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Abstract A partial promoter region of the high-molecu-
lar weight (HMW) glutenin genes was studied in two
wheat specimens, a 300 year-old spelt (Triticum spelta
L.) and an approximately 250 year-old bread wheat
(Triticum aestivum L.) from Switzerland. Sequences
were compared to a recent Swiss landrace T. spelta
‘Oberkulmer.” The alleles from the historical bread
wheat were most similar to those of modern T. aestivum
cultivars, whereas in the historical and the recent spelt
specific alleles were detected. Pairwise genetic distances
up to 0.03 within 200 bp from the HMW Glu-A1l-2,
Glu-B1-1 and Glu-B1-2 aleles in spelt to the most-simi-
lar aleles from bread wheat suggest a polyphyletic ori-
gin. The spelt Glu-B1-1 allele, which was unlike the cor-
responding aleles in bread wheat, was closer related to
an allele found in tetraploid wheat cultivars. The results
are discussed in context of the origin of European spelt.

Keywords Wheat - Triticum spelta L. - HMW glutenin -
Ancient DNA - Evolution

Introduction

Spelt (Triticum spelta L.) is a hexaploid wheat (genomes
AABBDD) characterized morphologically by lax spikes,
a semi-tough rachis and tough, adhering glumes (L upton
1987). Whereas einkorn (Triticum monococcum L.),
emmer (Triticum dicoccum (Schrank.) Schibl.) and the
free-theshing wheats (Triticum aestivum/durunvturgid-
um) (Hillman et al. 1996) are consistently present in the
European archaeological record since Neolithic times
(Jacomet and Kreuz 1999), there is very little evidence
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for spelt in Europe before the Bronze Age. From at least
the late Bronze Age onwards, spelt was of regional im-
portance in severa parts of Europe (e.g. Neshitt and
Samuel 1996), especially in mountainous regions like the
northern Alpine area (Percival 1974). Free-threshing
hexaploid bread wheat (T. aestivum L.) and spelt share
the same genomes (AABBDD), but their relation re-
mains controversial. Two main hypotheses have been
suggested for the origin of European spelt.

Earlier in the last century several authors (e.g. Bertsch
1943; Flaksberger 1930) postulated that spelt emerged
by a hybridization of a hulled tetraploid emmer and free-
threshing hexaploid wheat in Europe. This possibility
was confirmed experimentally by crossing emmer and
bread wheat, resulting in a spelt-like aloploid (MacKey
1966). However, archaeobotanical data suggest that
while emmer was widespread in the Bronze Age, evi-
dence for the presence of bread wheat in Central Europe
in this period is rare (Maier 1996; Schlumbaum et al.
1998).

The alternative hypothesis proposed that spelt origi-
nated from the cross of a hulled tetraploid wheat, e.g. T.
dicoccum (genomes AABB), with wild Aegilops tauschii
Coss. (genomes DD), growing in the southern areas of
the Caspian Sea (McFadden and Sears 1946). In this
model T. aestivum was derived from spelt by few muta-
tions (Sears 1974) and both wheats subsequently reached
Europe with the spread of agriculture (Zohary and Hopf
2000). An Asian origin of spelt was further supported by
the discovery of spelt-cultivation in Iran (Kuckuck and
Schiemann 1957). However, the absence of spelt at
archaeological sites in the Near East is not consistent
with this hypothesis (for review Nesbitt and Samuel
1996).

In recent years aspects of both hypotheses have been
tested using molecular markers. Whereas the origin of
the D-genome in T. aestivum from Ae. tauschii in the
Near East has been confirmed (Dvorak et al. 1998a), it is
increasingly doubtful whether today’s European spelts
are directly descended from the spelt-like ancestors of
bread wheat. European spelt seems genetically more dis-
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tant from T. aestivum than Asian spelt (Dvorak et al.
1998b), and European and Asian spelt differ in genes
controlling spike morphology (Luo et al. 2000). Other
studies showed that European spelt and bread wheat vary
by more than a few genes responsible for the brittleness
of the rachis and the glumes (Liu and Tsunewaki 1991,
Siedler et al. 1994).

Historical wheat-remains offer important advantages
to further investigate the history of hexaploid wheat in
Europe. They represent landraces grown before the on-
set of industrial breeding programs and the international
movement of seed stocks. Historical wheat-remains up
to several hundred years old were used as insulation
material in ceilings of historical buildings, e.g. in
Switzerland, and were preserved desiccated. The analy-
sis of DNA derived from desiccated plant material
was reported previously from herbarium material
(Savolainen et a. 1995) and from archaeological
remains (O’'Donoghue et al. 1996; Rollo et al. 1987;
Deakin et al. 1998).

