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SUMMARY

Owing to duplication events in its progenitor, more than 90% of the genes in the Arabidopsis thaliana
genome are members of multigene families. A set of 2108 gene families, each consisting of precisely two
unlinked paralogous genes, was identified in the nuclear genome of A. thaliana on the basis of sequence
similarity. A systematic method for the creation of double knock-out lines for such gene pairs, designated
as DUPLO lines, was established and 200 lines are now publicly available. Their initial phenotypic characteri-
sation led to the identification of seven lines with defects that emerge only in the adult stage. A further six
lines display seedling lethality and 23 lines were lethal before germination. Another 14 lines are known to
show phenotypes under non-standard conditions or at the molecular level. Knock-out of gene pairs with
very similar coding sequences or expression profiles is more likely to produce a mutant phenotype than
inactivation of gene pairs with dissimilar profiles or sequences. High coding sequence similarity and highly
similar expression profiles are only weakly correlated, implying that promoter and coding regions of these
gene pairs display different degrees of diversification.
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INTRODUCTION

Only 9.7% of the approximately 27 000 protein-coding
genes (TAIR 10; http://www.arabidopsis.org) in the nuclear
genome of the model plant Arabidopsis thaliana code for
unique proteins; all others have at least one additional
homologue (Armisen et al., 2008). Moreover, many of the
latter class form larger gene families, with about 40%
being accounted for by families with more than five mem-
bers and some comprising more than 100 members (AGI,
2000; Cannon et al., 2004; Armisen et al., 2008). Genes can
be amplified by several mechanisms (for recent reviews
see: Van de Peer et al., 2009; Paterson et al., 2010; Rutter
et al., 2012). Single-gene duplications such as tandem
duplications generate tightly linked copies, whereas dupli-
cations resulting from more widespread restructuring pro-
cesses, such as polyploidization (duplication of the whole
genome) or duplications of single chromosomes (aneu-
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ploidy) or large chromosomal segments, can lead to the
rearrangement of large chromosomal regions and thereby
to segmental duplications. Evidence for at least three
major large-scale duplication events has been detected in
the genome of A. thaliana, all of them predating the diver-
gence of Arabidopsis species from Brassica species about
14.5-20.4 million years ago (Bowers et al., 2003; Jiao et al.,
2011). The most recent duplication event encompassed 70-
89% of the genes in the genome (Simillion et al., 2002;
Blanc et al., 2003; Bowers et al., 2003).

Because duplicated genes are redundant in function
immediately after their formation, they are exposed to
genetic fractionation processes (AGl, 2000; He and Zhang,
2005). One gene copy may be lost with no deleterious
effects. Mutations in one or both gene copies may lead
either to a change in gene dosage or to functional divergence

157



158 Cordelia Bolle et al.

between the two. The latter may involve the gain of a
novel function (neofunctionalization) or both gene copies
can retain different subsets of the functional properties of
the ancestral gene (subfunctionalization) (Lynch and
Conery, 2000; Rutter et al., 2012). Duplicated genes can
therefore possess overlapping or redundant functions —
especially if the duplication event is recent — and various
instances of such genetic redundancy have been reported.
Among these instances are several photosynthesis-related
proteins, such as PsaD, PsaE, plastocyanin and PGRL1,
which are encoded by segmentally duplicated genes and
for which knock-out of both gene copies uncovers pheno-
types not seen in either single mutant (lhnatowicz et al.,
2004, 2007; DalCorso et al., 2008; Pesaresi et al., 2009).
Moreover, it has been demonstrated that 22 core cell-cycle
genes have evolved from segmental duplications (Vande-
poele et al., 2002). Duplications can also lead to the evolu-
tion of extended gene families that exhibit various degrees
of diversification in sequence and expression pattern
(Kolukisaoglu et al., 2002; Meyers et al., 2003; Cannon
et al, 2004; Leister, 2004; Remington etal, 2004;
Abel et al., 2005; Jiang et al., 2006; Maher et al., 2006;
Nakano et al., 2006; Kong et al., 2007; Wang et al., 2009;
Liu et al., 2010; Charon et al. 2012).

Several collections of sequence-indexed T-DNA insertion
mutants have already been constructed for A. thaliana
(reviewed in Bolle et al., 2011). In total, over 600 000 mutant
lines have been generated and flanking sequence tags
(FSTs) of over 325 000 T-DNA insertion lines have been
mapped to the reference genome sequence (A. thaliana
accession Columbia 0). More recently, a project was initi-
ated with the intention of generating two independent
homozygous T-DNA insertion lines for each nuclear Arabid-
opsis gene (O’Malley and Ecker, 2010). Such homozygous
lines are a prerequisite for the direct assessment of gene
function and will enable efficient genome-wide forward
genetic screens. Gene silencing by small interfering RNAs
or by artificial microRNAs is also an important tool in the
study of gene function and can also be applied to the silenc-
ing of gene families (Ossowski et al, 2008). However,
whereas double mutations caused by T-DNA insertions are
stably inherited, leakiness and silencing of RNA-based gene
inactivation approaches have been occasionally observed
(e.g. Gupta et al., 2002; Weigel et al., 2003). Therefore, lines
generated by RNA-based approaches and the DUPLO lines
represent complementary approaches to inactivate gene
pairs, whereas RNA-based approaches alone are the
method of choice to inactivate simultaneously three or
more gene copies, including tandem copies.

Here we report on the generation of a collection of double
knock-out mutants (DMs) specifically targeted to the mem-
bers of highly homologous, but genetically unlinked, gene
pairs, and derived from sequence-indexed T-DNA mutant
lines with a Col-0 genetic background. This collection,

termed ‘GABI-DUPLOQ’, is available at the Nottingham Ara-
bidopsis Stock Centre (NASC) and will complement the
existing sequence-indexed single-mutant collections by
allowing one to bypass the effects of genetic redundancies
arising from segmental duplications in systematic forward
and reverse genetic screens. An initial phenotypic charac-
terisation of 200 GABI-DUPLO lines is described here; we
demonstrate that the probability that a DM line will display
a phenotype increases with the degree of similarity in
expression pattern or protein sequence between the two
genes considered.

RESULTS
Selection of gene pairs for the GABI-DUPLO collection

To unmask the functions of genes that are represented by
two copies in the A. thaliana genome through the analyses
of DM phenotypes, we selected gene pairs that were highly
likely to have redundant or overlapping functions. To this
end, we employed two selection criteria, namely overall
sequence similarity and number of homologous gene cop-
ies. In the first step, we selected protein-coding A. thaliana
genes that have high sequence similarity at the amino acid
sequence level (>60% similar amino acids and <20% gaps
in a global Needleman-Wunsch alignment). This analysis
resulted in a set of 26 982 pairwise combinations of closely
related genes fulfilling this criterion (Figure 1). To identify
true gene pairs, combinations that had at least one addi-
tional (third) homologue in the A. thaliana genome at the
same similarity threshold were eliminated. This action
resulted in a set of 2594 gene pairs. Paired genes located
<7.5 Mbp apart on the same chromosome were not con-
sidered further as their proximity would have prevented
the efficient generation of DMs, so that only 2108 gene
pairs were ultimately selected for analysis (Figure 1).

