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Infroduction

1. Infroduction

1.1|Rye

Rye (Secale cereale L.) belongs to the grass family, Poaceae (syn. Gramineae), in the fribe
of Triticeae (Tang et al., 2011). This crop plant is adapted to a wide range of environmental
and climatic conditions, thus capable of producing higher yields than wheat and barley
under adverse conditions, what enabled it to become a staple food grain at higher
altitudes, in tropical and subtropical latitudes, and in regions with poor sandy or rocky soils
and severe winters (Karpenstein-Machan and Maschka, 1996; Geiger and Miedaner, 2009;
Tang ef al., 2011). Rye is also known for its low pH and aluminium folerance (Geiger
and Miedaner, 2009; Tang et al., 2011). Additionally, rye bears genes associated with: high
protein content, resistance to many cereal diseases, sprouting, drought, winter hardiness,
and other morphological and biochemical traits, which can be transferred to closely
related crops (Rakowska, 1996; Geiger and Miedaner, 2009; Tang et al., 2011). Moreover,
rye is known to have the lowest requirements for fertilisers, herbicides, and pesticides,
proving the plant as being the most ecologically pure product for the direct bread
production (Madej, 1996; Rakowska, 1996).

1.1.1 | Rye production and its uses

Referring to the database of the Statistics Division of the Food and Agriculture Organization
of the United Nations (FAOSTAT, 2016), rye is the ninth major cereal grain worldwide
and the fifth in the European Union (after wheat, maize, barley, and friticale) by its
production. In Germany, rye is even more popular, being the fourth most cultivated cereal
grain, after wheat, barley, and maize (FAOSTAT, 2016). Most of the rye produced
worldwide is grown in the cool temperate zone, known as ‘the rye belt’, which is spreading
from the Netherlands, through the North and East European Plain, to the Ural Mountains
(Bushuk, 2001). The world production of rye in 2014 was 15,337,075 tonnes, and 8,804,588
tonnes in the European Union, which corresponds to 57.41% of the world production
(FAOSTAT, 2016). The largest producers of rye in 2014 were Germany with 3,854,400 tonnes
(25.13% of world production), Russian Federation with 3,280,759 tonnes and Poland
with 2,792,593 tonnes (Fig.1; FAOSTAT, 2016).
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FIGURE 1 World production of rye in 2014 by countries (FAOSTAT, 2016).

Over the years 1961-2014, there has been a clear downward tendency in the rye
production and its harvested area in the world and the European Union (Fig.2; FAOSTAT,
2016). The decrease in the cultivated area was substantial since the 1970s, mainly as
an offset by an increase in yield (Bushuk, 2001). Nowadays, the decreasing rye harvested
area is the result of low prices of such cereal in the previous years, strongly affecting
the profitability of its production. Additionally, rye production has lost to more lucrative
triticale over the years since 1975 (Fig.3; FAOSTAT, 2016).

Nevertheless, because of the winter hardiness of rye and its ability to grow on soils
with marginal fertility and consumer demand for its products, rye should keep its role as
an essential crop (Bushuk, 2001; Geiger and Miedaner, 2009). New high vyielding
population and hybrid varieties have taken yielding potential, lodging resistance,
and baking quality, offering the yield comparable to other cereals, regardless of the level
of field management intensity (Madej, 1996). In Northern and Eastern Europe, rye is
the second after wheat, yet the most commonly used cereal grain in the production
of soft and crisp bread (Nilsson et al., 1997; Bushuk, 2001; Tang ef al., 2011). Rye grain is also
used for the production of groat, porridge, breakfast cereals, and bran, as well as for
sprouts or even pasta (Bushuk, 2001; Tang ef al., 2011; Schlegel, 2014). Additionally, it is
an important crop for the production of mixed animal feeds and as green manure in crop
rotation (Bushuk, 2001; Tang et al., 2011).
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FIGURE 3 World production of triticale over the years 1961-2014 (FAOSTAT, 2016).

Rye grain contains dietary phytosterols, which inhibit cholesterol absorption,
decreasing plasma levels of low-density lipoprotein (LDL) cholesterol, and thereby
decreasing the risk of developing cardiovascular diseases (Schlegel, 2014). Rye grain is
also rich in iron, B and E vitamins, and dietary phenolic antioxidants (Schlegel, 2014).
Moreover, it is known to contain a high content of dietary fibre (150-170 g kg! in whole
grain flour) and rye bread contains about three times more fibre than white wheat bread,
since the endosperm of rye contains twice as much cell wall components than wheat
(Rakowska, 1996; Nilsson et al., 1997; Bushuk, 2001; Tang et al., 2011). These characteristics
of rye bread positively influence bowel activity, metabolism, and the quantity, quality,
and composition of the intestinal flora, as well as offer a practical dietary means
of hypocholesterolemic effects in men with moderately elevated serum cholesterol
(Leinonen et al., 2000; Schlegel, 2014). The protective cholesterol-lowering effect of water-
soluble fibre is due to binding of bile acids in the small intestine, what enhances synthesis
of bile acids from cholesterol in the liver (Leinonen ef al., 2000). Moreover, a diet rich
in high-fibre cereal is associated with a reduced risk of colorectal cancer (Hill, 1997).
By consuming whole grain bread it is also possible to reduce the absorption of biliary
oestrogens and increase the faecal output of these hormones, and together with high
amounts of lignans in rye, they have been shown to reduce breast cancer risk (Cade
et al., 2007; Aubertin-Leheudre et al., 2008).

A substantial quantity of rye production is used for distilling grain info vodka, gin,
and whiskey (Bushuk, 2001; Tang et al, 2011). Rye is also used for the production
of non-potable alcohols and biomethane used in industry for chemical engineering,
pharmaceuticals, cosmetics, and fuel (Tang et al., 2011; Geiger and Miedaner, 2009;
Schlegel, 2014). Additionally, in the Eastern European countries, a traditional fermented

drink, called kvass, is produced from rye grain (Tang et al., 2011; Schlegel, 2014).
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Rye can also be grown for erosion conftrol, to add organic matter, to enhance soil
life, and for weed suppression (Barnes and Putnam, 1986; De Baets et al., 2011). Rye straw
is highly desirable for livestock bedding and increasingly valuable for the production
of traditional thatched roofs, becoming more popular nowadays (Bushuk, 2001). Small
quantities of it are also used in the manufacture of strawboard and paper (Bushuk, 2001).
The straw can be successfully used for bioenergy systems, such as the production
of bioethanol since it has relafively high cellulose and hemicellulose content, vigorous
growth, high nutrient- and water-use efficiency, and low input production (Sun
and Cheng, 2005). The varieties with high growth rate, maximal biomass yield, good field
resistance, and finally good lodging resistance, like Hellfop and Hellvus, are desirable
for biofuel production (Schlegel, 2014; Welker et al., 2015).

1.1.2| Morphology of rye

Rye is an allogamous herbaceous plant, with culms up to 150 cm high and an extensive
root system (Fig.4A; Sheng and Hunt, 1991; Kutschera ef al., 2009; Tang et al, 2011),
enabling it to be the most drought-tolerant annual cereal crop and less prone to root
lodging (Neenan and Spencer-Smith, 1975; Tang ef al., 2011). The total roof length in rye
depends on the density of plants: if the distance between two plants is 15 cm, the total
length of roots is equal to 0.975 km, and increases to 79.03 km for plants growing every
3 m (Kutschera ef al., 2009). The length of the roots also depends on the type of the soil
and the climate: in dry climates and poor and sandy soils, the plant develops longer
and denser roots to obtain necessary nutrients and water (Kutschera et al., 2009).

The culm of rye consists of several internodes, which length is the smallest
at the base and increases considerably towards the top (Tang et al., 2011). The nodes are
smooth (Fig.4B) and internodes hollow (Tang ef al., 2011). Leaf blades are blue-green, flaf,
linear, 2.5 — 20 mm wide, long, pointed with fruncate ligules, without cross venation,
and hairy on the lower surface (Tang et al., 2011). The leaf sheaths play an essential role
in strengthening the stem, particularly when the fissues are sfill green and weak (Mulder,
1954). Spikes are 7-15 cm long, slender, and nodding, composed of several spikelefts,
one at each node (Fig.4B; Tang et al., 2011). The rachis is non-shattering, hollow, and its
segments are densely covered with white hairs on the edges (Tang et al., 2011). Spikelets
are comprised of two hermaphroditic florets, placed flatwise against the rachis (Fig.4B;
Tang et al., 2011). The glumes are rigid and narrow, 8-18 mm long and awned (Fig.4B; Tang
et al., 2011). The lemmas are broader and longer, 10-19 mm long, sharply keeled
and tapering intfo along awn (Fig.4B; Tang et al., 2011). Palea is relatively long and apically

notched, two-nerved and 2-keeled (Tang ef al., 2011). Three stamens and two lodicules
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are present, free, membranous, and ciliate (Tang et al., 2011). The anthers are 2.3-12 mm
long, not penicillate, and the ovaries are hairy (Tang et al., 2011). The rye kernel is ellipsoid,
longer and more slender than in wheat, neither attached to the lemma, nor palea (Tang
etal, 2011).

A

cereale

FIGURE 4 Rye morphology: root system of winter rye grown on brown soil (T0YR 4/2 to 10YR 4/3) (A;
Kutschera et al., 2009), rye tillers, spikes, and florets (B; Gardner, 1952).
1.1.3| Anatomy of the internode
The stem of rye is around 0.5 cm thick at the base, dictyostele type, with a large cenftral
cavity, which is the typical anatomy of infernodes in the Pooideae subfamily, and from
the mechanical point of view plants with the greatest diameter of lower internodes are
the most desirable (Hayward, 1938; Mulder, 1954; Metcalfe, 1960).

The internode is covered with epidermal cells, compactly organised info a single
continuous layer, which is uninterrupted, except for stomatal openings (Fig.5A; Hayward,
1938; Metcalfe, 1960; Rovenskd, 1973). The outer and radial walls of the epidermis are

thicker than the inner ones, being cutinized or suberized (Hayward, 1938; Metcalfe, 1960).
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On the surface of the epidermal cells a well-developed cuticle is deposited, impregnated
with cuticular waxes and covered with epicuticular waxes, what provides waterproof
protection for a plant, prevents evaporation, and also functions in defence, forming
a physical barrier that resists penetration by viruses, bacterial cells, and the spores

or growing filaments of fungi (Hayward, 1938; Metcalfe, 1960; Freeman, 2005).

mech chl par

FIGURE 5 The anatomy of rye internode: scheme of a transverse section through rye internode
(A; Hayward, 1938), distribution of outer and inner vascular bundles in the internode (B; Rovenskd,
1973).

cav - central cavity of the stem; chl par - chlorophyll parenchyma; g ¢ - guard cells; mech -
mechanical tissue; mx — metaxylem; par- parenchyma; ph - phloem; px — protoxylem

The epidermis is subtended by a thick-walled ring of the sclerenchyma (6-8 cell
layers, sometimes called hypoderm; Mulder, 1954) with flattened columns of thin-walled,
circular in fransection, chlorenchymal cells embedded in it, which run parallel along
the stem (Fig.5A; Hayward, 1938; Metcalfe, 1960; Rovenskd, 1973). The highest degree
of lignification, an essential factor for lodging resistance is found in the lower internodes
(Mulder, 1954). On the sides of the assimilating parenchyma, in stripes of sclerenchyma,
small collateral type peripheral vascular bundles are located with phloem oriented
outside, and xylem inside the axis of the culm (Fig.5A-B; Hayward, 1938; Metcalfe, 1960;
Rovenskd, 1973).

Under the sclerenchyma, around 12 cell layers of large thin-walled ground
parenchyma are present, extending from the zone of the mechanical tissue to the centrall
cavity (Fig.5A-B; Hayward, 1938; Metcalfe, 1960; Rovenskd, 1973). The cell walls of these

cells can be sometimes lignified (Mulder, 1954). Large inner collateral vascular bundles are
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embedded in the parenchyma, with the phloem at the pole of the bundle towards
the periphery of the culm, (Fig.5A-B; Hayward, 1938; Metcalfe, 1960; Rovenskd, 1973).
A sheath of mechanical tissue consisting of slender, elongated fibres (Fig.5A; Hayward,
1938; Metcalfe, 1960) surrounds these bundles. The protoxylem consists of one or two
annular or spiral vessels, and the innermost element is reinforced with a combination
of rings and spiral thickenings (Fig.5A; Hayward, 1938; Metcalfe, 1960). Protoxylem
elements usually break down quite early in the life of the bundle and are replaced
by longitudinal, intercellular cavities, in which the annular or spiral thickenings
of the original vessel elements are sometimes to be seen (Metcalfe, 1960). The large,
laterally placed, metaxylem vessels are pitted with several small tracheids between them
(Fig.5A; Hayward, 1938; Metcalfe, 1960). The phloem is comprised of slender thin-walled
sieve tubes and companion cells (Fig.5A; Hayward, 1938; Metcalfe, 1960).

1.1.4|Rye breeding

Lodging resistance is one of the main objectives for rye breeding, next to grain yield
and 1000-kernel weight, higher crude protein content, resistance to frost, drought, diseases
(mildew, Rhynchosporium, leaf and stem rust, ergoft, Fusarium), and preharvest sprouting
(Geiger and Miedaner, 2009; Schlegel, 2014). The identification and selection of the fraifs
determining lodging resistance has been an important goal for breeders, and many
of them have found differences among lodging resistant and susceptible genotypes
for various morphological and anatomical culm fraits.

Population breeding is carried by random fertilisation since rye gametophytic
self-incompatibility prevents self-fertilisation under open pollination and usually leads
to the production of self-incompatible varieties (Geiger and Miedaner, 2009; Schlegel,
2014). The population varieties, which are open-pollinated and synthetic varieties, are
steadily improved by recurrent half- or full-sib selection (Geiger and Miedaner, 2009).
Before 1850, landraces were developed by natural selection and until 1900 mass selection
was a standard procedure for rye grain, spikes shape, and plant habits improvement
(Schlegel, 2014). From 1885 to 1921, the phenotypic recurrent selection was used
to develop better rye populations, which was a significant improvement for rye breeding
(Schlegel, 2014). In 1910, the separation breeding method was developed for rye, which
supported the development of directed pollination (Schlegel, 2014). Since 1920
the method of overstored seeds (‘half-sio progeny selection’), including regulated
cross-fertilisation and progeny testing, became the standard before hybrid breeding was
infroduced (Schlegel, 2014). Breeding for bread making traits began in 1928, and a strong

selection in the 1930s led to a significant increase of protein content in Petkus derivatives
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(Schlegel, 2014). During the 1930s, several inbreeding methods were applied with no
significant progress achieved in the selection and only for more distinct and primitive lines,
the selection progress was better (Schlegel, 2014). Systematic hybrid studies in rye started
in 1970 at the University of Hohenheim with the discovery of the so-called P-cytoplasm
and the Cytoplasmic Male Sterility (CMS) became the cornerstone of hybrid production
(Schlegel, 2014). Nowadays hybrid populations are more popular, and a good example is
the case of Germany, where hybrid rye is grown on about 70% of total rye acreage (Geiger
and Miedaner, 2009). ‘Helltop' and ‘Hellvus, rye hybrids developed by Dieckmann Seeds,
combine the highest plant height among German collection of rye hybrids, high yield

and large seeds with remarkable stability and lodging resistance.

1.2 | Lodging

Lodging is the phenomenon of the displacement of small-grained cereals shoots from their
vertical stance, which occurs after the ear or panicle has emerged, and results in shoots
permanently leaning horizontally on the ground, sometimes involving breakage
of the stems (Mulder, 1954; Pinthus, 1973; Berry et al., 2003; Berry et al., 2004; Kelbert et al.,
2004). Lodging as a limiting factor causes significant economic losses and strongly affects
the final yield of grain. It can reduce yield by up to 80% and can cause addifional
undesirable effects, including reduced grain size and number, reduced quality, greater
drying costs, and problematic harvesting (Atkins, 1938; Mulder, 1954; Pinthus, 1973; Berry
et al, 2003; Berry et al, 2004; Keloert et al., 2004; Kong et al, 2013). Hence,
the development of varieties resistant to lodging is an important objective in the most
breeding programs. Lodging can be influenced by several factors, such as wind, rain,
topography, soil type, previous crop, husbandry, and disease (Mulder, 1954; Pinthus, 1973;
Kubicka and Kubicki, 1988; Berry et al., 2003; Berry ef al., 2004). It is also associated
with conditions that promote plant growth, such as an abundant supply of nutrients
(Mulder, 1954; Pinthus, 1973; Kubicka and Kubicki, 1988; Berry et al., 2004). Lodging
resistance depends mostly on the morphology of plants, tiller anatomy, and root system
(Mulder, 1954; Kubicka and Kubicki, 1988; Berry et al., 2003; Berry et al., 2004; Milczarski,
2008).

1.2.1 | Types of lodging
Lodging can be a result of buckling or breaking of the basal internodes, typically near
the base of the stem, described as stem lodging (Pinthus, 1973; Berry et al., 2004).

Root lodging results from the failure of the anchorage system, and is characterised
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by permanent displacement of the stem without any observable stem buckling, involving
a specific disturbance of the root system (Mulder, 1954; Pinthus, 1973, Crook and Ennos,
1993; Berry et al., 2004). In the small-grained crops, lodging is usually caused by one
of the bottom two internodes buckling rather than by the loss of anchorage (Neenan
and Spencer-Smith, 1975). That especially applies to rye, which has a larger proportion
of root dry weight in the upper soil layer than other cereal crops (Sheng and Hunt, 1991).
Buckling of the middle internodes, known as brackling, is common in barley and oats
(Neenan and Spencer-Smith, 1975; White ef al., 2003), and susceptibility to brackling
increases towards harvest (White, 1991). Buckling of the peduncle just below the ear

is known as necking and is a common problem in barley (Berry et al., 2004).

1.2.2 | Causes of lodging
The influence of wind, rain, hail, soil type, previous crop, an abundant supply of nutrients,

and diseases on lodging are well-documented (Mulder, 1954; Miller and Anderson, 1963;
Bremner, 1969; Pinthus, 1973; White, 1991; Easson et al., 1993; Wong et al., 1994; Baker, 1995;
Crook and Ennos, 1995; Baker at al., 1998; Chalmers et al., 1998). Baker et al. (1998)
assumed that the dominant parameter affecting lodging is the wind-induced bending
moment of the stem base, which can be calculated from the wind speed acting
upon the ear, the area and drag of the ear together with shoot natural frequency, height
at the cenfre of gravity, and the damping ratio. The severity, which a region experiences
lodging with, depends upon the season (Mulder, 1954; Pinthus, 1973). However, wet
summers not always result in wide-spread lodging and summer rainfall is not the only
determinant of a widespread lodging year (Mulder, 1954; Berry et al., 2004). Lodging tends
to be more common close to harvest, indicating cereals more prone to lodging as they
develop (Mulder, 1954; Berry et al., 2004). It also depends on the topography of a region,
affecting local wind speeds (Berry et al., 2004). Moreover, the differences can be seen
within a field: the margins frequently show lodging, where it is associated with higher plant
density and/or fertiliser supply (Easson et al., 1993; Berry et al., 2004). The wind-induced
force acting on the upper sections of a shoot results in a bending moment at the plant
base, what can be described as the shoot leverage (Berry ef al., 2004). Stem lodging is
expected when the bending moment of a shoot exceeds the strength of the stem base,
while root lodging is expected when the bending moment of all the shoots of the plant
exceeds the strength of the root/soil system (Berry ef al., 2003; Berry ef al., 2004). Therefore,
a key parameter for understanding the mechanics of lodging is the wind-induced base
bending moment experienced by an individual shoot and the whole plant. The mentioned

wind induced-base bending moment is dependent on: wind-induced force, the height
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at the centre of gravity of a shoot, the frequency at which the shoot oscillates,
the acceleration due to gravity, the mass of the shoot canopy, the Young's modulus,
second moment of area of the stem, the density of air, the projected ear area
for an individual shooft, the drag coefficient of an ear, the wind speed, and the rotational
stiffness of the root-soil complex (Baker, 1995; Berry et al., 2004). Lodging resistance also
depends on the stem failure moment, which is influenced by stem failure yield stress
(material strength), the external radius of the stem, and the culm wall thickness
(Baker, 1995). Experiments in wind tunnels indicate high wind velocities of 15-30 m s
(54-108 km h-1) are necessary to cause stem lodging (Pinthus, 1973). Baker (1995)
concluded that the natural frequency of oscillation, averaging time, and turbulence
intensity were basic parameters in determining plant stability, and mean failure wind
speed of 11.6 m s (41.76 km h-1) was predicted for the cereal canopy case.

An abundant supply of available nitrogen for the plant (mainly NOsz-ions) has been
shown to increase lodging in rye, wheat, barley, and oats (Mulder, 1954; Miller
and Anderson, 1963; Bremner, 1969; White, 1991; Easson et al., 1993; Chalmers et al., 1998).
The most significant increase in lodging is usually observed in response to early applications
of fertiliser (except oats; Chalmers et al., 1998), before stem elongation (Mulder, 1954; Miller
and Anderson, 1963), while the application after anthesis does not have this adverse
effect (Webster and Jackson, 1993). The reason the application of fertilizer makes plants
prone to lodging is increased length of basal internodes, as well as the reduced strength
of the stem base, and the anchorage system as a consequence of reduced amount
of lignified tissue within the sclerenchyma zone and reduced thickness of sclerenchyma
cell walls (Welton, 1928; Mulder, 1954; Crook and Ennos, 1995; Berry et al., 2004). Moreover,
a greater nitfrogen supply almost always reduces stem diameter and stem wall thickness,
affecting their strength (Welton, 1928; Mulder, 1954), and also decreases the dry weight
per unit length of the basal internodes in wheat, barley, oats, and rye (Welton, 1928;
Mulder, 1954; White, 1991; Crook and Ennos, 1995). The effects of potassium, phosphorus,
and frace elements are less pronounced and there is no or mixed effect of an additional
supply of those fertilizers on lodging risk, except the soils with nutrient deficiency, where
the supply can reduce lodging causing by increasing the diameter and strength
of the stem (Mulder, 1954; Pinthus, 1973). It was shown for barley that potassium deficiency
causes weaker lower internodes as a result of poor lignification of parenchyma cells
(Tubbs, 1930). On the other hand, phosphorus-deficient plants and those with nitrogen
deficiency had the strongest lower infernodes (Tubbs, 1930). Silicon is reported to affect
lodging with regularity, improving the breaking strength of stems, as shown for rice (Wong
et al., 1994; Berry et al., 2004).
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Insects, foot-rot, and roof-rot diseases are another causes promoting lodging
by weakening the anchorage of plants and affecting the lower stem internodes (Pinthus,
1973). The main diseases, which induce lodging of cereals, are root-rot caused
by Ophiobolus graminis, and ‘eyespot’ foot-rot caused by Cercosporella herpotrichoides
(Pinthus, 1973). Moreover, a higher density of plants with earlier and increased application
of nitrogen fertiliser increases the occurrence of ‘sharp eyespot’ (Rhizoctonia solani)

in winter wheat (Bremner, 1969).

1.2.3 | Determinants of stem lodging resistance

Since the XIXth century, beginning with Sir Davy's investigations, lodging of cereals has
been associated with a low silicon content of the straw (Davy, 1836; Atfkins, 1938).
Afterwards, Liebig (1843) mentioned that all grasses require particular amounts of silicate
of potash in the soil to strengthen the plant culm. Garber and Olson (1919) found
the number of vascular bundles and the thickness of sclerenchyma cell walls to be
a distinguishing trait for lodging and non-lodging cereals to determine promising
selections. Additionally, both ftraits were found to be the most independent of sall
variations (Garber and Olson, 1919). In 1928, Welton reported that lodging in oats
and wheat results from low dry matter per unit length of culm, which can be caused
by a relatively low content of lignin or other carbohydrates. Welton (1928) also noticed
that hypernutrition tfended to induce a greater elongatfion of culms and fillering process,
increasing shading, thus a higher risk of lodging. Salmon (1931) postulated that
the breaking strength of the straw might be used as an index for resistance to lodging.
In 1933 Clark and Wilson found a significant correlation between the diameter of culm
and breaking strength in wheat, followed by studies of Brady (1934) revealing the thickness
of the culm wall, number of vascular bundles, the width of lignified tissues, plant height,
length of the internodes, and diameter of lower internodes closely associated with varietal
differences in the lodging of oats. Mulder (1954) also pointed out the importance
of strong lower internodes and their defterminants, especially the occurrence
of a sclerenchymatous ring in the outer layer of stem and the number of vascular bundles,
as well as the lignification of the ground parenchyma, which influences culm greatest
moment of force resistance. Additionally, the resistance to lodging has been associated
with the weight of higher internodes of the stems plus leaves and heads in relation
to the length of the culms, which determine the moment of force acting upon the lower
infernodes and roots (Mulder, 1954). Moreover, Mulder (1954) reported that rye plants,
which were very liable to lodge, had longer lower internodes. Later Pinthus (1973)

explained that the diameter of the basal internode and its wall thickness, primarily
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the second internode, were determining flexural rigidity, an important parameter
from the mechanical point of view. Kong et al. (2013) concluded that 99% of the variation
in lodging resistance in wheat could be explained by the width of the mechanical tissue
layer. Solid stemmed varieties of wheat have often been linked with greater lodging
resistance. However, Ford et al. (1979) found no qualitative anatomical differences
between solid and hollow stems since the pith of the solid stems was thin walled
parenchyma, which was not expected to confribute significantly to the stem structural
integrity. Atkins (1938) reported that in wheat varieties positive and significant, though
small, correlations could be found for: lodging and length of lower internode, lodging
and weight of grain per 100 heads. Atkins also found a small negative significant
correlation between lodging and weight per 100 culms and weight per unit length
of the culm.

As reported by Pinthus (1973) and Neenan and Spencer-Smith (1975), resistance
to bending of basal infernodes is also determined by Young's modulus and the outer
diameter of the straw. Additionally, the shape of the head affects the magnitude
of the lodging-inducing torque (Pinthus, 1973). Zuber et al. (1999) reported that 49.7 %
of the variation in lodging could be explained by the variation in stem weight, and thicker
and heavier stems (mg per cm) were indicative for better lodging resistance. Additionally,
as much as 77.2 % of the variation in lodging resistance in wheat was based on stem
weight per cm and the weight of the ear (Zuber et al., 1999). Kong et al., (2013) found out
that especially the weight of lower internodes is highly correlated (R2 = 0.986, P < 0.05)
with lodging resistance in wheat. The thickness of sclerenchyma cell walls has also been
positively correlated with lodging resistance in barley (Cenci et al, 1984). Studies
on Arabidopsis mutfants have shown fthat decreased stem strength is caused
by a deficiency in cellulose and lignin deposition in the secondary wall (Turner
and Somerville, 1997; Jones et al., 2001). Kong et al (2013) in studies on wheat cultivars
proposed that cellulose and lignin play an essenfial role in lodging resistance,
as they found significant correlations between the degree of lodging resistance and lignin
(R2=0.978, P <0.01), as well as cellulose (R2=0.944, P < 0.05) content. On the other hand,
studies on two rye brittle stem lines (bsibsiBs2Bs2 and BsiBsibs2bs2) and the control revealed
statistically significant differences in the content of hemicellulose and a-cellulose, which
were more abundant in the control genotype. In contrast, the differences in lignin content
were less pronounced in those lines (Kubicka and Kubicki, 1988). Obtained data suggest
that gene bs; causes disorders in the synthesis of cellulose and hemicellulose, whereas bs2
gene affects cellulose and hemicellulose, as well as lignin content (Kubicka and Kubicki,
1988).
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As lodging is a quantitative ftrait (Keller et al, 1999), a number of genes
with the crucial effect of the environment are controlling this complex frait, and several
studies were conducted to identify Quantitative Trait Loci (QTL) for the lodging resistance
in wheat, barley, and rye (Backes et al., 1995; Hayes et al., 1995; Larson et al., 1996; Keller
at al., 1999; Borner et al., 2002; Ma et al., 2002; Milczarski, 2008). However, the most
significant QTL were often associated with height differences, not stem nor anchorage
strength. Studies on rye by Milczarski (2008) revealed 2 QIL for the length of the second
infernode (3RL, 5RL), and 3 QIL for the thickness of the second internode (2RL, 6RL, 7RS)
and the genetic background of those traits was distinct. Milczarski (2008) also found 3 QTL
for a so-called lodging coefficient in rye (2RS, 3RL, 5RL): a ratio between the thickness
of the second internode and plant height. So far, less is known about the genetic control

of the thickness of the stem wall, an important component of stem strength in cereals.

