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Abstract A recently developed synthetic amphi-
ploid, Triticum timococcum Kost.,, nom. nud.
(2n = 6x = 42, A'A'GGA™A™) is described in the
present study. This hexaploid taxon was developed by
colchicine treatment in Martonvasar from the hybrid
of a selected accession of Triticum timopheevii Zhuk.
(2n = 4x = 28, A'A'GG) and a prebred semi-dwarf
line of Triticum monococcum L. (2n = 2x = 14,
A™A™). A detailed cytomolecular examination was
carried out using the sequential multicolour fluores-
cence and genomic in situ hybridization techniques
(FISH and mcGISH). It was proved that T. timococ-
cum has 42 chromosomes originating from its parents.
The chromosomes of the A genomes of 7. monococ-
cum and T. timopheevii could be distinguished in the
amphiploid using FISH. The successful discrimination
of the chromosomes was supported by the karyotypes
of the three genomes and the successful optimization
of the mcGISH technique for the A and G chromo-
somes achieved in the present study. A phenotypic
evaluation was also carried out under natural and
artificial growing conditions in 2012 and 2013. Based
on the results, 7. timococcum has intermediate char-
acteristics in terms of spike (spikelet) shape and plant
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height, while it is similar to the female parent,
T. timopheevii regarding pubescence. Like its parents,
T. timococcum showed outstanding resistance to the
main fungal diseases of wheat. T. timococcum headed
later and developed longer and looser spikes, fewer
tillers and only a third as many seeds than its parents.
The third generation of T. timococcum was able to
develop an acceptable number of seeds, even taking
into account the reduced germination ability in the
field.
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Introduction

As the effects of global climate change escalate,
prebreeding becomes increasingly important in the
improvement of bread wheat (Triticum aestivum L.
subsp. aestivum). Wild relatives of wheat carry many
useful resistance genes against biotic and abiotic
stresses that could be incorporated into the wheat
genome in order to make wheat cultivation more
secure and to reduce the negative impact of intensive
cultivation on the natural environment (Arraiano et al.
2001; Pestsova et al. 2001; Mujeeb-Kazi and Rajaram
2002). It is well known that one possible way of
increasing the genetic diversity of prebreeding
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materials is the development of synthetic amphiploid
wheat lines. These lines are interspecific hybrids that
have a diploid set of chromosomes originating from
each parental species. Besides direct crosses between
bread wheat and one of its wild relatives, an increase in
the genetic diversity can also be achieved by develop-
ing synthetic amphiploid wheat lines from two wild
relatives (Sears 1981). One such amphiploid is syn-
thetic hexaploid wheat, arising from the re-synthesis
of bread wheat (Mujeeb-Kazi et al. 1996; Zhang et al.
2005; Lage et al. 2006; Jones et al. 2013).

The combination of Triticum timopheevii Zhuk. and
Triticum monococcum L. subsp. monococcum (ein-
korn wheat) could be an excellent way to develop new
synthetic amphiploids for the establishment of a
promising prebreeding approach.

The tetraploid (2n = 4x =28, A'A'GG) T.
timopheevii is a well-known source of resistance
genes (Mujeeb-Kazi and Kimber 1985; Belea 1992),
making it resistant to fungal diseases such as powdery
mildew (Blumeria graminis (DC.) Speer), leaf rust
(Puccinia triticina Erikss.), stem rust (Puccinia graminis
Pers.) and smut [Ustilago tritici (Pers.) Rostrup]
(MclIntosh and Gyarfas 1971; Jirve et al. 2002). This
species also has outstanding tolerance to abiotic
stresses, such as drought. Moreover, the cultivated
forms of this species have good bread-making quality
with high protein content (Zhukovsky 1971).

The diploid (2n = 2x = 14, A™A™) einkorn wheat
also carries effective resistance genes against most of
the main fungal diseases of wheat (e.g. powdery
mildew, leaf rust) (Vavilov 1949; The and Baker 1975;
Monneveux et al. 2000). Most cultivated einkorn lines
have good winter hardiness and allelopathic effect,
and also tolerate drought well (Megyeri et al. 2011).
The valuable components (carotenoids, tocol) in the
grains make einkorn wheat a promising source for
healthy food production (Brandolini et al. 2008).

An earlier detailed phenotypic description com-
bined with the prebreeding approach have resulted
in the selection of the most promising of the 56
T. timopheevii accessions preserved in the Mar-
tonvéasar Cereal Gene Bank. As a further result of this
approach, a T. timopheevii x T. monococcum hybrid
has been developed between this accession and a
previously prebred semi-dwarf einkorn line (Miké
et al. 2013). Following the suggestion of Goncharov
et al. (2009), this amphiploid is known as Triticum
timococcum Kost., nom. nud.

@ Springer

The present study is focusing on the molecular
cytogenetic identification of the genome composition
and on the examination and phenotypic description of
this new synthetic amphiploid, 7. timococcum.

