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Abstract: Bread wheat (Triticum aestivum) is one of the most important crops. It is
astaple food for 30% of population. Increasing of human population leads to
necessity to achieve higher yield without enlarging of arable land. One way of
achievement may rest in adaptation of flowering process to microenvironmental
conditions. The flowering and subsequent grain filling period is sensitive and optimal
conditions during this process have profound impact on grain quality and yield.

This work focuses on identification of genes and their allelic variation which
participates on adjustment of flowering.

This work can be divided into two parts. The first part of the work deals with
identification and characterization of new allele of vernalization gene VRN-Al —
VRN-A1f-like allele. The very original source of this allele is tetraploid wheat
Triticum millitinae Zhuk. with AAGG genomic composition. The allele confers
spring habit and is characteristic by short deletions in promoter region, insertion of
miniature inverted transposable element and wide deletion in the first intron. This
allele was responsible for delayed flowering in comparison to previously identified
Vrn-Ala allele.

The second project determined that higher number of copies of photoperiodic gene
Ppd-B1 was responsible for difference in flowering time between two bread wheat
varieties. Identification of flowering time variability in F7 generation lines with three
copies of Ppd-B1 led to determination of expression and methylation pattern of
chosen lines, in order to reveal nature of this intragroup variation.

The important source of new genes and alleles are domesticated tetraploid wheat.
The identification of evolutionary relationship within these groups and their genetic
characterization can lead to discovery of new sources of variability. The additional
part of the work is dealing with evolutionary relationship within tetraploid wheats
and their domestication.

Knowledge of flowering time genes, their functions and interaction in determination
of this process is important prerequisite for breeding new varieties adapted to local
microenvironment.
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Abstrakt: Psenica letna (Triticum aestivum) je zéakladnou plodinou pre 30 %
celosvetove] populacie. V sucasnej dobe je nutné jej roény vynos zvySovat, a to v
dosledku neustdleho rastu poctu T'udi. VysSi vynos je vSak ohrozeny rdznymi
abiotickymi a biotickymi faktormi. Jednym z moznych sposobov je modifikacia Casu
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arozsiahla delécia). Alela Vrn-Alf-like bola zodpovedna za oneskorenie kvitnutia
V porovnani s uz predtym identifikovanou alelou Vrn-Ala.

Zodpovednost’ vyssieho poétu kopii fotoperiodického génu Ppd-B1 za rozdiel v ¢ase
kvitnutia u variet pSenice letnej bola nosnou témou druhej ¢asti prace. V studii bola
zéaroven identifikovana variabilita v ¢ase kvitnutia vV rdmci linii s troma kopiami tohto
génu. V snahe zistit’ pri¢inu tychto rozdielnosti doslo k analyze expresného profilu
a rovnako aj metylacie sledovaného génu.

Prave identifikacia novych génov/alel zodpovednych za rozdiely v kvitnuti, ich
charakterizécia a identifikacia funkcie v rdmci biochemickych drah umozni uplné
pochopenie tohto dolezitého procesu. Posledna Cast’ prace sa zaoberala identifikaciou
miesta domestikacie a evolu¢nych vztahov medzi skupinou tetraploidnych pSenic.
Prave charakterizacia tychto druhov na urovni gendému urcenie vztahov medzi nimi
moze viest kidentifikdcii nového, cenného zdroja genetickej variability.
Implementacia tychto znalosti do procesu Slachtenia zas umoZni tvorbu novych
kultivarov schopnych vo vyraznej miere odolavat nepriaznivym podmienkam
prostredia.

KPacové slova: pSenica letna, Cas kvitnutia, genetické mapovanie, analyza QTL,
vernalizécia, fotoperidda

Poéet stranok/Priloh: 102/1X
Jazyk: anglicky



CONTENT

1 INTRODUCTION

2 LITERATURE REVIEW

21 Flowering time pathway
2.1.1  Arabidopsis thaliana
2.1.2 Oryzasativa
2.1.3  Triticum aestivum

2.2 Wheat evolution and domestication
2.2.1 Polyploidization
2.2.2 Domestication syndrome
2.2.3 Domestication process

2.3 The genetic mapping
2.3.1 Statistical processing of genotyping and phenotyping data
2.3.2  QTL analysis
2.4 Functional genomics
2.4.1 RNA interference
2.4.2 Targeted genome editing
2.4.3 Transformation of cereals

2.5 References

3 AIMS OF THE THESIS

4 RESULTS

4.1 Original papers

10

10
10
18
21

36
36
37
39

40
43
44
47
48
48
52

55

84

85

85

4.1.1 Characterization of new allele influencing flowering time in bread wheat introgressed from

Triticum militinae

4.1.2 Heritable heading time variation in wheat lines with the same number of Ppd-B1 gene

copies
4.1.3 Kyvitnat’ ¢i nekvitnat’

4.1.4 Reticulated Origin of Domesticated Emmer Wheat Supports a Dynamic Model for the

Emergence of Agriculture in the Fertile Crescent
4.1.5 Taxonomical classification and origin of Kamut®

4.2 Published abstract — poster presentation
4.2.1 Different day length — different effect
4.2.2  Chasing a new flowering time gene

86

87
88

89
90

91
92
93

4.2.3  High-throughput gene resources and phenotyping - the key factors in fine mapping of new

Eps gene

94

4.2.4  Ildentification and characterization of a new Vrn-Alf-like allele responsible for flowering

lateness in wheat

4.3 Published abstract — oral presentation

95

96



4.3.1 Characterization of new alleles influencing flowering time introgressed to bread wheat

from T. millitinae 97
5 CONCLUSIONS 98
5.1 I. Identification and characterization of new Vrn-Alf-like allele responsible for flowering
lateness. 98
52 11. Analysis of expression profile and methylation pattern of lines with three copy of
Ppd-Bla gene as a possible cause of intragroup heading time variation. 98
6 LIST OF ABBREVIATIONS 100

7 LIST OF APPENDICES 102



1 INTRODUCTION

Initiation of flowering is one of the most important processes in plant life. Conditions
during this process and following period of grain development predetermine number
and grain viability or in agricultural language - yield and grain quality. It is the
variation in key genes determining flowering process (vernalization requirement and
photoperiod response) which enabled cultivation of wheat from equator to polar
circles. However, current wheat yield is threatened by an unprecedented pressure of
biotic and mainly abiotic stresses, for which currently used elite bread wheat
cultivars are not suited well. This can be solved by improvement of old varieties and
development of new one which will be adapted to local environmental conditions.
They will be able to flower in the very best time to take advantage of local conditions
on one side and to avoid unsuitable ones on the other side. The determination of
genes influencing flowering and their mutual interactions should preceded breeding
new suitable cultivars. For the initiation of flowering under optimal conditions, plant
needs to take into consideration many external and internal cues. This is the reason
why flowering is determined by many genes which very often work in
comprehensive and redundant manner. Identification of these genes, their allelic
variants and interaction within different biochemical pathways is therefore very
complicated process. Not surprisingly, the pioneer studies which shed some lights to
this process have been done using model object Arabidopsis thaliana L. To date, the
analysis of flowering pathway in this model object made the huge progress and it is
the best studied object in this area. The accumulated results confirmed complexity
and complicated nature of genetic determination of flowering. The gathered
information showed to be useful in the study of agriculturally important plants like
rice, barley and bread wheat. However, studies identified convergent nature of some
parts of the flowering pathway between monocots and dicots. Thus, the information
from Arabidopsis cannot be used generally and analysis of wheat and rice needs to
be done individually.

Current progress in molecular techniques leads to study of even such complicated
plant as bread wheat. Identification of new genes and alleles is hampered not only by
genome size (1C ~ 17 Gbp), presence of three homoeologous genomes and high
content of repetitive elements (> 90%), but also by dominant effect of main

flowering genes affecting vernalization process and perception of photoperiod. These
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two groups of genes decrease manifestation of genes with just a minor effect on
flowering time.
Complexity of flowering process is driving force of current research which slowly

but surely heads towards final understanding of this essential process.



2 LITERATURE REVIEW

2.1 Flowering time pathway
Plant development and propagation is threatened by unsuitable and changing external

conditions. Plants cannot move to overcome these threats. Thus, they need to evolve
adaptations which allow instant response to external change and utilization of the
most suitable conditions. Plant needs to receive and process various information
from environment. It uses predominantly the length of the day and temperature to
determine time and place for planning its life cycle. Various conditions throughout
different altitudes and latitudes lead to development of plants which need long (LD)
or short days (SD) for flowering. In addition, the photoperiod insensitive plants
which are able to flower irrespective of day length have emerged. Different
temperature conditions lead to development of plants with winter or spring growth

habit; the first ones need cold treatment to initiate flowering.

The optimal time of flowering is ensured by network of genes which integrates both
internal and external signals. When the convenient conditions are reached, these

genes are responsible for initiation of flower development and flowering itself.

The research focused on understanding of flowering pathways uses mainly two
species: Arabidopsis and rice. The model organism for dicots, Arabidopsis thaliana,
belongs to the best studied objects. This is due to its simple manipulation, small and
fully sequenced genome. Rice is a monocot plant which serves as a model organism
for plants capable of flowering under SD conditions. Moreover, there are other
monocot plants (barley and wheat) which belong to agronomical important crops.
The flowering process is intensively studied also in those. Understanding of
flowering time pathway of crops is prerequisite for successful breeding of new

varieties with higher yield in the future.

2.1.1 Arabidopsis thaliana
A. thaliana is one of the most important model objects for plants. It is winter annual

with short life cycle and small (1C ~ 153 Mbp) genome. It provides the most
comprehensive knowledge of flowering time determination to date [1]. High level of
conservation enables usage of gained information as the base for the research of
agriculturally important plant species. However, the conservation and synteny is not

limitless and thus findings cannot be used comprehensively.
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LD and period of cold treatment are necessary for initiation of flowering in
A. thaliana. The conditions for flowering are determined by network of genes which
are usually divided into five categories: gibberellin, autonomous, endogenous,
vernalization and photoperiod pathway. Gibberellin signaling pathway consists of
genes determining requirement of gibberellic acid (GA) for normal flowering pattern.
Endogenous pathway explains influence of plant age to the control of flowering time.
Autonomous pathway is characterized by regulators which are independent of the
photoperiod and gibberellin pathways. Vernalization pathway is responsible for
perception of cold and the photoperiod pathway is responsible for perception of day
length [2].

2.1.1.1 Gibberellin signaling pathway
The effect of GA on plant grow was discovered in 1926 by Japanese scientist

Kurosawa. He observed tall rice plants with male sterility infected by Gibberella
fujikuroji (Sawada) Wollenw. [2]. This, so called ‘balkane disease” was caused by
GA produced by this pathogen fungus. The GA is naturally produced in plants
leaves. It is considered a plant hormone and plays an important role in flowering
induction during SD conditions [3,4]. GA regulates FLOWERING LOCUS T (FT)
MRNA level during SD. This role is taken over by flowering activator protein
CONSTANS (CO) (reviewed in: [5]).

Active forms of GAs (GA3 and GA4) are perceived by GIBBERELLIN
INSENSITIVE DWARF 1 (GID) receptor. It is a soluble GA receptor localized in
the nucleus [5,6]. Binding of GA on GID receptor leads to conformational change
and recognition of DELLA protein RGA (repressor of gal-3) which is followed by
their ubiquitination and degradation. These proteins belong to GRAS family
transcription factors (named after GIBBERELLIC-ACID INSENSITIVE -GAIl, RGA
and SCARECROW) and has N-terminal DELLA domain (named after five
conserved aminoacids within) (Sasaki Itoh, H. et al. 2003; McGinnis 2003; Lucas et
al. 2008; Feng et al. 2008). RGA proteins repress plant growth by immobilizing
PHYTOCHROME INTERACTING FACTORS (PIF). Immobilizing influences
DNA binding activity of PIF proteins and leads to changes in response to red and far
red light and to delay of flowering time [10,11]. PIF proteins are furthermore
destabilized by phytochrome B (phy B). Therefore, gibberellins permit accumulation
of functional PIF proteins in nucleus by inhibiting function of RGA protein.
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Mutation in DELLA domain prevents GA mediated degradation and causes dwarf
phenotype [10]. Further, GA is affecting expression of important integrator of
vernalization and photoperiod pathway — SUPRESSOR OF OVEREXPRESSION OF
CONSTANS 1 (SOC1) and LEAFY (LFY) [3].

Recently, physical interaction of DELLA protein with CO was identified. DELLA
protein RGA has been shown to inhibit interaction of CO and NF-Y (nuclear
transcription factor Y) proteins [12]. This way Xu et al. [12] identified crosstalk

between photoperiod and GA in negative regulation of CO and thus flowering
(Fig. 1).
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Fig. 1: The crosstalk between light and GA signalling in negative regulation linkage of
flowering. CRYPTOCHROME 1 and 2 (CRY1 and CRY2) photoreceptors stabilize CO activity
under LDs conditions, namely by inhibition of CONSTITUTIVELY PHOTOMORPHOGENIC 1
(COP1)/ SUPRESSOR PHYA-105 (SPA) complex activity through direct interaction CRYs with
COP1 and SPA. Binding gibberellin to GID receptor enables stabilization of CO by repressing
DELLA proteins activity. By this GID abolishes inhibition of CO and NF-Y by DELLA proteins.
Arrows and T bars denote positive and negative regulation, respectively. Sun denote LDs. (adapted
from: [12]).

2.1.1.2 Endogenous pathway
Endogenous pathway includes genes which are influencing plant senescence and

carbohydrates homeostasis. Both these factors affect initiation of flowering [13,14].

Senescence has important role in flowering initiation. It is connected to decreased
level of miR156. This micro RNA represses transcription of SQAMOSA —
PROMOTER BINDING PROTEIN-LIKE (SPL). SPL plays a role in stimulating the
production of LFY, MADS box protein (named after four founding members:
MCM1, AGAMOUS, DEFICIENS and SRF), and miR172, which enhances
flowering [15,16]. It also decreases SOC1 and FRUITFULL (FUL) expression which
results in flowering delay [17,18].
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Carbohydrates influence flowering time in various ways and their precise role needs
to be determined. Carbohydrates are interacting with hormonal (GA) signaling
pathway. They have effect on level of trehalose — 6 —phosphate and level of sucrose
seems to have effect on expression of FLOWERING LOCUS T (FT) and LFY [4,19-
22].

It was also reported that flowering is affected by modification of carbohydrates
balance in apical meristem [23]. The balance between hexose and sucrose is directed
by invertase. Invertase influences carbon dioxide uptake, photosynthesis and plant

growth with clear connection to flowering time pathway gene network (reviewed in

[24]).

2.1.1.3 Autonomous pathway
Autonomous pathway consists of genes which do not form biochemical pathway in

the narrow sense of this word. These genes have a few common characteristics: (i)
they are working independently of photoperiod and gibberellin pathways, (ii) they
inhibit expression of FLOWERING LOCUS C (FLC), (iii) they often belong to
chromatin remodeling and maintenance or RNA processing factors, and last but not
least (iv) the mutation of these genes delay flowering irrespective of day length [25].
Several autonomous pathway genes have been identified so far: FLOWERING
LOCUS CA (FCA), FLOWERING LOCUS PA (FPA) , FLOWERING LOCUS K
(FLK) which contain RNA binding domain; FY shows homology to RNA processing
factors; FLOWERING LOCUS D (FLD) and RELATIVE OF EARLY FLOWERING 6
(REF6) which have a role as a histone demethylases (reviewed in [26]). The primary
effect of FCA, FPA and FY is associated with regulation antisense RNAs called
COOLAIR (COLD INDUCED LONG ANTISENSE INTRAGENIC RNA) resulting

in enhancement of flowering [27].

2.1.1.4 Vernalization pathway
Vernalization is an important adaptation of plants growing in regions where growing

season is preceded by winter. The requirement for vernalization prevents flowering
in the fall and ensures the occurrence of flowering in convenient period of the year,
allowing sufficient time for seed development. The vernalization requirement can be

facultative or obligatory.
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Arabidopsis belongs to vernalization obligatory plants. The perception of cold period
and following flowering is coded by vernalization pathway genes.

The necessity of cold requirement is determined mainly by expression of FLC gene.
FLC is MADS box transcription factor which repress flowering before cold
treatment. FLC levels are high prior vernalization and they are gradually decreasing
during cold period. No clear orthologue of FLC was identified in other taxa besides
Brasiceae [28]. This indicates convergent evolution of vernalization pathway. FLC
expression is enhanced by binding of FRIGIDA (FRI) to FLC promoter region in
winter annuals [29,30]. Different allelic variants of these two genes lead to
emergence of rapid cycler plants (do not have vernalization requirement and thus can

have more generations during the year) [29].

FLC repression is regulated in the time specific manner on various levels:

(i) in the early cold period, it is mediated by noncoding RNAs — COOLAIR and
COLDAIR (COLD ASSISTED INTRONIC NONCODING RNA). COOLAIR is
synthesized from promoter localized behind poly(A) signal of FLC locus (Fig. 2). It
terminates either at a proximal poly(A) cluster in intron 6 (class I) or at the FLC
promoter region (clas 1) [27,31-33]. Significant effect of COOLAIR was confirmed
by replacing its promoter with alternative promoter (terminator exchange FLCTEX)
which lead to reduction of FLC downregulation [34]. COOLAIR is regulated also by
presence of R loop (RNA-DNA hybrid which covers COOLAIR promoter).
Stabilization of this structure leads to inhibition of COOLAIR transcription [35]. On
the contrary, COLDAIR is capped but not polyadenylated and it is synthesized in the
sense manner. It arises from FLC intron | and it reaches the highest levels
approximately 10 days after COOLAIR [33,34,36]. COLDAIR transiently associates
with component of POLYCOMB REPRESSIVE COMPLEX 2 (PRC2) (CURLY
LEAF) and promotes its recruitment to FLC (Fig. 2) [36].

(i1) In the later cold period, repression is enhanced by epigenetic modification of
histones. Trimethylation of histone 3 lysine 27 residue (H3K27me3) further
decreases FLC expression. It is mediated by VERNALIZATION INSENSITIVE 3
(VIN3).

14



before cold during cold after cold
I

FLC , VIN3
M
P
i
D
0
@,
FLC (sense) Time

—
COLDAIR -~ @D
FLC (sense)
—

COLDAIR ~%
COOLAIR

(FLC antisense)

FLC (sens
el orc2

Fig. 2: Negative regulation of FLC during vernalization. FLC is actively transcribed before cold
exposure. Onset of cold temperature leads to accumulation of antisense transcript COOLAIR. In the
next period COLDAIR is transcribed from the first intron of FLC. It represses FLC sense transcripts
via recruiting the PRC2 complex. After COLDAIR accumulation, the VIN3 expression is gradually
increased. It depends on the length of cold exposure. VIN3 levels return to the same level before the
cold once back to normal temperature. This transient expression of VIN3 is also a key to the initial
repression of FLC. The repression of FLC sense transcripts is maintained by activity of PRC2 after
returning to warm temperature (reproduced from: [37]).

The highest level of VIN3 expression is achieved after 4 — 6 weeks of cold (Fig. 2)
[38]. VIN3 recruits VERNALIZATION 5 (VRN5 - its constitutively expressed
homologue) to the first few nucleosomes of FLC first intron region, so called
nucleation region [38-40]. VIN3 is possibly also interacting with POLYCOMB
REPRESSIVE COMPLEX 2 which is responsible for trimethylation of lysine 27 at
the histone 3 [36,41]. VIN3 and VRN5 are thus responsible for maintaining
repressed state of FLC1, even after induction of higher temperatures. There were
other genes identified playing a similar role in this process - VERNALIZATION 1
(VRN1), VERNALIZATION 2 (VRN2), LIKE HETEROCHROMATIN PROTEIN 1
(LHP1) and autonomous pathway genes [38,40,42-45]. Local chromatin
modifications of FLC are thus responsible for their own epigenetic heritability
through multiple cell divisions (reviewed in: [46]).
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Temperature influences also later stages of flowering. Recently, the role of HEAT
SHOCK PROTEIN 70 (HSP 70) was connected with plant response to increased
temperature and to acceleration of flower development. Higher temperature affects
FLC expression on histone level. Histone H2A is replaced with H2A.Z by ACTIN
RELATED PROTEIN (ARPG6) during higher ambient temperature. ARP6 is part of
SWR1 chromatin remodeling complex. H2A.Z binds to FLC promoter and is
responsible for tighter DNA wrapping and thus for repression of FLC gene
expression [47]. Understanding of ambient temperature pathway is only at the
beginning and just a few genes have been already identified and characterized
(reviewed in: [48]).

2.1.1.5 Photoperiod pathway
Different latitudes and altitudes are characteristic by different day length which is

changing throughout the year. Due to the correlation of suitable conditions with
certain day length, the plant is able to determine place of growth and the part of the
year which helps plant to set up its life cycle in order to achieve optimal conditions
for flowering and seed development.

Photoperiodic pathway is responsible for perception of day length. The backbone of
the pathway is represented by GIGANTEA (GI)-CO-FT genes. Activity of CO is
responsive to light and the circadian clock. CO transcription is induced by the
interactions of plant-specific protein GI, ubiquitin ligase FLAVIN-BINDING,
KELCH-REPEAT-BOX1 (FKF1) and photoreceptors (phytochromes and
cryptochromes)[49].

The CO expression is regulated in circadian manner and peaks in the evening,
approximately 20 and 16 hours after dawn under SD and LD conditions, respectively
[50]. The expression is during LD further modulated by other genes: GI, FKF1 and
CYCLING DOF FACTOR (CDF). Regulation of CO by Gl and FKFL1 is functional
during LD only, because expression peak of these genes is overlapping just during
LD conditions (13 hours after dawn) [51-53]. Interaction of proteins coded by these
genes is mediated by N-terminus of Gl and light, oxygen or voltage (LOV) domain
of FKF1. In addition, their interaction is enabled by blue light, which is perceived by
flavin-binding domain of FKF1 [53]. This complex is interacting with CDF, which
then binds to CO promoter and represses its transcription [51,52].
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Regulation of CO protein level is facilitated by two different mechanisms. COP1 and
members of the SUPRESSOR PHYA-105 (SPA) protein family are taking part on
the first one. COP1 is ubiquitine ligase and is responsible for degradation of CO by
26S proteasome-dependent pathway. The WD repeat domain (usually ending with
tryptophan —aspartic acid (W-D)) of COPL1 is responsible for COP1-CO interaction.
Furthermore, the proteasome degradation of CO during SDs is enhanced by
interaction SPA proteins. This interaction is again mediated by WD repeat domain
(SPA) and CCT (CO, CO-like, TOC1) domain (CO) [54-56]. The second way of CO
protein level regulation is through membrane-bound E3 ligase DAY NEUTRAL
FLOWERING (DNF). Its role is targeting CO for proteasome [57].

The proteasome degradation of CO takes place during the dark. In the SD the CO
expression overlaps with dark period and CO protein is degraded. On the contrary,
during LD the expression peaks in the light and CO protein is stabilized by
interaction with Ppd protein. The high CO protein level subsequently influences FT
expression. The regulation of FT is complex and taking place also at the epigenetic
level by PRC2 [58-60]. The FT expression is regulated in 24-hours period with the
maximum in the evening and is transcribed in the phloem companion cells
[50,61,62]. FT was identified as the florigen. Florigen is mobile factor transported
from leaves through phloem to apical meristem. It transmits signal for initiation of
flowering [63]. Its existence was suggested in the pioneer flowering time study of
Cajlachjan in 1937. In the apical meristem, FT is interacting with FLD and activates
expression of flowering transition genes as APETALA 1 (AP1) and LFY. AP1 and
LFY activates A-class genes (Fig. 3) responsible for flower development [64,65]. The
B- and C- classes of flower development genes (Fig. 3) are regulated by SVP, SOC1
and AGL24.

These classes of genes are responsible for development of four different types of
floral organs and their role is explained in ABC model of flower development.
Enlistment of genes into one of these classes is established on phenotypic effect of
their deletion mutants (A-class affecting sepals and petals development, B-class
petals and stamens development and C-class affecting stamens and carpel). Later the
fourth group of genes was called E-class and was added into extended ABCE model
(Fig. 3). E-class genes (SEPALLATA) are functional in all whorls and are required for
organ specification. Their ectopic expression leads to transformation of leaves into

floral organs. Subsequently, integration of information from all pathways results in
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activation of so called floral meristem identity genes (reviewed in: [66]).

Wild-type
(C) I 2 3 4 (b) pe
se pe st ca
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B

Fig. 3: ABCE model of flower development. Genes responsible for development of floral organs are
divided into four classes: A-class affecting sepals and petals development, B-class petals and stamens
development,C-class affecting stamens and carpel and E-class genes which are required for organ
specification and are functional in all whorls (reproduced from: [66]).

Knowledge of flowering pathway gained by study of model organism Arabidopsis
thaliana facilitates understanding of mechanism of this process. These pieces of

information can be further extrapolated to agriculturally important plants.

2.1.2 Oryza sativa
Rice is important model organism for studying flowering time in crops. Rice,

together with maize and wheat are responsible for more than 50% of world food
production. Rice is a staple food for 50% of human population. It has the smallest
genome within major cereal crops (1C ~ 430 Mbp) [67,68]. Rice requires SD
conditions for initiation of flowering and it serves as a model organism for studies of
flowering time determination in SD plants. The regulatory genes responsible for
initiation of flowering in SD and LD plants are similar (reviewed in: [49]).

The florigen - mobile signal - is coded by Heading date 3a (Hd3a) gene which is
orthologous to FT gene in Arabidopsis [69,70]. Also, the orthologues of other
Arabidopsis flowering genes have been identified in rice: Gl = Oryza sativa
GIGANTEA (OsGl), CO = Heading date 1 (Hd1) [71-73]. The pathway determined
by these genes is similar to Arabidopsis. OsGI serves as an suppressor of flowering
and its role is to activate Hd1 expression [71]. Hd1 has function as an initiator of
Hd3a expression under SD conditions but as a repressor of Hd3a under LD
conditions. This conversion of Hdl function is allowed by different timing of
phytochrome signaling pathway [74]. mMRNA level of Hd3a shows diurnal pattern
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during SD but it is strongly suppressed during LD [71]. In addition to regulation by
Hd1, Early heading date 1 (Ehdl) gene also positively regulates Hd3a expression
during SD conditions, but independently of Hd1l. Hd3a is also able to initiate
flowering in the absence of Hdl [75]. Early heading date 1 (Ehdl) has no
orthologous gene in Arabidopsis. It is a B-type response regulator protein and it
binds DNA through its GARP-domain (named after: GOLDEN2, ARR B-class
proteins and Psrl) [75,76]. Edh1 is activated through OsGI by two pathways. The
one is dependent on OsMADS51 gene and the other is influenced by blue light
signaling and lead to increase of expression at the beginning of light period [77,78].
Edh1 is repressed during LD conditions by Grain number, plant height and heading
date 7 (Ghd7). Gdh7 encodes CO-like protein which contain B-box and CCT domain
and is orthologous to VRN2 [79,80]. Rice plants planted in southern part of Asia have
predominantly strong alleles of this gene and weaker and non-functional one are
present in varieties planted in northern parts of Asia [80].

Protein expressed from Hd3a gene is then transported to apical meristem where it
creates complex with 14-3-3 protein. This complex is transported to the nucleus
where it interacts with OsFD1 (orthologue of Arabidopsis FD) and induces
transcription of OsSMADS15 (orthologue of Arabidopsis AP1) [81-83]. Variation in
promoter sequence of Hd3a gene, in the expression level of Edhl and polymorphism
in Hd1 function are responsible for differences in flowering time between SD rice
varieties [81].

Flowering of some rice varieties during LD conditions is enabled by second mobile
signal protein coded by RICE FLOWERING LOCUS T1 (RFT 1) gene. This one is
regulated by OsMADS50 (orthologue of Arabidopsis SOC1) through Edhl [81].
RFT1 and Hd3a are paralogues and are located on the chromosome 6. They arose by
tandem duplication and have 91% similarity in deduced amino acid sequence. These
genes work redundantly and presence at least one of them is sufficient for flowering
initiation. The expression of RFT1 is very low, but it is increasing in Hd3a deletion
lines. Flowering of plants with disrupted Hd3a is then delayed. Similar to Hd3a, the
RFT1 is transported from leaf to apical meristem. Plants with both genes inhibited
are not able to flower even after 300 days from sowing [84,85].

Rice and Arabidopsis flowering pathways share many similarities (Fig. 4). However,

flowering is initiated by SDs in rice and by LDs in Arabidopsis. This is caused by
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bifunctional Hd1 protein which represses flowering during LDs but enhances during
SDs [74]. Although there are evolutionally well conserved genes shared by rice and
Arabidopsis, still some unique genes and pathways have evolved to evoke flowering
in rice. Especially, Edh1 gene, which has no orthologous gene in Arabidopsis as well
as the presence of bifunctional Hd1. Very unique adaptation is existence of second
mobile signal (RTF1 protein). This adaptation is responsible for flowering during
LDs and eventually for ability to grow rice under different environmental conditions
[84].
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Fig. 4: Schematic comparison of the key genes involved in the flowering pathways in
Arabidopsis, rice and wheat. In both Arabidopsis and wheat (A and C), the induction of flowering is
promoted by LDs and vernalization, whereas in rice (B) the inflorescence is primarily induced by SDs.
Despite different origins and evolution, certain genes and mechanisms are conserved among these
species. The Arabidopsis homologue genes are highlighted in the same colour: yellow —
GIGANTEA (GI), blue — CONSTANS (CO), green — FLOWERING LOCUS T (FT) and orange —
APETALA 1 (AP1). The interaction of genes which lead to perception of signal from optimal external
condition through transport the signal to leaves to initiation of flowering is described in detail in the
chapter 2.1. The scheme is adapted from: [86].
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2.1.3 Triticum aestivum
Bread wheat (Triticum aestivum) is grown on more areas than any other crop plant

and is a staple food for 30% of the world’s population. The wheat production
provides 20% of the calories (http://faostat3.fao.org/). Bread wheat is a hexaploid
species (6x = 2n=42, AABBDD) that originates from two interspecific hybridization
events. Its allohexaploid nature together with prevalence of repetitive DNA (> 90%)
results in huge genome size (1C - 17 Gbp). These characteristics hamper the
molecular analysis of the wheat genome and thus determination of flowering gene
pathways is lagging behind rice and other crops. Current progress in wheat genomics
and acquiring of whole genome sequence should efficiently overcome these
obstacles.

Development of new varieties with flowering tuned to local environmental
conditions is one of the possible steps for increasing wheat yield. Different
combinations of flowering genes/alleles are convenient in distinct environmental
conditions. Varieties grown in northern latitudes or higher altitudes need to deal with
long cold period. On the contrary, varieties suitable for southern latitudes are
endangered by hot and dry summers. Very early flowering prevents overlapping
grain filling period with these environmental conditions and eventually leads to
higher yields. The holistic knowledge of flowering determination is an essential step
in the process of development of new cultivars. Differences in flowering
determination between monocots and dicots emphasize necessity of specific research

of T. aestivum.

Flowering time in wheat is determined by set of genes which could be divided into
three groups: (i) genes responsible for vernalization requirement - the vernalization
(VRN) genes, (ii) genes responsible for perception of day length - the photoperiod
(PPD) genes and (iii) genes responsible for fine tuning of flowering time - Earliness
per se (Eps) genes. Allelic variation of VRN and PPD genes is responsible for 70-
75% and 20-25% genetic variability in flowering time, respectively. Those variations
are involved in successful spread of wheat varieties to miscellaneous parts of world.
The variation in Eps genes is responsible for 5% of genetic variation in flowering
time of wheat varieties [87]. These three groups of genes are responsible for setting
up optimal time of flowering and for ensuring of survival of plant to the next

generation.
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2.1.3.1 Vernalization pathway
Vernalization process permits initiation of flowering after continuous chilling

treatment. The wheat could be divided into two groups according to vernalization
requirement. Wheat varieties with winter growth habit need cold period for flowering
unlike the spring ones. However, the flowering in some spring varieties can be
accelerated by previous cold exposure. Spring growth habit emerged independently
many times during wheat evolution (reviewed in [88]).

The vernalization pathway consists of three major genes: VRN1, VRN2 and VRN3
(Fig. 4) [79,89,90]. Recently, the fourth VRN4 gene was identified and characterized
[91]. Variations in regulatory sequences of these genes have tremendous effect on
flowering time and lead to emergence of spring varieties. The spring habit is
conferred by dominant Vrn-1, Vrn-3 and Vrn-4 alleles and recessive vrn-2 allele
(Fig. 6) [79,89-94].

2.1.3.1.1 VRNL1 gene
VRNL1 has an important bifunctional role in the initiation of flowering. It is closely

related to A.thaliana paralogous genes AP1, CAULIFLOWER (CAL) and FUL
[89,95]. The VRNL1 expression increases with the longitude of cold period and is
responsible for increased expression of VRN3 gene (Fig. 4) [96,97].

VRN1 is member of MADS box protein family [89,98,99]. Einkorn wheat VRN1
deletion lines were not able to flower, which proved essentiality of this gene for
flowering [100]. Later, Distelfeld et al. [101] showed the deletion in T. monococcum
L. lines was not limited just to VRN1 but includes also other loci (Phytochrome C)
supposedly responsible for this nonflowering phenotype [102]. In addition, Chen and
Dubcovsky [98] reported that Avrnl bread wheat lines were able to flower and
showed that paralogous MADS box proteins could functionally replace VRN1 gene,
e.g. FUL2 and FUL3 [98].

The VRN1 genes are located on the long arm of homoeologous group 5
chromosomes (5AL - VRN-A1, 5BL - VRN-B1 and 5DL - VRN-D1) [103-105].
Different vrnl winter alleles influence flowering time in quantitatively different
ways and are responsible for difference in flowering time and length of vernalization
requirements [105,106].
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The VRNL1 regulatory elements are located in promoter region and in the first intron
[89,105]. Variation in the promoter and in the first intron region was shown to be
responsible for loss of vernalization requirement and emergence of spring wheat
varieties (Fig. 5) [79,105].

The variation connected to spring wheat was identified in all three subgenomes and
many spring alleles were identified so far (reviewed in: [88]).

Vrn-Ala spring allele is characterized by insertion of Miniature Inverted-repeat
Transposable Element (MITE) named Spring foldback element (SFE) in promoter
region. SFE is present in two copies with size of 222 bp and 131 bp, respectively.
The second copy contains 91 bp deletion [94]. So far, two theories explain effect of
VRN-AL1 disruption by SFE insertion. Yan et al. [94] suggested disruption of
repressor binding site and Yu et al. [107] suggested positive effect of SFE on
expression because of MUTATOR - like effect of this transposome [94,107]. In
addition, another variant carrying 16 bp deletion upstream of 91 bp deletion were
identified [108]. Yu et al. [107] found out that insertion of this element is responsible
for development of very stable hairpin loops on mRNA. The insertion of this element

also leads to production of miR1123 which is greatly upregulated by aging [107].

The 20 bp deletion in 5’'UTR (untranslated region) and two single nucleotide
polymorphisms (SNPs) in host directed duplication (HDD) define VRN-Alb allele
[105].

The Vrn-Alc allele posses large deletion in the first intron [105]. There were
different deletions identified in distinct wheat varieties so far. Further analysis
identified 4 kbp conserved region which presumably contains regulatory elements
essential for VRN1 repression (Fig. 5) [105].

Vrn-Ald and Vrn-Ale alleles have been identified in tetraploid wheat and contain 32
bp and 54 bp deletion in the HDD and CArG box, respectively [105]. Pidal et al.
[109] doubted the essentiality of CArG box for spring habit. Instead of this, they
identified VRN box as the possible cause of spring phenotype [109]. Muterko et al.
[108] underlined importance of VRN box, when they described responsibility of
even one nucleotide substitution in A and C rich regions of VRN box for

determination of growth habit [108].
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Vrn-Alf allele has specific deletion (8 bp and 50 bp) in the promoter region; MITE
insertion (424 bp) and 2,753 deletion in first intron [110,111]. Recently, the MITE

insertion was shown to be solely responsible for spring habit emergence [112].

Vrn-B1la allele has 440 bp deletion in first intron. Vrn-B1b allele has one more 36 bp
deletion and the SNP [113]. Vrn-Blc contains a 5,463 bp insertion of retrotransposon
in 5UTR [114]. The Vrn-Bld allele has 817 bp deletion accompanied by
duplication/translocation of 450 bp in the first intron [115,116].

Vrn-Dla is characteristic by deletion in intron 1. Recently, the SNP was further
connected to emergence of spring Vrn-D1b and facultative Vrn-D1c alleles. The SNP
in Vrn-D1c allele disrupted MADS box protein binding site [117].

The Vrn-Al is epistatic to other Vrn-1 alleles (Vrn-B1 and Vrn-D1) and has the most
profound effect on flowering time. The strength of effect on phenotype is decreasing
as follows: Vrn-Al, Vrn-D1, Vrn-4 and Vrn-B1 [118]. Unlike Vrn-Al, the Vrn-B1
and Vrn-D1 spring alleles are responsible for decreasing but not diminishing of
vernalization requirement [119]. Moreover, the Vrn-Al is expressed already in the
first leaf stage. The other two (Vrn-B1 and Vrn-D1) are detected in the second and
third leaf stage [99].

Various spring alleles have dissimilar effect on flowering time and confer optimal
response to different environments. Thus, their frequencies vary in different latitudes
and altitudes. The frequency of the dominant Vrn-D1 allele is increasing towards to
equator, while the frequencies of Vrn-Al and Vrn-Bl are decreasing [87]. High
frequencies of Vrn-D1 were identified also in central Asia and in the landraces from
Pakistan, Afghanistan and China [120-122]. The Vrn-D1 allele is responsible for
adaptation to different environmental conditions by accelerating or delaying
flowering time [123] and is present in three the most agriculturally used cultivars
worldwide (Pastor, Attila and Kauz) [124]. The European varieties possess Vrn-Bla
gene and Vrn-Ala prevails in high latitudes [87,125].
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Fig. 5: The VRN-A1 alelles. The schematic representation of sequence changes in dominant Vrn-Al
alleles present in spring wheat compared with recessive vrn-Al (winter wheat). The exons are
marked by orange arrows and introns by white rectangles. Promoter is illustrated by white rectangle in
front of the first exon. The positions of important regulatory elements in the promoter (CArG box,
VRN box and CAP signal [89,109]) and the 1% intron (critical region — delimited by dotted lines
[105]) are outlined in the vrn-Al. Each dominant allele is characteristic by insertion or/and deletion in
promoter or/and the first intron which are designated by black triangle or grey rectangle, respectively.
Their position is indicated by number of base pairs from the START codon in comparison to vrn-Al
allele. The yellow rectangle symbolizes duplication in the Vrn-Alc sequence. The NCBI database
sequences used for schematic comparison: vrn-Al (AY616455.1), Vrn-Ala (AY616458.1), Vrn-Alb
(AY616461.1), Vrn-Alc (AY747599.1), Vrn-Ald (AY616462), Vrn-Ale (KT361213), Vrn-Alf
(GQ451750.1) and Vrn-Alf-like (KT696537.1). It is important to note that the database sequences of
Vrn-Ala, Vrn-Alb, Vrn-Alc, Vrn-Ald, Vrn-Ale and Vrn-Alf do not contain whole gene sequence but
just promoter region and partial CDS. The sequence of Vrn-Alf and Vrn-Alf-like were merged
together in scheme. Vrn-Alc allele contains sequence of the 1%t intron only.

SFE — Spring Foldback Element, MITE — Miniature Inverted-repeat Transposable Element.
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2.1.3.1.2 VRN4 gene
Recently, the new gene responsible for loss of vernalization requirement was

identified on the short arm of chromosome 5D. This gene evolved by extensive
duplication of region from 5AL chromosome and it is paralogous to VRN1 gene.
Kippes et al. [93] identified three SNPs in the first intron which were segregating
with spring habit and were considered responsible for emergence spring habit in
some Chinese wheat cultivars [93].