1.2.4 | Effects of lodging on yield

Lodging can reduce yield by reducing grain size, weight, number, and quality, resulting
from rapid chlorosis, reduced carbon assimilation, reduced translocation of mineral
nutrients and carbon for grain filling, or by reduced amount of crop that can be collected
by the combine harvester (Mulder, 1954; Day and Dickson, 1958; Weibel and Pendleton,
1964; Pinthus, 1973; Fischer and Stapper, 1987; Berry et al., 2004; Kelbert et al., 2004).
The greatest lodging-induced reductions in potential grain yield occur when plants are
lodged at anthesis stage or early on in grain filling stage (Fischer and Stapper, 1987; Berry
et al., 2004; Kelbert et al., 2004). In this case, lodging can reduce yields of wheat by up o
80% (Easson ef al., 1993). Smaller yield losses have been observed when the angle
of lodging is less than 90° from the vertical, and artificially induced lodging at 45° caused
25 to 50% reduction of that at 90° (Pinthus, 1973; Berry et al., 2004). Additionally, crops
which lodge before anthesis often have smaller yield losses than crops that lodge soon
after anthesis (specially early grain filling growth stage: GS75), associated with the upper
infernodes bending upwards to partially re-erect the plant, which is impossible after
anthesis, since the plant has completed stem extension (Pinthus, 1973; Fischer and
Stapper, 1987). Recovered lodging can contribute to the prevention of later lodging by its
height reducing the effect and, in certain cases, by the development of adventitious roots
at the lowest bent node (Pinthus, 1973). Lodging close to maturity cannot affect grain yield
directly but may cause losses due to problematic harvesting (Pinthus, 1973). Additional
reduction in grain size, number, and its quality results mostly from reduced carbohydrate
assimilation, caused by shading of a large part of the shoots by plants, which are leaning
or lying on top of them (Mulder, 1954; Pinthus, 1973).
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Lodging is known to reduce the malting quality of barley and preharvest sprouting
has also been found to occur more frequently in lodged crops (Day and Dickson, 1958;
Pinthus, 1973; Fischer and Stapper, 1987). It is worth to mention that lodging also poses
a potential health risk, since high humidity in lodged crops increases the likelihood
of fungal infections, contaminating the grain with mycotoxins (Pinthus, 1973; Berry et al.,
2003; Berry et al., 2004).

1.2.5| Prevention of lodging risk

The lodging risk of wheat (almost always) and barley (usually) is reduced by delaying
sowing (Berry af al., 2004). The amount of lodging in wheat can be reduced as much as
30% by two weeks of delay of sowing, what reduces the number of extended internodes
contributing to the shorter stems and smaller base bending moment (Berry et al., 2004).
More tillers resulting from early sowing contribute to a higher base bending moment, since
the stems are weaker with narrower and thinner wall, due to a higher number of shoots
competing for limited photo-assimilates during early stem extension, reducing the dry
matter per unit length of the lower internodes (Berry et al., 2000; Berry et al., 2004).
Reducing the plant density also causes a significant reduction of the lodging risk in wheat
and barley (Kirby, 1967; Pinthus, 1973; Easson ef al., 1993; Webster and Jackson, 1993; Berry
et al., 2004). Noteworthy is the fact that early sowing and higher plant density also
increases the prevalence of stem base diseases, which may increase lodging
by weakening the stem (Bremner, 1969; Berry et al., 2004).

Great strides were made during the 1950's and 1960’s to reduce lodging risk
by the infroduction of dwarf and semi-dwarf varieties with shorter and stiffer straw. They
not only reduced lodging risk but also gave greater yield by reduced stem growth rates
during the development of the ear, resulting in more fertile florets and more grains per
square meter, since they responded to higher amounts of fertilisers without causing
an excessive risk o lodging (Pinthus, 1973; Fischer and Stapper, 1987; Berry et al., 2004;
Kelbert et al, 2004). In wheat, the Reduced height (Rht) alleles cause insensitivity
to gibberellic acid (GA), suggesting their involvement in the GA signalling pathway,
reducing the elongation of internode cells, as a consequence resulting in shorter plants,
although in some mutants normal growth can be restored by exogenous application
of GA, indicating the involvement of these genes in the biosynthetic pathway of GA
(Rht4-9; Worland et al., 1990; Gale and Youssefian, 1985; Berry et al., 2000; Kowalski et al.,
2016). Initially, their use was motivated by the need for shorter and stiffer straw to reconcile
higher levels of fertiliser without lodging (Kertesz et al, 1991). However, in stress

environments (like drought or typical Central and Eastern European conditions), wheat
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lines with one or both alleles, Rhtl and Rht2, are characterised by lower kernel weights
than the conftrol (Pinthus and Levy, 1983; Pinthus and Gale, 1990; Allan, 1986), partially
compensated by an increase in grain number per ear and increase in tiller number per
square meter (Kertesz et al., 1991). On the other hand, Rht3 causes negative effects
on yield, volume weight, kernel weight, and tiller number in wheat (Allan, 1986; Balyan
and Singh, 1994). In rye, several dwarfing genes were reported on all of the chromosomes
(Table 1) and, likewise in wheat, there are two categories of dwarfing mutants based
on theirresponse to applied exogenously gibberellic acid: GA-sensitive (synthesis mutants)
and GA-insensitive, with reduced response or complete insensitivity to applied GA (Bdérner
and Melz, 1988; Bérner, 1991; Borner et al., 1996; Borner et al., 1998; Schlegel, 2014). Dw
(Dwarfl, or Ddwl — Dominant dwarfl), a dominant dwarfing gene, initially named HI
(Humilus), was discovered in 1972 (Kobyljanski) in the spontaneous ‘EM 1' mutant,
and since then it has been broadly used to improve lodging resistance in population
varieties in rye breeding programmes, especially in the Baltic countries (Melz, 1989; Bérner
et al., 1996; Milach and Federizzi, 2001; Milczarski and Masoj¢, 2002; Tenhola-Roininen
and Tanhuanpdd, 2010). Another dominant dwarfing gene was discovered in 1984
(Smirnov and Sosnichina, 1984; reviewed by Bdrner et al., 1996) in the accession ‘K-10028".
The gene was further localised on the chromosome 7R by genetic and frisomic analysis
(Melz, 1989). Recently Ddw3, a new dominant dwarfing gene localised on the long arm
of chromosome 1R, was described (Stojatowski et al., 2015), and similarly to previous
dominant genes of rye, it is characterised by sensitivity fo the exogenously applied GA
(Table 1).

Besides the mentioned dominant dwarfing genes, 12 recessive dwarfing genes
were discovered in rye so far (Sybenga and Prakken, 1963; Sturm and MdUller, 1982; De Vries
and Sybenga, 1984; Borner and Melz, 1988; Melz, 1989; Bdrner, 1991; Melz ef al., 1992;
Devos ef al., 1993; Plaschke et al., 1993; Plaschke et al., 1995b; Korzun et al., 1996; Schlegel
et al., 1998; Malyshev et al., 2001; Voylokov and Priyatkina, 2004), among which both:
GA-sensitivity and GA-insensitivity, can be observed (Table 1). Nevertheless, worth
mentioning is the fact, that under certain agronomic conditions, even modern short
culfivars lodge (Fischer and Stapper, 1987) and not always plant height reducing genes
have positive pleiotropic effects on grain yield, as in the case of some wheat and rye
dwarfing genes (Milach and Federizzi, 2001; Miedaner et al, 2011). Moreover,
in high-yielding semi-dwarf cultivars with higher kernel numbers yield can be more sensitive
to post-anthesis lodging (Fischer and Stapper, 1987). Although it is well known that lodging
results from low dry matter per unit length of culm (Welton, 1928), until the late 1980s

breeders were increasing grain yield without altering total biomass at the expense of straw,
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approaching the theoretical maximum for the proportion of total biomass that could be
allocated to grain without weakening the supporting stem (Foulkes et al., 2011). The scope
for further reducing crop height appears to be limited, because of the incompatibility
of more extreme dwarfing genes with high yields and problematic harvesting of shorter
varieties, combined with the poor seedling establishment and low early vigour associated

with the presence of GA-insensitive genes (Milach and Federizzi, 2001).

Table 1 Dwarfing genes in rye with their inheritance, localization, and sensitivity to GA.

Kobyljanski, 1972; Sturm and Engel, 1980; Bérner and Melz, 1988;
Melz et al., 1992; Geiger and Miedaner, 1996; Borner et al., 1996;
Ddwl (syn.Dwl) Dominant S5RL Sensitive Korzun et al., 1996; Schlegel et al., 1998; Borner et al., 1999;
B&mer et al., 2000; Milczarski and Masoj¢, 2002; Voylokov and
Priyatkina, 2004
Kobyljanski, 1975; Melz, 1989; Melz et al., 1992; Bérer et al., 1996;

Ddw2 (syn.Dw2) Dominant 7R Sensitive Schiegel ef i, 1998
Ddw3 Dominant 1RL Sensitive Stojatowski et al., 2015
dwl (syn.dl) Recessive 7R Sensitive Sybenga and Prakken, 1963
- A De Vries and Sybenga, 1984; Melz, 1989; Melz et al., 1992; Korzun
dw2 (syn. d2) Recessive 2R Sensitive et al, 1996: Schlegel of al, 1998
. De Vries and Sybenga, 1984; Melz, 1989; Melz et al., 1992; Korzun
aw3 Recessive 3R et al., 1996; Schlegel ef al., 1998
q Melz, 1 s Melz et al, 1992; K tal, 1 ; Schl | et al.,
dw4 Recessive 1R elz, 1989; Melz et a 9 ]c;;zgneo 996; Schlegel ef ai
aws Recessive AR Melz, 1989; Melz et al., 1992; K]c;r?zgn etal, 1996; Schlegel et al.,
. e Melz, 1989; Bérner, 1991; Melz et al., 1992; Korzun et al., 1996;
dwé Recessive 5R Insensitive Schlegel ef al., 1998
dw7 Recessive 6R Melz, 1989; Korzun et al., 1996; Schlegel et al., 1998
aw8 Recessive 5RL Devos et al., 1993; Schlegel et al., 1998
. " De Vries and Sybenga, 1984; Melz, 1989; Bdrner, 1991; Melz et al.,
ctl Recessive 7RL Insensitive 1992; Plaschke et al., 1995b; Schlegel et al., 1998
Sturm and Muller, 1982; De Vries and Sybenga, 1984; Bérner and
ct2 Recessive 5RL Insensitive Melz, 1988; B&mer, 1991; Melz et al., 1992; Plaschke et al., 1993;
Voylokov and Priyatkina, 2004
ct3 Recessive 7R Malyshev et al., 2001
np Recessive 4RL Sensitive Malyshev et al., 2001; Voylokov and Priyatkina, 2004

Further improvement in yields has been obtained by the use of plant growth
regulators (PGRs), synthetic compounds, which are a cost-effective method of reducing
the risk of lodging. PGRs act as: inhibitors of GA biosynthesis (like chlormequat chloride,
mepiquat chloride, or trinexapac-ethyl), which reduce crop height by reducing cell
elongation and decreasing the rate of cell division; or as ethylene releasing compounds,
like ethephon (Rademacher, 2000; Berry et al., 2003; Berry et al., 2004). Chlormequat has
been shown to be effective at reducing lodging in winter and spring wheat, oats, and rye,
but less effective in barley (Berry et al.,, 2000). Triadimenol, an inhibitor of ergosterol
and GA biosynthesis, can also reduce the risk of lodging in wheat, increasing crown depth

by shortening the sub-crown internode (Montfort et al., 1996).
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Although dwarfing genes and PGRs have been very effective tools for reducing
lodging risk, they have not eradicated lodging (Fischer and Stapper, 1987; Berry et al.,
2004). Furthermore, farmers will not be able to rely on those tools since several studies have
shown that yield is reduced when crops are shortened too much (Allan, 1986; Kertesz
et al., 1991; Balyan and Singh, 1994; Miralles and Slafer, 1995; Flintham et al., 1997; Berry
et al., 2004). Analyses in wheat have revealed that the minimum crop height for optimum
grainyield is 0.7 m and it was already approached for some cereals (Flintham ef al., 1997).
Therefore, it seems unlikely that further improvement in lodging resistance can be made
by continuing to shorten cereals. Great potential lies in increasing of the strength
of the stem base and related to that stem flexural rigidity, as well as the identification
of molecular genetic markers to understand the genetic control of these traits and to help

plant breeders in selection.

1.3 | Plant cell walls

A cell wall (CW) is a complex and dynamic structural layer surrounding plant cells
providing them protection against mechanical stress, rigidity, and elasticity to withstand
internal osmoftic pressure (Cosgrove, 2005). It also has a crucial role in plant growth, cell
differentiation, intercellular communication, defence, and the circulation and distribution
of water, minerals, and other nutrients (Cosgrove, 2005).

The composition of the CW of grasses is crifical for uses as food, feed,
and energy crops, as well as plant stability (Cosgrove, 2005; Vogel, 2008). The grass CW
differs significantly from the dicotyledonous regarding major structural polysaccharides,
linkages between those polysaccharides, the abundance and importance of pectins,
proteins, and phenolic compounds. Yet the similarities are found in the network made
of cellulose and lignin surrounded by a matrix of non-cellulosic polysaccharides
(Vogel, 2008). The primary CW of higher plants can be divided into two types.
Type | is found in dicots, noncommelinoid monocots (like aroids, alismatids, and lilioids),
and gymnosperms, which consist of cellulose encased in a network of xyloglucan,
pectin, and structural proteins. Type Il is found only in the commelinoid monocofts
(like grasses, rushes, and gingers) and is composed of cellulose fibres encased
in glucuronoarabinoxylans and (1,3;1,4)-B-D-glucans, high levels of hydroxycinnamates,
and very low levels of pectin, glucomannans, xyloglucans, and structural proteins (Farrokhi
et al., 2006; Vogel, 2008).
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1.3.1 | Composition of the cell wall of grasses

The plant CW is composed mainly of polysaccharides: cellulose and hemicelluloses,
components of the primary and secondary CW (Carpita, 1996; Lerouxel et al., 2006;
Vogel, 2008). The primary CW is a robust framework of cellulose microfibrils intertwined
with xyloglucans or glucuronoarabinoxylans, embedded in a gel of pectins rich in uronic
acid, and cross-linked with hydroxyproline-rich glycoproteins (Carpita, 1996; Lerouxel
et al., 2006; Vogel, 2008). The primary CW of grasses is less abundant in structural proteins
than dicotfs (Carpita, 1996). The secondary CW contains litftle profeins and pectins,
however, is abundant in lignins (Lerouxel et al., 2006). The CW of grasses is much more
abundant in xylan and mixed-linked B-glucans than dicots (Carpita, 1996; Sindhu et al.,
2007). Significant quantities of hydroxycinnamates ferulic acid (up to 4%) and p-coumaric
acid (up to 3%) are also present in the primary and secondary CW of grasses (Vogel, 2008).
These hydroxycinnamates exist as unbound acids or are linked to various positions in lignin
and ester- and ether-linked to the arabinosyl units of glucuronoarabinoxylans crosslinking
their molecules (Vogel, 2008).

Cellulose has an essentfial economic value in the form of paper, textiles, wood
products, polymers, animal feed, and biomass for energy uses (Cosgrove, 2014).
The cellulose microfibril is composed of numerous (18-24) unbranched (1,4)-linked
R-D-glucan chains, which form mechanically strong and highly resistant to enzymatic
aftack crystaline microfibril (Cosgrove, 2014). The physical properties of cellulose
microfibrils are determined by their hydrophobic and hydrophilic surfaces responsible
for binding of xyloglucan, xylan, and lignin with different affinities (Cosgrove, 2014).

Heteroxylans are abundant in the CW of grasses and can be classified into
arabinoxylans and glucuronoarabinoxylans (Fincher, 2009). Arabinoxylans of grasses
conisist of (1,4)-p-D-xylan backbone, in which B-D-xylopyranosyl (Xylp) units are substituted
with single a-L-arabinofuranosyl (Araf) units at O-3, and O-2 positions of the Xylp units
(Fincher, 2009). Arabinoxylans are widespread in the CW of all flowering plants, but
in dicots, the polymer is of much lower abundance, and the a-L-arabinosyl units are
aftached mostly at the O-2 position of the xylosyl units (Carpita, 1996).
Glucuronoarabinoxylans (GAX) consist  of  f-a-L-arabinofuranosyl  units  attached
at the O-3 positions in (1,4)-p-D-xylan backbone and t-a-D-glucuronic acids attached
to O-2 positions (Carpita, 1996; Vogel, 2008). In many grasses, the arabinosyl units of GAX
are being hydrolysed after incorporation into the wall. Moreover, the xylosyl units are also
substituted with acetyl groups at the O-2 and O-3 position (Carpita, 1996). A highly

substituted GAX is associated with the maximum growth rate of coleoptiles (Carpita, 1996).
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Noncellulosic (1,3;1,4)-B-D-glucans are unbranched, contain RB-D-glucopyranosyl
monomers polymerised through both (1,3)- and (1,4)-linkages in a ratio of about 1:2 fo 1:3
(Carpita, 1996; Vogel, 2008; Fincher, 2009). (1,3;1,4)-B-D-glucans are found at certain
stages in plant development, and they are relatively minor components of vegetative
tissues of cereals and grasses (Carpita, 1996; Vogel, 2008; Fincher, 2009). Moreover, their
concentration in vegetative cells is highly correlated with cell growth and peaks
at the same fime as cell expansion, showing their role in that process (Vogel, 2008; Fincher,
2009).

Small amounts of xyloglucans (XyGs), with a backbone similar to that of cellulose
with xylose branches on 3 out of 4 glucose residues, can also be found in the grass CW,
especially in meristematic cells, before the onset of enhanced B-D-glucan and GAX
synthesis during elongation (Carpita, 1996). XyGs has been considered an essential
structural component, which metabolism has a putative role in CW loosening and
induction of growth by auxin and other hormones, thus in CW structure and its mechanics
(Cosgrove, 2014). Another glucan represented in small amounts in the CW of grasses is
glucomannan, found tightly bound to the microfibrils, especially in the barley and wheat
endosperm CW and in maize coleoptiles (Carpita, 1996).

Two fundamental polymers of pectins are: polygalacturonic acid (PGA,
a homopolymer of (1,4)-a-D-galactosyluronic acid), and rhamnogalacturonan | (RG |,
a heteropolymer of repeating (1.2)-a-L-rhamnosyl-(1,4)a-D-galactosyluronic  acid
disaccharide units), which are found in grasses in smaller amounts than in dicots, and serve
as mechanical tethers between cellulose microfibrils in parallel with xyloglucan as the CW
expands (Jarvis, 1984; Carpita, 1996; Cosgrove, 2014).

The CW of grasses also contains arabinans, galactans, and highly branched
arabinogalactans (AGs) aftached to the O-4 of the rhamnosyl residues of RG (Carpita,
1989; Carpita, 1996). The arabinans are mostly 5-linked arabinofuranosyl units (Carpita,
1996). The galactans and two classes of AGs are the maijor side-chains (Carpita, 1996).
Pectins are important determinants of CW porosity and form hydrated gels pushing
cellulose microfibrils apart and easing their sideways slippage during cell growth, while
also locking them in places when growth ceases (Cosgrove, 2005).

The nonlignified CWs of Poales are enriched with aromatic substances, like esters
of hydroxycinnamates, ferulate, and p-coumarate (Rudall and Caddick, 1994; Carpita,
1996). Esterified and etherified hydroxycinnamates are cross-linking GAXs, being
responsible for maintaining of complexes of polysaccharides and lignin (Scalbert et al.,

1985; Carpita, 1996). More complex interactions between polysaccharides and aromatic
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substances involve ester-ether interactions (liyama et al., 1990; Lam et al., 1992; liyama
et al., 1994; Lam et al., 1994; Carpita, 1996).

The secondary CW of grasses, which is deposited after cells cease enlargement,
comprise at least 50% of the CW mass in both leaves and stems (Cosgrove, 2005; Vogel,
2008). Secondary CW is deposited inside the primary CW of xylem, fibres,
and sclerenchymal cells (Vogel, 2008). The typical grass secondary CW is mostly
composed of cellulose, GAX, and lignin (Vogel, 2008). The GAX found in the secondary
CW has fewer side-chains than the GAX of primary CW, resulting in a stronger GAX-
cellulose interaction (Vogel, 2008). Lignin comprises around 20% of the grass secondary
CW and fills the pores between the polysaccharides (Vogel, 2008). The main components
of grass lignin are syringyl (40-61%), guaiacyl (35-49%), and a small but a significant
percentage (4-15%) of p-hydroxyphenyl units (Vogel, 2008). In some grasses during
maturation, syringyl lignin increases in relative proportfion to guaiacyl and p-hydroxyphenyl
lignins (Carpita, 1996). Grass lignin also contains substantial amounts of r-coumaric acid
and ferulic acid, residues attached to GAX, which may serve as nucleation sites for lignin
formation (Carpita, 1996; Vogel, 2008).

CW proteins play a role: as structural proteins cross-linking the CW carbohydrates,
enzymes, or as regulator proteins (Carpita, 1996, Vogel, 2008). The EXTC (extensin type
gamma), previously called threonine-hydroxyproline-rich glycoproteins (THRGPs),
homologs of dicots hydroxyproline-rich glycoproteins (HRGPs) — extensins, are abundant
in periderm, protoxylem, metaxylem, and the longitudinal radial CW of the epidermis,
stabilising inframolecular isodityrosine linkage (Stiefel et al., 1990; Hood et al., 1991;
Showalter, 1993; Kieliszewski and Lamport, 1994; Smallwood et al., 1995; Carpita, 1996).
They represent one of the main structural protein components of the CW and were shown
to play critical roles in CW structure and function, as during development or defence
response to wounding (Carpita and Gibeaut, 1993; Showalter, 1993; Sturaro et al., 1998;
Newman and Cooper, 2011). Extensins can also interact with negatively charged uronic
acids of pectins, thus can be a part of CW pH and Ca*? regulating system (Showalter,
1993). A large superfamily of nonenzymatic CW proteins, expanisis, is playing a pivotal role
in the activated by acidification CW loosening, disrupting non-covalent binding of CW
polysaccharides to one another, and mediating acid-induced growth (Cosgrove, 2005).
Glycine-rich proteins (GRPs) have a broad spectrum of cytosolic and CW functions,
although many of them in grasses lack signal peptides indicating their cytosolic functions
(Showalter, 1993; Vogel, 2008). In CWs GRPs play structural functions and are expressed
in response to a variety of developmental and stress conditions (Showalter, 1993). Proline-

rich proteins (PRPs) are another class of CW protfeins involved in plant development
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(Showalter, 1993). PRPs are insolubilized in the CW and insolubilization can occur rapidly
in response to stress-mediated by the release of hydrogen peroxide catalysed by a CW
peroxidase (Showalter, 1993). Arabinogalactan proteins (AGPs), a large heterogeneous
family of hydroxyproline-rich glycoproteins, are also involved in many processes,
such as cell division, programmed cell death, cell differentfiation, cell expansion,
and host/microbe interactions (Showalter, 1993; Marzec et al., 2015). The glycan part
of those glycoproteins consists of arabinose, galactose, rhamnose, fucose, glucuronic
acid, and xylose, and the post-translational modification of the AGPs influences their
function stronger than does their peptide sequence (Showalter, 1993; Marzec et al., 2015).
The grass CW is highly abundant in xyloglucan transglycosylases/hydrolases (XTHs), which
can act not only as modulators of xyloglucan structure, but also as heterotrans-
glycosylating enzymes covalently linking different classes of polysaccharides in the CW,
influencing ifs strength, flexibility, and porosity (Cosgrove, 2005; Fincher, 2009). XTH gene
expression is high in the regions of active CW formation, like elongation zones,
and in the regions where CW deposition continues after cell enlargement has ceased,
or where other forms of CW remodelling occur (Cosgrove, 2005). Besides described
proteins in CWs are present also enzymes, such as esterases, peroxidases, phosphatases,
mannosidases, glucanases, and several other enzymes, which function in the modification
of CW polymers (Cassab and Varner, 1988; Showalter, 1993; Vogel, 2008).

1.3.2 | Biosynthesis of cell wall polysaccharides in grasses

The discovery of cellulose synthase A (coded by CesA gene; Pear et al., 1996),
the catalytic subunit of the cellulose synthase complex, was the first step to understand
cellulose biosynthesis. Linear (1,4)-B-linked glucan chains of cellulose microfibril are
synthesised in parallel by protein complexes embedded in the plasma membrane
(Cosgrove, 2014). Concurrent expression of three different CesA genes is normally needed
for cellulose synthesis, providing a simple mechanism for self-assembly of CESAs into
a trimeric functional cellulose-synthesising complex, and then info hexameric rosettes
(Cosgrove, 2014). The assembly requires CESA dimerisation, which is mediated by two zinc
fingers in the N-terminal region of the CESA proteins (Cosgrove, 2005). The initial acceptors
for the microfibri chain elongatfion are sterol-B-glucosides, which are common
components of plant cell membranes (Cosgrove, 2005). The orientation of microfibrils is
determined by CSI1, a protein that binds CESA to cortical microtubules (Cosgrove, 2014).
The crystallisation of glucan can be a spontaneous process, or it is a guided process
in which cellulose binding proteins, such as CHITINASE-LIKET described in Arabidopsis
and BRITTLE CULMT1 from rice, facilitate microfibril assembly (Cosgrove, 2014).
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As it was mentioned before, the CWs of grasses are unique in plants world
for the content of (1,3;1,4)-p-D-glucans (Carpita, 1996; Burton et al., 2006; Vogel, 2008;
Fincher, 2009). It has been indicated that Csl (CELLULOSE SYNTHASE-LIKE) genes, which
products contain sequence motifs characteristic for B-glycosyltransferases but lack
the N-terminal region containing the zinc-finger domain characteristic for CESA, are
responsible for the biosynthesis of some noncellulosic CW polysaccharides, as xylan
backbones in the Golgi Apparatus (Cosgrove, 2005; Vogel 2008; Fincher, 2009). The last
intensive years of investigation based on comparative genomics in rice and barley
revealed that the cellulose synthase-like CslF family of genes, unique to order Poales,
is involved in the biosynthesis of (1,3;1,4)-B-D-glucans (Vogel, 2008; Fincher, 2009). Another
Csl family of genes, CslA, was shown to encode B-mannan synthases which synthesise
mannan and glucomannan in both, dicots and grasses (Cosgrove, 2005; Vogel, 2008).
(1,3;1,4)-p-D-glucans like other noncellulosic polysaccharides of the CW are biosynthesised
in the Golgi apparatus, and the newly synthesised polymers are transported to the plasma
membrane in Golgi-derived vesicles, afterwards deposited into the extracellular space,
and incorporated info the CW by associatfion with newly synthesised cellulose microfibrils
and pre-existing CW polymers to form a strong and extensible network (Cosgrove, 2005;
Fincher, 2009). The integration of newly secreted matrix polysaccharides intfo the existing
network might be mediated by endotfransglycosylases, such as xyloglucan endo-
fransglycosylase (XET), which cuts the xyloglucan backbone and re-forms a glycosidic
bond with the free end of another xyloglucan chain (Cosgrove, 2005). Some members
of xyloglucan endotransglycosylase/hydrolase (XTH) family might target arabinoxylan
and (1,3;1,4)-p-D-glucan in grass CW (Cosgrove, 2005).