When these 2108 gene families, each made up of exactly
two genetically unlinked members, were analysed for their
known or predicted molecular function, as well as the bio-
logical process they are involved in and the subcellular
localization of their products (Figures 2 and S1), the set
showed no obvious enrichment for any particular category
(relative to the entire A. thaliana genome). However, genes
coding for proteins whose molecular function is unknown
(14 versus 20% within the whole genome), biological
context unclear (5% versus 8%) or subcellular localization
undetermined (9 versus 19%) are slightly underrepresented
among the 2108 gene pairs, whereas the functional catego-
ries ‘transcription factor activity’ and ‘DNA/RNA binding’
are slightly overrepresented (6/9 versus 3/7%).

The GABI-Kat and SALK collections were analysed for the
presence of T-DNA insertion alleles of both members of
each of the 2108 gene pairs (Alonso et al., 2003;
Kleinboelting et al., 2012). To obtain loss-of-function alleles
of the genes of interest, only alleles with a (predicted)
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insertion in the region between the start and stop codon
(i.e. exon or intron regions and referred to here as
‘CDS + intron” or ‘CDSi’ insertions) were considered. Such
insertions were identified for 1294 of the gene pairs (Fig-
ure 1). However, because some CDSi insertions were either:

Total
370,069,615

l

With high homology: >60% similarity, <20% gaps
26,982

l

Without additional close homologues
2594

l

Physically unlinked: >7.5 Mbps distance
2108

l

With CDSi insertion alleles for both genes
1294

After elimination of 83 unsuitable gene pairs
1211

Figure 1. Flow chart that depicts the selection of lines for the DUPLO collection.
The total number of all possible pairwise combinations for the 27 206 protein-
coding genes in A. thaliana is 370 069 615. The stepwise selection of gene pairs
is illustrated. Note that the number of gene pairs with CDSi alleles for both genes
depends on the availability of insertion alleles and can change either when new
alleles become available or when flanking sequence tag (FST)-based predictions
are modified, for instance upon re-annotation of genes in the TAIR database. In
the final selection step, gene pairs were excluded if the insertion was not found
to be located within the CDS (after updating of TAIR to version 10), or the allele
could not be confirmed, or if one or both parental lines were known to be lethal.
For further details see main text and Experimental Procedures.

2108-gene-pair set
1%, 1%

whole genome
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(i) unavailable; (ii) no longer annotated as CDSi insertions
in version 10 of the TAIR database; (iii) could not be con-
firmed by polymerase chain reaction (PCR); or (iv) known to
be lethal; we finally obtained mutant alleles for 1211 gene
pairs that fulfilled all criteria for setting up a DM collection
(Figure 1) (for a full list see: https:/www.gabi-kat.de/
double-mutant-lists/duplo-gene-pairs.html). Obviously, this
list reflects the availability of insertion alleles at the time of
writing and will be expanded as new insertion alleles
become available.

Generation of homozygous DM lines

The generation of homozygous DMs usually requires at
least 8 months. Parental single-mutant lines were first
analysed by PCR and amplicon sequencing for the pres-
ence of the T-DNA insertion allele of the gene of interest.
These ‘confirmation amplicon’ sequences were evaluated
to deduce the position of the insertion, and only confirmed
CDSi alleles were used for further steps in the workflow. If
the putative CDSi allele could not be confirmed by
sequencing, we tried to obtain a more suitable allele from
the GABI-Kat or SALK collection. If this confirmation was
not possible, the respective pair was removed from the
workflow (see Figure 1). Lines that contained confirmed
CDSi alleles were then genotyped using two different pri-
mer pairs. The ‘genotyping amplicon’ targets the wild-type
allele, spans the entire insertion site in the mutant line and
is generated only if the inserted T-DNA is not present. The
‘confirmation amplicon’ (see above) targets the insertion
allele and is identical to the amplicon sequenced during
confirmation (see Experimental Procedures and Figure S2).

In the next step, the parental lines that were homozygous
or at least heterozygous for the insertion in each member
of a given gene pair were crossed. F1 plants were allowed
to self-pollinate if the presence of the two expected inser-
tion alleles could be confirmed by PCR (Figure 3). About 54

1% 0% = Unknown
A m Transferase

= Other binding

m Other enzyme activity

¥ Hydrolase

= DNA or RNA binding

= Nucleotide binding

® Protein binding
Kinase

® Transcription factor

= Transporter

= Other molecular functions
Nucleic acid binding
Structural molecule
Receptor

Figure 2. Distribution of the proteins encoded by the 2108 gene pairs according to their predicted molecular function.
The molecular functions of the proteins encoded by the 2108 gene pairs (left panel) and by the entire A. thaliana genome as control (right panel) were deter-
mined and displayed in a pie chart using the Gene Ontology (GO) annotation tool on the TAIR website (http://www.arabidopsis.org/tools/bulk/go/index.jsp).
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Figure 3. Workflow used for the systematic generation of DMs.

Parental lines (P1 and P2) were crossed to generate an F1 generation. After
selfing, the F2 generation was genotyped to isolate double knock-out
mutants (DMs). If no homozygous DM could be obtained, this step was
repeated in the F3 generation. Seeds from homozygous DM lines were
bulked in the next generation for distribution. Phenotyping was done in the
F3 or F4 generation.

individual F2 plants were then propagated on soil and
genotyped by PCR to identify plants that were homozygous
for both insertions. Genotyping of the DMs with respect to
the insertions in the two duplicated genes was performed
by four PCRs, amplifying ‘confirmation’ and ‘genotyping
amplicons’ for each of the two mutant alleles (Figure 3).

If no DUPLO line could be identified in the F2 genera-
tion, the offspring of an F2 line that was homozygous for
one insertion and heterozygous for the other was allowed
to self. The segregating F3 generation was propagated on
plates of sucrose-containing media to allow heterotrophic
growth, and genotyped by PCR (Figure 3). Propagation on
sucrose-containing medium not only permitted the rescue
of some mutants with defects that interfere with photo-
autotrophy or normal seedling development but also
enabled us to identify non-germinating seeds, which are
characteristic for embryo lethality. If segregation of the F3
seeds also failed to yield any homozygous DM, these pairs
were classified as ‘homozygous DM absent’ and are likely
to be lethal as DMs. In the F3 or F4 generation the geno-
type of homozygous DMs was rechecked and plants were
evaluated phenotypically in the greenhouse.

So far, we have generated 200 DMs that were either
homozygous for both mutations, or homozygous for one

mutation and heterozygous for the other, and that are
designated in the following as ‘DUPLO lines’ (Table S1).
According to the Plant Genome Duplication Database
(http://chibba.agtec.uga.edu/duplication/index/home) 145
(or 72%) of the 200 gene pairs are located within large seg-
mental duplications (Tang et al., 2008a,b).