Materials and methods
Plant material

The female parent was T. timopheevii Zhuk. subsp.
timopheevii  var. rubiginosum (Accession No.:
MVGB&845), while the male parent was a semi-dwarf
einkorn line (7. monococcum L. subsp. monococcum
‘1T-1") having good agronomic characteristics. This
einkorn line was bred in Martonvasar, and has
relatively good crossability with other Triticum spe-
cies (Kovacs et al. 2012; Megyeri et al. 2011). A
hybrid between these selected plant materials was
developed in recent years in Martonvasar and named
T. timococcum Kost., nom. nud. The fertile hexaploid
genome of the new hybrid was doubled by colchicine
treatment, so the further generations are referred to as
C,, instead of F,,. Several plants of the T. timococcum
C, (progenies of treated F; generation) and C;
generations were studied. Disease resistance studies
were carried out using sensitive cultivars of bread
wheat as controls in the field (Mv Emese) and in the
phytotron (Alcedo).

Two gene bank accessions were also sown in the
nursery in Martonvasar so that a sufficient amount of
total genomic DNA could be isolated for the molecular
cytogenetic analysis. The donors of the A and S
genomes were Triticum urartu Tumanian ex Gandi-
Iyan (Acc. No.: MVGBI115) and Aegilops speltoides
Tausch var. speltoides (Acc. No.: MVGB905), respec-
tively. The botanical names used in the present study
are based on the wheat classification system of van
Slageren (1994).

Fluorescence in situ hybridization

Mitotic metaphase chromosome preparations were
made from the root tips of germinating seeds of the
doubled hybrid (hexaploid) progenies as previously
described by Jiang et al. (1994), while fluorescence
in situ hybridization (multicolour FISH and GISH)
was carried out according to Molnar et al. (2009). In
the case of FISH the repetitive DNA sequences
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pScl119.2 (Bedbrook et al. 1980) and Afa-family
(Nagaki et al. 1995) were labelled with biotin-16-
dUTP (Roche Diagnostics GmbH, Mannheim, Ger-
many) and digoxigenin-11-dUTP (Roche), respec-
tively, and they were amplified by PCR (Nagaki et al.
1995; Contento et al. 2005). The 18S-5.8S-26S rDNA
clone pTa7l (Gerlach and Bedbrook 1979) was
labelled with biotin-16-dUTP and digoxigenin-11-
dUTP in a ratio of 1:1. FISH was followed by
multicolour genomic in situ hybridization (mcGISH).
After documenting the FISH patterns of entire cells,
the slides were washed and rehybridized using the T.
urartu and Ae. speltoides genomic probes. Total
genomic DNA was extracted from the plants using
the phenol-chloroform method described by Sharp
et al. (1988). During the development of the hybrid-
ization probes, the genomes of Ae. speltoides (genome
S, ancestor of genome G) and 7. urartu (genome A)
were labelled by nick translation with digoxigenin-11-
dUTP and biotin-16-dUTP, respectively. Before
hybridization, all the total genomic DNAs were
sheared by autoclaving for 4.5 min. For FISH 0.4 pl
Afa-family, 0.6 pl pSc119.2 and 0.6 pl pTa71 probes
were added to the hybridization mixture of each slide,
while the concentration and ratio of the total genomic
probes in the hybridization mixture of mcGISH were
optimized in a preliminary study, on the basis of which
40 ng (0.8 pl) labelled A genomic DNA probe, 40 ng
(0.8 ul) labelled S genomic DNA probe and unla-
belled blocking DNA from S genomic DNA at 50
times the quantity of the probes (2 pg) were added to
the hybridization mixture of each slide. The concen-
tration of the S genomic DNA used as blocking DNA
was 2,793 ng/pl, so 0.716 pl/slide was added to the
hybridization solution.

After the in situ hybridizations (FISH or mcGISH),
the detection of digoxigenin and biotin was carried out
using anti-digoxigenin-rhodamine Fab fragments
(Roche) and streptavidin-FITC (Roche), respectively
(Molnar-Lang et al. 2010). The labelled chromosomes
were examined with a Zeiss Axiolmager.M2 fluores-
cence microscope using a Plan Neofluar oil objec-
tive x 100, NA 1.3 (Carl Zeiss Microimaging GmbH,
Gottingen, Germany) equipped with filter sets appro-
priate for DAPI (Zeiss filter set 49), FITC (Zeiss filter
set 38) and rhodamine (Zeiss filter set 20). The images
were captured with a Zeiss AxioCam MRm CCD
camera and compiled with AxioVision 4.8.2 software.

The discrimination of A genome chromosomes was
based on the findings of Megyeri et al. (2012), while
the identification of G chromosomes was aided by the
results of Uhrin et al. (2012).

Phenotypic description; statistical analysis

Field assessment was carried out in the certified
organic nursery of the gene bank in Martonvasar in
2012 and 2013. Twenty seeds were sown in each 1-m
row in October (row distance: 20 cm). Precipitation in
the field during the vegetation season (15th October to
15th July) amounted to 238 and 371 mm, respectively,
in 2012 and 2013. In parallel, plants of the parents and
their synthetic hybrids were grown in pots in a
phytotron chamber (Conviron PGR-15 cabinet) under
controlled environmental conditions, where the
growth parameters were adjusted according to Mol-
nar-Lang et al. (2012). Seedlings germinated in jiffy
pots were put in the climate chamber after 6 weeks’
vernalization at 4 °C in pots measuring 18 cm in
height and 11 cm in diameter.