A few genes conftrolling the biosynthesis of the secondary CW were identified
in plants. COBRA gene and related COBRA-LIKE genes have been shown to be critical
for the development of secondary CW in Arabidopsis (Vogel, 2008). The cobra mutant
in Arabidopsis is defective in cellulose synthesis and microfibril orientation in roots (Roudier
et al., 2005). The COBRA-LIKE genes described in monocots: BRITTILE CULM1 (Bcl) fromrice
and Briftle stalk2 (Bk2) from maize, have been shown to be required for normal secondary
CW development, and when mutated the stalks become brittle associated with reduced
secondary CW development (Sindhu et al., 2007; Vogel, 2008). This reduced development
of secondary CW is caused by decreased cellulose content in the mature zones, while
lignin deposition is enhanced, suggesting that these genes are required for normal
cellulose deposition in the secondary CW (Sindhu et al., 2007; Vogel, 2008). Lack of
a proper cellulosic matrix in the secondary CW leads to an aberrant lignin polymerisation,

resulting in the brittle phenotype, which is not an effect of loss of tensile strength but a loss
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in flexibility (Sindhu et al., 2007). Sindhu et al. (2007) suggested that extreme loss of flexibility
exhibited in the mutant is caused by lack of proper formation of lignocellulosic intferactions
during a change in lignin architecture. It has been suggested that the glycosyl-
phosphatidylinositol (GPl) anchored COBRA protein guides the cellulose synthase
complex along microtubules to maintain proper cellulose microfibrils orientation (Vogel,
2008). Another protein necessary for the development of secondary CW is caffeic acid
3-O-methyltransferase (COMT), which catalyses the mulfi-step methylation reactions
of hydroxylated monomeric lignin precursors, and occupies a key role in the lignin
biosynthetic pathway (Ma and Xu, 2008). A TaCM protein discovered in wheat had shown
a high degree of identity with COMT from other plants, particularly in SAM binding motif,
and the residues responsible for catalytic and substrate specificity, and the highest
catalysing efficiency was towards caffeoyl aldehyde and 5-hydroxyconiferaldehyde
as substrates, suggesting a pathway leads to S lignin via aldehyde precursors (Ma and Xu,
2008). Moreover, the reduction in COMT activity resulted in a marginal decrease in lignin

content, but a sharp reduction in the syringyl lignin (Ma and Xu, 2008).
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2. Aims of study

To answer the question about the genetic background of ‘Stabilstroh’ (‘Stable straw’),
a lodging resistant genotype of rye, the following objectives were pursued: (1) providing
anatomical and histological details about the differences between the lodging resistant
and wildtype parental lines; (2) identification of easily measurable culm traits related
to lodging resistance to simplify the selection process in breeding programs; (3) detection
of QTL underlying anatomical and morphological traits determining lodging resistance
and elucidate the genetic basis of the lodging resistance in rye; (4) and finally
the development of molecular markers for marker-assisted selection (MAS).

In this project, the prerequisites were to determine anatomical and morphological
traits describing the new lodging resistant genotype of rye. The purpose of this goal was
fo reduce selection time and financial effort of this process to significantly improve
the straw mechanical stability of new rye varieties, which is of great importance for yield
quality and quantity, especially in organic cultivation. Additionally, the characterisation
of fraits at the ulirastructural and physiological level will allow the identification of trait
interactions and indirect selection criteria to accelerate breeding progress.

To characterise parental lines anatomically and histologically, and to identify traits
related fo lodging resistance, light (LM), scanning electron (SEM), and transmission
electron microscopy (TEM) were used. Additionally, for a better understanding of lodging
resistance of ‘'Stabilstroh’ genotype, Inductively Coupled Plasma Mass Spectrometry
(ICP-OES) was used to analyse the content of elements influencing physical properties
of cell walls, or having direct or indirect control upon biosynthesis of primary or secondary
cell wall components.

In order to detect QITL responsible for traits related to lodging resistance
and develop PCR-based molecular markers, parental lines and 130 individuals of 304/1 F2
population was genotyped with SSR and DArTseq markers. For the selection of SNPs
associated with at least four traits, KASP primers were designed, which can be used for
marker-assisted selection process in the development of new lodging resistant rye varieties

to complement empirical breeding and hasten progress fo increased rye production.
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3. Material and methods

3.1 Plant material

In the study two winterrye (Secale cereale L.) parentallines: ‘ms 135’ (original ‘Stabilstroh’)
and ‘R 1124" (wildtype), and 130 individuals of ‘304/1" F» mapping population were
investigated. The ‘'ms 135’ male sterility was based on so-called G-plasma (‘GuUlzower
Plasma’; G-type male sterility), found in 1962 in GUlzow as a random mutation, and since
then used in hybrid seed production. The ‘ms 135’, originally called ‘Steifstroh’ (*stiff straw’)
and afterwards ‘Stabilstroh’ (‘stable straw') because of its remarkable phenotype, is
a spontaneous mutant characterised by high lodging resistance combined with long
culms with thick walls. The interesting phenotype of this line was used for the development
of two rye hybrid cultivars: ‘Hellvus’ and ‘Helltop, characterised by outstanding lodging
resistance, brackling resistance, and high biomass production (Table 2).

The parental lines, as well as the mapping population, were vernalized eight weeks
at the temperature of 4 °C in a growth chamber, subsequently hardened for 7 days
to gradually acclimatise the plants under 12h/12h and ~14/~12 °C, day/night and
temperature conditions respectively. Afterwards, the plants were grown in a greenhouse
under controlled conditions (14h/10h day/night, ~15-18/~12-15 °C day/night af the early
growth stage, and 16h/8h day/night, 20-23/17-20 °C day/night from the late growth stage
until the maturity stage) with humidity around 60% and light intensity of 20,000 Ix. Plant
material for phenotyping was collected in 2011 at the IPK-Gatersleben. Dry fillers of
parental lines and 304/1 F2 population were prepared for LM and scanning electron
microscopy (SEM). Fresh material for light microscopy (LM) and transmission electron
microscopy (TEM) was provided in 2013 and 2014 by Dieckmann Seeds GmbH, later
Monsanto Saaten GmbH was investigated in LM and TEM. Leaves preserved in liquid

nifrogen were used for the extraction of DNA from parental lines and 304/1 F2 population.
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TABLE 2 Comparison of winter rye cultivars (Beschreibende Sortenliste, 2009).
H - hybrid; P — population; S — synthetic; TGW — thousand grain weight.

Year of Plant Suscepfibility to: Grain

CHI7S ISRl registration ' 'P°  height lodging bracking number/ear LSkl
Hellvus 2007 H 7 1 3 6 8
Festus 2004 H 8 1 4 6 4
Helltop 2009 H 6 2 3 7 7
Walet 2001 P 6 2 3 4 5
Brasetto 2009 H 4 3 3 6 5
Palazzo 2009 H 5 3 4 6 5
Dankowskie 2007 P 5 3 3 4 5
Diament
Amilo 1992 P 6 4 4 4 4
Askari 2003 H 5 4 5 6 4
Cantor 2007 S S| 4 6 5 S
Dukato 2008 P 6 4 5 4 5
Evolo 2006 H 4 4 4 5 6
Guttino 2009 H 3 4 4 6 5
Minello 2008 H 4 4 4 6 4
Picasso 1999 H 4 4 4 5 5
Avanti 1997 H 5 5 5 5 5
Balistic 2006 H 3 5 3 4 7
Bellami 2008 H 4 5 3 5 8
Caroass 2002 S 6 5 5 5 4
Carotop 2002 S 5) 5) 5 5 4
Conduct 2006 P 7 5 5 4 5
Gonello 2009 H 3 5 5 6 S
Kapitén 2008 S 5 5 4 5 4
Marcelo 2007 P 6 5) 5 4 5)
Matador 2001 P 6 5 5 5 5
Nikita 1998 P 6 5 5 4 5
Rasant 2004 H 5 5 5 6 6
Recrut 2002 P 6 5) 5 4 5)
Visello 2006 H 4 5 4 5 5
Agronom 2005 H 5 6 6 5 )
Amato 2005 H 4 6 6 6 6
Boresto 2000 P 8 6 5 4 5)
Fugato 2004 H 6 6 6 6 5
Placido 2007 H 4 6 4 5 5

27



Material and methods

3.2| Phenotyping

Plant height and weight of parental lines and 304/1 F» population were measured
at the harvest time. Scanning electron microscopy (SEM) was chosen as a fast
phenotyping approach to screen whole 304/1 F2 population, enabling structural analysis
of tillers. More sophisticated methods, demanding chemical fixation and time-consuming
embedding of samples, were used to evaluate SEM obtained data by light (LM)
and transmission electron microscopy (TEM). The content of elements was determined by

inductively coupled plasma opftical emission spectrometry (ICP-OES).

3.2.1| Scanning Electron Microscopy

Around 1 cm thick hand cross-sections of basal internodes of parental lines: ‘ms 135’
(6 individuals) and ‘R 1124" (5 individuals), as well as '‘304/1" F2 mapping population
(130 individuals), were attached onto carbon coated aluminium specimen mounts.
Afterwards, specimens were gold sputtered three times at 40 mA and 0.3 mbar pressure
of argon, one minute each (giving a 45 nm layer of gold), in an Edwards Sputter Coater
S150B (Edwards High Vacuum Inc., Crawley, West Sussex, UK), and examined in a field-
emission scanning microscope, Hitachi S-4100 (Hisco Europe, Ratingen, Germany),
at an acceleration voltage of 10 kV. Digital recordings at a magnification of 20-30, 130,
and 1000 x of at least three cross-sections of infernodes were analysed for each individual.
Total numbers of cross-sections analysed in the SEM was 423 (33 of parental lines and 390

of the F2 population).

3.2.2| Light Microscopy

Semi-thin sections of parental lines basal internodes embedded in Spurr's resin were
analysed in a bright-field after staining with Azur ll/methylene blue, standard histological
staining (see chapter 2.2.2), as well asin UV light after staining with 0.01% aqueous solution
basic fuchsin (see chapter 2.2.3). Additionally, 100 um thick sections of fresh and dry fillers
embedded in 8% agarose, prepared with the aid of a Leica VT1000S vibrating microtome,
were used for phloroglucinol staining of lignins and analysed in a bright-field microscope

(see chapter 2.2.4).

3.2.2.1] Microwave-assisted fixation, dehydration, and infiltration of rye basal
internodes for LM
For comparative histological analysis, conventional and microwave-assisted fixation,

substitution, and resin embedding were performed in a PELCO Bio Wave®34700-230 (Ted
Pella, Inc., Redding CA, USA). Around 1 mm thick fragments of dry and fresh internodes
were fixed in 2% glutaraldehyde (GA) and 2% formaldehyde (FA) in cacodylate buffer
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(50 mM, pH 7.2) using the modified fixation method of chemical fixation combined
with microwave irradiation (1 min af 150 W with 15 mm Hg of vacuum), followed by
overnight incubation, as shown in Table 3. After fixation, the samples were washed once
with cacodylate buffer (50 mM, pH 7.2) and twice with degassed ultrapure water.
Afterwards, the probes were dehydrated through an ethanol series and freated ftwice
with 100% propylene oxide (PO), which is a suitable solvent for Spurr’s low viscosity resin.
The advantage of microwave irradiation was also faken in washing and dehydration steps
(45 seconds at 150 W), followed by 15 minutes of incubation. Next, the probes were
infiltrated with a progressive series of Spurr in PO solutions by combining microwave
iradiation (3 min at 250 W with 5 mm Hg of vacuum) with 3 hours of incubation.

TABLE 3 Protocol of microwave-assisted fixation, dehydration, and infilfration of basal internodes
for LM.

. Microwave . . o
Process Chemical compound . o Time of irradiation Vacuum
irradiation

2% GA + 2% FAin 50 mM 150 W 1 min. 15 mm Hg
o . ) + 2% N m
Fixation cacodylate buffer (pH 7.2) . . .
+ overnight incubation at RT
1x
50 mM cacodylate buffer 150 W 45 -
Washing (PH7.2)
2x + 15 min incubation at RT
degassed ultrapure water
Ethanol series:
30%. 40%, 50%, 60%, 70%, 150 W 455 -
5 80%, 90%
Dehydration 2x 100% EtOH
+ 15 min incubation at RT
And 2x propylene oxide
. 250 W 3 min 5 mm Hg
25% Spurrin PO
40% Spurr in PO . .
+ 3 hiincubation at RT
250 W 3 min 5 mm Hg
50% Spurrin PO
+ overnight incubation at RT
?8? ng"in Eg 250 W 3 min. 5 mm Hg
" . % SpuIT in
Infiliration 80% Spurr in PO . .
90% Spurr in PO + 3 hiincubation at RT
250 W 3 min 5 mm Hg
100% Spurr

+ overnight incubation at RT
250 W 3 min 5 mm Hg

100% Spurr
+ 3 hincubation at RT
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Eventually, samples were polymerised at 70°C for 24 hours in beem capsules size 00 (Plano
GmbH, Wetzlar) in Spurr’s resin. Hardened sample blocks were frimmed with a Leica EM
TRIM (Leica, Vienna, Austria) equipped with a diamond miller (Leica, Vienna, Austria),
and cut info 2 um thick sections with the aid of a Reichert-Jung Ultracut S microtome
(Leica, Vienna, Austria) equipped with a DIATOME histo diamond knife (size 6.0; DIATOME
Ltd, Biel, Switzerland). Semi-thin sections were mounted on slides and used for histologicall

examination.

3.2.2.2| Azur ll/methylene blue staining
2 um thick cross-sections on poly-L-lysine coated glass slides (Poly-Prep Slides,

Sigma-Aldrich, St. Louis, USA) were stained with standard histological staining,1% Azur Il /
1% methylene blue in 1% aqueous borax, for 2 minutes on a heating plate (Leica HI1220,
Leica Biosystems Nussloch GmbH, Nussloch) set at 60°C, washed three fimes with ultrapure
water (5 min each), dried on the heating plate, and cover-slipped with Entallan
embedding medium (Merck, Darmstadt, Germany). The sections were analysed
and recorded in a bright field in a Zeiss Axio Imager M2 light microscope equipped with

an Axiocam (Carl Zeiss, Jena, Germany).

3.2.2.3| Basic fuchsin staining
Basic fuchsin staining was performed for analysis using fluorescence microscopy, as it has

an affinity for lignified, suberized or cutinised CW (Dharmawardhana et al., 1992; Kraus
et al, 1998). 2 um thick cross-sections on poly-L-lysine coated glass slides (Poly-Prep Slides,
Sigma-Aldrich, St. Louis, USA) were stained with 0.01% aqueous solution of basic fuchsin
for 5 minutes on a heating plate (Leica HI1220, Leica Biosystems Nussloch GmbH, Nussloch)
set at 40°C, washed three times with ultrapure water (5 min each), dried on a heating
plate, and cover-slipped with Enfallan embedding medium (Merck, Darmstadt,
Germany). The sections were analysed in a Zeiss Axio Imager M2 light microscope
equipped with a filter set 20 (excitation: 546 nm, beamsplitter: 560 nm, emission: 575-640

nm) and recorded with an Axiocam (Carl Zeiss, Jena, Germany).

3.2.2.4| Phloroglucinol/HCI staining
In order to visualize differences in lignin content, 100 um sections of fresh and dry ftillers,

embedded in 8% agarose, prepared with the aid of a Leica VT1000S vibrating microtome
(Leica Biosystems Richmond, Richmond, USA) were used for phloroglucinol/HCI staining
(Wiesner fest; in 1878 Wiesner reported the classic colour reaction of lignin
with phloroglucinol; McCarthy and Islam, 1999). The sections were tfreated 30 minutes

with 1 % (w/v) phloroglucinol in 10.1 M hydrochloric acid-ethanol (25/75; v/v) solution
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in the darkness and afterwards were analysed and recorded in a bright-field in a Zeiss Axio

Imager M2 light microscope equipped with an Axiocam (Carl Zeiss, Jena, Germany).

3.2.3| Transmission Electron Microscopy
For ultrastructure analysis of the CWs, 70 nm thick sections of Spurr-embedded fresh

and dry material were contrasted with uranyl acetate and lead citrate prior to

examinafion in an FEl Tecnai G2 Sphera TEM at 120 kV.

3.2.3.1| Microwave-assisted fixation, dehydration, and infiltration of rye basal
internodes for TEM
For a comparative ultrastructural analysis material was prepared similarly to the protocol

for light microscopy. Namely, around 1 mm thick fragments of dry and fresh internodes
were fixed in 2% glutaraldehyde (GA) and 2% formaldehyde (FA) in cacodylate buffer
(50 mM, pH 7.2) using the modified fixation method of chemical fixation combined
with microwave irradiation (1 min at 150 W with 15 mm Hg of vacuum), followed by
overnight incubation, as shown in Table 4. After fixation, the samples were washed once
with cacodylate buffer (50 mM, pH 7.2) and twice with degassed ultrapure water taking
advantage of microwave irradiation (45 seconds at 150 W), followed by 15 minutes
of incubation. Next, the material was post-fixed with 1% aqueous solution of osmium
tetroxide in three steps: 2 minutes in 15 mm Hg of vacuum, 2 minutes of 80 W of microwave
iradiation combined with 15 mm Hg of vacuum, and eventually another 2 minutes
in 15 mm Hg of vacuum, followed by 1 hour of incubatfion at room temperature.
Afterwards, samples were washed three times with degassed ultrapure water (combining
45 s at 150 W of microwave irradiation with 15 min of incubation). The next step was
microwave-assisted (45 s at 150 W, followed by 15 minutes of incubation) dehydration
of samples through an ethanol series and treatment with 100% PO, as shown in Table 4.
Eventually, the samples were infiltrated with a progressive series of Spurr in PO solutions
by combining microwave irradiation (3 min at 250 W with 5 mm Hg of vacuum) with 3 hours
of incubation. Afterwards, they were polymerised at 70°C for 24 hours in beem capsules
size 00 (Plano GmbH, Wetzlar) in Spurr's resin, and trimmed with a specimen frimming
device (Leica EM TRIM, Leica, Vienna, Austria) equipped with a diamond miller (Leica,
Vienna, Austria). Afterwards, samples were cut into approximately 70 nm thick sections
with the aid of a Reichert-Jung Ultracut S (Leica, Vienna, Austria) equipped with
a DIATOME ultra 45° diamond knife (DIATOME Ltd, Biel, Switzerland) and collected
on 50 mesh hexagonal copper grids (Plano GmbH, Wetzlar, Germany) covered

with Formvar polyvinyl formal (Sigma-Aldrich Chemie GmbH, Steinheim, Germany).
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TABLE 4 Protocol of microwave-assisted fixation, dehydration, and infilfration of basal internodes

for TEM.
. Microwave . o g
Process Chemical compound : o Time of irradiation Vacuum
irradiation
2% GA + 2% FA in 50 mM 150 W 1 min 15 mm Hg
. . ) ) N m
Fixation cacodylate buffer (pH 7.2) . . .
+ overnight incubation at RT
50 mM cacodylate buffer (pH
Washing
2x + 15 minincubation at RT
degassed ultrapure water
- 2 min 15 mm Hg
80 W 2 min 15 mm Hg
Post-fixation 1% osmium tetroxide
- 2 min 15 mm Hg
+ 1 hincubation at RT
150 W 45s -
Washing 3
degassed ultrapure water L .
+ 15 min incubation at RT
Ethanol series:
30%, 40%, 50%, 60%, 70%, 80%, 150 W 455 -
q 90%
Dehydration 2x 100% EtOH
+ 15 min incubation at RT
And 2x propylene oxide
. 250 W 3 min 5 mm Hg
25% Spurr in PO
40% Spurrin PO . .
+ 3 hincubation at RT
250 W 3 min 5 mm Hg
50% Spurrin PO
+ overnight incubation at RT
?g? gpu” in Eg 250 W 3min 5 mm Hg
. . % Spurr in
Infiltration 80% Spurr in PO . .
90% Spurrin PO + 3 hincubation at RT
250 W 3 min 5 mm Hg
100% Spurr

+ overnight incubation atf RT

250 W 3 min 5 mm Hg
100% Spurr
+ 3 hincubation at RT

3.2.3.2| Contrasting of ultra-thin sections and TEM analysis
Ultra-thin sections on copper grids were contrasted in a QG-3100 Automated TEM Stainer

(RMC Products by Boeckeler, Boeckeler Instruments Inc., Tucson, USA) with 2% aqueous
solution of uranyl acetate (UA; see the preparation of solutfion in 2.3.3) and lead citrate

(PbC; see the preparation of solution in 2.3.3) using a light staining program, as shown
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in Table 5. Afterwards contrasted grids were analysed in an FEI Tecnai G2 Sphera TEM (FEl
Company, Eindhoven, the Netherlands) at 120 kV and recorded by an Olympus Veleta
side mounted TEM CCD camera (Olympus Deutschland GmbH, Hamburg, Germany).

TABLE 5 Staining program of ulfra-thin sections with uranyl acetate (UA) and lead citrate (PbC).

1 Filing the chamber with degassed Millipore water 1 min
2 Wait state (the staining chamber and tubes soak) to wet the grids 10 min
3 Filing the chamber with UA 24s
4 Staining with UA 10 min
5 Disposing of UA (washing with degassed water) 2 min
6 Wait state (the interim step before next command) 6s
7 Filing the chamber with PbC 24's
8 Staining with PbC 5 min
9 Disposing of PbC (washing with degassed water) 2 min
10 Wait state (the interim step before next command) 6s
11 Filing the chamber with degassed Millipore water 1 min

3.2.3.3| Preparation of contrasting solutions
3.2.3.3.1| 2% Uranyl acetate
1. 4.0 g uranyl acetate was added to 200 ml of degassed water and stirred until
dissolved;
2. A 0.2 um pore filter was used to filter the solution;

3. Stored in a brown flask away from light.

3.2.3.3.2| Lead citrate (modified after Reynolds, 1963)
1. 2.66 g of lead nitrate and 3.52 g sodium citrate was added to a 125 Erlenmeyer

flask;

2. 60 ml of degassed water was added and shook well;

3. The mixture was let stand for 10 minutes and shook gently about 5 fimes;

4. Approximately 11T ml of 1.0 M NaOH solution was added to the flask to bring
the pH close to 12;

5. 1.0 M NaOH was added drop by drop until a pH of 12 was reached;

6. Filled up to 100 ml with degassed water.
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3.2.4| Measurements of anatomical traits

The following traits: the diameter of the second basal internode, culm wall thickness,
the thickness of sclerenchymal fissue, the ratfio of the thickness of sclerenchyma to
the diameter of the basal internode, the diameter of epidermal and sclerenchymal cells,
the thickness of sclerenchymal and inner periclinal cell walls of the epidermis recorded
in LM, SEM, and TEM were measured using Fiji open-source platform for biological-image

analysis (Schindelin et al., 2012).

3.2.5| Content of elements

25 mg of dry plant material ground in a Vibratory Disc Mill (RS 200, Retsch) was used for
the evaluation of silicon content. The samples were prepared according to the method
developed by Dr. Kai Eggert and Dr. Yudelsy Antonia Tandron Moya (Molecular Plant
Nutrition Group, Leibniz Institute of Plant Genetics and Crop Plant Research
in Gatersleben), which was adapted from the method described by Guntzer et al. (2010).
The content of silicon in samples was evaluated by Inductively Coupled Plasma Mass
Spectrometry (iICAP 6500 dual OES spectrometer, Thermo Fischer Scientific, Waltham, MA,
USA) coupled to an ASX-520 Autosampler (ASXpress® plus system, CETAC) for sample
infroduction. Silicon content was defermined by the measurement of the intensity
of the light emitted at 251.6 nm wavelength, which was a relative intensity to the Yttrium
signal at 371.0 nm wavelength.

40 mg of dry plant material ground a Vibratory Disc Mill (RS 200, Retsch) was
weighted into PTFE digestion tubes and used for the evaluation of boron, calcium, copper,
iron, potassium, magnesium, manganese, molybdenum, sodium, nickel, phosphorus,
sulfur, and zinc content. Afterwards, samples were digested in nifric acid under pressure
using a microwave digester (UltraCLAVE IV; MLS, Leutkirch, Germany). Elemental analysis
was undertaken using inductively coupled plasma optical emission spectroscopy
(ICAP 6500 dual OES spectrometer; Thermo Fischer Scientific, Waltham, MA, USA) coupled
fo an ASX-520 Autosampler (ASXpress® plus system, CETAC) for sample introduction.
CertfiPUR Yttrium ICP standard (Merck KGaA) was used as a standard for evaluation

of elements, with the final ISTD concentration of 2 ppm in water acidified 0.2% with HNOas.

3.2.6| Post-hoc analysis of phenotypic data

The collected data were analysed using GenStat Sixteenth Edition (VSN International Ltd.),
a statistical package, at probability level P < 0.05. A Welch t-test was used to compare
fraits between parental lines and to find statistically significant differences. Person'’s

moment coefficient of skewness and kurtosis was calculated using GenStat in order to
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check the normality of data. The skewness of a random variable X (the third standardised

moment y1) was calculated according fo the equation:

_ _ El(x-w?
"= G- wmr

and kurtosis (fourth standardised moment y2) according to the equation:

y, = E[(x-mw*
27 (El(x- w22

4

where u is the mean and E is the expectation operator.

Pearson correlation coefficients (PCC) were calculated between all the traits
analysed using GenStat to investigate the degree of linear dependence between
the traits. Broad-sense heritability (H) was calculated to estimate how much variatfion in
a phenotypic trait in a population was due to genetic variation among individuals in that
population, according to Mahmud and Kramer (1951), as follows:

2 2 2
0“F,— /(0%P{ X 0%P
H = 2 ( 1 2)

O'ZFZ

’

where ¢?F,, ¢%P;, and ¢?P, are the variances of the F2 population, female parent,

and male parent respectively.

3.3| Genotyping

Prior to the construction of a linkage map the two parental lines: ‘ms 135" and ‘R 1124’
were screened for polymorphism with 269 single sequence repeat (SSR) primer pairs.
The 304/1 F2 population (129 individuals) was genotyped using polymorphic SSR markers,
and afterwards using DArTseq platform because of low polymorphism between parental

lines (only 45 SSRs could finally be used for mapping).

3.3.1| Isolation of DNA
DNA was isolated from liquid nitrogen preserved leaves in of ‘ms 135’, ‘R 1124, and 304/1
F2 population, using a previously described method (Plaschke et al., 1995a), as follows:

1. Leaf fissue was ground in liquid nitrogen chilled mortar;

2. The powder was transferred into liquid nitrogen chilled 50 ml propylene tube;

3. 25 ml of heated to 60 °C exiraction buffer (see 3.2.1) was added to frozen plant

powder;
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Material with buffer was incubated 45 min at 60 °C, shaking every 10 minutes;
Chloroform : isoamyl alcohol (24:1) mixture was added to the top of the mixture up to
45 ml, and mixed vigorously until a good emulsion was formed;

The mixture was centrifuged for 25 minutes at 3000 rpm;

The upper phase was collected into a new 50 ml tube;

Steps 5-7 were repeated;

2 volumes of chilled to -20 °C 95% ethanol were added and mixed to precipitate
nucleic acids;

Nucleic acids were scooped out with a glass hook and transferred into 15 ml propylene
tube containing 5 ml of chilled to -20 °C 70% ethanol, afterwards sedimented by

5 minutes of centrifugation at 3000 rom and let air dry;

. Nucleic acids were afterwards dissolved in 4 ml of TE buffer (see 3.2.3);
12.

20 pl of a 10 mg/ml stock solution of RNase was added, vortexed gently, and incubated
at 60 °C for 1 hour;

5 ml of chloroform : isoamyl alcohol (24:1) mixture was added, mixed;

Samples were centrifuged for 20 minutes at 3000 rom, and the upper phase was
transferred into a new 15 ml tube;

Steps 13-15 were repeated;

0.1 volume (around 400 pl) of 3M sodium acetate (pH 5.2; see 3.2.4) and 2 volumes
(8 ml) of chilled to -20 °C 95% ethanol was added and gently mixed to precipitate DNA;
Samples were centrifuged for 15 minutes at 3000 rom;

Afterwards, the pellet was washed with chilled to -20 °C 70% ethanol (5 ml);

DNA was pelleted by centrifugation (5-10 minutes at 3000 rpm), let qir dry;

0.5 - 1 ml of TE buffer was added and incubated for 1 hour at 60 °C, occasionally
vortexed until dissolved;

The quality of DNA was checked on 1.5% agarose gel after electrophoresis at 108 V
using 2 ul of extracted DNA per well and 5 ul of a GeneRuler 1kb Plus DNA Ladder

(Thermo Fisher Scientific, Waltham, MA, USA) as a molecular-weight size marker.

