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Abstract A cDNA clone that reveals a high level of
polymorphism between wheat varieties was isolated
from a wheat cDNA library. When hybridized to Dral-,
EcoRV- and HindIIl digested DNA this clone,
gbx3832, enables us to distinguish 42 different patterns
among 48 varieties: 37 varieties are clearly identified,
the remaining 11 are divided into five groups. Base-
sequence analysis of the clone reveals 72—74% sequence
identity to mRNAs encoding thaumatin-like proteins
from different cereals.
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Introduction

Molecular probes revealing DNA restriction fragment
length polymorphism (RFLP) are being used as tools to
improve practical plant breeding. The main applica-
tions of molecular markers are the characterization of
breeding lines and varieties, as well as marker-assisted
selection. However, these applications are hampered in
wheat due to the low degree of polymorphism dis-
played by this crop (Chao et al. 1989; Kam-morgan and
Gill 1989; Liu et al. 1990). Moreover, much of the
current breeding in wheat involves crosses among lines
that share common ancestors.

RFLP markers useful in selection were selected by
testing cDNAs and genomic DNAs for their polymor-
phism on 13 commercial wheat varieties that constitute
potential parents in breeding programs. A molecular
map of hexaploid wheat was developed with the
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markers selected. Among these, gbx3832 revealed
a very high level of polymorphism. The characteriza-
tion of this clone is the subject of this report.

Materials and methods

Origin and preparation of gbx3832

gbx3832 is a 810-pb EcoRI fragment cloned from a cDNA
library made from wheat leaf poly(A)* RNA. The insert was
removed from the plasmid pUC18 by EcoRI-digestion and was
isolated in low-melting-point agarose, following electrophoresis,
for use as a probe.

Plant material

The Chinese spring nullisomic-tetrasomic (NT) stocks produced by
Prof. E. R. Sears (Sears 1954, 1966) were provided by T. E. Miller,
John Innes Center, Norwich, UK. The 14 wheat varieties used to
select probes suitable for application to wheat breeding are: Appolo,
Camp Remy, Sperber, Token, Odeon, Capitaine, Castell, Soisson,
Courtot, Moulin, Genial, Pernel, Franco and Chinese Spring. In the
case of probe gbx3832, the study was extended to the 48 varieties
listed in Table 1. Mapping was carried out on a population derived
from the cross W-7984 (a synthetic wheat) with Opata85 (Nelson
et al. 1995 a). The plants were grown in a culture room. About 2 g of
leaf material was frozen in liquid N,, ground to a fine powder and
stored at — 70°C.

RFLP procedures

Genomic DNA was extracted as described by Sharp et al. (1988).
Restriction-enzyme digestion and 0.8% agarose-gel electrophoresis
followed standard procedures. Southern blotting on Nylon mem-
branes (Hybond N +, Amersham) was as described by the manufac-
turer. Probe was 32P labelled using the random primed method
(Feinberg and Vogelstein 1983). Pre-hybridization and hybridiza-
tion were performed as described by Sharp et al. (1988). The mem-
branes were washed at 65°C, twice in 2 x SSC/0.1% SDS, twice in
1xSSC/0.1% SDS and once in 0.5 x SSC/0.1% SDS for 15 min
each. Membranes were exposed to X-ray films with one intensifier
screen at — 70°C for 10-15 days.
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Table 1 Pedigree information of

the 48 wheat varieties used in the Line Origin Pedigree Lane
RFLP analysis in Fig. 1

Ami F Gala/54//Fleuron

Apollo D M.Beacon/Clement// Kronjuwel 18

Arminda NL Carstens 854/Ibis

Bul 94 5 Bulgaria 24

Cadenza GB Axona/Tonic

Camp Remy F 362/Atou//Hardi 2

Cappelle-Desprez F Vilmorin 27/Hybride du joncquois 1

Capitaine B B5780//Norda/Cama 20

Castell D Caribo/Diplomat 19

Chinese Spring PRC Chinese land variety 29

Compair GB Chinese spring/Aeco (p) 17

Courtot F Mexique 50/B21 8

Eiffel NL Arminda/Cebeco 323

Escorial B composite cross 14

Estica NL Arminda/Virtue 12

Eureka F F1(Mironovskaya 808/M. Huntsmann)/ 9
F1 ((VPM/Moisson)1.5/Courtot)