2.1.3.1.3 VRN2 gene
VRN2 gene is considered to be a major repressor of flowering in wheat. Well

described is its role in VRN3 repression before arrival of cold conditions during
winter. Its expression is decreased by SD and cold treatment [79,98]. VRN2 was
localized on 5A and 5B chromosomes in tetraploid wheat. VRN2 contains Zinc-
finger protein domain and CCT domain and are very often called ZCCT genes. The
CCT domain is responsible for interaction with NF-Y proteins. ZCCT protein works
antagonistically to CO protein and blocks binding of CO to VRN3 promoter and
inhibits its expression [79,98,102].

Interrelationship between VRN1 and VRN2 has been discussed in many studies. Yan
et al. [89] supposed that VRN2 represses VRN1. The low temperature decreases
VRN2 expression and releases the VRN1 from its repression. Loukoianov et al. [99]
suggested that cold induces VRN1 expression and VRN1 further represses VRN2.
Decreased expression of VRN2 removes repression of VRN3 (Fig. 6) [101]. Recently,
Dubcovsky et al. [126] observed so called “short day vernalization”. The sufficiency
of SD for repression of VRN2 and subsequently for flowering questioned role of
VRN2 in repression during winter and introduced putative presence of another

repressive protein [126].

The spring habit is also connected with recessive vrn-2 allele (Fig. 6). This spring
allele has mutation in conserved CCT domain [79]. For emergence of barley spring

habit the whole gene deletion of VRN2 was also responsible [79,127].
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Fig. 6: The schematic role of VRN genes for determination of winter and spring habit in wheat.
The interaction between three main VRN genes and their allelic variants is responsible for necessity of
cold requirement for flowering. (a) Winter wheat when cold requirement is fulfilled. (b) Winter wheat
when cold requirement is not fulfilled. (c) Spring wheat with recessive vrn2 allele which initiates
flowering without previous cold period (removes downregulating activity of vrn2 protein on VRN3
gene). (d) Spring wheat with dominant Vrnl allele which initiates flowering without previous cold
period (enables repressing inhibitory effect of VRN2 on VRN3 gene). Arrows and T bars represent
induction and repression activity of proteins, respectively. The crosses represent absence of this
activity. Stars represent cold period and flower represents induction of flowering. Crossed pictograms
of cold period or flower means absence of cold period or flowering, respectively. Circles mark genes
which were structurally changed in wheat lines and are responsible for spring habit.

(c)

2.1.3.1.4 VRN3 gene
VRN3 gene is coding mobile part of flowering pathway which transfers flowering

signal from leaves to apical meristem. The gene was originally considered

vernalization gene, but it is orthologous to FT gene of A. thaliana [90].

VRN3 homoeologous genes were identified on 7A, 7B and 7D chromosomes
[90,92,128]. They are classified as RAF kinase inhibitors. They work through
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repression of MAP kinase pathway. VRN3 gene is responsible for activation of VRN1
expression. As mention above, it is orthologous to A. thaliana FT gene. Unlike FT in
A. thaliana, the higher level of VRN1 expression in wheat is detected not only in the
apical meristem but also in the leaves [129]. However, FT ectopic expression in
A. thaliana leaves leads similarly to increase of VRN1 expression [64]. Recently, the
duplication of this VRN1 gene in all members of grasses family was identified. This
duplication leads to emergence of Triticum aestivum FLOWERING LOCUS T 2
(TaFT2) gene which could play a role in flowering pathway (Li and Dubcovsky
2008). Duplication which leads to TaFT2 gene preceded divergence of grasses but
not divergence of dicots and monocots [129].

Two VRN3 monomers are interacting with two Triticum aestivum Flowering Locus
D — like (TaFDL) proteins (DNA-binding bZIP transcription factors) and then this
complex binds to promoter region of many genes and influence their expression,
among others VRN1 and TaFT2 [90,129]. This interaction is mediated by 14-3-3
protein bridge. The final hexameric complex is transported from cytoplasm to
nucleus [130]. 14-3-3 proteins are essential for this transportation while the TaFDL
genes are responsible for interaction of complex to ACTG domains in the VRN1
promoter region [129]. As mentioned above, it regulates also expression of TaFT2.
TaFT2 protein can potentially interact with other TaFDL factors and influences
expression of different flower meristem identity genes. Li et al. [130] discovered
ability of VRN3 protein to interact with different 14-3-3 and TaFDL (TaFDL2 and
TaFDLG6) proteins. Different permutation can affect different genes and this can
serve in decoding of information carried by VRN3 proteins. It is important to mention
that just TaFDL2 was essential for interactions with VRN1 promoter region [130].
The TaFDL2 expression is influenced by neither the growth stage of apical meristem

nor the day length and cold treatment [129].

Similarly to VRN1, the dominant VRN3 allele confers spring phenotype. Allelic
variation of VRN3 gene was identified at the 7B loci. Three spring alleles (Vrn-B3a,
Vrn-B3b and Vrn-B3c) were detected so far. The Vrn-3Bb allele has 890 bp insertion
in 5"UTR region while Vrn-B3c allele has 5,300 bp insertion and 20 bp and 4 bp
deletion in 5"UTR [90,131].
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2.1.3.2 Photoperiod pathway
The qualitative and quantitative properties of light are important factors for flower

development. The variation in day length during the year correlates with the distance
from equator. The advent of winter is connected with shortening day length and on
the contrary, the summer is associated with day length elongation, in the direction to
poles. Plants are using this correlation of day length and suitable environmental
conditions for determination of optimal flowering time. In other words, plants
growing in distinct latitudes are adapted to different day length conditions for

optimizing of flowering.

Photoperiod has more important role in timing of flowering in spring cultivars
compared to the winter ones. The reason is that in winter cultivars, the photoperiod
influences flowering time after satisfaction of vernalization requirement [132].
However, the spring cultivars grown in higher latitudes are not influenced by
photoperiod because day length is long enough to satisfy photoperiod requirements
[133,134].

2.1.3.2.1 The role of photoreceptors in flowering
The important role in flowering has also different light quality. Flowering is

accelerated when plants experience shift in the light quality from red (620-750 nm)
to far red (710-850 nm) light spectrum. This shift is connected with suboptimal light
conditions caused by rate of growth of other plants and leads to accelerated stem
elongation and precocious flowering, so called “shade avoidance” mechanism. The
day neutral response can be induced by high intensities of blue (450-495 nm) light
which indicate importance of different light lengths in flowering acceleration
(reviewed in: [135]). Plants measure the length of the day with specialized proteins
called photoreceptors. These are able to percept light with different wave length and
thus plant is able to distinguish the (sub)optimal external conditions and to adjust life
cycle. There are few main classes of photoreceptors: light-oxygen-voltage (LOV)
sensors, xanthopsins, phytochromes, blue-light sensors using flavin adenine
dinucleotide (BLUF), cryptochromes, and rhodopsins [136]. Two major plant
photoreceptors are phytochromes (red/far red light) and cryptochromes (blue/UV-A).
The function of these receptors in light perception and flowering pathway will be
discussed in the following subchapter.
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Phytochromes control plant developmental processes starting with seed germination
and seedling de-etiolation. They are also responsible for perception of neighboring
plants and shade and influence transition from vegetative to generative stage [137].
The phytochromes are particularly responsible for perception of red and far-red light.
There are three classes of phytochromes in monocot plants: phyA, phyB and phyC.
The fourth and fifth class in dicots raised by duplication of phyB [138,139].
Phytochromes contain covalently bound linear tetrapyrrole chromophores (bilin) and
create dimmers [140]. PhyA is synthesized in inactive red-light absorbing form - Pr
(660 nm) and after exposure to red light is photoconverted into biologically active
far-red absorbing form - Pfr (730 nm). In Pfr form, the phytochromes are
translocated into nucleus where they regulate transcriptional signaling network [140—
143]. Reversely, the exposure to far-red light leads to conversion to red-absorbing
form [136].

Cryptochromes are responsible for photomorphogenesis, flowering and clock
resetting in plants [135]. They are flavoproteins and are able to perceive blue and
UV-A radiation (320-520 nm) [144]. Cryptochromes have two important domains.
The light is perceived by photolyase homology region domain (PHR) at the N-
terminal end and the interaction with other proteins and thus signal transfer is
mediated by CCT domain located at the C-terminus [145,146]. Three cryptochromes
have been identified in Arabidopsis. Proteins CRY1 and CRY2 are localized
predominantly in the nucleus [147]. CRY1 is interacting with COP1 and SPA
proteins in the light dependent manner and lead to transcription of HY5 gene
[148,149]. This regulates transcription of genes important for de-etiolation. On the
other hand, the CRY2 was shown to interact with cryptochrome-interacting basic-
helix-loop-helix (CIB1) protein. This interaction accelerates FT transcription and
subsequently flowering [150]. CRY3 is localized in mitochondria and chloroplasts

[151] and was found to be responsible for repairing damages of DNA [152,153].

2.1.3.2.2 The genetic determination of photoperiod (in)sensitivity
Originally, the wheat needs LD for flowering. Photoperiod sensitivity is

predominantly determined by series of photoperiodic (Ppd) genes (Ppd-Al, -B1, -
D1) located on short arm of chromosomes from the second homoeologic group
[154,155]. Kheleskina et al. [156] identified new Ppd-B2 gene located on the 7BS
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chromosome. In contrast to Ppd-1 genes which accelerate flowering irrespective of
day length, the Ppd-B2 accelerates flowering during LD only [156].

The Ppd genes belong to pseudo-response regulators (PRR) gene family [157] and
contains CCT domain responsible for protein-protein interaction [158]. This domain
is related to components of circadian clock genes. Ppd genes do not have a role in

circadian regulation, but they are regulated by circadian clock mechanism [157,159].

Photoperiod insensitivity is caused by misexpression of Ppd genes. The insensitivity
is dominant over sensitivity; dominant alleles have been given suffix a, while
recessive alleles have been designated with suffix b for better determination. [155].
Different Ppd-Ala, Ppd-Bla and Ppd-D1a alleles lead to independent emergence of
photoperiod insensitivity in many different wheat varieties [106,155,160-162].

To date, two different origins of insensitive alleles were examined: (i) structural

changes in promoter region and (ii) copy number variation (Fig. 7).

(i) In this type of photoperiod insensitivity, the indel in the promoter region disrupts
putative transcription factors binding sites [155,162,163]. This leads to loss of Ppd
repression followed by its expression resulting in acceleration of flowering time
during SD. The Ppd-D1a allele has 2,089 bp deletion in the promoter region [155].
The Ppd-Ala insensitive alleles with 1,027, 1,117 bp and 1,085 deletions have been
recognized in tetraploid and hexaploid wheat, respectively [160,162]. Recently, the
Ppd-Bla.l allele characterised by 308 bp insertion in the promoter was identified
[162]. These structural changes cover joint region of 886 bp which is presumed to be
important for Ppdl repression. This is supported by presence of CCA1-HIKING
EXPEDITION (CHE) recognition elements in this area, which was disrupted by
insertion in Ppd-Bla.1 allele [162]. CHE are known to be responsible for repressoric
effect [164].

(ii) Diaz et al. [106] identified presence of higher number of copies of Ppd-Bla gene
as another cause of photoperiod insensitivity in bread wheat. In addition, Sun et al.
[165] identified hypermethylation of promoter connected to duplication of this region

and presumably co-responsible for loss of Ppd repressing.
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Fig. 7: The Ppdl alleles. The schematic representation of sequence changes in dominant Ppdla
alleles present in photoperiod insensitive wheat varieties compared with recessive Ppd1b alleles of all
three homoeologous subgenomes (photoperiod sensitive wheat). The exons are marked by orange
arrows and introns by white rectangles. Promoter is illustrated by white rectangle in front of the first
exon. The position of important regulatory region which is common in so far all insensitive varieties
and was identified as hypermethylated (HyperMe) [165] is delimited by dotted lines. Each dominant
allele is characteristic by insertion or deletion in promoter which are designated by black triangle or
grey rectangle, respectively. Their position is indicated by number of base pairs from the START
codon in comparison to Ppd1b allele. The NCBI database sequences used for schematic comparison:
Ppd-D1b (AB646977), Ppd-Dila (AB646976), Ppd-Alb (AB646972), Ppd-Ala.l (EU117146), Ppd-
Ala.2 (AB646973), Ppd-Blb (AB646975), Ppd-Bla.l (AB646974) and Ppd-Bla (JF946486). (i)
Ppdla alleles with structural changes in promoter region conferring photoperiod insensitivity in all
three homoeologous 2 chromosomes (ins — insertion). (ii) Ppdla allele with higher number of copies
conferring photoperiod insensitivity identified solely on 2B chromosome.
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The comparison of flowering acceleration alleles conferring photoperiod insensitivity
showed the Ppd-Dla has the most profound effect followed by Ppd-Ala and Ppd-
Bla [106]. The strength of new Ppd-Bla.l allele is questionable. Tanio and Kato
[163] considered it the most effective flowering promoter, but Nishida et al. [162]
did not confirm this dominant effect of Ppd-Bla.1. One of the possible explanations
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of differences in the effect of insensitive alleles determined by CNV and promoter
disruption is their distinct expression pattern. The Ppd-Dla showed misexpression
(peaks three hours before onset) [155], although expression pattern of Ppd-Bla was

similar to wild type (peaks three hours after onset), but upregulated [106].

The Ppd protein is affecting VRN3 expression trough stabilization of CO protein. It
has antagonistic relationship with VRN2. CCT domains of Ppd and also VRN2
proteins serve for interaction with NF-Y transcription factors. The VRN2 has a role
especially in early fall when avoids CO stabilization, VRN3 expression and thus
flowering before winter. During winter, VRN1 expression increases which
downregulates VRN2 and releases NF-Y for interaction with Ppdl when sufficient
day length is achieved. Ppd-CO interaction stabilizes CO protein and positively
influence expression of VRN3 (Fig. 8) [97,98].

Introduction of photoperiod insensitive alleles to wheat cultivars lead to 35% yield
increase in Southern Europe and 15% in Central Europe. The most photoperiod
insensitive European varieties carry the Ppd-Dla allele coming from Japanese
cultivars Akakomugi and Saitama 27 [166]. Higher yield is mainly achieved due to
balance shift in incorporation of assimilates between stem elongation process and
spikelet initiation to spikelet formation exclusively [167]. The effect of insensitive
alleles on yield is highly dependent on environmental conditions. Different studies
showed yield decrease (-1.8%) in cool humid summer, 5% yield increase in hot dry
summer or no Yyield changes [133,166,168]. Frequency of different sensitive and
insensitive alleles is changing through different latitudes. The breeders have selected
the most suitable Ppd allele combination just by indirect selection for agronomical
important traits [169]. Generally, the winter wheat varieties grown in northern
latitudes are highly sensitive to photoperiod and varieties from southern latitudes are
highly photoperiod insensitive [168,170].

Recently, there were identified also different pathways repressing photoperiod
sensitivity, e.g. the decrease of function of EARLY FLOWERING 3 (EFL3) or
PHYTOCLOCK/LUX1 reduced photoperiod sensitivity in wheat [171-175].
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Fig. 8: The schematic model of determination of photoperiod (in) sensitivity in wheat. (a)
Photoperiod sensitive wheat with recessive Ppdlb allele during LD conditions (>12 hours). (a)
Photoperiod sensitive wheat with recessive Ppdlb allele during SD conditions (<12 hours). (c)
Photoperiod insensitive wheat with dominant Ppdla allele irrespective of day length (it is able to
flower during both, SDs and LDs. Expression of Ppd gene leads to stabilization of CO protein by
creating CO — NF-Y complex. The other way (during SDs in varieties sensitive to photoperiod) the
CO expression is taking place during night. The NF-Y proteins are captured by VRN2 and the CO is
degraded. The misexpression of Ppdla leads to CO stabilization in both day length conditions. CO
positively influences VRN3 expression and participates in induction of flowering. Arrows represent
induction activity of proteins. The crosses represent diminishing of this activity. The full and half
shadowed suns represent LD or SD conditions and flower represents induction of flowering. Crossed
pictogram of flower means absence of flowering.

2.1.3.3 Earliness per se genes (Eps)
Eps genes belong to the third group of genes which influence flowering time. This

group is created artificially and consists of genes which play role in different parts of
flowering pathway. They have two main common features: they influence flowering
time when the day length and vernalization requirement had been fulfilled [176] and
have just minor effect on flowering time. These genes are generally mapped as
quantitative trait loci (QTLs) [177]. Their effect can be determined only when
overlapping effect of VRN and PPD genes is eliminated [178].

Lewis et al. [179] identified effect of Eps-A™1 from double ridge stage to terminal
spikelet initiation but not from terminal spikelet initiation to heading. However,

different study showed that Eps genes can accelerate flowering time in any stage of
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development [180]. They can be used for shortening life cycle of wheat [181]. Many
studies revealed their pleiotropic effect not only on flowering but also on spikelet
number and number of grains per spike [173,179,182].

The first studies of these genes suggested their independence on environmental
factors. However, later studies revealed modulation of effect of these genes by
temperature [180,182].

The Eps loci are located on all wheat chromosomes of all homoeologous groups
(reviewed in: [178]). Just a few Eps loci were positional cloned so far [173,183,184].
The Eps-3A™ gene was located on chromosome 3A of T. monococcum [173]. Eps2
gene was identified on 2H chromosome of Hordeum vulgare L. and was determined
as CENTRORADIALIS [183]. It codes for phosphatidyl-ethanolamine binding protein
which is distantly related to FT protein family. The aminoacid substitution in this
gene leads to flowering delay in spring barley varieties [183].

Furthermore, the regions of other Eps genes were delimitated. Three genes were
identified as candidate for Eps- A™1 loci (MOLYBDATE TRANSPORTER 1,
FILAMENTOUS TEMPERATURE SENSITIVE H 4) [182,185]. Recently, Alvarez et
al. [186] identified ELF3 gene as the candidate gene for Eps- A™1. Three aminoacid
changes in the protein sequence were connected to differential expression of
downstream targets of this gene (PPD1, FT1 and PIFs).

The fine mapping of Eps gene located on 1DL chromosome of bread wheat lead to
identification Triticum aestivum EARLY FLOWERING 3-D1 (TaELF3-D1) gene as a
possible candidate for earliness per se locus [187]. They further correlated reduced
expression of TaEps3-D1 gene to altered expression of TaGl. However, the lack of
recombination in analyzed region impeded the precise determination of the candidate
gene [187].

The determination of Eps genes is challenging due to their subtle effect on flowering
time. Detailed study of Eps genes needs precise genetic stocks and controlled growth
conditions. However, their usage in breeding process can lead to development of
varieties which will be able to meet local environmental conditions. The usage of
elf3 gene in commercial cultivars of barley was reported from Sweden, where early

flowering conferred by this gene is advantageous [188].
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2.2 \Wheat evolution and domestication

2.2.1 Polyploidization
Bread wheat is allohexaploid plant and its genome consists of three subgenomes and

have evolved by two hybridization events. The first hybridization, 500,000 years ago,
occurred between T. urartu (Tumanian ex Gandilian) as a A genome donor [189,190]
and the relative of Aegilops speltoides Tausch. as a B genome donor [191]. This
hybridization was followed by polyploidization. The whole genome rearrangements
lead to stabilization of tetraploid wheat subgenome, to restoring diploid-like behavior
and to creation of wild emmer wheat T. dicoccoides (Koern. ex Asch. & Graebn.)
[191]. Later, domesticated T. dicoccum (Schrank) Schuebl. has evolved [192]
(Fig. 9). The second hybridization event occurred 10,000 years ago between yet
unknow tetraploid wheat and Ae. tauschii Coss. and led to emergence of hexaploid
bread wheat [193,194]. Since Ae. tauschii and T. dicoccoides do not have common
habitat, domesticated tetraploid wheat is the most probable donor of AB genomes of
hexaploid wheat. The bread wheat origin involved multiple hybridization events and
subsequent intercrossing followed by formation of single gene pool [193]. The Tg
locus of Ae. tauschii has led to emergence of hulled hexaploid wheat. Anyway, there
was no hulled ancestor of bread wheat identified. Nesbitt et al. (2002) suggested the
high selection pressure against hulled wheat led to fast emergence of free-threshing
hexaploid wheat [195].

In addition, hybridization between T. urartu (A genome) and relative of
Ae. speltoides (G genome) led to emergence of tetraploid wheat T. araraticum
Jakubz. [191,196]. Wild tetraploid wheat was also subject of cultivation and later
gave rise to domesticated wheat T. timopheevii Zhuk. (Zhuk). The hexaploid wheat
T. zhukovskii Menabde & Ericzjan arises from hybridization between T. timopheevii
and T. monococcum [189] (Fig. 9). The wheat from these groups are not used in

modern agriculture but they are currently found in limited areas in Georgia [192].
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Fig. 9: The scheme of polyploid wheat evolution. The circles represent nuclear (inner) and
extranuclear (outer) genetic information. Genetic information coming from different diploid wheat is
indicated with different color and further the genome composition is written under the name of given
species. The exclamation mark indicates uncrossability of species T. dicoccoides and T. araraticum.
These species comes from cross of different individuals of the same species which was divided by

thousand years and happened at different places of Fertile Crescent.

2.2.2 Domestication syndrome

Domestication leads to significant genetic changes which affected phenotypic traits
of agronomically important wheat species. The human-induced selection is often
going against natural selection [197]. The traits which distinguish domesticated

wheat from wild ancestor are called domestication syndrome traits. They are usually
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influencing yield, harvesting and processing of spikes (non-brittle rachis and free-
threshing). However, the emergence of varieties with these important characteristics

is associated with lower genetic variability [198].

Domestication process genetically influenced rachis brittleness, glum tenacity,
heading date, plant height, grain size and yield components [199]. Approximately 70
domestication QTLs were located on all chromosomes but mainly clustered to 4A,
5A and 5B of T. dicoccum [200]. Seven domestication syndrome factors were
identified and each of them influences 5 - 11 traits [199].

The first sign of domestication is loss of brittle rachis which is easy to distinguish in
the excavations. Appearance of non-brittle wheat spike started approximately 10,000
years ago and allows dating of domestication event [192]. This first and very
important character is conferred by genes located on chromosomes of homoeologous
group 3. This trait has positively influenced yield by making harvesting process
easier [201,202].

Another important trait which has effect on spike processing is emergence of free-
threshing form/character. Originally, seeds were closed in chaffs which were hard to
separate. Free-threshing varieties facilitate releasing of grains and also increase
kernel proportion of spikelets [203]. Threshability is under the control of Q locus
which is located on 5A chromosome. Q gene is a member of AP2 family which
influences flowering time in A. thaliana. Q locus influence also speltoid character of
spike and rachis fragility [204,205]. Free-threshing is influenced by additional genes
located on chromosomes of homoeologous group 2: tenacity glumes (Tg) gene
controlling glumes toughness and non-orthologous soft glumes (sog) gene which

controls glumes softness [206,207].

The short and wide grains with increased size were also selected during
domestication process. These traits are controlled by different genes [208]. Loss of
asymmetric dormancy is another domestication syndrome trait. Gene responsible for
uniform time of germination is located on chromosome 4B. In wild emmer wheat,
one kernel in the spikelet needs prolonged period of time to overcome dormancy.
This trait serves to ensure probability of survival in the case of unsuitable conditions

during year [209].
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2.2.3 Domestication process
Domestication process (together with polyploidization) is another important factor

influencing wheat genome plasticity. Domestication plays important role in transition
from hunter-gatherer style to agrarian life style. This Neolithic revolution took place
in Levant 10,000 years ago and was connected to domestication of a few staple crops
in this area: barley, pea, lentil, chickpea, einkorn wheat (T. monococcum) and emmer
wheat (T. dicoccum) (reviewed in: [192]). Domesticated emmer wheat appeared at
the same time as domesticated einkorn wheat. The experimental data suggests that
fixation of the first domestication trait — brittle rachis - could have happened in the
short period after the beginning of cultivation [210]. However, cultivation of wild
wheat started 19,000 years ago. This leads to idea of protracted domestication in
which domestication was long and unconscious process [211]. The archaeobotanical
and genetic data was used in many studies in order to reveal where, when and how
emmer wheat was domesticated. However, the domestication site of wheat has not
been undoubtedly determined yet. In addition, the results gained by genetic analysis
do not correlate with archaeobotanical findings. These incongruences within genetic
data and between genetic and archaeological data lead to suggestion of new
hypothesis of reticulated origin of domesticated wheat. Civan et al. [212] suggested
spreading of pre-domesticated tetraploid wheat throughout Levant corridor and
hybridization of these plants with the local populations. This enables spread of
southern Levant diversity. The hybridization is mediated by humans and is beyond
our ability to precisely determine place of domestication and thus emergence of
domesticated tetraploid emmer wheat. This spread also facilitates fixation of
domesticated traits. This hypothesis also explains unexpected degree of genetic
variability of domesticated wheat [212]. The gene flow between domesticated and
wild emmer gene pool could have significantly decreases founder effect [194]. The
founder effect is much larger in hexaploid wheat. This is probably caused by small
number of hybridization events between tetraploid wheat and diploid Ae. tauschii. It
is also connected to decreased possibility of hybridization between tetraploid and
hexaploid wheat [193,213]. Indeed, reduction of diversity is more pronounced in the
D genome of hexaploid wheat. This indicates at least restricted genetic flow between

hexaploid and tetraploid wheat [214].
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2.3 The genetic mapping

Current wheat supplies are threatened by extreme weather changes, decreasing area
of arable land and various biological threats (bacterial, fungal, viral diseases etc.).
Improving currently used wheat varieties is one of the main aims for wheat research
and breeding programs. Discovery of new genes and alleles which confer desired
phenotype and their integration into elite varieties needs to be preceded by few steps.
The genetic mapping is very often the prerequisite which, followed by QTL analysis,

leads to identification of locus responsible for desired phenotype.

Genetic mapping determines relative position of anonymous specific sequences of
DNA (markers) along chromosomes and assigns phenotypic trait to chromosome
locus. It anonymously distributes markers along genome/chromosome. Markers are
subsequently ranked according to number of recombination events. The probability
of recombination events between markers is reducing with decreasing their mutual
distance. Genetic map distances are determined as the mean number of
recombination events within chromatid per meiosis. It is reported in centimorgans
(cM). However, the number of recombination events is unevenly distributed with
increasing rate towards to telomeres. Thus, the relative marker distance in cM does

not reflect real physical distance in bp (reviewed in: [215]).

The amount of recombination events is limited in one individual. Thus, the mapping
population ranges from several hundred to several thousand of individuals which are
used for creation of genetic map. The appropriate mapping population is created
from parental lines which differs in the studied phenotype and are sufficiently

polymorphic at the genotypic level [216].

There are several types of mapping populations which are used for genetic mapping.
An F2 mapping population consists of members of second filial generation which
was developed from self-pollination of Fi: individuals. Backcross mapping
population is developed by backcrossing Fi1 lines to recurrent parental line.
Repetitive backcross for six generations followed by additional two steps of self-
pollination leads to development of nearly isogenic lines (NILs). NILs are
characterized by significantly decreased level of heterozygosity. In the ideal case,
these lines will contain only 1% of genetic background from donor parental line

[217]. Recombinant inbred lines (RILS) are developed by multiple self-pollination of
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individuals until Fe-Fg generation is achieved. This method is called single seed
descent method and is mainly used for RILs development. Its main advantage is
elimination of number of intermediate steps. Another type of mapping population is
doubled haploid lines mapping population which is created by doubling gametes of
F1 or F> generation. The chromosome doubling of pollen grains is followed by
regeneration using tissue culture techniques. This approach enables to achieve null

level of heterozygosity rapidly (reviewed in: [216]).

F> and BC mapping populations are considered temporary mapping populations
(mortal); however, their development is easy and not time-demanding. DH, RILs and
NILs are considered immortal (true-breeding) mapping populations because of high
level homozygosis which enables to propagate mapping population lines without

genetic change (reviewed in: [216]).

The suitable set of markers is necessary for development of precise genetic map.
High density of DNA markers is important for quantitative trait loci localisation in
the genome. The fine genetic maps further lead to map-based positional cloning
which is even further narrowing down the region of interest. The final stage of
positional cloning includes delimitation of region below 1 ¢cM and is followed by the
physical mapping stage. This consists of chromosome walking process and
subsequent identification of sequence between flanking markers [218]. The
availability of physical map of the whole genome simplifies the process. Then, the
laborious chromosome walking is replaced by finding of BAC (bacterial artificial
chromosome) clones with flanking markers and ideally, identification of one physical
map region where the region spanning flanking markers is located (Fig. 10) [219].
The precise identification and following validation of gene responsible for studied

phenotype is described in subchapter 2.4 Functional genomics.
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[220]).

The markers can be divided into (i) phenotypic, (ii) biochemic and (iii) DNA
markers. DNA markers are based on the variation in DNA sequence. Increasing level
of genomics leads to evolution of DNA markers from low throughput hybridization
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based (restriction fragment length polymorphism - RFLP), trough medium-
throughput PCR markers (sequence-characterised amplified region - SCAR, cleaved
amplified polymorphic sequence - CAPS, amplified fragment length polymorphism -
AFLP and repetitive sequence based markers — simple sequence repeats - SSR, inter-
simple sequence repeat - ISSR, inter-retrotransposon amplified polymorphism -
IRAP, retrotrasposon-microsatellite amplified polymorphism - REMAP, insertion
site binding polymorphism - ISBP) and microarray based markers (diversity arrays
technology - DArT) to high-throughput sequencing based markers (reviewed in:
[221]). Nowadays, the new high-throughput genotyping platforms are developed and
have been progressively replacing older and more laborious forms of genotyping.
The whole genome sequencing is used for detection of thousands of SNPs in many
accessions. Application of SNP was originally based on high-throughput analysis of
lllumina (Inc., San Diego, CA, USA) developed bead-array technology based
platforms (GoldenGate and Infinium). The number of possible SNP markers ranges
from 90K as recorded by new Infinium to 500K and 4M by Illumina shortgun WGS
sequencing. Later, microarray-based platform — Affymetrix (Inc., Santa Clara, CA,
USA) offered another way of SNP genotyping. The alternative approach to these
platforms are KBiosciences” competitive allele specific PCR (KASP) and TagMan

technology coupled with Life Technology (reviewed in:[222]).

2.3.1 Statistical processing of genotyping and phenotyping data
The genotypes of individuals of mapping population are used for ordering markers

and for development of genetic map. The data is processed by linkage mapping
software (e.g. JoinMap, MapMaker, Map Manager) [223-226]. The statistical
software computing genetic maps needs to deal with high amount of input data
provided by high-throughput genotyping platforms. These challenges could be
solved by dividing the process into three steps: (i) “grouping”, (ii) “ordering” and
(i) “spacing” [227].

(i) Grouping is responsible for dividing markers into linkage groups. Many
algorithms were developed for marker grouping. One of the examples is nearest
neighbor locus. The markers are step by step added into group according to lowest
recombination frequency with the members of the linkage group. This strategy is
employed in MAPMAKER. The MAPMAKER calculates two-point maximum

likelihood distances and logarithm of odds (LOD) score for every pair of marker.
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Further it connects markers with LOD score higher than 3 into the same group.
Another type is graph partitioning grouping method. It creates graph of all markers
connected to all other markers. The connecting graph edges are weighted by two
point functions of data. All edges with LOD score above threshold value are chopped

and the resultant partitioning lead to creating of linkage groups [227].

(ii) Ordering determines order of markers within each linkage group. The marker
ordering is based on minimizing/maximizing value of objective function. Objective
function evaluates the quality of a given marker order and describes how one marker
order is better than another. The sum of adjacent recombination fractions is one of
the examples of objective function. The loci are considered nearest when the smallest
value of recombination fraction is achieved. Then, the sum of adjacent recombination
fraction value is minimized in case of suitable marker order. Another objective
functions are maximum sum of adjacent LOD scores, the minimum number of
crossovers, the product of adjacent recombination fractions, the minimum entropy,
the minimum weighted least squares marker order, the maximum likelihood and the
maximum number of fully informative meiosis (reviewed in: [227]).

However, ordering of huge number of markFers has high computational demands.
This task is considered non-deterministic polynomial (NP) - hard combinatorial
problem. Such problem is not possible to solve in the real time. Therefore, the
approaches (a seriation and a branch and bound) which reduce amount of scanned
marker orders were developed. The seriation approach determines the closely linked
marker pair, further it adds random marker in position which leads to optimization of
objective function value. The branch and bound strategy starts with determination of
initial order of markers. In the next step the partial marker order is constructed.
Those which are worse than the initial order are eliminated. Further the new order is
established and the last step is repeated. This is repeating until objective function is

not decreasing anymore [223,228].

(iti) Spacing means determination of marker distances which is based on

recombination fraction between markers [227].

2.3.2 QTL analysis
QTL analysis is linking phenotyping data and genotyping data in order to identify

locus responsible for studied phenotype. It is used for polygenic traits. Analysis can
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be performed by three methods: single factor analysis of variance (or single marker
analysis), simple interval mapping (SIM) and composite interval mapping (CIM).

The single factor analysis of variance uses t-test, analysis of variance (ANOVA) and
linear regression. These methods are calculating probability of linkage phenotype to
every single marker. The linkage map is not necessary and this method can be used
in cases when the dense genetic map is missing. Linear regression is using the
coefficient of determination (R?) or P-value. The marker connected to phenotype has
the lowest P-value and the highest R2. R? defines the importance of marker in
conferring phenotype, P-value determines probability of linkage phenotype to
marker.

SIM method analyses intervals between all pairs of adjacent markers located on the
genetic map for detecting position of QTL. SIM performs likelihood ratio statistic at
every position of the interval. The QTL is thus located in the interval defined by
flanking markers [229].

The CIM combines interval mapping with multiple regression analysis. Similar to
SIM, it analyses position of QTL in markers interval. In addition, it considers effect
of background markers — cofactors [230-233]. It reduces bias of QTLs located in

other regions, so the their effect can be separated [230,231].

Results of SIM and CIM are shown in LOD or likelihood ratio statistic (LRS)
statistic. LOD score can be calculated from LRS by dividing LRS value by 4.61.
LOD score is counted as probability of linkage of two loci with given recombination
value over probability they are not [225,234]. If LOD value of marker recombination
exceeds the critical LOD score, the markers are considered linked. The LOD score 3
is generally considered indicator of marker linkage. It means that there is 1,000
higher probability the markers are linked than that they are not [225]. However, later
studies showed that even higher LOD value could lead to false-positive linkage. To
identify position of QTL within linkage map, the LOD (LRS) values are compared.
These values must exceed the threshold values above which the results are
statistically significant. The thresholds are determined by permutation tests. In
permutations test the phenotypic values of individual plant are randomly distributed
while the genotype is held the same. The QTL analysis is then performed in order to

determine amount of false-positive marker QTL associations. This process is then
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repeated for 500 — 1,000 times. The highest LOD (LRS) which exceeds threshold
value is further linked to analyzed phenotype. The output of these mapping methods
is graph with marker position on x axis and with LOD (LRS) score on the y axis
[235].

The identified QTLs could be divided according to their effect on phenotype as
suggestive (P=0,05), significant (P=0,01) and highly significant (P=0,001) [236].

When map distances are below 10 cM, the recombination frequency reflects marker
distance. However, this relation is not observed when the distance is above 10 cM.
Two algorithms are used for recalculation of this distance. The Haldane's mapping
function does not assume interference between crossovers; and the Kosambi's

mapping function suggests the certain level of interference [216].
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2.4 Functional genomics
Functional genomics is a section of genomics which attempts to describe gene

functions and their mutual interactions. It focuses on explanation of DNA function at
the levels of genes, RNA transcripts and protein products. The main goal is to
understand the relationship between an organism's genome and its phenotype. It is
believed the functional genomics will provide more comprehensive picture of
biological processes taking place in the cell, the tissue and whole organisms and how

they are arising from the information encoded by DNA in an organism'’s genome.

The mutagenesis underpin molecular basis of functional genomics. The mutagenesis

is induced by chemical, physical and biological compounds (reviewed in: [49]).

The functional analysis use both forward and reverse genetic approaches. Forward
genetics carry out gene identification through the characterization of a mutant
phenotype. Transposon tagging mutagenesis has been preferentially used in past.
Extensive transposon derived resources have been developed for Arabidopsis, rice,
maize, tomato and barley [237]. Nowadays, huge increase of sequence data produced
by genomic projects leads to prevalence of reverse genetic approach in gene function
analysis. Reverse genetics screens generally does not require large scale phenotypic
screening, but does require knowledge of a candidate gene sequence for recovering

and assessment of mutation in gene of interest.

Function of genes can be determined on different levels of their effects like
transcription, translation and regulation. There are numerous techniques and
approaches which can be used for revealing gene functions. At the beginning, the
methods were based on chemical or radiation mutagenesis [238]. Later, the methods
of genetic engineering and biotechnology were put in the forefront including
microarray, serial analysis of gene expression (SAGE), gene knockout, RNA
interference (RNAI), virus gene silencing (VIGS), targeting induced local lesions in
genomes (TILLING), targeted mutagenesis (zinc-fingers nucleases, meganucleases,
transcription activator-like effector nucleases (TALENS), Clustered Regularly
Interspaced Short Palindromic Repeats/Cas 9 (CRISPR/Cas 9) (reviewed in:
[239,240].
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Because the functional genomics integrates broad portfolio of methods, only the

selected techniques will be discussed in detail.

2.4.1 RNA interference
RNA interference is method which disrupts gene function and respective phenotype.

The RNA interference is based on development of double stranded RNA which is
included in cleavage of mRNA or in blocking of mRNA at the transcriptional level.
The stages of RNA interference includes cleavage of double stranded RNA into 21-
26 bp small RNA (smRNA) molecules by DICER-like enzyme. Further, the sSmRNA
molecules are recruited into RNA-induced silencing complex (RISC). The RISC
complex mediates cleavage of target complementary mRNA. Since RNA
interference is able to block expression of all homoeologous copies of genes, it is
very useful in silencing of genes in wheat. The usage of RNA interference in
functional genomics studies is conditioned by ability to transform plant with

construct used for dsSRNA transcription (reviewed in: [241]).

Posttranscriptional regulation in wheat was used in identification of effect of many
genes. Yan et al. [79] used 347 bp targeted sequence from T. monococcum for
silencing of VRN2 gene. They were able to decrease mMRNA level down to 40% and
to correlate it to flowering time acceleration. Loukoianov et al. [99] used similar
approach (294 bp dsRNA designed from T. monococcum) for identification of VRN1

effect on flowering time [99].

2.4.2 Targeted genome editing
The targeted genome editing approach is based on modification of specific DNA

sequence without damaging of other parts of DNA. Advent of these method
eliminated problems with high copy number of inserted sequences and the regulation
of expression. These techniques are using ability of enzymes to perform double
strand breaks in specific DNA sequence - nucleases and ability of genome to repair
double strand breaks by non-homologous ends joining (NHEJ) or by homologous
recombination (HR). The HR can introduce desired mutations by using specific DNA

(repair DNA) as a template. However plants prefer NHEJ as a dominant repairing
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mechanism. NHEJ can introduce unpredicted errors — especially small deletions and
substitution which can lead to knockout of the desired gene (reviewed in: [242]).
Increased double strand breaks showed to increase frequency of HR [243-245]. This
can be used in order to achieve specific mutations in required DNA sequence

positions.

The targeted genome editing is connected with zinc-fingers nucleases,
meganucleases and TALENs [238]. Recently, these tools are overshadowed by
CRISPR/Cas9 method.

2.4.2.1 Zinc-fingers nucleases
Zinc fingers nucleases are consisting of three or four zinc fingers and Fok |

endonuclease. Every single finger recognizes three nucleotides on target DNA. They
works in dimers and thus they recognize 18-24 bp. Fok | endonuclease is a type Il
restriction enzyme. It works as a dimmer and provides DNA sequence cleavage. The
binding of dimeric Zinc-fingers nucleases to specific sequence brings Fok |
monomers to close proximity and activates its restrictive activity (Fig. 11) (reviewed
in: [238]).