3.3.2| Preparation of buffers for the isolation of DNA

3.3.2.1| DNA extraction buffer solution:

100 mM Tris-HCI pH 8.0
500 mM NaCl

50 mM EDTA

1.25% SDS

3.8 g/l sodium bisulfate
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3.3.2.2| Tris-HCI pH 8.0 solution (1L):
121.1 g Tris dissolved in 800 ml H20O

42 ml of concentrated HCI

3.3.2.3| TE buffer (pH 7.5 solution):
10 MM Tris-Cl, pH 7.5

1 mM EDTA

3.3.2.4] 3 M sodium acetate solution (1L):
408.1 g of sodium acetate dihydrate dissolved in 800 ml H2O

pH adjusted with glacial acetic acid to 5.2, and filled up to 1 L with H20

3.3.3| SSR markers

269 Single Sequence Repeafs (SSRs, microsatellifes: 68 WMS, 109 RMS, 36 REMS,
and 56 SCM markers; Roder et al., 1998; Saal and Wricke, 1999; Korzun et al., 2001; Hackauf
and Wehling, 2002; Chebotar et al., 2003; Khlestkina et al., 2004) were amplified in
a volume of 25 pl containing: 50-100 ng of template DNA, 250 nM of each primer (left
primers were labelled with Cy5), 200 uM of each deoxynucleotide, PCR buffer (10 mM
of Tris-HCI, 50 mM of KCI, 1.5 mM of MgCl2, and 0.01% of gelatin to stabilise Tag DNA
polymerase), and 1 U of Tag DNA polymerase. 96-well thermal cyclers (Applied Biosystems,
Thermo Fisher Scientific Inc.) were used to amplify SSRs with following PCR program:
3 minutes of initial denaturation at 94°C, followed by 45 cycles of 1 minute of denaturation
at 94°C, 1 minute of annealing at 50, 55, or 60 °C, depending on the primer setf, 2 minutes
of elongation at 72°C, and 10 minutes of the final extension at 72°C. Products were
analysed for length polymorphism on 6% polyacrylamide gel (SequaGel, Biozym, National
Diagnostics USA) conducted in 1 x TBE buffer (20 mM Tris-borate, pH 8.3, and 2 mM EDTA)
by automated laser fluorescence ALF Express DNA sequencer (Amersham Biosciences
Europe GmbH, Freiburg, Germany) at 600 V of voltage, 50 mA of current, 50 W of power,
and a sampling interval of 2 s, using a short gel cassette. An external standard with four
fragments of different size (73, 122, 196, and 231 bp, also 304 bp if the size of the product
was greater than 231 bp or similar to that size) was loaded in the first lane. Internal
standards of choice, depending on the size of the product, were loaded in each lane
with the products. Fragment sizes were calculated using the ALFwin Fragment Analyzer
sofftware package (Version 1.02; Pharmacia, Tokyo, Japan) by comparison with

the internal and external size standards.
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3.3.4| DArTseq

A high-density DArTseq (Diversity Arrays Technology) platform, developed by Diversity
Arrays Technology Pty Ltd. (Canberra, Australia) for high-throughput genotyping based
on sequencing results generated by NGS technologies, was chosen as a fast and cost-
effective genotyping technology profiing the whole genome in a single assay on
an automated platform (Jaccoud et al., 2001), recently developed for rye with high
efficacy corresponding predominantly to active genes (Bolibok-Brggoszewska et al., 2009;
Milczarski et al., 2011; Bolibok-Brggoszewska et al., 2014). 20 uL at 50-100 ng/uL of extracted
genomic DNA per each sample of parental line and 130 individuals of 304/1 F2 population
line were used for genotyping using Rye GBS 1.0 platform developed by the Diversity Arrays
Technology Pty Ltd, as previously described (Bolibok-Brggoszewska et al., 2009). DArTseq
as a combination of complexity reduction methods developed initially for a hybridisation-
based DAIT microarray and sequencing of resulting representations on next-generation
sequencing platforms provided two types of markers: (1) dominant SilicoDArTs (scored for
presence or absence of a given sequence variant, analogous to microarray DArTs),
extracted in silico from sequences obtained from genomic representations,

and (2) co-dominant SNPs in fragments present in the representation.

3.4| Construction of a genetic map

The genetic map was constructed in JoinMap 4.1 (Kyazma B.V.) basing on the segregating
markers (checked with x2-test, P < 0.05) with the lowest number of missing data (less than
10%). Markers of unknown parental origin and not segregating were removed from
the dataset. LOD > 12 was used fo separate 7 linkage groups of markers. The order
of markers was determined in JoinMap 4.1 by maximum likelihood mapping.
and afterwards, the distances between markers were determined by regression mapping
with Kosambi function (Kosambi, 1943). Afterwards, the groups were assigned fo
chromosomes using GenomelZipper (Martis et al., 2013). Graphical genotypes were
inspected visually to verify the order of the markers; singletons data points were recorded

as missing data in the dataset and calculations were repeated.
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3.5| QTL analysis

Phenotypic data for 129 individuals of 304/1 F2 population and genotypic/map data
based on 1,041 SNP and SSR markers were used for QTL analysis in GenStat Sixteenth Edition
(VSN International Ltd, Hemel Hempstead, Herfordshire, UK). To confirm the significance
level of 3.0 LOD threshold a permutation test with 10,000 interations for each trait was
performed using QGene 4.3.10 (R.Joehanes and J.C.Nelson, Department of Plant
Pathology, Kansas State University; Nelson, 1997; Joehanes and Nelson, 2008). Available
in QGene single-marker regression function was also used for initial analysis of QTL.
Genome-wide scans (Simple and Composite Interval Mapping) for QTL effects were
performed in GenStat. The initial genome-wide scan was performed by Simple Interval
Mapping (SIM) to obtain candidate QTL positions. Genome-wide scan for QTL effects was
performed by Composite Interval Mapping (CIM) with cofactors, which were potential QTL
posifions set as the candidate QTL detected at the previous scan. ‘Select Final Model’
dialog was used to select and fit the final QTL model from a list of candidate QTL
to estimate QTL effects for all QTL retained in the selected model. QSESTIMATE command

was used to estimate QTL effects, which fit the following model (Boer et al., 2014):
Vi= U + ZIEL ( X"add G|add + X"dom G|d°m ) + Gi

where vy; is the frait value of genotype i, xiedd are the additive genetic predictors
of genotype i for locus I, and aedd are the associated effects, xidem are the dominance
genetic predictors, and aidom are the associated effects, G; is the residual unexplained
genetic and environmental variation, which is assumed to follow a normal distribution
with mean 0 and variance o2. Genetic predictors are genotypic covariables that reflect
the genotypic composition of a genotype at a specific chromosome location (Lynch
and Walsh, 1998).

3.6| Development of KASP markers

From the SNP markers, which were segregating, and each was associated with at least
four traits, 6 were chosen to develop KASP markers for marker-assisted selection (MAS).
Four of the SNPs (two on the chromosome 1R and two on 7R) were associated with plant
height. Three of the selected SNPs were linked to the thickness of the culm wall (on 4R
and 7R). Two of the markers located on 1R were associated with the thickness

of sclerenchymal and inner periclinal CW of the epidermis, and the content of zinc.
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Two of the markers on 7R were linked to the thickness of sclerenchyma, the content
of molybdenum and copper. One SNP located on 3R was associated with the number
of epidermal invaginations, the length of the second basal infernode, dry weight of culmes,
and the number of fillers. And finally, one SNP on the chromosome 4R was linked
to the diameter of the sclerenchymal and epidermal cell, as well as sulfur content.

The flanking sequences (Table 6) for the development of KAPS primers were kindly
provided by Doctor Eva Bauer (Technische Universitdt MUnchen) since the sequences
provided with DArT markers were only around 50 to 60 base pairs long. For each KASP
marker, two dallele-specific forward primers and one common reverse primer were
designed. Approximately 1.5 uL of 20 ng/uL of DNA was used in a single PCR reaction,
which was performed in a total volume of 10 uL containing 5 pL of 2x KASP reaction mix
and 0.014 uL of assay mix of primers and thermal cycling conditions shown in Table 7.

After completion of the PCR reaction, the SNP allele-specific detection was based
on the homogenous fluorescence assay (FRET). Each forward primer incorporated one
distinct fluorescence dye (6-carboxyfluorescein, with maximum absorbance at 495 nm
light wavelength and maximum emission at 518 nm, or hexafluorofluoresceine,
with maximum absorbance at 535 nm and maximum emission at 556 nm). The detection
of fluorescence was performed using an Omega Fluorostar scanner (BMG LABTECH
GmbH, Offenburg, Germany), and analysed using the SNPviewer 2 Version 4.0 software
(LGC Genomics, UK).

TABLE 6 Sequences used for the development of KASP markers. The sequences provided with DArT
markers highlighted with yellow colour.

Sequence

5018584 CGCGCTICCGACATGGACATGGGCTTCGCCGGCCCCACCACCTIGCCCGCCGCCGCCGCCGTICCCCGCCITCAGHT/C]
AAGCGTCCCCTGCIGCATGATIGACGGCTGCAGGAGCTCATGGTTGTTGCAGCCGCCGTCGCCGGCGCCACCAC

CTTGTCGAGCCACCGGTATGTGAATGTGTTICGTGTGTGAGGGAGGCACGATGTTGATCTGGAGGGTGTCAAAGCATCATGG

3349542 | CCAAACCTCACGACCGTAAGTACAATGAGCTAGAATGTGATTICGIAATGTIGTCCTTGTCATGTAAGCATGTGAAGCAAGCAA

AAGGCACATCCTGCAGATCGTGCCTAGCACGTCTGTCAGAGGTCCATCGTCGATATIG
CTGTAAATACATAACGATITAATGGGTGCTGAACATACAAATCCCCATCCCTCCTTICGTGAACTCCTGACCGACTATICTGAAG
5224120 TIGCAGTIGGGITGACAGGAAGATCTCAACACATGGCATCTCGTCAACAACTGCAGCAACACCIG/A]CCGTCTTICGGCCC
ACGATTAAGGGCATIGGCGTACTCCTCAACAGTGCTCAGTGGTACTAACCGGGATTCAGGT
GCCGGTTGCCTAAATTTCCAGCGCATGCATATGGCCACGTATGGTAGCCCGACCTGGTCAAACTAGATAAGGGAGAGCC
3596125 | CGAGTICACTTCGATCCCAAATCCA[fIEJAGCGGAGACCCCAGGGCCAGCCGCATCACCGACTGCAGGAAGAGCTCTA
GGCGTIGCTCGTCCTCGTCGGAAAAGCCCCTAGGAATGAGTGTGTAGGGTGTGATGCCGITCGCGT
GAGCAGGCGCCGGTGACGGCGACGGGGCIGTICTGCCGGCCGCTIGAAGACGCTGGACCTICTTCCCCGGCGCGATC
3353579 AAGGAGGAGCAGCGCGACGTCGCCTAGCIEMACCTCCAACCTATAGCTAGCTGCAGCAGCAGICGTCGTICGICGICG
TAGTACGTAGAGCAGTCCGTACGITACGCGCGCGCGCGITGTACGTACGCAGGTAGAGCAGCAGCAG

100074162 CTICCACCTICGAGCGAGCAAACGACAGCCAGCGGAAGCAAGAGCIGIA]CCCAGCAGGCCTAGGTGCGCCGCCCAA

GCTCTTCTTICACGACGGCGCCGAGCCGCCIGCGCGCGTGGCAACACGCTCCTCCGCCGGTGCTIGCGTGAGCTGA
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TABLE 7 Thermal cycle conditions for KASP reactions.

Process
1 Activation 94 °C 15 min 1
Denaturation 94 °C 20s
2 10
. . 60 s (drop 0.6 °C
_ 0,
Annealing/elongation 61 -55°C per cycle)
Denaturation 94 °C 20s
3 26
Annealing/elongation 55°C 60's
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4. RESULTS

4.1 | Identification of the traits responsible for lodging
resistance
Morphological and structural analysis of the lodging resistant line and wildtype line in Light
(LM), Scanning Electron (SEM), and Transmission Electron Microscope (TEM) revealed
statistically significant differences (tested with Welch's f-test, p < 0.05) in: the plant height,
the number of tillers per plant, dry weight of culms and of a single culm, the diameter
of the second internode, the number of epidermal invaginations stabilizing the filler,
the thickness of culm wall, the thickness of sclerenchymal tissue, the ratio of sclerenchyma
to the diameter of the second internode, the number of vascular bundles present in
the sclerenchymal layer, and the thickness of sclerenchymal cell walls and inner periclinal
cell walls of the epidermis. Additionally, the analysis of elements by Inductively Coupled
Plasma Optical Emission Spectrometry (ICP-OES) revealed significant differences in
the content of calcium, copper, magnesium, manganese, potassium, sulfur, zinc,

and silicon.

4.1.1 | External morphology
The mean plant height (PH) was 110.7 cm (+ 6.219 SD) for ‘ms 135’, the lodging resistant

parental line, and 95 cm (£ 15.22 SD) for ‘R 1124, the wildtype parental line (Fig.6A, Table
8). The differencesin PH between two parental lines were statistically significant according
toWelch's t-test (p < 0.05). This phenotypic trait was used for screening of 130 individuals of
segregating F2 population. The minimum value for PH in ‘304/1" F2 populatfion was 85 cm,
and the maximum was 139 cm (Fig.6B, Suppl. Fig.45A, Table 8). The distribution of the trait
was normal (Suppl. Fig.45B) with a skewness of -0.323 and kurtosis of 0.441.

On the other hand, the length of the second basal internode (LBI) did not differ
(t-test, p > 0.5) between two parental lines. Id est: in lodging resistant line it varied between
9.8 and 19.5 cm, with a mean value of 14.72 cm (x 2,899 SD). In the case of ‘R 1124’ line,
the LBI varied between 12.6 and 18.7 cm, with a mean of 15.58 cm (+ 2,439 SD; Fig.7A,
Table 8).1In 304/1 population the LBl varied between 12 and 19.4 cm (mean + SD was equal
to 16.85+ 1.861 cm; Fig.7B, Suppl. Fig.45C, Table 8) and the distribution of this frait in 304/1
population was characterised by skewness of -0.805 and kurtosis -0.204 (Suppl. Fig.45D).
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TABLE 8 External morphology of parental lines and 304/1 F, population: heritability (H), mean value

(1), median (Q,), range ([X,,,,.X...J). lower quartile (Q,), upper quartile (Q,), and standard deviation
(SD).

e Tepin o L ponteol G G0

‘ms 135" 1107 112 [102,118] 103 117 1 6919

P'G”[L?f]'gm 0.8379 00491  ‘R1124° 95 103  [70,106] 8575 1052 1522
304/1 1144 115 [85139] 1085 121 9988
Lengthof the ‘ms 135" 1472 147 98,195 132 174 2899
~ basal 00781 05397 ‘R1124" 1558 162 [126,187] 1342 172 2439
6 internode ’
S [cm] 304/1 1685 173  [12194] 157 1842 1861
£ ‘ms 135’ 16 16.5 [10,21] 13 19 4099
g No.of tilers 09751 0.0002  ‘R1124' 3 2 11,71 1.75 4 2345
5 304/1 8318 8 [2,20] 6 1025 3.423
5 A 'ms 135" 13.68 131 [6.4,21.1] 111 17 4984
5 W;g& [;‘; 09630 0.0007  ‘R1124' 172 12 [02,4.4] 0575 2675 1.654
304/1 1535 147  [49,305] 107 19 5761
‘ms 135"  0.84 0.834 [0.66,1.111] 0728 0873 0.155
Mean dry ; .
weightof 08496 0.0415 R1124' 0546 0.629 [?61}8%7] 0475 07 0253
culm il
(9] 304/1 1.944 1893 3.775] 162 2229 0.534
A Boxplot for plant height B Normal Plot for plant height in 304/1
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FIGURE 6 Boxplot showing median values for plant height, with whiskers indicating variability outside
the upper and lower quartiles in two parental lines (‘ms 135" and ‘R 1124’) (A). A Quantile-Quantile
plot with 95% simultaneous confidence bands and a 1-1 reference line plotting observed data
for 304/1 F, population against their expected quantiles for plant height (B).
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A Boxplot for the length of the second internode B Normal Plot for the length of the second internode in 304/1

22 4

20 4

Length of the second internode [cm]
F
Length of the second internode [cm]

'ms 135' 'R 1124’ Normal Score

FIGURE 7 Boxplot showing median values for the length of the second internode, with whiskers
indicating variability outside the upper and lower quartiles in two parental lines (‘ms 135’
and ‘R 1124') (A). A Quantile-Quantile plot with 95% simultaneous confidence bands and a 1-1
reference line plotting observed data for 304/1 F, population against their expected quantiles

for the length of the second basal internode (B).

The number of tillers (NoT) in the lodging resistant line varied between 10 and 21,
with the mean value of 16 fillers per plant (x 4.099 SD; Fig.8A, Table 8). In the case
of the wildtype, NoT was lower in comparison to ‘ms 135" line, with a mean of 3
(+ 2.345 SD), and these differences between parental lines were statistically significant
(t-test, p < 0.0005). The mean value for this trait in 304/1 F2 population was 8.318 (+ 3.423
SD; Fig.8B, Suppl. Fig.45E, Table 8). The distribution of this trait was normal (Suppl. Fig.45F)

and characterised by skewness of 0.734 and kurtosis of 0.315.

A Boxplot for number of tillers B Normal Plot for number of tillers in 304/1
20.0 4
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2.5+
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-2 1 [ 1 2
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FIGURE 8 Boxplot showing median values for the number of fillers, with whiskers indicating variability
outside the upper and lower quartiles in two parental lines (‘ms 135" and ‘R 1124’) (A).
A Quantile-Quantile plot with 5% simultaneous confidence bands and a 1-1 reference line plotting
observed data for 304/1 F, population against their expected quantiles (B).
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The dry weight of culms (DWC) in ‘ms 135’ line ranged between 6.6 and 21.1 g
(mean + SD = 13.68 + 4,984 g) and was significantly (t-test, p < 0.001) higher than
in the other parental line, where mean value was only 1.72 g (Fig.9A, Table 8). In 304/1 F,
population, DWC varied between 4.9 and 30.5 g, with amean of 15.35 g (£ 5.761 SD; Fig.9B,
Suppl. Fig.46A, Table 8), and the distribution (Suppl. Fig.46B) of this trait in population was
described by skewness of 0.501 and kurtosis of -0.421.

A Boxplot for culms dry weight B Normal Plot for culms dry weightin 304/1

204

Dry weight of culms [g]
=
Dry weight of culms [g]

=

'ms 135’ 'R1124' Normal Score

FIGURE 9 Boxplot showing median values for culms dry weight, with whiskers indicating variability
outside the upper and lower quartiles in two parental lines (‘ms 135" and ‘R 1124') (A).
A Quantile-Quantile plot with 5% simultaneous confidence bands and a 1-1 reference line plotting
observed data for 304/1 F, population against their expected quantiles (B).

Similarly, also in the case of the dry weight of a single culm (DWS) statistically
significant differences (f-test, p <0.05) were found in two parental lines. Namely, mean dry
weight of the wildtype culm was significantly smaller (ranged between 0.1 and 0.7 g
with a mean of 0.546 g) in comparison to the lodging resistant line (minimum= 0.66 g,
maximum = 1.111 g, mean = 0.84 g; Fig.10A, Table 8). In 304/1 F2 population DWS varied
between 0.707 and 3.775 g, with a mean of 1.944 g (+ 0.534 SD; Fig.10B, Suppl. Fig.46C,
Table 8). The distribution of this trait in 304/1 F2 population was normal and characterised

by skewness of 0.561 and kurtosis of 1.069 (Suppl. Fig.46D).

45



Results

A Boxplot for mean dry weight of a single culm B Nomnal Plot formean dry weight of a single cum in 304/1
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FIGURE 10 Boxplot showing median values for the mean dry weight of a single culm, with whiskers
indicating variability outside the upper and lower quartiles in two parental lines (‘ms 135’
and ‘R 1124') (A). A Quantile-Quantile plot with 95% simultaneous confidence bands and a 1-1
reference line plotting observed data for 304/1 F, population against their expected quantiles (B).

4.1.2] Anatomy of fillers
The analysis of all tillers from parental lines (5 individuals from ‘R 1124" and é from ‘ms 135’

line) and 130 individuals from F2 population in SEM revealed typical for rye and grasses
anatomy of internodes (Fig.11A-B). Particularly, internodes were covered with a single
layer of the epidermis, underneath which 5-6 layers of sclerenchymal cells could be

distinguished with a number of outer vascular bundles. Under sclerenchyma a few layers

scmmct’ T Epidermis

5 ho\czo@ Q
O‘Ooo O r Sclerenchyma

Parenchyma

vascular

|
Internal

L

‘ bundie

FIGURE 11 Scanning Electron microphotograph showing typical for rye and all of analysed fillers
anatomy (A) with a diagram of internode anatomy (B); bar = 200 um.
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of parenchymal cells were present with a number of inner vascular bundles. The detailed
analysis of the anatomical features in two parental lines using a Fiji image processing
package (Schindelin et al., 2012) revealed that the differences between parental lines
in the diameter of basal internodes (DBI; Fig.12A-C, Table 9) were statistically significant
(t-test, p < 0.0005).

TABLE 9 Anatomy of the second basal internode in parental lines and 304/1 F, population: heritability
(H), mean value (u), median (Q,). range ([X 1), lower quartile (Q,). upper quartile (Q,). and
standard deviation (SD)

mm’ max:

Diameter of ‘ms 135' 3673 [2687, 4685] 3272
thebasal o o gogop  R1124' 4381 4339 [3451,5617) 3833 4840 6161
infernode
[um] 304/1 4266 4244 | [3038,5630] 3950 | 4562 | 436.8
No. of ‘ms 135" 5.81 4 [, 18] 3 8 3.995
epidermal 0.9330 (0.0008 ‘R1124 1.182 2 [0, 3] 0 2 1.168
invaginations 304/1 4879 2.583 [0, 31] 0333 5333 6813
Thickness of ‘ms 135" 3418 3239 | [226.3,503] = 298.1 | 3953  41.49
stalk fissues 09732 <0.0001  ‘R1124" 3897 3888  [240.6,512.4] 3444 4333 5505
[Hm] 304/1 4665  469.9 | [279.9,643.5] 4243 | 5147  64.54
Thickness of ‘ms 135" 70.83 6785 | [48.5,1137] 61 80.8  13.06
sclerenchym  0.9967 < 0.0001 ‘R1124" 49.59 48.6 [28.5,78.9] 41.7 55.77 10.21
al tissue [um] 304/1 72.19 7203 | [46.15,101.7] 6487 | 79.13 1082
2 ‘ms 135" | 00198 0.0189 |[0.0141,0.0297] 0.0173  0.0218 0.00352
e SC'eﬁzﬁQYm 09987 <0.0001 ‘R1124' 00112 00109 [0.0062,0.0184] 000945 00125 0.00231
*2 304/1 0017 00167 [0.0109,0.0237] 00151 | 0.0184 0.00269
§ No. of inner ‘ms 135" 3191 32 [27,39] 30 33 2.968
3 vascular 05013 03234  ‘R1124° 31 31 129, 33] 30 32 1.414
2 bundles 304/1 3471 35 [24, 41] 067 | 37 3208
% No. of outer ‘ms 135" | 27.43 27 [24,31] 25.25 29 2.128
E vascular 0.9904 < 0.0001 ‘R1124" 18.83 18 [15, 24] 16.5 21.5 2.823
*g bundiles 304/1 2522 25 [13, 33] 23 27.67 3938
£ Diameter of ‘ms 135" 1233 1205 | [8.819,16.97] 1048 | 1374  2.092
epidermal 07691 00684 = ‘R1124' 1263 1281  [8.081,17.22] 1095 | 1433  2.286
cell [pm] 304/1 1383 13.44  [9.958,22.01] 12.53 | 14.54 2232
Diameter of ‘ms 135" | 1321 129 | [9.053,20.1] 11.06 | 1508  2.606
sclerenchym | 0.6298  0.1928  ‘R1124'  13.55 1334 | [8.629,20.71] 11.24 1558  2.929
al cel [um] 304/1 1596 156  [9.302,23.74] 1453 | 1712 2.411

‘ms 135" 1.534 1.497 [0.63, 2.961] 1.256 1.748 0.42
0.563 0.96 0.283

Thickness of
sclerenchym  0.9983 <0.0001 ‘R1124 077 0732  [0.239,1.762

]
al CW[um] 304/1 1.212  1.211  [0.604,1.997] 0975 | 1.408  0.289
Thickness of ‘ms 135"  0.873  0.833  [0.304,1.656] 0.668 | 1.079  0.259
inner ‘R1124' 0502 0481 @ [0.178,1.079] 039 = 0593 0.162
periclinal CW  0.9975 <0.0001
of e[pl'd?fml's 304/1 0713  0.692 [0.396,1.153] 0.603 | 0827  0.166
pm
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C Boxplot for the diameter of the 2nd internode D Normal Plot for the diameter of the 2nd internode in 304/1
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FIGURE 12 Examples of cross sections of tillers observed in SEM showing the differences in internode
diameter of 'ms135’ (A) and ‘R 1124’ line (B); bar = 1T mm. Boxplot showing median values for the
diameter of basal infernodes with whiskers indicating variability outside the upper and lower quartiles
in two parental lines (‘ms 135" and ‘R 1124') (C). A Quantile-Quantile plot with 95% simultaneous
confidence bands and a 1-1 reference line plotting observed data for 304/1 F, population against

their expected quantiles (D).

Namely, ‘R 1124' line was characterised by a greater DBl (mean = SD = 4381
*+ 616.1 um) in comparison to the lodging resistant line (mean + SD = 3638 + 516 um).
In 304/1 F2 population, the DBI varied between 3037.5 and 5630 um, with a mean value
of 4266 um (£436,8 SD; Fig.12D, Suppl. Fig.46E, Table 9), and the distribution of the trait was
normal and characterised by skewness of 0.1 and kurtosis of 0.27 (Suppl. Fig.46F).

Statistically significant differences were also found in the number of epidermal
invaginations (Epl; f-test, p <0.001).The lodging resistant parental line in comparison to the
wildtype (mean value = 1.182) was characterised by a significantly higher number (mean
= 5.81) of these important from the mechanical point of view invaginations (Fig.13A-F,

Table ?), which can stabilise a tiller. In 304/1 F2 population, the Epl ranged between 0 and
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31, with a mean value of 4.879 (Fig.13G, Suppl. Fig.47A, Table 9). The distribution of this trait
was skewed, and data was clearly not normally distributed (skewness = 2.053, kurtosis =
3.739; Suppl. Fig.47B).

30 4 x %

Number of epidermal invaginations
Number of epidermal invaginations

i [

T T T T T T T

'ms 135' 'R 1124' Normal Score

FIGURE 13 The surface of ‘ms 135’ internode of with a number of pronounced epidermal
invaginations (A) or/and wavy surface (B) in confrast to the smooth surface of ‘R 1124’ line
(C; bar = 200 um). Cross sections of intfernodes observed in SEM showing the differences
in the number of epidermal invaginations in ‘ms135’ (D) and ‘R 1124’ line (E); bar = 1 mm.
A boxplot showing median values for the trait, with whiskers indicating variability outside the upper
and lower quartiles in two parental lines (F). A Quantile-Quantile plot with 95% simultaneous
confidence bands and a 1-1 reference line plotting observed data for 304/1 F, population against

their expected quantiles (G).
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The analysis of the culm wall thickness (CWT) of the second basal internode

revealed that the differences between the parental lines were also statistically significant
(t-test, p < 0.0001). The mean value was 341.8 um (+ 61.49 SD) for ‘ms 135’ line, and 389.7
pm (£ 55.05 SD) for ‘R 1134’ line (Fig.14A-C, Table 9). In 304/1 F2 population, the thickness
of stalk tissues varied between 279.9 and 643.5 um with a mean value of 466.5 pm (£ 64.54
SD; Fig.14D, Suppl. Fig.47C, Table ?) and the distribution of the trait was normal and
characterised by skewness of -0.234 and kurtosis of -0,0286 (Suppl. Fig.47D).