Genes encoding seed storage proteins such as the glu-
tenins are among the best-studied genes in wheat. The
Glu-1 loci are located on chromosome 1A, 1B and 1D in
hexaploid wheat. Each consists of two genes, encoding
one x-type and one y-type HMW glutenin subunit (Payne
1987). The genes are genome-specific and multiallelic.
A phylogenetic analysis of a 240-bp fragment of the
HMW glutenin promoter region (further HGP) was con-
sistent with the current understanding of whesat evolution
(Allaby et a. 1999). The fragment was also used in pre-
vious studies on ancient DNA from archaeol ogical wheat
(Allaby et al. 1994; Schlumbaum et al. 1998).

Here we report the analysis of a 240-bp fragment of
the HGP from desiccated chaff of spelt (Triticum spelta
L.) and bread wheat (T. aestivum L.), retrieved from the
ceilings of two historical buildings (300 and approxi-
mately 250 years old, respectively) in the region of
Basel, Switzerland. A recent landrace of spelt was analy-
sed as a reference and the results were compared to
published HGP sequences.

Materials and methods

Plant materials

Single spikelets of T. spelta L. were recovered from undisturbed
context during renovations of a 300 year-old mill in Arlesheim
(Kanton Baselland, Switzerland). A complete rachis with some
spikelets of T. aestivum L. was found in an over 400 year-old farm-
house in Itingen (Kanton Baselland). The age of the sample was es-
timated to be about 250 years, when major reconstruction took
place. Both samples consisted of chaff derived from cereal process-
ing and were used as insulation materia in the ceilings of the
buildings. They were desiccated and contained no grains (Fig. 1).
I dentification was based on morphology (Jacomet et al. 1989).

T. spelta L. ‘Oberkulmer’ (TsOb) was provided by B. Keller
(Universitat Zarich, CH). TsOb is a selection of a Swiss landrace,
collected in the 1930s in Oberkulm (Kanton Aargau) (Weilen-
mann, personal communication), located near Arlesheim (43 km)
and Itingen (32 km). TsOb is an important parent to many modern
spelt accessions (Siedler et al. 1994; Bertin et al. 2001).

Fig. 1 Desiccated 300 year-old empty spikelets from T. spelta L.
(TsAr) (right) and a 250 year-old rachis with several empty spike-
lets of T. aestivum L. (Talt) (left) from two historical buildings in
Switzerland were used for DNA extraction

DNA extraction

Spikelets of T. spelta L. from Arlesheim (TsAr) were extracted
35 times (10-15 spikelets per sample) in seven extraction series,
including five series consisting only of TsAr. The rachis of T. aes-
tivum from Itingen (Talt) was ground and one aliquot each was
used in three separate extraction series. Fresh leaves (70 mg) of
TsOb were used for extraction.

DNA was extracted using a CTAB-based method (Schlum-
baum et al. 1998), modified by grinding the samples in liquid
nitrogen with quartz sand, adding 5% 2-mercaptoethanol to the
extraction buffer, and overnight precipitation of DNA at 4°C. One
extraction series (No. 7) was performed using the Nucleon Phyto-
Pure kit (Amersham, Buckinghamshire, UK) according to the
manufacturer’s instructions. The extracts were further cleaned
with a silica extraction method (Hoss and Paabo 1993) in cases
where the presence of PCR-inhibitors was indicated.

PCR, cloning and sequencing

PCR was carried out in 50-pl reactions using a Progene thermal
cycler (Techne, Cambrigde, UK) or a PTC-100 (MJ-Research,
Watertown, Mass.). Two regions of nuclear DNA were PCR-am-
plified: an approximately 240-bp fragment of the high-molecular-
weight (HMW) glutenin promoter region (HGP) from the six ho-
moeologous genes in hexaploid wheat and the internal transcribed
spacer 2 (ITS2) region of the ribosomal DNA (rDNA). Glutenin
primers and PCR conditions used to amplify HGP were described
previously (Schlumbaum et al. 1998). ITS2 amplification was car-
ried out to authenticate amplification of HGP in historical wheat.
Primers and PCR conditions (universal primers rD4 and rD5) am-
plifying a 300-bp fragment from the 5.8S rDNA into the 26S
rDNA were described by Deakin et a. (1998). Wheat-specific
primers PITS3 5-ACGCCAAAACACGCTCCCAAC-3 and PITSA
5-CTGGGGTCGCGGTCGAAG-3' were designed based on a se-



quence alignment of the rDNA region from T. aestivum (EMBL
acc. Z11761), Triticum speltoides Tausch. (EMBL acc. Z11762),
Triticum monococcum (EMBL acc. L11581) and other gramineae
(Hsiao et a. 1995). They amplify a fragment of approximately
235 bp. The PCR conditions were the same as for the 300-bp frag-
ment (Deakin et al. 1998).