2.4.2.2 Meganucleases
Meganucleases (or homing meganucleases) are derived from proteins coded by

mobile introns [246,247]. The meganucleases have DNA binding domain which is
able to recognize DNA sequence larger than 12 bp and cleavage domain with
endonuclease activity. Coding sequence of both domains is overlapping which
complicates modification of its specificity to different DNA targets (Fig. 11)
(reviewed in: [238]). Dimeric formation of meganucleases is needed for their
appropriate function, however monomeric protein can be linked and can work as a

single peptide [248].

2.4.2.3 TALENs
The principle of targeted genome editing using TALENSs is similar. TALENs

recognize specific DNA sequence and create double strand break (Fig. 11). TALENSs
provide many advantages in comparison to previous methods. They are easy to

assembly, have reliable function and broad targeting range.
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(@)

ZFN
CAGGAGCGCACCATCTTCAGATCTG ACTACAAGATGTGTATCG
GTCCTCGCGTGGTAGAAGTCTAGAC TTGATGTTCTACACATACG
(b)
TALEN

TGGTCTGGAGCGCACGTGATCATC TTC‘ATGACGGCAACTACAAGATGAGTATGA
ACCAGACCTCGCGTGC ACTAGTAGAA‘TAC TGCCGTTGATGTTCTACTCATACT

(©)
Meganuclease

CAGGAGCGCACCATCTTCAGATCTGATGACGGCAACTACAAGATGTGTATGC
GTCCTCGCGTGGTAGAAGAAGAACCTGCTGCCGTTGATGTTCTACACATACG

Fig. 11: The three classes of sequence-specific nucleases. (a) Two zinc-finger nucleases — ZFNs -
bind to their target site. Each monomer is made of of three zinc fingers (gray) that make base-specific
contacts. The zinc finger arrays are fused to the catalytic domain of the Fokl endonuclease (red),
which upon dimerization creates a double-strand break. (b) Two transcription activator-like effector
nucleases (TALENS) bound to their target site. Variable di-residues in each repeat in the transcription
activator-like effector array (gray) make a base-specific contact with the target DNA. As with zinc-
finger nucleases, the transcription activator-like effector repeat arrays are fused to Fokl. (c) A
meganuclease bound to a DNA target. The catalytic domain, which also determines base specificity, is

shown in red (reproduced from: [238]).

The DNA binding domain of these transcription-activator-like proteins comes from
bacterial genus Xantomonas. Originally, they are used for binding promoter sequence
of specific genes after plant cell infection. This way, they modulates its expression
and increases virulence [249]. The DNA binding domain contains 13 - 28 copies of
34 amino acid repeats. Each repeat recognizes single base. Every single repeat
creates hairpin structure with 12" and 13" amino acid residues on the top. Besides
12" and 13" residues, the other amino acids are highly conserved [250,251]. The 12'"
amino acid is responsible for hairpin stabilization and 13" makes a base specific

contact with major groove of DNA. Repeats recognize different bases and can be
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engineered in order to recognize target sequence. The DNA binding domain is bound
to Fok | restriction endonuclease which provides sequence cleavage [252].

2.4.2.4 CRISPR/Cas9
Recently, the CRISPR/Cas9 method found to be useful in targeted method editing.

CRISPR system provides bacteria and archaea with adaptive immunity against
viruses and plasmids. There are three types of CRISPR (reviewed in: [253]).
CRISPR system type Il is used in gene editing and was adopted from Streptococcus
pyogenes. In this system, Cas9 protein is responsible for endonuclease activity. The
Cas9 structure is made from two lobes (globular recognition and small nuclease
lobe). The lobes are composed of two domains which creates grooves for binding of
nucleic acid. 20 - nucleotide-long small guide RNA (sgRNA) is an essential part of
this system and it is complementary to targeted sequence. Binding of sgRNA to Cas9
leads to conformational change and thus to positioning of RNA-DNA duplex (Fig.
12). The 3 bp conserved motive (NGG), so called photospacer adjacent motif, at the
3’end is crucial for recognizing by Cas9 protein. Simple modification of sgRNA
sequence permits recognition of specific target DNA and thus enables targeted
editing [253].

The CRISPR gene editing was used in plants for the first time in 2013 [254-256]. In
wheat, the modification of Mlo genes (conferring powdery mildew resistance) at the

single homoeologous loci was achieved using this method [257].

Editing of genome must be preceded by introducing of Cas9 system coding construct
to the plant. This can be achieved by Agrobacterium tumefaciens transformation. For
developing of modified plants without any integrated vector DNA, several
generations of crossing are needed. This time-consuming crossing can be avoided by
transfection by non-integrating plasmids. Nevertheless, nuclease cleavage of these
plasmids can lead to integration of short sequences into genome. Recently, the direct
incorporation of Cas9-guide RNA construct into cell was achieved. Woo et al. [258]
used polyethylene glycol for induction of endocythosis directed transport of Cas9-
guide RNA complex and attained 45% efficiency of transformation. However, some
studies detected off target activity of Cas9-guide RNA complex [259-262].
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Genomic locus - - ] [ --

Target (20 bp) y PAM

5 . .AATGGGGAGGACATCGATGTCACCTCCAATGACTAGGGTGGRECAACCAC .. 3°
DNA target NERRERERRRRRRERNR NREARANAR
3 ..TTACCCCTCCTGTAGCTACAGTGGAGGTTACTGA'LCCCACCCGTTGGTG. . 5
SRR NRRRRE Y

5 GUUYUAGAGCUAG ,
LPLLE= DT,
sgRNA  BUUCAACUAUUGCCUGAUCGGAAUXAAAUL CGAUA™
; 1111 GAA
' AAAGUGGCACCGA
*[II1111G
3\ UUUUUUCGUGGCU Cas9

Fig. 12: Scheme of the RNA-guided Cas9 nuclease. The Cas9 nuclease from Streptococcus
pyogenes (in yellow) is targeted to genomic DNA by sgRNA consisting of a 20 nucleotides guide
sequence (blue) and a scaffold (red). The guide sequence pairs with the DNA target (blue bar on top
strand), directly upstream of a requisite 5-NGG adjacent motif (PAM; pink). Cas9 mediates a double
strand break ~3 bp upstream of the PAM (red triangle) (reproduced from: [263]).

Despite the progress in transformation and genome editing techniques [264], the
approach which facilitates simultaneous and specific modification of large number of
genes is still missing. The genome editing is further influenced by unpredictable
methylation statuses. The solution of this task can be development of engineered

mini-chromosomes [265].

2.4.3 Transformation of cereals
Validation of gene function in specific stage/tissue is performed by introduction of

exogenous DNA transfer to organism by process called transformation. There are
usually used two main approaches: transformation by A. tumefaciens or by biolistic

methods.

The transfection by Agrobacterium is using ability of Ti plasmid to incorporate into
host DNA. Ti plasmid is used as a vector for incorporation of desired DNA fragment
into the host plant. The prime experiments with wheat transformation had a very low
efficiency (< 5%) and were cultivar-dependent [266]. This increased the cost of this
method and made it unavailable for extensive usage. However, Ishida et al. [267]
achieved efficiency up to 50% which can lead to increasing usage of this method in

practice.
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The biolistic approach is using a gene gun for incorporating DNA molecules bound
to wolfram or gold nanoparticles to plant tissue [268].

When comparing both methods, the advantage of biolistic is based on the lack of
optimizing needs to different wheat cultivars. The Agrobacterium transformation
protocol needs to be optimized for every single cultivar. However, Agrobacterium
mediated transgenic plants have a low number of inserted copies. In addition, the
efficiency and stability of insert expression was higher than in the plants developed
by biolistic [269].

High-quality transformations events are considered those with single copy insertion
in the recipient genome and with stable expression. The expression of gene is
influenced by many circumstances. Important is the choice of suitable promoter, e.g.
the promoter from maize ubiquitin gene was successfully used in barley and wheat
[270]. Transgenic expression can also be influenced by inclusion of untranslated
regulatory domains and signal peptides. The addition of intron regulatory sequences
can also increase transgenic expression [271]. Main disadvantage of transformation
Is inability to determine precise site of transformation and to regulate number of
insertion events. However, the insertion sites are often located non-randomly in gene

rich sites and their physical location can be determined by FISH [272].

There are different stages of transformation which can be influenced for acquiring
higher transformation efficiency:

(i) higher number of successful transformations can be achieved by increasing
susceptibility of target tissue. Vacuum infiltration and sonication were used in barley
[273]. The immature embryos centrifugation and heat treatment increased efficiency
in maize and rice [266]. High efficiency of transformed wheat was gained by using
immature embryos as explants for transformation. (ii) Modification of gene
expression can also influence transformation efficiency, e.g. overexpression of
histone genes in Arabidopsis leads to higher efficiency [274]. (iii) Higher efficiency
can be achieved also by influencing regeneration rate of transformed plant by
modification of medium composition. The number of regenerating plants is
increasing with addition of thidiazuron, picloram or lipoitic acid [275-277]. Higher
amount of copper in the medium can double regeneration rate [278]. However, the
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effect of these changes is cultivar dependent, it can lead to higher regeneration in one
but not in another wheat variety [279,280].

Until now, the transformation of wheat for flowering time modification was not
achieved. However, two barley cultivars were transformed by Arabidopsis CRY2
gene. These transgenic plants flowered 25 days earlier than original cultivar [281].
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3 AIMS OF THE THESIS

The main aim of the thesis was identification and characterization of new
genes/alleles responsible for determination of flowering time in wheat. This aim was
accomplished by studying two different flowering pathways. The obtained results are

represented by two separated parts:

I. Identification and characterization of new Vrn-Alf-like allele responsible for

delayed flowering.

The aim of the first part of the thesis was determination and following
characterization of gene responsible for difference in flowering time within doubled
haploid mapping population. This population consists of individuals which contain
different combination of introgression from Triticum millitinae in elite bread wheat

cultivar Téhti.

Il. Analysis of expression profile and methylation pattern of lines with three
copy of Ppd-Bla gene as a possible cause of intragroup heading time variation.

The second part of the thesis dealt with identification of gene responsible for
difference in flowering time between two bread wheat cultivars — Paragon and
Kaerntner Frueher. The aim was further complemented by analysis of lines which
have a common character — three copies of Ppd-B1 gene, although they significantly

differed in flowering time.
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4.1.1 Characterization of new allele influencing flowering time in bread wheat
introgressed from Triticum militinae

Ivanicova Z., Jakobson L., Reis D., Safaf J., Milec Z., Abrouk M., Dolezel J., Jirve
K. and Valarik M.

New Biotechnology, 33 (5B), 718-727, 2015
d0i:10.1016/j.nbt.2016.01.008.

IF 3.199

Flowering time variation was identified within a mapping population of doubled
haploid lines developed from a cross between the introgressive line 8.1 and spring
bread wheat cv. Tahti. The line 8.1 carried introgressions from tetraploid Triticum
militinae in the cv. Téhti genetic background on chromosomes 1A, 2A, 4A, 5A, 7A,
1B and 5B. The most significant QTL for the flowering time variation was identified
within the introgressed region on chromosome 5A and its largest effect was
associated with the VRN-AL1 locus, accounting for up to 70% of phenotypic variance.
The allele of T. militinae origin was designated as VRN-A1f-like. The effect of the
VRN-A1lf-like allele was verified in two other mapping populations. QTL analysis
identified that in cv. Téhti and cv. Mooni genetic background, VRN-A1f-like allele
incurred a delay of 1.9-18.6 days in flowering time, depending on growing
conditions. Sequence comparison of the VRN-ALf-like and VRN-Ala alleles from the
parental lines of the mapping populations revealed major mutations in the promoter
region as well as in the first intron, including insertion of a MITE element and a large
deletion. The sequence variation allowed construction of specific diagnostic PCR
markers for VRN-A1f-like allele determination. Identification and quantification of
the effect of the VRN-A1f-like allele offers a useful tool for wheat breeding and for
studying fine-scale regulation of flowering pathways in wheat.
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4.1.2 Heritable heading time variation in wheat lines with the same number of
Ppd-B1 gene copies

Ivanicova Z., Valarik M., Pankova K., Travnickova M., DolezZel J., Safar J. and
Milec Z.

PLoS ONE, 12(8): e0183745, 2017
doi: 10.1371/journal.pone.0183745
3.54

The ability of plants to identify an optimal flowering time is critical for ensuring the
production of viable seeds. The main environmental factors that influence the
flowering time include the ambient temperature and day length. In wheat, the ability
to assess the day length is controlled by photoperiod (Ppd) genes. Due to its
allohexaploid nature, bread wheat carries the following three Ppd-1 genes: Ppd-Al,
Ppd-B1 and Ppd-D1. While photoperiod (in)sensitivity controlled by Ppd-Al and
Ppd-D1 is mainly determined by sequence changes in the promoter region, the
impact of the Ppd-B1 alleles on the heading time has been linked to changes in the
copy numbers (and possibly their methylation status) and sequence changes in the
promoter region. Here, we report that plants with the same number of Ppd-B1 copies
may have different heading times. Differences were observed among F lines derived
from crossing two spring hexaploid wheat varieties. Several lines carrying three
copies of Ppd-B1 headed 16 days later than other plants in the population with the
same number of gene copies. This effect was associated with changes in the gene
expression level and methylation of the Ppd-B1 gene.
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4.1.3 Kuvitnat ¢i nekvitnut’

Ivanicova Z.
Svet prirody, 4, 19-21, 2016
ISSN: 1339 - 5289
Reviewed journal

PSenica je jednou z najddlezitejSich hospodarskych plodin. Poskytuje zdroj potravy
pre 35 % celosvetovej populacie. V dbésledku neustaleho rastu l'udskej populécie je
nevyhnutné zvySovat jej vynos. Tento ciel’ je v8ak ohrozovany celym radom
biotickych a abiotickych faktorov. V désledku zmien klimatickych podmienok sme
v poslednej dobe svedkami znacnych vykyvov pocasia. Jarné mrazy moézu viest
k poskodeniu kvetnych casti (Obr. 1), suché ahorlce leta ohrozuju ukladanie
zasobnych latok do vyvijajucich sa obiliek. Preto je potrebné vysievat’ pSenice, ktoré
budd lepSie prispdsobené lokadlnym podmienkam. Ich kvitnutie je potrebné
naCasovat’ tak, aby nedoslo k poSkodeniu kvetnych Casti a rastlina optimalne vyuZila
dostupné zdroje Zivin potrebnych pre vyvin a naplnenie semien. Pokial’ sa rastlina
rozhodne kvitnut’ v nespravnu dobu nevyprodukuje Ziadne semena. Preto u pSenice,
ktora je jednorocnou rastlinou, je rozhodnutie kvitnat’ alebo nekvitnat’ otazkou Zivota
a smrti.
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4.1.4 Reticulated Origin of Domesticated Emmer Wheat Supports a Dynamic
Model for the Emergence of Agriculture in the Fertile Crescent

Civan P., Ivanifova Z. and Brown T.A.
PLoS ONE 8(11), 81955, 2013
doi:10.1371/journal.pone.0081955

IF 3.54

We used supernetworks with datasets of nuclear gene sequences and novel markers
detecting retrotransposon insertions in ribosomal DNA loci to reassess the
evolutionary relationships among tetraploid wheats. We show that domesticated
emmer has a reticulated genetic ancestry, sharing phylogenetic signals with wild
populations from all parts of the wild range. The extent of the genetic reticulation
cannot be explained by post-domestication gene flow between cultivated emmer and
wild plants, and the phylogenetic relationships among tetraploid wheats are
incompatible with simple linear descent of the domesticates from a single wild
population. A more parsimonious explanation of the data is that domesticated emmer
originates from a hybridized population of different wild lineages. The observed
diversity and reticulation patterns indicate that wild emmer evolved in the southern
Levant, and that the wild emmer populations in south-eastern Turkey and the Zagros
Mountains are relatively recent reticulate descendants of a subset of the Levantine
wild populations. Based on our results we propose a new model for the emergence of
domesticated emmer. During a pre-domestication period, diverse wild populations
were collected from a large area west of the Euphrates and cultivated in mixed
stands. Within these cultivated stands, hybridization gave rise to lineages displaying
reticulated genealogical relationships with their ancestral populations. Gradual
movement of early farmers out of the Levant introduced the pre-domesticated
reticulated lineages to the northern and eastern parts of the Fertile Crescent, giving
rise to the local wild populations but also facilitating fixation of domestication traits.
Our model is consistent with the protracted and dispersed transition to agriculture
indicated by the archaeobotanical evidence, and also with previous genetic data
affiliating domesticated emmer with the wild populations in southeast Turkey.
Unlike other protracted models, we assume that humans played an intuitive role
throughout the process.
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4.1.5 Taxonomical classification and origin of Kamut®

Michalcova V., Dusinsky R., Sabo M., Al Beyroutiova M., Hauptvogel P., lvaniova
Z. and Svec M.

Plant Syst Evol, 300(7), 1749-1757, 2014

doi:10.1007/s00606-014-1001-4
IF 1.361

Bioagriculture and healthy lifestyle are trends of the twenty-first century.
Bioagriculture involves the breeding of crops without using modern synthetic
substances. Kamut® brand wheat is one of the popular biocereals grown mainly in
the USA and Europe. This cereal has the status of ancient wheat, not only because it
has been grown since the era of the ancient Egyptian civilization, but also for its
properties favourable for modern breeding programs and modern food marketing. In
spite of Kamut®’s interesting history and stable place in the market, it is not a
common subject of genetic studies. It is also interesting that it has not been
successfully taxonomically classified yet. There are a few studies which classify this
tetraploid wheat as Triticum polonicum L., T. turanicum Jakubz., T. turgidum L. and
T. durum Desf. These studies are based on cytological and comparative methods. We
chose molecular (transposable element resistance gene analog polymorphism,
diversity arrays technology, sequencing of genes SBElla, and yLpx-Al like) and
statistical methods to classify Kamut® wheat. According to our experiments we
suggest that Kamut® brand wheat originated as a natural hybrid between Triticum
dicoccon conv. dicoccon and T. polonicum and is not original ancient Egyptian
wheat. We suggest that Etruscan wheat has the same parents as Kamut®
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4.2.4 ldentification and characterization of a new Vrn-Alf-like allele responsible
for flowering lateness in wheat
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4.2.1 Different day length — different effect

Ivani¢ova Z., Milec Z., Travnickova M., Valarik M., Prasil I.T., Pankova K., Snape
J.W. and SafaF J.

In: Abstracts of the “Olomouc Biotech 2013. Plant Biotechnology: Green for
Good I1”. Olomouc, Czech Republic, 2013

Accelerating and delaying of flowering time was identified in Czech wheat landrace
Ceska presivka under long (LD) or short days (SD) conditions, respectively. The one
day (LD) or two days (SD) difference indicates a possible role of earliness per se
gene (QFt.cri-3B.1 locus) in determination this phenotypic trait. The presumed gene
was localized within 30 cM near-centromeric region of the long arm of chromosome
3B. This locus is delineated by barcl64 and cfa2170 microsatellites markers.
Additional phenotyping and genotyping of nearly isogenic lines mapping population
is currently in progress. Phenotypic effect was identified (i) in controlled conditions
as well as (ii) in field experiment. The differences in apex development (i) or in
heading time (ii) proved bipolar effect of assumed gene. The map around the gene
was saturated with DArT, SSR, STS markers. Up to now we identified 30 new
polymorphic markers which have been used to delimitate region. Fine mapping
followed by positional cloning and sequencing will enable identification gene of our
interest. Candidate gene analysis and its detailed characterization will provide novel
information which could lead to deeper understanding of fine tuning flowering time
in wheat. Furthermore, determined effect could be useful in creating new varieties,
finding out new growth areas in different climate conditions.
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4.2.2 Chasing a new flowering time gene

Ivaniova Z., Safar J., Travnickova M., Pankova K., Barto$ J., Milec Z. and DoleZel,
J.

In: Book of abstracts EUCARPIA Cereal SectionITMI Conference in Weringerode,
p. 156, 2014

Bread wheat (Triticum aestivum L.) is astaple food of 40% of the world’s
population. Population growth and extreme weather fluctuations call for
development of new cultivars resistant to environmental stress and with increased
and more stable yields. The yield can be modified by a number of ways; one of them
being the optimisation of flowering time (FT) to local climatic conditions.

Apart from major FT genes, which have already been determined, there are minor
genes, some of which have been identified as QTL’s. Most of them have not been
discovered yet and although our current knowledge of pathways regulating FT is
improving, it remains far from complete. Clearly, there is a need to identify alleles
and genes which may be useful in wheat improvement.

The main objective of our work is to localise a new FT gene. We have identified
12-day difference in heading time between wheat varieties Paragon and Kaerntner
Frueher. There were no differences in the main FT genes (Vrn-Ala, Vrn-Blc, vrn-
D1, vrn-B3 and Ppd-D1b) between these two varieties except dissimilar alleles of
Rht8 gene (Rht8a and Rht8g). However, this variation should not cause a large
difference in FT. Thus, we hypothesise that there may be a novel gene/allele
involved. We observed a temperature-dependent effect of the hypothetic gene in field
as well as in controlled conditions (16/8h, 20/16°C), when lower temperature
prolonged FT difference up to 28 and 30 days in field and growth room, respectively.
In order to localise the source of this interesting phenotype, both lines were crossed
and F> mapping population has been developed. A preliminary localisation of this
gene will be done using DArT analysis, which will be followed by QTL analysis. As
there are typically 2,000-3,000 DArT polymorphism identified within a wheat
genome, we expect that the high marker density will permit identification of the
locus involved.
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4.2.3 High-throughput gene resources and phenotyping - the key factors in fine
mapping of new Eps gene

Ivani¢ova Z., Milec Z., Travni¢kova M., Abrouk M., Valarik M., Prasil I.T., Pankova
K., Snape J.W. and Safaf, J.

In: Sbornik abstrakt, Bulletin Ceské spole&nosti experimentélni biologie rostlin a
Fyziologicke sekce Slovenske botanicke spolecnsti.
“6. Metodické dny”. Sec¢, Ceska republika, 2014

Acceleration and delay of heading time was identified in Sandra (CP3B) substitution
line under long or SD conditions, respectively. The 3B chromosome in Sandra was
substituted from Czech wheat landrace Ceské pfesivka. The heading time difference
of one day under LDs or two days under SDs may be caused by earliness per se
(Eps) gene. The gene was localized within 30 cM region of long arm of 3B
chromosome and designated QFt.cri-3B.1. The locus was delineated by barc164 and
cfa2170 microsatellites markers.

An F4 NILs (Nearly Isogenic Lines) mapping population was developed by
crossing Sandra (CP3B) substitution line with Sandra variety in order to localize
gene precisely.

274 DArT, SSR and STS markers were used for saturation of the QFt.cri-
3B.1 region. To acquire more markers we flow sorted and sequenced 3B
chromosome from Ceska piesivka. Obtained sequences were assembled and QFt.cri-
3B.1 region was refined.

27,388 SNPs (Single Nucleotide Polymorphisms) specific for the QFt.cri-
3B.1 region were identified using SNPLauncher pipeline (developed by Helene
Rimbert — INRA Clermont-Ferrand — GDEC). The identified SNPs have been used
for sequence-based and KASP markers development. From all tested markers nearly
80% were successfully converted and applied on mapping population.

For fine mapping of the QFt.cri-3B.1 locus, precise phenotype needs to be
assessed. For this purpose a NILs mapping population is being developed.

Both Fs NILs mapping population as well as obtained SNP genotyping
sources will be used for precise fine mapping of the gene which will be eventually
followed by positional cloning. Candidate gene/genes analysis and its detailed
characterization will provide novel information which could lead to deeper
understanding of fine tuning flowering time in wheat. Furthermore, determined effect
could be useful in creating new varieties and finding new growth areas in different
climate conditions.
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4.2.4 ldentification and characterization of a new Vrn-Alf-like allele responsible
for flowering lateness in wheat

Ivani¢ova Z., Jakobson L, Reis D., , Milec Z., Abrouk M., Dolezel J., Jarve K., Safaf
J. and Valarik M.

In: Proceedings 13th International Wheat Genetics Symposium, p. 173, 2017
KEY MESSAGE

Vrn-Alf-like allele caused flowering lateness in two bread wheat mapping
populations. The new allele originated from Triticum militinae and was identified in
80% tetraploid spring wheat varieties with AAGG genome.

ABSTRACT

Flowering is a crucial process in plant life, which impacts crop yield. Here we
identify tetraploid wheat Triticum millitinae (2n=4x=28, AAGG) as a resource for
mining new genes/alleles influencing flowering time. We observed flowering time
variation in a mapping population of doubled haploid (DH) lines. It was developed
from a cross between introgressive line 8.1 and elite bread wheat cv. Téhti. Line 8.1
carries introgressions from T. militinae, in Tdhti background. The analysis of DH
mapping population revealed presence of seven loci influencing flowering time. The
most significant QTL for the flowering time variation was identified within the
introgressed region on chromosome 5A and its largest effect was associated with the
VRN-AL locus, covering up to 67% of phenotypic variation. The analysis of F2
mapping population developed from cross DH81 x cv. Mooni confirmed the effect of
this locus on flowering time. DNA sequence analysis revealed the origin from T.
militinae and the allele was designated as VRN-Alf-like (KT696537). The allele
incurred a delay of 1.9 - 18.6 days in flowering in different growing conditions.
Comparison VRN-A1f-like allele to VRN-Ala sequences from the common wheat
parental lines of the mapping populations revealed major mutations in the promoter
region as well as in the first intron, including a MITE insertion and a large deletion.
Moreover, the allele was identified to be responsible for spring habit emergence in
80% of the analyzed tetraploid wheat varieties with AAGG genome. Finally, analysis
of difference in the relative expression level between parental lines of two mapping
populations (DH81, cv. Tahti and cv. Mooni) was carried out. The identification and
quantification of the effect of the VRN-ALf-like allele from T. militinae provides a
valuable source of new alleles suitable for wheat improvement as well as for
studying fine regulation of flowering pathways in wheat.
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4.3 Published abstract — oral presentation
4.3.1 Characterization of new alleles influencing flowering time introgressed to
bread wheat from T. millitinae
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4.3.1 Characterization of new alleles influencing flowering time introgressed to
bread wheat from T. millitinae

Ivani¢ova Z., Jakobson I., Safat J., Milec Z., Jarve K., Valarik M. and Dolezel J.

In: Abstracts of the “Olomouc Biotech 2015. Plant Biotechnology: Green for
Good III”. Olomouc, Czech Republic, 2015

The heading time variation was identified within dihaploid (DH) lines (135 lines)
mapping population (MP) developed from cross between DH8/1 line and spring
wheat variety Tahti. DH8/1 carried introgressions from Triticum millitinae (2n=28,
AAGG) on chromosomes 1A, 2A, 4A, 5A, 7A, 1B and 5B in Téhti genetic
background. The highly significant loci influencing phenotypic difference between
DH lines were localized on chromosomes 5A and 7A and were responsible for 55,3
or 22,8% phenotypic variation. The significant loci were identified on chromosomes
1A, 2AS and 4A and results in 23,9% of variation (3,5; 8,8 and 9,6%, respectively).
To further localize the identified QTLs two MP were developed from cross between
DH8/1xDH397 and DHS8/1xMooni (hexaploid wheat variety). We were able to
detect 10 or 25 days difference in Fz DH8/1xMooni MP in Olomouc (field
conditions) or Tallinn (controlled conditions). The 4 days heading time difference
was identified in F2 DH8/1xDH397 MP. Following QTL analysis pointed up the
presence of main QTL on chromosome 5A. The QTL peak with highest significance
was located in the region of vernalization gene (Vrn-Al). QTL analysis showed that
Vrn-Al is responsible for 38 or 9% of phenotypic variation in F3 or F» MPs,
respectively. Obtaining the promoter and whole gene sequence of Vrn-Al could lead
to identification of structural changes behind difference in heading time.
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5 CONCLUSIONS

The contribution to clarification of flowering process in wheat was the main aim of
the thesis. Flowering under optimal conditions is important for protection of sensitive
flower organs during pollination and for subsequent process of grain development.
This can contribute to higher yield and has a great importance for humankind.
Identification of genes/alleles which are responsible for tuning of flowering time is a
key for understanding flowering process and using of this knowledge for
development of new, better adapted cultivars. The wild and domesticated tetraploid
wheat can be valuable source of new alleles. Thus, another part of the work during
doctoral studies had focused on characterization of tetraploid wheat on genotypic
level. This information was used for determination of place of origin of domesticated
emmer wheat and illumination of evolutionary relationship within domesticated
tetraploid wheat.

5.1 I. Identification and characterization of new Vrn-Alf-

like allele responsible for flowering lateness.

The first aim of the thesis was identification of the gene which is responsible for
flowering time variation within doubled haploid (DH) lines mapping population. The
parental lines of mapping population were elite bread wheat cultivar Tahti and line
8.1 (contains introgressions of Triticum millitinae in cv. Téhti background). Overall,
seven loci were identified as an effective on flowering time adjustment. The most
significant effect has been located on the chromosome 5A which was later identified
as vernalization gene VRN-AL. The sequencing of this gene from both parental lines
of mapping population showed that the delayed flowering is caused by new Vrn-Al
allele originating from Triticum militinae. This allele has specific features which was
not present in previously identified alleles — insertion of miniature inverted-repeat
transposable element and deletion with unique boarders in first intron. It was named
Vrn-Alf-like and was responsible for 70% of phenotypic variation. This work
showed existence of variation in flowering time determination within group of
different alleles Vrn-Al conferring spring habit.

5.2 Il. Analysis of expression profile and methylation
pattern of lines with three copy of Ppd-Bla gene as a

possible cause of intragroup heading time variation.
The second part of the thesis employed identification of gene responsible for
difference in flowering time between two bread wheat cultivars — Paragon and
Kaerntner Frueher. The analysis of F. mapping population revealed the locus
responsible for phenotypic variation which was located on the 2B chromosome in the
region of photoperiodic gene (Ppd-B1). The higher number of copies Ppd-Bla allele
in Kaerntner Frueher was directly responsible for flowering earliness. However, we
identified interesting phenomenon which was outlined also in previous studies of
Ppd-Bla allele. It is related to variation in flowering time within individuals with
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three copies of Ppd-Bla. In our work, we tried to correlate this intragroup variation
with differences in expression profile and subsequently with distinct methylation
pattern.
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6 LIST OF ABBREVIATIONS

AFLP- Amplified Fragment Length Polymorphism
ANOVA - ANalysis Of VAriance

BAC — Bacterial Artificial Chromosomes

BC — BackCross

bp — base pair

CAPS- Cleaved Amplified Polymorphic Sequence
CIM — Composite Interval Mapping

cM — centiMorgan

CRISPR- Clustered Regularly Interspaced Short Palindromic Repeats
DArT- Diversity Arrays Technology

DNA — DeoxyriboNucleic Acid

Fx — x Filial generation

GA — Gibberelic Acid

HDD — Host Directed Duplication

HR — Homologous Recombination

IRAP — Inter-Retrotransposon Amplified Polymorphism
ISBP — Insertion Site Binding Polymorphism

ISSR — Inter-Simple Sequence Repeat

KASP — Competitive Allele Specific PCR

LD — Long Day

LOD — Likelihood Of Odds

LRS — Likelihood Ratio Statistic

MiRNA — micro RNA

MITE — Miniature Inverted-repeat Transposable Element
NCBI- National Center for Biotechnology Information
NHEJ- Non-Homologous End Joining

NILs — Nearly Isogenic Lines
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nm — nanometers

PCR — Polymerase Chain Reaction
PPD — PhotoPerioDic genes

QTL — Quantitative Trait Loci

REMAP- REtrotrasposon-Microsatellite Amplified Polymorphism

RFLP- Restriction Fragment Length Polymorphism

RILs — Recombinant Inbred Lines

RNA — RiboNucleic Acid

SAGE- Serial Analysis of Gene Expression

SCAR- Sequence-Characterized Amplified Region

SD — Short Day

SFE — Spring Foldback Element

SIM — Simple Interval Mapping

SNP — Single Nucleotide Polymorphism

SSR- Simple Sequence Repeats

TALEN- Transcription Activator-Like Effector Nucleases
TILLING — Targeting Induced Local Lesions In Genomes
UTR — UnTranslated Region

VIGS- Virus Gene Silencing

VRN — VeRNalization genes
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Characterization of new allele influencing
flowering time in bread wheat
introgressed from Triticum militinae
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Flowering time variation was identified within a mapping population of doubled haploid lines
developed from a cross between the introgressive line 8.1 and spring bread wheat cv. Tahti. The line 8.1
carried introgressions from tetraploid Triticum militinae in the cv. Tahti genetic background on
chromosomes 1A, 2A, 4A, 5A, 7A, 1B and 5B. The most significant QTL for the flowering time variation
was identified within the introgressed region on chromosome 5A and its largest effect was associated
with the VRN-A1 locus, accounting for up to 70% of phenotypic variance. The allele of T. militinae origin
was designated as VRN-A1f-like. The effect of the VRN-A1f-like allele was verified in two other mapping
populations. QTL analysis identified that in cv. Tahti and cv. Mooni genetic background, VRN-A1f-like
allele incurred a delay of 1.9-18.6 days in flowering time, depending on growing conditions. Sequence
comparison of the VRN-A1f-like and VRN-A1a alleles from the parental lines of the mapping populations
revealed major mutations in the promoter region as well as in the first intron, including insertion of a
MITE element and a large deletion. The sequence variation allowed construction of specific diagnostic
PCR markers for VRN-A1f-like allele determination. Identification and quantification of the effect of the

VRN-A1f-like allele offers a useful tool for wheat breeding and for studying fine-scale regulation of

flowering pathways in wheat.

Introduction

Bread wheat (Triticum aestivum L.) is a staple food for 40% of the
human population [1] and is one of the three most important crops
worldwide. It is an allohexaploid species with a large and complex
genome (1C=17 Gb, 2n=6x=42, AABBDD genome) which is
composed of more than 80% of repetitive elements [2]. It is a
relatively young species and its emergence, spread and adaptation
to a wide range of environmental conditions are closely connected
to the development of settled human society. The fast growth of the
human population and changes in diet preferences have signifi-
cantly increased demands for higher wheat production. It was

Corresponding author: Valarik, M. (valarik@ueb.cas.cz)

estimated that the annual yield increase should reach about 1.7%
to satisfy the needs. However, the current increase is only about
1% a year [3].

Changing environmental conditions pose a challenge to breed
varieties with high and stable yield under the pressure of biotic and
abiotic stress. Furthermore, intensive breeding has led to a nar-
rowed gene pool in current elite wheat cultivars [4]. An attractive
source of new genes and alleles for wheat improvement are related
species, wild wheat ancestors and landraces which have not expe-
rienced bottlenecks connected to the emergence of modern culti-
vars [5]. One of the most important traits affecting yield is
flowering time. Optimal timing of flowering is critical not only
for successtful flower development, but also for grain filling and for
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GLOSSARY

Vernalization The original term ‘jarovizacia’ by Lysenko was
replaced by the currently used term
‘vernalization’ by Chouard [47]. Vernalization is
defined as the importance of prolonged cold
exposure for initiating the flowering process.
On the basis of their vernalization
requirement, bread wheat varieties are
classified as winter, spring and facultative
varieties. Winter wheat is sown in winter and
needs cold exposure for flowering, spring
wheat (sown in spring) will flower without any
cold period. Facultative wheat varieties can be
sown either in autumn or in spring with a safe
transition to generative stage.

MITE

transposable

element Miniature inverted-repeat transposable
elements (MITEs) are non-autonomous
transposable elements often associated with
genes. Unlike autonomous DNA transposons,
the internal sequences of MITEs are short and
devoid of coding sequences. MITE sequences
are frequently transcribed with plant genes.

MADS box The name refers to four of the originally

identified members: MCM1, AG, DEFA and SRF
of the MADS box proteins. MADS box is a
conserved motif found within DNA binding
protein domains. It consists of 56 amino acids,
9 of which are identical in all MADS box family
members described so far. The N-terminal part
is the major determinant of DNA-binding
specificity whilst the C-terminal half is
necessary for dimerisation. The majority of
MADS-box proteins bind similar sites based on
the consensus sequence CC(A/T)sGG,
although each protein apparently possesses a
distinct binding specificity. Moreover, several
MADS-box proteins specifically recruit other
transcription factors into multi-component
regulatory complexes. Such interactions with
other proteins appear to be a common theme
within this family and play a pivotal role in the
regulation of target genes.

survival of plants sensu lato, especially for annual species. The
importance of this trait is expressed in the large number of genes
involved in its regulation. However, only some of these genes
have been cloned, well characterized and used in breeding
(reviewed in [6]).

A complex genome and wide range of environmental condi-
tions affecting wheat during its evolution have led to the devel-
opment of a robust flowering regulation which allows adaptation
to various macro- and micro-environmental conditions. Many
genes working in a redundant manner are involved in the regula-
tion of flowering and, at present, three key pathways are consid-
ered [7]. The vernalization pathway is responsible for avoiding
flowering before or during the cold period (VRN genes). The
photoperiodic pathway is responsible for perception of day length
(PPD genes) and the earliness per se (EPS) genes are responsible for
fine tuning of flowering time in reaction to specific climatic
conditions. Even a minor variation in major photoperiod and

vernalization genes is connected to large differences in flowering
time and thus fast adaptability of wheat to diverse locations [8].
Currently, the vernalization pathway is the most characterized
and its three major genes VRNI1, VRN2, and VRN3 have been
cloned [9-11]. The VRN3 gene is orthologous to Arabidopsis thali-
ana FLOWERING LOCUS T (FT) [11] and seems to be the major
integrator of environmental signals from cold, photoperiod, and
EPS genes in leaves [12]. The VRN3 protein is transported through
phloem to apical meristem where it triggers transition from vege-
tative to generative stage by inducing the expression of the VRN1
gene [13]. The VRN2 gene, originally believed to be the vernaliza-
tion gene [9], is the most likely mediator between vernalization
and photoperiodic pathways and is involved in the repression of
the VRN3 gene [14]|. The VRN gene is homologous to A. thaliana
flower meristem identity gene APETALA1 (API) [15]. It seems that
VRN1 has pleiotropic function and besides affecting the floral
meristem identity in apex, it is involved in the integration of cold
signals in leaves. Cold treatment leads to VRNI upregulation
which inhibits expression of VRN2 and releases expression of
VRN3 [14]. Additionally, VRN1 expression has been linked to
altered frost tolerance [16] and yield traits regulation [17]. VRN1
belongs to the family of MADS box transcription factors [14,18,19]
with a CArG regulatory box in promoter region [10] and an
additional regulatory region in the first intron [20]. Even though
it has been determined that VRNI is not absolutely essential for
flowering in polyploids [14], its altered expression can significant-
ly affect the flowering pathway. The significance of this gene was
demonstrated by the discovery that a mutation in the first intron
or promoter of the gene leads to spring growth habit [19,20].
Flowering time modulation through allelic variation of the
VRN1 gene [10,13,19-22] is a promising tool for breeding new
varieties better adapted to local environmental conditions.

Attractive sources of genetic variability are wild wheat ancestors
and landraces. One of them is Triticum militinae (Zhuk. &Migush)
(2n = 4x = 28, A'A'GG genome) which originated from a hybridiza-
tion event separate from emmer wheats and belongs to the T.
timopheevii (Zhuk.) Zhuk. group. Timopheevii wheats have been
used as a source of new resistance genes: four genes for resistance to
leaf rust (LrTt1, LrTt2, Lr18 and Lr50), three genes for resistance to
stem rust ($r36, Sr37, and Sr40) and four genes for resistance to
powdery mildew (Pm6, Pm27, and Pm37) 23] have been introduced
into common wheat. Recently, an introgression line 8.1 was created
from a cross of T. militinae and elite Finnish cv. Tdhti [24]. In the line,
T. militinae introgressions were identified on seven chromosomes
(1AS, 2AS, 2AL, 4AL, S5AL, 7AS, 1BS, and 5BS), and improved resis-
tance to powdery mildew in seedlings and adult plants was found to
cosegregate with the locus QPm-tut-4A on chromosome 4A [25]. The
QPm-tut-4A gene is a subject of cloning, however, the analyzed
mapping population showed a significant variability in flowering
time. In this study, we report identification, quantitative trait loci
(QTL) mapping, verification and sequence characterization of a
VRN-A1 allele introgressed into bread wheat from T. militinae that
affects flowering time of elite spring bread wheat varieties.