Fidel F W33/Capitol // Major

Franco D Carimulti/Monopol// Monopol

Galahad GB Durin/Joss Cambier// Hobbit

Galibier F 42.2.3/5684 // Ducat

Genesis GB Arminda/Moulin

Genial F Arminda/Abo

Hardi F Capelle/Tatcher

Highbury GB Jufy I/Svenno//Sona 227 16

Lovrin 14 Roumania 22

Maris Huntsman GB Capelle/Hybride 46 // Prof Marshall 15

Michigan amber USA 25

Minaret NL Bastion/Mironovskaya 808 13

Norin 27 JP Iga chikugo/Oregon//Jarl 27

Oasis USA Atr/5/Atrx3/3/Ribox //RLYx2/RLY67 26

Odeon B Zemon/Gemma

Opata Mex BJY/JUP 21

Osu 94 90 USA 650B077/5/ND/P101//BB/GLL

Paradis F 7305113/Bizel // 743211

Ramses GB Alcedo/Avalon//Moulin

Renan F F1(Mironovskaya 808/M. Huntsmann)/ 7
F1 (VPM/Moisson)1.5/Courtot)

Ritmo NL Hobbit/1320// Wizzard/Marksman 11

Roazon F Ae. ventricosa/T. persicum // Marne*3 5
/3/Moisson

Rusalka Bulgaria S13/Ban 54 23

Shan 482 PRC 28

Sicco NL Ring// Opal/Selkirk 10

Soissons F Iena/HN35 3

Sperber D Robert/Merlin// Kormoran

Supral F Festival/Avalon// Moulin 6

Token GB Bounty/Armada// Flanders

Tremie F SE32/Moulin

Vivant F Boxer/Gawain 4

88 15 B Rendez vous/Moulin

Informativeness of clones

The polymorphism information content (PIC) described by Botstein
et al. (1980) was calculated using the formula PIC; = 1 — Ep# where
pij is the frequency of the jth RFLP pattern revealed by the probe
i (combined with one given enzyme).

Mapping

A subset of 71 Fg lines derived by single-seed descent from the cross
W-7984 with Opata85 (Nelson et al. 1995 a) was used for segregation

analysis. Markers were mapped using the computer program Map-
maker v2.0 (Lander et al. 1987). The Kosambi mapping function was
used to convert recombination frequency to centimorgans.

DNA sequence analysis

The base sequence of gbx3832 was determined using the dideoxy-
nucleotide chain-termination method (Sanger et al. 1977) as recom-
mended for Sequenase version 2.0. The sequences of both DNA
strands were completed by primer walking. DNA sequence data
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were analyzed with the GCG Package (Genetics Computer Group,
Inc. Wisconsin).

Results
RFLP analysis

In order to select probes suitable for application to
wheat breeding, 499 random wheat cDNA and
genomic DNA clones were hybridized to the genomic
DNA of 14 wheat varieties (13 commercial varieties
that constitute potential parents in breeding programs
and the reference variety Chinese Spring). DNA was
digested by four different restriction enzymes (EcoRI,
HindIIl, EcoRV and Dral). Among the 499 clones, 275
provide a low-copy pattern with strong and easy to
read signals. Among these, 131 probes detected poly-
morphism between at least two varieties for one given
enzyme. The polymorphism information content (PIC)
has been calculated for each polymorphic probe. The
average probe PIC was 0.47 with values ranging
from 0.14 to 0.88. The PIC observed for probe gbx3832
(0.88) was the highest recorded, with ten different
patterns observed with Dral. To further explore the
potential use of gbx3832, the study was extended to
the 48 varieties listed in Table 1. When hybridized
to Dral-, EcoRV- and Hindlll-digested DNA, clone
gbx3832 generates 29, 25 and 21 different patterns out
of 45, 45 and 46 varieties respectively. The 29 different

1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17

18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

Fig. 1 Southern blot obtained by hybridization of gbx3832 to Dral-
digested DNAs from 29 wheat varieties. The identity of
the variety in each numbered lane from / to 29 is given in Table 1.
Lane 30 Truitel (barley), 3/ Malo (rye) and 32 Margot (oat)

hybridization patterns for Dral digestions are shown in
Fig. 1. From two to seven hybridizing fragments were
detected among the varieties; some varieties had the
same number of fragments but the molecular weights
were different.