Re-amplifications were done using 1 Wl from the first reaction
in an additional 20 cycles, with identical conditions as before.

A CTAB extract of Triticum boeoticum Boiss. emend. Schiem.
(Genomes APAP) was used as a positive control. PCR products
were fractionated in 3% NuSieve agarose (FMC BioProducts,
Rockland, Me.) and stained with ethidium bromide.

PCR products were cloned with the p-GEM-T Vector Kit
(Promega, Madison, Wis.) according to the manufacturer’s in-
structions. Plasmids were purified with a QIAGEN miniprep plas-
mid kit (QIAGEN, Hilden, D) and sequenced on a ABI Prism 310
Genetic Analyser (Perkin Elmer, Foster City, Calif.). Sequences
were submitted to EMBL/Genebank with accession numbers
AJ399880-AJ399898.

Data analysis

The ancient sequences were corrected for PCR errors according to
“Authenticity criteria’ and consensus sequences were created, if
possible. All sequences from this study (excluding 41 bp of the
primers) and 11 representative HGP sequences from the database
of six different Triticeae species (EMBL acc. AJ131815;
AJ132190; U39229; X03041; X03042; X98583-X98587; Y 10966)
were aligned using the Wisconsin package Version 10.0 (GCG,
Madison, Wis.). Only one Glu-A1-2 TsAr sequence was detected
in all extracts. A correction of putative PCR errors was therefore
not possible.

For the phylogenetic analysis, the partial sequence Glu-A1-2
Talt was completed by the corresponding segment of Glu-A1-2
from T. aestivum cv Galahad. The deletion of a basepair triplet at
positions 105-107 was considered as one singular event and sub-
stituted for one transversion. Neighbour-joining (NJ) trees were
calculated using ClustalW version 1.6 (Thompson et a. 1994)
with parameters set for 1000 bootstrap replicates, the exclusion of
positions with gaps and no correction for multiple substitutions.
Pairwise genetic distances were calculated using Kimura's two-
parameter model (transition/transversion ratio of 2.0) in the
Dnadist programme of PHYLIP 3.57 (Felsenstein 1989) including
two additional sequences from T. monococcum L. (EMBL acc.
Y 12401; Y 12402).

Authenticity criteria

False positives are a common threat to molecular studies of an-
cient specimens, where only minute quantities of DNA are avail-
able (Handt et al. 1994). Therefore criteria have to be applied to
authenticate the ancient origin of the analysed DNA (Cooper and
Poinar 2000).
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Historical wheat samples were processed in physically separat-
ed laboratories designated exclusively for extracting ancient DNA,
and dedicated material was used, for example separate pipettes,
sterile ART pipette tips with filters (Molecular BioProducts, Inc.
San Diego, Calif.) and disposable plasticware. Nondisposables
such as pestle and mortar were bleached and autoclaved. Equip-
ment and solutions were irradiated in a UV Stratalinker 2400
(Stratagene, La Jolla, Calif.) at maximum energy for at least
15 min. Two extraction blanks were included in every extraction
series. The ITS2 region was amplified as a control region to con-
firm the presence of authentic DNA.

Identical sequences, identified in independent extractions of a
historical sample were considered authentic. Variations occurring
only in one of several extracts were considered as PCR errors. A
variation unknown in the identified HGP gene but common in an-
other HGP gene was considered as a site of jumping PCR, i.e. the
polymerase created a hybrid sequence during the PCR by ‘jump-
ing’ between templates of different HGP genes (Pa&bo et al.
1990).

Results
PCR products from the historical wheat samples

Amplification of the HGP fragment yielded a product of
the expected 240 bp in 10 out of 35 extracts (28.6%)
from T. spelta ‘Arlesheim’ (TsAr) and in two out of
three extracts (66%) from T. aestivum ‘Itingen’ (Talt)
(Table 1). From the ITS2 region a product of the expect-
ed size was amplified with the universal primersin 9 ex-
tracts out of 29 from TsAr (31%) and with the wheat
specific primers in two extracts out of three from Talt
(66%) (Table 1). The amplification of both the HGP and
the ITS2 region was successful in one extract from TsAr
(1f) and in two extracts from Talt (6¢, 7€).