Material and methods

Plant material

A mapping population of 314 doubled haploid (DH) lines was
developed from a cross between introgression spring line 8.1 and
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spring T. aestivum cv. Tdhti as described by Jakobson et al. [24,25].
The line 8.1 contains T. militinae introgressions on seven chromo-
somes (1AS, 2AS, 2AL, 4AL, 5AL, 7AS, 1BS, and 5BS). Thus, the DH
lines vary in the presence of different T. militinae segments. Seeds
of spring wheat T. militinae (accession no. K-46007) were obtained
from the N.I. Vavilov Institute of Plant Industry (St. Petersburg,
Russia). Two verification mapping populations (VMP1 and VMP2)
were developed to estimate and confirm the influence of T. mili-
tinae introgressions on flowering time in different genetic back-
grounds. To simplify T. militinae based traits segregation analysis,
the DH81 line was derived by dihaploidization of the original
introgression line 8.1. The DH81 line contains all the introgression
segments except the 2AL and 1BS introgressions and introgression
on 5A was slightly shortened. To specifically address the effect of
VRNI-VRN3 genes, the DH397 line was selected from the DH
mapping population described above. In the DH397 line, intro-
gressions on 1A, 2AL, and 7A chromosomes are not present and
introgressions on SA and 5B were shorter as compared to DH81.
The introgression loss or shortening included loci of the VRNI1-
VRN3 genes (data not shown). VMP1 comprises 194 F, lines
derived from a cross of the doubled haploid lines DH81 and
DH397 (98 F, plants with DH397 as the female parent, 96 F,
plants with DH81 as the female parent). VMP2 was developed
by crossing of the DH81 line with T. aestivum cv. Mooni as female
and comprises 94 F, lines. Seeds of spring bread wheat cv. Mooni
were provided by Estonian Crop Research Institute (Jogeva,
Estonia).

DNA extraction and PCR amplification

Genomic DNA was extracted from 100 mg of lyophilized and
homogenized leaf tissue. Homogenization was done using Tissue
Lyser (Qiagen, Germany) in 96-well deep well plates with two glass
beads (5 mm) in each well for 4 min at 27 Hz. DNA was purified
either using the NucleoSpin® 96 Plant II kit (Macherey-Nagel,
Germany) according to manufacturer’s instructions, or with a
modified Agencourt® Genefind v2 kit (Beckman Coulter, USA).
The Genefind v2 kit was used in 96-well plate format and pipetting
was done by automatic pipetting workstations Biomek NX” (Beck-
man Coulter, USA). Homogenized leaf tissue was incubated in 1 ml
of Lysis Buffer [0.5% sodium bisulfite; 0.1% ascorbic acid; 1% B-
mercaptoethanol; 0.5 M NaCl; 0.1 m Tris-HCI; 0.05wm EDTA, pH
7.2; and 2.1 U of RNase A (Sigma-Aldrich, USA)] at 65°C for
45 min. 10 pl of Genefind v2 magnetic beads (Beckman Coulter,
Beverley, USA) was mixed with 100 ul of lysate and 80 ul of
isopropanol and incubated for 10 min at room temperature to
bind DNA to the beads. The mixture was incubated on 96 S Super
Magnet Plate (Alpaqua, USA) for 3 min to settle the beads. Super-
natant was removed and the beads were washed four times with
100 pl of 70% ethanol. DNA was diluted in 50 pl of redistilled
water after evaporation of the residual ethanol. PCR consisted of
template DNA (~10 ng), 1x PCR buffer (10 mm Tris-HCI, pH 8.8 at
25°C; 1.5 mM MgCl,; S0 mm KCI; 0.1% Triton X-100); 200 mm
dNTPs; 0.5 pm of each primer; 0.5 U of HOT FIREPol® DNA Poly-
merase (Solis BioDyne, Estonia). PCRs were performed in the
C1000 Touch™ Thermal cycler (BIO-RAD, USA). Annealing tem-
peratures of SSR markers followed information published at Grain-
genes 2.0 (http://wheat.pw.usda.gov/). Amplicons were separated
either on 3.5%/6% non-denaturing polyacrylamide gel using

Mega-gel apparatus (C.B.S. SCIENTIFIC, USA) or on 1.5% agarose
gel stained with ethidium bromide or as described by Jakobson
et al. [22] and visualized under UV light using the InGenius
imaging system (Syngene, UK).

Genotyping and sequencing
Individual plants of mapping populations were genotyped using a
set of 57 polymorphic markers (Supplementary file 1, Tab. S1).
Since the original mapping population (line 8.1 x Tdhti) was
created as near-isogenic lines (NILs), the markers used were chosen
with a focus on the introgressed regions, only. In addition, markers
for major flowering time genes (VRN1, VRN3 and PPD-A1) were
added. VRN-A1 was mapped with publicly available markers [26]
and with VRN-1A_F4 and VRN-1A_R4 primers developed in this
study (Supplementary file 1, Tab. S2). PPD-A1 and VRN3 were
mapped by genotyping-by-sequencing with markers developed in
this study (Supplementary file 1, Tab. S1 and S2). A subset of
markers specific for introgressions were used to determine the
genomic composition of VMP lines (Supplementary file 1, Tab.
S1). To identify sequence variation of the VRN-A1 gene, a set of 25
primer pairs (Supplementary file 1, Tab. S2) covering the whole
length of the VRN-A1 gene locus (~13,000 bp) and ~ 600 bp of the
promoter sequence were designed and used for amplification in all
three parental lines (cv. Tahti, cv. Mooni and DH81). VRN-A1
specific primers were designed manually using publicly available
sequences of the VRNI gene for wheat A, B, D genome and A
genome of T. timopheevi (GenBank accession nos. AY747601.1,
AY747604.1, AY747606.1, GQ451751). Additionally, cv. Chinese
Spring chromosome-derived survey sequences were used [27]. All
sequences were aligned using the Geneious 5.6.4 software (http://
www.geneious.com) [28]. The designed primer pairs were consid-
ered specific when at least one primer had two or more genome
specific SNPs/indels in its sequence. Melting temperature was
determined by Primer-BLAST [29]. DNA amplification was carried
out by touchdown PCR: initial denaturation for 15 min at 95°C
followed by 14 cycles at 95°C for 40's, 65°C for 40 s (increment
—0.7°C/per cycle) and 72°C for 2 min. Twenty six more cycles were
performed at 95°C for 40s, 55°C for 40s and 72°C for 2 min.
Amplicons were separated as described above. Before sequencing,
5-20 ng of PCR products were purified in a mixture of 1 U Exonu-
clease 1/0.5 U FastAP™ Thermosensitive Alkaline Phosphatase
(Thermoscientific, USA) in 7 pl of 1x PCR buffer for 20 min at
37°C. Enzymes were inactivated by incubation for 30 min at 95°C.
The sequencing reactions were performed using the BigDye®
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems,
USA) and purified using the Agencourt Clean SEQ kit (Beck-
mann Coulter, USA). The reactions were analyzed on the ABI
3730x]1 DNA analyzer (Applied Biosystems, USA). The resultant
sequences were trimmed and assembled using Geneious 5.6.4
(http://www.geneious.com) [28]. Assemblies were verified by
alignment with the reference sequence of Triple Dirk D VRN-
Al gene (AY747601.1). Regulatory elements were delimited
according to publicly available sequences [30]. Transposable
elements were identified using the TriAnnot pipeline [31]. Poly-
morphisms in the VRN-A1 gene between parental lines of map-
ping populations used (cv. Tdhti, cv. Mooni, and DH81) were
identified by alignment using the Geneious 5.6.4 software
(http://www.geneious.com) [28].
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Phenotyping of developed mapping populations

Phenotyping experiments were performed during three seasons
(2009/2010, 2013 and 2014) in three different locations (Jogeva
and Tallinn - Estonia, and Olomouc - the Czech Republic) in the
field as well as under controlled environmental conditions. Each
phenotype experiment was designed as follows:

Experiment 1: evaluation of the effect of T. militinae
introgressions on flowering time variation in the DH mapping
population (cv. Tahti genetic background)

To confirm the effect of the introgressions on flowering time,
experiments were established in two different environmental
conditions. Experiment 1la: the full mapping population of 314
DH lines was tested in the Czech Republic. Experiment 1b: a
random subset of 113 DH lines was tested in Estonia. Each plant
in the experiments was genotyped using the set of 55 markers
(Supplementary file 1, Tab. S1).

1a. Olomouc, the Czech Republic, season 2013

Seed germination of 314 DH lines was synchronized by soaking the
seeds in tap water for 24 hours at room temperature, followed by
incubation of the seeds on wet filter paper for two days at 4°C and
one day at 25°C in plastic Petri dishes. Four seedlings per line were
planted in jiffy pots (6 cm x 6 cm) and grown in a greenhouse at
20°Cunder natural light. Seedlings at the stage of three leaves were
transplanted to the field in a randomized manner. Flowering time
(days to emergence of half of the spike on the main stem) of each
individual plant was recorded daily at the same time of a day.
Mean flowering time of individual lines was used for QTL map-

ping.

1b. Jogeva, Estonia, winter 2009/2010

Six seeds per line of 113 DH lines, cv. Téhti and line 8.1 were
planted directly into the soil in a plastic container (35 cm x 65 cm)
and grown under controlled environmental conditions (16/8
hours day/night, light intensity 168 huEm~2s™!, high pressure
sodium lamps, temperature 20-23°C) in a greenhouse. The day
when at least half of spike of at least half of plants of every line
emerged was considered to be the flowering time.

Experiment 2: assignment of the flowering time variation to
particular introgressions (Olomouc, 2014)

Verification of introgression effect on flowering time was done
using 194 F, plants of VMP1 derived from reciprocal crosses of
lines DH397 and DH81. Seeds were germinated, plants were grown
and flowering time was recorded as described in Experiment 1la.
The presence of T. militinae introgressions was verified by geno-
typing using at least one marker per introgression (Supplementary
file 1, Tab. S1).

Experiment 3: verification of the effect of T. militinae
introgressions on flowering time variation in cv. Mooni genetic
background

F3 plants from cross of DH81 x Mooni (VMP2, 94 lines), developed
in previous experiments (Jakobson and Jarve, unpublished data),
were employed using F,.3 approach described at Austin and Lee
[32]. F3 plants from the VMP2 lines were screened for flowering
time in two different locations. Experiments 3a and 3b were

performed in Olomouc, the Czech Republic and Tallinn, Estonia,
respectively. Mean flowering time of each line was used to recon-
struct the phenotype of F, lines. A subset of 24 markers (Supple-
mentary file 1, Tab. S1) was used for introgression segments

mapping.

3a. Olomouc, the Czech Republic, season 2014

Ten F; plants from 80 lines of the VMP2 were evaluated for
flowering time in field conditions in Olomouc. Seeds were germi-
nated and grown as described in Experiment 1a. Flowering time
data of 80 F; lines was collected. Every individual F3 plant was
genotyped for 14 markers (one to five markers for every introgres-
sion (Supplementary file 1, Tab. S1) to confirm identity to the
original F, plant.

3b. Tallinn, Estonia, season 2014

Four F; plants from 94 families of the VMP2 were grown in a room
with controlled environmental conditions at 22-23°C, 16/8 hours
day/night, humidity 50-70%, fluorescent light with intensity
150 wE m~2s~!. The seeds were sown directly into 13 cm x 13 cm
cm pots. Plants were not ordered, but grown in a randomized
manner. For each of the F3 plants, flowering time was recorded as
described in Exp. 1b.

QTL mapping and statistical analysis

QTL analysis was performed using the statistic software Map
Manager QTX Version b16 [33]. Genetic distances were established
using the Kosambi mapping function. The threshold value for
Likelihood ratio statistic (LRS) for suggestive (P < 0.05), significant
(P < 0.001) and highly significant (P < 0.0001) loci was calculated
for each experiment using permutation test at 1000 iterations.
Single marker regression was used to associate phenotype with
marker in each experiment. The position of detected QTLs was
determined using simple interval mapping. The confidence inter-
val was established by bootstrap analysis with 1000 iterations
using the same software. Statistical significance was determined
using single factor analysis of variance (ANOVA).

Results

Identification of QTLs controlling flowering time

Using gene-specific primers (Supplementary file 1, Tab. S2) and
genotyping-by-sequencing, VRN-A1, VRN3 and PPD-A1 genes
were mapped within the T. militinae introgressions in line 8.1.
VRN-A1waslocated 16.2 cm distal to Xcfd30 and 26 cM proximal to
Xpsp3001 on chromosome SA (Fig. 1). VRN3 was positioned 8.8 cm
distal to Xwmc283 on chromosome 7A. PPD-A1 was mapped in
close proximity to Xgwm71.1 loci (4.1 cM distant) on chromosome
2A (data not shown). In total, 314 and 113 DH lines generated
from the progeny of the cross between line 8.1 and cv. Tahti were
screened for flowering time in Olomouc (Experiment la) and
Jogeva (Experiment 1b). The core population analyzed in Jogeva
was included in the population tested in Olomouc. A moderate
phenotypic correlation (r=0.46, P < 0.001) between the two
experiments was observed. Flowering time of line 8.1 and cv. Tdhti
differed by 3.5 days (89.3 versus 92.8) in Olomouc and by 5 days in
Jogeva (72 versus 77 days). In both experiments, line 8.1 flowered
later than cv. Tdhti. Flowering time of individual plants in map-
ping populations ranged from 81 to 98 and from 65 to 87 days in
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FIGURE 1

Location of the flowering time QTL on chromosome 5A. Simple interval mapping analyses of the DH mapping population based on heading time data from
Experiment 1a (introgression line 8.1 x cv. Tahti, Olomouc, solid line) and Experiment 1b (introgression line 8.1 x cv. Tahti, Jogeva, dashed line) localised the
flowering time QTL in the region between markers Xbarc151 and Xcfa2155, with the peak at the Xgwm666/VRN-AT locus. The suggestive threshold line (likelihood
ratio statistic LRS: 4.7/4.4), the significant threshold line (LRS: 10.4/10.4) and highly significant threshold line (LRS: 20.5/19.1) are displayed for Experiments 1a/1b,
respectively. Threshold values are shown on the left (Experiment 1a) and on the right side (Experiment 1b) of the graph. The threshold lines of respective QTL lines
are marked with the same colour. The distance in cM between markers is shown on x axis.

Experiment la and Experiment 1b, respectively (Table 1). Marker
regression analysis showed that at least 29 markers were associated
with phenotypic variation on a suggestive level in at least one
experiment (Supplementary file 1, Tab. S3). Significant QTLs were
identified on five chromosomes: 1A, 2A, 4A, 5A and 7A; however,
highly significant loci responsible for variation in at least one
experiment were determined only on chromosomes 5A and 7A.
The QTL localised on 7A, delimited by the Xbarc70-Xpsp3050
markers and peaking at Xwmc283 was associated with VRN3
[34,35] and was significant only in Olomouc (Supplementary file
1, Tab. S3). The QTL localised on SA detected in both experiments
was delimited by the Xbarc151-Xcfa2155 markers and overlapped
with the VRN-AI gene locus (Fig. 1). The T. militinae allele of the
VRN-A1 gene accounted for 1.9 and 5.8 days delay in flowering
time in Experiment la and 1b, respectively. Large differences in

TABLE 1

the number of significant QTLs and flowering time suggested
additional environmental and genetic influences in Experiments
la and 1b, which necessitated further verification.

Confirmation of flowering time difference using verification
mapping populations (VMPs)

Quantitative trait loci responsible for phenotypic variance in the
primary mapping population often do not operate in the same
manner in a different genetic background [36]. To verify loci
identified in previous experiments, VMP1 and VMP2 were created
and used. A difference of 6.5 days (P < 0.001) was identified
between the parental lines of VMP1 (DH397 x DH81) in Experi-
ment 2 (Tab. 1). Marker regression analysis showed highly signifi-
cant contribution of the VRN-AI locus on chromosome S5A
(Supplementary file 1, Tab. S4) to flowering time variation.

Statistical analysis of phenotyping data.Phenotyping experiments were performed under controlled environmental conditions

(greenhouse; 1b, 3b), or in field conditions (1a, 2, 3a). The experiment 1 was conducted on the DH mapping population generated from
the cross between the introgression line 8.1 and cv. Tahti; the experiment 2 was performed on VMP1 population (DH397 x DH81) and
experiment 3 was performed on VMP2 population (Mooni x DH81). Data are given for all lines of the mapping populations. FT - mean
heading time in days. MIN - minimum value; MAX - maximum value; SD - standard deviation, VRN1-A1f-like contribution - contribution of
the VRN1-A1f-like allele to the phenotype variation, FT difference between parental lines. Note that in all experiments the T. militinae

allele caused a delay in flowering time. All parameters are in days.

Experiment Parental Background Location Greenhouse/ FT MIN MAX sD VRN1-A1f-like FT difference
lines field contribution between parents

1a 8.1/Téhti Tahti 0] f 90 81 98 3 +1.9 +3.5

1b 8.1/Tahti Tahti J g 76 65 87 5 +5.8 +5.5

2 DH397/DH81 Tahti 0} f 86 82 94 2 +1.7 +6.5

3a DH81/Mooni Mooni 0} f 84 78 920 2 +33 +9.8

3b DH81/Mooni Mooni T g 66 52 89 9 +18.6 +29.9

g-greenhouse; f - field; O - Olomouc; T - Tallinn; J - J6geva
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The locus was delimited by markers Xgwm639-Xcfd2155 (Supple-
mentary file 2, Fig. S1) and responsible for 9% of the trait variation.
The effect of replacing the Téhti allele with the T. militinae allele in
the VRN-A1I locus was almost the same as in Experiment la. The
phenotypic analysis of the parental genotypes of VMP2
(DH81 x cv. Mooni) revealed an approximately 10 days and 30
days difference in flowering time in Experiment 3a and Experi-
ment 3b, respectively (Tab.1). A moderate phenotypic correlation
(r=0.63, P < 0.001) was detected between these two experiments.
Flowering time analysis of the F; generation was used for recon-
struction of the F, phenotype followed by QTL analysis. The
analysis identified the same loci for both experimental locations
(Supplementary file 1, Tab. S5; Supplementary file 2, Fig. S5). The
QTL with highest significance was located on chromosome 5A in
the region delimited by markers Xgwm666-Xgwm982, with the
peakin the position of the VRN-A1 gene (Supplementary file 2, Fig.
S2). The VRN-A1 locus was responsible for 38% and 70% of flower-
ing time variation in Experiment 3a and Experiment 3b, respec-
tively (Supplementary file 1, Tab. S5; Supplementary file 2, Fig. S5).
In different locations, the T. militinae VRN-A1 allele caused a
significant delay in flowering time in both backgrounds. However,
the trait variance in tested populations was highly affected by
growth conditions (greenhouse/field), and to a lesser extent, by
the background of the VRN-A1 allele.

Sequence analysis of VRN-A1 alleles

QTL analyses of the DH mapping population as well as VMPs
indicated that different VRN-A1 alleles were responsible for the
major part of flowering time variation, and therefore the variabili-
ty of the gene sequence in the parental lines (cv. Tdhti, DH81 and
cv. Mooni) was examined. The gene was amplified using 25 primer
pairs (Supplementary file 1, Tab. S2) that cover the whole length of
the VRN-A1 gene (~13,000 bp), including approximately 600 bp of
the promoter sequence. Comparison of the obtained sequences
with the sequence of VRN-A1 allele of the Triple Drk D (TDD)
(GenBank accession no. AY747601.1), which was taken as refer-
ence, confirmed the completeness of the gene sequences. The

sequences of VRN-A1 alleles (cv. Mooni, cv. Tahti and DH81) have
been deposited in the NCBI database (as KT696535, KT696536,
KT696537, respectively) and contain the whole gene sequence,
including the 340 bp and 625 bp segments of the promoter region
in line DH81 and cvs. Tdhti and Mooni, respectively, and a 276 bp
segment downstream of the stop codon. The acquired sequences
were aligned with the sequence of TDD and three types of muta-
tions were identified which could be classified as small indels (1—
10 bp), large indels (>10 bp), and SNPs. The promoter region of the
T. militinae VRN-A1 gene (from line DH81) was highly similar to
the previously published VRN-AIf promoter (GQ451751) from
Triticum timopheevii [37]. Only one 1 bp indel difference was iden-
tified (Supplementary file 2, Fig. S3) between these sequences in
the HDD region as defined in [19] and hence the T. militinae VRN1
allele from line DH81 was named VRN-Alf-like. No sequence
variation in the VRN-A1 locus was identified between the wheat
cultivars Téhti and Mooni and they differ from TDD only by two
single-base indels in the first intron and one SNP in intron 2
(Supplementary file 2, Fig. S4). On the other hand, VRN-AIf-like
showed 38 SNPs, 6 small indels and 3 large indels as compared to
TDD. In the promoter region, 5 SNPs were identified accompanied
by a small (8 bp) deletion in the position —128 bp, and a large
(50 bp) deletion in the position —63 bp, both from the start codon,
compared to TDD (Fig. 2; Supplementary file 2, Fig. S3). In contrast
to TDD, the Spring foldback transposable element (SFE) insertion
[19] is absent in the T. militinae VRN-A1f-like allele (Fig. 2; Supple-
mentary file 2, Fig. S3). None of these mutations is present in the
known regulatory regions (CArG box, TATA box) of the VRN-A1
alleles.

A majority of remaining mutations were identified in the first
intron. The mutations included 24 SNPs, 2 small indels, a large
deletion (2753 bp) and a large insertion (433 bp) of the miniature
inverted-repeats transposable element (MITE) (Fig. 3; Supplemen-
tary file 2, Fig. S4). The newly identified MITE consisted of 424 bp
including 53 bp inverted repeats at the ends and 9 bp host dupli-
cation (TAAAAAATA). The sequence was found to be 98% identical
to DXX-MITE_3bSeqlt2-B-G2821-Map?7. Six insertions of MITE

Spring foldback element _QArG box ATG
| § Triple Dirk D
T §  whti
| Y g Mooni
L 1113 -62
HIEA v v
[ | I AIAI [ | | DHsl
-430 -203  -136-127

FIGURE 2

Comparison of the variation in VRN-A1 promoter region among parental lines. Sequencing the promoter region in parental lines of mapping populations showed
sequence variation of T. militinae VRN-A1f-like allele from DH81 line in comparison with reference sequence of VRN-A1a promotor of Triple dirk D (GenBank accession
no. AY747601.1). The differences comprised the absence of Spring fold element (SFE) insertion and two deletions (8 bp and 50 bp) located downstream of the CArG
box. The exact position of indels is marked by white triangles and numbers represent flanking bases counted upstream from the START codon. Light grey boxes
represent deletions, and the box with diagonal stripes represents the insertion of SFE. For sequence details see alignment (Supplementary file 2, Fig S3).
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EXON 1 INTRON 1 transposon Stowaway MITE

retrotransposon Sukkula EXON 2 EXON 7 EXON 8

| e (]

f I Il Triple Dirk D

[ ] 170l Thti

[ I 17—l Mooni

619 71052 3246 5?99

AT AG

DH 81

2753 bp deletion

1 kb

FIGURE 3

Comparison of the variation in VRN-AT allele among parental lines. Sequencing the VRN-A1 gene from parental lines of mapping populations, and comparisons
with the reference sequence of the VRN-ATa gene of Triple dirk D (AY747601.1) revealed insertion of MITE transposon (424 bp) with (9 bp) host duplication and
large deletion (2753 bp) within the first intron of the VRN-AT1f-like allele from DH81 line. Moreover, two synonymous SNPs were found in exon 7 and exon 8. The
positions of indels are marked by white inverted triangles. Light grey box represents deletion; black boxes represent exons; the box with diagonal stripes

represents MITE insertion and white boxes represent known retroelement insertions. Dashed vertical line shows single nucleotide substitution in exons only.

were identified on wheat chromosome 3B using the TRIANNOT
pipeline [31]. In all six cases, the host duplications resemble TATA-
box sequence. The identified MITE is homologous to four
sequences in barley deposited at NCBI (www.ncbi.nlm.nih.gov)
where it has been detected in close proximity to or directly
associated with genes (either promoters or introns, data not
shown).

In addition, six and one SNPs were identified in introns 2 and 4,
respectively. In introns 4 and 8, the remaining 2 and 1 small indels
were found, respectively. Of all the exons, only exons 7 and 8 had
one SNP each. The SNP in exon 7 causes no amino acid change.
The SNP in exon 8 causes a neutral amino acid substitution
(AAC—AGC; ASN—SER; Fig. 3; Supplementary file 2, Fig. S4).
Besides sequence polymorphisms, differences in amplicon size
can be used as markers. Ten of the 25 primer pairs can be used
as markers without sequencing (Supplementary file 1, Tab. S2).
Three of them (VRN1AF/VRN_R1_2a, VRN1A_F3/R3 and F4/R4)
are codominant markers showing size difference between the VRN-
Ala and VRN-A1f-like alleles. Another five markers (VRN1_F2a/R2,
F6/R6, F7/R7, F8/R8, and F9/R9a) are dominant for cvs. Tahti and
Mooni, and two (VRN1_F2/R2 and F6/R9a) are dominant for T.
militinae. The VRN1A_primer pairs F3/R3 and F4/R4 detect a
433 bp size variation caused by insertion of the MITE to the first
intron of the VRN-A1f-like allele. VRN1 markers F2a/R2 and F2/R2
detect the presence/absence of the 50 bp deletion in the promoter
of the VRN-A1f-like allele. The remaining dominant markers detect
the 2753 bp deletion in the first intron of the VRN-AIf-like allele
(Supplementary file 1, Tab. S2).

Discussion

Allelic variation of vernalization (VRN) and photoperiod (PPD)
genes is considered to be the main source of flowering time
plasticity which enables wheat to grow and successfully flower
at different altitudes and latitudes. The variability in flowering
time is of high economic importance as it affects wheat reproduc-
tive success and in elite breeding material strongly affects yield
components. Variability in the VRN and PPD genes can be defined
either as copy number variation [38,39] or mutations in coding

regions, promoters, or regulatory elements [19,20]. Extensive
studies in cultivated and wild wheats were performed to charac-
terize mutations in the promoter region or the first intron of the
VRN1 gene and to identify new VRNI alleles [13,19,30,37,40].
Moreover, the contribution of VRNI homoeologous alleles in
hexaploid wheat and their effect on vigor and yield components
has been estimated.

Tetraploid spring wheat T. militinae belongs to the Timopheevi
group of wheat originating from a hybridization event separate
from emmer wheats [41]. T. militinae is a promising source of new
alleles useful in breeding [24], including new functional alleles of
genes affecting flowering time. Diagnostic markers specific for
these alleles are a valuable addition to the toolkit available for
optimizing flowering time. Here we report interspecific introgres-
sion of T. militinae alleles of vernalization genes VRN1, VRN3 and
possibly VRN2, as well as the photoperiod-related gene PPD1, into
the genome of spring wheat cv. Tédhti (line 8.1). Using gene-
specific primers and genotyping-by-sequencing, VRN-A1, VRN-
A3 and PPD-A1 genes were mapped in the line 8.1 within the
regions of T. militinae introgressions on chromosomes SA, 7A and
2A, respectively. Furthermore, in at least one experiment, QTL
analysis detected significant QTLs in the regions of these genes,
indicating that the T. militinae alleles of VRN-A1, VRN3, PPD-A1,
and possibly also VRN-A2 may affect flowering time in T. aestivum.

Flowering time QTL analysis identified several minor QTLs at a
significant level. A highly significant major QTL was identified in
the locus of VRN-A1 gene on chromosome SA. The effect of the
major QTL was confirmed in two additional mapping populations
and, depending on genetic background and environmental con-
ditions, it explained 5-70% of phenotype variability (Fig. 1, Sup-
plementary file 1, Tab. S3-5). The T. militinae VRN-A1 allele was
designated VRN-A1f-like as its promoter region resembles the VRN-
Alf allele from T. timopheevii [37]. The replacement of the Tdhti
VRN-A1 allele with the VRN-Alf-like allele in the DH mapping
population delayed flowering time by 5.8 and 1.9 days under
controlled and field conditions, respectively. A similar effect
was observed during subsequent verification of the effect (Experi-
ment 2), where sister doubled haploid introgression lines DH81
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and DH397 (VMP1) differed in flowering time by 6.5 days
(P <0.001) (Tab. 1). Line DH81 carries the VRN-AlIf-like allele
while DH397 does not, and the allele contributed to flowering
time delay by 1.7 days (Tab. 1; Supplementary file 1, Tab. S4).
Replacement of the allele in cv. Mooni caused an 18.6 and a 3.3 day
flowering time delay under controlled and field conditions, re-
spectively. Thus, the VRN-AIf-like allele can cause a delay of
approximately 3 days in flowering time in field conditions. The
approximately 3-6 fold increase in flowering time delay in con-
trolled environmental conditions as compared to the field condi-
tions could be explained by the effect of lower light quality and
quantity, and/or limited root space. The controlled environmental
conditions also caused slight alteration from normal distribution
of flowering time within lines of mapping populations as com-
pared to field conditions (Supplementary file 2, Fig. S5). Significant
alteration of phenotype between field and greenhouse conditions
has been described before, but the causes of this phenomenon
remain largely unknown [42-44].

Nevertheless, a stable difference in flowering time due to the
VRN-A1 allele in spring wheat cultivars was not described before.
The fact that no recombination suppression in the VRN-Alf-like
locus was observed and that the VRN-AIf-like allele provides
difference in flowering time in different genetic backgrounds of
spring wheat, could be used as additional source of flowering time
variation in breeding with negligible linkage drag. Such pheno-
typic variability is often associated with alteration in gene se-
quence, which facilitates development of markers tightly linked
with to the trait and suitable for marker assisted selection.

To identify the possible causes of phenotypic variation on DNA
sequence level, VRN-A1 genes of T. militinae (in DH81), cv. Tdhti
and Mooni were sequenced. The promoter region of T. militinae
VRN-A1f-like allele was found almost identical to the previously
described VRN-A1f allele from T. timopheevii [37]. The only differ-
ence between the two sequences was one 1 bp indel in the HDD
region of the VRN-A1 promoter (Supplementary file 2, Fig. S3).
However, the incomplete sequence of the VRN-A1f allele did not
permit precise sequence comparison to confirm that these two
alleles were the same. Comparison of the VRN-A1 promoter region
from spring wheat cvs. Mooni and Tahti using TDD as a reference
revealed that cvs. Tahti and Mooni carry a VRN-Ala promoter
region identical to that of the reference sequence. The T. militinae
VRN-A1If-like allele differed mainly by three indels, one small and
two large (Fig. 2). The main difference in the VRN-A1f-like allele
was an absence of a Spring foldback element (SFE) insertion, which
was observed in the promoter of VRN-A 1a in spring wheat cultivars
[19]. The element was also not found in the VRN-A1b-VRN-A1lh
alleles of hexaploid wheat [19,37]. A similar situation was also
observed in related species T. monococcum, T. boeticum, and T.
urartu [13] and T. dicoccoides [21]. In the VRN-Ala allele, the SFE
insertion is often accompanied by promoter duplication [19].
Additionally, duplication of the whole VRN1 gene causing a delay
in flowering has been reported [30,39], however, no obvious
duplication in the VRN-A1f-like allele was observed in the present
study. The second large indel was a 50 bp deletion close to the start
codon (Fig. 2). The deletion was reported only in the promoter of
the VRN-Alfallele [37]. The small indel of 8 bp found between this
deletion and the CArG-box (Fig. 2, Supplementary file 2, Fig. S3)
is more frequent and common for the promoters of the VRN-AIf,

& h, VRN-Bla and VRN-G1a alleles [37]. On the basis of currently
available data, it seems that the 50 bp deletion is only found in T.
timopheevii group.

Comparison of the VRN-AI exon and intron regions from
spring wheat cvs. Mooni and Téhti to TDD as the reference
revealed that cvs. Tdhti and Mooni are highly similar to the
reference and the only differences in intronic regions involved
two single base indels and one SNP. These mutations are outside
the known regulatory regions and probably have no effect on the
VRN-Ala gene expression. The VRN-A1f-like sequence differs from
cvs. Mooni, Tdhti, and TDD more significantly. The majority of
the variability comprising 24 SNPs, 2 small indels, one large
deletion (2753 bp) and one large insertion (433 bp) located in
the first intron. This observation is not surprising since the first
intron represents 64.4% of the gene. Only two SNPs were found in
exon sequence: one causing no amino acid change and one
causing a neutral amino acid change. The major mutation of
the first intron comprised a 2753 bp deletion (Fig. 3, Supplemen-
tary file 2, Fig. S4). The second large indel was insertion of a MITE
transposon in 5’ direction from the deletion (Fig. 3, Supplemen-
tary file 2, Fig. S4). The MITE has not been described before,
however its homologue (98% identical) was identified on wheat
chromosome 3B and designated as DXX-MITE_3bSeqlt2-B-
G2821-Map7 [45]. The insertion of a repetitive element close to
the 5’ end of the first intron was described in the VRN-D1a allele
[46]. However, the effect of such an insertion on gene expression
is unknown and requires further examination.

Despite the fact that the introgression line 8.1 flowered later
than cvs. Tahti and Mooni in all experiments, not all T. militinae
alleles in the detected QTLs increased flowering time. While the
VRN-A1f-like allele as well as (to a lesser extent) the T. militinae
allele of VRN3 delayed flowering in the common wheat back-
ground, the T. militinae alleles of PPD-A1 as well as the significant
QTLs flanking the major QTL of VRN-A1 on chromosome SA
(Fig. 1), showed an opposite effect, accelerating flowering by 1-2
days each (Supplementary file 1, Tab. S3). However, the minor
QTLs accelerating flowering were only detected in the DH popu-
lation. Further investigations involving larger populations and/or
other genetic backgrounds are needed to prove these QTLs which,
if verified, could find application in wheat breeding.

Conclusions

QTL analysis of a doubled haploid mapping population led to the
identification of five loci originating from T. militinae and affecting
flowering time variation. The QTL with the most significant effect
was located on chromosome 5A in the region of VRN-AI gene.
Sequence analysis of the T. militinae VRN-A1 allele (designated as
VRN-A1f-like) revealed significant variation in the promoter and
regulatory regions of the first intron. Moreover, a new insertion of
a transposable element MITE to the first intron was identified. The
phenotypic effect of the allele was tested and verified in two elite
spring cultivars of bread wheat, and in both backgrounds, the
VRN-A1f-like allele significantly delayed flowering. Moreover, sig-
nificant variation in flowering time of spring cultivars caused by
VRN-A1 allele has not been reported before. This new finding
opens additional way to manipulate flowering time and breed
cultivars better adapted to specific environmental niches. Identi-
fication of the novel VRN-Alf-like allele with the MITE insertion
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will allow future studies to quantify its effect on fine tuning of the
flowering time. The specific set of eleven PCR markers developed
here for the VRN-AIf-like allele will enable its tracking in future
studies and broadens the toolkit of diagnostic molecular assays
available for VRNI alleles in temperate cereal species. Characteri-
zation of the variation in flowering time loci together with im-
proved knowledge of molecular mechanisms controlling
flowering time will facilitate breeding improved varieties better
adapted to changing environmental conditions and human needs.
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Abstract

The ability of plants to identify an optimal flowering time is critical for ensuring the production
of viable seeds. The main environmental factors that influence the flowering time include the
ambient temperature and day length. In wheat, the ability to assess the day length is con-
trolled by photoperiod (Ppd) genes. Due to its allohexaploid nature, bread wheat carries the
following three Ppd-1 genes: Ppd-A1, Ppd-B1and Ppd-D1. While photoperiod (in)sensitivity
controlled by Ppd-A1 and Ppd-D1is mainly determined by sequence changes in the pro-
moter region, the impact of the Ppd-B1 alleles on the heading time has been linked to
changes in the copy numbers (and possibly their methylation status) and sequence changes
in the promoter region. Here, we report that plants with the same number of Ppd-B1 copies
may have different heading times. Differences were observed among F- lines derived from
crossing two spring hexaploid wheat varieties. Several lines carrying three copies of Ppd-B1
headed 16 days later than other plants in the population with the same number of gene cop-
ies. This effect was associated with changes in the gene expression level and methylation of
the Ppd-B1 gene.

Introduction

The day length plays a crucial role in the plant life cycle and mainly impacts the decision of
when to flower. Certain plants require a long day (LD), and certain plants require a short day
(SD) before flowering; however, there are also plants that are insensitive to the day length. This
behaviour is called a photoperiod response and is genetically controlled. Bread wheat (Triticum
aestivum L.) is one of the world’s most important staple food sources and provides nutrition to
30% of the human population. Originally, wheat was an LD plant that required at least 14
hours of daylight to flower. When grown under SD conditions, flowering was significantly
delayed. However, the introduction of photoperiod-insensitive wheat cultivars facilitated the
spreading of wheat cultivation to regions with favourable conditions (e.g., water availability,
appropriate temperature) and short daylight.
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In wheat, the photoperiod response is controlled by photoperiod (Ppd) genes that are located
on chromosomes 2A, 2B and 2D. These genes belong to a pseudo-response regulator family [1].
Of these genes, the Ppd-D1a allele on chromosome 2D has a major effect on the photoperiod
response. The allele causing the photoperiod insensitivity carries a 2,089 bp deletion upstream
of the coding region [1]. Another photoperiod-insensitive allele, Ppd-Ala, is located on chro-
mosome 2A and differs from the wild type by a 1,085 bp deletion. Interestingly, the deletion
occurs at the same gene region as that in the Ppd-DIa allele [2]. In contrast, two different mech-
anisms were identified for the Ppd-BI allele. Diaz et al. [3] described the impact of different
numbers of Ppd-B1 copies on the photoperiod response as follows: while the presence of only
one copy of Ppd-BI causes sensitivity to day length, an increased copy number of Ppd-BI is
associated with day length insensitivity and, consequently, earlier flowering. The authors also
reported different haplotypes of the Ppd-Bla allele based on a combination of the presence/
absence of amplicons derived from the junctions between the individual Ppd-Bla copies. Zhang
et al. [4] showed that different haplotypes are responsible for the variation in the heading time,
and varieties with Ppd-B1_Hapl-VI demonstrated the earliest heading. Furthermore, Nishida
et al. [2] described a 308 bp insertion in the promoter region of the winter variety Winter-Abu-
kumawase. This insertion was associated with photoperiod insensitivity, and the allele carrying
this mutation was designated Ppd-Bla.1. The Winter-Abukumawase variety has only one Ppd-
BI copy (H. Nishida, pers. comm.); therefore, similarly to the Ppd-D1 allele, the earlier heading
appears to be associated with DNA sequence changes in the promoter region.

The copy number variation (CNV) involves deletions or duplications of DNA regions that
are typically larger than 1 kb [5,6]. Such DNA rearrangements are often associated with
changes in the phenotype. CNVs have been widely studied in humans [7,8] and have been
linked with various diseases, such as Parkinson s disease, which is associated with a triplication
of the a-synuclein gene [9]. However, CNVs also played a significant role in the human
genome evolution with positive effects on beneficial traits, such as endurance running, which
is likely associated with a duplication of the aquaporin 7 gene [10]. CNVs have also been stud-
ied in plants either at the whole genome level [11] or in analyses focusing on the expression of
particular genes [3]. Francia et al. [12] reported an increased copy number of genes encoding
C-repeat Binding Factor (HvCBF4 and HvCBF2) in barley, which resulted in greater frost toler-
ance. Another study in barley showed that higher number of HVFT1 copies (homologue of
FLOWERING LOCUST in barley) can also accelerate the flowering time [13].