In 2012, seeds from the best 53 isolated spikes of T.
timococcum were sown without seed treatment in
distinct rows in the field next to the rows of the parents.
In parallel, 31 seeds from 7 of the 53 T. timococcum
spikes were grown in the phytotron together with 3—4
plants of their parents. The phenotypic description of
the plant material was continued in 2013 by assessing
56 rows of T. timococcum (Csz generation) together
with 10 plants of each parent, and 31 7. timococcum
plants in a phytotron chamber without the parents. All
the spikes in the phytotron and the main spikes of 30
randomly selected plants from each genotype were
also analysed (except T. timococcum in the field in
2012).

Growth habit (winter, spring or facultative type)
and heading date (only in the field) were examined
during the vegetation season, while the maximum
plant height (in cm from the ground to the top of the
awns) and number of tillers (spikes) per plant were
determined immediately before harvest. Spike length
(without awns), spikelet density (number of spikelets
per 1 cm of spike), number of florets per spike and
number of seeds per spike were measured after
harvest. In both years, spikes of 7. timococcum were
isolated (except in the field in 2013), while spikes of
the parents were not.
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The morphological traits of 7. timococcum were
compared with those of the parents using ¢ test to
detect the significance of the difference between the
means of two independent samples. Significant dif-
ferences between the two consecutive generations
(years) of T. timococcum were also analysed.

Disease resistance studies

Resistance to frequently occurring wheat diseases
(powdery mildew, leaf rust and yellow rust) was
examined in 2013, when a sensitive bread wheat
cultivar (7. aestivum subsp. aestivum ‘Mv Emese’)
was used as a control in the field. In addition, artificial
leaf rust inoculation was carried out on 3-leaf plantlets
in the phytotron during the winter of 2012/2013 using
a sensitive bread wheat cultivar, Alcedo as a control.
Leaf rust infection was scored according to Stakman
et al. (1962).

Results
Genome composition
FISH karyotype

Three-colour FISH was carried out separately on the
female parent, T. timopheevii (2n = 4x = 28, A'A"
GG) and on the male parent, 7. monococcum
(2n = 2x = 14, A™A™), in order to obtain appropriate
“raw material” for developing an effective karyotype
for the A", G and A™ genomes. Repetitive DNA probes
pSc119.2, Afa family and pTa71 were used simulta-
neously in the hybridization, and the labelled chro-
mosomes of the somatic metaphase cells were
photographed. The individual chromosomes were
then cut out and assembled to show the karyotypes
of the three genomes used for the identification of T.
timococcum chromosomes (Fig. 1).

Chromosome discrimination was carried out using
the previously published FISH patterns of T. timophe-
evii (Jiang and Gill 1994; Uhrin et al. 2012) and T.
monococcum (Megyeri et al. 2012). Chromosomes
6G, 6A', 1A™ and 5A™ showed very strong pTa7l
signals, while the green coloured pSc119.2 probe gave
strong signals on all the G genome chromosomes and
weaker signals on two A' chromosomes (1A"and 5A").
In combination with the Afa-family signals, this

@ Springer

Fig. 1 FISH Karyotypes of A™, A' and G genomes: fluores-
cence in situ hybridization patterns of repetitive DNA probes
pSc 119.2, Afa family and pTa71 on chromosomes of Triticum
monococcum L. subsp. monococcum 1T-1 (A™) and T.
timopheevii Zhuk. subsp. timopheevii var. rubiginosum
MVGB845 (A" and G) arranged according to genomes and
homeologous groups (bar = 10 pum)

allowed all the G genome chromosomes to be clearly
distinguished from each other (Fig. 1). The Afa-
family probe hybridized mainly to the chromosomes
of the A™ and A' genomes, which could be distin-
guished from each other using these karyotypes and
the detailed description created from them (Table 1).

Genome of Triticum timococcum

Pretrials on T. timopheevii preparations proved the
effectiveness of the combined FISH and mcGISH
techniques for the discrimination of the A and G
chromosomes. Chromosome counting was also carried
out on metaphase spreads before the in situ hybrid-
ization, and most of the hybrid 7. timococcum plants
examined were found to have a stable hexaploid
genome. The identification of the genome of the
synthetic amphiploid, using the same FISH technique
as for its parents, proved that normal doubling
occurred after colchicine treatment, resulting in 42
chromosomes in the C, generation. The whole sets of
T. timopheevii and einkorn chromosomes could be
clearly discriminated using the previously developed
karyotypes (Fig. 2a). Based on the karyotypes and
Table 1, all the seven A™ and seven A' chromosomes
could be identified in the amphiploid using FISH,
mainly with the help of the Afa-family probe. Only
chromosomes 2A™ and 6A™ were difficult to distin-
guish, though 6A™ exhibited slightly more of the very
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Fig. 2 FISH (a) and mcGISH (b) patterns on mitotic chromo-
somes of the same hexaploid T. timococcum Kost., nom. nud. C,
cell using labelled repetitive (a) and total genomic (b) DNA
probes. Chromosomes labelled with white are from the T.

weak red-labelled Afa-family signals than 2A™. The
green-labelled pSc119.2 probe hybridized mostly to G
genome chromosomes, giving distinctive patterns on
each of them. In addition, this probe also gave signals
on chromosomes 1A' (interstitial band on the long
arm) and 5A" (2 signals at the terminal end of the short
arm). The hybridization patterns of pTa71 were found
at the terminal end of the short arms of 1A™ and 5A™,
and on the subterminal region of the short arms of 6A"
and 6G.