If we group information obtained with the three
enzymes, 42 different patterns were distinguished
among the 48 varieties: 37 varieties are clearly identi-
fied, the remaining 11 are divided into five groups
(Ramses and 88-15; Hardi and Camp Remy; Eiffel and
Estica; Genesis and Paradis; Sperber, Odeon and Ar-
minda). We note that varieties from the first three
groups are very closely related.

gbx3832 was hybridized to genomic DNA of one
variety each of Barley (Truitel), rye (Malo) and oat
(Margot) (Fig. 1). Two clear bands are observed on rye
and two and six weak signals are respectively observed
for barley and oat, suggesting that gbx3832 is at least
partially homologous to a sequence present in the
genome of those cereals.

Chromosomal location

The carrier chromosomes of the sequences homologous
to gbx3832 were determined by nulli-tetrasomic analy-
sis: gbx3832 when hybridized to EcoRI-digested DNA
from 21 nulli-tetrasomic lines of Chinese Spring dis-
plays a pattern of four bands corresponding to related
sequences on chromosomes 2A, 2D, 4A and 6B (Fig. 2).
The localization of gbx3832 on the genetic map of
wheat was determined for sequences on chromosomes
2A, 2D and 4A. Segregation analysis was carried out
with Fg lines from the synthetic x bread wheat cross.
Linkages with other loci (Nelson et al. 1995a,b) are
shown in Fig. 3. For the sequence on chromosome 6B,
no polymorphism was found between the parents of the
population with the 15 enzymes tested.

N4DT4B

N4BT4D

N4AT4D

N3DT3B N7DT7B
N3BT3A N7BT7A
N3AT3D N7AT7D
N2DT2A N6DT6B
N2BT2D | N6BT6A
N2AT2B N6AT6D
N1DT1B . N5DT5A
N1BT1A | | N5BTSD
N1AT1B | NSATSB

Fig. 2 Autoradiograph after hybridization of EcoRI-digested
genomic DNA of 21 Chinese spring nullisomic-tetrasomic lines with
gbx3832



Fig. 3 Location of the fragments
detected by probe gbx3832 on the
RFLP linkage maps (Nelson et
al. 1995 a, b) of chromosomes 2A,
2D and 4A. Symbols to left of
chromosome maps denote
distances in cM

Fig. 4 Nucleotide sequence of
the gbx3832 cDNA insert. The
amino-acid sequence translated
from the open reading frame is
given in the single-letter code
below the nucleotide sequence.
The arrowhead marks the
putative cleavage site of the
signal peptide
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Nucleotide sequence of gbx3832

The complete nucleotide sequence of gbx3832 has been
determined and deposited in GeneBank (accession
no. x97687). The clone is 810 bp in length and contains
an open reading frame for a protein of 176 amino acids
flanked by 5'- and 3’-noncoding regions of 35 and 244
nucleotides respectively (Fig. 4). The first 25 amino
acids have the typical features of a signal peptide indic-
ating that the protein enters the secretory pathway. The
sequence of gbx3832 was compared, by computer anal-
ysis, with plant sequences stored in GeneBank. Exten-
sive homology was found with the sequences coding for
the thaumatin-like protein (TLP) family. This family
includes the sweet-tasting thaumatin from Thaumato-
coccus daniellii (Edens et al. 1982), antifungal permatins
(Vigers et al. 1991), osmotins (Singh et al. 1987) and
some pathogenesis-related proteins. Pathogenesis-re-
lated TLP genes of certain cereals are clustered into
a small group that is phylogenetically separated from
the major group of TLP genes of several plant species
(Lin et al. 1996). The gbx3832 nucleotide sequence
displays 72-76% identity with the sequences of this
small group. The protein sequence encoded by gbx3832
shares 61% identity and 75% similarity with the pre-
viously characterized wheat TLP PWIR2 (Rebmann et
al. 1991), 63 to 67% identity and 75-78% similarity
with four TLPs encoded by a oat gene family (Lin et al.
1996), 66% identity and 80% similarity with the PIR2
TLP of rice (Reimmann and Dudler 1993), and 60-62%

identity and 73-75% similarity with three PRHv TLPs
of barley (Hahn et al. 1993) (Fig. 5).