Boxplot for thickness of stalk tissues Normal Plot for the thickness of stalk tissues in 304/1
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FIGURE 14 Examples of cross sections of fillers observed in SEM showing the culm wall thickness
in ‘ms 135’ (A) and ‘R 1124’ line (B); bar = 100 ym. Boxplot showing median values for the trait,
with whiskers indicating variability outside the upper and lower quartiles in two parental lines
(‘ms 135" and ‘R 1124’) (C). A Quantile-Quantile plot with 95% simultaneous confidence bands
and a 1-1 reference line plotting observed data for 304/1 F, population against their expected

quantiles (D).
The thickness of sclerenchymal fissue layer (Scl) was also significantly different

between parental lines (f-test, p < 0.0001). Namely, the lodging resistant parental line was
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characterised by thicker ScL in comparison to ‘R 1124’, and the mean value in the case
of ‘ms 135" was 70.8 um (x 13.06 SD), whereas for the wildtype it was only 49.59 um (x 10.21
SD; Fig.15C, Table 9). The thickness of ScL in 304/1 population ranged between 46.15 and
101.7 um
with the mean value similar to the one obtained for the lodging resistant line and was
equal to 72.19 um (£ 10.82 SD; Fig.15D, Suppl. Fig.47E, Table 9). The distribution of the trait
was normal and characterised by skewness of 0.206 and kurtosis of -0.204 (Suppl. Fig.47F).
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FIGURE 15 Examples of cross sections of fillers observed in SEM showing the thickness
of the sclerenchymal layerin ‘ms 135’ (A) and ‘R 1124’ line (B); bar = 100 pm. Boxplot showing median
values for the thickness of sclerenchyma with whiskers indicatfing variability outside the upper
and lower quartiles in two parental lines (‘'ms 135" and ‘R 1124’) (C). A Quantile-Quantile plot
with 95% simultaneous confidence bands and a 1-1 reference line plotting observed data
for 304/1 F, population against their expected quantiles (D).

The lodging resistant line (‘ms 135’) was also characterised by a higher ratio
of sclerenchyma to the diameter of the infernode (ScR) in comparison to the wildtype
(‘R 1124’) line and the average value of this ratio was equal to 0.0198 (+ 0.00352 SD) in
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‘ms 135’ line, and to 0.0112 (£ 0.00231 SD) in ‘R 1124’ parental line (Fig.16A-E; Table 9).
The observed differences were statistically significant (f-test, p < 0.0001). In 304/1 F2

population, ScR ranged between 0.0109 and 0.0237 with an average value of 0.017

(Fig.16F, Suppl. Fig.48A, Table 9) and the distribution of the frait was normal with skewness
of 0.379 and kurtosis of -0.128 (Suppl. Fig.48B).
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FIGURE 16 Sclerenchyma ratio (ratio between thickness of sclerenchyma, indicated with a red arrow,
to the diameter of internode, indicated with a white arrow) in ‘'ms135’ (A,C) and ‘R 1124’ line (B,D);
barin Aand B =200 um; barin C and D = 1 mm. Boxplot showing median values for sclerenchyma
ratio with whiskers indicating variability outside the upper and lower quartiles in two parental lines
(‘ms 135" and ‘R 1124’; E). A Quantile-Quantile plot with 95% simultaneous confidence bands
and a 1-1 reference line plotting observed data for 304/1 F2 populatfion against their expected
quantiles (F).

On the other hand, no stafistically significant differences (t-test, p > 0.1) were found

in the number of inner vascular bundles (IVB) located in the parenchymal layer
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(Fig.17A-C, Table 9). They varied between 27 and 39 in ‘ms 135’ line, with a mean value
of 31.91 (£ 2.968 SD) inner vascular bundles perinternode. In the case of the other parental
line the number of IVB was similar and ranged from 29 to 33 (mean + SD = 31 £ 1.414;
Fig.17C, Suppl. Fig.48C, Table 9). In 304/1 F2 segregating population this trait was normally
distributed (skewness of -0.497, kurtosis of 0.229) and ranged between 24 to 41,
with a mean value of 34.71 IVB per internode (x 3.208; Suppl. Fig.48D, Table 9).

C Boxplot for number of inner vascular bundles D Normal Plot for the number of inner vascular bundles in 304/1
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FIGURE 17 Cross sections of tillers observed in SEM: inner vascular bundles (red asterisks) in ‘ms135’
(A) and ‘R 1124’ line (B); bar = 1 mm. Boxplot showing median values with whiskers indicating
variability outside the upper and lower quartiles for the number of inner vascular bundles in ‘ms135’
and ‘R 1124’ line (C). A Quantile-Quantile plot with 95% simultaneous confidence bands and a 1-1
reference line plotting observed data for 304/1 F2 population against their expected quantiles (D).

However, outer vascular bundles (OVB) were significantly (f-test, p < 0.0001) more
abundant in the lodging resistant line, compared to ‘R1124" (Fig.18A-E, Table 9).
Their number varied between 24 and 31 in ‘'ms 135’, and between 15 and 24 in ‘R 1124’
line, with the mean value of 27.43 (+ 2.128 SD) and 18.83 (+ 2.823 SD) vascular bundles
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per internode, respectively. In 304/1 F2 population, the number of outer vascular bundies
varied between 13 and 33, with the mean value of 25.22 bundles per internode (Fig.18F,

Suppl. Fig.48E, Table 9). The distribution of the trait in 304/1 F2 population was normal

(characterised by skewness of -0,357 and kurtosis of 0,128; Suppl. Fig.48F).
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FIGURE 18 Cross sections of infernodes observed in SEM showing the number of outer vascular
bundlesin ‘'ms135' (A) and ‘R 1124’ line (B; red asterisks indicate outer vascular bundles; bar =1 mm).
Differences in the distribution of outer vascular bundles between ‘'ms135’ (C) and ‘R 1124’ line (D;
white arrows indicate outer vascular bundle; bar = 100 um). Boxplot showing median values
for the number of outer vascular bundles with whiskers indicating variability outside the upper
and lower quartiles in two parental lines (‘ms 135" and ‘R 1124’; E). A Quantile-Quantile plot with 5%
simulfaneous confidence bands and a 1-1 reference line plotting observed data
for 304/1 F, population against their expected quantiles (F).

No statistically significant differences were found in the diameter of epidermal cells

(DEC) and the diameter of sclerenchymal cells (DSC; t-test, p > 0.05 and p > 0.1
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respectively; Fig.19A-D, Table 9). The DEC varied between 8.819 and 16.97 upmin ‘ms 135’
line (with a mean value of 12.33 uym + 2.092 SD) and between 8.081 and 17.22 ym
in ‘R 1124’ line (mean value of 12.63 um + 2.286 SD; Fig.20A, Table 9). In 304/1 F2 population,
DEC varied between 9.958 and 22.01 pm, with a mean value of 13.83 um (+ 2.232; Fig.20B,
Suppl. Fig.49A, Table ?), and the distribution of this trait was skewed and characterised
by skewness of 1.361 and kurtosis of 2.53 (Suppl. Fig.49B). In the case of the DSC,
the differences were even less pronounced and mean = SD for ‘ms 135" and ‘R 1124’
parental lines was equal to 13.21 £ 2,606 um and 13.55 + 2.929 um (Fig.21A, Table 9),
respectively. In 304/1 F2 population it varied between 9.302 and 23.74 um, with mean value
of 15.96 u (£ 2.411; Fig.21B, Suppl. Fig.49C, Table 9), and the distribution of this trait was less
skewed in comparison to the previous frait (skewness of 0.807, kurtosis of 1.318;

Suppl. Fig.49D).

FIGURE 19 Examples of cross sections of the second basal internode observed in SEM showing no
differences in the diameter of epidermal and sclerenchymal cells in ‘ms135' (A) and ‘R 1124’ line (B).
Infernodes of ‘ms 135" (C) and ‘R 1124’ (D) in LM after staining with basic fuchsin solution;
bar =30 um.
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A Boxplot for diameter of epidermal cell B Normal Plot for diameter of epidermal cell in 304/1
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FIGURE 20 Boxplot showing median values for the diameter of the epidermal cell with whiskers
indicating variability outside the upper and lower quartiles in two parental lines (‘ms 135" and ‘R
1124') (A). A Quantile-Quantile plot with 95% simultaneous confidence bands and a 1-1 reference
line plotting observed data for 304/1 F, population against their expected quantiles (B).
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FIGURE 21 Boxplot showing median values for the diameter of the sclerenchymal cell with whiskers
indicating variability outside the upper and lower quartiles in two parental lines (‘ms 135’
and ‘R 1124') (A). A Quantile-Quantile plot with 95% simultaneous confidence bands and a 1-1
reference line plotting observed data for 304/1 F, population against their expected quantiles (B).

Clear differences (f-test, p < 0.0001) between two parental lines were observed in
the thickness of sclerenchymal cell wall (SCW; Fig.22A-F, Fig.23A, Table ?). The lodging
resistant line was characterised by almost twice thicker cell walls in comparison to the
wildtype, with the mean value of 1.534 pm (+ 0.42 SD) and 0.77 uym (+ 0.283 SD)
respectively. In 304/1 F2 population, the thickness of SCW varied between 0.604 and 1.997
um, with a mean value of 1.212 um (x 0.289 SD; Fig.23B, Suppl. Fig.4%9E, Table 9). The
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distribution of this trait was normal and characterised by skewness of 0.239 and kurtosis of
-0.305 (Suppl. Fig.49F).

;‘m : scicw ' oW

SclCw SclCw
Pa

FIGURE 22 Examples of cross sections of the basal internodes observed in SEM showing clear
differences in the thickness of cell walls between ‘ms135’ (A) and ‘R 1124’ line (B); bar = 30 ym.
Sclerenchymal cell wall of ‘ms 135’ (C, E) and ‘R 1124’ (D, F) in LM (C, D; bar =15 um ) and TEM (E, F;
bar =1 um). The inner periclinal cell wall of the epidermis in ‘ms 135" (G, 1) and ‘R 1124’ (H, J) in LM

(G, H; bar =30 um) and TEM (I, J; bar = 1 um). ScICW - sclerenchymal cell wall, EpCW —inner periclinal
cell wall of the epidermis, Pa — parenchymal cell.

e

Additionally, statistical differences (t-test, p < 0.0001) were also found in
the thickness of inner periclinal cell wall of the epidermis (ECW; Fig.22A-B, Fig.22G-J,
Fig.24A, Table 9), which were also thicker in the lodging resistant line (mean + SD = 0.873
+0.259um) in comparison to ‘R 1124’ (mean £SD =0.502 £ 0.162 um). In 304/1 F2 population,
the thickness of these cell walls varied between 0.396 and 1.153 um, with the mean value
of 0.713 um (£ 0.166 SD; Fig.24B, Suppl. Fig.50A, Table ?). The distribution of this frait was
normal and characterised by skewness of 0.392 and kurtosis of -0.338 (Suppl. Fig.50B).
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A Boxplot for thickness of sclerenchymal cell wall B Normal Plot for the thickness of sclerenchymal cell walls in 304/1
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FIGURE 23 Boxplots showing median values for the thickness of sclerenchymal cell wall with whiskers
indicating variability outside the upper and lower quartiles in two parental lines (‘ms 135’
and ‘R 1124’; A). A Quantile-Quantile plot with 95% simultaneous confidence bands and a 1-1
reference line plotting observed data for 304/1 F, population against their expected quantiles (B).
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FIGURE 24 Boxplots showing median values for the thickness of inner periclinal cell wall of epidermis
with whiskers indicating variability outside the upper and lower quartiles in two parental lines
(‘ms 135" and ‘R 1124" A). A Quantile-Quantile plot with 95% simultaneous confidence bands
and a 1-1 reference line plotting observed data for 304/1 F, population against their expected

quantiles (B).

58



Results

4.1.3| Content of elements
The content of boron, calcium, copper, iron, magnesium, manganese, molybdenum,

nickel, phosphorus, potassium, sodium, sulfur, zinc, and silicon was measured using
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES), whichrevealed that
two parental lines did not exhibit significantly different content in dry weight of basal
internodes for: boron (t-test, p > 0.3), iron (t-test, p > 0.6), molybdenum (f-test, p > 0.05),
nickel (f-test, p > 0.4), phosphorus (t-test, p > 0.05), and sodium (t-test, p > 0.8; Table 10).

TABLE 10 Analysis of the content of elements in parental lines and 394/1 F, population: mean value
(1), median (Q,), range ([X 1), lower quartile (Q,), upper quartile (Q,), and standard deviation

min ’ max
(SD).
I B e e e

‘ms 13 [5.025,23.42] 5.301

B [na/gl 0.4889 0.3404 ‘R1 ]24‘ ]6.15 ]3.88 [7.8.34.32] 10.83 16.74 8.259
304/1 7.806 6.506 [2.138,24.41] 4274 2416 4.64]

‘ms 135 88.08 81.75 [62.28,137.8] 64.89 100 28.1¢

e [Hg/gl 0.1622  0.6625 ‘R1124" 81.55 81.6 [58.24,106,3] 725 8985 17.18
304/1 58.29 5208 [23.91,148.1] 3986 71.32 2445

‘ms 135 1.03 1.26 [0.443,1.507] 0.536 1.466 0.496

o [Mg/g] 0.8108 0.0628 ‘R1124" 2.513  1.643 [0.863,5.003] 1.275 4.651 1.83
304/1 3.195  2.942 [0.359,9.489] 1.627 | 4293 2.068

‘ms 135 2.805 2572 [1.538,4.605] 2016 @ 3.36 1.041

Ni [pa/g] 0.3484 0.4814 ‘R 1124 2.666 2.448 [1.988,3.638] 2.147 | 3308 0.67
304/1 1.493  1.249 [0.417.3.900] 0.230 1.781 0.775

‘ms 135 2493 2446 [2036,2864] 2308 2755 3194

P [ug/gl 0.7931 0.0859 ‘R1124" 3953 4331 [2076,6060] 2429 | 5078 1637
304/1 2748 2539 [879.3,6403] 1909 | 3562 1250

‘ms 135 3142 3136  [2116,4572] 2122 3770 9558

Na [pg/gl] 0.0547 0.8148 ‘R1124" 2923 2149 [1148,6525] 1648 @ 3920 2014
304/1 4232 3854 [801.3,9627] 2282 @ 5836 2250

‘ms 135 4835 4365 [1365,8708] 2918 | 7296 2460

Ca [pg/dl 09775 <0.0001 ‘R1124" 14686 12368 [Z]A:;;;] 12158 | 17415 4245
304/1 6335 3617 [919.4,24568] 1994 | 9240 6002

Analysis of the content of elements

‘ms 135" 4.554 4924  [1.92,7.8] 2175 6173 229
Culpg/gl 09175 00026 ‘R1124'° 8211 7.748 [2.58,14.45] 582 9713 3.406
304/1 5553 4768 [202,14.18] 376 6897 2528
. , (34106,
ms 135" 56521 52575 o 45390 66881 17694
, , [50130,
K [ng/g] 08525 00296 'R1124' 75388 76238 ooy ;c) 66788 87375 14180
(14492,
304/1 58210 58057 ooo sy 47865 66973 15978

‘ms 135" 1986 1740 [1550,3124] 1611 2180 557.7
Mg [ug/g] 09302 0.0026 ‘R1124' 3699 3842 [1546,4993] 3143 4686 1132
304/1 2829 2458 [719.7.7597] 1322 3842 1764
‘ms 135" 1543 1349 [8.685,21.23] 11.68 1991 4913
Mn [ug/gl  0.9407 0.0022 ‘R1124' 39.19 34.43 [27.17.67.58] 28.68 42.88 1497
304/1 12.13  7.832 [3.177.79.64] 5.646 1252 1296
‘ms 135" 3805 3708 [3223,4513] 3574 | 4102 448
S [ug/ql 09460 0.0005 'R1124' 8294 8069 [6058,11752] 6622 @ 9195 2117
304/1 5135 4540 [1568,12141] 3176 6655 2668
‘ms 135" 1168 104.5 [72.47,160.7] 99.88 1427 30.62
In[ug/g]l 09649 00003 ‘R1124' 4607 4688 [24.68,60.45] 40.58 5697 12.95
304/1 9406 86 [34.86,246.7] 62.35 111.4 44.4
‘ms 135" 6960 7238  [3866,9639] 5489 8409 1805
Si [ug/al 0.8936 0.0079 'R1124' 4903 3848 [3090,7566] 3532 @ £953 1803
304/1 5419 5387 [3989,8443] 4795 5783 797
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Namely, mean £ SD for boron content (BC) was equal to 16.15 £ 8.259 ug/g
in‘R1124" line, and 13.15+ 5.301 ug/gin ‘ms 135’ (Fig.25A, Table 10). In 304/1 F2 population
mean value of BC was much lower in comparison to two parental lines and equal to
7.806 ug/g (x 4.641 SD; Fig.25B, Suppl. Fig.50C, Table 10), and the distribution of this trait
in the population was skewed and characterised by skewness of 1.414 and kurtosis of 1.629
(Suppl. Fig.50D).

In the case of iron content (FeC), parental lines expressed higher variability within
their groups, and differences between parental lines were even less pronounced than
in case of boron, with means of 88.08 ug/g (£ 28.16 SD) in the lodging resistant line,
and 81.55 ug/g (£ 17.18 SD; Fig.26A, Table 10) in the wildtype. The content of this element
in 304/1 F2 population varied between 23.91 and 148.1 ug/g, with a mean value of
58.29 ug/g (+ 24.45 SD; Fig.26B, Suppl. Fig.50E, Table 10), and the distribution of this trait was
also skewed (skewness of 1.451, kurtosis of 2.219; Suppl. Fig.50F).

There were also no statistical differences between parental lines in the content
of molybdenum (MoC), which mean value was 1.03 ug/g (£ 0.496 SD) in ‘ms 135’,
2.513 ug/g (x 1.83 SD; Fig.27A) in ‘R 1124', and 3.195 ug/g (* 2.068 SD; Fig.27B,
Suppl. Fig.5TA, Table 10) in 304/1 F2 population. The distribution of that trait in this
population was, as well as in the case of previous elements, skewed and characterised by
skewness of 0.965 and kurtosis of 0.438 (Suppl. Fig.51B).

In the case of the content of nickel (NIC) the lodging resistant line was
characterised by a mean value of 2.805 ug/g (x 1.041 SD), whereas the mean value
for the wildtype was comparable and equal to 2.666 ug/g (£ 0.67 SD; Fig.28A, Table 10).
In 304/1 F2 population the content of this element varied between 0.417 and 3.9 ug/g.
with  mean value of 1.493 ug/g (x 0.775 SD; Fig.28B, Suppl. Fig.51C, Table 10),
and the distribution of this frait was characterised by skewness of 1.119 and kurtosis of 0.504
(Suppl. Fig.51D).

Another element, which content between two parental lines was not significantly
different, was phosphorus (PC). The mean content of this element was 2493 ug/g
(£ 319.4 SD) in 'ms 135’, 3953 ug/g (* 1637 ug/g SD; Fig.29A, Table 10) in ‘R 1124’,
and 2748 ug/g (+ 1250 SD; Fig.29B, Suppl. Fig.51E, Table 10) in 304/1 F2 population.
The distribution of PC in this population was characterised by skewness of 0.678 and kurtosis
of 0.0996 (Suppl. Fig.51F).

Finally, the last element with no significant differences between parental lines was
sodium (NaC), which mean contentin ‘ms 135" was 3142 ug/g (£ 955.8 SD) and 2923 ug/g
(£ 2014 SD; Fig.30A, Table 10) in ‘R 1124’ line. In 304/1 F2 population it varied between
801.3 and 9627 ug/g. with mean value of 4232 ug/g (* 2250 SD; Fig.30B, Suppl. Fig.52A,
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Table 10), and the distribution of NaC in this population was characterised by skewness

of 0.498 and kurtosis of -0.601 (Suppl. Fig.52B).
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FIGURE 25 Boxplot showing median values for the content of boron in dry weight with whiskers
indicating variability outside the upper and lower quartiles in two parental lines (‘ms 135’
and ‘R 1124’ A). A Quantile-Quantile plot with 95% simultaneous confidence bands and a 1-1
reference line plotting observed data for 304/1 F, population against their expected quantiles (B).

A

Iron content [pg/g]

Boxplot for the content of iron

140 4

130

120

110

100 o

90

704

G0 -

]

'ms 135’

‘R 1124

B

Iron content [pg/g]

Normal Plot for the content of iron in 304/1

1254

100

75 <

Normal Score

FIGURE 26 Boxplot showing median values for the content of iron in dry weight with whiskers
indicating variability outside the upper and lower quartiles in two parental lines (‘ms 135’
and ‘R 1124’ A). A Quantile-Quantile plot with 95% simultaneous confidence bands and a 1-1
reference line plotting observed data for 304/1 F, population against their expected quantiles (B).
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Boxplot for the content of molybdenum B
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FIGURE 27 Boxplot showing median values for the content of molybdenum in dry weight with whiskers
indicating variability outside the upper and lower quartiles in two parental lines (‘ms 135’
and ‘R 1124’ A). A Quantile-Quantile plot with 95% simultaneous confidence bands and a 1-1
reference line plotting observed data for 304/1 F, population against their expected quantiles (B).
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FIGURE 28 Boxplot showing median values for the content of nickel in dry weight with whiskers
indicating variability outside the upper and lower quartiles in two parental lines (‘ms 135’
and ‘R 1124" A). A Quantile-Quantile plot with 95% simultaneous confidence bands and a 1-1
reference line plotting observed data for 304/1 F, population against their expected quantiles (B).
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A Boxplot for the content of phosphorus B Normal Plot for the content of phosphorus in 304/1
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FIGURE 29 Boxplot showing median values for the content of phosphorus in dry weight with whiskers
indicating variability outside the upper and lower quartiles in two parental lines (‘ms 135’
and ‘R 1124’ A). A Quantile-Quantile plot with 95% simultaneous confidence bands and a 1-1
reference line plotting observed data for 304/1 F, population against their expected quantiles (B).
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FIGURE 30 Boxplot showing median values for the confent of sodium in dry weight with whiskers
indicating variability outside the upper and lower quartiles in two parental lines (‘ms 135’
and ‘R 1124" A). A Quantile-Quantile plot with 95% simultaneous confidence bands and a 1-1
reference line plotting observed data for 304/1 F, population against their expected quantiles (B).
In the case of calcium content (CaC) the ‘ms 135’ parental line was characterized
by a significantly (f-test, p < 0.0001) lower content (mean £ SD = 4835 + 2460 SD pg/g)
in comparison to the wildtype (mean £ SD = 14686 * 4245 ug/g; Fig.31A, Table 10). In 304/1
F2 population CaC ranged from 919.4 o 24568 ug/g with a mean of 6335 ug/g (+ 6002 SD;
Fig.31B, Suppl. Fig.52C, Table 10), and the distribution of this trait was clearly skewed and

characterised by skewness of 1.411 and kurtosis of 1.034 (Suppl. Fig.52D).
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The content of copper (CuC) was also significantly (t-test, p < 0.005) lower in
lodging resistant line in comparison tfo ‘R 1124', where mean values were equal to
4.554 pug/g (x 2.29 SD) and 8.211 ug/g (+ 3.406 SD; Fig.32A, Table 10), respectively.
In 304/1 F2 population, the CuC ranged between 2.02 and 14.18 ug/g, with a mean
of 5.553 ug/g (x 2.528 SD; Fig.32B, Suppl. Fig.52E, Table 10). The distribution of this trait
in 304/1 F2 population was characterised by skewness of 1.238 and kurtosis of 1.264
(Suppl. Fig.52F).

Significant differences between two parental lines (t-test, p < 0.05) were also found
in the content of potassium (KC), which mean value was equal to 56521 ug/g (£ 17694 SD)
in ‘ms 135’ line and 75388 ug/g (+ 14180 SD; Fig.33A, Table 10) in ‘R 1124’ parental line.
In 304/1 F2 population, the KC varied between 14492 and 98035 ug/g., with a mean of
58210 pg/g (+ 15978 SD; Fig.33B, Suppl. Fig.53A, Table 10). The distribution of this trait in
304/1 F2 population was normal and characterised by skewness of 0.0724 and kurtosis of

0.0912 (Suppl. Fig.53B).
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FIGURE 31 Boxplot showing median values for the content of calcium in dry weight with whiskers
indicating variability outside the upper and lower quartiles in two parental lines (‘ms 135’
and ‘R 1124" A). A Quantile-Quantile plot with 95% simultaneous confidence bands and a 1-1
reference line plotting observed data for 304/1 F, population against their expected quantiles (B).
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A Boxplot for the content of copper B Normal Plot for the content of copper in 304/1
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FIGURE 32 Boxplot showing median values for the confent of copper in dry weight with whiskers
indicating variability outside the upper and lower quartiles in two parental lines (‘ms 135’
and ‘R 1124’ A). A Quantile-Quantile plot with 95% simultaneous confidence bands and a 1-1
reference line plotting observed data for 304/1 F, population against their expected quantiles (B).

A Boxplot for the content of potassium B Normal Plot for the content of potassium in 304/1
90000 -
100000
o0 80000 4 =
?-0 }D 80000
= E
4+ 70000 -
c c
=} 2
1 £ 60000
<] I}
O 60000 4 o
E E
2 -5 40000
& 50000 A
S i
[e] o
a. a
20000 4
40000
T T 0 T T T T T
2 1 Q 1 2
'ms 135 'R 1124 Normal Score

FIGURE 33 Boxplot showing median values for the content of potassium in dry weight with whiskers
indicating variability outside the upper and lower quartiles in two parental lines (‘ms 135’
and ‘R 1124’ A). A Quantile-Quantile plot with 95% simultaneous confidence bands and a 1-1
reference line plotting observed data for 304/1 F, population against their expected quantiles (B).

The content of magnesium (MgC) was also significantly (f-test, p < 0.005) lower
in ‘ms 135" parental line (mean + SD = 1986 + 557.7 ug/g) in comparison to the wildtype
(mean £ SD = 3699 + 1132 ug/g; Fig.34A, Table 10). In 304/1 F2 population, the MgC varied
between 719.7 and 7597 pg/g. with a mean of 2829 ug/g (Fig.34B, Suppl. Fig.53C, Table
10). Similarly to calcium and copper, the distribution of this frait was skewed (skewness =

0.915, kurtosis = 0.0278; Suppl. Fig.53D).
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In the case of manganese, its content (MNC) was also significantly higher (t-test,
p < 0.005) in the wildtype in comparison to the lodging resistant line (Fig.35A, Table 10).
Namely, mean MnC in ‘R 1124’ was 39.19 ug/g (x 14.97 SD), whereas only 15.43 pug/g
(£4.913SD) in ‘'ms 135", In the 304/1 population, the MnC varied between 3.177 and 79.64
ug/g. with a mean value of 12.13 pg/g (Fig.35B, Suppl. Fig.53E, Table 10). The distribution
of this trait was skewed and characterised by skewness of 3.241 and kurtosis of 11.67 (Suppl.

Fig.53F).
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FIGURE 34 Boxplot showing median values for the content of magnesium in dry weight with whiskers
indicating variability outside the upper and lower quartiles in two parental lines (‘ms 135’
and ‘R 1124’ A). A Quantile-Quantile plot with 95% simultaneous confidence bands and a 1-1
reference line plotting observed data for 304/1 F, population against their expected quantiles (B).
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FIGURE 35 Boxplot showing median values for the content of manganese in dry weight with whiskers
indicating variability outside the upper and lower quartiles in two parental lines (‘ms 135’
and ‘R 1124" A). A Quantile-Quantile plot with 95% simultaneous confidence bands and a 1-1
reference line plotting observed data for 304/1 F, population against their expected quantiles (B).
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In the case of sulfur (SC), its content in dry weight was also significantly higher
(t-test, p < 0.005) in the wildtype, in comparison to the lodging resistant line (Fig.36A,
Table 10). The mean value of SCin ‘ms 135" was equal to 3805 ug/g (£ 448 SD), and to 8294
pug/g (£ 2117 SD) in the wildtype. In 304/1 F2 population, SC varied between 1568 and 12141
pug/g. with a mean of 5135 pug/g (* 2668 SD; Fig.36B, Suppl. Fig.54A. Table 10), and the
distribution was skewed and characterised by skewness of 0.862 and kurtosis of -0.0158
(Suppl. Fig.54B).