Variation at the DNA sequence level is not the only factor that influences gene expression.
Epigenetic modifications, including DNA methylation and histone modifications, play an
important role and may lead to significant changes in the phenotype. In plants, DNA methyla-
tion occurs at several particular sites as follows: CG, CHG and CHH, where H stands for A, T
or C, while in mammals, mainly the CG site is involved [14,15]. DNA methylation is usually
associated with a lower gene expression and gene silencing [16,17]. Nevertheless, Sun et al.
[18] observed a higher level of methylation of the Ppd-BI gene, which was linked to a higher
number of copies of the gene. The authors suggested that the higher level of DNA methylation
leads to an increased expression level of Ppd-B1 and, consequently, an accelerated heading
time. This effect might be attributed to reduced binding of a putative repressor to the promoter
region, which results in an increased gene expression. An increase in the level of lysine 4 tri-
methylation in histone H3 (H3K4me3) was implicated in the upregulation of TaVRNI and
TaFT1 genes during the vernalization of winter wheat. This upregulated state was maintained
throughout plant development and was reset only in the next generation [19]. Similarly, in
Arabidopsis, the trimethylation of the lysine residue in histone H3 (H3K27me3) leads to a
repression of the FLOWERING LOCUS C (FLC) gene during vernalization and results in the
ability to flower [20,21].
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In this study, we report differences in heading time among recombinant inbred lines (RIL)
F; individuals that carry the same copy number of the Ppd-BI allele. These lines were derived
by crossing two spring hexaploid wheat varieties with differing Ppd-B1 copy numbers. Al-
though the parental varieties carry the same set of alleles that control the flowering time (Vrn-
Ala, Vrn-Blc, vrn-D1, VRN-A3, vrn-B3, Ppd-D1b and Ppd-A1b), several lines with three Ppd-
BI copies differed significantly in the heading time. The difference was associated with changes
in the Ppd-BI expression level. The role of the sequence and epigenetic differentiation of the
Ppd-BI gene and its promoter in the heading time variation was investigated.

Materials and methods
Plant material

Seeds of the bread wheat (Triticum aestivum L.) cultivars Kaerntner Frueher (KF) and Paragon
(P) were obtained from Gene Bank (https://grinczech.vurv.cz/gringlobal) of Crop Research
Institute (Prague, Czech Republic). KF is a photoperiod-insensitive spring hexaploid wheat that
carries the Ppd-Bla allele (three copies of Ppd-B1), while P is photoperiod sensitive and carries
the Ppd-B1b allele (one copy of Ppd-B1). The remaining alleles influencing the flowering time
are the same in both cultivars (Vrn-Ala, Vrn-Blc, vrn-D1, vrn-B3, Ppd-D1b and Ppd-A1b [22]
and VRN-A3). The two cultivars were crossed, and an F, population was obtained. Then, RILs
were created using the single seed descent method to obtain the F; generation. Plants in the F;
population were grown in ten replicates under a controlled regime (20°C/16°C-day/night tem-
perature) in a growth chamber under an artificial LD of 16 hours. Three biological replicates of
each line were used to analyse the gene expression and DNA methylation status of Ppd-BI.

QTL analysis

Five seeds of each parental cultivar and all 130 individuals in the F, mapping population were
incubated for four days at 6°C to synchronise germination. Seedlings were grown under con-
trolled conditions (20°C/16°C-day/night temperature) under artificial light with a 16-hour
LD. The heading date was recorded at the emergence of half of the spike. For the QTL analysis,
90 F, individuals were selected to fit one 96-well PCR plate. DNA was extracted from the leaves
using the Invisorb Spin Mini Plant Kit (Stratec Molecular, Berlin, Germany) according to the
manufacturer s instructions. The mixed model QTL analysis [23], genotyping according to
the DArT markers [24] and the genetic map construction were carried out by Diversity Arrays
Technology (DArT, Canberra, Australia http://www.diversityarrays.com).

VRN-A3 sequencing

The VRN-A3 gene was sequenced to identify variations between the parental cultivars. In total,
six primer pairs (Table 1) were used to obtain the complete gene sequence and the 1,750 bp
and 143 bp flanking sequences from the 5" and 3" end of the gene, respectively.

The VRN-A3 gene-specific primers were designed using publicly available sequences (Gen-
Bank accession nos. DQ890162, EF428115 and EF428119) and chromosome-specific survey
sequences of cv. Chinese Spring [25]. All sequences were aligned using Geneious 5.6.4 software
[26]. The primer pairs were considered specific when at least one primer contained three or
more genome-specific SNPs/indels. The melting temperatures were determined using Primer-
BLAST [27]. The PCR reaction mix (15 pl volume) comprised 10 ng of the template DNA,

200 uM of each dNTP, 2 mM of MgCl,, 0.2 uM of both primers, 1 x PCR buffer B1 (Solis Bio-
Dyne, Tartu, Estonia) and 0.03 U of Hot FirePol Taq polymerase (Solis BioDyne, Tartu, Esto-
nia). This mixture was consecutively used for the methylation status determination, cloning
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and copy number assessment. The DNA amplification was carried out by touchdown PCR as
follows: initial denaturation for 13 min at 95°C, followed by 14 cycles at 95°C for 40 s, 65°C for
40 s (increment of -0.7°C/per cycle) and 72°C for 2 min. An additional 19 cycles were per-
formed at 95°C for 40 s, 55°C for 40 s and 72°C for 2 min with a final elongation at 72°C for
10 min. The purification of the product and sequencing were performed as previously
described by Ivanicova et al. [28].

Ppd-B1 promoter sequencing

The promoter region and a portion of the first exon (from—1545 bp to + 251 bp) of the paren-
tal cultivar KF and the F; lines 32_2 and 37_4 were sequenced to determine whether there
were sequence variations that could possibly cause the difference in the heading time. The
primers (Table 1) were designed based on the Sonora 64 sequence (JF946486.1) using Primer-
BLAST [27]. The DNA amplification and purification and the sequencing of the PCR product
were performed in same manner as described above for the VRN-A3 gene.

RNA extraction and expression analysis

The expression of the Ppd-BI gene was assessed in lines of the F; mapping population and the
parental cultivars. RNA was extracted from the leaves of 20-day-old seedlings using the RNasy

Table 1. Primer pairs used for the sequencing of the VRN-A3 and Ppd-B1 genes.

Gene

Name

Vn-A3 VRN3_F4
VRN3_R4
VRN3_F5
VRN3_R5
VRN3_F6
VRN3_R6
VRN3_F7
VRN3_R7
VRN3_F8
VRN3_R8
VRN3_F9

VRN3_R9a

Ppd-B1 PromF1

PromR1
PromF2
PromR2
PromF3
PromR3
PromF4
PromR4
Ex1_F1
Ex1_R1
Ppd-B1_101F
Ppd-B1_101R

Sequence (5™-3") Product size (bp) Reference
CTAAATAGCAAGACGCCACTAT 545 this study
CCTCCTAGARACTGCCACACA
TAATGGACCTCCATAGCTAGC 909 this study
GTGGCTTCTAGGCCGTGCC
CGCAGCTCATACCTTGGACTA 1365 this study
CATCGAGAATCATCTTCCCAC
ACGTCCACAGAACCAATTCA 604 this study
CATCGAGAATCATCTTCCCAC
AAATGGCCGGGAGGGAC 552 this study
ACGTAGAGAGTACTACGTGC
GTTCTGGCAAGCACACGAC 597 [28]
AATTTGCTGACTTTGCGGGC
AAGTGTACGTGGTTAACATTAG 623 this study
GGAGTTATCTTAACACTTGC
GTGCTAAGATAACTTTGTC 546 this study
GAAAGGAAAGAAAGAAGC
AAATATGCGCTGTATGTIC 539 this study
CGTGAACAAGACCAGGACCAG
GTATAGAGTCAGAAGGAGGGC 522 this study
TGAGTGCCAGATCCARAAGCTG
TGCCATATAGATCCTTTCTGATA 448 this study
TTGACACCAACAGCTTCCAG
CGCCACTGCATGTACCAAGTTA 96 this study

CTGTCAGAACAAGGTCGATGTTG

A set of six primer pairs was used to sequence the 2,732 bp region, which includes the VRN-A3 gene (839 bp) and flanking regions (1,750 and 143 bp from
the 5”and 3" end of the gene). Amplification was performed using a touchdown PCR protocol. For the Ppd-B1 gene, a set of five primer pairs was used to

sequence the promoter region together with a portion of the first intron (from—1,545 bp to + 251 bp).

https://doi.org/10.1371/journal.pone.0183745.t001
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Plant Mini Kit (Qiagen, Hilden, Germany). The leaves were collected from all lines in three
biological replicates three hours after dawn when the Ppd-B1 expression reached the maxi-
mum level [3]. DNA was removed during the RNA purification using the RNase-Free DNase
Set (Qiagen, Hilden, Germany). cDNA was synthesized using the Transcription High Fidelity
cDNA Synthesis Kit (Roche Diagnostics, Mannheim, Germany) according to the manufac-
turer’s protocol with 2 pg of total RNA and anchored-oligo (dT);g primers.

The gene expression level was determined using reverse transcription-qPCR (RT-qPCR).
RT-qPCR was performed using qPCR 2x SYBR Master Mix (Top-Bio, Prague, Czech Republic)
on the CFX96TM Real-Time PCR Detection System (Bio-Rad, Hercules—California, USA).
The expression level of Ppd-B1 was standardized against the reference gene glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) according to Sun et al. [18].

The data were analysed using the 2"*““4 method with CFX Manager 3.0 software (Bio-Rad,
Hercules—California, USA). Three replicate PCR amplifications were performed for each
sample. The transcript level of the target gene Ppd-B1 in cultivar KF was designated 1.0. The
primers for Ppd-BI (Ppd-B1_101F: CGCCACTGCATGTACCAAGTTA, Ppd-B1_101R: CTGTC
AGAACAAGGTCGATGTTG)were designed with Primer Express™ Software v3.0.1 (Thermo
Fisher Scientific, Waltham—Massachusetts, USA). The primers’ efficiency and correlation
coefficient were E = 102.8% and R* = 0.991, respectively.

Methylation status and DNA sequence comparison

Genomic DNA was extracted in three biological replicates from young leaves of F; individuals
and the parental cultivars using the Invisorb Spin Mini Plant Kit (Stratec Molecular, Berlin,
Germany) according to the manufacturer s instructions. To determine the methylation status,
the DNA was bisulfite converted using the EZ DNA Methylation-Gold™ Kit (Zymo Research,
Irvine—California, USA). The amplification of the converted DNA was carried out using con-
ditions and primers for the “Region II” as described by Sun et al. [18]. This region is associated
with significant differences in the methylation of CpG islands between photoperiod-insensitive
and photoperiod-sensitive varieties. The primers spanned the region from -1,250 to -778 bp
from the start codon. Since the primers used by Sun et al. [18] for the amplification of the
unconverted genomic DNA did not perform reliably in our materials, new primers were
designed (PromF2: GCCTTACGCACATCATCAGC and PromR2: GGTGACGTGGACGAAATGGA)
that spanned the region from -1,220 to -659 bp. The primer specificity was verified using DNA
amplified from chromosomes 2A, 2B and 2D of both parental cultivars as the template for the
PCR. The chromosomes were purified by flow cytometric sorting after labelling GAA micro-
satellites using FISHIS [29], and their DNA was amplified according to Simkova et al. [30].

PCR was performed at 95°C for 13 min for the initial denaturation, followed by 34 cycles of
95°C for 30 s, 60°C for 30 s and 72°C for 1 min, and a final step at 72°C for 5 min. All amplifi-
cations were performed using the C1000 Touch TM Thermal cycler (Bio-Rad, Hercules—Cali-
fornia, USA).

The PCR amplicons from both the original genomic DNA and the bisulfite converted geno-
mic DNA of the parental cultivars and F, lines were purified using Agenocourt AMPure XP
(Beckman Coulter, Brea—California, USA) and cloned using TOPO®™ TA Cloning®™ Kit for
Sequencing (Invitrogen, Carlsbad—California, USA) according to the manufacturer’s instruc-
tions. Inserts from the DNA clones were amplified in a 20 ul reaction mixture comprising a
single bacterial colony as the template. The reaction conditions were as follows: initial denatur-
ation at 95°C for 13 min, followed by 35 cycles of 95°C for 35 s, 55°C for 35 s, and 72°C for 50
s with a final extension for 10 min at 72°C. The PCR products were purified and sequenced as
previously described [28]. The sequences were trimmed and aligned using Geneious 5.6.4
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(http://www.geneious.com, [26]). The methylation status was determined with the Kismeth
online tool, which is available at http://katahdin.mssm.edu/kismeth/revpage.pl.

Copy number assessment and SNP marker development

The Ppd-B1 gene copy number in the F, population and both parents was determined by
iDNA Genetics (Norwich, UK) using the Tagman® assay as previously described by Diaz et al.
[3]. To assess the CNV in the F; plants, a method based on SNP polymorphisms was used.
The size of the Ppd-BI locus and a higher inter-copy identity prevents the sequencing of indi-
vidual Ppd-BI copies from a single chromosome. Therefore, the sequence of Ppd-B1 gene of
the cultivar Sonora 64 (JF946486.1), which has three copies of the gene similarly to KF, was
used to develop the markers. We identified four SNPs between Sonora 64 and P (DQ885762).
A primer pair (GACTCCTGCCATGAGTTTTGATG and ACCGCAGTGTGACTTCGATTATC) was
used to identify the Sonora 64-like allele and designed to overlap the SNPs located at positions
-10,427 bp (G-A) and -10,656 bp (A-G) from the START codon. The marker was named
owml1001. The PCR amplification was performed in a 15 pl reaction mixture under the follow-
ing cycling conditions: initial denaturation at 95°C for 13 min, followed by 35 cycles of 95°C
for 355, 55°C for 35 s and 72°C for 50 s with a final elongation of 10 min at 72°C. The am-
plicons were purified and sequenced as previously described by Ivanic¢ova et al. [28]. The
sequences were trimmed and aligned using the software Geneious 5.6.4 [26].

Results
Mapping and QTL analysis

Ninety individuals of the F, mapping population (30 from each of the early, intermediate and
late flowering lines) were genotyped using the DArT technology [23]. In total, 5,069 DArT
markers were found to be polymorphic and used to construct the genetic map. The heading
times of the F; lines ranged from 50 to 78 days. The QTL analysis revealed only one significant
peak (LOD 15.6) on chromosome 2BS (Fig 1). Marker owm1001, which was derived from the
Ppd-BI promoter region, mapped onto the peak, thus confirming that the heading time differ-
ence was mediated by the Ppd-B1 gene. There was also one marker located on chromosome
7A (Fig 1), but further analyses showed that it was not significant.

VRN-A3 gene and Ppd-B1 promoter sequence variation

The sequence of the VRN-A3 gene (839 bp) and the adjacent 5’ end (1,750 bp) and 3" end (143
bp) sequences were obtained from both parental cultivars. No sequence variations were identi-
fied. By comparing to the reference sequence of the cultivar Chinese Spring FT (VRN-A3) gene
(EF428115), only one SNP (T — C) was shown, which was located 506 bp from the START
codon in the first intron. This comparison confirmed that the putative marker association
identified by the QTL analysis on chromosome 7A was most likely a bias.

A comparison of the sequence promoter and a portion of the first exon of the Ppd-BI gene
(from—1,545 bp to + 251 bp) in the F; lines 32_2 and 37_4 and the parental cultivars showed
no variations.

Copy number determination

Using the Tagman™® assay as previously described by Diaz et al. [3], we found that the early
flowering cultivar KF carried three copies of Ppd-B1 (designated the Ppd-Bla allele), while the
late flowering cultivar P carried only one copy (designated the Ppd-BIc allele) per haploid
genome. The same result was observed in the F, individuals as follows: 30 early heading plants
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Fig 1. Whole genome QTL analysis of the heading time variation. Ninety F individuals were genotyped using the DArT
markers. A mixed model QTL analysis revealed only one significant peak on short arm of chromosome 2B (2BS).

https://doi.org/10.1371/journal.pone.0183745.9001

carried three copies, and 30 intermediate plants that are heterozygous in the Ppd-BI locus. Sur-
prisingly, not all late plants had one copy as expected. Of these 30 late heading plants, 28 car-
ried one copy of Ppd-B1, but two plants had three copies.

Heading time

The mean heading time for KF was 50.6 + 1.2 days, while the mean heading time for P was
86.2 + 1.5 days. The heading time variation between the parents was observed under both SD
and LD conditions. Offspring (generations F,—F;) derived from crossing the two cultivars
were grown under LD conditions only to shorten the time to harvest the seeds and accelerate
the attainment of the F; generation with a homogenous background. The heading time of the
F, lines varied between 50-78 days and corresponded with the respective Ppd-B1 CNV for a
majority of plants (88 out of 90), i.e., plants with one copy of Ppd-BI headed later than plants
with three copies. Surprisingly, we also observed heading time variations among the F, lines
with three copies of the gene. These lines (32_2 and 37_4) headed significantly later (17 days
on average) than the early flowering parent KF with three gene copies. This phenomenon was
observed repeatedly across the generations; however, a heading time analysis was performed
only for the Fs and F, generations. In the F4 generation (field conditions, natural LD), the
mean heading times of lines 32_2 and 37_4 were 90.8 and 90.5 days, respectively, while the
early parent KF headed in 78 days, and the late parent P headed in 96.1 days. These late lines
and one early line (11_6, serving as a control) carried three Ppd-BI copies and were, therefore,
selected for further analyses in the F, generation.

A phenotypic analysis of the F lines (controlled regime, artificial LD) confirmed the results
obtained in the F, mapping population. The early line 11_6 headed at 52.2 + 2.2 days on
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average, while the late lines 37_4 and 32_2 headed at 66.6 £ 4.7 and 74.1 + 5.2 days on average,
respectively. As previously mentioned, all lines (both early and late) had the Ppd-Bla allele
(three copies). The early parent KF carries the same allele, and thus, late flowering was unex-
pected in these two lines. To clarify this observation, we assessed the Ppd-B1 expression level
and methylation status of the lines to determine the reason for the large differences in the
heading times (16-24 days) between the lines with the same Ppd-B1 copy number. Prior to the
expression analysis, the lines were genotyped with markers (Vrn-Ala, Vrn-Blc, vrn-D1, vrn-
B3, Ppd-D1b and Ppd-A1b) to exclude the possibility of outcrossing during the development of
the F; generation.

Ppd-B1 expression

The Ppd-B1 expression level (Fig 2) was determined using a RT-qPCR assay with Ppd-B1 spe-
cific primers. As expected, plants in the early flowering line had expression levels that were
similar to those of KF, while the plants in the late flowering lines had a decreased expression
level.

The differences between the late lines 32_2 and 37_4 and late parent P were statistically sig-
nificant at the P<0.05 level. The expression levels in the early line 11_6 and early parent KF
were not significantly different, while the differences between the early line 11_6 and late lines
32_2 and 37_4 were also significant at the P<0.05 level. The lower expression of Ppd-B1 in P
correlated with the delayed heading time (r = -0.955, P = 0.00001). However, the gene expres-
sion levels in lines 32_2 and 37_4 did not correlate with the respective Ppd-B1 copy number.

Methylation status of the Ppd-B1 promoter region

The amplification of the unconverted genomic DNA with the newly designed primers resulted
in an amplicon size of 561 bp, while the amplicon size of Region II using the primers designed
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Fig 2. Mean relative expression of the Ppd-B1 allele and the mean heading times of the parental cultivars and the F; lines. 11_6—
early line; 32_2 and 37_4—Ilate lines; KF—early parental cultivar Kaerntner Frueher; P—late parental cultivar Paragon; HT—heading time.
The data were derived from three biological replicates. The mean standard error of the relative expression is shown for each line.

https://doi.org/10.1371/journal.pone.0183745.9g002
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Table 2. Methylation status of the CpG islands in the early and late flowering lines (F; generation).

Line Plant Methylation status (%) Ppd-B1 copies
CG Mean CG with SEM CHG CHH
Early parent KF 121 85.69 87.17+0.76 14.69 1.6 3
123 87.62 12.37 2.69
129 88.21 13.24 2.09
11_6 7 88.62 90.22 £1.02 16.64 0.70 3
12 92.12 19.77 1.22
19 89.92 15.21 1.13
322 101 74.08 70.61+£1.79 17.26 1.95 3
104 69.66 11.82 1.14
109 68.10 9.81 1.13
37_4 111 92.73 91.73+0.79 19.48 1.65 3
112 90.16 16.99 1.62
117 92.30 15.47 1.09
Late parent P 134 11.6 9.97 £0.86 11.11 2.35 1
135 8.68 12.31 1.68
136 9.64 14.54 1.95

11_6—early line; 32_2 and 37_4—Iate lines; KF—early parental cultivar Kaerntner Frueher; P—late parental cultivar Paragon; SEM—standard error of

mean

https://doi.org/10.1371/journal.pone.0183745.t1002
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by Sun et al. [18] was 472 bp. The combination of the sequencing data from the two amplicons
resulted in a common 442 bp region that was used to assess the methylation status. The
sequencing of at least 70 subclones per line revealed that the early parental variety KF with
three copies of Ppd-B1 had 85.69% of CG methylated, while the late P variety with one copy
had only 9.97% of CG methylated (Table 2, Fig 3). The early line 11_6 showed a methylation
status that was similar to that of KF (mean value 90.22%, Table 2, S1 Fig). Late line 32_2 had a
slightly decreased methylation level of CG (mean value 70.61%, Table 2, S1 Fig), and this dif-
ference was statistically significant (P<0.01). Late line 37_4 showed a repeatedly high level of
methylation (mean value 91.73%, Table 2, S1 Fig), which did not correspond with either the
late heading or the lower expression level of Ppd-BI. Therefore, we have sequenced the pro-
moter regions of the late lines 37_4 and 32_2 and parental cultivar KF. No polymorphisms
were identified by comparing the promoter region sequences with parental cultivar P.
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Fig 3. Comparison of the methylation status of the parental cultivars. The methylation level in the promoter region (442 bp) of the Ppd-
B1 gene from parental cultivars KF and P was analysed. The x-axis shows the cytosine positions in the analysed region, and the y-axis
shows the percent of methylated CpG islands. A major difference was observed in the CG sites, and cultivar P had an 8.8-fold lower
methylation level. Red lines represent the methylation of CG sites, the green lines represent the CHG sites and the blue lines represent the

CHH sites.

https://doi.org/10.1371/journal.pone.0183745.9003
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Discussion
Heading time and Ppd-B1 CNV

The difference in the heading time between parental cultivars KF and P was first detected in
2010 during experiments focused on heading date variations due to a novel Vrn-BI allele [22].
The difference ranged from 20 to 40 days depending on the growth conditions (LD or SD) and
was reproducible in several replications in both field and growth room trials. Surprisingly,
both varieties have the same set of the following major flowering time alleles: Vrn-A1, Vrn-Blc,
vrn-D1, Vrn-A3, vrn-B3, Ppd-A1b and Ppd-D1b. Even with identical major flowering time
genes (vernalization and photoperiod) or saturation of their requirements, variations in the
flowering time could still be observed. Such changes or variations are usually very subtle and
represent a fine-tuning of the flowering time by so-called earliness per se genes. Earliness per se
genes usually fine-tune the flowering time based on environmental conditions that are differ-
ent from the vernalization and photoperiod. The earliness per se genes do not contribute to the
flowering time variations dramatically, but under certain conditions, their contribution could
be significant. The Eps-A1 gene from chromosome 1A™ of T. monococcum is a good example
of such a gene [31,32]. This gene under field conditions contributes to the flowering time vari-
ation by four to six days, but under fluorescent light and a temperature of 16°C or 23°C, the
tflowering time difference could be 80 and 50 days, respectively, [31]. This gene has a pleiotro-
pic effect and affects all developmental phases from the double ridge stage to the heading stage
[33].

In the present work, the QTL analysis of the F, mapping population identified a single sig-
nificant peak (LOD 15.6) on chromosome arm 2BS at the position of the Ppd-BI gene. Over
5,000 DArT markers were used in the QTL analysis, which provided enough sensitivity to
exclude the effect of other loci, including the earliness per se genes. However, by assessing the
CNV of the Ppd-B1 alleles [3], we confirmed that the early flowering cultivar KF carried three
copies of Ppd-B1 (designated the Ppd-Bla allele), while the late flowering cultivar P carried one
copy only (designated the Ppd-Blc allele) per haploid genome.

Similarly, Diaz et al. [3] and Cane et al. [34] observed variations in the heading time due to
differences in the copy number of the Ppd-BI gene. Earlier flowering corresponded to a higher
level of Ppd-B1 gene expression in the lines with the three gene copies than in those with only
one copy of the Ppd-B1 gene; thus, a shorter time was necessary for the plants to achieve a criti-
cal amount of the Ppd-B1 protein and an earlier initiation of flowering. In our work, we
observed a significant heading time variation in the F, mapping population (derived from
crossing the cultivars KF and P) with the same number of Ppd-BI gene copies. Cane et al. [34]
observed a similar effect—plants with two copies had a longer heading time than plants carry-
ing only one copy. The authors speculated that they identified a different Ppd-BI allele than
the allele studied by Diaz et al. [3]. According to Diaz et al. [3], the cultivar Chinese Spring
with three intact and one truncated Ppd-B1 copies had a longer flowering time than plants
with two copies of the gene. The variability in the heading time in the lines with the same
copy number of flowering time gene (HvFTI) was also detected in barley [13]. Nitcher et al.
observed that the heading time in F, individuals of BGS213 x IMC mapping population with
five copies of the HvFT'1 gene ranged from 30 to 39 days, while plants with three copies headed
between 40 and 79 days, and plants with one copy headed between 100 and 125 days.

The effect of the CNV of the Ppd-BI gene on the heading date was studied recently by
Wiirschum et al. [35], who showed the importance of the CNV for the heading time and wheat
adaptation to different environmental conditions. The authors screened a panel of 1,100 win-
ter wheat varieties to determine the frequency and geographic distribution of the CNVs at the
Ppd-B1 and Vrn-Al loci along with their effect on the flowering time. Their study confirmed
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that an increase in the number of Ppd-B1 gene copies reduced the number of days required for
heading. Interestingly, in contrast to the general trend, varieties from the Balkan region flow-
ered later and had higher Ppd-B1 copy numbers. We observed the same effect in the line with
the fixed genomes that were isogenic for the major flowering time genes. Thus, we speculated
that the difference in the flowering time in the line with the same Ppd-BI copy number was
due to an altered Ppd-B1 gene expression. To validate this hypothesis, we used the F; genera-
tion of the mapping population for further analyses.

Ppd-B1 expression and promoter methylation

The expression of Ppd-B1 increases quite rapidly, peaks three hours after dawn, and then
decreases and oscillates close to the level maintained during the dark period [3]. This phe-
nomenon can be observed in photoperiod-sensitive and photoperiod-insensitive plants. How-
ever, the difference in the gene expression between both types of plants is relatively small. We
analysed the Ppd-BI expression in both parents and in early and late lines with three Ppd-B1
copies and found a robust correlation between the heading time and the expression level

(P =0.00001). As expected, the late cultivar P had a lower relative expression than the early cul-
tivar KF. The early line 11_6 with three copies had the same expression as KF, while the late
lines (32_2 and 37_4) had a decreased expression (P<0.05) that was still higher than that of
the late parental cultivar P (Fig 2).

The increase in the copy number of the Ppd-B1 gene and the higher methylation level in its
promoter appear to be associated with a higher expression, which, in turn, is associated with
an acceleration of flowering and even a loss of photoperiod sensitivity. Sun et al. [18] reported
a link between the methylation of the Ppd-BI allele, increased CNV and a higher level of Ppd-
BI expression. Wheat cultivars with three copies of the Ppd-BI gene have more methylated
CpG islands than varieties with one gene copy [18]. The authors described the following six
regions in the Ppd-BI gene: regions I—IV are located in the promoter (upstream the coding
region) and regions V and VI are located in the coding region, spanning exons 1-3. The most
significant difference in the CpG methylation between the photoperiod-insensitive and photo-
period-sensitive cultivars was observed in Region II. The authors characterized the “a” and “b”
methylation haplotypes as follows: the a haplotype (higher methylation) was associated with a
higher gene copy number and exhibited a higher expression of Ppd-B1I than the varieties with
the “b” haplotype (lower methylation) and lower CNV. Nevertheless, several cultivars with a
low methylation level and one Ppd-B1 gene copy had a higher expression than cultivars with
three or even four copies of the gene and a high methylation status. Although DNA methyla-
tion is usually connected with gene silencing [36], in the case of Ppd-B1, it appears to act in the
opposite way. Sun et al. [18] also noted that methylated Ppd-BI promoter regions cover the
same area, which is deleted in the Ppd-Ala and Ppd-D1a alleles; these alleles have a higher
expression than their respective alleles without the deletion. The authors concluded that a dele-
tion or methylation in this region may block putative repressor function and, therefore, lead to
an enhanced Ppd-B1 expression.

Identity of copies and suggestive effect of paramutation

A general understanding of the “gene copy number” implies that extra copies are the same

as the original, which may be true shortly after a duplication event. However, the individual
gene copies may gradually accumulate differences, which may change gene expression or even
function [37]. In addition, an increased copy number may compromise the stability of homeo-
stasis, and the extra gene copies may be downregulated unless they present an evolutionary
advantage.
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The variation in the heading time between the wheat lines with different numbers of Ppd-
B1 gene copies may occur due to differences in the DNA sequences between the individual
gene copies. Such differences were reported in the cultivar Chinese Spring, which has four
copies of the Ppd-B1 gene distributed over a 100 kb region, with truncation of the first copy
[3]. As previously mentioned, Cane et al. [34] identified the Ppd-BI allele with two copies, but
in contrast to the observations by Diaz et al.[34], this allele caused a longer flowering time.
Cane et al. [34] explained the discrepancy by the possible existence of two different alleles.
Wiirschum et al. [35] also suggested that individual copies of the Ppd-B1 gene may differ in
DNA sequences and are non-functional or have different functional properties. In fact, indel-
related variation was found to have a more significant effect on the flowering time than the
variation in the copy number [38].

To clarify this issue, we sequenced a portion of the promoter region and Ppd-Bla allele
from both parental lines, and no differences in the DNA sequence were found. This result
implied that the effect on the flowering time was largely due to the differences in the copy
number. A lower level of DNA methylation corresponds to lower gene expression and, subse-
quently, the later flowering time observed in line 32_2 with three copies of Ppd-BI than that of
the early flowering cultivar KF with the same number of Ppd-B1 copies. However, line 37-4,
which also has three copies of Ppd-B1, had a higher methylation level than the early flowering
cultivar KF and also flowered even later than line 32_2 (Table 2). This observation suggests
that the optimal methylation status of the promoter activation would be close to values
observed in the early cultivar KF (87%) and line 11_6 (90%) (Table 2). In this case, approxi-
mately 71% (line 32_2) may not be enough for promoter activation, and the 92% (line 37_4)
may have an inhibitory effect on expression.

The delay in the heading time detected in the plants with three copies of the Ppd-B1 gene
might be explained by a paramutation effect. Paramutation is an allelic interaction in which
one allele, which is referred to as paramutagenic (in our study Ppd-B1b), causes a heritable
change in the expression of a homoeologous paramutable (in our study Ppd-Bla) allele [39].
One can speculate that the decreased level of DNA methylation observed in line 32_2 (three
copies) might be due to paramutation. Different epialleles may be responsible for the differ-
ence in the gene expression patterns and the following variable range of phenotypes (reviewed
in [40]). The irregularities we identified in the heading times may be explained by the weak sta-
bility of epigenetic modifications at the DNA level [41].

In conclusion, we have described late flowering wheat lines carrying the same number of
Ppd-BI copies (three) as the early flowering parental variety. A late flowering time was associ-
ated with a lower Ppd-B1 expression than that in a parent with the same gene copy number.
While the molecular mechanisms underlying this interesting phenomenon remain unclear,
our results indicate that the CN'V may not be responsible for complete gene penetrance. The
CNV of the Ppd-BI allele has a clear impact on the heading date and, thus, should be employed
as a source of variability in breeding programmes. The insensitive allele of Ppd-BI was identi-
fied recently, and thus, its mode of function is not well understood. Further investigations are
needed to fully explain the behaviour of the Ppd-BI alleles and their effect on flowering time
pathways.

Supporting information

S1 Fig. Comparison of the methylation status of the F, lines. The methylation level in the
promoter region (442 bp) of the Ppd-B1 gene from F, lines was analysed. The x-axis shows the
cytosine positions in the analysed region, and the y-axis shows the percent of methylated CpG
islands. Red lines represent the methylation of CG sites, the green lines represent the CHG
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sites and the blue lines represent the CHH sites.A-C: early line 11_6; D-F: late line 32_2; G-I:
late line 37_4.
(PDF)
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Skolstvo a $tudentska veda

Kvitnut
¢i nekvitnut?

Zuzana lvanicova

PSenica je jednou z najdolezitejsich
hospodarskych plodin. Poskytuje
zdroj potravy pre 35 % celosvetove;j
populécie. V dosledku neustaleho
rastu Tudskej populacie je nevyh-
nutné zvy$ovat jej vynos. Tento ciel
je vSak ohrozovany celym radom
biotickych a abiotickych faktorov. V

PLIE\’O¢KA

dosledku zmien klimatickych pod-
mienok sme v poslednom case sved-
kami znacnych vykyvov pocasia.
Jarné mrazy mozu viest k poskode-
niu kvetnych casti (obr. 1), suché a
hortce leta ohrozuji ukladanie za-
sobnych latok do vyvijajucich sa obi-
liek. Preto je potrebné vysievat
pSenice, ktoré budu lepsie prisposo-
bené lokalnym podmienkam. Ich
kvitnutie je potrebné nacasovat tak,

TYCINKY

>

aby nedoslo k poskodeniu kvetnych
Casti a rastlina optimalne vyuzila do-
stupné zdroje Zivin potrebnych na
vyvin a naplnenie semien. Pokial sa
rastlina rozhodne kvitnut v ne-
spravny ¢as, nevyprodukuje Ziadne
semena. Preto pri pSenici, ktora je
jednoroc¢nou rastlinou, je rozhodnu-
tie kvitnut alebo nekvitnut otazkou
Zivota a smrti.

PLEVICA

PLEVA

1T mm
R ———

OBRAZOK 1. STAVBA KVETU PSENICE LETNEJ. KVET JE TVORENY PIESTIKOM A TROMA
TYCINKAMI. Z VNUTORNEJ STRANY JE CHRANENY PLIEVOCKOU, Z VONKAJSEJ PLEVICOU

APLEVOU.

Svet prirody sjaue
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Skolstvo a $tudentska veda

Kvitnutie je teda jednym z najdolezi-
tejsich procesov nielen pre rastlinu, ale aj
pre ¢loveka. Odhalenie spleti génov, ktoré
ho ovplyvniuju, je jednym z cielov nasho
vyskumu. Uplné porozumenie tohto deja
tak, aby sme ho vedeli cielene ovplyvnit,
je vsak velmi tazka tloha. Na urceni opti-
malneho ¢asu kvitnutia sa totiz zucast-
nuje velké mnozstvo génov. Vadsina
tychto génov ovplyviuje proces kvitnutia
len v malej miere a az ich sthrou docha-
dza k iniciacii celého procesu. Zapojenie
velkého poctu génov vSak umoznuje re-
lativne presné a spolahlivé nac¢asovanie

buznych génomov. Hladanie jediného
génu v tejto spleti by sme mohli porovnat
s hladanim ihly v kope sena az na to, ze v
tomto pripade st tie kopy tri.

Vratme sa vsak k péovodnému pro-
blému. Akym sposobom je psenica
schopna urcit, ze nastali idealne pod-
mienky na kvitnutie? Ako dokaze rozlisit
medzi teplym pocasim s dostato¢nou
vlhkostou v jesennych a jarnych mesia-
coch? Ako ,,predpoveda’, Ze po zdanlivo
vyhodnych podmienkach na jesen nasle-
duju chladné zimné mesiace, zatial ¢o
podmienky po jari st vhodné na tvorbu

RASTOVY VRCHOL

! DLHYDER

s KVITNUTIE

OBRAZOK 2. MOLEKULARNE DRAHY OVPLYVNUJUCE KVITNUTIE PSENICE LETNEJ. DLHY
DEN A VERNALIZACIA SU VNIMANE V LISTE. SU OVPLYVNOVANE PREDOVSETKYM GENMI
PPD1A VRN1.TIETO GENY NASLEDNE VPLYVAJU NA DALSIE CASTI DRAHY A V KONECNOM
DOSLEDKU NA VRN3. VRN1 POTLACA NEGATIVNY EFEKT VRN2 NA VRN3 (FLORIGEN)

A ZAROVEN ZVYSUJE JEHO EXPRESIU. FLORIGEN JE TRANSPORTOVANY CEZ FLOEM
DO RASTOVEHO VRCHOLU. V RASTOVOM VRCHOLE UMOZNUJE VZNIK VRN1, KTORY
NASLEDNE VEDIE K SPUSTENIU GENOV ZODPOVEDNYCH ZA VYVIN KVETNYCH CASTI,
ATEDAKVITNUTIE. VRN1 MA TEDA V PROCESE KVITNUTIA VIACERO DOLEZITYCH ULOH.

kvitnutia v $irokej §kale prirodnych pod-
mienok. Avsak, identifikdcia vsetkych
zucastnenych génov a ich vzajomnych in-
terakcii, rovnako aj interakcii s vonkaj-
$imi podmienkami prostredia, je zlozity
proces. Pri pSenici je tato tloha skompli-
kovana velkostou a komplexnostou jej
dedi¢nej informacie (genému). Péeni¢ny
génom je priblizne Sestkrat vac¢si ako u
¢loveka a az na 90 % je tvoreny opakuju-
cimi sa isekmi DNA. Navy$e ma psSenica
letna za sebou komplikovanu histériu,
kedZe sa na jej povode podielali tri od-
lisné druhy povodnej pSenice. Jej dedi¢na
informacia je teda zloZena z troch pri-

32016 Svet prl'rody
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dalsej generacie? Velmi jednoduchou od-
povedou by bolo: dlhodobym pozorova-
nim. Pri uréovani vhodnosti obdobia
vyuzila jeden dolezity jav a to, Ze prichod
jarnych a letnych mesiacov v miernom
pasme koreluje s predlzovanim dna a so
zvy$ovanim teploty. Naopak, pocas jesene
sa dlZka diia postupne zmensuje. Chladna
zima je nasledne vystriedana obdobim s
teplotne vhodnymi podmienkami. Preko-
nanie chladného obdobia spolu s pre-
dlZujlcim sa dilom je preto dostatocnym
signalom, Ze prichadzaju optimalne pod-
mienky na kvitnutie a vyvin semien.

Ako rastlina uréuje teplotu a dizku
dna z genetického hladiska?

Prekonanie chladného obdobia do-
kaze p$enica identifikovat vdaka trom
hlavnym vernaliza¢nym génom (VRNI,
VRN2 a VRN3). Proces iniciacie kvitnutia
chladnym obdobim nazyvame vernaliza-
cia (jarovizacia) a je potrebny na kvit-
nutie ozimnych psenic. Pred zimnym
obdobim je kvitnutie potla¢ené inhibi-
ciou funkcie génu VRN3. Toto sa deje
vdaka funkcii génu VRN2 - inhibitora
kvitnutia. Tieto vplyvy su odstranené
prave posobenim chladu a kratkych dni
pocas zimného obdobia. Dlhé obdobie
chladu a kratkeho dna (vacsinou stacilen
jeden z nich po obdobie 6 - 10 tyzdnov)
spusti funkciu génu VRNI v listoch.
Tento gén zacne aktivovat gén VRN3.
VRNI v$ak na to sam nestaci, ale potre-
buje podporu génov spustenych dosta-
to¢ne dlhym dnom (tym sa zabrani, aby
sa kvitnutie spustilo pocas dlhej zimy s
kratkymi dhami). Vnimanie dizky dna
maji na starosti fotoperiodické gény
(PPD). Predlzujuci sa dent md za nasledok
postupné zvySovanie hladiny protei-
nov, ktoré vznikaji prepisom tychto
génov. Len ¢o sa dosiahne urcité hranic-
né mnozstvo tychto proteinov, za¢nu
ovplyviiovat dalsie ¢asti drahy a v spolu-
praci s VRNI spustia produkciu VRN3.
Ked je hladina VRN3 dostato¢nd, na-
trvalo zablokuje VRN2, a tym spusti pro-
ces kvitnutia.

