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Abstract

Collection of the T-DNA tagged lines of Arabidopsis thaliana have been created by
Agrobacterium-mediated root transformation. Transgenic lines produced by this
method have been screened for morphogenic mutations. A flower mutation with
increased number of stamens and carpels (scaf1) was identified. This mutation has
simifar but weaker phenotype than the known mutant superman. Two mapping
procedures, with visible and molecular markers, were used to locate scaf! flower
mutation. Genetic analysis showed that this mutation is located on chromosome 3
near g/l gene. It is probably one of the SUPFERMAN epigenetic alleles.

Additional key words: linkage analysis, microsatellite markers, polymarphism, SUPERMAN gene.

Introduction

Insertional mutagenesis of Arabidopsis thaliana using the T-DNA of Agrobacterium
is used as an cffective technique to generate gene mutalions, identify the
corresponding genes, and characterize their function (Koncz er af. 1990, Forsthoelel
et al. 1992). Mutations affecting a developmental or morphological trait can be easily
identified. mapped to chromosomes and subjected (o genetic analysis. Because the
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T-DNA insertions carry dominant selectable markers and known DNA sequences, the
T-DNA tagged genes can be cloned and characterized at the molecular level. Their
chromosomal position ean be mapped by linkage analysis. listorically genctic
mapping utilized visible markers, but it is difficult to examine many such markers in
a single cross. The rccognition that distantly related individuals differ in DNA
sequence  throughout their genome (Botstein er al. 1980) led 1o the rapid
incorporation of DNA markers into mapping strategics. Restriction fragment length
polymorpism (RFLP) (Fabri and Schiffner 1994) and related codominant cleaved
amplified polymorphic sequences {CAPS) (Konieczny and Ausuhel 1993) or simple
sequence length polymorphism (SSI.P) markers (Bell and Ecker 1994) are more
commonly used.

In a T-DNA transformed mutant population individual transformed lines may
carry one, two or more insetts. the distribution of which is possibly dependent on the
transformation method used (Ondfej e/ af. 1999).

Mutations affecting the initistion of flowering period and morphoregulation of
inllorescence (Alvarez ef al. 1992, Tsukuya ef a/. 1995) and flower development
(Bowman ¢r al. 1989) have been intensively studied during the last years using the
methads of both classical mutagenesis and T-DNA mutagenesis. The floral meristem
identity genes are responsible for the establishment of a floral meristem, while the
floral homeotic genes are required for specifying particular organ identities. The
made of action of organ identity genes was explained in genetic terms by the ABC
model (Cocen and Meyerowitz 1991).

The genetic regulation of floral organ number has been actively studied in
Arabidopsis (Crone and Lord 1993, Huang and Mu 1997) and rice (Nagasawa et al.
1996). Clavatal (efvl) plants have enlarged floral meristems, increased number of
floral organs. inflorescence fasciation and also altered leaf morphology {Crone and
Lord 1993). T'wo other Arabidopsis muants, ¢iv2 and ¢fv3, showing similar
phenotypes have been identified (Clark er a/. 1995), Mutations in SUPERMAN (SUP)
gene result in additional stamens developing at the expense of the fourth whorl
carpels. The nuber ol extra stamens is variable, but some carpelloid tissue is usually
present in the center of sup mutant flowers. A partial or complete loss of the
gynoccium was also observed (Sakai ef a/. 1995). This mutation alse causes specific
alteration in ovule development. |t mediates asymmetric growth of the outer
integument of ovules (Gaiser e al. 1995), The interpretations of this phenotype is
that SUZ” genc acts to restrict the number of stamens in the fourth whorl, to promote
the formation ol carpels and to limit floral meristem activity. The SUP gene encodes
a protein containing regions with similarity to a zine-finger and leucine zipper motif
(Bowman ¢/ al. 1992, Takatsuji 1998). The fon! flowers have also increased stamen
and carpel number and occasionally produces filamentous organs (Iluang and Ma
1997). Although this mutation seemed to be different from sup it was found, that this
is an epigenetic SUP allele associated with cytosing methylation within the SUP gene
(Iuang, and Ma 1998). Scven heritable but unstable SUP cpi-alleles (cfk) were
described. They are associated with nearly identical patterns of excess cytosine
methylation within the SUP gene and a decreased level of SUP RNA (Jacohsen and
Meyerowitz 1997),
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In this paper we deseribe analysis of the other type of insertional mutant allele
with similar phenotype to sup mutation This new allele was subjected to mapping
using visible and molecular markers.