DUPLO lines that display mutant phenotypes at the
adult stage

During phenotypic evaluation at the F3 or F4 stage we
looked for changes in growth and development at different
time points. The first evaluation for size and pigmentation
took place 14 days after germination (dag). Leaf coloration,
rosette size, leaf form and early bolting were evaluated at
30 dag. Once the plants had flowered, their branching
pattern, overall height and fertility were monitored. Seven
DUPLO lines that deviated from WT plants with respect to
chlorophyll content, size or developmental behaviour were
identified (Table 1), and this class of mutants was referred
to as DMs with an ‘adult phenotype’, because these plants
survived to the adult stage and into the reproductive
phase. All of these mutants displayed reduced or dwarfish
growth, and three mutants had a reduced photosynthetic
efficiency. These lines are described in more detail in the
following. Unless otherwise noted, the parental single
mutants behaved like WT.

The DUPLO-195 line is a cross of the loss-of-function line
of TON1 recruiting motif 3 (trm3, at1g18620) and trm4
(at1g74160). Some members of the TRM protein family
have been shown to interact with TON1 and are involved
in microtubule organisation at the cortex (Drevensek et al.,
2012). The DM and trm4 show late flowering and a reduced
height of the inflorescence, whereas trm3 did not show
any visually discernible phenotype (Figure 4a). In addition,
DM leaves are smaller and occasionally rolled and display
a reduced effective quantum efficiency of photosystem I
(®y) (Table 2 and Figure 4a).

The DUPLO-932 line is dwarfed as it forms very small
rosettes (about 30% of the WT diameter), and flowering is
much delayed under long-day greenhouse conditions
(Table 2 and Figure 4b). The molecular function of the two
genes mutated (At2g41770 and At3g57420), which are
expressed ubiquitously in the plant, is not yet known, and
the parental lines show no deviation from WT.

In the DUPLO-998 line (at5g18180 at3g03920), two
genes that code for the GAR1 subunit of the H/ACA ribo-
nucleoprotein complex, which has been shown in mam-
malian systems to have a pseudouridine synthase activity
and is important for rRNA folding and ribosome function
(Watkins and Bohnsack, 2012), are defective. Although
these two genes appear to be the only GAR1 ortho-
logues in Arabidopsis, the DM plants are viable but
display reduced growth and later flowering (Table 2 and
Figure 4c).

© 2013 The Authors
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Table 1 List of DUPLO lines displaying a mutant phenotype at the adult or seedling stage. The Pearson correlation coefficient (PCC) from an
all-against all comparison of 170 microarray experiments based on the Affymetrix ATH1 platform is provided in the last column

Pair ID Gene pair Protein description Phenotype PCC
Adult phenotype
195 At1918620; TRM3; TRM4 Smaller plant size, later flowering 0.71
At1g74160
932 At2941770; Expressed proteins Dwarfed, later flowering 0.88
At3957420
998 At5g18180; H/ACA ribonucleoprotein complex, Smaller plant size, later flowering 0.61
At3903920 subunit Gar1/Naf1 proteins
2261 At1g04300; TRAF-like superfamily proteins Bushy plant, shorter petioles, stunted 0.92
Atbg43560
2268 At3g11910; UBP13; UBP12 Extremely small, dies often on soil; Ewan et al., 2011 0.91
At5g06600 (conditional phenotype)
2589 At1g66180; Eukaryotic aspartyl protease family Smaller plant size 0.68
Atbg37540 proteins
2647 At1951340; MATE efflux family protein; FRD3, Smaller plant size, less chlorophyll 0.61
At3908040 MAN1
Seedling lethal
211 At1976090; Sterol methyltransferase 3; CVP1 Seedling extremely small, not viable; Carland et al., 2010 0.78
At1920330 (smaller and bushy, short siliques, poor seed yield)
713 At1g76490; HMGR1; HMGR2 Seedling extremely small, not viable; Suzuki et al., 2009 0.68
At2917370 (male gametophytes lethal)
1569 Atbg47420; Tryptophan RNA-binding attenuator Seedling extremely small, dies early 0.89
Atdg17420 protein-like proteins
2098 At4924330; Proteins of unknown function Seedling extremely small, not viable 0.91
At5g49945 (DUF1682)
2490 At1g23310; GGT1; GGT2 Seedling extremely small, dies early 0.76
At1970580
2543 At1g74910; ADP-glucose pyrophosphorylase Seedling extremely small, not viable 0.72
At2904650 family proteins

The two genes (At1g04300 and At5g43560) defective in
the DUPLO-2261 line code for tumor necrosis factor (TNF)
receptor-associated factor (TRAF)-like proteins. Mammalian
TRAF proteins have important signalling functions, espe-
cially as interacting partners of the TNF (Lee and Choi,
2007). While DUPLO-2261 seedlings are only slightly smal-
ler than WT seedlings, adult DMs are strongly stunted and
bushier, although their siliques are WT-like in size and the
plants are fertile (Table 2 and Figure 4d). Additionally, the
efficiency of photosynthesis is reduced. Both genes seem
to be expressed in all parts of the plant (Arabidopsis eFP
Browser; Winter et al.,, 2007), with At1g04300 being
expressed at higher levels in the later stages of seed devel-
opment.

The DUPLO-2268 line is defective for the two ubiquitin-
specific proteases UBP12 (At5g06600) and 13 (At3g11910),
which show very high similarity in both sequence (95.2%
at protein level) and expression pattern (Pearson correla-
tion coefficient (PCC) = 0.91). The DM plants are extremely
small compared with the parental single mutants and pro-
duce few seeds, if any (Table 2 and Figure 4e). Plants have
to be pre-grown on medium to allow survival on soil. Also
the parental line ubp12is not able to grow on soil, whereas
ubp13is only slightly smaller than WT. DUPLO-2268/ubp12

© 2013 The Authors

ubp13 resembles phenotypically the triple mutant ubp15
ubp16 ubp17 (Liu et al., 2008), which suggests additional
redundancy within this gene family. Ewan et al. (2011)
described ubp12 ubp13 plants as being more susceptible
to the virulent Pseudomonas syringae pv. tomato than WT,
but displaying a WT-like growth behaviour. The loss-
of-function allele for UBP13 used by Ewan et al. (2011) dif-
fered from the one used in our study, a finding that might
explain the discrepancies in the phenotypes observed.

The genes inactivated in DUPLO-2589 encode eukaryote-
specific aspartyl proteases (At1g66180 and At5937540).
Genes for more than 50 A1l-type aspartic proteases have
been identified in Arabidopsis but the functions of their
products are essentially unknown (Beers et al., 2004).
Some functions may be important for disease resistance
and programmed cell death. The phenotype of the DM was
not very pronounced, but the stature of the plants was
slightly smaller than WT (Table 2 and Figure 4f).