In contrast to previous elements, zinc content (ZnC) was significantly higher (t-test,
p < 0.0005) in the lodging resistant line compared to ‘R 1124’ (Fig.37A, Table 10). Mean
values for this trait were equal to 116.8 ug/g (+ 30.62 SD) in ‘ms 135’, and to 46.07 ug/g (*
12.95 SD) in ‘R 1124' parental line. In 304/1 F2 population, ZnC varied between 34.86 and
246.7 pg/g. with a mean value of 94.06 ug/g (+ 44.4 SD; Fig.37B, Suppl. Fig.54C, Table 10).
The distribution of this trait in 304/1 F2 population was not normal and characterised by

skewness of 1.161 and kurtosis of 1.18 (Suppl. Fig.54D).
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FIGURE 36 Boxplot showing median values for the content of sulfur in dry weight with whiskers
indicating variability outside the upper and lower quartiles in two parental lines (‘ms 135’
and ‘R 1124" A). A Quantile-Quantile plot with 95% simultaneous confidence bands and a 1-1
reference line plotting observed data for 304/1 F, population against their expected quantiles (B).

The content of the most interesting element from the mechanical point of view,
silicon (SiC), since its known properties to enhance resistance of plants to various biofic
and abiotic stresses including lodging (Ma and Yamaiji, 2006), was significantly (t-test,
p <0.01) higher in the lodging resistant line (mean + SD = 6960 + 1805 ug/g), in comparison
to the wildtype (mean + SD = 4903 + 1803 pg/g; Fig.38A, Table 10). The content of this
element in 304/1 F2 population varied between 3989 and 8443 ug/g, with mean equal to
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5419 ug/g (£ 797 SD; Fig.38B, Suppl. Fig.54E, Table 10), and the distribution of this trait was

slightly skewed, characterized by skewness of 0.761 and kurtosis of 0.712 (Suppl. Fig.54F).

Boxplot for the content of zinc

160

140 4

120

100

80

Zinc content [ug/g]

60

40

204

'ms 135’

'R 1124

Zinc content [ug/g]

Normal Plot for the content of zinc in 304/1

250

200

150

100

50

-50 -

Normal Score

FIGURE 37 Boxplot showing median values for the content of zinc in dry weight with whiskers
indicating variability outside the upper and lower quartiles in two parental lines (‘ms 135’
and ‘R 1124’ A). A Quantile-Quantile plot with 95% simultaneous confidence bands and a 1-1
reference line plotting observed data for 304/1 F, population against their expected quantiles (B).
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FIGURE 38 Boxplofs showing median values for the content of silicon in dry weight with whiskers
indicating variability outside the upper and lower quartiles in two parental lines (‘ms 135’
and ‘R 1124 A). A Quantile-Quantile plot with 95% simultaneous confidence bands and a 1-1
reference line plotting observed data for 304/1 F, population against their expected quantiles (B).
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4.2 | Post-hoc analysis of phenotypic data

Phenotyping of 130 individuals of F2 population revealed 143 significant correlations
between ftraits (Fig.39). Thirty three of them were very strong to moderate. Namely,
there were: two very strong positive correlatfions (0.8 < PCC < 1.0; Suppl. Fig.55), seven
strong positive correlations (0.6 < PCC < 0.79; Suppl. Fig.56), twenty moderate positive
correlations (0.4 < PCC < 0.59; Suppl. Fig.57-5%9), and four moderate negative correlations
(-0.59 < PCC < -0.4). Additionally, fifty one weak (0.2 < PCC < 0.39) positive correlations
and fifty nine weak (-0.39 < PCC < -0.2) negative correlations were found between traits
analysed (Fig.39).

A very strong significant positive correlation, with PCC of 0.852 (p < 0.0001), was
found in 304/1 F2 population between CaC and MgC in basal internodes of fillers
(Suppl. Fig.55A). Another very strong significant correlation (PCC = 0.801, p < 0.0001)
was found between ScL and ScR (Suppl. Fig.55B).

Significant strong positive correlations were found between: MgC and SC
(PCC = 0.788, p < 0.0001; Suppl. Fig.56A), DWC and the NoT (PCC = 0.771, p < 0.0001;
Suppl. Fig.56B), CaC and SC (PPC = 0.743, p < 0.0001; Suppl. Fig.56C), DSC and DEC
(PCC = 0.738, p < 0.0001; Suppl. Fig.56D), BC and MnC (PCC = 0.685, p < 0.0001;
Suppl. Fig.56E), BC and CaC (PCC = 0.667, p < 0.0001; Suppl. Fig.56F), and between
the CaC and NiC (PCC =0.616, p <0.0001; Suppl. Fig.56G).

Significant moderate positive correlations in 304/1 population were found
between: NaC and SC (PCC = 0.579, p < 0.0001; Suppl. Fig.57A), BC and MgC
(PCC = 0.573, p < 0.0001; Suppl. Fig.57B), MnC and CaC (PCC = 0.56, p < 0.0001;
Suppl. Fig.57C), BC and SC (PCC = 0.537, p < 0.0001; Suppl. Fig.57D), MnC and PC
(PCC = 0.532, p < 0.0001; Suppl. Fig.57E), CuC and KC (PCC = 0.522, p < 0.0001;
Suppl. Fig.57F), MgC and NaC (PCC = 0.522, p < 0.0001; Suppl. Fig.57G), DWC and D8I
(PCC = 0.514, p < 0.0001; Suppl. Fig.57H), NiC and MgC (PCC = 0.513, p < 0.0001;
Suppl. Fig.58A), BC and NiC (0.51, p < 0.0001; Suppl. Fig.58B), BC and PC (PCC = 0.508,
p < 0.0001; Suppl. Fig.58C), NiC and SC (PCC = 0.457, p < 0.0001; Suppl. Fig.58D), CWT
and ScL (PCC =0.436, p <0.0001; Suppl. Fig.58E), DBl and the CWT (PCC =0.43, p < 0.0001;
Suppl. Fig.58F), CaC and NaC (PCC = 0.422; p < 0.0001; Suppl. Fig.58G), PH and CWT
(PCC = 0.417, p < 0.0001; Suppl. Fig.58H), PH and SCW (PCC = 0.41, p < 0.0001;
Suppl. Fig.59A), CuC and PC (PCC = 0.405, p < 0.0001; Suppl. Fig.59B), FeC and PC
(PCC = 0.403, p < 0.0001; Suppl. Fig.59C), and between SCW and ECW (PCC = 0.403,
p < 0.0001; Suppl. Fig.59D).
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(PCC
Suppl.

Four significant moderate negative correlations were found between: PH and CuC
= -0.515, p < 0.0001; Suppl. Fig.60A), DWS and NoT (PCC = -0.473, p < 0.00071;
Fig.60B), DWC and CuC (PCC = -0.422, p < 0.0001; Suppl. Fig.60C), and between

DWC and BC (PCC = -0.407, p < 0.0001; Suppl. Fig.40D).

(PCC
(PCC
(PCC

Weak significant positive correlations were found between: PC and ZnC
0.396, p < 0.0001), FeC and InC (PCC = 0.394, p < 0.0001), FeC and NiC
= 0.389, p < 0.0001), MnC and CuC (PCC = 0.389, p < 0.0001), DSC and SCW
0.389, p < 0.0001), DWC and OVB (PCC = 0.384, p < 0.0001), FeC and BC

70




Results

(PCC = 037, p < 0.0001), MnC and MgC (PCC = 0.37, p < 0.0001), MnC and SC
(PCC = 0.366, p < 0.0001), OVB and IVB (PCC = 0.364, p < 0.0001), SCW and the DEC

(PCC = 0.358, p < 0.0005), OVB and DWS (PCC = 0.329, p < 0.0005), DBl and DWS
(PCC = 0.321, p < 0.0005), DWC and IVB (PCC = 0.318, p < 0.0005), MnC and NiC
(PCC = 0.317, p < 0.0005), PH and the IVB (PCC = 0311, p < 0.0005), BC and CuC
(PCC = 0.309, p < 0.005), CuC and InC (PCC = 0.305, p < 0.005), NaC and IVB
(PCC = 0.293, p < 0.005), NaC and NiC (PCC = 0.291, p < 0.005), DWC and PH
(PCC = 0.286, p < 0.005), PH and OVB (PCC = 0.284, p < 0.005), CWT and the IVB
(PCC = 0.284, p < 0.005), PH and LBl (PCC = 0.277, p < 0.005), OVB and the NaC
PCC = 0.275, p < 0.005), DBl and IVB (PCC = 0.272, p < 0.005), DWC and the CWT
PCC = 0.27, p < 0.005), CWT and the ECW (PCC = 0.264, p < 0.005), MoC and KC

C = 0263, p < 0.005), FeC and CuC (PCC = 0.26, p < 0.005), DSC and ScL

PCC = 0.258, p < 0.005), CWT and the DSC (PCC = 0.258, p < 0.005), OVB and CaC
PC 0.256, p < 0.005), DBl and MoC (PCC = 0.249, p < 0.01), FeC and MoC
PCC =0.245, p <0.01), PH and the ECW (PCC =0.243, p <0.01), PH and ScL (PCC =0.24,
p < 0.01), FeC and MnC (PCC = 0.239, p < 0.01), DBl and NoT (PCC = 0.236, p < 0.05),
DBl and ScL (PCC =0.23, p <0.05), CuC and MoC (PCC =0.227, p <0.05), DBl and the DSC
(PCC =0.227, p < 0.05), FeC and KC (PCC = 0.226, p < 0.05), CaC and PC (PCC = 0.224,
p < 0.05), CWT and DWS (PCC = 0.222, p < 0.05), DWC and ScL (PCC = 0.222, p < 0.05),
MnC and SiC (PCC =0.217, p < 0.05), PC and SC (PCC = 0.21, p < 0.05), CWT and DEC
(PCC = 0.209, p < 0.05), DSC and DWS (PCC = 0.207, p < 0.05), and between DWC
and NaC (PCC =0.201, p <0.05).

Weak significant negative correlations were found between: PH and KC
(PCC = -0.39, p < 0.0001), DWC and the FeC (PCC = -0.382, p < 0.0001), DBI and ScR
(PCC = -0.381, p < 0.0001), CWT and Epl (PCC = -0.369, p < 0.0001), CaC and MoC
(PCC =-0.361, p < 0.0001), BC and the DBI (PCC = -0.35, p < 0.0005), DWC and the KC
(PCC = -0.333, p < 0.0005), OVB and MoC (PCC = -0.332, p < 0.0005), FeC and PH
(PCC = -0.314, p < 0.0005), FeC and OVB (PCC = -0.312, p < 0.0005), PH and the BC
(PCC = -0.307, p < 0.005), OVB and KC (PCC = -0.303, p < 0.005), DWC and PC
(PCC =-0.3, p < 0.005), DBl and the CaC (PCC = -0.295, p < 0.005), CuC and the NoT
(
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PCC = -0.283, p < 0.005), NaC and MoC (PCC = -0.282, p < 0.005), PH and PC
PCC = -0.278, p < 0.005), BC and the SCW (PCC = -0.278, p < 0.005), BC and the CWT
PCC = -0.276, p < 0.005), CuC and the SCW (PCC = -0.269, p < 0.005), DBl and MgC
PCC = -0.26, p < 0.005), CWT and PC (PCC = -0.258, p < 0.005), MnC and SCW

C = -0.258, p < 0.005), SC and the Epl (PCC = -0.255, p < 0.005), IVB and Epl
PCC = -0.252, p < 0.005), CuC and NaC (PCC = -0.252, p < 0.005), DSC and NiC
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(PCC = -0.251, p < 0.005), OVB and DEC (PCC = -0.25, p < 0.01), BC and the NoT
(PCC = -0.248, p < 0.01), MnC and MoC (PCC = -0.247, p < 0.01), MgC and Epl
(PCC = -0.247, p < 0.01), FeC and IVB (PCC = -0.246, p < 0.01), DWC and the SiC
(PCC = -0.246, p < 0.01), FeC and DSC (PCC = -0.244, p < 0.01), DBl and SiC
(PCC = -0.241, p < 0.01), CuC and OVB (PCC = -0.241, p < 0.01), MgC and MoC
(PCC = -0.338, p < 0.01), FeC and CWT (PCC = -0.237, p < 0.05), DSC and the SC
(PCC = -0.237, p < 0.05), DWC and the NiC (PCC = -0.236, p < 0.05), DWC and MnC
(PCC -0.235, p < 0.05), PC and NoT (PCC = -0.23, p < 0.05), CuC and ECW
(PCC =-0.229, p <0.05), NoT and LBI (PCC =-0.228, p < 0.05), PH and ZnC (PCC = -0.228,
p <0.05), CWT and KC (PCC =-0.228, p < 0.05), MnC and PH (PCC =-0.226, p <0.05), FeC
and NaC (PCC =-0.224, p < 0.05), OVB and ZnC (PCC = -0.223, p < 0.05), CaC and Epl

(PCC = -0.221, p < 0.05), MnC and the DEC (PCC = -0.218, p < 0.05), NaC and Epl
(PCC = -0.214, p < 0.05), MnC and NoT (PCC = -0.209, p < 0.05), FeC and the NoT
(PCC = -0.207, p < 0.05), CuC and IVB (PCC = -0.206, p < 0.05), CaC and SCW
(PCC = -0.205, p < 0.05), DSC and MgC (PCC = -0.203, p < 0.05), BC and the DSC
(

PCC =-0.203, p <0.05), MnC and DSC (PCC =-0.201, p <0.05).

4.3| Genotyping

The first analyses, based on SRR markers, uncovered low polymorphism between two
parental lines. Amplification of 269 SSR markers in parental lines and 304/1 F2 population
revealed that the number of polymorphic and segregating markers was not sufficient
(in total 45 polymorphic and segregating markers; Table 11) for the efficient QTL mapping
and significantly different from the expected Mendelian rafio (1:2:1 for codominant
markers and 1:3 for dominant markers; x2 test with p > 0.05) distorted segregations, were
observed for 83.27% of analysed markers. Low polymorphism forced the change of
the genotyping strategy. DArTseq markers were chosen, as a fast and relatively cheap
genotyping platform (Jaccoud et al., 2001; Bolibok-Bragoszewska et al., 2009; Milczarski
et al., 2011).In this case, the percentage of polymorphic and segregating markers in 304/1
F2 population was higher (between 25.27 and 27.26 %; Table 12) and the total number
of markers, which could be used for the construction of the genetic map was 8,135 (45
SSRs, 6,254 DArTs, and 1,836 SNPs).
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TABLE 11 Number of markers checked and percentage of polymorphic and segregatfing markers
in 304/1 F, population investigated with WMS, RMS, REMS, and SCM markers.

% of polymorphic
and segregating

Number of markers Polymorphic and

checked segregating markers

WMS

Wheat MicroSatellites 68 14 20.59 %
RMS
Rye MicroSatellites 109 18 16.51%
REMS
Rye Expressed Microsatellites 36 6 16.67 %
o 56 7 12.5%
Secale cereale Microsatellites 5%

TABLE 12 Number of markers checked and percentage of polymorphic and segregating markers
in 304/1 F, population investigated with DArTseq.

% of polymorphic
and segregating
markers

Number of markers Polymorphic and
checked segregating

22944 6254 27.26%
7265 1836 2527 %
30209 8090 26.78%

il

4.4 | Construction of the genetic map
The linkage maps were consfructed basing on 129 individuals of 304/1 F2 population
and the most informative 1,041 SNP and co-dominant SSR markers, which were used to
determinate seven genetic linkage groups covering 783.8 cM, with the average distance
between two markers of 0.75 cM (Table 13; Fig.40). The order of markers was determined
in JoinMap 4.1 by maximum likelihood mapping. Afterwards regression mapping
with Kosambi function was used to determine distances between markers, and the groups
were assigned to chromosomes using GenomeZipper (Martis et al., 2013).

The number of markers per chromosome varied between 110 markers for
chromosome 4R and 191 markers for chromosome 2R (Table 13, Fig.40). The longest map
was constructed for chromosome 3R, with the length of 124.9 cM, followed by 2R, 4R,

and 1R with the length of 119.2, 115.4, and 113.7 cM, respectively (Table 13, Fig.40).
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The shortest maps were developed for 5R, é6R, and 7R, with the length of 107.6, 106.6,
and 96.43 cM, respectively (Table 13, Fig.40). The most saturated chromosome was 7R
with the average distance between two markers of 0.53 cM, and the median distance
between two markers of 0.1 cM. The least saturated chromosome was 4R with only
1.05 cM of the average distance between two markers and 0.4 cM of median distance
between two markers, followed by 1R with 0.94 cM and 0.8 cM respectively. The average
distance between two markers in the other linkage maps varied between 0.62 and 0.73
cM (0.62 cM for 2R, 0.65 cM for 3R and 5R, and 0.73 cM for 6R). The markers were not evenly
distributed and there were 5 gaps, where the distance between adjacent markers was
bigger than 10 cM (one on chromosome 2R, two on chromosome 3R, and two on

chromosome 4R; Table 13, Fig.40).

TABLE 13 Seven linkage groups with the numbers of markers per chromosome, its length, median
distance between markers, 95% percentile of distances, and the number of gaps bigger than 10 cM.

Median

95% percentile

Chromosome No.of markers Length [cM] Siesft\?vgcei of distances
markers [cM] [eM]
1R 121 113.7 0.8 2.3 0
2R 191 119.2 0.2 2.1 1
3R 124 124.9 0.2 58 2
4R 110 1154 0.4 4.7 2
5R 165 107.6 0.4 1.4 0
6R 147 106.6 0.5 1.9 0
7R 183 96.4 0.1 2.0 0
Genome 1041 783.8 0.4 2.6 5
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FIGURE 40 Seven linkage groups corresponding to rye chromosomes constructed in JoinMap basing
on 1,041 SNP and SSR markers. SNPs used for the development of KASP markers marked

with red font.
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4.5| QTL mapping

Quantitative Trait Locus analysis was conducted in GenStat software using an initial

Results

genome-wide scan by simple interval mapping (SIM) to obtain candidate QTL positions.

Simple (used as cofactors) and Composite Interval Mapping (CIM: scan with cofactors)

for single environment trials were used to establish the final QTL model for the traits

(for the overview of all the QTL found in the 304/1 F2 population see Fig.41 and Table 14).

TABLE 14 Summary of all the QTL found in 304/1 F, population.

igells

PH

LBI
NoT
DWC

Epl

CWT

ScL
VB
DEC
DsSC

SCW

ECW

MoC
NiC

CuC

SC

InC

IDLocus

3577233

3586746

3901605

3344182

3906022

3356966

3580572

5044777

3597040

6211655

3590926

5212595

4485636

3362445

3590447

3898978

3355335

5201152

3363240

3575854

3362852

3344593.1

Chr.

1R

7R

3R

3R

3R

3R

4R

7R

7R

2R

4R

4R

1R

1R

5R

7R

2R

7R

4R

5R

1R

2R

Position

[cM]
13.55
33.14
71.06
61.11
57.93
51.40
48.17
4427
71.42
66.69
6.68
53.32
32.70
1.75
48.25
13.27
59.84
12.80
47.87
84.79
40.39

33.69

LOD

4.246

5.688

3.02

9.502

9.551

3.001

4.072

3.365

3.369

3.010

3.641

3.738

5.333

3.737

4.754

3.050

5.962

3.000

3.037

3.292

Lower and
upper bounds
[cM]

0-59.724
7.774—58.442
0-124.88
49.413-72.807
45.342-70.518
0-124.880
0-115.400
0-74.334
0-96.430
0-119.160
0-115.400
0-115.400
0-113.700
0-113.700
0-107.590
0-69.793
0-119.160
0-56.194
0-115.400
0-107.590
0-113.700

0-119.160

% Expl.
Var.

14.076
16.522
92.133
31.886
30.118
10.707
10.351
14.892
1.618
10.423
9.686
1.682
10.738
3.412
7.690
13.301
0.010
14.464
0.723
0.627
8.270

2.780

Add.
effect

5.150

5.649

0.744

2.617

4.513

2.201

29.366

35.198

1.818

1.465

0.983

0.442

0.134

0.041

0.063

1.265

0.011

1.305

390.102

303.571

17.566

10.095

High
value
allele

‘ms 135’
‘ms 135’
‘R1124
‘ms 135’
‘ms 135’
‘ms 135’
‘ms 135’
‘ms 135’
‘ms 135’
‘ms 135’
‘ms 135’
‘ms 135’
‘ms 135’
‘ms 135’
‘ms 135’
‘R1124'
‘ms 135’
‘R1124’
‘R1124’
‘R1124
‘ms 135’

‘R1124°

Dom.
effect

1.811

1.486

0.565

0.840

1.078

2.190

0.726

3.994

7.008

0.515

0.150

1.533

0.035

0.124

0.066

0.817

0.490

1.272

1648.748

1577.704

20.072

27.204

Dom.
allele

‘ms 135’
‘ms 135’
‘R1124
‘R1124’
‘R1124’
‘R1124'
‘ms 135’
‘ms 135’
‘ms 135’
‘ms 135’
‘R1124'
‘R1124’
‘R1124
‘R1124’
‘ms 135’
‘ms 135’
‘R1124’
‘ms 135’
‘R1124
‘R1124
‘ms 135’

‘ms 135’
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FIGURE 41 All the QTL associated with traits influencing lodging resistance found in 304/1 F,

population. The arrowheads show the position of maximum LOD score. Cuc — Cu content; Cwt —
culm wall thickness; Dec — diameter of epidermal cell; Dsc — diameter of sclerenchymal cell; Dwc —
dry weight of culms; Ecw — thickness of inner periclinal CW of epidermis; Epi — number of epidermal
invaginations; Ivb — number of inner vascular bundles; Lbi — length of the second basal internode;
Moc- Mo content; Nic — Ni content; Not — Number of tillers; Ph — plant height; Sc — S content; Scl -
thickness of sclerenchyma; Scw — thickness of sclerenchymal CW; Znc - Zn content.
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QTL for the traits analysed were detected on all chromosomes, except
chromosome 6R (Fig. 41, Table 13). The highest number of QTL was detected
on chromosome 7R, where 5 QTL were detected responsible for: Scl, CWT, MoC, CuC,
and PH. Equally same number of 4 QTL was found on 1R, 3R, and 4R. The least number
of detectable QTL was obtained for 2R (3 QTL) and 5R (2 QTL; Fig. 41, Table 14).

For traits: mean dry weight of a single culm, the diameter of the second basal
internode, the ratio between the thickness of sclerenchyma and diameter of internode,
the number of outer vascular bundles, boron, iron, phosphorus, sodium, calcium,
potassium, magnesium, manganese, and silicon content (Suppl. Fig.61-62), no QTL was
detected since the LOD score was lower than a threshold (LOD = 3.0).

For plant height, SIM scan revealed 146 markers (145 SNPs, and 1 SSR)
on chromosome 1R (5 SNPs at 10.9 — 14 cM) and 7R (141 markers at 1.5 — 50.4 cM),
associated with this trait (LOD > 3.0; Suppl. Fig.63A), and 2 candidate QTL had been
selected at following positions: on 1R at the position of 13.55 cM and on 7R at position
of 33.14 cM. CIM scan reduced the number of markers associated with plant height to 135
markers: 6 SNPs on 1R (10.9 - 15.1 cM) and 129 SNPs on 7R (1.5 — 38.9 cM; Fig.42A).
Eventually, the final model (Suppl. Fig.63C) consisted of two QTL: located on chromosome
IR (at the position of 13.55 cM, LOD = 4.246; additive effect: 5.15, dominance effect:
1.811), explaining 14.076% of the phenotypic variance, and 7R (at the position of 33.14 cM,
LOD = 5.688; additive effect: 5.649, dominance effect: 1.486), explaining 16.522%
of the phenotypic variance (Fig.41, Table 14).

On the other hand, SIM mapping revealed only one SNP on chromosome 3R
at the position of 71.06 cM associated with the length of the second basal internode
(LOD > 3.0; Suppl. Fig.63B), which did not overlap with any of the QTL detected for PH.
This marker was selected after CIM mapping (Fig.42B) as a putative QTL (LOD = 3.02;
additive effect: 0.744, dominance effect: 0.565, Suppl. Fig.63D) for this trait, explaining
9.133% of the phenotypic variance (Fig.36, Table 14).

110 SNP markers located on chromosome 3R (47.1 — 83.9 cM) associated with
the number of tillers (LOD > 3.0) were revealed by SIM mapping (Suppl. Fig.63E), from which
one candidate QTL at the position of 61.11 cM was chosen, and same results were
obtained for CIM mapping (Fig.42C). One SNP marker associated with the number of fillers
was selected for the final model of QTL (Suppl. Fig.63G) on chromosome 3R af the position
of 61.11 cM (LOD = 9.502; additive effect: 2.617, dominance effect = 0.84), explaining
31.886% of the phenotypic variance (Fig.41, Table 14).

For culms dry weight, SIM scan revealed 109 SNP markers on chromosome 3R
(38.5 = 76.2 cM) associated with this trait (LOD > 3.0; Suppl. Fig.63F), overlapping with
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the QTL found for the number of fillers. One candidate QTL had been selected
at the position of 57.93 cM, and the same results were obtained for CIM mapping (Fig.42D).
The final model of one QTL (Suppl. Fig.63H) was located on chromosome 3R atf the position
of 57.93 cM (LOD = 9.551; additive effect: 4.513, dominance effect: 1.078), explaining
30.118% of the phenotypic variance (Fig.41, Table 14).

Only 4 SNPs on chromosome 3R, associated with the number of epidermal
invaginations (LOD > 3.0), were revealed by SIM mapping (Suppl. Fig.64A) and one
candidate QTL atf the position of 51.4 cM was selected. Composite Interval Mapping gave
same results as the first scan (Fig.42E) and the final QTL model (Suppl. Fig.64C) was located
on 3R chromosome at the position of 51.4 cM (LOD = 3.108; additive effect: 2.201,
dominance effect: 2.19) and explained 10.707% of the phenotypic variance (Fig.41,
Table 14).

SIM scanrevealed 42 SNP markers: 36 markers on 4R (19.2 - 53.1 cM) and 6 markers
on 7R (41.0 — 44.5 cM), associated with culm wall thickness (LOD > 3.0; Suppl. Fig. 64B),
from which two candidate QTL: on 4R at the position of 45.4 cM and 7R at the position
of 44.27 cM, were chosen. CIM mapping reduced the number of markers associated
with the trait to 18: 15 markers on 4R (at positions of 41.6 — 48.5 cM) and 3 markers on 7R
(af positions of 43.2 — 44.5 cM; Fig.42F). 2 markers were selected for the final model of QTL
responsible for the thickness of culm wall (Suppl. Fig.64D): on 4R at the position of 48.17 cM
(LOD = 3.001; additive effect: 29.366, dominance effect: 0.726), explaining 10.351%
of the phenotypic variance, and on 7R at the position of 44.27 cM (LOD = 4.072; additive
effect: 35.198, dominance effect: 3.994), explaining 14.892% of the phenotypic variance
(Fig.41, Table 14).

For the thickness of sclerenchymal tissue, SIM scan revealed 4 SNPs on chromosome

7R at positions of 71.4 — 74.4 cM associated with this trait (LOD > 3.0; Suppl. Fig.64E), CIM
mapping gave same results as SIM scan (Fig.42G), and the final model of one QTL
(Suppl. Fig.64G) was located on chromosome 7R at the position of 71.42 cM (LOD = 3.365;
additive effect: 1.818, dominance effect: 7.008), explaining only 1.618% of the phenotypic
variance (Fig.41, Table 14).
28 SNP markers located on 2R at positions of 63.2 — 74.4 cM were associated with
the number of inner vascular bundles in the second basal internode, with the highest LOD
score for the marker at the position of 66.69 cM, as it was revealed by SIM scan (LOD > 3.0;
Suppl. Fig.64F). Same results were obtained with CIM scan (Fig.42H), what enabled to
choose a putative QTL for this trait (Suppl. Fig.64H) on chromosome 2R at the position
of 66.69 cM (LOD = 3.369; additive effect: 1.465, dominance effect: 0.515), explaining
10.423% of the phenotypic variance (Fig.41, Table 14).
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FIGURE 42 Genome-wide Composite Interval Mapping showing the association of mapped markers
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SIM mapping revealed only one SNP associated with the diameter of
the epidermal cell, located at the position of 6.68 cM on chromosome 4R (LOD > 3.0;
Suppl. Fig.65A). Similar results were obtained with CIM scanning (Fig.42l), and the final
model of one putative QTL for this trait (Suppl. Fig.65C) was established on chromosome
4R at the position of 6.68 cM (LOD = 3.01; additive effect: 0.983, dominance effect: 0.15),
explaining 9.686% of the phenotypic variance (Fig.41, Table 14).