After stringency washing of the FISH slide, the
genome composition of the 7. timococcum plants was
also analysed by mcGISH using the results obtained
from the mcGISH optimization pre-study of T.
timopheevii. The optimal hybridization mixture
allowed clearly detectable signals to be obtained with
high contrast. During this procedure the green-col-
oured T. urartu DNA and the red-coloured Ae.
speltoides DNA hybridized to the A (A" and A™) and
G genomes, respectively, so both A genomes could be
clearly discriminated from the G genome (Fig. 2b).
Like its female parent, T. timococcum carries the same
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timopheevii Zhuk. subsp. timopheevii var. rubiginosum
MVGBS845 parent, and chromosomes labelled with yellow are
from the Triticum monococcum L. subsp. monococcum 1T-1
parent (bar = 10 pm)

species-specific translocations previously reported by
Rodriguez et al. (2000) and Uhrin et al. (2012). The
short arm of chromosome 6A" has a long translocated
segment from the short arm of chromosome 1G, while
1G has a short segment from 6A" (6A'S/IGS).
MCcGISH also revealed that 4GS has a tiny segment
from the A" genome, which probably originated from
the long arm of chromosome 4A' (4GS/4A'L), as
demonstrated by Rodriguez et al. (2000).

On the basis of these results, the genome compo-
sition of the newly developed synthetic amphiploid, 7.
timococcum can be described as 2n = 6x = 42,
A'A'GGA™A™.

Phenotypic traits

The results of the morphological description can be
seen in Table 2 (field) and Table 3 (phytotron).

In the 2011/2012 season 50.5 % of the T. timococ-
cum seeds germinated in the field after sowing, and
80.8 % of them showed very good winter hardiness.
The heading of T. timococcum lasted for a month in



61

Genet Resour Crop Evol (2015) 62:55-66

19[S 11 JO 95 (OG—0E Ul (SPass) 1910  1nq ‘[ Jou SdO[oASP UIONUIS JO SUI| JTEMP-TWIS 3Y) SUONIPUOD PoOF Iopuf)

[9A9] [0°0 = J Y I8 JeaK IOUIO dY) Ul 122020 [, WOIJ JUIIp Apueoyrusis

[9A9] G0'0 = d 9Y} e JedK ISYI0 U} UL wnId0o0ui] ] WOIJ JUINIp Apuesyiusis

[9AS] [0°0 = d ) 18 Teak swes Yy ul [~ L] woy juateyip Apuedyusis .,

[9AS] GO0 = d AU J& Teak swes Yy ul [-L[ woy juasayip Apueoyusis |,

[9A3] 100 = J U} 1 T8k SuIes Ay} UI GHYGDAIA WOLJ JUSISHIP APUBOYIUSIS sese

[9A9] GO'0 = J QY3 1B JeoA Qwes ay) Ul GHYGDAIN WOIJ JuaIojjip Apueoyrusis .

xepukkOV T ppennl’6 )l TV soupenn0P'8 wxxSV xxyx 1C8 U0 p1 0e/8sy  €10T
(Sung og-KeN 67)
NERESY 1 AT | 5) (VNN ST 2 SVINIRE Y () 0 IR 4 xxx%0 1L perexOUnL T ov1/v6T  T10T wnao0o0uY
0s'v oL'LY 9'0¢ €89 oL S'L9 KeN 1T 0€/0T  €10C -1 wnooooouow ~dsqns |
ILY S8 8'CC S8y 611 L'v9 KeN +C 0¢/01  ¢Cl0T WNo2020U0UL WNINLL]
SYADAIN wnsoulsign.
e yee 1Y% Ly'9 49! 696 aunf €] 0¢/01  €10T “IeA 1142aydowyy -dsqns
¥8'¢ L'6T ocy 8¥°¢ v'6 €601 KeN 8T 0¢/01  ¢Cl0T Yz nadaydoutty windyLL
(oqids jo
wo/s1araids) (uerd (wo) pajen|eAd
syoroyids oyids oyids (wo) oyids /soyids) y31oy orep  soyids/syuerd jo
Jo Kysua(q /Spa9s /S19101] jopSuey  Suwaqry juelq Surpesy oqunN — Ieox Passasse [erIaleu Jue[g

(TeseAUOLIRI ‘10T PUe 7[10T) uonerouasd snoiadid syt 0) pue syudred sir 0) paredwod pray Yy ul umois ‘pnu

‘WOU “JSOY WNII020U1] “] JO

syren [eor3ojoydioly ¢ dqel,

pringer

As



(o)}
[\S)

Genet Resour Crop Evol (2015) 62:55-66

Table 3 Morphological traits of 7. timococcum Kost., nom. nud. grown in the phytotron compared to its parents and to its previous generation (2012 and 2013, Martonvasar)

83

Density of spikelets
(spikelets/cm of

spike)

Seeds/
spike

Florets/
spike

Length of
spike (cm)