The DUPLO-2647 line corresponds to the DM at1g51340
at3908040. At3g08040 codes for the MATE efflux family pro-
tein MAN1 or FERRIC REDUCTASE DEFECTIVE3 (FRD3).
FRD3 has previously been shown to control iron localization
and to act as an efflux transporter of the efficient iron chela-
tor citrate, and the frd3-1 mutant has been characterised as

The Plant Journal © 2013 John Wiley & Sons Ltd, The Plant Journal, (2013), 75, 157-171
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(a) Col-0 Col-0  al1g74160 DUPLO-195  at1g18620 DUPLO-195

(b)  col0 DUPLO-932 at2ge1770  at3g57420

(d) DUPLO-2261 (e) DUPLO-2268  DUPLO-2268

Col-0

() coro at1g66180 DUPLO-2589 at5g37540  Col-0 at1g66180 DUPLO-2589 at5g37540 (9) DUPLO-2647  DUPLO-2647

at1g08410/ at1g08410

(h) Cal0 DUPLO-1569 DUPLO-1569 () azg27200/ at2g27200

Figure 4. Phenotypes of selected DUPLO lines.

(a) DUPLO-195 has a smaller rosette and shorter inflorescence compared with wild-type (WT) (Col-0). The phenotype is more severe than in the parental line
at1g74160. Additionally, rolled leaves can be observed in the double knock-out mutants (DM) (see arrow).

(b) For DUPL0O-932 a smaller and more compact rosette can be observed.

(c) DUPLO-998 is slightly smaller compared with the WT and the parental single-mutant lines.

(d) DUPLO-2261 is only slightly smaller compared with WT at 30 dag (left panel), but the adult plant displays a stunted phenotype with fertile siliques (right
panel).

(e) DUPLO-2268 is dwarfed but capable of flowering and setting seeds if pre-grown on medium.

(f) DUPLO-2589 is slightly smaller compared with WT and the parental single-mutant lines.

(g) A chlorotic phenotype can be observed for DUPLO-2647, which impairs autotrophic growth.

(h) DUPLO-1569 displays strong growth retardation, which leads to seedling lethality.

(i) DUPLO-810 plants, which are heterozygous for the at2927200 mutant allele, have many floral stems, but are infertile because the siliques do not develop
(arrows).

Phenotypes were imaged on soil at the rosette stage (30 dag), at flowering (39 dag) or on media plates after 14 days. White bar = 1 cm, red bar =5 cm.

© 2013 The Authors
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Table 2 Physiological characterisation of mutant lines with phenotypes at the adult stage. At least six plants of DM lines, parental lines and
WT were grown side-by-side

Length of Length of
Length of inflorescence inflorescence
longest leaf Flowering (in % of WT (% of mature
) (in % of WT) time (dag) at 39 dag) WT plants)

WT (Col-0) 0.72 + 0.02 100.00 + 19.74 28.0 + 1.4 100.00 + 10.1 100.0 + 6.5
DUPLO-195 0.68 + 0.03* 68.87 + 8.96*% >31% 17.5 £ 12.5% 47.3 + 17.6%
at1918620 0.70 + 0.02 97.49 + 5.93 27.1 £ 0.5 103.1 + 15.6 101.2 £ 7.5
at1g74160 0.72 + 0.04 80.75 + 6.08 >31* 17.1 £ 15.2* 49.9 + 14.2*%
DUPL0O-932 0.71 £ 0.01 29.90 + 10.4* >31% 13.7 + 4.6% 42.4 + 5.9*%
at3g57420 0.72 + 0.02 99.04 + 14.75 27.7 £ 2.2 121.4 £ 125 99.3 + 4.8
at2g41770 0.74 + 0.02 92.75 + 11.69 27.2 + 1.1 99.3 + 15.8 91.3 £ 8.1
DUPL0O-998 0.73 £ 0.01 73.94 + 12.18*% >31% 85.6 &+ 9.9*% 98.2 £ 9.3
atbg 18180 0.74 + 0.02 83.77 + 2.66 281+ 0.4 104.1 + 4.9 98.7 +£ 6.3
at3g03920 0.70 + 0.03 77.38 £ 23.11 26.6 + 1.2 104.1 + 14.8 86.0 £ 11.2
DUPLO-2261 0.69 + 0.01* 75.29 + 17.06* 27.2 £ 0.3 24.0 + 9.4* 30.7 + 4.0%
at5g43560 0.72 £ 0.01 97.79 + 7.62 259 + 1.3*% 106.5 + 18.1 89.9 + 6.1
at1g04300 0.71 + 0.03 100.32 + 4.95 25.4 + 1.4* 127.1 + 16.8 93.1 £ 125
DUPLO-2268 nd nd nd nd nd
at5g06600 nd nd nd nd nd
at3g11910 0.72 £ 0.02 71.43 + 17.15* 288 + 2.6 77.3 £ 11.9*% 84.4 + 9.9%
DUPLO-2589 0.71 + 0.01 100.53 + 4.96 26.8 + 1.3 99.0 + 10.2 85.7 + 12.1*
atbg37540 0.72 + 0.03 105.92 + 6.90 26.3 + 2.1 95.1 + 13.8 92.2 + 16.2
at1g66180 0.74 + 0.02 83.88 + 7.63 >31% 80.7 + 10.4* 94.4 +14.7
DUPLO-2647 nd nd nd nd nd
at1g51340 0.73 + 0.01 98.03 + 6.14 >31% 102.6 + 12.6 100.2 + 6.1
at3908040 0.64 + 0.06* 31.02 + 7.79* >31* 5.3 + 10.0*% 27.2 + 18.1*

nd, not determined (because homozygous plants were not able to germinate directly on soil).
The length of the longest leaf (blade plus petiole) and @, (as a marker for photosynthetic activity) were determined at 30 dag. Flowering time
was measured in dag upon appearance of the bolt. The length of the inflorescence was measured after 39 dag and upon maturation.

Statistical significant differences from WT (P < 0.05) are indicated (*).

chlorotic and partially sterile (Green and Rogers, 2004; Ros-
chzttardtz et al., 2011). Our frd3 mutant was also much
smaller than WT, but showed normal fertility, although also
the photosynthetic efficiency was reduced (Table 2). The
T-DNA insertion in the DUPLO allele was close to the 3'-end
of the FRD3 gene, whereas it was more in the middle of the
gene in the frd3-1 allele. Both parental lines were flowering
later than WT. DUPLO-2647 was small and yellowish when
grown on medium (Figure 4g), but some plants survived
and set seeds after being transferred onto soil. This finding
suggests that loss of the second homologous gene
(At1g51340) has a additive effect on the mutant phenotype
caused by the loss of At3g08040.

DUPLO lines that display lethality at the seedling stage

The second class of phenotypes observed in DUPLO lines is
characterised by their failure to reach the reproductive phase,
either because the seedling dies soon after germination or it
is extremely small and stops growing prior to the adult phase
(‘seedling lethal’ phenotype in Table 1). Six lines fall into this
category and are described in the following paragraphs.
DUPLO-211 combines mutations in the CVP1 (At1920330)
and SMT3 (At1g76090) genes, which code for sterol 24-
carbon methyltransferases that catalyse the synthesis of

© 2013 The Authors

structural sterols. The cvp?1 smt3 DM has been described
before as being smaller and bushy, with short siliques and
poor seed yield (Carland et al., 2010). The more dramatic
phenotype observed here might be associated with the fact
that we used different mutant alleles.