Materials and methods

Plants and transformation: Arabidopsis thaliana (L) Heynh. plants (ecotype C24)
were transformed according o Valvekens ef al. (1988) modified by Koncz ef al.
(1994). Arabidopsis thaliana root culture was established in the liquid medivm. Cut
rools were co-cultivated with Agrapacterium for a short period and transferred to a
solid callogenesis medium with cefotaxim 200 mg dm™ Yand ticarcillin 500 mp dm™ 1o
suppress Agrobacterinm growth. After two weeks, the roots with growing Ld“l were
transferred lo shoot inducing medium with hygromycin 15 mg dm™, Auxin
(2.0 mg dm™ indole-3-acetic acid) conditioning in the previous medium followed by
cytokinin (2.0 mg dm™ N°-(A’-isopentenyl)adenosine] treatment leads to quick
regeneration of shoots.

Agrobacterium strains and plasmids: Vector plasmid pPCVR-ix has been used (Koncz
et al. 1994}, The T-DNA carries the hygromycin resistance gene {ipr} as a plant
selectable marker, Closed to the right borderline sequence there is 358 promoter
directed outwards to be able to activate silent genes if it inserts behind the plant gene
promoter. The vector plasmid was harboured in A. nimefaciens strain GV3101
(PMPOORK) (Koncz er al. 1989). Bacteria were grown overnight m liquid media
according to I, ﬂng,ley and Kado (1972) supplemented with 100 mg dm™ of rifampicin
and 50 mg dm™ of kanamycin at 28 °C.

Growth conditions: Seeds were cold treated before sowing by keeping at 4 °C for 5 d.
They were sown in a 1:1 mixture of peat moss and soil. Planls were grown at
22 - 25 °C in growth chambers or in a greenhouse. lor the tests of antibiotics
resistance sceds were surface-sterilized by soaking in 5 % sodium hypochlorite
containing few droplets of detergent for 15 min and then rinsed three times with
sterile water. Sceds were placed on the MSAR (Koncz ef af. 1994) medium
containing 10 mg dm™ hygromycin. After 14 d hygromycin resistant plants were
sclected and transferred into the soil.

Mapping using visible markers: Mutant was assigned to linkage group by crossing
tester lines with visible markers as male and scoring F; plants for the flower mutation
and visible markers. Five tester lines from Nottingham Arabidopsis Stock Centre
were uscd to facilitate mapping studies: NW4 for chromosome 1 (mutations in genes
ch-1. apl-1. gl2-Nh. NW6 for chromosome 2 (ep2-1, as-1, cer8-1), NW7 for
chromosome 3 (hv2-1, gll-1. 05-1, NW8 for chromosome 4 (bp-1, cer2-2, ap2-1)
and NW9O for chromosome 5 (#g-1, vi-1) described by Koornneef and Stam (1988).
All visible markers were obtained in the lLandsberg erecta (Ler) background.
Crossing with two mutant lines were performed independently.
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We planted 320 F; sceds for cach linkage group (32 sceds per pot). However
[ewer plants were sereencd because not all sceds germinated and some plants did not
survive to maturity. 15 plants were scored for mutant phenotypes at different stages:
7y seedling stage for hypocotyl elongation. 2) rosette stage for trichome analyses.
3) Nlowering stage for the pistil structure and stamen number evaluation. ) maturiny
for the rest traits. and ) seed maturing for seed coat pigmentation. F, plants were
divided into four groups according to their phenotypes: A: M Scafl. B: M seaf].
Com Scafl, D:m seafl.