(spikes/plant)

Tillering

Plant height

(cm)

plants/spikes

Number of
evaluated

Year

Plant material assessed

Springer

4.13

25.1

38.6

4.69

5.7

114.5

3/14

2012

Triticum timopheevii Zhuk.

subsp. timopheevii var.

rubiginosum MVGB845

Triticum monococcum

5.43

25.1

334

6.25

5.0

70.6

4/20

2012

L. subsp. monococcum 1T-1

3.1 6%
3.35%

10.6%##

8.7

42.0%
417

6.67%%
6.22%

4.9

119.7%#xx
82.7%%

31/88
31/67

2012

T. timococcum

3.1XX

2013

* Significantly different from MVGB845 in 2012 at the P = 0.05 level

** Significantly different from MVGB845 in 2012 at the P = 0.01 level

# Significantly different from 1T-1 in 2012 at the P = 0.05 level

# Significantly different from 1T-1 in 2012 at the P = 0.01 level

* Significantly different from 7. timococcum in the other year at the P = 0.05 level

*> Significantly different from 7. timococcum in the other year at the P = 0.01 level

both years, the average heading date being 238 days
after sowing. Based on the observations, the heading
date of T. timococcum is less sensitive to the year
effect than that of the female parent, and seems to be
more like 7. monococcum.

Strong significant differences were found for most of
the traits examined in the field for 2 years. In 2012, only
the plant height of the T. timococcum C, generation did
not differ significantly (P > 0.05) from that of the male
parent. However, in 2013 T. timococcum showed a
significant difference at the P = 0.05 level from both
its parents for plant height, which can be explained by
the 55 % greater precipitation in that year. Moreover,
the two T. timococcum generations examined in the
2 years in both environments also showed significant
differences (P < 0.05) for most of the traits, which
could indicate the morphological instability of the early
generations of this new synthetic amphiploid.

The comparison of T. timococcum with its parents in
the phytotron (only in 2012) showed significant differ-
ences for fewer traits. Unlike the field studies, the plant
height of T. timococcum showed a greater resemblance
to that of T. timopheevii in the phytotron (Fig. 3a).

In terms of spikelet density, 7. timococcum devel-
oped longer and looser spikes than its parents. As the
female parent of T. timococcum was a T. timopheevii
accession, the inherited cytoplasmic (partial) male
sterility of the hybrid resulted in a relatively low
(around 30 %) average seed set. Moreover, half the
seeds were unable to germinate in the field, while the
germination rate in jiffy pots was almost 100 %. This
could indicate the necessity for seed treatment in
future field experiments on 7. timococcum.

The growth habit of T. fimococcum was also
examined by assessing spring-sown plants in 2013,
and it was found to be of the facultative type, like its
parents.

T. timococcum was found to be closely similar to 7.
timopheevii regarding pubescence, because the whole
plant was densely pubescent, which is one of the main
characteristics of the species. Moreover, T. timococ-
cum had more and thicker hairs than its female parent.

Regarding spike morphology, T. timococcum
showed an intermediate type in comparison to its
parents: the length and width of the spikelets were
intermediate to that of the parents. T. timococcum had
long awns and a flattened spike, like T. timopheevii,
but the width of the spikes was more similar to that of
einkorn (Fig. 3b).
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In addition, some of the spikes were slightly twisted
spirally along the longitudinal axis, and 1-2 % of the
T. timococcum spikes were found to have a double tip
(Fig. 3c¢).

Disease resistance

As no leaf diseases could be observed in the organic
nursery in 2012 (weather conditions not conducive to
fungi), artificial leaf rust inoculation was carried out
on the third generation of T. timococcum and its
parents using plantlets grown in jiffy pots. This winter
trial proved the high resistance of 7. timococcum and
its parents to leaf rust (scores of O or ;), compared to
the sensitive bread wheat cultivar, Alcedo (score of 4,
the maximum). This result was confirmed under field
conditions in 2013, where the sensitive wheat cultivar
Mv Emese had the maximum score of 4, while the
neighbouring 7. timococcum Cs plants and their
parents showed no susceptibility to leaf rust. More-
over, no other major wheat leaf diseases (yellow rust,
powdery mildew) could be observed on them during
the vegetation period in 2013, while Mv Emese
exhibited susceptibility to these diseases, too.

Discussion

Several studies have dealt with synthetic amphiploids
carrying the G genome and having unusual genome

constitutions (e.g. Badaeva et al. 1995; Cao et al. 2000;
Goncharov 2002; Laikova et al. 2004; Belea et al.
2005; Goncharov et al. 2007). Some of these authors
examined the hexaploid 7. timococcum, which was
first developed by Kostov (1936) from unbred gene
bank accessions of T. timopheevii and T. monococcum.
By contrast, the plant material used in the present
study was developed from a selected gene bank
accession of T. timopheevii and a semi-dwarf breeding
line of einkorn, resulting in 7. timococcum progenies
with characteristics different to those previously
reported. A previously developed 7. timococcum
(Belea et al. 2005) greatly differed in plant height
(124 cm) from that developed in the present study
(77 cm), as a tall (143 cm) traditional einkorn was
used as male parent instead of a semi-dwarf (66 cm)
one. The huge difference between the seed sets of
recent and earlier crossings confirms the fact that plant
materials can be effectively utilized in the develop-
ment of synthetic amphiploids only after a strict
selection of the possibly most promising parental lines
(Belea et al. 2005; Miko et al. 2013). Through this new
combination, valuable einkorn-derived genes for
resistance, quality and phenotype were also trans-
ferred into the 7. timococcum genome.