In DUPLO-713, two genes (HMGR1/At1g76490 and
HMGR2/At2g17370) for 3-hydroxy-3-methylglutaryl CoA
reductase (HMGR), which catalyses the first committed
step in the mevalonate (MVA) pathway for isoprenoid
biosynthesis in the cytoplasm, are inactivated. The hmgr1
mutant was smaller than WT, but not as drastically dwar-
fed as reported previously (Suzuki et al., 2004). DM plants
germinated and grew into very small and inviable seed-
lings, whereas the DM described by Suzuki et al. (2009)
showed male gametophyte lethality.

In the DUPLO-1569 line, a gene pair coding for two tryp-
tophan RNA-binding attenuator protein-like proteins
(Atbg47420 and At4g17420), predicted to be localized in the
chloroplast and containing at least three transmembrane
domains, are inactivated. DM plants are very small and die
early (Figure 4h). Inactivation of At4g17420 alone in the
heterozygous atbg47420 background already causes a
drastic reduction in plant size, and these very small plants
do not flower.
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In the DUPLO-2098 line, genes for two proteins of
unknown function (At4g24330 and At5g49945) are dis-
rupted. This line produces extremely small and inviable
seedlings. The WT proteins are predicted to possess two
transmembrane domains and to participate in the secre-
tory pathway.

DUPLO-2490 (at1g23310 at1g70580) seedlings also die
early when grown heterotrophically. At1923310 and
At1g70580 are both predicted to be localized in the peroxi-
some, and a glyoxylate aminotransferase activity has been
assigned to each seedling.

In DUPLO-2543, genes for two ADP-glucose pyrophos-
phorylase family proteins (At1g74910 and At2g04650) are
disrupted. DM seedlings are extremely tiny and die after a
few weeks even when grown on sucrose-containing media.

DUPLO lines that display lethality prior to germination

The third and largest group of lines are those that are
unable to generate doubly mutant homozygotes. Even

resegregation of at least 100 seeds on sucrose-containing
medium led only to lines that remained heterozygous for
one insertion and homozygous for the other. One must
therefore assume that the DM dies at a very early stage, and
this ‘absence of homozygotes’ suggests that the DM is either
gametophytic or embryo lethal. For some of these DM lines
(DUPLO-151, -238, -1241, -2212 and -2380) lethality had been
reported in the literature but using different alleles (Table 3).
When the parental single mutants of DM lines that were
incapable of producing homozygous DM embryos were
re-investigated, it was found that in four cases (DUPLO-110:
at2g42910; DUPLO-2394: at2g24500; DUPLO-2666: at5g48950;
DUPLO-2753: at4g08430) already parental single mutants
might be lethal.

About half of these gene pairs with essential functions
seems to be important for metabolic processes. The
proteins they encode are predicted to be phospho-
ribosyltransferases, UDP-galactose transporters, glycosyl hy-
drolases, nucleoside triphosphate hydrolases, sphingolipid

Table 3 List of DUPLO lines that are lethal before germination

Pair ID Gene pair Protein description Phenotype PCC
110 At2942910; At1g10700 Phosphoribosyltransferase Parent At2g42910 may be lethal 0.69
family protein; PRS3
151 At2902810; At1g 14360 UTR1; UTR3 Reyes et al., 2010 (gametophytic 0.89
lethal)
191 Atbg 15870; At1g18310 Glycosyl hydrolase family 81 - 0.37
proteins
213 At1g76300; At1920580 SMD3; snRNP family protein - 0.82
222 At1976850; At1921170 Exocyst complex components - 0.74
SEC5
238 At4g10040; At1922840 Cytochrome C-2; Cytochrome C-1 Welchen et al., 2012 (arrest of 0.74
embryo development)
601 At1921190; At1976860 snRNP family proteins - 0.84
810 At1g08410; At2g27200 P-loop containing nucleoside - 0.70
triphosphate hydrolases superfamily
proteins
1022 At1g916180; At3g06170 Serine-domain containing serine and - 0.85
sphingolipid biosynthesis proteins
1241 At5g40650; At3927380 Succinate dehydrogenase 2-2; Succinate Ledn et al., 2007 (essential for 0.92
dehydrogenase 2-1 gametophyte development)
1361 At2938700; At3954250 MVD1; GHMP kinase family protein - 0.86
1545 At3922440; At4g 14900 FRIGIDA-like proteins - 0.87
1641 Atbg55120; At4926850 VTC5; VTC2 Dowdle et al., 2007 (seedling 0.66
lethal)
2212 At5909740; At5964610 HAM2; HAM1 Latrasse et al., 2008 (lethal) 0.86
2253 At1953850; At3g14290 PAE1; PAE2 - 0.95
2257 At5966140; At3951260 PAD2; PAD1 - 0.94
2341 At1g17890; At1973250 GER2; GER1 - 0.85
2349 At1g74040; At1918500 IPMS2; IPMS1 - 0.85
2361 Atbg60550; At3945240 GRIK2; GRIK1 - 0.84
2380 At1965660; At4g37120 SMP1; SMP2 Clay and Nelson, 2005 (lethal) 0.83
2394 At2924500; At4931420 FZF; Zinc-finger protein 622 Parent at2g24500 may be lethal 0.82
2666 At1g48320; Atbg48950 Thioesterase superfamily proteins Parent at5g48950 may be lethal 0.59
2753 Atbg45570; At4908430 Ulp1 protease family proteins Parent at4g08430 may be lethal 0.49

PCC, Pearson correlation coefficient.
For all these lines, no homozygous double knock-out mutants (DM) plant could be obtained. Additional information, including the used
T-DNA insertion alleles are provided in Table S1.
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biosynthesis proteins, succinate dehydrogenases, mevalo-
nate diphosphate decarboxylases, guanylyltransferases,
histone acetyltransferases, NAD(P)-binding Rossmann-fold
superfamily proteins, 2-isopropylmalate synthases and
thioesterases (Table 3). Other gene products are constituents
of multiprotein complexes such as cytochrome ¢, snRNP core
proteins, exocyst complex components, small nuclear ribo-
nucleoprotein family proteins, subunits of proteasomes and
pre-mRNA splicing interacting factor. Only a few proteins,
such as FRIGIDA-like proteins, kinases, Ulp1 protease family
proteins and zinc-finger proteins, seem to be involved in
signal transduction.

In DUPLO-810, genes At2927200 and At1g08410 for two
members of the P-loop-containing nucleoside triphosphate
hydrolase superfamily are disrupted. Each of the parental
single mutants was partially sterile (Figure 4i).