Informécie o dlzke diia a vhodnosti
teplotnych podmienok su teda spracova-
vané v listoch a integrované prostrednic-
tvom génu VRN3. Protein vznikajici
prepisom tohto génu sa nazyva florigén.
Florigén je z listov transportovany do ras-
tového vrcholu, kde umoznuje zvysenie
prepisu VRNI. V rastovom vrchole ma
VRNI odlisnu funkciu ako v listoch. Nie
je zodpovedny za vnimanie chladu, ale
vedie k spusteniu génov zodpovednych za
prechod z vegetativneho do generativ-
neho stadia a tvorbu kvetnych casti - ma
pleiotropny ucinok (Obr. 2).

Fotoperiodicka a vernaliza¢na draha,
ktoré st tvorené tymito génmi, si zodpo-
vedné za ,,hrubé® urcenie ¢asu kvitnutia a
schematické znazornenie oboch drah je
uvedené na obrazku ¢. 2. Za velmi jemné
zmeny Vv Case kvitnutia si zodpovedné
takzvané gény Earliness per se. Tie umoz-
nuji doladenie kvitnutia v zavislosti od
lokélnych podmienok prostredia neza-
visle od vernalizicie a fotoperiody. Preto
st pre nas velmi zaujimavé, avsak velmi
maly efekt tychto génov na kvitnutie,
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OBRAZOK 3. SCHEMA URCENIA PRIBLIZNEJ POZICIE GENU ZODPOVEDNEHO ZA ROZDIEL V
CASE KVITNUTIA. RODICMI MAPOVACEJ POPULACIE JE OZIMNA PSENICA (ZELENA) A JARNA
PSENICA (ZLTA). FAREBNE OBDLZNIKY ZODPOVEDAJU GENETICKEJ INFORMACII. POTOMKO-
VIA KRIZENIA (F1) ZDEDILI POLOVICU GENETICKEJ INFORMACIE OD KAZDEHO RODICA. Z GE-
NETICKEHO HLADISKA SU TOTOZNE, A PRETO MAJU AJ ROVNAKY CAS KVITNUTIA.
JEDNOTLIVE JEDINCE SU NASLEDNE SAMOOPELENE. POCAS TVORBY POHLAVNYCH BUNIEK
DOCHADZA K TZV. CROSSING-OVERU - VYMENE USEKOV MEDZI RODICOVSKYMI CHROMOZO-
MAMI. JEDNOTLIVE CHROMOZOMY SU NAHODNOU KOMBINACIOU USEKOV (ZLTE A ZELENE)
POVODNYCH RODICOVSKYCH CHROMOZOMOV. POTOMKOVIA (F2) SA ODLISUJU (SEGRE-
GUJU) VO VIACERYCH ZNAKOCH VRATANE CASU KVITNUTIA. USEK DEDICNEJ INFORMACIE
POCHADZAJUCEJ Z OZIMNEHO RODICA POTOM BUDE PRITOMNY U VSETKYCH JEDINCOV,
KTORE BUDU NA VYKVITNUTIE VYZADOVAT VERNALIZACIU A NAOPAK. TAKYMTO SPOSOBOM
IDENTIFIKUJEME CAST DNA, V KTOREJ JE PRITOMNY HLADANY GEN.

ktory sa moze pohybovat v radoch hodin
az dni, a jeho zavislost od zmien vonkaj-
$ieho prostredia velmi stazuju ich identi-
fikdciu. V kontexte prirovnania kop so
senom moze nasa ihla miestami pripo-
minat steblo a najst urcité steblo v kope
sena je takmer nemozné. AvSak napriek
malym efektom tychto génov viedli ich
rozdielne variacie k vznikom odrod,
ktoré vykvitntl a dozreju pri odli$nych
podmienkach. Prave této flexibilita umoz-
nila pestovanie p$enice od poldrneho
kruhu az po rovnik (67 ° sz§ po 45 °jz3).

Odlisnosti vo vernaliza¢nych génoch
st zodpovedné za vznik dvoch typov pse-
nic: jarin a ozimin. Obdobie chladu je po-
trebné na kvitnutie ozimnych psenic,
av$ak jariny vernalizéciu nepotrebuju. In-
hibicia génu VRNI bola v pripade tychto
psenic odstranena, a to v dosledku zmien
v sekvencii DNA jedného alebo viacerych
génov VRN.

Zmeny v sekvencii DNA fotoperio-
dickych génov taktiez viedli k rozli$eniu
psenic: na citlivé a necitlivé na dizku dna.
Pri citlivych je kvitnutie zrychlené vply-
vom dlhého dna. Naopak, necitlivé vy-
kvitni bez ohladu na dizku dia. Pri
necitlivych odrodach st fotoperiodické
gény funkéné bez ohladu na dizku dna.
Okrem toho moze byt fotoperiodicka ne-
citlivost sposobena aj zvy$enym poctom
kopii tychto génov. Odrody psenic neci-
tlivych na dlzku dha maja vyhodu v ob-
lastiach, kde sa optimalna teplota a
vlhkost prelina s kratkou dizkou dnia, ¢o
v niektorych oblastiach sveta umoznuje
ziskanie trody dvakrat do roka alebo za-
branuje ohrozeniu urody suchymi a ho-
rucimi letnymi mesiacmi (napr. Kali-
fornia, Mexiko, Izrael, Syria).

Ako sme uviedli na zaciatku, je po-
trebné zvysit vynos péenice, v idedlnom
pripade spojenom so zachovanim az

zmenS$enim polnohospodarsky vyuziva-
nej plochy. To v8ak nie je mozné s vyuzi-
tim dnes dostupnych odrod. Vyslachteniu
variet schopnych lepsie odolavat nepriaz-
nivym vplyvom pocasia predchadza
identifikacia génov ovplyviujtcich Zzia-
dané vlastnosti. Principom je vyhladava-
nie odrdd, ktoré sa odlisuji napr. casom
kvitnutia a uréenie génu, ktory je za sle-
dovany znak zodpovedny (Obr. 3).
Prvym krokom je ich kriZenie a nasledné
kombinovanie ich genetickej informacie.
Roézne kombinacie génov potomkov maji
za nasledok rozdiel v ¢ase kvitnutia. Na-
sledne je pri nich potrebné zaznamenat
¢as kvitnutia a zlozenie dedi¢nej infor-
macie — ¢ize urcit, ktoré ¢asti st od jed-
ného, a ktoré od druhého rodica. Obe
informdcie ndm umoznia identifikovat
oblast genému, ktory je pritomny pri
vsetkych jedincoch so ziadanym casom
kvitnutia. V tomto tseku sa s najvacsou
pravdepodobnostou nachadza aj gén,
ktory hladdme. Dald{m krokom je urce-
nie sekvencie DNA nasho génu a charakteri-
zacia jeho funkcie v procese kvitnutia.
Tento postup navonok vyzera velmi
jednoducho, aviak nie je vobec trividlny.
Od néjdenia zaujimavého fenotypu (von-
kajs$i znak, v naSom pripade ¢as kvitnu-
tia) po identifikdciu génu moze prejst
niekolko rokov. Este dlhsi ¢as bude trvat
vyslachtenie variety s danym génom a jej
nasledné vyuzitie v polnohospodarstve.
Je fascinujice, akym spésobom do-
kaze pSenica urcit, kedy nastal najvhod-
nejsi ¢as kvitnutia, pretoze je to rozho-
dovanie o byti a nebyti. Zaroven je de-
tailné poznanie génov zdcastnujicich sa
na tomto procesu len dal$im krokom na
ziskanie uc¢innejsich nastrojov pouzitel-
nych pri tvorbe odrod s vys$im vynosom,
ktoré budu lepsie prisposobené lokalnym
podmienkam a potrebam ludstva.
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Abstract

We used supernetworks with datasets of nuclear gene sequences and novel markers detecting retrotransposon
insertions in ribosomal DNA loci to reassess the evolutionary relationships among tetraploid wheats. We show that
domesticated emmer has a reticulated genetic ancestry, sharing phylogenetic signals with wild populations from all
parts of the wild range. The extent of the genetic reticulation cannot be explained by post-domestication gene flow
between cultivated emmer and wild plants, and the phylogenetic relationships among tetraploid wheats are
incompatible with simple linear descent of the domesticates from a single wild population. A more parsimonious
explanation of the data is that domesticated emmer originates from a hybridized population of different wild lineages.
The observed diversity and reticulation patterns indicate that wild emmer evolved in the southern Levant, and that the
wild emmer populations in south-eastern Turkey and the Zagros Mountains are relatively recent reticulate
descendants of a subset of the Levantine wild populations. Based on our results we propose a new model for the
emergence of domesticated emmer. During a pre-domestication period, diverse wild populations were collected from
a large area west of the Euphrates and cultivated in mixed stands. Within these cultivated stands, hybridization gave
rise to lineages displaying reticulated genealogical relationships with their ancestral populations. Gradual movement
of early farmers out of the Levant introduced the pre-domesticated reticulated lineages to the northern and eastern
parts of the Fertile Crescent, giving rise to the local wild populations but also facilitating fixation of domestication
traits. Our model is consistent with the protracted and dispersed transition to agriculture indicated by the
archaeobotanical evidence, and also with previous genetic data affiliating domesticated emmer with the wild
populations in southeast Turkey. Unlike other protracted models, we assume that humans played an intuitive role
throughout the process.

Citation: Civan P, Ivani¢ova Z, Brown TA (2013) Reticulated Origin of Domesticated Emmer Wheat Supports a Dynamic Model for the Emergence of
Agriculture in the Fertile Crescent. PLoS ONE 8(11): e81955. doi:10.1371/journal.pone.0081955

Editor: Randall P. Niedz, United States Department of Agriculture, United States of America
Received May 10, 2013; Accepted October 18, 2013; Published November 29, 2013

Copyright: © 2013 Civan et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: The work was supported by the following: Natural Environment Research Council NE/E015948/1 www.nerc.ac.uk>; and Slovak Research and
Development Agency APVV-0661-10, APVV-0197-10 http://www.apvv.sk/agentura?lang=sk>. The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Competing interests: The authors have declared that no competing interests exist.
* E-mail: terry.brown@manchester.ac.uk

Introduction changes associated with the Neolithic, and is viewed as the

major transition in the human past, the period when humans

Shortly after the Younger Dryas (12,800-11,600 BP) — the
closing cold and dry echo of the last glaciation — the nomadic
hunter-gatherer communities of southwest Asia adopted a
sedentary lifestyle. The reasons for this cultural innovation and
the accompanying changes in subsistence strategy have been
widely debated, with underlying causes sought among factors
as diverse as labor productivity [1], climatic response [2,3],
predator-prey relationships [4,5], human intuition [6] and a
changing human worldview [7]. Whatever the drivers, the
beginning of agriculture was a central component of the set of
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first began to exert a degree of control over their food
resources [8].

Agricultural origins in southwest Asia are traditionally
associated with eight founder crops including three cereals,
einkorn wheat (Triticum monococcum L.), emmer wheat (T.
turgidum L.) and barley (Hordeum wvulgare L.) [9].
Archaeobotanical and genetic analysis of these crops,
especially the cereals, is increasingly being used as a means
of studying the human dimension to the adoption of agriculture
[8]. Initially, much of this work was influenced by experimental
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studies which showed that if appropriate husbandry practices
were applied, then the period required for a wild cereal to
undergo the suite the phenotypic changes associated with
domestication might be as short as a few decades [10]. The
attractive idea that a single group of enlightened people could
have been responsible for the domestication of one or more
staple crops within a few human generations [11] was
supported by the first comprehensive genetic comparison of
wild and cultivated cereal genotypes [12], which was
interpreted as indicating a rapid domestication of einkorn in the
Karaca Dag region of southeast Turkey [6,13,14]. Attempts to
extend this rapid, localized model to other crops were initially
successful [15], but the paradigm was challenged by computer
simulations which showed that the tree-building algorithms
used to analyze the genetic datasets could not distinguish
crops that are truly monophyletic from ones resulting from
multiple independent domestications [16,17]. Archaeological
research also began to provide conflicting evidence in the form
of archaeobotanical data suggesting that cereal domestication
was a protracted process that began with a lengthy period of
wild plant management before a slow and piecemeal
emergence of the domestication phenotypes, the whole
process taking several millennia [8,18,19].

The conflict between these opposing views of the origins of
agriculture is exemplified by the work carried out with emmer
and other tetraploid wheats. In the first major genetic study,
Ozkan et al. [20] used distance-based tree building to compare
variations at 204 amplified fragment length polymorphisms
(AFLPs) in 43 domesticated lines and 99 wild populations, and
identified a single origin for tetraploid wheat domestication near
Karaca Dag. A subsequent examination of chloroplast
microsatellite haplotypes, including accessions from areas
neglected in the AFLP study, concluded that emmer was
domesticated in the northwestern edge of the Fertile Crescent
(referred to as Kartal Dagi by the authors), some 250 km west
of Karaca Dag [21]. However, two distinct chloroplast lineages
were identified in the domesticated plants, suggesting at least a
biphyletic origin. AFLPs were then analyzed in the additional
wild accessions [22], but the results did not confirm the
chloroplast data and instead located the closest wild relatives
of domesticated emmer in the Karaca Dag and Sulaymaniyah
(Irag/Iran border) regions. Luo et al. [23] attempted to solve the
puzzle by analyzing restriction fragment length polymorphisms
(RFLPs) in 227 wild and 241 domestic tetraploid wheats. A
significant proportion of the domesticated lines showed equally
strong genetic affinity with wild populations from the Diyarbakir
region and southern Levant, leading the authors to conclude
that emmer was either domesticated independently in these
two regions, or was domesticated in the Diyarbakir region and
subsequently acquired additional diversity by gene flow from
wild populations in the southern Levant and other parts of the
Fertile Crescent. The latter model was supported by a
reanalysis of the AFLP data [24], but the former — separate
domestications in Turkey and the Levant — agrees with the
outcome of an independent study of glutenin alleles in 185
domestic and 59 wild tetraploid wheats [25].

The contradictory scenarios arising from the genetic
analyses contrast with the outcomes of archaeobotanical
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studies. Preserved emmer spikelets with rough abscission
scars indicative of nonshattering ears, looked on as the key
domestication phenotype [26], appear simultaneously in the
pre-pottery Neolithic B (PPNB, ¢.10,000 BP) layers of
archaeological sites in the southern Levant (Jordan Valley),
northern Syria and southeast Turkey [15,24,27,28]. This first
emergence of the domestication phenotype was, however,
merely one step in the process that led to the fully
domesticated crop [8]. For at least 1000 years previously, wild
emmer had been cultivated in both the southern and northern
Levant [18,29], as revealed by stored assemblages that contain
the seeds of weeds associated with arable cultivation.
Furthermore, after their first appearance in the
archaeobotanical record, the domestication traits rise to
dominance only slowly, with different phenotypes following
independent dynamics over a period of some 3000 years, in
parallel in different parts of the Fertile Crescent [18,26,27,30].

The above summary of the outcomes of research into the
origins of domesticated emmer raises a question which, put
bluntly, is why do different genetic analyses of a single crop
give such inconsistent results, and why do none of these
results agree with the archaeobotanical evidence? Part of the
problem lies with the assumption, implicit in the use of
phylogenetic methods to analyze genetic data from modern
crops, that the evolution of those crops since domestication
has been treelike, when in reality there is likely to have been
gene flow and hybridization between different crop lineages
[16-18]. A second issue that has been less explored is the
possibility that domesticated crops have a reticulate rather than
linear relationship with their wild progenitor populations.
Reticulation refers to the pattern arising when different parts of
a genome have different genealogical histories due, for
example, to introgression, incomplete lineage sorting (syn.
deep coalescence), or hybrid speciation [31]. If a genetic
dataset contains incongruent signals resulting from these
processes, then a network rather than a tree is a more
appropriate representation of the genealogy [32,33]. Should a
dataset used to study the origins of domesticated emmer
contain such incongruent signals, then these will be
suppressed if forced into a single tree, which will show only a
single scenario of a pseudo-divergent genealogy. The tree will
therefore hide the incompatible signals and not provide the
correct interpretation of the domestication process, and
different sets of accessions and genetic markers will yield
different phylogenetic results.

To re-assess the origins of domesticated emmer we
developed a novel typing method based on detection of DNA
polymorphisms associated with the insertion of long terminal
repeat (LTR) retrotransposons in the repetitive 5S and 5.8S
ribosomal RNA (rRNA) gene arrays. Arrays of 5S rRNA gene-
spacer units are located on homeologous wheat chromosomes
1 and 5 [34], each array containing thousands of units [35]. The
5.8S rRNA genes lie within the main multicopy rDNA arrays,
which are located independently of the 5S arrays on wheat
chromosomes 1A, 1B and 6B [36]. Individual rDNA units are
not subject to selective pressure [37], allowing the
accumulation of mutations including transposable element
insertions.
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To obtain independent evidence regarding the relationship
between wild and domesticated emmer, we also re-examined
previously-reported sequence data [38] for 21 loci in tetraploid
wheats. Based on a tree constructed from the concatenated
sequence data matrix, the previous report concluded that
domesticated emmer has a monophyletic origin. We show that
this conclusion lacks statistical support because of extensive
gene-tree conflicts. With both the retrotransposon and nuclear
gene datasets we examine the scale of the phylogenetic
incongruence with the aid of filtered supernetworks [52] and
interpret the phylogeographical data with respect to the
revealed reticulation. The results enable us to propose a
dynamic model for agricultural origins based on a human
driven dispersal of wild plants prior to domestication. The
model offers an explanation for the observed patterns of
diversity and reticulation, is consisted with the archaeological
evidence for domestication as a protracted and dispersed
process, and assigns an active role to the early farmers in
shaping the geographic distribution and genetic constitution of
emmer wheat.

Materials and Methods

Wheat Samples and DNA Extraction

The sample set (Table A in File S1) comprised 227
accessions including tetraploid wheats with both the BA" and
GA" genome constitutions. The former, covering all
geographical regions, were 70 wild emmers (T. turgidum L.
subsp. dicoccoides (Korn. ex Asch. & Graebn.) Thell.), 99
hulled domesticates (7. turgidum L. subsp. dicoccum (Schrank
ex Schubl.) Thell., T. ispahanicum Heslot, Triticum turgidum L.
subsp. paleocolchicum A. & D. Léve), and 36 free-threshing
domesticates including T. turgidum subsp. durum (Desf.) Husn.
and examples of rarely analyzed ancient subspecies of T.
turgidum (subsp. carthlicum (Nevski) A. & D. Ldve, subsp.
turanicum (Jakubz.) A. & D. Léve, subsp. turgidum, subsp.
polonicum (L.) Thell.). The GAY tetraploids comprised 16 wild
accessions (Triticum timopheevii (Zhuk.) Zhuk. subsp.
armeniacum (Jakubz.) Slageren) and 6 domesticates (Triticum
timopheevii (Zhuk.) Zhuk. subsp. timopheevii). Maps depicting
the geographical locations of accessions were drawn with
ArcGIS 10 (ESRI).

To extract DNA, 2-5 grains were crushed to powder and
mixed with approximately 400 pl extraction buffer (100 mM
Tris-HCI, 20 mM Na,EDTA, 1.4 M NaCl, 2% cetyl
trimethylammonium bromide, 0.3% (v/v) B-mercaptoethanol) in
a 2.0 ml tube. After 1 h incubation at 65°C, samples were
centrifuged for 2 min at 13,000xg and the supernatant mixed in
a 1:5 ratio with binding buffer (High Pure PCR Product
Purification Kit, Roche). Extracts were purified according to the
manufacturer's instructions and DNA quality and quantity
assessed by electrophoresis in 1% agarose gels.

Genotyping of LTR Retrotransposon Insertions in rRNA
Gene Arrays

PCR was used to detect polymorphic LTR retrotransposon
insertions in 5S rRNA arrays, using combinations of primers
specific to the 5S rRNA gene repeat and the LTRs of different
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Figure 1. PCR system for detection of LTR
retrotransposon insertions in the 58S and 5.8S rDNA
loci. The example shown is for detection of a Jeli insertion in a
58 array. Primer P1 is specific for the distal region of the LTR,
and primers P2-P5 anneal at different positions with the 5S
gene. Depending on its orientation, a Jeli sequence is detected
by PCRs with primer combinations P1-P2 and P1-P3, or P1-P4
and P1-P5. Two different PCRs are carried out for each
detection to reduce false-positive results. A similar strategy is
used to detect other types of LTR retrotransposon and to
identify insertions adjacent to 5.8S genes.

doi: 10.1371/journal.pone.0081955.9001

classes of wheat retrotransposon (Figure 1). The 5S primers
were designed by identifying conserved sequences in the
wheat 5S genes present in GenBank, avoiding possible cross-
annealing to Cassandra retrotransposons which carry a 58S
gene-like sequence in their LTRs [39]. The LTR primers were
designed from wheat retrotransposons present in the TREP
database [40]. LTR sequences were aligned and family-specific
annealing sites identified for outward facing primers. A similar
method was used to detect retrotransposon insertions in the
vicinity of 5.8S rRNA genes within the main rDNA arrays.
Primer design was aided by FastPCR [41] and Primer-BLAST
(www.ncbi.nlm.nih.gov/tools/primer-blast/); primer sequences
are listed in Table B in File S1. Preliminary tests on a small set
of emmer samples showed that PCRs with LTR primers
specific for the Jeli and BARE1/Wis/Angela retrotransposon
families gave polymorphic products of the expected size range.
Since it is known that the Jeli and Angela families have been
actively transposing since the formation of tetraploid wheat
[42], the latter primer was further adjusted to detect only
Angela retrotransposons. The specificity of PCRs with this
primer was checked by sequencing products of different
lengths obtained from several einkorn samples.

The tetraploid sample set was genotyped with six primer
combinations targeting Jeli and Angela insertions (Table B in
File S1) in 12.5 yl PCRs containing 1 x reaction buffer, 1.75
mM MgCl,, 0.25 uM each primer, 0.2 mM each dNTP, 0.025 U/
ul AmpliTag Gold DNA polymerase (Applied Biosystems) and
~30 ng template DNA. Cycling conditions were: 5 min at 95°C;
35 cycles of 45 s at 95°C, 45 s at 57°C, 30 s at 72°C; 7 min at
72°C. All PCR products were analyzed by electrophoresis for
1.5 h at 5V/cm in 1.75% agarose gels; the products of Jeli
PCR-screening were additionally genotyped using an Applied
Biosystems 3730 DNA Analyzer with 500 LIZ size standard to
resolve alleles of similar size.

Products of the Jeli-5.8S PCR, which were of uniform size
(~720 bp), were sequenced (Macrogen) for 186 accessions
(GenBank accession numbers JX470351-JX470368). These
sequences were aligned with Geneious 5.1.7 [43] and a MJ
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network constructed in Network 4.6 [44]. Each Jeli-5S and
Angela-5S amplicon of distinct size was regarded as an
independent insertion. Insertions detected in only one sample
were discarded as phylogenetically uninformative, and a few
markers that were difficult to score (due to poor amplicon
synthesis for some accessions) were omitted. The remaining
insertions were depicted as a virtual gel in Geneious.

The sequence and binary retrotransposon markers were also
analyzed in combination. The Jeli-5.8S alignment was
dissolved into individual polymorphic positions (splits) and all
such splits imported into SplitsTree4 [45] as newick tree
vectors. Individual binary markers of the corresponding sample
set were loaded into SplitsTree4 in the same way and the
resulting set of 43 splits used to construct a filtered
supernetwork [32]. The minSupportingTrees parameter was set
to 31, meaning that only the splits congruent with >31 other
splits are shown in the network. This reduction of network
distortion is expected to filter out conflicting ‘noise’ resulting
from splits which may be present in the input datasets due to
homoplasy and deep coalescence [33,46]. Other parameters of
the supernetwork construction were left at the default values.

Supernetwork Analysis of Published Sequence Data
Sequence data from 21 loci (11B, 91A, AapA, AlperA, Bp3B,
Bp2A, Bp5A, ChsA, Gsp1A, Gsp1B, HgA, HiplA, MdhA,
Mdh4B, Mp7A, MybA, MybB, NrpA, PsyA, ZdsB) of tetraploid
wheats (T. turgidum subsp. dicoccoides, dicoccum, durum; T.
timopheevii) published by Haudry et al. [38] were downloaded
from GenBank, recoded according to geographic origin (Table
C in File S1) and aligned in Geneious. The sequence
alignments were edited by extracting polymorphic positions,
removing sequences or columns with multiple unrecognized
bases, and reducing indels >1 bp to single positions. A
concatenated data matrix was created from all 21 genes and
the most parsimonious (MP) tree was searched in dnapars of
PHYLIP 3.67 [47] with 10 jumble runs and the remaining
options at the default values. A bootstrap analysis with 1000
resampled datasets was also conducted and a majority-rule
consensus tree was constructed. The same approach was
used to construct an MP tree for each individual locus. If
several equally parsimonious trees were identified for a given
gene, a strict consensus tree was constructed. For five loci
(11B, 91A, Mdh4B, MybB, NrpA), outgroup data (T.
timopheevii) were not available. The topology of the trees for
these loci could therefore be misleading and confound the
supernetwork construction by introducing false incongruence
among the gene trees. Therefore, a reduced dataset of 15 loci
— omitting the five loci with no outgroup as well as the ChsA
locus (extensive missing data) — was processed alongside the
full dataset consisting of all 21 loci. From the resulting sets of
21 and 15 partial trees (representing 28-65 accessions and
37-65 accessions, respectively) filtered supernetworks were
produced in SplitsTree4. The minimal set of partial trees
required to support a split (minSupportingTrees parameter)
was adjusted to eight and six in the full and reduced datasets,
respectively. The remaining settings were left as default. The
partial trees from the reduced dataset were also analysed in
pairs with the autumn algorithm implemented in Dendroscope 3
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Figure 2. MJ network constructed from 5.8S-Jeli sequence
data. Node sizes are proportional to the number of accessions
displaying that allele, and the edge lengths are proportional to
the number of substitutions between pairs of allele sequences.
The taxonomic content of each node is indicated as a pie chart.
The color coding of the outer circle of each node relates to the
symbols used for different groups of accessions in Figure A in
File S1.

doi: 10.1371/journal.pone.0081955.g002

[48] to identify conflicting tree pairs and the minimal number of
hybridizations required to explain the given conflicts.

Results

Jeli-5.8S Amplicon Sequences

We typed polymorphic retrotransposon insertions in a
collection of tetraploid wheats (Table A in File S1) by carrying
out PCRs with combinations of primers that targeted conserved
regions within the 5S and 5.8S rRNA genes and the LTRs of
different groups of wheat retrotransposons (Figure 1, Table B
in File S1). The PCR system comprising one primer specific for
the 5.8S gene and one specific for the LTR of the Jeli group of
retrotransposons gave a product of uniform size (~720 bp),
which was sequenced for each of 186 accessions. The first 55
bp of this sequence aligns with the wheat 5.8S gene and the
remainder appears to be an atypical LTR sequence.

Seventeen alleles were identified in the 186 accessions (1T =
5.68 x 10®). In a median joining (MJ) network those alleles
shared between wild and domesticated forms of T. turgidum fell
into four distinct groups (clusters I-1V), which made three
independent connections with the remainder of the network
(Figure 2). Wild emmers with alleles from the smaller clusters |
and Il are geographically localized in the southern Levant and
the NW Fertile Crescent, respectively (Figure A part A in File
S1). Those from the larger clusters are geographically
dispersed, from the Levant to Irag/Iran (cluster Ill), and from
the Jordan Valley to Diyarbakir region (cluster 1IV) (Figure A
part B in File S1).

The MJ network topology located ten alleles outside of
clusters |-V and hence absent in domesticated emmer. These
alleles could be divided in two groups of five, one group
comprising alleles basal to the domesticate clusters (circled in
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gray in Figure 2), and the second group made of more ‘early-
diverging’ alleles (circled in brown), the latter including two
alleles identified only in T. timopheevii. Accessions containing
the early-diverging alleles were broadly distributed, with T.
turgidum in the west arm and T. timopheevii in the east arm of
the Fertile Crescent, but those T. turgidum accessions with
basal alleles were restricted to the southern Levant (Figure A
part C in File S1). Of the 14 sequence types found in T.
turgidum subsp. dicoccoides, only two were detected in wild
emmer from southeast Turkey or Irag/Iran, and neither of these
two alleles were unique to these locations (Figure A part B in
File S1).

Angela- and Jeli-5S Binary Data

We identified eleven distinct insertional polymorphisms of
Angela and Jeli retrotransposons in 5S arrays of tetraploid
wheat (designated as A-/i-100, A-1i-174, J-1d-158, J-1d-184, J-
1d-236, J-1d-323, J-1i-47, J-1i-66, J-li-131, J-1i-272, and J-1i-447;
Figure 3). None of these insertions were present in the T.
timopheevii and T. turgidum accessions with early-diverging
Jeli-5.8S alleles, implying that the invasion of Angela and Jeli
retrotransposons into 5S arrays has occurred since the
emergence of BAY tetraploids, less than 0.5 MYA [49,50].
Typically, an accession gave 1-4 amplicons (<550 bp) with
each primer combination (see Figure 1). Two of the Jeli-5S
insertions (J-li-66 and J-Id-236) were present only in wild
emmer, and two others (J-ld-184 and J-li-447) only in
domesticated accessions. The latter presumably originated
<10,000 years ago, indicating that Jeli retrotransposons are still
active in the wheat genome [42]. Among the shared insertions,
J-1i-272 was present in 71% of the hulled domesticates and
33% of the free-threshing ones, but only in five wild emmer
accessions, three of these from the Iranian Zagros mountains.
The other shared insertions were present in wild samples from
all over the Fertile Crescent (A-i-100, J-Id-158, J-1i-131), or
appeared concentrated to the west of the Euphrates (J-/d-323,
J-1i-47, A-li-100). Again, the wild emmers from southeast
Turkey, Iraq and Iran posses only a subset of variability found
in the Levant, missing the markers J-li-47, A-li-100 and J-
1d-236.

When insertion profiles were considered, clear distinctions
were seen between wild and domesticated accessions (Figure
3). For example, the individual insertions A-li-100, J-li-47, J-
1d-158, J-1i-272, and J-Id-323 were present in both wild and
domesticated emmer, but the combinations A-/i-100/J-1i-272, J-
1d-158/J-1d-323 and J-1i-47/J-1i272, although frequent in
domesticated emmer (11%, 11%, and 9%, respectively), were
not found in wild accessions. The insertion profiles
distinguished between the five subspecies of naked tetraploids,
although with some signs of gene flow, and divided the hulled
emmer domesticates into five broad phylogeographic groups,
described as ‘North-eastern’, ‘Iranian dicoccuml/ispahanicun’,
‘abyssinicum, serbicum and south-eastern’, ‘Inland’ and
‘Mediterranean’.

Combined Retrotransposon Data

The Jeli-5.8S, Angela-5S and Jeli-5S datasets were
combined and conflicting phylogenetic signals analyzed by

PLOS ONE | www.plosone.org

Origins of Emmer Cultivation

free-threshing tetraploids »

wild tetraploids » v

hulled domesticates v

durum

"Mediterranean’ group
4x PSE; 3% ESP; 2x ISR; 2x ITA;
SYR; MAR; GER; RUS; BLR

=
. turgidum subsp.
polonicum
H

turanicum
H

5035

s034
5033
§ s0s2
5031
50bp DNAladder | 1111 1

carthlicum

“Inland" group

RUS; ROM; MNE; HUN
g

(R
50bp DNAIagder 1111 1 1
i so21
1 Moso
1 Moso
1 Moss
1 Moa7
i Moss

6x ETH; 2x OMN; 2x IND; 2x SVK; SRB; YUG; 2x GER; TUR; ARM;
RUS; UZB; AFG; JOR; KWT; TUR

abyssinicum, serbicum and south-easter group

=
388 g & 3

Iranian dicoccumvispahanicum group
9x IRN dicoccum; 9x ispahanicum
=
=

7. turgidum subsp. dicoccoides
H
3

R

North-eastern group
14x TUR; 10% IRN; 2x MAR; GEO; RUS; UKR; CHE
z

.

50bp DNAladder

100- ===~~~
50

Figure 3. Virtual gel of the retrotransposon insertions
detected in the 5S arrays. Accessions are identified by the
codes given in Table A in File S1. All T.timopheevii accessions
displayed the same profile marked here as T.ti. Pink and
orange arrows indicate insertions detected only in wild and
domesticated tetraploid wheats, respectively. Combinations
absent in wild populations but frequent in domesticated
accessions are highlighted with a pink background. Accessions
for which 5.8S-Jeli sequences were obtained are color-coded
in the same way as the node outer circles in Figure 2.

doi: 10.1371/journal.pone.0081955.g003
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constructing a filtered supernetwork (Figure 4). The part of the
network containing the T. timopheevii samples and the early
diverging wild emmers was free of reticulation. The majority of
wild emmers were included in the reticulated part of the
network, together with three clusters of domesticated samples.
The first cluster (cluster A) contained all but two of the free-
threshing samples (exceptions being two T. turgidum subsp.
carthlicum accessions placed in cluster C) suggesting a single
origin for the durum, turanicum, turgidum and polonicum
subspecies, in accordance with the reported reduction of
nucleotide diversity in the dicoccum-durum line [38]. Cluster A
also contained hulled tetraploids, mainly dicoccum samples
from Ethiopia, Turkey, India and Oman as well as the serbicum
varieties. Most of the wild emmers in cluster A came from the
southern Levant and Irag/Iran, with one accession from Karaca
Dag. The second cluster (B) contained four geographically
dispersed dicoccum samples closely associated with wild
emmer from the Gaziantep region. The third cluster (C)
included hulled domesticates from Iran and Transcaucasia, as
well as most of the dicoccum samples from the Mediterranean
and inland Europe. Affiliated wild samples mostly came from
the Karaca Dag region, but also from the Levant. These three
clusters were interconnected through deeper hybridization links
originating within a core of Levantine wild emmers.

Reanalysis of Available Sequence Data

To obtain independent evidence regarding the relationship
between wild and domesticated emmer, we re-examined
previously-reported sequence data [38] for 21 loci in T.
turgidum subsp. dicoccoides and T. turgidum subsp. dicoccum
(Table C in File S1). Sequence alignments revealed 55
sequence types for the 21 loci in the domesticated emmers, of
which 37 were also identified in wild accessions. As some of
the 18 remaining, apparently dicoccum-specific sequences
might be present in unsampled wild populations, it seems likely
that post-domestication divergence has played only a minor
role in generating diversity. In most cases, therefore, allelic
sequences in domesticated emmer are identical to those in wild
emmer, but they often appear in different combinations, a clear
sign of reticulation. For example, the EF108894 allele of the
GdhA gene (which is present in domesticates and wild samples
west of the Euphrates) is found with the Bp2A (EF108668)
allele in six of 12 domesticates, and with the PsyA (EF115015)
allele in five of these 12, but these combinations are not
present in any of the wild accessions. Similarly, one allele of
ZdsB (EF115121; found in domesticates and wild emmers from
Israel) combines with the MdhA (EF109064), Mp7A
(EF109521), GdhA (EF108895) and PsyA (EF115015) alleles
in four, three, three and three dicoccum samples, respectively,
but none of these combinations were seen in wild emmer.

Only three loci (AapA, Bp5A and MdhA) were monomorphic
in domesticated emmer (Table D in File S1). For two of these
(AapA, MdhA) the apparent monomorphism was associated
with low overall genetic diversity. Each of the remaining 18 loci
displayed two or more sequence types in the domesticates.

The MP analysis of the concatenated data matrix utilized 218
parsimony-informative characters and identified a single
minimal tree with durum and dicoccum accessions forming a
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Figure 4. Supernetwork of combined retrotransposon
data. Network nodes containing samples are marked by black
dots. The geographic locations of the wild emmer accessions
are indicated next to the corresponding nodes as follows: SW
(green), southern Levant (Israel, Lebanon, Jordan, SW Syria);
NW (dark blue), northwest (western part of the Syria—Turkey
border, here approximated as 'Gaziantep region'); NE (light
blue), northeast (vicinity of Karaca Dag); SE (orange),
southeast (parts of Irag and Iran). Domesticated emmer is
found in the nodes within the grey background areas. Cluster A
includes all but two free-threshing samples (22) together with
dicoccum accessions from Ethiopia (6), Turkey (5), Oman (2),
India (2), Slovakia (2), former Yugoslavia (1), Morocco (1),
Palestine (1) and Germany (1). Cluster B includes four
dicoccum samples (Palestine, Morocco, Turkey and
Scandinavia). Cluster C includes all Iranian dicoccum (15) and
T. ispahanicum (8) accessions, dicoccum samples from Turkey
(8), Russia (4), Spain (3), ltaly (2), Hungary (2), Palestine (2),
Jordan (2), Germany (2), Switzerland (1), Armenia (1), Georgia
(1), Ukraine (1), Belarus (1), Romania (1), Serbia (1), Israel (1),
Morocco (1), Eritrea (1), Uzbekistan (1), and two free-threshing
samples. The outgroup comprises the T. timopheevii
accessions.

doi: 10.1371/journal.pone.0081955.g004

monophyletic group (Figure B in File S1), similar to that
previously reported [38]. However, the score of the most
parsimonious tree (652) was 1.73 x higher than the sum of the
MP trees computed for each locus individually (377), which is
symptomatic of gene-tree conflicts. Subsequent inspection of
the 15 rooted gene-trees with the autumn algorithm revealed
that 84 out of the 105 possible tree-pairs contained one or
more conflicts. On average 3.1 hybridization events per
conflicting tree-pair are necessary to explain the observed
data. The bootstrap analysis of the concatenated data did not
provide any statistical support for monophyletic domestication
(<50%; Figure B in File S1). As the portion of the
phylogenetically informative characters would seems to be
sufficient for resolution of the major clades, and sequence
homoplasy is unlikely to play a significant role within the
studied evolutionary time-span, we conclude that the absence
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Figure 5. Filtered supernetworks constructed from multiple nuclear gene sequences. [38]. (A) Full dataset composed of 21
partial trees, and (B) a reduced dataset containing only the 15 rooted partial trees, for sequences from wild emmer (28 accessions,
dots color coded according to region, N/A, location not available), domesticated emmer (12 accessions, red dots) and durum wheat
(20 accessions, purple dots). Individual nodes may contain multiple samples. The geographic locations of the wild emmer
accessions are indicated in accordance with Figure 4. The outgroup comprises the T. timopheevii accessions.

doi: 10.1371/journal.pone.0081955.g005

of statistical support is caused by genetic reticulation of emmer
lineages.

Filtered supernetworks constructed from these data (Figure
5) confirmed the reticulated origin of dicoccum and durum
wheat. In both supernetworks, T. turgidum subsp. dicoccum
and durum accessions are concentrated in two, partially
overlapping clusters that mostly consisted of terminal nodes
radiating out of reticulated tangles. Similar to the
retrotransposon supernetwork (Figure 4), the free-threshing
wheats cluster separately from the main dicoccum group. The
nodes basal to these tangles were typically represented by
northern wild emmers and by the central node and other empty
nodes related to some of the Levantine wild emmers. The
Iranian wild emmer accession (SE1) and three Karaca Dag
samples (NE2, NE3, NE4) also appear to have a highly
reticulated origin and occupy terminal rather than basal
positions of the tangle associated with the domesticates. This
network topology suggests that the eastern wild samples (SE
and NE) and domesticated emmer have partially shared
hybridization histories.