For the diameter of the sclerenchymal cell, the SIM scan revealed 20 SNPs
associated with this trait (Suppl. Fig.65B), also located on 4R af positions of 49.3 — 53.32 cM,
and the marker with the highest LOD score was chosen as a candidate QTL (at the position
of 53.32 cM). CIM scan revealed similar results (Fig.42J) to the previous one, and the final
model of QTL (Suppl. Fig.65D) was established on chromosome 4R at the position
of 53.32 cM (LOD = 3.641; additive effect: 0.442, dominance effect: 1.533), explaining only
1.682% of the phenotypic variance (Fig.41, Table 14).

For the thickness of sclerenchymal cell wall, SIM scan revealed 6 SNPs associated
with the trait (LOD > 3.0; Suppl. Fig.65E): 1 located on chromosome 1R (at the position
of 13.6 cM), and 5on 7R (at 43.1 - 44.0 cM). Nevertheless, CIM scan (Fig.43A) revealed only
2 SNPs on chromosome 1 R (31.0 — 32.7 cM) associated with the thickness of
the sclerenchymal cell wall, and the final QTL model (Suppl. Fig.65G) was established
on chromosome 1R at the position of 32.7 cM (LOD = 3.738; additive effect: 0.134,
dominance effect: 0.035), explaining 10.738% of phenotypic variance (Fig.41, Table 14).

SIM scan revealed only one SNP at the position of 1.75 cM on chromosome 1R
associated with the thickness of inner periclinal cell wall of the epidermis (LOD > 3.0;
Suppl. Fig.65F). Nevertheless, Composite Interval Mapping (Fig.43B) increased the number
of markers associated with this trait to 8 SNPs: 1 on chromosome 1R at the position of 1.75
cM and 7 on 5R (34.0 — 48.7 cM). The final model of QTL for this trait (Suppl. Fig.65H) was
established on chromosome 1R at the position of 1.75 cM (LOD = 5.333; additive effect:
0.041, dominance effect: 0.124) and on chromosome 5R at the position of 48.25 cM
(LOD = 3.737; additive effect: 0.063, dominance effect: 0.066), altogether explaining
11.102% of phenotypic variance (Fig.41, Table 14).

SIM scan allowed to find an association between the content of molybdenum
and 7 SNPs located at 6.9 cM long region (8.8 — 15.7 cM) on chromosome 7R (Suppl.
Fig.66A). The marker at the position of 13.27 cM was characterised by the highest LOD
score and chosen as a candidate QTL for this frait. Similar results were obtained by CIM
scanning (Fig.43C) and the final QTL model (Suppl. Fig.66C) was established on 7R
at the position of 13.27 cM (LOD = 4.754; additive effect: 1.265, dominance effect: 0.817),
which explained 13.301% of the phenotypic variance (Fig.41, Table 14).
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14 SNPs located on chromosome 2R at positions of 59.8 — 60.9 cM were revealed
by SIM scan to be associated with the content of nickel (Suppl. Fig.66B), and a SNP
at the position of 59.84 cM was chosen as a candidate QTL for this trait. CIM scan gave
same results as those obtained with SIM (Fig.43D), and QTL for the content of nickel
in the basal infernode (Suppl. Fig.66D) was established on 2R atf the position of 59.84 cM
(LOD = 3.05; additive effect: 0.011, dominance effect: 0.49), explaining only 0.01%
of phenotypic variation (Fig.41, Table 14).

Another QTL, which could be detected, was associated with the content
of copper in the basal internodes. SIM scan revealed 23 markers on chromosome 7R
(16.9 — 74.7 cM), which were associated with this trait (Suppl. Fig.66E). CIM scan reduced
the size of the region associated with that trait 1o 1.5-37.6 cM (90 SNPs on 7R chromosome;
Fig.43E). The final QTL model for copper content (Suppl. Fig.66G) was established on 7R
at the position of 12.80 cM (LOD = 5.962; additive effect: 1.305, dominance effect: 1.272),
which explained 14.464% of the phenotypic variance (Fig.41, Table 14).

For the content of sulfur, SIM mapping revealed 3 SNPs associated with this trait,
located on chromosome 4R af the position of 44.5 — 47.9 cM (LOD = 3.37; Suppl. Fig.66F),
and CIM mapping revealed additional one SNP on 5R at the position of 84.79 cM (Fig.43F).
The final QTL model for the confent of sulfur (Suppl. Fig.66H) included one located
on chromosome 4R at the position of 47.87 cM (LOD = 3.16; additive effect: 390.102,
dominance effect: 1648.748) and one on 5R at the position of 84.79 cM (LOD = 3.0;
additive effect: 303.571, dominance effect: 1577.704), and altogether explained only
1.35% of phenotypic variance (Fig.41, Table 14).

SIM mapping revealed only 3 SNP markers on chromosome 2R (30.1 — 33.7 cM)
associated with the content of zinc (LOD > 3.0; Suppl. Fig.67A), from which one candidate
QTL at the position of 33.69 cM was chosen. Nevertheless, CIM mapping revealed
an additional marker associated with the frait on the 1R chromosome at the position
of 40.39 cM (Fig.43G). These two markers were selected for the final model of QTL
associated with the content of zinc (Suppl. Fig.67B): on chromosome 1R at the position
of 40.39 cM (LOD = 3.037; additive effect: 17.566, dominance effect: 20.072), explaining
8.27% of the phenotypic variance, and on chromosome 2R at the position of 33.69 cM
(LOD = 3.292; additive effect: 10.095, dominance effect: 27.204), explaining only 2.78%
of the phenotypic variance (Fig.41, Table 14).
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FIGURE 43 Genome-wide Composite Interval Mapping showing the association of mapped markers
with: the thickness of sclerenchymal cell wall (A), the thickness of inner periclinal cell wall of epidermis
(B), the content of molybdenum (C), the content of nickel (D), the content of copper (E), the content
of sulfur (F), and the content of zinc (G).

4.5| Development and validation of KASP markers

For 2 SNPs: 3596125 linked to the number of epidermal invaginations, the length
of the second basal internode, dry weight of culms, and the number of tillers (chromosome
3R at 50.3 cM), and for 100074162 associated with culm wall thickness, the diameter

83



Results

of epidermal and sclerenchymal cell, and the content of sulfur (chromosome 4R
at 44.5 cM), the development of KASP markers was not successful (Fig.44C-D, Table 15).
In the case of these two markers amplification failed or the fluorescence after the PCR
reaction was not unequivocal to determine the allele.

For the SNP 5218584, located on the chromosome 1R at the position of 11.7 cM
and associated with: the thickness of sclerenchymal cell wall and inner periclinal cell wall
of the epidermis, the content of zinc, and plant height, the results were satisfactory
and genotyping, except one line (‘'ms135’), was consistent with the data obtained by
DArTseq (Fig.44A, Table 15).

KASP primers developed for the SNP 3353579, located on the chromosome 1R
at 25 cM and linked to: the thickness of sclerenchymal cell wall and inner periclinal cell
wall of the epidermis, the content of zinc, as well as plant height, enabled proper
amplification, except one individual of 304/1 F2 population (304/1-100; Fig.44B).
The products accurately confirmed the genotypic data obtained by DArTseq (Table 15).

In the case of the SNP 3349542, located on the chromosome 7R at the position
of 35.1 cM, associated with: the fthickness of sclerenchymal layer and culm wall,
the content of molybdenum and copper, as well as plant height, the results of the reaction
were less consistent with the data obtained by DArTseq, with missing data for one
individual of 304/1 F2 population (304/1-13) and unlike allele for wildtype parental line
(Fig.44E, Table 15).

TABLE 15 Genotyping by DArTseq and KASPs on parental lines and 14 individuals from 304/1 F2
population.

Line/ind.

Marker
type

304/1-100

DArT

5218584 KASP
DArT

3353579 KASP
DArT

3596125 KASP
DArT

100074162 KASP
DArT

3349542 KASP
DArT

5224120 KASP
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0,03 9,03

0,91

0,03 003 0,91

0,03 003 0,91

FIGURE 44 KASP assays for: 5215854 (A), 3353579 (B), 3596125 (C), 100074162 (D), 3349542 (E),

and 5224120 (F).
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Finally, near perfect match between genotypic data by DArTseq and KASP was
obtained for the SNP 5224120, located on the chromosome 7R af the position of 43.2 cM,
associated with: the thickness of the sclerenchymal layer and culm wall, the content
of molybdenum and copper, and plant height, with only one unlike allele for the individual
304/1-37 (Fig.44F, Table 15).
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5. Discussion

5.1 | Phenotypic traits determining lodging resistance

In this thesis, both parents and the 304/1 segregating F2 population of the lodging resistant
‘ms 135" rye line crossed with the lodging, but high yielding ‘R 1124’ line were phenotyped
for morphological and anatomical fraits. Addifionally, the elemental analysis was
performed on the basal internodes. The parental lines differed in morphology manifesting
in plant height, the number of tillers per plant, the dry weight of culms and a single culm,
and the diameter of the second internode. In order to reveal the anatomic characteristic
of outstanding plant stability of ‘ms 135" line, Scanning Electron (SEM), Transmission Electron
(TEM), and Light Microscopy (LM) techniques were used in these studies. The results
confirmed the morphological and anatomical importance of: the number of epidermal
invaginations, the thickness of sclerenchymal tissue and sclerenchyma to diameter ratio,
the number of vascular bundles, especially outer vascular bundles, the thickness
of the sclerenchymal cell wall (CW) and inner periclinal CW of the epidermis,
in mechanical stability of tillers. Moreover, the studies using Inductively Coupled Plasma
Optical Emission Spectrometry confirmed the role of zinc and silicon in a complex trait

of lodging resistance.

5.1.1 | External morphology and lodging resistance

The analysis of plant morphology revealed that the lodging resistant line, ‘ms 135’ is taller
than the wildtype, ‘R 1124’. It is well documented for Triticum aestivum that plant height
correlates negatively with the basal internode breaking strength, suggesting semi-dwarf
phenotype best contributing fo lodging resistance in bread wheat (Atkins, 1938; Crook
and Ennos, 1994; Pinthus, 1967; Sarker et al., 2007). Short varieties also show better lodging
resistance in barley (Murthy and Rao, 1980) and rye (Oehme, 1989). In most of the studies,
lodging was so strongly correlated with plant height, that other morphological parameters
influencing this phenomenon were hard to idenftify. Lodging is usually atfributed to
the increase in plant height most of the times. However, this is not always applicable, asin
the case of wheat semi-dwarf varieties ‘Baviacora’ and ‘Pastor’ (Tripathi et al., 2003).
‘Baviacora’ is a lodging tolerant variety (103 cm plant height) and on the contrary, ‘Pastor’

with similar height (101 cm), is prone to lodging, indicating that some of the genotypes are
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lodging resistant, and some are susceptible, despite they both are semi-dwarf wheats
(Tripathi et al., 2003). Moreover, studies on ten rice cultivars and two near-isogenic lines
revealed that plant height did not correlate with lodging resistance, measured in terms
of pushing resistance, but instead is correlated with the diameter of basal internodes
(Kashiwagi et al., 2008). Short varieties and cultivars were favoured for many years,
beginning with the '‘Green Revolution’, during which the Rht dwarfing alleles (Rhf-Bib
and Rht-D1b) were infroduced into hexaploid bread wheat, making selecting for short
varieties and cultivars easy. The Rht genes caused the reduced response to the gibberellic
acid (GA; Gale and Youssefian, 1985; Keyes et al., 1990), and biosynthesis and signall
fransduction pathway of auxin and GA was shown as a key fo control plant stature
and growth (Keyes ef al., 1990; Peng ef al., 1999; Monna et al., 2002; Sasaki et al., 2002;
Spielmeyer et al., 2002). Conversely, GA-overproduction or plant hypersensitivity to that
hormone causes taller plant height and increases total biomass production, although it
may decrease lodging resistance (Okuno et al., 2014). Nevertheless, very short varieties
can favour the epidemic spread of fungal diseases, thus increasing request for fungicide
use (Keller et al., 1999), which is not in line with ecological agriculture. Furthermore, cereal
crops have recently been used as alternative energy sources, and therefore creating
a lodging resistant variety with noteworthy height is of importance. Regarding biomass
production, dwarfism is considered an unfavourable trait. The lodging resistant line used in
this study is characterised by greater plant height than the wildtype, which opens
possibilifies to breed for a lodging resistant variety with a tall posture.

Brady (1934), Mulder (1954), and Verma at al. (2005) reported in oats, rye,
and wheat the influence of the length of the basal internode on lodging resistance,
comparable fo the influence of plant height. The long and weak lower internodes have
little resistance to bending, and therefore this trait was considered an important factor in
causing a fendency to the lodging of the crop. In confrast fo Verma's results, the ‘ms 135’
lodging resistant line, exhibited no significant differences in the length of the second basal
infernode compared to the wildtype, resulting in being less crucial for lodging resistance
in this genotype. Nevertheless, this trait positively correlated in 304/1 F2 population with
plant height, but negatively with the number of tillers, indicating shading of the basal
infernodes not successful enough to significantly contribute to weak and long lower
infernodes.

The already mentfioned wheat variety ‘Baviacora’ was recorded for lower lodging
due to alow number of tillers per m2 (413), compared to other semi-dwarf variety ‘Pastor’,
which was characterised by a higher number of tillers per m2 (482) and higher lodging risk

(Tripathi et al., 2003). It is also known in barley, that excessive fillering, when nitrogen was
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available early in the growing season, results in smaller filler survival rates and infertile tillers
compete with the fertile fillers for light, water, and nutrients (Wych et al., 1988; Baethgen
et al., 1995). The resulting thick canopies in wheat, barley, and oats favour the occurrence
of lodging and foliar diseases (Pinthus, 1973). On the other hand, studies on ten rice
cultivars and two near-isogenic lines shown no significant correlation between tiller
number and lodging resistance, measured as pushing resistance (Kashiwagi et al., 2008).
Likewise, the analysed lodging resistant line ‘ms 135’ was characterised by a significantly
higher number of tillers (16 + 4.009), in comparison to the wildtype (3 + 2.345), suggesting
this trait of less importance for lodging resistance of ‘ms 135,

It is known for wheat and oats that the basal internode breaking strength s
positively correlated with main shoot weight and stem weight per cm (Brady, 1934; Zuber
etal, 1999; Wang et al., 2006; Sarker et al., 2007; Kong et al., 2013). Heavy basal internodes
of sorghum could stand external force better than light stems (Esechie et al., 1976). Mulder
(1954) concluded that the tendency of a crop to lodging depends on the weight of higher
internodes of the stems with leaves and heads in relation to the length of the culms,
and the weight of lower internodes positively correlates with breaking strength of the straw.
Similar results were obtained in the study on ten rice cultivars and two near-isogenic lines
containing stem diameter QTL, where the weight of lower stem positively correlated with
pushing resistance of the whole plant (Kashiwagi et al., 2008). In contrast, in barley and
wheat, the main source of aboveground biomass production was associated with
the number of tillers (Baethgen and Alley, 1989; Baethgen et al., 1995), which can favour
the occurrence of lodging. Additionally, Crook and Ennos (1994) reported that lodging
resistance was associated with short and light stems in winter wheat. The explanation of
this phenomenon can be that wind and gravity put more force to heavier stems and make
heavy stems more susceptible to lodging. Thus it can be speculated that the heavy stems
could counter the force of gravity. On the other hand, barley plants with low filler densities
produce heavier ftillers, less prone to lodging (Baethgen et al., 1995). In this study, the
lodging resistant line was not only characterised by higher dry weight of the culms but also
higher mean dry weight of a single cuim. Since the dry weight of culms correlated with
the diameter of the internode, the number of vascular bundles, and thickness of stalk
fissues and sclerenchymal layer, thus making aerial parts of the plant more stable, it

confirms the importance of that factor for lodging resistance.

5.1.2| Anatomy of fillers and lodging resistance
Lodging resistance was shown to be positively correlated with the diameter of two basal

infernodes in oats, common wheat, spelt, andrice (Brady, 1934; Atkins, 1938; Mulder, 1954;
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Kelbert et al., 2004; Wang et al., 2006; Kashiwagi et al., 2008; Packa et al., 2015). In plants
with comparable height, this frait can be crucial, as it was presented for two semi-dwarf
varieties of wheat: ‘Baviacora’ - a tolerant variety with a greater diameter of three basal
infernodes, and ‘Pastor’ - lodging prone variety, with a lesser diameter of internodes
(Tripathi et al., 2003). In a segregating wheat x spelt population, Keller et al. (1999) found
two QITL for lodging resistance corresponding with QTL for culm diameter. Moreover,
a study on ten rice cultivars and two near-isogenic lines containing a single stem diameter
QTL (sdm8; NIL114) and 4 stem diameter QTL (sdm1, sdm7, sdm8, sdm112; NIL28) revealed
that larger stem diameter of those plants was correlating with a greater weight of lower
stem and culm thickness, as well as greater stiffness of basal internodes (Kashiwagi et al.,
2008). Interestingly, in this study, the lodging resistant line was characterised by a smaller
diameter of the second basal internode, compared to the wildtype, suggesting this trait
less requisite for lodging resistance in the line ‘'ms 135'.

It is known that in Triticum aestivum and oats the basal internode breaking strength
is positively correlated with its wall thickness and the width of mechanical tissue (Brady,
1934; Mulder, 1954; Tripathi et al., 2003; Wang et al., 2006; Sarker et al., 2007; Kong et al.,
2013). Likewise, in studies on rice, thicker culm walls of basal internodes were associated
with improved lodging resistance in two near-isogenic lines containing stem diameter QTL,
indicating culm wall thickness QTL to be located close to stalk diameter QTL (Kashiwagi
et al., 2008). In contrast, the lodging resistant line used in this study was characterised by
a smaller thickness of culm wall, in comparison to the wildtype, making this genotype quite
extraordinary. On the other hand, the greater width of the sclerenchymal layer in lodging
resistant line was supporting analyses done by Sarker et al. (2007), Kong et al. (2013),
and studies on the brittfle stem mutant in rye (Kubicka and Kubicki, 1981), confirming
the importance of the thickness of the sclerenchymal layer for lodging resistance.

The number of vascular bundles is not only an essential factor for plant stability, but
also for determining yield by conftrolling of assimilates partitioning fo the developing spike.
The correlations between lodging resistance and the number and size of vascular bundles
in the fransverse section have been investigated numerously in wheat, friticale, oats,
and rye (Brady, 1934; Mulder, 1954; Khanna, 1991; Zebrowski, 1992; Zuber et al., 1999; Wang
et al., 2006; Packa et al., 2015). It is also worth fo mention that in vascular fissues of leaf
blades, leaf sheaths, and stems occurs silicification, which enhances the strength
and rigidity of cell walls, thus enhances lodging resistance (Ma and Yamaiji, 2006).
Moreover, the outer periphery of the stalk of brittle stalk2 (bk2) recessive mutant in maize,
characterised by the brittleness of its all aerial organs, as well as inner part of the basal

internode of brittfle stem (bs) mutant in rye, had fewer vascular bundles in comparison
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to the wildtype (Kubicka and Kubicki, 1981; Sindhu et al., 2007), which supports findings
of this project about their importance in mechanical stability of ‘ms 135’, the lodging
resistant line.

The evidence in the literature of the influence of epidermal and sclerenchymal
cells diameter on lodging resistance is meagre. Nevertheless, from cytomechanical studies
on Mesembryanthemum crystallinum, using a tfissue-cell pressure probe technique, it is
known that cell geometry and dimensions decide about CW mechanical properties since
CW elasticity depends on plant cell turgor and cell volume (Steudle and Zimmermann,
1977). In the mentioned study authors found a positive correlation between elastic
modulus and cell diameter, and in the range of low volumes, there was a linear relationship
between volume and elastic modulus (Steudle and Zimmermann, 1977). Cells with a larger
diameter exhibit larger tension in the wall at given turgor pressure, hence their elastic
modulus must be higher (Steudle and Zimmermann, 1977). In the case of study on
‘Stabilstron’ genotype, no significant differences were found either in the diameter
of epidermal or sclerenchymal cells, in comparison to the wildtype, suggesting this trait less
crucial for the lodging resistance of ‘ms 135'.

On the microscopic level, the critical factor responsible for mechanical stability
and culm strength is the thickness of the CW, in particular, the secondary CW, which
constitutes significantly to the skeletal structures of plant bodies and determines their
mechanical strength (Mulder, 1954; Cosgrove, 2005; Aohara et al., 2009). The lodging
resistant line was characterised by an almost twice thicker CW of the sclerenchyma
and more than half times thicker inner periclinal CW of the epidermis, in comparison to
the wildtype, confirming observations by previous authors about the role of this tfrait
in lodging resistance. Importance of the thickness of the secondary CW for plant stability
emphasises the brittle stem (bs) mutant in rye, which recessive gene shows the pleiotropic
effect on plant and causes fragility of roots, heads, and leaves, and depresses the general
viability of the mutant (Kubicka and Kubicki, 1981). It was shown in anatomical studies that
bs causes disturbances in the normal lignification of the sclerenchymal and epidermal
cells, both in shoots and roots, where the secondary CW was significantly thinner in
comparison fo the wildtype (Kubicka and Kubicki, 1981). A layer of thick-walled, lignified
sclerenchyma on the periphery of the stem significantly increases mechanical strength
and lodging resistance (Mulder, 1954; Jellum, 1962; Cosgrove, 2005; Kong et al., 2013),
supporting the observations for ‘Stabilstroh’, the lodging resistant line. Not only
the thickness of the CW has a crucial role in plant stability, but also its composition
and dynamics: xyloglucan - cellulose interactions are important determinants

of the mechanical and growth properties of the CW (Cosgrove, 2005). Another evidence
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for the importance of CW components interactions for maintaining organ flexibility
and plant stability was presented by Sindhu et al., (2007) in studies on maize brittle stalk2
(bs2) recessive mutant, which aerial parts are fragile and easy to break. This mutant is
characterised by cellulose content lowered by 40% in the mature zones and by
the increase in the content of xylans, phenolic ester, and saponifiable hydroxycinnamates,
in comparison to the wildtype (Sindhu et al., 2007). Additionally, bs2 is characterised by
thinner secondary CW of scleroids surrounding vascular bundles lying under the epidermis
(Sindhu et al., 2007). The brittleness of bs2 mutant does not result from loss of tensile
strength, but from loss in flexibility of the CW by an aberrant lignin polymerisation, caused
by lack of proper cellulosic maftrix in the secondary CW, since the product of Bk2 gene
functions in a pattering of lignin-cellulose interactions maintaining CW flexibility (Sindhu
et al., 2007). Hydroxyl radical (¢OH) harnessed by growing cells can also modify CW
physical properties since it loosens them by nonenzymatically removing a hydrogen atom
from polysaccharides (Fry et al., 2002). It was shown that this endogenous ¢OH could be
produced from the superoxide anion and hydrogen peroxide by copper ions that are
bound to CW components or peroxidases, which are also deciding about CW stability (Fry
et al, 2002; Cosgrove, 2005). Interestingly, *OH treatment experiments led to wall
breakage (Cosgrove, 2005), suggesting this process has to be carefully regulated to target
hydroxyl radicals reactivity to xyloglucan and other polysaccharides and to remain
integrity and elastic properties of the CW. Finally, one must not forget about the process
of silicification of sclerenchymal and epidermal CW (Yoshida et al., 1962), which is also
contributing to lodging resistance of the plant (Ma and Yamaiji, 2006; Kashiwagi et al.,
2008).

5.1.3| Elements and lodging resistance

Although iron, molybdenum, and nickel are necessary for biomass production being
involved in processes like the formation of photosynthetic apparatus, respiration,
photosynthesis, hydrogen metabolism, nifrogen fixation, and nifrate reduction (Raven
et al. 1999; Curie and Briatf, 2003; Bernal et al., 2006; Ahmad and Ashraf, 2011; Mendel
and Kruse, 2012), in this study both parental lines were characterised by a similar content
of those elements in the basal infernodes, implying them less crucial for biomass
production and lodging resistance of ‘ms 135’ parental line. It is worth to mention that alll
those elements content has to be precisely regulated, since their deficiency may be lethal
for a plant causing symptoms such as chlorosis, induction of senescence,
and the reduction of plant growth and crop vyields (Curie and Briat, 2003; Ahmad

and Ashraf, 2011; Mendel and Kruse, 2012). On the other hand, their excess accumulation
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results in toxicity symptoms (Halliwell and Gutteridge, 1992; Ahmad and Ashraf, 2011;
Mendel and Kruse, 2012). Nevertheless, precaution has to be taken about the thickness
of the secondary CWs in ‘ms 135’ parental line, which contributes most to the dry mass
of the internode and may bias the final content of the element present in the cell body.

Boron and calcium ions have been termed as apoplastic elements, not only
because of their localisation in the CW but also because of their confribution to
the integrity of the CW through binding to pectic polysaccharides (Kouchi and
Kumazawa, 1976; Gupta, 1979; Dugger, 1983; Hu and Brown, 1994; Matoh and Kobayashi,
1998; Cosgrove, 2005). The linkage of pectins involving boron and calcium are essential
crosslinking mechanisms in the plant CW (Dugger, 1983; Hu and Brown, 1994; Matoh
and Kobayashi, 1998; Cosgrove, 2005). Boron in the CW forms a complex with rhamno-
galacturonan Il through borate esters necessary for normal wall formation, as well as for
the control of wall porosity and its thickness (Hu and Brown, 1994; Ishii and Matsunaga,
1996; Matoh and Kobayashi, 1998; Cosgrove, 2005). Moreover, calcium ions are also
necessary to form this complex, cross-linking homogalacturonans in the middle lamella
and other CW layers through ionic and coordinate bonds, necessary for CW flexibility
and stabilization of those complexes by gel formation when growth ceases (Inanaga
and Okasaka, 1995; Matoh and Kobayashi, 1998; Cosgrove, 2005). On the other hand,
a considerable amount of calcium can be found in the lignin fraction of the CW of mature
leaves (Ito and Fujiwara, 1968). Calcium is also involved in the control of acidic growth, ion
exchange properties, and the activities of wall enzymes (Demarty et al., 1984), as well as
for the signal fransduction as a secondary messenger (Matoh and Kobayashi, 1998).
Interestingly, there were no statistically significant differences in the content of boron
between wildtype and lodging resistant line (16.15 £ 8.259 ug/g and 13.15 + 5.301 ug/g,
respectively). In the case of the content of calcium, the wildtype was characterised by its
higher content in dry weight of basal infernodes (14,686 + 4,245 ug/g), in comparison to
the lodging resistant genotype (4,835 + 2,460 ug/g). However, it has to be mentioned that
pectins building complexes with these elements are mostly present in the primary CW
and middle lamella (Knox et al., 1990; Freshour et al., 1996; Wiliams et al., 1996; Matoh
and Kobayashi, 1998). Since the lodging resistant line was characterised by a thicker
secondary CW, the content of boron and calcium per g of dry weight could be affected
by a higher ratio of secondary to primary CW thickness in ‘ms 135",

The mechanical strength of basal internodes of phosphate-deficient barley was
almost twice higher than conftrol plants (Tubbs, 1930). Likewise, Mulder (1954) observed
phosphorus-deficient plants lodged less severely than those supplied with phosphate,

although did not observe any particular effect of phosphorus supply on the standing
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capacity of oats and wheat. Moreover, the yields of phosphorus-deficient wheat and oats
were approximately 30 - 60% of the yields of plants freated with adequate phosphorus.
On the other hand, high levels of bioavailable phosphorus induced zinc and copper
deficiency (Spencer, 1960; Bingham, 1963; Stuckenholtz et al., 1966). The inactivated iron
by decreased plant capacity to absorb and hold iron in a soluble mobile form as
phosphorus tissue content increases leads to precipitation of iron phosphate on or in
the rootfs (Biddulph and Woodbridge, 1952; Watanabe et al., 1965). Nevertheless,
the content of phosphorus in two parental lines was similar, implying this element of less
importance for ‘Stabilstroh’ plant stability.