Sequence analysis of the HMW glutenin promoter region

Eight of the ten PCR products of the HGP from
TsAr were cloned and 48 clones were sequenced. Of
these, 35 sequences obtained from six PCR products
(Table 2a: 1d, 1f, 3a, 4d, 4e and 4h) were considered
authentic according to criterialisted in Methods. All six
HMW glutenin genes (HMW Glu-A1-1, A1-2, B1-1,
B1-2, D1-1 and D1-2) were identified with high simi-
larity (>96%) to the corresponding published genes.

Table 1 PCR amplifications of

a240-bp fragment of the pro- Eeﬁr;ctl on ;\: gmofl_ ;e;trracts No. of PCR products: f'\:gfnofl' é;elxttra(:ts No. of PCR products:

moter region of HMW glutenin HGP ITS2 HGP ITS2

subunit gene (HGP) and a

300/235-bp fragment of the

ITS2 region from DNA extracts 1 Z:Ij 6 2 4 db - - -

of desiccated historical T. spelta £ 2 5 o na - - -

(TsAr) and T. aestivum (Talt) dah 8 3 0 B B B
5ab 2 1 1 - - -
6ac 2 0 n.d. 1 1 1

a After reamplification 7Tae 4 2 0 1 1 1

b*n.d.’=not determined 8a —° - - 1 0 0

¢'~' noextractincluded inthis 144 35 10 9 3 2 2

series
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Fig. 2 Sequence alignment of the partial HMW glutenin promoter
region including 19 sequences found in this study and 11 sequenc-
es of di-, tetra- and hexa-ploid wheat from the EMBL/Genebank
database. PCR primers are excluded, 200 bp are shown, number-
ing starts at the first base of the consensus sequence after the for-
ward primer, the TATA box is underlined. The sources (including
abbreviations) of the aligned sequences were: T. spelta ‘Arles-
heim’ (TsAr), T. aestivum ‘Itingen’ (Talt), T. spelta ‘ Oberkulmer’
(TsOb), T. aestivum cv Galahad (TaGa), T. aestivum cv Cheyenne
(TaCh), T. aestivum cv Chinese Spring (TaCS), T. turgidum var.
dinurum (TtDi), T. turgidum var. buccale (TtBu) and Ae. tauschii
(Aet)

The sequences obtained from extract 3h did not align to
any published sequence in the database. Sequences ob-
tained from one cloned PCR product of TsAr from se-
ries 7 were highly similar to corresponding wheat genes
but were excluded from further analysis because sever-
al mutations, occurring in al five genes detected, did
not allow unambigous reconstruction of the original se-
guences.

A
A

TEBU = e i ceiesssecenaane R IR A
A

TaGa/TsSOb/TAIt/TSATY]l T....u.eiceesoonnans sonncacanssononnos

TaGa e rassesaane —eiiees saseenn P
TaIt feTheesacaane —eiiies seraaen AG........
TsOb/TsAx T reesseeaan ~ieasee casenes AG..ooannn

.............................. CoveBerennse senvnesannsenannses@

CGCTTTCTTCTTA-GGCTAA ACTAACCTCACCGTGCACAC AACCATTGTCCTGAACCTTC ACCTCGTCCCTATAAAAGCC CAACCAACCTTCACAATCTC ATC

Twenty four clones of both PCR products of the
sample Talt were sequenced. All six HMW glutenin
genes were identified (Table 2b). The number of genes
detected per PCR product was variable in TsAr and Talt
(Table 2).

Sequence comparison

Sequences were aligned and differences are discussed
compared to the most similar alele each. The aignment
of the HGP sequences from TsOb, TsAr and Talt with
representative sequences from the database showed that
the genes Glu-Al-2, Glu-B1-1 and Glu-B1-2 from the
two spelt samples TsOb and TsAr differed from all other
Triticeae (Fig. 2).