Triticum timopheevii somatic chromosomes were
earlier identified using the N-banding (Jiang and Gill
1994) and C-banding (Hutchinson and Miller 1982;
Badaeva et al. 1993; Rodriguez et al. 2000) tech-
niques. However, fluorescence in sifu hybridization

Fig. 3 Whole plants of Triticum monococcum L. subsp.
monococcum 1T-1 (left), T. timococcum Kost., nom. nud.
(middle) and T. timopheevii Zhuk. subsp. timopheevii var.
rubiginosum MVGBB845 (right) grown in a climate chamber (a).
Spikes of T. monococcum 1T-1 (left), T. timococcum (middle)

and T. timopheevii MVGB845 (right) collected from the field
(b). Double-tipped spike (front left) and slightly twisted spike
(front right) of T. timococcum C; plants in the field (c),
Martonvasar, Hungary, 2013
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(FISH) also proved to be an effective tool for obtaining
detailed chromosome descriptions of T. timopheevii,
as shown by Jiang and Gill (1994), Rodriguez et al.
(2000), Uhrin et al. (2012) and by the present study.
The identification of 7. monococcum chromosomes
using FISH was previously reported by Megyeri et al.
(2012). On the basis of these findings, three karyotypes
were developed from the three sets of chromosomes
originating from T. timopheevii (genomes A' and G)
and T. monococcum (genome A™) using the repetitive
DNA probes pSc119.2, pTa7l and Afa-family. The
present study also proved that the chromosomes of the
hybrid, T. timococcum, could be easily identified by
FISH using the same combination of DNA probes. All
the seven A" and seven A™ chromosomes could be
discriminated from each other. Only chromosomes
2A™ and 6A™ were difficult to distinguish, but clearer
identification could be achieved in the future by the
simultaneous application of another repetitive DNA
sequence, the SSR probe (GAA),, which gives strong
specific telomeric (2A™) and centromeric (6A™)
signals (Megyeri et al. 2012).

No pTa71 signals were found on chromosomes 1A
and 5A°, as previously reported by Jiang and Gill
(1994), in agreement with the results of Uhrin et al.
(2012). McGISH was proved by the present study to be
an effective tool for clearly discriminating the G
genome from the two A genomes in the hexaploid 7.
timococcum, which also carries species-specific trans-
locations derived from 7. timopheevii (6A'S/1GS and
4GS/4A'L).

The phenotypic characteristics of 7. timococcum
were found in the present study to exhibit traits
intermediate between the parents. The spikelet shape
(intermediate type) was the same as that reported for a
previously developed T. timococcum by Belea et al.
(2005), which also differed in plant height from that
developed in the present study, as a tall (143 cm)
traditional einkorn was used as male parent instead of
a semi-dwarf (66 cm) one. The shorter plant height of
the new T. timococcum (77 cm) could be advanta-
geous in terms of lodging and drought. Tolerance to
drought and the insect vectors of viruses could be
enhanced by the inherited pubescence of T. timococ-
cum, which could be introduced into wheat together
with strong biotic resistance.

Most studies on the utilization of T. timopheevii are
based on direct crosses with bread wheat (Peusha et al.
1996; Badaeva et al. 1995; Timonova et al. 2012).

@ Springer

However, the development of T. timococcum will
allow crosses to be made at the hexaploid level
(bridge-cross), which is thought to be more effective.
The task of further research will be to include the best,
selected T. timococcum lines in bread wheat prebreed-
ing programs using the backcross technique through
several generations of T. aestivum x T. timococcum
hybrids, in order to gain useful materials not only for
conventional, but also for organic wheat breeders.

Acknowledgments This research received funding from the
European Community’s Seventh Framework Programme (FP7/
2007-2013) under the Grant Agreement No. 245058-SOLIBAM,
and from two National Science and Technology Office Projects
(TECH_08-A3/2-2008-0397-CONFU_08 and TECH_08-A3/2-
2008-0423 — ALKOBEER-Hungary).

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use,
distribution, and reproduction in any medium, provided the
original author(s) and the source are credited.