Ihe test of homogeneity was aimed atl determination whether twao sets of data were
omogeneous enough 1o justify pooling them. Independence of segregation ol two
genes was tested with the ¥ test by means of contingency table analysis for
Iy peneration. Monogenic inherttance and recessiveness of both variants (3:1 ratio)

~ 2 e ~ . .
were confirmed by 37 tests. Bstimates of recombination frequency and standard error
were obtained by RIECE2 program (Koornneel and Stam 1988).

Mapping with molecular markers: The two parents used in the mapping cross were
C24 seqf/! and Landsberg erecrr wild tvpe. ) progeny [rom this cross was allowed to
self-fertilize to produce ¥y individuals. DNA was prepared from individual F» plants
according to Roger and Bendich (1988). Amplification of simple sequence length
polymorphism (SSLP) markers (Bell and Ecker 1994) or cleaved amplified
polymorphic scquences (CAPS) (Konfeczny and Ausubel 1993) or heteroduplex
analysis (Hauser ef o/ 1998) were performed using polymerase chain reaction (PCR).
A population of 36 plants was screened. Oligonucleotide sequences are available on
the internet  (http.Seenome bivoupenn.edw'SSLE_info/y. PCR - reactions  were
performed according to Bell and Licker (1994). Polyacrylamide (5 %) gels were used
toresolve SSLP and CAPS products, MDIE gels to resolve heteroduplexes,

Seanning clectron microscopy: Fresh flowers, flower organs of wild type and mutant
were examined using scanning. clectren microscope JSM 6306 (JEOL, Peabody.
USA) samples were fixed in § % glutaraldehyde in 0.1 M phosphate butter (pil 7.4),
then washed three times and dehydrated threugh a graded alcohol series of ethanol,
Coating and photographing was performed as deseribed by Bowman ez o, (1989).

Chemicals: Antibiotics {lvgromyein B were purchased from Boehringer Maniheim

Co. (Mannheim, Germany). Ticorpen Tvom Beecham Pharmacenticals (Brentlord.
Vi), and Claphoran trom Rowsse! CGCLAAE (Paris. France).

Results

Transformation, mutant isolation and genetic analysis: A population of about 300
Arabidopsis transformants were generated by root transformation method. Among
these lines, 38 % scgregated for /1777 gene in monohybrid and 32 % in diha brid
Mendelian fashion, 12 % of the lines scercgated Tor more than two T-DNA inserts
and 18 % showed non-Mendelian patterns of T-DNA inheritance. This insertion:’
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lines collection was used to search for a broad spectrum of mutations.
17 phenotypic alterations were found. from them a flower mutant line was identificd
in the T population.

I'he wild type Arabidopsis lower consists of four sepals, four petals, six stamens
and two fused carpels which are organized into concentric whorls (Fig. la). The
mutant plants exhibited normal vegetative development, but developed abnormal
flowers with an increased number of stamens and carpels (Table 1, Fig. 15). Most of
the carpels failed to fuse on ane or both sides (Fig. 2b.d.e¢). Some of the flowers
produced chimeric stamen and carpel like mosaic organs (Fig. 2¢). This mutation was
named sce/! (stamen-carpel abnormal Nlowers). Some of the scaf! flowers contained
completely or nearly completely fused two or three stamens (Fig. 1¢). This mutant
phenotype was visible mostly in the early appearing flowers. A correlation between
the numbers of stamens produced and the amount or type of carpellotd mosaic organs
was not observed.

Vig. L. Arabidopsis thaliana Oowcers photographed on Leica MZ 2 stereomicroscope: mature wild
tvpe flower of ecotype C24 with six stamens (), scafl flower with ten stamens (5), scaf! ower
wilh two stamens partially fused together {¢).