The Glu-A1-2 alele from TsOb varied from the most-
similar sequence of T. aestivum cv Cheyenne at four po-
sitions (A foraG at pos. 2, T for aC at pos. 41, T for a
C at pos. 162 and C for an A at pos. 180). The single
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Table 2 Number of clones corresponding to the genes of the HWM glutenin promoter region (HGP) obtained from PCR products from
extracts of historical T. spelta Arlesheim (a) and T. aestivum Itingen (b). The notation of the extracts refersto Table 1

a

Extracts from Number of HGP alleles obtained from the extract No. of HGP
TSAr genes detected
Glu-A1-1 Glu-A1-2 Glu-B1-1 Glu-B1-2 Glu-D1-1 Glu-D1-2

1d - - - - - 4 1

1f - - - - 9 - 1

3a - - - 5 - - 1

4d 1 - 2 1 1 6 5

4e - - 1 - - 1 2

4h - 1 1 - 2 - 3

b

Extracts from Number of HPG alleles obtained from the extract No. of HGP

Talt genes detected
Glu-A1-1 Glu-A1-2 Glu-B1-1 Glu-B1-2 Glu-D1-1 Glu-D1-2

6c 4 2 2 2 2 6 6

e 1 - 1 - 3 1 4

Glu-A1-2 sequence obtained from TsAr shared the varia-
tions at pos. 2, 162 and 180 with TsOb, but not at pos.
41. This was aso found in Glu-Al1-2 sequences from
several modern spelt accessions (unpublished results).
The sequence from TsAr also varied from the allele of
T. aestivum cv Cheyenne at positions 80 and 141 (T for
C and G for A, respectively). These differences are so far
unknown from modern sequences and might also be
PCR errors. The partia allele of Glu-A1-2 from Talt was
identical to the allele from T. aestivum cv Galahad, char-
acterized by a missing triplet at position 105-107, in
contrast to wheats with the triplet, such as T. aestivum cv
Cheyenne (Fig. 2).

Various polymorphic alleles of the Glu-B1-1 gene are
known. The Glu-B1-1 alleles found in the two hexaploid
spelt samples TsOb and TsAr were identical, but they
differed at two positions (T for C at pos. 65 and A for C
at pos. 165) to the most similar alele of Triticum turgid-
um var. buccale, with which they share four differences
(T for C at pos. 53, A for G at pos. 130 and 133 and C
for T at pos. 112) to the corresponding allele of T. aes-
tivum cv Galahad and T. turgidum var. dinurum. The a-
lele of Glu-B1-1 from Talt was identical to the allele
from T. aestivum cv Galahad.

The Glu-B1-2 dlele of TsOb and TsAr varied from
the allele of T. aestivum cv Galahad by an A for G at
pos. 71 and a G for an A at pos. 130. The allele of Talt is
identical to Glu-B1-2 of T. aestivum cv Galahad except
for aG at pos. 130, shared with TsOb and TsAr.

Identical aleles of the genes Glu-Al-1, Glu-D1-1 and
Glu-D1-2 were found in both spelt wheats TsOb and
TsAr and the bread wheat Talt. The Glu-A1-1 and Glu-
D1-1 alleles were also identical to the corresponding al-
leles published for tetra- and hexaploid wheat so far. In
TsAr one additional allele of Glu-D1-1 (TsAr2) was
identified in two independant extracts (1f, 4d) with a C
to T transition at pos. 76 compared to the other alele

Glu-D1-1TsArl from TsAr, identified in the extracts 1f
and 4h. The alele of Glu-D1-2 in TsOb, TsAr and Talt
varied from the most-similar corresponding allele of
Triticum tauschii by a T instead of C at position 131,
also found in T. aestivum cv Chinese Spring (Fig. 2).

None of the mutations described here affected regula-
tory promoter units such as the TATA box (pos. 171-174)
or the CCAT sequence (pos. 143-146) (Reddy and
Appels 1993). The PCR error rate of the Taq polymerase
was calculated for TsAr: 1.61*1073, Talt: 1.46*1073,
TsOb: 1.72* 10-3errors per base pair. Observed events of
jumping PCR were in TsAr: 0.06, Talt: 0.29, TsOb: 0.19
events of jumping PCR per HGP sequence.

Sequence analysis of the ITS2 region

From 38 clones of two PCR products amplified from the
sample TsAr with the universal ITS2 primers, approxi-
mately 75% of the obtained ITS2 sequences corre-
sponded to whest; 25% of the ITS2 sequences originated
from other plants. Their presence was confirmed in a
morphological survey on the weeds associated with the
sample (Blatter et a., in preparation) and strengthened
the evidence that authentic DNA was obtained from the
historical specimen.