Discussion

DNA fingerprinting of wheat has several practical
applications such as the registration of new cultivars,
the evaluation of wheat germ plasm and the estimation
of relationships among cultivars. Using RFLP
markers, it is theoretically expected that even closely
related cultivars can be distinguished if a large number
of probes and restriction enzymes are employed. The
availability of hypervariable probes should enable the
use of only a few of them. As non-coding regions may
be less conserved, it is expected that genomic libraries
demonstrate more RFLPs than cDNA libraries (Helen-
tjaris and Gesteland 1983). Thus, hypervariable wheat
genomic DNA probes containing moderately repeated
elements have been characterized by Hartcourt and
Gale (1991) and by Liu et al. (1992).

We describe here the characterization of a coding
wheat cDNA detecting a high level of RFLP between
wheat cultivars. gbx3832 displays the highest PIC
among 221 cDNA and 278 genomic DNA wheat clones
randomly tested. When used with three restriction en-
zymes (Dral, HindlIl and EcoRYV), it enables us to
distinguish 42 different patterns among 48 varieties: 37
varieties are clearly identified, the 11 remaining are
divided into five groups. The nucleotide sequence of

Fig. 5 Alignment of the deduced 1 o
gbx3832 amino-acid sequence PRHv-1la ....MSTSA. Gg
with other cereal thaumatin-like PWIR2 ....MATSP. OF
proteins. The sequences were TLP-4 ....MATSST v
aligned by using the ‘pileup’ gbx3832 MASSHLAAAA
program from the GCG Package PIR2 MASPATSSAV g
(Genetics Computer Group, Inc.
Wisconsin). Dots indicate gaps 51
m.troduced for opt{mal PRHV-1a daomsst PAGT
ahgnment._PWlRZ is . PWIR2 seomss T PAGTO
a thagmatln-hke pat‘hogenesm TLP-4 [QOLDQGOTWT PG
protein from Whea_t infected by gbx3832 |QLNTGETWTL| DVPA
barley powdery mildew fungus PIR2 |Q o pAGIT
(Rebmann et al. 1991); PIR2 is hd
a pathogen induced
thaumatin-like protein of rice 101 _ 150
(Reimmann et al. 1993); PRHv-1a PRHv-1la |SGQPPATLAE| FTIGQ b}gﬁ FYDISVIDG PS
is an elicitor-induced PWIR2 |S LAE| IGGESTOD| [FYDISVIDG PS
thaumatin-like TLP-4 [SGQ LAE| [F9IGGH. .|JHD| YYDISVI ss
pathogenesis-related protein gbx3832 |SGQPPLTLAE FTIGN% . .QD| |[FYDISVIDG ADK
from barley (Hahn et al. 1993); PIR2 |SGQOKPLTLAE| [FTIGGS. .QD T SR
TLP-4 is a thaumatin-like
pathogenesis-related protein 151
from oat infected by an PRHv-1la [CPPEOR
incompatible oat stem rust PWIR2 |CPPPOA
fungus (Lin et al. 1996). TLP-4 |C..PDAYHQP .

gbx3832 |C..PDAYLFP

PIR2 |(C..PDAYLFP




gbx3832 does not contain the repeated sequences often
associated with hypervariable loci. The high degree of
polymorphism revealed by gbx3832 is due to variation
in the molecular weights of the fragments as well as in
the number of loci detected: hybridization of gbx3832
to nulli-tetrasomic lines demonstrates, for Chinese
Spring, the existence of four different loci while only
two and three hybridizing fragments are detected for
Highbury and Courtot respectively.

The sequence of gbx3832 shares extensive homology
to the thaumatin-like protein family and especially to
pathogenesis-related thaumatin-like proteins of barley,
rice and oat. The sequence encodes a protein distinct
from the previously characterized wheat TLP PWIR2.
On the other hand, unlike most wheat low-copy clones
that detect sequences in the three homeologuous
genomes, gbx3832 hybridizes to sequences carried by
chromosomes 2A, 2D, 4A and 6B. This suggest the
existence of a TLP gene family in wheat and supports
previous reports that TLPs are encoded by a gene
family in barley (Hahn et al. 1993) and oat (Lin et al.
1996).
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