DUPLO lines that show phenotypes under non-standard
conditions or at the molecular level

DUPLO lines that do not exhibit a visually discernible phe-
notype under greenhouse conditions might still display a

The DUPLO collection of Arabidopsis double mutants 165

phenotype when exposed to special conditions (such as
stress or special lighting conditions) or at the molecular
level (for instance altered transcript or metabolite profiles).
The prevalence of such lines in the DUPLO collection was
assessed on the basis of literature searches. These lines
revealed that, for 14 DMs with counterparts in the DUPLO
collection, phenotypes had been identified which would
not have been detectable in our initial phenotypic screen
of greenhouse-grown plants (Table 4). This finding indi-
cates that the detailed analysis of DMs can lead to the
discovery of additional phenotypes. For example, the DM
pif4 pif5 (DUPLO-2409) shows a hypersensitive phenotype
at lower fluence rates of far-red light (Lorrain et al., 2009),
whereas the DM far1 fthy3 (DUPLO-1196) has an elongated
hypocotyl under far-red light, even longer than those hy-
pocotyls seen in each of the single-mutant parents (Wang
and Deng, 2002). The counterpart of the DUPLO-1202 line
showed no visible phenotype under our growth conditions
but, in a more detailed analysis, Rossini et al. (2006)
have demonstrated that the DM shows a slight reduction
in the chlorophyll content in mature leaves and a less

Table 4 List of DUPLO lines displaying a phenotype under non-standard conditions or at the molecular level

Protein

Pair ID Gene pair description Phenotype References PCC

148 At2902950; PKS1; PKS2 Involved in phyA-mediated VLFR Lariguet et al. (2003) 0.74
At1g14280

380 At3919280; FucTA; FucTB Variation of the complex-type N-glycans Strasser et al. (2004) 0.68
At1g49710

1196 At4g15090; FAR1; FHY3 Elongated hypocotyl under far-red light Wang and Deng (2002) 0.85
At3922170

1202 At4g14690; ELIP2; ELIP1 Reduced chlorophyll content, less accumulation Rossini et al. (2006), 0.79
At3922840 of zeaxanthin in high light,; altered germination Rizza et al. (2011)

under abiotic stress

1210 At2948110; REF4; RFR1 Enhanced expression of phenylpropanoid Bonawitz et al. (2012) 0.75

At3923590 biosynthetic genes, increased accumulation of
downstream products

2376 At1951590; MNS1; MNS2 Aberrant Man(8)GlcNAc(2) accumulation Liebminger et al. (2009) 0.83
At3921160

2409 At2g43010; PIF4; PIL6 Hypersensitive to lower fluence rates of Lorrain et al. (2009) 0.81
At3959060 far-red light

2412 At4931920; ARR10; ARR12 Inhibition of root elongation, green callus Yokoyama et al. (2007) 0.81
At2925180 formation from root explants

2429 Atbg45110; NPR3; NPR4 Elevated PR-1 expression, enhanced resistance Zhang et al. (2006) 0.80
Atdg 19660 to virulent bacterial and oomycete pathogens

2440 At1g50890; SP2L; CN, Enhanced right-handed helical growth Yao et al. (2008) 0.79
At4g27060 SPR2, TOR1

2474 Atbg47230; ERF5; ERF6 Increased susceptibility to B. cinerea, JA-induced Moffat et al. (2012) 0.77
Atdg17490 gene expression reduced

2488 At2931650; ATX1; ATX2 Involved in FLC activation and histone methylation Yun et al. (2012) 0.76
At1905830

2653 At1927320; AHK3; CRE1 Reduced responsiveness to cytokinin Franco-Zorrilla et al. (2005), 0.60
At29g01830 Riefler et al. (2006)

2668 At1g77130; GUX3; GUX1 Shorter GIcA and MeGIcA side chains on Lee et al. (2012) 0.59
At39g18660 xylan in the cell wall

PCC, Pearson correlation coefficient.
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accumulation of zeaxanthin in high light conditions. For
the DM corresponding to DUPLO-380 structural variations
in complex-type N-glycans have been detected using
MALDI-ToF mass spectrometry (Strasser et al., 2004).

The relationship between mutant phenotype frequency
and gene pair characteristics

Taking all phenotypes together, we were able to attribute
some phenotypic and/or developmental deviation from the
WT to 50 of the 200 DUPLO lines investigated. For all DU-
PLO gene pairs, a multidimensional Arabidopsis mRNA
expression dataset comprising 1765 expression arrays was
used to rank these pairs according to the degree of similar-
ity between their expression profiles by global correlation.
The expression dataset covers a large range of biological
processes, including hormone and light treatments,
mutant analysis, biotic and abiotic stresses, various tissues
and developmental stages (Haberer et al., 2006).

To investigate whether a correlation exists between
similarity of expression pattern and the frequency of DM
mutant phenotypes observed, the frequency of DM pheno-
types was plotted against the PCC values for the corre-
sponding gene pairs (Figure 5). This comparison clearly
showed that gene pairs with very similar expression pro-
files, i.e. a high PCC value, are more likely to result in DM
phenotypes than gene pairs with lower PCC values.
Similarly, gene pairs with high sequence similarity also
displayed a trend towards a high mutant phenotype
frequency (Figure 5). When we correlated expression simi-
larity and coding sequence similarity of the gene pairs, we
obtained PCC values of 0.40 (for the 50 DUPLO lines with
phenotypes) and 0.24 (for all 200 DUPLO lines), indicating
that high expression similarity is not necessarily associated
with high coding sequence similarity and vice versa. In
consequence, our data suggest that duplicated genes that
display high coding sequence similarity or expression
profiles more frequently result in DM phenotypes.

Public availability of DUPLO lines

The DUPLO lines are available through NASC, together
with the corresponding parental single-mutant alleles. For
DUPLO lines that are not viable or do not produce suffi-
cient seed (see above and Table S1), the segregating F2 or
F3 population will be distributed. Information on the paren-
tal alleles, primers used for genotyping and the initial phe-
notypic evaluation will be available at http://www.gabi-kat.
de/duplo.html (see Figure S3).

DISCUSSION

Gene knock-outs are an important tool in the study of gene
functions in the model plant A. thaliana (reviewed in Bolle
et al., 2011), but when additional gene copies with overlap-
ping or even redundant functions exist their utility is
limited. About one-sixth of the genes in the Arabidopsis
genome are present in multiple copies which may have
overlapping or even fully redundant functions. In such
cases, single-gene knock-outs are likely to be uninforma-
tive. Because we selected pairs of clearly paralogous genes
that have no other close relatives in the genome, the
function(s) they mediate should be fully inactivated in the
DUPLO lines, as interference due to functional overlap with
a third gene is quite unlikely. Practical applications of
DUPLO lines include the phenotypic characterisation of
individual DMs in reverse genetics approaches, but also
extend to systematic forward genetics screens such as
those already established for conventional (single) mutant
collections. Because most of the unwanted secondary
mutations have been segregated out in the F2 and F3
generations, phenotypic effects unrelated to the inactivated
gene pairs should be rare.