Tahle 1. Number of plants studied and flower organs in 4. thaliana wild type €24 and seafl mutant
and known supf mutant. The first 10 flowers on cach given plant were analyzed. C.8. - chimeric
stamens that grow in agenciation with earpels (stamen-carpel mogaic), mean £ 81

Genolype Plants Sepal Petal Stamen Carpel C.S.
Wild lype (24 40 4010 1010 58+04 20+0 G0+0
supl 37 4010 4040 86+ 1.6 23+009 04£06
scafl 77 4010 40101 72+£1.8 29£07 0608

Genetic and phenotypic analyses: Segregation ratios of the scaf! line in T, gencration
were 151 (Hyg®Hye® and 3.1 (mutant.wild type). The muatant plant  was
backeressed with wild type plants C24 and Landsberg erecta to separate both T-DNA
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inserts. Segregation data 1Tyg®:Hyg® for the I, progeny ol Fy scli-crosses were as
lollows: Tor scaf! outerossed to €24 466:172 and scafl oulcrossed to Landsberg
erecia 259:94. Sepregation and PCR analyses of T, plants showed that this mutation
s linked to a T-DNA insertion with hygromycin resistance. The F, generation
segrepated Tor Hye:Hyg™ in 3:1 or 15:1 ratio depending on the number of T-DNA

inserts. and for wtzmutant plants in 3:1 ratio

Fig. 2. Scanning eleetron microscopy of the Arabidopsis carpels: a - wild type gynoecium consisting
af two fused carpels. - veafd gynoccium of two carpels. partially unlused on one side. ¢ - scaf!
stamen-carpel like mosaic organ, «f - seaff gynoecium ol completely unfused three carpels with
stigmatic papillac on the sides. ¢ - seaf! gynoecium of Tour carpels failed o fuse on one side with a

smaller additional cin pu].

Linkage mapping procedures: To determine the position of the locus, mutant plants
were erossed wilth lines carrying visible markers (lable 2). ‘'The xl values of
homogeneity corresponded to 7 > 0.05 in crosses with all signal lines. The only
exception is crossing chl x seaff (P = 0.02), Therefore the data from the two
independent experiments were comparable and could be summarized. Program
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RECT? confirmed linkage of scafl to visible marker g/! on chromosome 3 (NW7).
Recombination frequency is 0.244 £ 0.044, and its value after certation is 0.315 +
0.046. Contineency table revealed linkage not only to marker g// (chromosome 3)
but even to markers ap /., g/2 (chromosome 1) and ap2 (chromosome 4y,

Molecular markers: 1% from the cross with Landsberg erecfa ccotype was used for
the linkage mapping of the mutant gene. Polymorphism between 24 and lLer
ccotypes had to be proved. Among 25 SSLP. and two CAPS markers tested,

Table 2. Mapping using Adrabidepsis lines with muoltiple visible markers. The tested ratio was
U330 % - P L5 5% - P 0,01

Cross Linkage group Marker genes I3 segregation ratio ¥ test
NW4 x seaf! [ ch-1 35:4:28:35:2 0.18
apl-1 IR 18812 K9.86%*
af 2-4 363:24:30:5 1.28*
NW& x scafl 11 cerS-1 : 0.20
‘ cpl-l : 0.09
NW7 x scaft Il n2-1 : .88
ali-f 3: 4.12%*
151 : .64
NW8 x scuf! v hp-1 : : 2.57
cer2-2 139:19:306:2 (.50
ap2-1 457:15:19:5 18.40%*
NWO x scafl v S 284:10:23:2 1.604
yi-1 A09:15:25:2 1.05

15 showed polymorphism between C24 and Landsbery erecta ecotypes (Table 3).
The polymarphism of /7 marker was detected using heteroduplex analysis on MDE
ael, The results showed linkage of the SCAFT gene to markers ngal62, ngal72 and
21! on chromosome 3, at position between ngal 62 and g/! (Table 4},