Discussion

Reticulated Ancestry of Domesticated Emmer

In this study, we identified both sequence and positional
polymorphisms for LTR retrotransposon insertions in the 5S
and 5.8S arrays of a large set of tetraploid wheat accessions.
Size homoplasy of the detected insertion markers is expected
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to be minimal because it is unlikely that two retrotransposons
would insert at exactly the same position in different gene-
spacer units. Since these marker loci have virtually no selection
value their evolutionary age is likely to be short and deep
coalescence of the marker variants will therefore be limited. We
believe that these factors, when combined with the known
genomic location and relatively clear evolutionary dynamics,
provide this typing system with advantages compared to
anonymous multilocus markers such as AFLPs, RFLPs and
microsatellites. Because of the high sequence conservation of
the rRNA genes and the ubiquity of LTR retrotransposons in
eukaryotic genomes, the method is likely to be applicable to
many species and evolutionary questions.

Our analysis of retrotransposon polymorphisms in tetraploid
wheats showed clear indications of a complex, non-linear
relationship between wild and domesticated emmers. These
indications included: the presence of four Jeli-5.8S allele
groups in domesticated emmer, each group also present in wild
accessions (Figure 2), a pattern that is inconsistent with a
linear monophyletic relationship between the domesticated and
wild populations; sharing of individual Angela- and Jeli-5S
insertions, but not combinations of insertions, between wild and
domesticated emmers (Figure 3), which is a clear sign of a
reticulated relationship between the two populations;
considerable incongruence of phylogenetic signals within the
supernetwork constructed from the combined retrotransposon
data (Figure 4); and the network summary of incongruent
phylogenetic signals within the combined retrotransposon
dataset, which show that hybridizations are not restricted to
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solitary samples but instead involve all the domesticates and a
large proportion of the wild emmers (Figure 4).

These results suggest that the origin of domesticated emmer
is neither mono- nor polyphyletic, but reticulate, this being the
principal reason why the phylogenetic trees previously built
from different sets of markers and samples conclude different
origins for this crop [20—25]. When considering the evolutionary
history of domesticated emmer, it is therefore more meaningful
to focus on the geographic distribution of individual
phylogenetic signals (e.g. insertion markers and sequence
types) rather than the distribution of detected genotypes. Within
the domesticated accessions, we have identified phylogenetic
signals originating from all the previously reported geographic
regions — Gaziantep region, Zagros Mountains, southern
Levant and southeastern Turkey. However, the majority of
these markers/sequence types are dispersed across broad
areas of the Fertile Crescent, and none of them is exclusive to
any region east of the Euphrates.

A reticulate origin for domesticated emmer is supported by
our reanalysis of published nuclear gene sequences. Filtered
supernetworks constructed from these sequences displayed
considerable incongruence in the region containing the
domesticated accessions, most likely due to hybridization
rather than homoplasy or deep coalescence (Figure 5). The
networks show an affiliation between domesticated emmer and
northern wild emmers, including some from southeastern
Turkey and the Zagros region, as reported previously
[20,22,23]. However, the topologies do not indicate that
dicoccum and durum wheats descended from these northern
genotypes. Instead they suggest that the domesticates and the
northern emmers share a related reticulated ancestry, the
northern wild emmers forming a genetic mosaic derived from
the same ancestral populations that gave rise to the
domesticated cluster. We therefore conclude that domesticated
emmer and the northern wild populations have common
ancestors west of the Euphrates.

Origins of Emmer Cultivation and Possible Impacts on
Diversity and Reticulation Patterns

Previous phylogeographic studies searching for the place(s)
of emmer domestication employ an implicit assumption that the
distribution of wild emmer populations has not changed
substantially since the beginning of the domestication process.
Although the possibility that macro- and microclimatic
variations might have altered the wild emmer distribution has
long been recognized [51], the limited ways of investigating
such past changes have meant that this problem has received
only marginal attention. However, for the correct interpretation
of emmer phylogeny, not only the post-domestication but also
the pre-domestication distribution changes may be critical. Our
data suggest that the distribution of wild emmer was originally
confined to that of the ‘southern race’ [51] in the area of
present-day Lebanon, northern lIsrael and southern Syria,
centered around the upper Jordan valley. This is indicated by
the topology of the MJ network of Jeli-5.8S sequences (Figure
2), in which most of the ‘early-diverging’ wild emmers, which
did not contribute to the domesticated gene pool, as well as the
wild forms appearing basal to all the cultivated BA* wheats and
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their immediate ancestors, were collected from this area. A
very similar picture, where the basal and early-diverging wild
emmers originate from the southern Levant while Turkish and
Iranian accessions appear only among the phylogenetically
recent nodes, is also suggested by network analysis of 64
published wild emmer Pm3 gene sequences [52] (Figure C in
File S1). These observations suggest that BA* wheat evolved
in the southern Levant, as previously suggested [53], or
irrespective of origin was restricted by the glaciations to a
southern Levant refuge. In either case, the implication is that
wild emmer spread to the northern and eastern Fertile
Crescent relatively recently.

For a self-pollinating annual that grows in dense stands,
long-distance dispersal does not improve survival [54]. Thus,
wild wheat seeds lack features that facilitate wind or animal
dispersal. However, wheat seed is easily transported by
humans, raising the possibility that human communities
contributed to the distribution of wild emmer. According to
archaeological evidence, wild emmer has been collected by
hunter-gatherers since the Upper Palaeolithic, 23,000 BP
[24,29]. For millennia, nomadic communities migrated
periodically across the Fertile Crescent, hunting gazelles and
other ungulates, harvesting cereals from wild stands and,
possibly, carrying grain supplies with them into new territories.
Wheat grain is also likely to have featured in the Natufian and
PPNA trade network, revealed by archaeological findings of
obsidian, that extended in two directions — from Kapadokya
(~240 km northwest from Gaziantep) to the southern reaches
of the Jordan Valley, and from Bingdl (~150 km northeast from
Karaca Dag) to the Zagros Mountains [55,56]. It is therefore
plausible that Epipaleolithic and early Neolithic communities
contributed to the spread of wild emmer from its origin in the
southern Levant. This scenario is consistent with the 5S- and
5.8S-retrotransposon diversity patterns, which show that the
genetic variants possessed by the eastern wild samples
represent only a small subset of those present in the Levant.
The possibility that wild emmer populations from SE Turkey
and Irag/lran entered the region only with the first cultivators
has been proposed before [28,54], and is supported by the
absence of wild emmer at the pre-domestication archaeological
sites of northern Syria and southeastern Turkey until 10,500
BP, although einkorn, rye and barley are present prior to this
period [24].

One possible explanation of the reticulations in the
evolutionary history of domesticated emmer is that gene flow
has occurred between the wild and domesticated populations,
leading to introgression of alleles from dispersed parts of the
wild population into different components of the crop. Gene
flow between wild and domesticated plants has previously
been suggested specifically for emmer [23] and more generally
for cereals [57], but the scale of its possible impact has been
questioned [58]. A second argument against extensive
introgression of wild genes into the crop is the possibility that
this will result in replacement of the recessive domestication
traits, such as the nonshattering ear, with their wild versions,
meaning that the introgressed plants are likely to be lost from
the domesticated population.
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Our results suggest that the reticulated origins of
domesticated emmer are due to gene flow operating within a
different scenario. We do not know what husbandry practices
were used by the first human communities to cultivate wild
cereals [58]. Regardless of whether stands of wild wheat were
grown in ‘fields’, it seems likely that the cultivated material
evolved into a blend of different populations, resulting from
centuries of collection of wild grain from various sources. This
mixture of populations would inevitably lead to genetic
reticulation in the wild crop as a whole, the extent of this
reticulation depending on the frequency of cross-pollination.
The frequency of outcrossing in wild emmer has been
estimated at 3%, based on the observed heterozygosity deficit
[59], or below 1% based on a one-season field experiment [60].
Cross-pollination is enabled by open flowerage, which occurs
in humid conditions, especially when coupled with cold,
therefore the upper estimate may be more credible as a long
term average. In a simple model where two large, genetically
distinct emmer populations are intermixed in equal proportions,
assuming absence of selection and 1% frequency of cross-
pollination, the individuals gradually become a genetic mosaic
of the initial two populations (Figure D in File S1). After 200
generations, the frequency of the original genotypes is below
10%, and the pace of these changes is even faster if three
populations are intermixed, or more frequent cross-pollination
is assumed. Hence, rare random hybridizations can result in
relatively complex reticulation, despite the predominantly self-
pollinating nature of wheat. We propose that the gene flow
leading to the reticulations that we observe in the evolutionary
record of domesticated emmer occurred predominantly during
the pre-domestication phase, when mixed populations of wild
emmer were being cultivated in the southern Levant.

A Dynamic Model for the Emergence of Agriculture
According to the scenario described above, the wild emmer
of SE Turkey, Iran and lIraq, described as “never really
abundant ... in sporadic, isolated patches and thin scattered
stands” and “hardly have been very attractive to the food-
collecting cultures of the region” [51], is descended from the
wild emmer grain from the Levant, taken to those more
northern regions by humans during the Epipaleolithic and early
Neolithic periods. This leads to a model for the origins of
domesticated emmer that is consistent both with the previous
genetic studies [20-25] and the archaeobotanical evidence for
a protracted domestication process [13,57]. We hypothesize
that during the Epipaleolithic, the hunter-gatherer communities
of the southern Levant began to exercise control over their food
supplies by managing wild stands of emmer, these activities
progressing to the stage where wild grains were collected and
cultivated to provide the next season’s resource. The mobility
of these communities engendered a dynamic situation in which
distinct wild emmer populations from a large area west of the
Euphrates became intermixed in the fields of these early
farmers. Hybridization between different lineages within these
fields, possibly over an extended period of time, gave rise to
pre-domesticated crops that displayed a reticulated
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evolutionary relationship with the wild populations from which
they were originally derived. Accompanying these events,
cultivation of wild emmer spread from the southern Levant in a
clock-wise direction to other parts of the Fertile Crescent.
Movement away from the range of the wild population
established reproductive isolation between wild and cultivated
plants, facilitating human selection for the domestication traits
[5]. The first domesticated plants therefore appeared when
cultivation reached northern Syria, southeast Turkey and
northern Iraq. The wild emmers found today in the Karaca Dag
and Sulaymaniyah regions, being the remnants of the
cultivated population from which the first domesticates evolved,
are therefore identified as genetically proximal to the
domesticated genepool when phylogenetic methods that
enforce a treelike pattern of evolution are used. The genetically
domesticated varieties then spread to other farming regions,
such that the proportion of domesticated to wild grain at these
sites gradually increased. Eventually the domesticated
population spread outside the Fertile Crescent, resulting in
independent bottlenecks which gave rise to the geographical
variability of the tetraploid landraces observed today.

The protracted model for the origins of agriculture has
repeatedly been interpreted as requiring no conscious human
involvement in the domestication process [6,58]. Our dynamic
model assumes that the transition from hunting-gathering to
agriculture was protracted but equally assumes that humans
played an active and intuitive role throughout the process. We
do not, however, believe that in order to assign humans an
active role it is necessary to interpret the transition as a
teleological process culminating in conscious human selection
of fully domesticated plants. Emergence of the domestication
traits might appear, from a retrospective viewpoint, to be the
endpoint of a progressive evolutionary process, but the data we
present show that, in reality, the genetic changes that underlay
‘domestication’ were merely part of a lengthy series of events
that began in the cultivated wild populations, and continued in
the domesticated population for centuries after the ‘origin’ of
agriculture.
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Abstract Bioagriculture and healthy lifestyle are trends
of the twenty-first century. Bioagriculture involves the
breeding of crops without using modern synthetic sub-
stances. Kamut brand wheat is one of the popular bioce-
reals grown mainly in the USA and Europe. This cereal has
the status of ancient wheat, not only because it has been
grown since the era of the ancient Egyptian civilization,
but also for its properties favorable for modern breeding
programs and modern food marketing. In spite of Ka-
mut’s® interesting history and stable place in the market, it
is not a common subject of genetic studies. It is also
interesting that it has not been successfully taxonomically
classified yet. There are a few studies which classify this
tetraploid wheat as Triticum polonicum L., T. turanicum
Jakubz., T. turgidum L. and T. durum Desf. These studies
are based on cytological and comparative methods. We
chose molecular (transposable element resistance gene
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analog polymorphism, diversity arrays technology,
sequencing of genes SBEIla, and yLpx-Al_like) and sta-
tistical methods to classify Kamut® wheat. According to
our experiments we suggest that Kamut brand wheat
originated as a natural hybrid between Triticum dicoccon
conv. dicoccon and T. polonicum and is not original
ancient Egyptian wheat. We suggest that Etruscan wheat
has the same parents as Kamut®.

Keywords Kamut® - Molecular taxonomy - Origin -
TERGAP - DArT

Introduction

The Kamut brand wheat (Kamut®) is a tetraploid wheat
commonly known as King Tut’s or Khorasan wheat (also
nomenclature for 7. turanicum). The nomenclature “ka-
mut” means “wheat” in ancient Egyptian language.
Egyptologists claim the root meaning of this word is “soul
of the Earth”. Since 1990, a registered trademark (Kamut®)
has been used in marketing products of the protected cul-
tivated T. turanicum variety “QK-77” (Quinn 1999).

The origin of this wheat is intriguing. During World
War II an American airman claimed to have taken a few
grains of some cereal from an ancient Egyptian tomb near
Dashare. The story tells that he gave these grains to a
farmer, who grew plants from them and resurrected a long-
forgotten cereal. This story is just a modern legend and as a
fact it has to be rejected, for most scientists believe that it
probably survived the years as an obscure grain kept alive
by the diversity of crops common to peasant farmers,
perhaps in Egypt or Asia Minor. It is thought to have
evolved contemporarily with the free-threshing tetraploid
wheat.

@ Springer
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Besides its unusual history, this crop is interesting for its
properties that are due to isolation from modern breeding.
Kamut® has not been in contact with synthetic substances
commonly used in modern breeding programs (Hammer
et al. 2000). Kamut brand wheat is of &~ 127 cm height and
has two to three times larger grains than other wheat cul-
tivars. The grains are narrow, vitreous and flinty with a
characteristic hump (Vavilov 1951). The grain contains
20-30 % more proteins, higher levels of eight out of nine
minerals, more lipids and up to 65 % more amino acids
than other wheat cultivars. Alleles for prolamin, related to
good pasta quality, were identified (Rodriguez-Quijano
et al. 2010). Since lipids present more energy than carbo-
hydrates, Kamut® is characterized as high-energy wheat.
Kamut® products are marketed mainly through health food
outlets. Due to its sweet taste, it plays a special role in
bakeries as there is no need to add any sugar to pastries
produced from Kamut® flour (Quinn 1999).

In the past it was believed that Kamut® wheat did not
induce as strong allergy as other wheat in patients suffering
from gluten intolerance (Quinn 1999). This information
was refuted by the discovery that Kamut brand wheat
causes the same allergic reactions as 7. durum (Simonato
et al. 2002). That means that, in spite of many marketing
affirmations, products made of Kamut® wheat are not
suitable for celiac disease patients. The most recent study
on Kamut brand wheat showed that this grain protects
organisms from oxidative stress better than 7. durum
(Benedetti et al. 2012).

The growing of this special wheat is exclusively man-
aged by license agreements and requires organic certifica-
tion of the crop. It is grown mainly in the USA and in a
limited area of Austria (Grausgruber et al. 2004).

There are still disagreements about the nearest relatives
of Tut’s wheat. First, it was classified as T. polonicum and
it was also believed that Kamut® was a natural hybrid
between T. durum and T. polonicum (Kuckuck 1959).
Some groups classify this wheat as 7. turanicum (Percival
1921) or T. turanicum var. notabile (Perciv.) Gokg.
(Gowayed 2009) and others as T. turgidum or T. durum
(Brouwer 1972).

Materials and methods
Samples of tetraploid wheat

The analyzed samples belonged to the group of species with
GGAA genomes: T. timopheevii (Zhuk.) Zhuk. (TIM), T.
araraticum Jakubz. (ARM); and species with BBAA gen-
omes: T. dicoccoides (Korn. ex Asch. et Graebn.) Schweinf.
(DCS), T. dicoccon Schrank (DIM, for European samples 7.
dicoccon convar. dicoccon EUR abbreviation was used), T.

@ Springer

turgidum L. (TRQG), T. carthlicum Nevski (CAR), T. durum
Desf. (DUR), T. turanicum Jakubz. (TRN), T. polonicum L.
(PLN), T. ispahanicum Heslot (ISP), one sample of Kamut®
wheat, and one sample of Etruscan wheat (BVAL 212017).
We used one sample of Aegilops speltoides Tausch (SPE,
SS genome) and one sample of T. urartu Thum. ex Gandil.
(URA, AA genome) as outgroups. Wheat nomenclature in
this article is according to Dorofeev et al. (1979) for naked
wheat and Szabd and Hammer (1996) and Hammer et al.
(2011) for hulled wheat.

Isolation of DNA samples

In our experiments, we analyzed 57 tetraploid wheat
samples. DNA samples were isolated using CTAB
extraction buffer [200 mmol 17! Tris-HCI (pH 8.0),
1.4 mol 17! NaCl, 20 mmol 17" EDTA, 2 % (w/v) CTAB,
0.2 % (v/v) 2-mercaptoethanol] and High Pure PCR
Product Purification Kit (Roche) from wheat grains.

Transposable element resistance gene analog
polymorphism

Isolated DNA was analyzed using the TERGAP method. To
avoid non-specific products, PCR was performed using hot
start polymerase TrueStart Tag (Fermentas). The reaction
mixture was composed of: 1x PCR buffer mixture 1:1
(GoTaq, Promega; TrueStart, Fermentas); 1 U Tag poly-
merase (TrueStart, Fermentas); 2.0 mM MgCl,; 0.25 mM
dNTP; 0.4 uM primers and 30 ng of template DNA in total
volume 12.5 pl. We designed 17 combinations of primers.
Primer sequences and combinations are summarized in
Tables 1 and 2. We optimized PCR cycle: starting denatur-
ation 95 °C (2 min); 34 cycles with temperatures 94 °C
(45 s), 54 °C (45 s), 72 °C (2 min); final polymerization
72 °C (7 min). Amplification results were evaluated by
1.5 % agarose electrophoresis gel; fragments were separated
over 2.5 hin constant voltage 100 V (3.5 V/cm of electrode
distance) and stained with ethidium bromide.

Diversity arrays technology polymorphism (DArT)

Isolated DNA samples were sent to Triticarte™ whole-
genome genotyping service for wheat DArT analysis,
which is based on hybridization of DNA with special
probes. These probes are designed strictly for wheat and
carry up to 2,500 polymorphic markers. Binary data are
output of this analysis.

Sequencing of genes SBEIla and yLpx-Al_like

Some of isolated DNA samples were used for sequencing
of genes SBEIla and YLpx-Al_like. Each PCR reaction
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Table 1 Sequences of primers used in TERGAP reactions

Primer sequences

Primer name Sequence (5'-3")

Mifwdl CAG GCT CCA GAA ATG CTT CA
(Civan unpublished)
Mlrevl GCT TGC AAA TGA AGT GCA GA

(Civan unpublished)
Jeli CCT AGG AAC ATA GCT TCA TC
(Civan et al. in press)

XalLRF CTC ACT CTC CTG AGA AAATTA C
(Civan unpublished)

Ptokinl GCA TTG GAA CAA GGT GAA
(Civan unpublished)

NLRRfor TAG GGC CTC TTG CAT CGT
(Civan unpublished)

CLRRfor TTT TCG TGT TCA ACG ACG
(Civan unpublished)

NLRR-INV1 TGC TAC GTT CTC CGG G
(Civan unpublished)

RLRRfor CGC AAC CAC TAG AGT AAC
(Civan unpublished)

As1-INV CCT AAC GGT GAT CGC AAC
(Civan unpublished)

XalNBS-R CTC TGT ATA CGA GTT GTC

(Civan unpublished)

Table 2 Review of primer combinations used in TERGAP reactions

Primer combinations

Claudia Jeli Single RGA
retrotransposon + RGA  retrotransposon + RGA  primer
primer primer reaction
Mifwdl + XalLRf Jeli + XalLRf -

Mirevl + Ptokinl Jeli + Ptokinl -

Mlfwdl + NLRRfor Jeli + NLRRfor -

Mifwdl + CLRRfor Jeli + CLRRfor -

Mifwdl + NLRR- Mlfwdl + NLRR- NLRR-INV1

INV1
Milfwdl + RLRRfor
Milfwdl + Asl-INV
Milfwdl + XalNBS-R

INV1
Jeli + RLRRfor -
Jeli + Asl-INV -
Jeli + XalNBS-R -

mixture was composed of 1x PCR buffer (HotFirePol),
1 U Tagq polymerase (HotFirePol, Solis BioDyne), 1.6 mM
MgCl,, 0.2 mM dNTP, 0.2 pM primers and 40 ng of
template DNA in a total volume 50 pl. Primer sequences
are summarized in Table 3. We optimized the PCR cycle
as: starting denaturation 95 °C (12 min); 35 cycles with
temperatures 95 °C (45 s), 59 °C (45 s), 72 °C (45 s); final
polymerization 72 °C (7 min). The PCR products were
purified using High Pure PCR Product Purification Kit
(Roche). The products were sequenced using ABI 3730xl1

Table 3 Sequences of primers used for sequencing of genes SBEIla
and WLpx-Al_like

Primer sequences

Primer name Sequence (5'-3")

CCTGTTTCTGGTCTGATGGTC
ATGGGAGATCCCTACAATGC
CCAACGACGTGAGTGATCCTTTTGC
AGCGCGAACCGTCATCTCGAA

SBEII_fwd
SBEII_rev
YLpx-Al_like_fwd
YLpx-Al_like_rev

sequencing machine (Applied Biosystems). The sequences
were aligned by software Mega5 (Tamura et al. 2011).

Construction of phylogenetic trees

DNA banding patterns were visualized using Vilber
Lourmat Gel Documentation system, and detected bands
were sorted according to their size in bp with Bio-1D
software (Vilber Lourmat, France). A discrete-state data
matrix in binary format was constructed manually from the
Microsoft Excel output of Bio-1D software, assigning
value 1 to band presence and value 0 to band absence for
each observed band size value. The phylogenetic analysis
was performed using the programs included in the PHYLIP
package, version 3.69 (Felsenstein 2005). A total of 500
bootstrap replicates of binary data matrix generated by the
SEQBOQOT program were analyzed by the PARS program
with Wagner parsimony method using randomized input
order of taxons with 100 times to jumble. An extended
majority rule consensus tree was constructed using the
CONSENSE program. The resulting phylogenetic tree was
visualized with the Mega5 program with ClustalW algo-
rithm (Tamura et al. 2011).

Statistical evaluation of data

For estimating population average pairwise differences, we
used Arlequin software (version 3.5) in which we chose
distance method pairwise difference. We computed Nei’s
average number of differences between populations (Nei
and Li 1979).

For visualization purposes, we used multidimensional
scaling technique (MDS) that is one of the dimension
reduction methods (techniques that can reduce any multi-
dimensional space to lower dimensional space). The main
advantage is that it tries to preserve the original distances
between pairs of objects (but similar to other dimension
reduction techniques, there is also some distortion in the
final projection). It takes dissimilarity matrix as the input,
so any kind of data where one can compute dissimilarities
between objects can be used. In our case we first used two
dimensions to make the final 2D MDS projection (Fig. 1).
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Fig. 1 MDS distance comparison of Kamut brand wheat and three
genetically close species

The hybrid status of samples was evaluated by means of
STEM-hy program (Kubatko et al. 2009). This is a pro-
gram to perform maximum-likelihood analysis for esti-
mation of the species tree from multilocus data under the
coalescent process. Coalescent trees for each of the
sequenced genes were constructed by the Mesquite pro-
gram (Maddison and Maddison 2011). The most probable
gene tree from 10,000 trees was chosen by the COAL
program (Degnan and Salter 2005).

Parental populations of Kamut® variety were estimated
from the binary data obtained from DNA polymorphism of
DAIT type by means of the Hlest program (Fitzpatrick
2012). This program uses likelihood to estimate ancestry
and heterozygosity. The threeway module of this program
enables the maximum-likelihood estimates of ancestry for
a sample of hybrid in a three-way hybrid zone, i.e., from
three potential parental lineages. The output parameters sl,
s2 and s3 of this program mean the proportion of alleles
derived from parental lineages P1, P2 and P3.

Results
TERGAP analysis

TERGAP reactions were analyzed by agarose gel electro-
phoresis. During gel analyzing, several specific polymor-
phisms were identified. These genome-specific and
species-specific polymorphisms were crucial for phyloge-
netic tree construction. Nine B genome-specific and three
G genome-specific polymorphisms were identified. These
polymorphic markers included three length polymorphisms
and seven band presence/absence-based polymorphisms.
Species-specific polymorphisms were identified for T.
polonicum, T. turgidum, T. dicoccoides and T. timopheevii
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species. We also found polymorphism specific for T. pol-
onicum in Kamut’s® genotype. Two polymorphisms were
specific for multiple taxons: one was common for 7. di-
coccon and T. ispahanicum, and the other one was common
for T. durum, T. turanicum and T. polonicum species.

Phylogenetic tree

In the phylogenetic tree constructed by the PHYLIP pro-
grams, GGAA and BBAA lines were divided into two major
clusters. Hulled and naked wheat was also distinguished
(Fig. 2). Most samples from the same species were grouped
into separate clusters. GGAA group was clearly divided
into T. timopheevii and T. araraticum species. In contrast,
the BBAA group was not differentiated as clearly as the
GGAA group. There were no individual clusters for T.
dicoccon, T. dicoccoides and T. ispahanicum (which
formed a common cluster) and for 7. turanicum and T.
polonicum samples, which also clustered together. The
sample of Kamut® wheat was integrated into one cluster
with T. turanicum and T. polonicum samples.

Population average pairwise differences

Statistical analysis of species sample groups revealed the
most significant resemblance of Kamut® wheat and 7.
polonicum samples, which was demonstrated by a value of
8.5. This number shows the lowest value of Kamut’s®
distance from each analyzed species (Table 4). In Table 4 it
is necessary to pay attention to the diagonal line. Values
above the diagonal reflect the average number of pairwise
differences between populations (sample groups in this
case), diagonal elements mirror the average number of
pairwise differences inside populations and values below
the diagonal show the corrected average pairwise differ-
ences. The highest diversity presented by the highest value
of average number of pairwise diversity was detected inside
the 7. turanicum sample group. In contrast, the 7. ararati-
cum sample group seemed the most compact. The highest
diversity between groups of samples was detected between
T. araraticum and T. turanicum groups. While evaluating
Table 4, it is not possible to estimate the columns “SPE,
BVAL, KAMUT, CYL, URA” as groups/populations, as
we used only one sample for each genotype.

Multidimensional scaling

In this method, we compared Kamut® wheat with its three
genetically close species (1. polonicum, T. turanicum and
T. durum). The status of Kamut® on the multidimensional
scaling graph (Fig. 1) proves our theory that Kamut® is the
most related to T. polonicum, which also proves the results
obtained by the pairwise difference method (Table 4).
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Fig. 2 Phylogenetic tree constructed by PHYLIP 3.69; sample URA
was used as an outgroup. Samples are divided into two main clusters,
one with BBAA genomes and the other with GGAA genomes. We
could also distinguish hulled and naked wheat. Kamut® wheat was
integrated right on the edge between Triticum turanicum and T.
polonicum species

Haplotypes YLpx-Al_like

Sequencing of yLpx-Al_like gene divided our samples into
four haplotypes (Fig. 3). According to these results, the
Kamut® sample carries the same haplotype as some
European samples of T. dicoccon convar. dicoccon, which
indicates that Kamut® is most probably a hybrid wheat,

because it reflects similarity both with naked (7. poloni-
cum) and hulled taxons (7. dicoccon).

STEM-hy analyses

The results of sequencing of YLpx-Al_like and SBElla
have pushed us forward into proving that our hypothesis
about the hybrid origin of Kamut® is right. According to
the four haplotypes obtained by sequencing of WLpx-
Al_like, we chose five samples for STEM-hy analyses
(Kubatko et al. 2009), which was designed to estimate
hybrid samples (Table 5). These five samples (DCS 11,
Kamut, PLN 1, EUR 42, EUR 132) are typical represen-
tations of four haplotypes. The results for sample DCS 11
are not given in Table 5 because this sample is ancestral
and thus we do not expect its hybrid origin. In this table,
Kamut® sample has the highest values of likelihood, which
suggests that this sample is a hybrid. Another output of
STEM-hy software is a hybrid tree (Fig. 4) that shows
which one of the tested samples has the largest amount of
genetic information common with Kamut®. This is pre-
sented by branch localization; the branch nearest to the
tested sample is genetically most similar to this sample and
it may also indicate the sample’s parental ancestors in some
cases. In hybrid tree, Kamut® is localized on the same
branch as the reticulated sample EUR 42, indicating that
these two samples are probably the progeny of the same
crossing. This result signifies that one of Kamut’s® parents
is the European genotype of T. dicoccon convar. dicoccon,
which is very similar to the EUR 42 sample.

Hlest analysis

Phylogenetic tree and MDS diagram constructed by using
TERGAP binary data have indicated T. polonicum to be one
of Kamut’s® parental genotypes. Hlest software was used to
confirm this hypothesis using three potential parental pop-
ulations: P1 (DUR 16, DUR 21, DUR 24, DUR 30, DUR
38), P2 (PLN 1, PLN 2, PLN 3, PLN 5, PLN 11, PLN 14)
and P3 (EUR 132, EUR 387, EUR 189). This software
operated with DArT binary data and calculated ancestry
indices s1, s2 and s3 from 125 diagnostic markers which are
specific for each parental population. Each ancestry index
(s) shows the proportion of alleles derived from a particular
parental lineage (P). The highest values of ancestry index
were detected in population P2 (Table 6), which supports
our hypothesis that Kamut® also has a naked ancestor
within 7. polonicum. As shown in Table 6, this model is
more probable when a hybrid sample of Kamut® was
included in the calculation of parental frequencies of T.
polonicum for each of the 125 diagnostic markers. This is
proved by a higher value of likelihood (—54.861).
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Table 4 Average numbers of pairwise differences by distance method pairwise difference

ARM TIM DCS DIM ISP TRG CAR DUR TRN PLN SPE BVAL KAMUT URA
ARM 5.8 24 439 51.1 593  50.6 539 51.6 58.1 57.5 63.8 594 57.8 84.8
TIM 17.9 6.4 55.2 60.5 66.6  60.9 62.6 60.4 66.5 63.2 64 65.2 65.2 89.4
DCS 333 443 15.4 239 303 42 41 36.9 42.7 41.8 726 474 38.2 86.8
DIM 40.3 494 83 15.8 199 434 39 40.2 42.1 46.6 644 524 39.6 89.8
ISP 50.8 57.8 16.9 6.4 1.2 512 46.2 454 48.3 45.1 723 528 44.3 96.3
TRG 42.4 524 29 30.2 40.3 10.6 15.6 20.4 26.4 28.3 758 278 29.8 81.2
CAR 46.2 546 285 26.3 358 55 9.6 17.2 23.4 26.7 69.4 282 27 80.8
DUR 45 53.6 256 28.7 362 115 8.8 7.2 19.2 17.3 776 18 19.6 83.4
TRN 47 55.1 26.8 26 34.5 12.9 10.4 7.4 16.3 20.3 72.5 235 18 88.5
PLN 50.5 55.9 299 34.6 354 189 17.8 9.6 8 82 826 122 12.6 94.4
SPE 60.9 60.8 64.9 56.5 66.7  70.5 64.6 74 64.3 78.5 0 86 76 91
BVAL 56.5 62 39.7 445 472 225 23.4 144 15.3 8.1 86 0 18 91
KAMUT 549 62 30.5 31.7 387 245 22.2 16 9.8 85 76 18 0 93
URA 81.9 86.2  79.1 81.9 90.7 759 76 79.8 80.3 90.3 91 91 93 0

Values above diagonal average number of pairwise differences between populations. Diagonal elements average number of pairwise differences
inside populations. Values below diagonal corrected average pairwise differences. The highest values show the highest distances inside or

between populations

Sample Haplotype *|* * *|*|*

1. DCS305 (H1) |[rCHT

2. DCS308 (H1) TCITIATAIII.ATTCIGICIIIIIIIIIII.I

3. KAMUT (H2) TClTIATAl lATTCIGICI

4. EUR4A2 (H2) TCITIATAI .ATTCIGICI

5. EUR77 (H2) TCITIATA. lATTCIGICI

6. EUR132 (H3) TCITIATAI .ATTCIG

7. DIM114 (H3) TCITIATAI IATTCIGIC

8. DCS11 (H3) TCITIATAI IATTCIGICI

9. PLN1 (H4) TCITIATAI IATTCIGICI—— ———————————
10. CARS5 (HA4) TCITIATA..IIATTCIGICI ————————————————

*|*|*|* *| |* x|%| |* * *|%
Il==°CITIIGIIIIIIIAAIIIIIII

Fig. 3 Variable position of yLpx-Al_like gene for selected tetraploid wheat samples, which represent four haplotypes (H1, H2, H3, H4). The

majority of conservative positions were deleted

Table 5 Values of likelihood and AIC of hybrid trees calculated by EUR 42
STEM-hy for postulated hybrids
Postulated hybrid Likelihood AIC KAMUT
KAMUT —5,791.83 11,593.663 PLN 1
PLN 1 —5,900.83 11,811.662
EUR 42 —5,791.83 11,593.663 EUR 132
EUR 132 —5,853.13 11,716.276

DCS 11

Similarity analysis of DArT polymorphism

Similarity analysis was chosen to estimate the most prob-
able T. polonicum parental genotype of Kamut®. This
polymorphism included binary data for 2,571 markers. The
similarity of sample pairs was estimated by similarity
coefficient § (McGraw-Hill Science & Technology
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Fig. 4 Cladogram produced by STEM-hy software

Dictionary), computed by pattern S = ny/(ny + n,), where
ng represents the number of positive features shared by two
samples, and n, represents the number of features positive
for one sample and negative for the other. From the total of
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Table 6 Analysis of ancestry by Hlest program

sl s2 s3 Likelihood Hybrid sample KAMUT

033 048 0.19 —-62.842 Not included in the calculation of
parental frequencies of T.
polonicum

0.17 0.67 0.15 —-54.861 Included in the calculation of

parental frequencies of 7.
polonicum

P1, P2, P3 possible parental populations (samples from 7. durum—
P1, T. polonicum—P2 and T. dicoccon convar. dicoccon—P3); s1, s2
and s3 ancestry indices calculated for KAMUT from 125 diagnostic
markers

20 analyzed samples of T. polonicum, the highest value of
similarity coefficient S was detected between Kamut® and
PLN 1 sample (0.872), meaning that the most probable
naked parent of Kamut® was PLN 1-like sample.

Discussion

TERGAP technology seems to be appropriate for evolution
studies. Electrophoretic analysis of PCR fragments
revealed polymorphic markers specific for both B and G
genomes, and also for some analyzed species. We could
identify nine polymorphisms specific for the B genome and
three specific for the G genome. Three of these were length
polymorphisms, and seven were polymorphisms based on
the presence or absence of specific bands. These poly-
morphic markers caused an almost exact clustering of the
same species samples.

Phylogenetic tree constructed on the basis of binary data
obtained from electrophoretic analyses was logically divi-
ded into two major clusters. These clusters represented the
GGAA line and BBAA line taxons and were statistically
cogently divided. Samples from the GGAA line were
strictly clustered into T. timopheevii and T. araraticum
species.

BBAA line taxons were not clustered as strictly as
GGAA taxons, but naked and hulled wheat was clearly
distinguished. T. durum, T. turgidum and T. carthlicum
samples were divided into separate clusters, except the
CARI10 sample, which is regarded to be a hybrid genotype.
Hulled wheat samples (7. dicoccoides, T. dicoccon and T.
ispahanicum) clustered together with no further division. T.
dicoccon and T. dicoccoides wheats are very closely rela-
ted, which is probably the reason for their common
grouping in the tree. T. dicoccon samples were mixed with
T. ispahanicum samples, which might be due to a close
geographic location during their evolution. The close
relationship of these two taxa has been confirmed by other
experiments (unpublished data). In naked wheat clusters, T.

turgidum and T. carthlicum samples grouped into common
subcluster and 7. turanicum, T. polonicum and T. durum
samples formed another subcluster. 7. durum species was
sorted into a separate group in the mentioned subcluster.
Samples of T. turanicum and T. polonicum were mixed in a
common subcluster as they are closely related, which is
seconded by their very similar morphology. Kamut® wheat
sample was included in this group, right on the edge
between T. turanicum and T. polonicum species. According
to our dendrogram, it is probable that sample TRN 1 is
phylogenetically the oldest one of the T. turanicum and T.
polonicum samples, and during evolution other T. furani-
cum samples used in this study differentiated followed by
Kamut® wheat and 7. polonicum genotypes.

Our multiple statistical analyses classified naked Ka-
mut® wheat to be most closely related to naked 7. polon-
icum (Tables 3, 6; Fig. 1), which favors our molecular
analyses conclusions and also the earlier hypothesis of
Kuckuck (1959). Our results are in contrast to two other
studies which had classified Kamut® as the turanicum
genotype (Kokindova and Kraic 2003; Grausgruber et al.
2004).

Population average pairwise difference analysis sug-
gested the highest interspecific distances between T. arar-
aticum and T. turanicum sample groups. The highest
intraspecific distances were detected inside the T. turani-
cum group and by contrast we identified the 7. araraticum
group to be the most compact and least diversified
(Table 3). The highest variability of genetic distances
inside the 7. turanicum group is probably caused by the
original classification of Kamut® and BVAL samples into
this species. If these two samples are hybrids, it is highly
probable that this may induce increased variability in the T.
turanicum sample group.

These results led us to another experiment to clarify our
theory about the hybrid origin of Kamut®. Detection of
four haplotypes in WLpx-Al_like gene (Fig. 3) illustrated
that the Kamut® sample was most similar to the European
T. dicoccon convar. dicoccon (EUR) samples. This result is
interesting, because Kamut® is naked wheat and T. di-
coccon species has hard glumes, so we suggest it has to be
a hybrid sample. Using STEM-hy software we tested the
hypothesis that one of four samples listed in Table 5 is a
hybrid. Likelihood values indicate that the samples of
Kamut® and EUR 42 are most probably hybrid samples,
because likelihood values are highest for these two sam-
ples’ hybrid trees. The relevancy of this model is supported
by the AIC criterion (Akaike Information Criterion—a
measure of the relative quality of a statistical model for a
given set of data), whose values for these samples’ hybrid
trees are lowest in comparison with alternative hypothesis
that PLN 1 and EUR 132 samples are hybrids. This ana-
lysis results in the conclusion that Kamut® and EUR 42

@ Springer



V. Michalcova et al.

(European material from 7. dicoccon convar. dicoccon)
resulted from the same crossing.

Using the DArT binary data and Hlest software, we
proved our previous hypothesis that T. polonicum is one of
Kamut’s® parents. Hlest software compared ancestry
indices for 125 diagnostic markers of Kamut® with three
potential parental lineages P1 (7. durum), P2 (T. poloni-
cum) and P3 (European T. dicoccon convar. dicoccon). The
values of ancestry indices (s2—Table 6) were highest for
Kamut® in the parental lineage of T. polonicum (P2).
Computing of similarity coefficient S revealed that Kamut®
was most similar to PLN 1 sample, that is why we suggest
that the parents in hybrid crossing were 7. polonicum, most
probably PLN 1-like sample with origin in western Turkey
(near Balikesir city) and some genotype of T. dicoccon
convar. dicoccon samples (EUR 42-like). According to
microsatellite analysis, Khlestkina et al. (2006) also sug-
gested that 7. polonicum from the Fertile Crescent could be
one of the Kamut’s® parents.

Although our results indicate that 7. polonicum is one of
Kamut’s® parents, Kamut® is morphologically very similar
to T. turanicum var. notabile. This discrepancy between
botanical and genetical approaches to classification of
Kamut® may be caused by the hybrid origin of T. turani-
cum species as it was hypothesized by Percival (1921) and
Kuckuck (1970). They supposed that T. turanicum origi-
nated from the hybridization between T. polonicum and T.
durum. According to Dorofeev et al. (1979), T. turanicum
var. notabile is geographically distributed in the countries
of Central Asia, Fertile Crescent and in Egypt, Libya and
Sudan. It is probable that Kamut® was introduced from the
country of its origin to Egypt together with samples of T.
turanicum.