Comparison with published data

When the phenotypes observed in this study were com-
pared with published results, some differences were
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observed. In several cases we observed less severe mutant
phenotypes than those described previously. Thus, the
lines DUPLO-2332 and -2572 and their parental single
mutants were viable, despite the fact that embryo lethality
had previously been reported for other alleles of one paren-
tal single mutant of each gene pair (DUPLO-2332: SCO3,
Albrecht et al., 2010; DUPLO-2572: BUB3.1, Lermontova
et al., 2008). Similarly, for one of the two genes mutated in
DUPLO-2693 (At1g76620), which codes for a protein of
unknown function, a mutant phenotype with altered seed
pigmentation was observed (Bryant et al., 2011; pde339). In
our hands, DUPLO-2693 was WT-like.

Conversely, in several cases we observed more severe
mutant phenotypes than reported before. Thus the pheno-
type of DUPLO-2268 (very small und barely viable on soil)
was more severe than the one described by Ewan et al.
(2011), who found no obvious growth defect. This differ-
ence might be related to the fact that different alleles were
used for UBP12 and UBP13, although the DUPLO insertions
were closer to the 3' end of the coding regions than the
insertions in the allele used by Ewan et al. (2011). Also for
DUPLO-211 (cvp1 smt3) we observed a more pronounced
phenotype: here seedlings were lethal, whereas the DM
described by Carland et al. (2010) (which carried a different
smt3and cvp1 allele; the cvp1 allele was derived from EMS
mutation screen in contrast to the DUPLO lines which car-
ries a T-DNA insertion close to the 3'-end of the gene) was
characterised by discontinuities in the vein pattern of the
cotyledon, defective root growth, loss of apical dominance,
sterility, and homeotic floral transformations. The vtc2 vtch
line, analysed by Dowdle et al. (2007), is disrupted at a step
in the ascorbate biosynthetic pathway and shows growth
arrest immediately upon germination and the cotyledons
subsequently bleach. Its counterpart, DUPLO-1641, gener-
ated from two different alleles, was lethal before germina-
tion in our hands, and even supplementation with
L-galactose failed to rescue seedlings. In this case the inser-
tion in our allele used for vitc5 was closer to the ATG codon
compared with the ones used by Dowdle et al. (2007),
although localized within an intron. The allele used for vic2
by Dowdle et al. (2007) had a single base exchange at the
predicted 3’ splice site of intron 5, which produces a trun-
cated mRNA at a reduced level, whereas the DUPLO allele
contains a T-DNA insertion between the sixth and seventh
exon. The alleles used to generate DUPLO-713 also differ
from those examined by Suzuki et al. (2009): for hmg1 both
insertions are within the first exon, but for hmg2 the allele
used by Suzuki et al. (2009), was in the third exon, whereas
the DUPLO allele had an insertion in the first exon). This
finding could explain the difference between the pheno-
types found — gametophytic lethality in the earlier report
and seedling lethality in this study.

In summary, we found eight instances in which the DM
phenotypes observed in this study differed from those
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described before. The most plausible explanation for such
differences is that they result from the use of different
mutant alleles as insertions within the intron or close to
the 3'-part of the coding region might not lead to complete
knock-out lines. This situation in turn implies that, for DMs
also, combinations of at least two different single-mutant
alleles have to be analysed before one can unambiguously
assign functions to gene pairs. In cases of discrepancies
like those reported above, a third independent DM line
needs to be analysed, together with all available single and
DMs, under the same growth conditions.

Frequency of mutant phenotypes

Our initial phenotyping analysis showed that 13 (or 6.5%)
of the 200 DUPLO lines display a visually discernible phe-
notype (adult phenotype and seedling lethal) under green-
house conditions. This is higher than the frequency of
visible phenotypes observed among 4000 lines with trans-
poson insertions in their coding regions; there 140 lines (or
3.5%) with visually discernible phenotypes were found
(Kuromori et al., 2006). Although the number of DUPLO
lines is still too small to allow robust statistics, this differ-
ence (by a factor of almost two) might indicate that the
DUPLO collection is enriched for lines with phenotypic
variations (adult phenotypes and seedling lethal) when
compared with single-gene mutant collections. Moreover,
we observed 23 lines that were lethal before germination
and 14 lines for which phenotypes that become manifest
under non-standard conditions or at the molecular level
had been reported in the literature. Thus, 50 DUPLO lines
(or 25%) displayed a mutant phenotype. Because the distri-
bution of gene functions in the set of 2108 gene pairs (from
which the 200 DUPLO lines were selected) was similar to
that for the whole genome (see Figure 2), we speculate
that these 200 gene pairs were enriched for housekeeping
functions which, when mutated, result in obvious pheno-
types visible in our initial screen (see below). Within the
set of 50 lines with phenotypic deviations from WT, lines
that contained mutated gene pairs with either highly simi-
lar expression pattern or sequence were clearly overrepre-
sented (see Figure 5). Because we found no strong
correlation between high coding sequence similarity and
highly similar expression profiles, it appears that promoter
and coding regions of gene pairs can display different
degrees of diversification. Assuming that the 50 gene pairs
with clear mutant phenotypes are enriched for housekeep-
ing functions and possess either similar promoter regions
(resulting in similar expression profiles) or similar coding
sequences, we speculate that housekeeping genes are
under a special type of post-duplication selection. This
type of selection conserves promoter or coding regions, or
sometimes both (see PCC of 0.40 for sequence similarity
and expression similarity in case of the 50 gene pairs
resulting in phenotypes), and might serve to stabilise
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theexpression level of gene products with housekeeping
functions.

EXPERIMENTAL PROCEDURES
Selection of candidate genes

To identify paralogous genes coding for very similar proteins, we
conducted an all-against-all BlastP comparison of all A. thaliana
genes (TAIR version 6) and selected for gene pairs with an
e-value <107'°. Preselected pairs were subjected to an optimal
global alignment and paralogues with <20% gaps and a minimal
alignment similarity >60% were retained. These relations were
projected onto a similarity graph, on which genes were repre-
sented by nodes and retained gene pairs were connected by
edges. Paralogous gene clusters were computed as connected
components. Gene pairs that were <7.5 Mbp apart in the genome
were not considered further. This step removed tandemly
repeated and genetically closely linked genes, for which it would
be difficult to obtain homozygous DMs by genetic crosses. The
availability either in the GABI-Kat or SALK collection of alleles
with an insertion within the coding region was a prerequisite for
the generation of DM lines in the Col-0 background. During the
course of the project the annotation was updated to version 10
of TAIR, and the locations of insertions in lines assigned to DU-
PLO pairs were re-evaluated. Insertions outside of the coding
region or the 5'-UTR were swapped for better alleles, if available.

To evaluate the over- and under-representation of genes in the
collection, the Database for Annotation, Visualization and Inte-
grated Discovery (DAVID) v6.7 was used (Huang da et al., 2009a,
b). The graphs for functional categorisation were generated using
the TAIR annotation tool (http://www.arabidopsis.org/tools/bulk/
go/index.jsp).

Expression similarities were calculated as PCCs from an all-
against-all comparison of 170 microarray experiments (1765 indi-
vidual expression arrays) based on the Affymetrix ATH1 platform.
The experiments comprise the AtGenExpress and the NASC
release three datasets (http:/affymetrix.arabidopsis.info/narrays/
experimentbrowse.pl). Probe sets were realigned to the TAIR ver-
sion 6 annotation and analysed as described previously (Haberer
et al., 2006).