Discussion

A flower mutation of drahidopsis was induced by T-DNA mutagenesis. Although the
used vector plasmid pPCVR-tx has been developed for activation insertion
mutagencsis, recessive mutation was induced. It depends on the site of T-DNA
integration,

T'wo different linkage mapping strategies were used, In the case of mapping
visible markers. {ive crasses were required, while a single cross to another ecotype
introduces a nearly unlimited supply of DNA polymorphic markers. Some visible
mutations {api-/. ap2-1) also interacted genctically with the mapped mutation scaf!.
This appears less problematic when crossing two ccotypes, although some mutant
phenotypes become more or less extreme in different backprounds.
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Using visible markers. mutant gene scaf! has been assigned to the third linkage
group. This method allowed only approximate location linked to g// marker. The
results obtained in by peneration revealed deviations from 3:1 ratios of the signal and
alse mutant genes. This indicates reduced viability of certain genotypes (the
homozygous mutant). Another factor that may lead to a deficit of a class of genotypes
is a reduced transmission ol certain {mostly mutant) alleles through the gametophyice
I'his phenomenon is called certation (Dellacrt 19R80). It is the main cause for
recessive deficits in induced mutants. Theretore recombination frequencies (1) were
calenlated by RECE2 computer program. which allows correction for certation
(Koornneef and  Stam  1988). According 1o our experience, the phenotypic
segregation ratios in [, with insertional mutation can be unexpectable distorted by
instability of the transgene. This can make the standard recombination analysis with
T-DNA mutants very problematic (£i. using the contingency table analysis in our
experinments).

Fable 3. Polymorphism ol molecular markers hetween ecotypes C24 and Landsberg erecra. The

sizes of the DNA fragments were estimated from 3 %o native polvacry lamide gels,

Chromesome Type Name DNA fragment size
€24 (hp) Ler (hyp)
I SS1 Atheat! 150 150
SSLP nga 248 120 120
SSEP nai 280 80 80
SSEp nga 1l 180 160
sSSP ngi 63 110 80
sSSP ngua 39 115 115
SS8Lp AthATPace 70 70
1 SSLP nga 1126 200 190
SSIp nga 30| 100 110
sNP AThRBIO? 130 140
hhINY nga 168 130 130
I SSLP nga 172 150 130
sSSP ngi 162 130 80
W A2 120 120
S8 nga O |56 120
MDI ol / 514 RIN
IV SSEp nga 8 200 200
CAPS ag b= THiniT digest SO0:2300130:1200 590:270: 160270
vV S8 nea 223 1Kt 1.1}
S8LP nga 131 150 100
SSLp nga 120 150 150
SKLp nga 76 280 200
S8IP nga 129 H 9%
sSSP AthSO1a] 150 160
SSIEP ngi 249 110 170
S8 ngi 106 13 125
hh Nk AthCTRTA 140 145
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Fable -+, Mapping using melecular markers

[ inkage Markers Recombination
Eroup ype name frequency [¢M]
} SSLP ngalll 345
SSLP nga63 29.9
I SSLP ngal 126 369
SSLP AthBIO2 333
1 SSIP ngal?2 17.2
SS1LP ngal62 10.3
MDD all 14.0
v CAPS apl 44.8
vV SS1LP ngalsl 302
SSLP AthSO161 36.2

Moleeular markers were used for more precise location. Except chromoseme 4,
from five to nine markers were tested for cach linkage group. Location of the SCA/
gene on chromosome 3 was confirmed.

In F, complementation tests (data not shown), in some cases scaf! mutants [ailed
to complement sup mutants. The reason is probably that this mutation is weakly
semidominant. seaf! mutation seems to be an epigenetic allele of SUP. Jacobsen and
Meyerowitz (1997) discovered that many of such mutations are caused by
overmethylation of the SUPERMAN gene. Similar epigenetic allcles at other loci
have not been recognized as such.
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