It is interesting that the sample named BVAL (Etruscan
wheat, BVAL 212017) is almost identical to Kamut®. This
sample had the same haplotype in the WLpx-Al_like
sequence as Kamut®. Within DArT polymorphism, Ka-
mut® and BVAL differed only in the values of 8 markers
from the 2,571 analyzed (similarity coefficient 0.9968,
unpublished data). We achieved sample BVAL 212017
from the National Inventory of Plant Genetic Resources in
Austria (Linz) and its origin is unknown. We could only
hypothesise whether this sample was brought to Europe by
Etruscans. According to our results we suggest that
Etruscan wheat has the same parents as Kamut®. In our
statements we allege that these parents were PLN 1-like
and EUR 42-like genotypes. Samples PLN 1 and EUR 42
have origin in Turkey, so we might suggest that Kamut®
and Etruscan wheat also originate from Turkey. If Etruscan
wheat really originates in western Turkey, it could indicate
that Etruscans also originates from this area as Greek
philosopher Herodotos claimed.
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Introduction i. genotyping
We used two methods lor identilicalion of polymorphic markers: i polyvacrylamide gel elecirophoresis
The determination of the flowering time (FT) is one (PAGE)| Fig. 2], ii. fragmentation analysis [Fig, J3). Besides mapping of known markers, Illumina
of the most important decision in plant life. Plant sequencing data provided new sources of polymorphism which could be analysed by KASPar genolyping
have to process plenty of external and internal aysiem (Fig. 4).

sigmals to avedd anfavorable conditions (cold, hot
and dry period) and 1o ensure seed propagation.

ik
palymarpkism 2 atinm
amalysis. The Loous were

Latpeled waith 1EL

Major gene classes thal conirol lowering process
in wheal include pholoperiod [Ppd), vernalisation
(Ven), and earliness per se [Eps).

2 pol)-mu
In 1987 Ko&ner identifled delaying of 11’ under 5= Sundn, CIP—

shart days (SD) conditions in Sandra CP38° Frlerryppl
(53B) substitution line. On the contrary, the
acceleration was reparted under long days [LD)
conditions [Kn&ner and Pankowva, 2002, our

observations).

A subtle effect {2-7 days] we examined suggests ii. phenot‘yping

an Eps nature of the novel gene located on Accurate phenotype identification is an important step in fine mapping of the gene. We have analyzed the
| chromosome 3B of Ceska presivka. different stage of apex development (1%g. 3] and the heading time (#7g. 6] in controlled conditions of
| fytotron chambers as well as in the field experiment.

YR
The bipolar effect of analyzed gene could be
useful in future breeding programs to create the
meost suitable vaneties for local environments.,

The precise identification of the gene, its function
analysis are the challenges we will be facing in
near future.

* 303 chromosome originated from Ceskad presivka Plg. 5. Apcx develogment

E3N
stage, 3 double r dge
atage

Mapping population iii. integration
‘The combination of data set gained from genotyping (#4g. & and phenotyping of mapping population was

processed by JoinMap® 4 software. The resulted genetic map (17g. 7] is showing the order and
the relative distance hetween analyezed markers,

To localize the pene of interest & nearly isogenic
lines (NILs] mapping population has been
created (Fig. 7).

Fig. 8. Genorrplag of 30

| LL=1_ 1 api-

S ssadbame Yanaon Senda ]
B dsL e
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IRIRERTET

seag

woem s

1 S i Sk 45 B

! iii, The Hlumina scquencing of 3B chromosome:s
I l 5 I I Conclusions from CP and S provided 147,852 SNPs, which

will be use to delineate the regon of interest

e =5 geeorin aon paceemenss b i. The b_ipn]ar effect of flowering time gene was OFtori-30. 1. pwever, elliciency of SNP
_ | examined: ; - transformation to PCR based markers is 30 %
: o s - delaying 7 LD (7 days chffcr_cnoc] in allotetraploids (Byers er al. 2012), in
T L ) i - accelerating — SD (4 days difference] allohexaploid wheat is possibly even lower.
Lty T
| N, | ] ) iv. Presumably, the 'l changes are coused by Eps
H ii. The 1‘3‘_3"-15 was localized into _30 C}'I Teglon gene. Our ohzervations indicate interaction of
spEning KbareioSand Hofus) 20 markery analysed gene with photoperiod. Association of
Tow vl e b s and it has been saturated by 20 new Eps gene with photoperiod gene (Pod-D1) or
rolymorphic markers, temperature is proved in some other studies
Fig. 1: Scheme of generatlon of 3 ILe mapping pepulacion. {Valarik et al., 2006; Kamran et al., 201 3]'
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Bread wheat ( 7riticum aestivum L.) is a staple food for 40 % of the world’s
population. Population growth and extreme weather fluctuations call for

Introduction

development of new cultivars resistant to environmental stress and with

increased and more stable yield. The yield can be modified by a number of ways.
One of them being optimization of flowering time to local climatic conditions.

Apart from major flowering time genes, which have already been determined,
there are minor genes, some of which have been identified as QTLs. However,
most of them have not been discovered yet and although our current knowledge

Clearly, there is a need to identify alleles and genes associated with flowering,
which may be useful in wheat improvement.

The main objective of our work is to localize a new flowering time gene. We have
detected 12-day difference in heading time between Paragon (P) and Kaerntner

Frueher (KF) varieties of bread wheat. There were no differences in the main

involved.

of pathways regulating flowering time is improving, it is far from completion.

® ® [ J ®
DArT analysis
3.
Heading time data of F, mapping population
ik adbuked &
Figure 3: Manhattan plot of F, mapping population
heading time data.

The y-axis plots -log10 (P-values) and the x-axis plots
the physical position of over 13,000 DArT markers. The
most significant loci were located on chromosome 2B.

SML analysis

——pave

Figure 4: Results of SML (Statistical machine ]earning)
analysis.

The PAVE value determines contribution of each
marker to phenotype. Heading time difference was
associated with DArT marker 985149 and was located
within 0.75 cM fraction from the putative gene.

(Bedo etal. 2008)

F, mapping population

KF and P were crossed in order to develop F, mapping population.

KF P
Il -

I
AHEETR

Figure 1: Schematicillustration of F, population development.

Heading time difference

a) 12-day difference in heading time between P and KF varieties,

b) temperature-dependent effect of the hypothetic gene in field and in
controlled conditions (16/8 h, 20/16 °C) - lower temperature prolonged
heading time difference up to 28 - 30 days in field and growth room,
respectively.

F, population heading time - field experiment 2013

e

20

Days o heading

sl of 20

Figure 2: Heading time difference within individuals of F, mapping
population.

flowering time genes (Vrn-A1a, Vrn-B1c vrn-D1, vin-B3 and Ppd-D1b) between
these two varieties. Thus, we hypothesize that there may be a novel gene/allele

Identification of source of variation

The most possible candidate gene was Ppd-B1. To
confirm/disprove the results of QTL analysis, KASP
genotyping and whole gene sequencing were performed.

5.

TR

REL dar tilde s

ey e

o
ARtz Al A
Figure 5: The results of KASP analysis of KF and P with
allele specificprimers.

Dot plot shows presence of the same Ppd-B1 allele in both
lines.

(L. Dixon, pers. communication)

6.

Figure 6: Schematic comparison of B, KF and DUR

( Triticum durum) - Ppd-B1sequence.

Sequences of Paragon (DQ885762.2), Kaerntner Frueher
and 7. durum (AB692906) was aligned and analyzed for
the presence of any kind of DNA polymorphisms. We did
not detected any variation in sequence of Kaerntner
Frueher in both, the gene and the promoter region. In the
picture is illustrated identity of all three sequences and
CDS of the Ppd-B1 gene.

Comparison with mean heading time of 5 replications of KF and P.

Kaerntner Frueher varieties:
a) F, mapping population was created
b) QTL analysis from the DArT data was performed

In order to identify the source of heading time variation between Paragon and

c) the gene closely linked to DArT markers was identified

Our analyses did not prove that Ppd-BI was the gene influencing the trait, and the
BLAST against 2BS survey sequence did not find any significant hit.

A possible explanation of the heading time difference could be copy number
variation (CNV) of Ppd-B1 gene. Diaz et al. (2012) identified early and day neutral
heading time in different commercial varieties of wheat (Paragon, Sonora64,

Conclusions

To confirm/reject Ppd-B1 gene as a possible source of heading time variation:

a) 985149 DArT marker sequence was BLASTed against 2BS survey sequence
b) Ppd-B1 gene of cv. Kaerntner Frueher in all length was sequenced
c) KASP analysis was performed to identify the presence of the same/different

alleles of Ppd-B1 gene

quantitative PCR.

Récital, Timstein, C591) that was caused by increased CNV of Ppd-B1 allele. Their
conclusions are on line with our identification of Paragon as a late flowering variety
and the ability of Kaerntner Frueher to flower in short days. Thus our next step is to
determine differences in CNV between Paragon and Kaerntner Frueher by

References

Diaz A, Zikhali M, Turner AS, Isaac P, Laurie DA (2012). PLoS
ONE 7(3): e33234. doi: 10.1371/journal.pone.0033234.

Bedo ], Wenzl P, Kowalczyk A., Kilian A (2008). doi:10.1186/1471-2156-9-

35.

S

C.R. HANA

v

Acknowledgements

This work has been supported by Internal Grant Agency (PrF-
2012-003) and Ministry of Agriculture of the Czech Republic
(award no MZE002700604). ZM was supported by the
Operational Program Education for Competitiveness —
European Social Fund (project CZ.1.07/2.3.00/20.0165).




APPENDIX VIII

High-throughput gene resources and phenotyping - the key factors in fine
mapping of new Eps gene

Ivanicova Z., Milec Z., Travnickova M., Abrouk M., Valarik M., Prasil L.T.,
Péankova K., Snape J.W. and Safék, J.

In: Sbornik abstrakt, Bulletin Ceské spolegnosti experimentalni biologie rostlin,
“6. Metodické dny”. Se¢, Ceska republika, 2014



High-throughput gene resources and phenotyping - the
key factors in fine mapping of new Eps gene

Zuzana Ivanitoval, Zbynék Milect, Martina Travnickova?, Michael Abrouk?, Miroslav Valarik?, Ilja T.
Prasil 2, Katefina PankovaZ, John W. Snape 2, Jan Safart

1¢Centre of the Region Hana for Biotechnological and Agricultural Research, Institute of Experimental Botany, Slechtitelii 31, Olomouc, CR
2 Crop Research Institute, Drnavskd 507/73, Prague, CR
3 John Innes Centre, Norwich Research Park, Norwich, NR4 7UH, UK

Introduction

One-day acceleration and two-day delay (Fig. 1) of heading time
was identified in Sandra (CP3B) substitution line under both short and EEE%
long day conditions, respectively. To identify locus conferring this praas 12
phenotype, the 3B chromosome from Czech wheat landrace Ceska i 17
presivka (CP) was substituted to Sandra (S) variety. Afterwards, RSLs
(Recombination Substitution Lines) mapping population from cross of
Sandra (CP3B) and Sandra was developed. The Eps locus was localized
within 30 cM region (barc164 - cfa2170) of long arm of chromosome
3B and designated as QFt.cri-3B.1 (Fig. 2, 3) (Pdnkova et al. 2008). .
To precisely determine the gene of interest, mapping population
with higher mapping power (e.g. Nearly Isogenic Lines-NILs) and '.I
development of new markers were introduced. Important source of = Trp—— e — -
markers are (i) publicly available SSR and STS markers, (ii) DArT markers, (a) (c)
(iii) Single Nucleotide Polymorphisms (SNPs) markers. Combination of Fig. 1: Difference in heading time (HT) between recurrent
next generation sequencing and flow cytometry approach have proved Ea)r:;t,iznhd;: dai:: ;uz:gfg:;;::: ;d;%(lc;(ss)‘
to be credible source of SNPs markers (Paux 2008, Vrana et al. 2000). difference in heading time - Sandra is earlier than Sandra
Moreover, SNPs can be easily transformed into sequence based or

(CP3B) in LD condition (b) results of experiment in
KBioscience competitive allele-specific PCR (KASP) markers. controlled condition (24°C/20°C day/night, long day — 16

QFt.CRI-3B.1 location

Residual MS

Fig. 2: QTL profiles from marker regression analysis.
Analysis of Sandra//Sandra 3B/CP 3B RILs (QTL café) from
two experiments: (i) growth room - short days, winter
2005/06 (05), (i) glasshouse summer — long days 2007 (07)
(Pankova et al. 2008).

Fig. 3: Genetic map and QFt.CRI-3B.1 location.

(Pankova et al. 2008).
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To identify SNPs SNPLauncher pipeline

(developed by Helene Rimbert — INRA

Clermont-Ferrand — GDEC) was used.

(a) identification of SNP between 3B
chromosome of CP and S

(b) output of SNP analysis

(c) ordering of SNP within the locus
according pseudomolecule of 3B
chromosome of Chinese Spring
variety

(d) output of sequence-based and KASP
marker analysis on mapping
population

(e) the latest version of genetic map
saturated with new markers.

l
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Fig. 4: Scheme of generation of RSLs and subsequent
NILs mapping population.

140 cM 774 Mbp

Conclusions

For precise mapping of Eps locus (i) the NILs mapping population is being developed (Fig. 4) and (ii) polymorphic markers in QRt.CRI-3B.1 locus are being determined. To date, 274
polymorphic DArT, SSR and STS markers were identified. Later on, sequencing of 3B chromosome from Ceska presivka (CP) and Sandra (S) lead to identification of 27,388 SNPs within
the QFt.cri-3B.1 region. Identified SNPs have been used for sequence-based and KASP markers development and subsequently to saturate the region of interest (Fig. 5). The efficiency of
SNP markers conversion was nearly 80 % for KASP markers and 30 % for markers derived from Sanger sequencing. In total, 55 % of converted markers was possible to use in genetic
mapping. So far, 30 markers were used to saturate the region between barc164 and cfa2170 (Fig. 5(e)).

Both Fg NILs mapping population as well as obtained SNP genotyping sources will be used for precise fine mapping of the gene which will be eventually followed by positional
cloning. Candidate gene/genes analysis and its detailed characterization will provide novel information which could lead to deeper understanding of fine tuning flowering time in wheat.
The bipolar effect of analyzed gene could be useful in future breeding programs to create the most suitable varieties for local environments.
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Achievements

Flowering is a crucial process in plant life, which impacts crop yield. Here we identify tetraploid wheat Triticum militinae (2n=4x=28, AAGG) as a resource for mining new
genes/alleles influencing flowering time. We observed flowering time variation in a mapping population of doubled haploid (DH) lines. It was developed from a cross between
introgressive line 8.1 and elite bread wheat cv. Tahti. Line 8.1 carries introgressions from T. militinae, in Tahti background (Fig. 2). The analysis of DH mapping population
revealed presence of seven loci influencing flowering time. The most significant QTL for the flowering time variation was identified within the introgressed region on
chromosome 5A and its largest effect was associated with the VRN-A1 locus (Fig. 1), covering up to 67% of phenotypic variation. The analysis of F, mapping population
developed from cross DH81 x cv. Mooni confirmed the effect of this locus on flowering time. DNA sequence analysis revealed the origin from T. militinae and the allele was

designated as VRN-A1f-like (KT696537). The allele incurred a delay of 1.9 - 18.6 days in flowering in different growing conditions (Tab. 1). Comparison VRN-A

ke allele to

VRN-A1a sequences from the common wheat parental lines of the mapping populations revealed major mutations in the promoter region as well as in the first intron, including
a MITE insertion and a large deletion (Fig. 4). Moreover, the allele was identified to be responsible for spring habit emergence in 80% of the analyzed tetraploid wheat varieties
with AAGG genome (T. timopheevii sp.). Finally, analysis of difference in the relative expression level between parental lines of two mapping populations (DH81, cv. Tahti and
cv. Mooni) was carried out. The identification and quantification of the effect of the VRN-Aif-like allele from T. militinae provides a valuable source of new alleles suitable for
wheat improvement as well as for studying fine regulation of flowering pathways in wheat.

“DHlines Jogena

—— DH lines Olomouc

K

T. aestivum cv. Tahti

(-

350 DH lines

T. militinae 8.1 line

8.1 line T. aestivum cv. Tahti

Figure 2.: Schematic illustration of DH mapping
population development.

Figure 1: Location of the flowering time QTL on
chromosome 5A.

Simple interval mapping analyses of the DH mapping
population based on DH mapping population flowering time
data from Olomouc (solid line) and Jégeva (dashed line)
localised the flowering time QTL in the region between
markers Xbarcis1and Xcfaz1ss, with the peak at the
Xgwm666/VRN-Atlocus. The suggestive threshold line
(likelihood ratio statistic LRS: 4.7/ 4.4), the significant
threshold line (LRS: 10.4/10.4) and highly significant threshold
line (LRS: 20.5/19.1) are displayed for Olomouc/ Jogeva,
respectively. The threshold lines of respective QTL lines are
marked with the same colour. The distance in cM between
markers is shown on x axis.

ULARLLL.

FIPOITTITIRRY RORHEL Lt e
3 i b)

NA1 - no deletion in winter cultivars (amplicon present)

ion in spring cultivars (amplicon present)

Figure 4.: VRN-A1f-like allele is present in spring but not in
winter T. timopheevii sp. wheat.

All investigated spring lines has MITE insertion (424 bp) and 2,753 deletion

in first intron.

a) 1,002 bpamplicon - MITE insertion, 569 bp amplicon - intact sequence

of first intron

b) presence of amplicon in cultivars with intact first intron (no deletion
present)

c) presence of amplicon in cultivars with 2,753 deletion in first intron

rk has been supported by the Operational Program Education for Competitivenes:

ustai
IUT 103 of the Estonian Ministry of Education and Research.

Background

Greenhouseifield

Table 1: Statistical analysis of phenotyping data.

Phenotyping experiments were performed under controlled environmental conditions
(greenhouse; 1b, 3b), or in field conditions (1a, 2, 3a). The experiment 1was conducted on
the DH mapping population; the experiment 2 was performed on population F2 (DH397 x
DHB81) and experiment 3 was performed on population F3(Mooni x DH81).

g-greenhouse; f - field; O - Olomouc; T - Tallinn; ] - Jégeva; FT - flowering time

By
—Mooni
—Tihi
—Dis:

—T. miltinac

00 1500
Time (hours)

Figure 5.: VRN-Aif-like gene expression analysis
confirmed FT differences among analysed lines.
Parental lines of mapping populations - cv. Tahti, cv. Mooni,
DH84 line, F3 (Mooni x DH81) 147 line and T. militinae (source of
Vrn-Aif-like allele) was used for expression analysis. Samples were
collected from the dawn (6:00) up to the night (21:00), every
three hours, from the younges fully unfolded leaf of 20 days old
plants. The asterix shows significancy level from one way ANOVA
(* <0,05; **< 0,01,;*** <0,001) in comparison to T. militinae
expression levels.

uropean Social Fund (project CZ.1.07/2.3.00/20.0165), the award LO1204 from the National Program of
inability I, by the Czech Science Foundation (grant award 14-07164S), by the Czech Ministry of Education, Youth and Sports (OP VK C:

07/2:3.00/20.0165) and by institutional research funding
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Figure 5: The VRN-A1 alelles.

The schematic representation of sequence changes in
dominant Vrn-A1 alleles present in spring wheat compared
with recessive vrn-A1 (winter wheat). Orange arrows - exons,
white rectangles - introns, rectangle before first exon —
promoter, insertion - black triangle, deletion - grey rectangle,
yellow rectangle - duplication. Their position is indicated by
number of base pairs from the START codon in comparison to
vrn-A1 allele. The NCBI database sequences used for schematic
comparision: vrn-A1 (AY616455.1), Vrn-Aia (AY616458.1), Vin-
A1b (AY616461.1), Vrn-Aic (AY747599.1), Vrn-A1d (AY616462),
Vrn-Aie (KT361213), Vrn-A1f (GQ451750.1) and Vrn-Aif-like
(KT696537.1).

SFE - Spring Foldback Element, MITE - Miniature Inverted-
repeat Transposable Element.

Conclusions

“#Lateness of DH81 line is caused by Vrn-A1f-
like allele.

% Vrn-Aif-like allele has changes in promotor
and first introne.

“»Analysis of tetraploid AAGG wheat cultivars
(T't. subsp. timopheevii, T't. subsp. araraticum)
showed, that deletions in promoter are present
in both - spring and winter cultivars (Fig. 4).

“#Presence of MITE insertion and/or deletion
in the first introne of Vrn-Aif-like allele is
crucial for emergence of spring habit (Fig. 4).

% Vrn-Aif-like allele expression analysis (Fig. 5)
correlates with flowering time delay.
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1 INTRODUCTION

The bread wheat (Triticum aestivum L.) is one of the most important crops for humankind. It
is a staple food for 30 % of population. Wheat fields cover the largest area of all crops
(http://faostat3.fao.org/). Currently, the wheat yield is threatened by various abiotic and biotic
stresses. The abiotic stresses are dangerous especially for reproductive phase of wheat
development. The low temperature in the early spring can lead to damage of floret parts and
hot and dry conditions during following period can influence grain filling. The flowering in
optimal time enables using available sources and avoiding unsuitable conditions in certain
microenvironment. The study of flowering time determination is important for an

understanding of this complex process.

The pioneering flowering pathway studies started in the model organism of Arabidopsis
thaliana. This organism has many advantages (small genome size, short life cycle, available
mutant phenotypes and comprehensive sequencing data) which made it the ideal object for
determination of flowering process studies [1]. The knowledge gained by these studies
showed complexity of flowering pathway. These studies emphasize an importance of external
conditions and preparedness of the plant itself for flowering before the initiation of flower
development [2]. Usage of these data in analyses of agriculturally important plants (wheat,
barley and rice) proved conservation of some but not all biochemical pathways (for review

see: [3]). This just underlined the importance of study of these objects.

Determination of genes influencing flowering time in wheat is hampered by its huge 17-Gbp
genome, its hexaploid nature and presence > 90 % repetitive elements in the genome. In
addition, the influence of loci with just a minor effect on flowering time is shielded by
manifestation of major loci. That is why the genes conferring photoperiod sensitivity and
vernalization requirement, their allelic variations and mutual interactions are the most studied
ones [4-12]. Recent progress in genotyping platforms, phenotyping methods and genetic
mapping techniques also enabled identification of several minor loci which belong into the
group of Earliness per se genes [13—-15]. However, the absolute knowledge of determination

of flowering time is still far away.

Landrace varieties and both wild and domesticated bread wheat progenitors are important
source of new alleles controlling flowering time. The study of these forgotten varieties,

determination of their evolutionary relationship and characterization at the genetic level was



the main aim of another study presented in doctoral thesis. These pieces of information are

important for finding cultivars which can be used in the breeding process.

In the presented study, we aimed to identify new genes/alleles influencing flowering time in
T. millitinae. The doubled haploid mapping population was used for primary analysis. It
consists of individuals with introgressions from T. millitinae in T. aestivum cv. Tahti genetic
background. Overall, seven loci influencing flowering time have been identified. In the
following study, we focused on the most significant locus located on chromosome 5A. This
locus was responsible for up to 70 % phenotypic variation and located in the region of VRN-
Al gene. The sequence analysis revealed unique variation in the first intron and led to
identification of new Vrn-Alf-like (KT696537) allele.

In the second part of the work we determined copy number variation of Ppd-B1 gene as cause
of variation between spring cultivars of T. aestivum — Kaerntner Frueher (KF) (three copies of
Ppd-B1) and Paragon (P) (one copy of Ppd-B1). However, we discovered significant variation
within lines with three copies of Ppd-B1 gene. This group can be divided to early (KF — like)
and late (P — like) lines. In addition, this phenomenon was detectable throughout subsequent
generations (F2- F7). We analyzed Ppd-Bla expression and methylation pattern in chosen

individuals of F7 generation in order to reveal the nature of this observation.
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2 AIMS OF THE THESIS

The main aim of the thesis was identification and characterization of new genes/alleles
responsible for determination of flowering time. This aim was accomplished by two different

topics which are represented by two separated parts.

I. Identification and characterization of new Vrn-Alf-like allele responsible for delayed
flowering.

The aim of the first part of the thesis was determination and following characterization of the
gene responsible for the difference in flowering time within doubled haploid mapping
population. This consists of individuals which contain different combination of introgressions

from T. millitinae in elite bread wheat cultivar Tahti.

I1. Analysis of expression profile and methylation pattern of lines with three copy of
Ppd-B1 gene as a possible cause of intragroup heading time variation.

The second part of the thesis dealt with identification of gene responsible for difference in
flowering time between two bread wheat cultivars — Paragon and Kaerntner Frueher. The aim
was further complemented by analysis of lines which have a common character — three copies

of Ppd-B1 gene, although they significantly differed in the flowering time.
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3 MATERIALS AND METHODS

3.1 1. Identification and characterization of new Vrn-Alf-like
allele responsible for delayed flowering.

Plant material

We used 314 lines of doubled haploid mapping population for identification of genes/alleles
responsible for difference in flowering time. These lines contained different combination of
introgressions from tetraploid wheat with AAGG genome T. militinae in elite bread wheat
cultivar Tahti (located on chromosomes 1AS, 2AS, 2AL, 4AL, 5AL, 7AS, 1BS, and 5BS).
Furthermore, two verification mapping population (94 lines F individuals coming from cross
cv. MoonixDH81 and 98 F. individual coming from cross DH397xDH81 and 96 F»
individuals from reciprocal cross DH81xDH397) were used for determination of the effect of
identified loci in different genetics backgrounds. DH397 line was selected from DH mapping
population and contained introgressions on chromosomes 1A, 2AL and 7A.

Phenotyping of mapping populations

The phenotyping experiments were performed during three different seasons under both field
and controlled conditions. Prior to planting in the field, plants were synchronized by soaking
the seeds in tap water for 24 hours at room temperature, followed by incubation of the seeds
on wet filter paper for two days at 4°C and one day at 25°C in plastic Petri dishes.

Preliminary experiment with 113 DH lines (six replications) was performed in Jdgeva,
Estonia (winter 2009/2010) in greenhouse (16/8 hours day/night, temperature 20-23°C). The
whole DH mapping population (314 lines — four replications) were further analyzed in the
field conditions in Olomouc during season 2013.

94 lines of Fs MoonixDH81 mapping population (four replicates) were analyzed under
controlled conditions in Tallinn, Estonia in 2013 (16/8 hours day/night, 20-23 °C). 80 lines
selected from this mapping population were phenotyped in field conditions in Olomouc
during season 2014.

F> plants originating from both reciprocal crosses (DH397xDH81 and DH81xDH397) were
studied in field conditions in Olomouc (in 2014).

Genotyping

The presence of introgressions in all lines was determined by SSR markers identified in the
previous study. These markers were shown to be polymorphic between cv. Tahti and DH81.
Overall 57 markers were mapped in DH mapping population. For genotyping of verification
mapping population we used at least one marker per introgression. Mapping of flowering time
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genes (Ppd-B1, VRN2 and VRN3) presented in introgression were done using sequence based
markers.

QTL mapping and statistical analysis

The QTL analysis was done using statistic software MapManager QTX Version b16 [16].
Genetic distances were established using the Kosambi mapping function. The threshold value
for Likelihood ratio statistic (LRS) for suggestive (P < 0.05), significant (P < 0.001) and
highly significant (P < 0.0001) loci was calculated for each experiment using permutation test
at 1000 iterations. Single marker regression was used to associate phenotype with marker in
each experiment. The position of detected QTLs was determined using simple interval
mapping. The confidence interval was established by bootstrap analysis with 1000 iterations
using the same software. Statistical significance was determined using single factor analysis
of variance (ANOVA).

3.2 Il. Analysis of expression profile and methylation pattern
of lines with three copy of Ppd-Bla gene as a possible cause
of intragroup heading time variation.

Plant material

We used 92 individuals of F2> mapping population which was created from cross between two
bread wheat cultivars Kaerntner Frueher (KF) and Paragon (P) for the flowering time
determination. Both parental lines did not differ in allelic compositions of main flowering
time genes (Vrn-Ala, Vrn-Blc, vrn-D1, vrn-B3, Ppd-D1b and Ppd-Alb). Further, the next
generations until F7 generation of mapping population was developed by single seed descent
method.

QTL analysis

QTL analysis using DArT markers was performed to indentify location of loci responsible for
variation in flowering time. It was carried out by Diversity Arrays Technology (DAIT,
Canberra, Australia) using 92 individuals of F2> mapping population.

Copy number determination

The number of Ppd-Bl copies was determined differently for F> individuals and for
individuals of Fs and F7 generation. Number of copies for F, population and both parents was
determined at iDNA Genetics (Norwich, UK) by Tagman® assay as described in Diaz et al.
[17]. The number of Ppd-Blcopies for Fe and F7 generation was determined by sequence-
based marker. The two SNPs localized in the sequenced area of 5"UTR region was used for
distinguishing of different copy number. Primer pair was designed manually to overlap SNPs
located at the positions +10,427bp (G-A) and +10,656bp (A-G) from START codon (forward
primer GACTCCTGCCATGAGTTTTGATG and reverse primer ACCGCAGTGTG
ACTTCGATTATC). Amplicons were purified and sequenced as described in lvanicova et al.
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[18]. The sequences were trimmed and assembled using Geneious 5.6.4
(http://www.geneious.com).

RNA extraction and expression analysis

RNA was extracted from leaves of 20-day-old seedlings using commercial kit RNasy Plant
Mini Kit (Qiagen); leaves were collected from all lines in three biological replicates three
hours after dawn when the Ppd-B1 expression reaches the maximum level. Digestion of DNA
during RNA purification was performed using the RNase-Free DNase Set (Qiagen). cDNA
was synthesized with Transcription High Fidelity cDNA Synthesis Kit (Roche) following
manufacturer’s protocol with 2 g of total RNA and anchored-oligo (dT)1s primers.

The expression level was determined using reverse transcription-g°PCR (RT-qPCR). RT-
gPCR was performed using qPCR 2x SYBR Mt. Mix (Top-Bio) on CFX96TM Real-Time
PCR Detection System (Bio-Rad, USA). The expression level of Ppd-B1 was standardized
against reference gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and data
analyzed with software CFX Manager 3.0 (BioRad) using 27244 method. Three replicate PCR
amplifications were performed for each sample. The transcript level of target gene Ppd-B1 in
control plants was designated as 1.0. Primers were designed with Primer Express® Software
v3.0.1 (ThermoFisher Scientific, USA): primers for Ppd-B1 were Ppd-B1_101F
(CGCCACTGCATGTACCAAGTTA) and Ppd-B1_101R (CTGTCAGAACAAGGTCGATG
TTG); primer efficiency E=102.8 % and correlation coefficient R? = 0.991. Primers for
reference gene GAPDH were TTAGACTTGCGAAGCCAGCA and TTAGACTTGCGAAG
CCAGCA as described in Sun et al. [11].

Methylation status determination

Genomic DNA was extracted from young plant leaves of F7 individuals and parental varieties
(all in three biological replicates) using commercial kit Invisorb Spin Mini Plant Kit (Stratec
Molecular) following manufacturer’s instruction. To determine methylation status, bisulfite
conversion (BS) was performed using EZ DNA Methylation-Gold™ Kit (Zymo Research).
We focused on the promoter region described in Sun et al. (2014) as “Region II” for it is
associated with significant changes in methylation level between one and three copies of Ppd-
B1.

a) genomic DNA amplification

Unconverted DNA was amplified with newly designed forward primer PromF2
(GCCTTACGCACATCATCAGC) and reverse primer PromR2 (GGTGACGTGGACGAAA
TGGA).

b) bisulfite converted DNA amplification

Amplification of converted DNA was carried out with primers for Region Il described in Sun
et al. (2014). PCR amplicons from both amplifications were purified using Agenocourt
AMPure XP (Beckman Coulter, USA) and cloned into pPCR™4-TOPO® TA vector (TOPO®
TA Cloning® Kit for Sequencing, with One Shot® TOP10 Electrocomp™ E. coli; Invitrogen,
USA) according to manufacturer instructions. Clones from all samples were amplified in total
volume of 20 ul. PCR products were purified and sequenced as described in Ivanicova et al.
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[18]. The resultant sequences were trimmed and assembled using Geneious 5.6.4
(http://www.geneious.com). Methylation status was determined with Kismeth online tool
available at http://katahdin.mssm.edu/kismeth /revpage.pl.
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4 SUMMARY OF RESULTS

I. ldentification and characterization of new Vrn-Alf-like allele responsible for
delayed/late flowering.

The new Vrn-Alf-like allele was discovered during analysis of doubled haploid mapping
population. This population was developed as described in Jacobson et al. [19,20]. The
parental lines of this mapping population were elite bread wheat cultivar Tahti and line 8.1.
Line 8.1 consists of introgressions of T. militinae in cv. Tahti background. The QTL analysis
of doubled haploid mapping population showed presence of seven loci which influenced
flowering time. The locus located in the position of VRN-A1 gene on 5A chromosome had the
most significant effect on flowering time difference. Its effect was later confirmed by analysis
of two other verification mapping populations (F2 MoonixDH81 and F, DH397xDH81).
Newly identified allele of VRN-A1 gene was responsible for up to 70 % of phenotypic
variation. The sequence analysis of this allele showed presence of two deletions in promoter
region which was previously identified in Vrn-Alf allele from T. timopheevii [21] and two
unique structural changes in the first intron (424 bp insertion of miniature inverted-repeats
transposable element and 2,753 deletion with unique flanking sites). This allele was

responsible for flowering delay and was designated as Vrn-Alf-like.

I1. Analysis of expression profile and methylation pattern of lines with three copy of
Ppd-Bla gene as a possible cause of intragroup heading time variation.

The aim of this study was identification of gene responsible for heading time variation within
individuals of F> mapping population developed from cross between two bread wheat
cultivars Kaerntner Frueher (KF) and Paragon (P). Identification of higher number of copies
of Ppd-B1 gene in KF corresponded with its earliness and photoperiodic insensitivity. The
analysis of F> mapping population showed/revealed significant variation within groups with
the same number of Ppd-B1 copies. This variation was detectable up to F7 generation. In this
state, the genetic information of individual lines is considered homogenous enough to
decrease the effect of genetic background. But still, we were able to identify significant
variation within individuals with three copies of Ppd-B1. Selected individuals of F7 generation
with flowering time similar either to P or KF (but with three copies of Ppd-B1) were further

analyzed. The final goal was identification of expression pattern and methylation status of
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Ppd-Bla allele of selected individuals. The results showed that expression pattern correlates
with differences in the flowering time — thus KF-like varieties had higher Ppd-B expression
level than P-like one. The methylation status results were inconclusive when we were not able
to obtain statistical significant difference between all P- and KF-like lines. This interesting

phenomenon needs to be part of further studies.
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5 CONCLUSIONS

Plants are sessile organisms and they are not able to escape when they are threatened by
unsuitable conditions. They must evolve mechanism which enables them to grow, flower and
develop seeds under the optimal conditions to ensure creation of new generation. The
question how they evaluate suitability of external condition is indeed intriguing. For timing of
every single life event to the optimal conditions, they developed mechanism which use the
most stable pattern — the earth rotation (responsible for day/night cycle) and the tilt of an earth

axis (responsible for season alternation and changes in day length during seasons).

By monitoring changes in day length and temperature conditions they are able to determine
their position and to time their life cycle accordingly. Not surprisingly, the gene network
responsible for perceiving and evaluation of these inputs is complex and it consists of many
genes as well as of many interactions between them and proteins. These pathways can be
revealed by identification of genes responsible for tuning of flowering time to fit the certain

environment and by determination of interaction between these genes.

The identification of novel genes/alleles in wheat was the main aim of the thesis. We
succeeded in identification of new allelic variation of VRN-AL gene designated Vrn-Alf-like
allele. This also revealed that different alleles conferring spring habit in wheat affects

flowering time in different way.

In the second study we were able to identify intragroup variation within lines with the same
number of copies Ppd-B1 allele. We tried to correlate this variation to changes in expression
pattern and methylation status of Ppd-B1 gene as the effect of epigenetic changes in flowering

time determination.

Identification of new genes/alleles and elucidation of flowering time process is important also

for breeding new varieties which will be adapted to certain microenvironmental conditions.
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8 SUMMARY (in Slovak)

Identifik&cia a mapovanie génov kvitnutia u psenice letnej (Triticum aestivum L.)

Kvitnutie je pre rastlinu esencialny proces. Vedie k tvorbe semien a teda zabezpeCuje jej
prezitie do dalSej generacie. Optimalny Cas kvitnutia umoziuje, aby sa rastlina vyhla
nepriaznivym podmienkam prostredia. Zaroven vSak vedie k vyuZitiu dostatocného mnoZstva
Zivin, ktoré sa Casto vyskytuju len v Casovo limitovanom obdobi. Vhodné podmienky
prostredia su preto délezité nielen pre tvorbu kvetnych Casti, ale aj vyvin semien a vplyvaju
na ich mnozstvo a taktiez ich kvalitu. Prave tieto dve charakteristiky ovplyviuju vynos
a nasledné spracovanie semien. Kvitnutie vo vhodnom Case je teda dolezité aj z pohladu

¢loveka.

Ako vsak rastlina dokaze identifikovat Cas a miesto v ktorom sa nachadza, ateda urcit
najvhodnejsi €as na iniciaciu tohto procesu? UmozZiuje jej to zmena tepl6t a striedanie dia
a noci. Rastlina totiz dokaZe detegovat’ pravidelné sa striedanie chladného a teplého obdobia

a zmeny dizky diia s tym slvisiace umoZznené rotaciou Zeme a naklonenim zemskej osi.

Okrem vyhodnotenia externych podmienok, musi rastlina vyhodnotit' aj jej endogénne
procesy, ateda jej celkovlu pripravenost’ na proces reprodukcie. Biochemické drahy, ktoré
umoznuju ziskanie tychto informacii, ich spracovanie a nasledné kvitnutie si vel'mi zloZité
a komplexné. Su kodované velkym mnoZstvom génov, a prave identifikacia tychto génov
aich interakcii moze prispiet k poznaniu tohto procesu. Dalsim krokom je identifikécia
novych alelickych variacii génov ovplyviujucich kvitnutie. Zdrojom novych alel su variety,
ktoré neboli polnohospodarsky vyuZivané, a preto si zachovali velkd cCast' pdvodnej

genetickej variability.

Identifikécia novych génov/alel ovplyviujacich €as kvitnutia bola aj predmetom nasej Stadie.
V naSej Studii sme identifikovali novu alelu VRN-A1 génu, ktord sme nazvali Vrn-Alf-like.
T. militinae, ktord je pdvodnym zdrojom tejto alely je taktiez druh, ktory nie je vyuZivany
modernym polnohospodarstvom. Tato alela bola zodpovedna az za 70 % identifikovanej

variability vo fenotype aviedla k oneskoreniu iniciacie kvitnutia. Tymto spdsobom sme
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identifikovali rozdiel medzi dvoma alelami (Vrn-Ala a Vrn-Alf-like) v ovplyvneni procesu

kvitnutia.

Dalsi projekt sa zaoberal vysvetlenim signifikantnej variability v ¢ase kvitnutia v liniach
s troma kopiami génu Ppd-Bla. Tato variabilita bola identifikovana v mapovacej populécii F2
generacie a neskor bola zistena aj v dalSich generaciach. Linie z generacie F7, ktoré
reprezentovali obe hrani¢né varianty, a teda skoro a neskoro kvitnuce linie boli analyzované

a bola u nich determinované miera expresie a metylacie génu Ppd-Bla.

Pochopenie determinécie kvitnutia a identifikacia novych génov/alel, ku ktorej prispela aj
naSa praca su dolezité pre Sl'achtenie novych kultivarov, ktoré budd lepSie adaptované prave
na urcité podmienky prostredia.
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