Phylogenetic analysis

To explore the relationship between the HGP of spelt and
other wheats, the sequences obtained in this study and 11
previously published sequences of tetra- and hexa-ploid
wheat and Ae. tauschii were used for a neighbour-joining
(NJ) analysis based on the calculation of percentage simi-
larities (Fig. 3). Pairwise genetic distances were calculat-
ed using Kimura's two-parameter model (Table 3).
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Table 3 Pairwise genetic distances from 19 sequences of 200 bp of the HMW glutenin promoter region were calculated using Kimura's
two-parameter model. Abbreviations are asin Fig. 2 (in addition: Tmon=T. monococcum)

Glu- Al-2 Al1-2 Al-2 Al-2 B1-2 B1-2 B1-2 D12 D12 D12 Al1-1 Al-1 B1-1 Bl1-1 B1-1 D11 Di1-1
TtBu TaGa TsOb TsAr TaGa Talt TsOb Aet. TaCS TsOb TaGa Tmon TaGa TtBu TsOb TaGa TsAr2
A1-2Tmon 0.036 0.037 0.046 0.052 0.086 0.091 0.097 0.080 0.087 0.085 0.176 0.170 0.129 0.141 0.153 0.144 0.151
Al1-2TtBu - 0.010 0.020 0.025 0.085 0.091 0.096 0.079 0.092 0.084 0.174 0.168 0.133 0.145 0.158 0.137 0.143
Al1-2TaGa - 0.021 0.026 0.086 0.092 0.098 0.080 0.093 0.086 0.177 0.171 0.136 0.148 0.161 0.140 0.146
A1-2TsOb - 0.015 0.096 0.101 0.107 0.090 0.103 0.095 0.186 0.174 0.145 0.157 0.170 0.149 0.155
A1-2TsAr - 0.101 0.107 0.113 0.095 0.103 0.101 0.192 0.180 0.151 0.163 0.176 0.155 0.161
B1-2TaGa - 0.005 0.010 0.057 0.069 0.062 0.148 0.142 0.103 0.115 0.127 0.101 0.107
B1-2Talt - 0.005 0.052 0.063 0.057 0.153 0.148 0.097 0.121 0.133 0.107 0.112
B1-2TsOb - 0.057 0.069 0.062 0.148 0.142 0.103 0.126 0.139 0.112 0.118
D1-2Aet - 0.010 0.005 0.136 0.143 0.091 0.114 0.126 0.118 0.124
D1-2TaCS - 0.005 0.151 0.157 0.099 0.122 0.135 0.132 0.138
D1-2TsOb - 0.142 0.148 0.091 0.114 0.126 0.124 0.130
Al-1TaGa - 0.030 0.103 0.103 0.115 0.062 0.067
A1-1Tmon - 0.097 0.097 0.109 0.057 0.062
B1-1TaGa - 0.020 0.031 0.074 0.080
B1-1TtBu - 0.010 0.085 0.091
B1-1TsOb - 0.097 0.103
T1-1TaGa - 0.005
Al-1 TSOb/TsAr/ The NJtree was divided into two main branches
Talt/TaGa/TtBu

952

D1-1 TsAr2
1000 [ D1-1 TsOb/TsArl/

Talt/TaGa/TtBu

B1-1 TsOb/TsAr
988

B1-1 TtBu

986

— B1-1 TaGa/Talt

Al1-2 TsAr

995 —A1-2 TsOb

1000

== A1-2 TaGa/Talt

= A12 TtBu
D1-2 TsOb/TsAr/Talt
713 |
D12 TaCS

D1-2 Aet.

999

B1-2 TsOb/TsAr
642

0.01
—

B1-2 Talt

992
B1-2 TaGa

Fig. 3 Unrooted neighbour-joining tree of 200 bp of the HMW
glutenin promoter region constructed using the sequences from the
adignment in Fig. 2. Bootstrap values of 1000 replicate trees are
shown. The bar refers to 0.01% sequence variation. Abbreviations
areasinFig. 2

formed by the orthologous Glu-1-1 and Glu-1-2 genes
(Fig. 3). Each of the six glutenin genes in hexaploid
wheat clearly formed a separate clade. Most variation
within the HGP was observed in the Glu-B1-1 and
Glu-A1-2 clades. With a genetic distance of 0.020 the
Glu-B1-1 clade was split into two distinct subclades, de-
scribed previously by Brown (1999) and named alpha
and beta. A high number of bootstrap replicas supported
the stahility of the split. The allele of the two spelt sam-
ples TsOb and TsAr clustered within the so-called beta
subclade together with some tetraploid wheats, repre-
sented by T. turgidum L. var. buccale (Fig. 3). The mini-
mal genetic distance from the spelt Glu-B1-1 alele to a
HGP sequence from bread wheat was 0.031. Similar
genetic distances separated the Glu-A1-1 and Glu-A1l-2
alleles from T. monococcum (genomes APAP) to the cor-
responding aleles of the AUAUY genome, for example, in
bread wheat (0.030 and 0.036, respectively; Table 3).
The allele of Glu-B1-1 from Talt clustered within the
alpha subclade together with the known alleles of all
other T. aestivum and with tetraploid wheat, such as
T. turgidum var. dinurum.