Growth conditions

All lines were grown on standard soil in the greenhouse. Plants
were fertilised with a liquid nitrogen-phosphate-potassium fertil-
iser as recommended by the manufacturer. For growth on agar
medium, seeds were surface-sterilised and sown on agar plates
containing 1x MS (Sigma-Aldrich, http://www.sigmaaldrich.com/
germany.html), 3% sucrose, 0.01% myo-inositol, 0.05% MES, vita-
mins (biotin, nicotinic acid, pyridoxine, thiamine). For selection of
T-DNA-containing T2 plants of GABI-Kat lines, 5.25 ug ml~" sulfa-
diazine was added to the plates. Segregation of the F2 or F3 gen-
eration was in part performed on 1x MS medium including 1%
sucrose.

Selection of primers

For each individual T-DNA insertion allele, an allele-specific pri-
mer was designed using scripts based upon the program PRIMER3
(Rozen and Skaletsky, 2000), taking into account the predicted T-
DNA insertion position, the orientation of the T-DNA insertion, a
desired amplicon size of 400-760 bp, and a T, of about 60.5°C.
The allele-specific primers were used together with T-DNA bor-
der primers, which are specific either for the GABI-Kat or SALK

T-DNA. We refer to the resulting fragments as ‘confirmation
amplicons’. The T-DNA insertion positions were deduced from
the sequences of the confirmation amplicons (Kleinboelting
et al., 2012). Amplicons designed to show presence/absence of
the wild-type alleles (‘genotyping amplicons’) are based on
primer pairs that span the deduced insertion sites. In this case,
one of the allele-specific primers for the confirmation amplicon
was routinely used together with a primer based on genomic
sequences located at the opposite side of the insertion and
designed with prRIMER3 (Figure S2). The size range of the genotyp-
ing amplicons was 540-1260 bp. If synthesis of the initially
designed amplicon failed, primers were redesigned. All primers
shown in this work and on the website were experimentally
verified.

Genotyping

Genomic DNA of the parental lines was prepared from ground
leaf material with a modified CTAB-DNA protocol (Dellaporta
et al., 1983; Jobes et al., 1995). Genomic DNA of the following
generations was extracted from 5 to 10 mg of leaf material from
a 3- to 5-week-old plant. After addition of 400 ul of extraction
buffer (0.2 m Tris/HCI pH 7.5; 0.25 m NaCl; 0.025 m EDTA; 0.5%
SDS) and a stainless steel ball (5 mm diameter) the leaf material
was homogenised by shaking the tubes for 3 min at 30 Hz in a
Retsch homogeniser (Retsch Mixer Mill 300; Qiagen, http:/
www.giagen.com). The suspension was centrifuged at 13 000 g
and the supernatant was transferred into a new tube. An equal
volume of isopropanol was added, mixed, and the mixture was
centrifuged after a 2-min incubation at room temperature. The
supernatant was transferred to a new tube and 2.5 volumes of
70% ethanol were added. After mixing and centrifugation the
supernatant was removed and the pellet was dried for 30 min.
Finally, the DNA was dissolved in 100 ul of H,O by shaking at
room temperature. DNA was stored at —20°C. For GABI-Kat lines
the template DNA was tested for the presence of a T-DNA inser-
tion with the SUL" ORF-specific primers Sul2 and Sul4 (see Fig-
ure S2). For SALK lines, the SALK T-DNA-specific primers G171
and G172 were used (see Figure S2).

PCR was performed using either the primers for the confir-
mation or the genotyping amplicon. PCR was carried out with
1-2 ul of genomic DNA in a final reaction volume of 50 pl
containing 17 mm MgCl,. Col-0 DNA was used for control of the
genotyping amplicon PCR (positive result expected) and confir-
mation amplicon PCR (negative result expected). For the confir-
mation of FST-based insertion-site predictions, genomic DNA
isolated from a pool of up to 25 seedlings was used as template
in the confirmation amplicon PCRs. For GABI-Kat lines, the bor-
der PCR primers for the confirmation amplicons were 8474 for
left border (LB) FSTs and 3144 for right border (RB) FSTs. For
SALK lines the LB primer was LBb3. If a confirmation PCR failed,
a second reaction was performed using a different gene-specific
primer. Confirmation amplicons were purified with the ExoSAP-
IT kit (USB, USA) and sequenced with a gene-specific primer
and a border primer. The border sequencing primers were 8409
for LB FSTs and 3144 for RB FSTs in the case of GABI-Kat lines
and R210 in the case of SALK lines (LB). The gene-specific prim-
ers were those used for the PCRs. Sequencing results were com-
pared to the genomic sequence of A. thaliana (TAIR version 10
genome sequence and annotation dataset) using the BLAST
algorithm (Altschul et al., 1990). When the insertion-site predic-
tion for at least one of the two sequences was consistent with
the FST-based prediction, the respective allele was regarded as
confirmed in the line. If no confirmation amplicon could be
obtained, a suitable replacement was chosen, when further lines
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were available. After confirmation of the insertions and the
establishment of the genotyping amplicon using Col-0 DNA as
described above, genomic DNA of 12-18 individual T2 plants
was prepared and the plants were genotyped in order to identify
predominantly homozygous parental lines.

Of the parental lines, four to eight plants were analysed with the
insertion- and gene-specific primers prior to crossing, and predom-
inantly homozygous parents were selected for crossing. Of the F1
generation 2-4 reciprocally crossed plants were tested for both
insertions. For the F2 generation 54 plants were tested with the
confirmation and genotyping amplicons of both insertions. DMs
were confirmed in the F3 or F4 generation. Segregation on plates
made with sucrose-containing and sulfadiazine-containing med-
ium (for GABI-Kat lines) allowed for calculation of the segregation
rate of germinated versus non-germinated seeds or non-viable
seedlings. For statistical analysis about 100 seeds were used.

Phenotypic analysis

Phenotypic analysis was performed in the F3 or F4 generation.
Three to six plants per DM lines were grown in parallel to the WT.
The plants were inspected visually after 1, 3 and 5 weeks. Rosette
size, leaf coloration, flowering time, overall height, branching pat-
tern and floral development were noted. For confirmation of the
observed phenotype at least six DM plants were grown side-
by-side with the parental lines and WT. Three-week-old seedlings
were photographed to measure the size of the rosette indicated by
the length of the longest leaf (blade plus petiole) and the effective
guantum vyield of photosystem Il (&) was measured as a marker
for photosynthetic activity (Leister et al, 1999). Flowering time
was measured in days after germination (dag) upon appearance
of the bolt. The overall height of the flowering stem was mea-
sured after 39 dag and upon maturation. Additional abnormalities
were documented by photographs.

In-silico analyses

To compare the expression in different tissues and developmental
stages for the individual gene pairs, the eFP Browser was used
(Winter et al., 2007). Prediction of subcellular localization and clus-
ter analysis of related plant protein sequences were performed
using the Aramemnon database (Schwacke et al., 2003).
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