References

Arraiano LS, Worland AJ, Ellenbrook C, Brown JKM (2001)
Chromosomal location of a gene for resistance to Septoria
tritici blotch (Mycosphaerella graminicola) in the hexaploid
wheat ‘Synthetic 6x’. Theor Appl Genet 103:758-764

Badaeva ED, Badaev NS, Gill BS, Filatenko AA (1993) Intra-
specific karyotype divergence in Triticum araraticum
(Poaceae). Plant Syst Evol 192:117-145

Badaeva ED, Badaev NS, Enno TM, Zeller FJ, Peusha HO
(1995) Chromosome substitution in progeny of hybrids
Triticum aestivum x Triticum timopheevii, resistant to
brown rust and powdery mildew. Russian J Genet
31:75-77

Bedbrook J, Jones J, O’Dell M, Thompson RD, Flavell RB
(1980) A molecular description of telomeric heterochro-
matin in Secale species. Cell 19:545-560

Belea A (1992) Interspecific and intergeneric crosses in culti-
vated plants. Akadémiai Kiadd, Budapest, pp 56-76

Belea A, Vorosvary G, Holly L (2005) Interspecific crosses
among einkorn (7riticum monococcum) and other wheat
(Triticum spp.) species. Novénytermelés 54:101-109 (in
Hungarian, with English summary)

Brandolini A, Hidalgo A, Moscaritolo S (2008) Chemical
composition and pasting properties of einkorn (Triticum
monococcum L. subsp. monococcum) whole meal flour.
J Cereal Sci 47:599-609

Cao W, Armstrong K, Fedak G (2000) A synthetic zhukovskyi
wheat. Wheat Inf Serv 91:30-32

Contento A, Heslop-Harrison JS, Schwarzacher T (2005)
Diversity of a major repetitive DNA sequence in diploid and
polyploid Triticeae. Cytogenet Genome Res 109:34-42

Gerlach WL, Bedbrook JR (1979) Cloning and characterization
of ribosomal RNA genes from wheat and barley. Nucleic
Acids Res 7:1869-1885



Genet Resour Crop Evol (2015) 62:55-66

65

Goncharov NP (2002) Comparative genetics of wheats and their
related species. Sib Univ Press, Novosibirsk (in Russian,
with English summary)

Goncharov NP, Bannikova SV, Kawahara T (2007) Wheat
artificial amphiploids involving the Triticum timopheevii
genome: their studies, preservation and reproduction.
Genet Resour Crop Evol 54:1507-1516

Goncharov NP, Golovnina KA, Kondratenko EY (2009) Tax-
onomy and molecular phylogeny of natural and artificial
species. Breed Sci 59:492-498

Hutchinson J, Miller TE (1982) Comparison of Triticum tim-
opheevii with related wheats using the techniques of
C-banding and in situ hybridization. Theor Appl Genet
64:31-40

Jarve K, Jakobson I, Enno T (2002) Tetraploid wheat species
Triticum timopheevii and Triticum militinae in common
wheat improvement. Acta Agron Hung 50:463-477

Jiang J, Gill BS (1994) Different species-specific chromosome
translocations in Triticum timopheevii and T. turgidum
support the diphyletic origin of polyploid wheats. Chro-
mosom Res 2:59-64

Jiang J, Friebe B, Gill BS (1994) Chromosome painting of
Amigo wheat. Theor Appl Genet 89:811-813

Jones H, Gosman N, Horsnell R, Rose GA, Everest LA, Bentley
AR, Tha S, Uauy C, Kowalski A, Novoselovic D, Simek R,
Kobiljski B, Kondic-Spika A, Brbaklic L, Mitrofanova O,
Chesnokov Y, Bonnett D, Greenland A (2013) Strategy for
exploiting exotic germplasm using genetic, morphological,
and environmental diversity: the Aegilops tauschii Coss.
example. Theor Appl Genet 126:1793-1808

Kostov D (1936) Investigation of polyploid plants. XI.
Amphiploid T. timopheevii Zhuk. x T. monococcum L.
Dokl Acad Sci 1:32-36 (in Russian)

Kovacs G, Megyeri M, Miké P, Rakszegi M, Lang L (2012)
Organic breeding of einkorn (Triticum monococcum subsp.
monococcum): development of semi-dwarf variety and its
possible use in evolutionary plant breeding. EUCARPIA
19th General Congress, Budapest, pp 444

Lage J, Skovmand B, Pefia RJ, Andersen SB (2006) Grain
quality of emmer wheat derived synthetic hexaploid
wheats. Genet Resour Crop Evol 53:955-962

Laikova LI, Arbuzova VS, Efremova TT, Popova OM (2004)
Resistance to fungi diseases in hybrid progenies from
crosses between common wheat variety Saratovskaya 29
on amphidiploid Triticum timopheevii/Triticum tauschii
(AAGGDD). Russian J Genet 40:1046-1050

MclIntosh RA, Gyarfas J (1971) Triticum timopheevii as a source
of resistance to wheat stem rust. Zeitschrift fiir
Pflanzenziichtung 66:240-248

Megyeri M, Miké P, Molnar I, Kovéacs G (2011) Development
of synthetic amphiploids based on Triticum turgidum x T.
monococcum crosses to improve the adaptability of cereals.
Acta Agron Hung 59:267-274

Megyeri M, Farkas A, Varga M, Kovacs G, Molnar-Lang M,
Molnar I (2012) Karyotypic analysis of Triticum mono-
coccum using standard repetitive DNA probes and simple
sequence repeats. Acta Agron Hung 60:87-95

Miké P, Megyeri M, Molnar-Lang M, Kovécs G (2013) Char-
acterization of Triticum timopheevii Zhuk. gene bank
accessions for development of synthetic amphiploid wheat
lines. Acta Agron Hung 61:113-121

Molnar I, Benavente E, Molnar-Lang M (2009) Detection of
intergenomic chromosome rearrangements in irradiated
Triticum aestivum—Aegilops biuncialis amphiploids by
multicolour genomic in situ hybridization. Genome
52:156-165