The Glu-A1-2 clade was equally split into two subcla-
des. One lineage is formed exclusively by the two spelt
sequences TsOb and TsAr (0.020 and 0.025 compared to
bread wheat, respectively; Table 3), the second subclade
by all other wheats, including Talt (Fig. 3).

Little variation was discovered within alleles of HGP
Glu-B1-2 and D1-2. Whereas the Glu-D1-2 alleles from
the spelt samples are identical to the allele of T. aestivum
from Itingen, the Glu-B1-2 alleles from spelt differ from
the alleles of bread wheat and tetraploid wheat by at
least one base pair (=0.005).

The clades of the genes Glu-Al-1 and Glu-D1-1
showed no variation in the analysed HGP sequence,
except for a second alele of Glu-D1-1 from TsAr,
which varied by one mutation. An NJ-tree including all



60 available HMW sequences from the EMBL/
Genebank database confirmed the topology, branch
lengths and clade stability of the NJ-tree in Fig. 3,
which includes only representative sequences (data not
shown).

Discussion

The repeated extraction of ancient DNA from the two
wheat specimens T. spelta Arlesheim (TsAr) and T. aes-
tivum Itingen (Talt), and the successful amplification of
a fragment of the promoter from all the expected six
HMW glutenin single-copy genes, shows the value of
desiccated historical plant remains for molecular analy-
sis. Based on aléelic variations each historical specimen
could be clearly assigned to its corresponding taxonomic
wheat unit. This confirmed that, despite its short length,
the 240-bp fragment of the HGP was sufficiently infor-
mative to infer wheat phylogeny.

Evidence for polyphyletic allelesin spelt
and bread wheat

The alleles of the HGP from the 300 year-old spelt TsAr
were identical or highly similar to aleles of recent T.
spelta Oberkulmer (TsOb), whereas the aleles from the
250 year-old bread wheat Talt corresponded best to
aleles from modern T. aestivum (e.g. cv Galahad). Spelt
and bread wheat are considered closely related (Sears
1974; Zohary and Hopf 2000). However, the Glu-A1l-2,
Glu-B1-1, and to a lesser extent aso the Glu-B1-2,
aleles in the analysed spelt differed from the bread
wheat alleles published so far. The genetic distance be-
tween the spelt Glu-A1-2 and Glu-B1-1 alleles and the
most similar aleles in bread wheat was at least
0.020-0.025 and 0.031, respectively. Interestingly, simi-
lar genetic distances were found for each of the Glu-A1-1
and Glu-A1-2 HGP alleles (0.030 and 0.036, respective-
ly) of T. monococcum compared to the most similar al-
leles of polyploid wheats such as T. dicoccum and T. aes-
tivum. Whereas T. monococcum (genome APAD) is the
domesticate of wild einkorn (Triticum boeoticum Boiss.),
the A-genome of polyploid wheats is closely related to
the wild wheat Triticum urartu Tuman. (genome AUAUY)
(Dvorak et al. 1992).

With an estimated mutation rate for synonymous sub-
stitutions in nuclear monocotyledon genes of 5.1-7.1x
109 substitutions site! year-1 (Wolfe et al. 1989) the
number of base changes between the spelt and bread
wheat aleles (4-5 in Glu-Al1-2 and 6 in Glu-B1-1) are
too many to have evolved since the emergence of
hexaploid wheat approximately 7000-8000 years ago
(Zohary and Hopf 2000).

These considerations suggest a polyphyletic origin of
the Glu-A1-2 and B1-1 aleles present in the analysed
spelt and bread wheat samples.
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Scenarios of a polyphyletic origin of spelt
and bread wheat alleles

Two main scenarios can explain a polyphyletic origin of
aleles on the A- and B-genome. Spelt and bread wheat
could have descended from different hexaploid hybrids
of tetraploid wheat and Ae. tauschii, i.e. the different
glutenin alleles represent the genetic variation in the an-
cestral tetraploid wheat. The second possibility is an in-
trogression of tetraploid wheat into hexaploid wheat
(e.g., Schiemann 1951, Liu and Tsunewaki 1991).

