsis genes is pro-
gressing in the AGRIKOLA (Arabidopsis Genomic RNAi
Knock-out Line Analysis) consortium (MASC 2008).

In this review, we have described recent trials of large-
scale phenotype analyses using loss-of-function or gain-of-
function mutants. It will be intriguing to see how much the
phenotypic population analyzed by phenome approaches
differs when using the two different types of resources. Curi-
ously, many mutants were assigned as having epinastic leaves
in phenotypic data from activation-tagging lines, whereas
only hyponastic leaf mutants were registered in the database
of transposon-tagged lines (Ichikawa et al. 2003, Kuromori
et al. 2006). As another example, several mutants had over-
growth phenotypes (taller plants or high fertility) in activa-
tion-tagging lines, whereas very few such mutants were
found in transposon-tagged lines (Ichikawa et al. 2003,
Kuromori et al. 2006). This tendency might originate from
distinct mutant types, which are repressed by loss of func-
tion or overexpressed by gain of function.

The mutant phenotypes induced by loss of function and
those by gain of function will often be complementary to
each other. In particular, if opposite phenotypes are found in
loss-of-function and gain-of-function mutants of one gene,
this finding would provide information as to the function of
the gene. In general, both approaches should be considered,
because any phenotypic data provide valuable information
on gene function. The combined data from the two types of
mutants will facilitate the identification of gene function,
and the availability of both loss-of-function and gain-of-
function mutant resources can be expected to lead to
profound advances in phenome analysis.
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