Molnar-Lang M, Cseh A, Szakacs E, Molnir I (2010) Devel-
opment of a wheat genotype combining the recessive
crossability alleles krlkrlkr2kr2 and the 1BL.IRS trans-
location, for the rapid enrichment of 1RS with new allelic
variation. Theor Appl Genet 120:1535-1545

Molnar-Lang M, Kruppa K, Cseh A, Bucsi J, Linc G (2012)
Identification and phenotypic description of new wheat—six-
rowed winter barley disomic additions. Genome 55:302-311

Monneveux P, Zaharieva M, Rekika D (2000) The utilization of
Triticum and Aegilops species for the improvement of
durum wheat. CIHEAM Options Mediterr 40:71-81

Mujeeb-Kazi A, Kimber G (1985) The production, cytology and
practicality of wide hybrids in the Triticeae. Cereal Res
Commun 13:111-124

Mujeeb-Kazi A, Rajaram S (2002) Transferring alien genes
from related species and genera for wheat improvement.
In: Curtis BC, Rajaram S, Gémez Macpherson H (eds)
Bread wheat: improvement and production. Plant Produc-
tion and Protection Series, vol 30. FAO, Rome, pp 199-215

Mujeeb-Kazi A, Rosas V, Roldan S (1996) Conservation of the
genetic variation of Triticum tauschii (Coss.) Schmalh.
(Aegilops squarrosa auct. non L.) in synthetic hexaploid
wheats (7. turgidum L. s. lat. x T. tauschii; 2n = 6x = 42,
AABBDD) and its potential utilization for wheat improve-
ment. Genet Resour Crop Evol 43:129-143

Nagaki K, Tsujimoto H, Isono K, Sasakuma T (1995) Molecular
characterization of a tandem repeat, Afa family, and its
distribution among Triticeae. Genome 38:479-486

Pestsova EG, Borner A, Roder MS (2001) Development of a set
of Triticum aestivum—Aegilops tauschii introgression lines.
Hereditas 135:139-143

Peusha HO, Enno TM, Priilinn O (1996) Genetic analysis of disease
resistance in wheat hybrids, derivatives of Triticum timophe-
evii and Triticum militinae. Acta Agron Hung 44:237-244

Rodriguez S, Perera E, Maestra B, Diez M, Naranjo T (2000)
Chromosome structure of Triticum timopheevii relative to
T. turgidum. Genome 43:923-930

Sears ER (1981) Transfer of alien genetic material to wheat. In:
Evans ET, Peacock WJ (eds) Wheat science—today and
tomorrow. University Press, Cambridge, pp 75-90

Sharp PJ, Kreis M, Shewry PR, Gale MD (1988) Location of -
amylase sequences in wheat and its relatives. Theor Appl
Genet 75:286-290

Stakman EC, Stewart DM, Loegering WQ (1962) Identification
of physiologic races of Puccinia graminis var. tritici. U.S.
Dept. Agric., Agric Res Serv E-617, pp 53

The TT, Baker EP (1975) Basic studies relating to transference
of genetic characters from Triticum monococcum L. to
hexaploid wheat. Aust J Biol Sci 28:189-199

Timonova EM, Leonova IN, Roder MS, Salina EA (2012)
Marker-assisted development and characterization of a set
of Triticum aestivum lines carrying different introgressions
from the T. timopheevii genome. Mol Breed 31:123-136

Uhrin A, Szakécs E, Lang L, Bed6 Z, Molnar-Lang M (2012)
Molecular cytogenetic characterization and SSR marker
analysis of a leaf rust resistant wheat line carrying a 6G(6B)

@ Springer



66

Genet Resour Crop Evol (2015) 62:55-66

substitution from Triticum timopheevii (Zhuk.). Euphytica
186:45-55

van Slageren MW (1994) Wild wheats: a monograph of
Aegilops L. and Amblyopyrum (Jaub. & Spach) Eig
(Poaceae). Wageningen Agricultural University Papers
1994:513 pp

Vavilov NI (1949) The origin, variation, immunity and breeding
of cultivated plants. Chronica Botanica, Waltham 364

@ Springer

Zhang P, Dreisigacker S, Melchinger AE, Reif JC, Mujeeb-Kazi
A, van Ginkel M, Hoisington D, Warburton ML (2005)
Quantifying novel sequence variation and selective
advantage in synthetic hexaploid wheats and their back-
cross-derived lines using SSR markers. Mol Breed 15:1-10

Zhukovsky PM (1971) Cultivated plants and their wild relatives.
systematics, geography, cytogenetics, immunity, origin
and use. Kolos, Leningrad, p 121



	Molecular cytogenetic identification and phenotypic description of a new synthetic amphiploid, Triticum timococcum (AtAtGGAmAm)
	Abstract
	Introduction
	Materials and methods
	Plant material
	Fluorescence in situ hybridization
	Phenotypic description; statistical analysis
	Disease resistance studies

	Results
	Genome composition
	FISH karyotype
	Genome of Triticum timococcum

	Phenotypic traits
	Disease resistance

	Discussion
	Acknowledgments
	References