The Glu-D1-1 and Glu-D1-2 sequences in the analy-
sed spelt and bread wheat were each identical, but the
Glu-D1-2 alele varied from corresponding published se-
guences, which indicates that several Ae. tauschii were
involved in the evolution of hexaploid wheat. Thisisin
agreement with a previous study, where RFLP markers
on the D-genome provided strong evidence that hexa-
ploid wheat evolved several times by the hybridization
of Ae. tauschii and tetraploid wheat, and that subse-
guently a common genepool of the D-genome of hexa-
ploid wheat was formed by hybridisation, recombination,
selection and genetic drift (Dvorék et al. 1998d). The re-
ported differentiation between spelt and bread wheat was
very limited compared to the difference to the most-
related subpopulation of Ae. tauschii, which suggests
that differentiation in hexaploid wheat is not due to a
different ancestral Ae. tauschii (Dvorak et al. 1998a;
von Biren 2001).

Similar to the D-genome, the evolution of a common
genepool of the A- and B-genomes in hexaploid wheat
would be expected if no introgression of tetraploid into
hexaploid wheat had occurred. An introgression would
increase the variation and differentiation in the A- and
B-genomes among hexaploid wheat without altering the
D-genome. Both a high variation of the A- and B-geno-
mes and a differentiation of spelt and bread wheat was
indicated by the different Glu-Al-2, B1-1 and B1-2
aleles in the analysed spelt and bread wheat. A higher
genetic variation of the A- and B-genomes compared to
the D-genome (Liu and Tsunewaki 1991; Siedler et al.
1994), and a differentiation of spelt from bread wheat,
was also found in previous studies with various modern
wheat samples (Liu and Tsunewaki 1991; Siedler et al.
1994; von Biren et a. 2000; Bertin et a. 2001; von
Buren 2001). These observations support that our results
are not the effect of a random variation because of the
small number of samples analysed, but more-likely re-
flect a differentiation among hexaploid wheats.

Evidence for a secondary origin of European spelt by
a hybridisation of tetraploid and hexaploid wheat is the
Glu-B1-1 beta subclade, which was formed by the differ-
ent alleles from spelt and some tetraploid wheats, where-
as al bread wheats clustered in the apha subclade.
Brown (1999) reported that in 262 cultivated tetraploid
wheats the alpha alleles were common and widely dis-
tributed, whereas the beta alleles were found in a minori-
ty of the tetraploid wheats. If the Glu-B1-1 beta alleles
were restricted initially to tetraploid wheat, this suggests
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that the Glu-B1-1 allele in the spelt TSAr and TsODb origi-
nates from a tetraploid wheat and the D-genome from a
hexaploid wheat. A similar result was found with the
gamma gliadin alleles on the B-genome that are present
in spelt and some tetraploid wheats but not found in
bread wheat (von Biren 2001). Since only a limited
number of individual hexaploid wheats would have con-
tributed to the D-genome of the new speltoid alloploids,
a bottleneck effect could explain the limited differentia-
tion among the D-genomes.

The result of our analysis of the HGP region of spelt
and bread wheat can be explained by European spelt
originating from a hybridization of tetraploid and hexa-
ploid wheat. This scenario may be reflected in the differ-
ent history of emmer and bread wheat compared to spelt,
as suggested by the archaeological evidence (Neshitt and
Samuel 1996). However, our conclusions have to be con-
sidered as preliminary, since the examined specimens re-
present an exceptional, but limited, collection of differ-
ent hexaploid wheats from a very restricted area span-
ning a time period of at least 250 years. Nevertheless,
the analysis of historical specimens is important for in-
vestigating a broad genetic range of spelt, especially
considering the genetic narrowness of modern spelt
cultivars. For example, T. spelta * Oberkulmer’ is the par-
ent of many accessions analysed in studies on modern
spelt (Siedler et al. 1994; von Blren et al. 2000; Bertin
et a. 2001). To obtain conclusive evidence on how and
where European spelt evolved, it will be necessary to an-
alyse additional recent and historical spelt accessions
from different geographical regions and to include other
genetic markers. The presence of the polyphyletic alleles
in the historical samples shows that the observed differ-
ences are at least 250 years old, but it can not tell us
whether this is the result of events that happened in the
Bronze Age, when the first large quantities of spelt are
found in the archaeological record in Europe, or in a
later, e.g. Medieval, time period. More information will
depend on the availability of wheat specimens of the
time periods in question, from which authentic DNA can
be extracted.
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