Sodium also seems to be of less importance for the lodging resistant genotype.
The contfent of this element in the basal infernodes was comparable between two
parental lines; reaching mean values of 3,142 and 2,923 pg/g in ‘ms 135’ and ‘R1124’
respectively. Moreover, literature studies show sodium less essential for plant growth
and development, except C4 grasses, which require sodium for the uptake of pyruvate
into chloroplasts by Na*-pyruvate cotransporter, which function is mediated by an H*
coupled pyruvate carrier in other plants (Furumoto et al., 2011). Nevertheless, Na* can be
beneficial for the C3 plants, especially during K+ deficiency, and for salt-tolerant plants,
it can promote growth (Amtmann and Sanders, 1999; Subbarao et al., 2003). On the other
hand excess of sodium in the soil, especially present as sodium chloride, lowers the water
potential and creates at first osmotic stress, and afterwards increases cellular ion contents
negatively affecting cellular biochemistry (Maathuis, 2013). The effectiveness of sodium
uptake in both parental lines in this study seems comparable and conserved between
these two rye genotypes.

Copper is involved in many physiological processes during plant growth
and development (Bernal et al., 2006; Burkhead et al., 2009; Printz et al, 2016).
Its deficiency causes growth defects, such as sinuous stems and branches (Fry et al., 2002),
decreased growth rate, chlorosis of young leaves, damage to the apical meristems,
as well as insufficient water fransport caused by a decrease in CW formation
and lignification in several tissues, including xylem tissue (Marschner, 1995; Burkhead et al,,
2009). Yet at the concentrations above those required for optimal growth, it interferes
with important cellular processes, such as photosynthesis (it fargets especially
photosystem), and respiration, inhibiting plant growth (Marschner, 1995; Bernal et al., 2006;
Burkhead at al., 2009). Copper is an essential redox-active transition metal involved in
photosynthetic electron transport, mitochondrial respiration, CW metabolism, scavenging
of oxidative stress, response to pathogens, and hormone signalling, as it is involved in

the perception of ethylene (Marschner, 1995; Yruela, 2005; Bernal et al., 2006; Burkhead
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et al., 2009; Jung et al., 2014; Printz et al., 2016). The maijor sites of copper accumulation
in plants are: the chloroplast (the most abundant Cu protfein is plastocyanin,
a photosynthesis-related protein involved in the transfer of electrons from cytochrome f
to P700+), the vacuole, the cytoplasm and the CW (Bernal et al., 2006; Printz et al., 2016).
In the CW copper (ll) complexed with CW polymers can be reduced to copper (I) by
apoplastic electron donors, such as ascorbate and superoxide, and then undergo
a reaction with apoplastic hydrogen peroxide to generate hydroxyl radicals (Fry et al.,
2002). These can cause non-enzymatic scission of CW polysaccharides, resulfing
in loosening of the CW and solubilising of pectins (Fry et al., 2002). Copper is also present
in enzymes, such as laccases, which are responsible for the metabolism of phenolic
compounds like anthocyanins and lignins (Burkhead et al., 2009; Tomkovd et al., 2012),
conftributing to CW remodelling during lignification, although the effect on lignin, cellulose,
hemicellulose, and acetyl contents of the CW was only observed in severely-deficient
plants (Robson et al., 1981). It is known that plants thoroughly regulate copper homeostasis
to prevent its deficiency and avoid the toxicity by transcriptional control of genes
encoding COPT proteins involved in its uptake, trafficking, and tissue partitioning
(Burkhead et al., 2009; Jung et al., 2014; Printz et al., 2016). Additionally, copper can also
be relocated in the cell among Cu requiring enzymes (Burkhead ef al., 2009; Jung et al.,
2014; Printz et al., 2016). Both parental lines had comparable copper confent in
the infernodes to data observed for wheat, where stems were characterised by 3.7 ppm
of this element (Hooper and Davies, 1968). Moreover, 4.554 ug/g (£ 2.29) was enough for
the lodging resistant genotype to develop a thicker and more lignified CW than the other
parental line, which interestingly was characterised by a higher content of copper
(8.211 £ 3.406 ug/g), suggesting more efficient process of lignification in ‘ms 135’ parental
line. Considering the fact that rye is the least sensitive to Cu deficiency among other cereal
crops (Solberg et al., 1999; Jung et al., 2014), the results obtained in this study suggest that
this element can play a smaller role in the lodging resistance of ‘ms 135’. Nonetheless, one
should not forget about the effect of a thicker secondary CW on the content of elements
in ‘ms 135, which could be verified by energy-dispersive X-ray spectroscopy.

The mechanical strength of basal internodes of potassium deficient barley was
more than twice lower than control plants (Tubbs, 1930). The loss of mechanical strength
of potassium deficient plants was due to the reduced thickness of the infernode wall
and reduced lignifications of the CW (Tubbs, 1930). Same results were shown for rye,
wheat, and oats, where potassium deficiency caused brittleness of all internodes of stems,
as well asreduction of the thickness of lignified cell walls (Mulder, 1954). On the other hand,

the lodging resistant sorghums contained lower stalk potassium (Esechie et al., 1976),
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which is in line with data obtained in this study for the lodging resistant line containing 25%
less of this element in the basal internodes in comparison to the wildtype.

Magnesium plays a role in photosynthesis as a central atom in the tetrapyrrole ring
of chlorophyll a and b molecules (Wilkinson et al., 1990). It is also involved in the regulation
of cell proliferation, the formation of the mitotic spindle and cytokinesis (Maier, 2013),
as well as in a wide variety of biochemical reactions activating a number of enzymes (Wolf
and Trapani, 2008), and is required for the stability of ribosomal particles (Wilkinson et al.,
1990). The presence of magnesium ions in the CW makes it more extensible due fo ion
exchange with calcium and changes of stereochemical properties of pectins (Morikawa
and Senda, 1974; Nakajima et al., 1981). In the case of wildtype, magnesium was more
abundantly distributed in comparison to the lodging resistant line, suggesting this element
not be responsible for lodging resistance in ‘ms 135, or similar to other ions its content was
biased by the thickness of the secondary CW.

Manganese is necessary for the metabolism of organic acids, activates
the reduction of nitrate and hydroxylamine to ammonia, plays a role in enzymes involved
in respiration and enzyme synthesis, actfivates enzyme reactions such as
oxidation/reduction and hydrolysis, and has a direct influence on sunlight conversion
in the chloroplast (Hakala et al., 2006; Alloway, 2008; Hebbern et al., 2009). Manganese
deficiency often occurs on sandy soils (Alloway, 2008; Hebbern et al., 2009), which rye has
no problem to grow on, suggesting a strategy to overcome those adverse effects.
Nevertheless, the lodging resistant line was characterised by a significantly lower content
of this element in the basal internodes in comparison to ‘R 1124', suggesting either
the lesser role of manganese on lodging resistance of ‘ms 135, or again the dilution factor
of the secondary CW influences its content in the basal infernodes.

Sulfur was another element, which was less abundant in the lodging resistant line,
what can be explained by the effect of a thick secondary CW of sclerenchymal
and epidermal cells upon the dry weight of the internode. Sulfur, as an integral part
of cysteine and methionine, is required for protein synthesis in the cell, and additionally is
present in a variety of metabolites (Leustek and Saito, 1999). That is why sulfur deficient
plants have severely affected photosynthetic apparatus, lowered chlorophyll and Rubisco
content, and overall generate lower yield and biomass (Yoshida and Chaudhry, 1979;
Lunde et al., 2008). It can be concluded that both parental lines, having sufficient access
to this element, accumulated it in the amount adequate for their biomass production.

The lodging resistant line was characterised by a significantly higher content of zinc
in the basal internodes in comparison to the wildtype. It is known that zinc is necessary for

dimerization of cellulose synthase (CESA), required for further assembly into hexamers
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in the plasma membrane of the CESA subunits, involving oxidatively reversible disulphide
bond formation between cysteines in the N-terminal zinc finger region in CESA,
which is necessary for synthesis of cellulose microfibrils (Kurek et al., 2002; Cosgrove, 2005).
The undesirable effects of zinc deficiency appear mainly in the meristematic tissues
(Broadley ef al., 2007), since dividing cells are in great need of zinc, not only for
dimerisation of CESA, but also for protein synthesis (Kitagishi and Obata, 1986)
and for the activity of many enzymes and processes, like the formation of auxin, which
could explain the outstanding plant height of ‘ms 135'. The results obtained for the lodging
resistant line also suggest a more efficient mechanism of uptake or/and fransport of zinc
ions required for biomass production in ‘Stabilstroh’.

Silicon in grasses is a quantitatively major inorganic constituent, and it is present in
amounts equivalent to macronutrient elements, such as calcium, magnesium,
and phosphorus, although it is considered as ‘quasi-essential’ for plants (Epstein, 1994;
Epstein, 1999). Likewise, the internodes of two parental lines in this study showed its
abundance in the basal internodes (4,903 + 1,803 ug/g for ‘R 1124" and 6,960 + 1,805 ug/g
for ‘'ms 135'). The function of silicon is to enhance resistance of plants to various biotic
and abiotic stresses, including lodging, drought, UV radiation, heat, cold, and salt stress
(Epstein, 1994; Liang et al., 1994; Epstein, 1999; Ma and Yamaji, 2006; Waseem et al., 2016).
This element plays a significant role in plant growth and plant mechanical strength
(Epstein, 1994). It is also known that rice and wheat plants grown on soils rich with bio-
available silicon (in the form of H4SiO4) are characterised by markedly increased yield,
spike number, filled grain percentage, and the grain/shoot ratio, compared to the control
(Liang et al., 1994). Addition of silicon not only significantly increases the rigidity of rice stalk,
which is remarkably higher at a lower dose of nifrogen (ldris ef al., 1975), but also
significantly increases its root weight (Vaculik et al., 2012). In grasses, silicon is an essential
component, which strengthens the CW and enhances its rigidity, especially of epidermal
cells (Rafi and Epstein, 1997; Neumann, 2003; Ma and Yamaiji, 2006; Ma and Yamaii, 2008)
and vascular bundles (Ma and Yamaji, 2006). Moreover, in rice, the evidence was
presented that silicon is involved in Si-aromatic ring associations between lignin
and carbohydrates (Inanaga and Okasaka, 1995). ‘ms 135, the lodging resistant
genotype, accumulated significantly higher amounts of silicon in comparison to
the wild-type, indicating its role in the resistance to lodging. In addition, silicon promotes
plant growth, as it was shown for rice (Ma and Takahashi, 1990), what could also explain

the impressive plant height of lodging resistant line.
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5.2| Development of a genetic map

For QTL mapping of the traits described in the paragraph above, a linkage map was
constructed based on 129 F. individuals to find out what was the genetic background
of the lodging resistance of ‘Stabilstroh’ spontaneous mutant. Unfortunately, two parental
lines were characterised by low polymorphism of SSR markers. Also, the wildtype parent
was characterised by unfixed alleles. In the end, the number of polymorphic
and segregating markers was not sufficient (in total 45 polymorphic and segregating
markers; polymorphism of 16.73 %) for the effective QTL mapping, what forced the change
of the genotyping strategy. Other authors also noted that the number of SSR markers was
limited in rye, naming it the main cause why genetic studies in rye are not far advanced
(Miedaner et al., 2012). Fortunately, a relatively new technique, DArT (Diversity Array
Technology), was available. DArTseq markers are a fast and relatively cheap genotyping
platform, which profiles the whole genome and effectively target gene space in the large,
complex, and repetitive rye genome (Gawronski et al., 2016). Moreover, DArTs represent
one of GBS technology and are the first available high-throughput method of genotyping
for Secale cereale (Jaccoud et al., 2001; Bolibok-Brggoszewska et al., 2009; Milczarski
et al., 2011). Till now DAIT markers have found a broad application, being used in rye
to investigate the genetic diversity (Bolibok-Braggoszewska et al., 2009), create a consensus
linkage map (Milczarski et al., 2011), investigate triticale (Badea et al.,, 2011; Tyrka et al.,
2011), develop tightly linked markers for the restoration of male fertility (Stojalowski et al.,
2011). The multi-purpose usage and cheap and fast genotyping platform made a choice
to genotype the population with DAIT markers easy.

8,090 polymorphic and segregating DArT markers and SNPs gave a great possibility
to profile the whole genome. The genetic map of 7 chromosomes was constructed basing
on 1,041 markers to obtain a map, with an average distance between the markers of
0.75 cM, making the current map one of the most saturated rye maps up to date
(in comparison: the map published by Ma et al, 2001 with the average distance
of 3.96 cM; by Bolibok-Brggoszewska et al., 2009 with 2.68 cM, by Milczarski et al., 2011
with 1.1 cM, and just recently published map by Milczarski et al., 2016 with 0.47 cM;
Table 16). When the map developed in this study is compared with one of the earliest
linkage maps of rye (Senft and Wricke, 1996), it can be seen that there is a 10-fold increase
of the number of mapped markers, while the estimated map length stays roughly
the same. This comparison also illustrates that there is no clear relationship between
the number of markers mapped and the total map length. What is interesting to notice

though, is that maps created based on RFLP or SSR markers hardly contain more than 500
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mapped markers, while the most recent maps based on DArT markers show easily 1000
markers mapped. However, the two DArT maps by Bolibok-Brggoszewska et al. (2009)
and by Milczarski et al. (2016) also show a considerable increase in the map length,
which is unexpected, since the other maps have a map length between 700 and 1000cM,
which comes down fto an individual chromosome length between 100 and 140cM.
The population size of the studies are roughly comparable with the present study (ranging
from 100 to 200 individuals), thus an additional number of recombinations by large
populatfion size is not the explanation of the extraordinary long maps of Bolibok-
Bragoszewska et al. (2009) and Milczarski et al. (2016). However, the position of 279 DArTseq
markers in the linkage map developed in this study was corresponding with all the positions
present on the high-density map presented by Milczarski et al. (2016) for rye. Precisely,
the position of 33, 29, 24, 27, 50, 39, and 77 markers corresponded to the positions on 1R,
2R, 3R, 4R, 5R, 6R, and 7R, respectively, described by Milczarski et al. (2016). The positions
of the rest of DArTseq markers were unique and anchored for the first fime on rye
chromosomes, thus can be useful for the further studies on rye genome.
Moreover, the ability to use DAIT markers in rye enabled researchers o map more markers,
and the map developed in this study can provide rye breeders and researchers more

polymorphic markers in their genetic region of interest.

TABLE 16 Overview of genetic linkage maps of rye for 7 chromosomes found in the literature.

Publication | Main marker No. of Total length | Density [N BB EIED

year type markers [cM] marker/cM] m::(t:r:e:M
Devos et al. 1993 RFLP 156
Senft and Wricke 1996 RFLP 127 760 0.16 5.98
Korzun et al. 1998 RFLP 21
Bdrner and Korzun 1998 RFLP 413
Korzun et al. 2001 RFLP 183 1063.4 0.17 581
Ma et al. 2001 RFLP 184 727.3 0.25 3.95
Bednarek et al. 2003 RFLP 460 1386 0.33 3.01
Bolibok et al. 2007 SSR 99 979.2 0.1 9.89
Bolibok-Brggoszewska et al. 2009 DAIT 1181 3144.6 0.37 2.66
Milczarski et al. 2016 DAIT 3397 1593 2.13 0.47
Hackauf et al. 2017 DAIT 912 964.9 0.95 1.06
A.Muszynska PhD thesis 2018 DAIT 1041 783.8 1.33 0.75

5.3 QTL mapping of lodging resistance related fraits,
development of KASP markers for MAS
The obtained linkage map was subsequently used for QTL mapping for the analysed traits.

A single marker regression mapping, followed by a composite interval mapping, allowed
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to find QTL associated with: plant height, the length of the second basal internode,
the number of fillers, dry weight of culms, the number of epidermal invaginations,
the thickness of culm wall and sclerenchymal layer, the number of inner vascular bundles,
the diameter of epidermal and sclerenchymal cell, the thickness of sclerenchymal CW
and inner periclinal CW of epidermis, the content of molybdenum, nickel, copper, sulfur,
and zinc.

The QTL found in this study are mainly novel, primarily due to the fact that rye was
lagging far behind other crops in terms of genomic resources. Up to date, many QTL
studies in rye were focused mostly on plant height and dwarfing genes (Bérner and Korzun,
1998; Miedaner et al., 2012). In the current study, traits on the cellular level were
considered, and subsequently many of these QTL were not described before in rye or other
cereals. There are just a few reports about QTL for morphological and anatomical traits
affecting lodging resistance in rye. One study on morphological ftraits associated
with lodging resistance in rye was presented by Milczarski (2008). In this work, one of two
QTL for the length of the second basal internode was localised on the long arm
of chromosome 3R, which corresponds o findingsin ‘304/1' F2 population, but interestingly,
this QTL is not overlapping with the two QTL on 1R and 7R found for plant height in this
study. It is known that the length of the internodes is determining the plant height (Yang
and Hwa, 2008). However, it does not appear so in the case of the studied population.
Also, in contrast to tef, where three QTL were found for the length of the basal internode,
(Yu et al., 2007), and rice, where two QTL were found for total infernode length (Nagai
et al., 2014), the length of the basal internode was determined by only one QTL.
Additionally, Milczarski (2008) had found two QITL responsible for plant height localised
on 7R, which is also in line with data obtained in this project, where one of QTL responsible
for this trait was located on 7R. According to the literature studies, QTL for plant height
in rye were previously detected on all seven chromosomes, which points fo a quantitative
trait (Schlegel at al., 1998; Boérner at al., 2000; Falke et al., 2009a; Falke at al., 2009b;
Miedaner et al., 2011; Miedaner et al., 2012).

In confrast to the previous studies of single dwarfing genes responsible for
a difference in plant height, and the current study, which only reveals two QTL, Miedaner
et al., (2012) had used a population, where plant height was a very polygenic frait
and found additional QTL for plant height on chromosome 2R, 3R, 4R, 5R, and éR.
Nevertheless, the location of previously described dwarfing loci on linkage maps (Table 1)
can be a good starting point for the identification of genomic regions, which control plant
height in presented studies. The detected QTL on the chromosome 1R may correspond

to the location of dw4, a recessive dwarfing gene described by Melz (1989; reviewed by
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Bérner at al.,, 1996), or a recently identified by Stojatowski et al. (2015) Ddw3 dominant
gene. Additionally, on the chromosome 7R a dominant dwarfing gene Ddw2 was
described in the literature (reviewed by Bérner at al., 1996), as well as recessive dwl, ctl,
and ct3 dwarfing genes, which position may be corresponding to another QTL for plant
height obtained in this study.

Tillering is not only crucial for biomass production and lodging resistance, but also
it is a crucial agronomic trait, since it determines the number of spikes, and thus grain yield
(Donald, 1968; Hussien et al., 2014). Effective tiller number is a fundamental trait for crop
yield and a high-quality variety can be created by reducing the number of ineffective
tilers and increasing the rate of effective ftillers, as unproductive tillers consume nutrients
and can lead to a decreased grain production (Donald, 1968; Li et al., 2010; Hussien et al.,
2014). Plant shoot architecture is based upon the activity of the shoot apical meristems
and axillary meristems (Sussex, 1989; Wang and Li, 2006), and key roles in the regulation
of branching play auxin, cytokinins, strigolactones, and brassinosteroids (Kebrom et al.,
2013; Hussien et al., 2014). The primary tillers develop from axillary meristems in leaf axils
of the shoot apical meristem, and secondary fillers develop from axillary meristems
in the axils of primary ftillers (Counce at al., 1996). The finding of only one QTL is in contrast
torice, barley, and wheat, where numerous QTL have been found for the number of fillers
(Yan et al., 1998; Wu et al., 1999; Huang ef al., 2003; Li et al., 2010; Naruoka et al., 2011;
Honsdorf et al., 2014). This possibly points to the presence of a strong pleiotropic gene
or of a group of related genes on 3R that mask weaker effects on other linkage groups.

Nevertheless, in wheat Shah et al. (1999) mapped a significant QTL for tillering
explaining 19.4% of phenotypic variation on the chromosome 3A, which may correspond
to the position revealed in this study. In advanced backcross QTL (AB-QTL) analysis
of a cross of a German winter wheat cultivar ‘Prinz’ and a synthetic hexaploid wheat
produced from the cross between durum wheat (Triticum turgidum L.) and Triticum
tauschii, Huang et al. (2003) found 8 QTL responsible for filler number/m2, among which
one QTL was located on the chromosome 3B. In later studies on wheat, Kuraparthy et al.
(2007) located filler inhibition gene (tin3) on 3A and Li et al. (2010) found multiple QTL
responsible for tillering, where only two QTL: one positioned on chromosome 3A and one
on 5A, could be detected under different environments and in different populations.
In barley two major QTL, explaining 30.6% and 18.4% of phenotypic variation, were
mapped on 3H (Buck-Sorlin, 2002), known o be corresponding to rye chromosome 3R
(Martis et al., 2013), and the first QTL was associated by the author with the low number of
fillers] gene in barley (Int1). Other genes responsible for tiller number in barley located on

the chromosome 3H were: alsl (absent lower lateralsi), uniculme4 (cul4), semibrachytic
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(uzul), granum-al (gra-al), and semidwarfl/denso (sdwl/denso), which mutants, except
of the latter two genes, are characterized by reduced ftillering (Babb and Muehlbauer,
2003; Chono et al., 2003; Rossini et al., 2006; Dabbert et al., 2009; Dabbert et al., 2010; Jia
et al, 2011). It is known that the Uzu gene encodes a putative brassinosteroid receptor
HvBRI1, indicating its role not only in fillering but also in the regulation of stem elongation
(Chono et al., 2003), which could explain the overlapping position of the QTL found for
the length of the basal infernode and the number of tillers on chromosome 3R. Moreover,
the semidwarfi/denso dwarfing gene mapped on 3H has a pleiotropic effect on fillering
in barley (Jia et al., 2011). Additionally, in a previous study on barley, QTL for the number
of fillers and plant dry weight colocalised (Honsdorf ef al., 2014), which is in line with data
obtained in this study and also agrees with the correlatfions found between those traits
in the F2 population. In wheat, a QTL for the number of tillers was found to be linked to
a late-flowering allele (Kato et al., 2000). Although in sugarcane (Remison and Akinleye,
1978), earliness is not correlating with lodging, it would still be interesting to examine
the correlation in rye. It is not easy and straightforward to figure out which gene or QTL
corresponds to the QTL for tillering found in this study. Therefore further research is required
to fine map the exact location of the tillering QTL and unreveal the genomic function.

As it was mentioned before, in the same interval on chromosome 3R also a QTL for
dry weight of culms was found. In previous studies on Fs3 planfs originating from fwo
mapping populations of rye, Korzun et al. (2001) found two QTL responsible for straw yield:
one localised on chromosome SR, and one on éR. In rice and barley, 4 QTL on 3 different
chromosomes were found for above-ground biomass (Zhang et al., 2004; Honsdorf et al.,
2014). One QTL in the mentioned study on barley (Honsdorf et al., 2014) was localised on
chromosome 3H, which is corresponding to rye chromosome 3R (Martis et al., 2013).
In the previous study on barley even 6 QITL responsible for the vegetative dry mass
in the BC2DH population derived from a cross between the spring barley cultivar ‘Scarlett’
and the wild barley Hordeum vulgare ssp. spontaneum (von Korff et al., 2006). 4 QTL for
shoot dry weight were found on 1B, 2B, 5D, and 7B in 120 double haploid lines derived from
winter wheat varieties (An et al., 2006). It can be speculated, that the QTL for dry weight
of the culms and number of tillers points out the presence of a strong gene/s, which mask
weaker effects on the other linkage groups. Further analyses combined with fine mapping
of this QTL region will provide clear answers to this hypothesis.

In the present study, two QTL for culm wall thickness were localised on chromosome
4R and 7R. In wheat, on the chromosome 2D, one QTL was detected for culm wall
thickness (Hai et al., 2005). On the other hand, in rice a QTL for culm wall thickness was

found on the chromosome 1, and a QTL on the chromosome 6 increasing the culm
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diameter, culm strength, as well as the spikelet number of the panicle, and grain yield as
a pleiotropic effect (Ookawa et al., 2010). In wheat, there is known a genotype, which is
resistant to Cephus cinctus, an economically important pest in wheat, and it is
characterised by a solid stem. This trait was previously linked to the microsatellite marker
Xgwm340 on the long arm of 3B, which controlled the majority of variation for the stem
solidnessin a cross between solid- and hollow-stemmed wheat cultivars (Cook et al., 2004),
which is very unlikely to be orthologous to the QTL found in the present study. Further
genetic studies could give the answer to the question if other QTL in wheat and rice are
targeting the same, but orthologous genes in rye. Finding these genes would ultimately
speed up marker development for this interesting from the mechanical point of view frait.

The thickness of the sclerenchymal layer, the morphology of its cells, and its cell
wall components are critical factors for resisting bending stress (Matsuda et al., 1983;
Ookawa and Ishihara, 1993). A QTL responsible for the thickness of sclerenchymal layer
found in this study colocalised with a QTL responsible for the thickness of culm wall on 7R,
but interestingly its position did not overlap with the thickness of sclerenchymal CW
(localised on 1R), suggesting different genes regulating the thickness of these traits. In rye,
brittle stem (bs) mutant was characterised by a significantly thinner sclerenchymal layer,
in comparison to the wildtype (Kubicka and Kubicki, 1981). The gene, later on, was
localised on the chromosome 5R (Schlegel et al, 1986), which differ from the results
obtained in this project. In studies on solid-stemmed wheat line, 99% of the variation
in lodging resistance could be explained by the width of the mechanical fissue (Kong et
al., 2013). The first report about QTL for the thickness of the sclerenchymal layer was
provided by Ookawa ef al., (2016) in a study on rice using reciprocal chromosome
segment substitution lines (CSSLs) derived from the cross between ‘Koshihikari’
and ‘Takanari’ varieties. In mentioned study the QTL for the thickness of sclerenchymatous
fibre tissue were detected in the genomic regions of chromosomes 2, 7, and 9 on both,
‘Koshihikari’ and ‘Takanari’, genetic backgrounds of CSSLs (Ookawa et al, 2016).
The positions of these QTL, according to the high-density comparative analysis of the linear
gene order of the barley genome zippers versus the sequenced genome of rice by Mayer
et al. (2011), may correspond to éH, 2H, and 5H barley chromosomes, respectively,
from which the positions of two latter ones could explain the results obtained in the present
study. No other QTL associated with the thickness of sclerenchymal layer have been
reported so far in monocofts, although this trait is essential from the mechanical point
of view and significantly improves lodging resistance. Thus more effort should be

undertaken to understand the genetic background of that frait fully.
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The vascular system provides fransport of water, elements, and assimilates
to the developing organs and caryopses, as well as mechanical stiffness (Rich, 1986; Rich,
1987a; Rich, 1987b; RUggeberg et al., 2009). Additionally, a strong correlation between
mechanical stiffness and the number/volume fraction of vascular bundles was found in
studies on palms, wheat, triticale, oats, and rye (Brady, 1934; Mulder, 1954; Rich, 1986; Rich,
1987a; Rich, 1987b; Khanna, 1991; Zebrowski, 1992; Zuber et al., 1999; Wang et al., 2006;
Packa et al., 2015), nevertheless information about the genetic background of that trait is
still scarce. In rye, a mutant briftle stem (bs), characterised by the brittleness of the stem
and fragility of roots, heads, and leaves, was shown to have significantly decreased
number of inner vascular bundles in the lower internodes of culm (Kubicka and Kubicki,
1981). The gene was mapped on chromosome 5R by Dr. Melz (Schlegel et al., 1986),
which is not in line with the position of QTL responsible for the number of inner vascular
bundles obtained in the present study. Inrice, two QTL regulating panicle branches, Dense
and Erect Paniclel (DEPI1) and Ideal Plant Architecturel (IPA1)/Wealthy Farmer's Panicle
(WFP), have been shown to affect the rice vascular system. The depl and ipal mutants
display an increased number of vascular bundles in internodes, which may confribute to
the improved water/nutrients transport and lodging resistance, and eventually enhance
grain yields (Huang et al., 2009; Jiao et al., 2010; Miura et al., 2010; Wang and Li, 2011).
Additionally, it was shown that IPAT/WFP encodes OsSPL14, an SBP-box (SQUAMOSA
promoter binding protein-like) protein, which is the target of miRNA156, and the ipal allele
harbours a point mutation within the miRNA156 target site, perturbing the miRNA156-
directed regulation of IPAT inrice (Jiao ef al., 2010). The point mutation in the miRNA156
target site of OsSPL14 also leads to a reduced number of tillers, which appears to result
neither from the formation of fewer tiller buds, nor from the defect in filler bud outgrowth,
but from the prolonged plastochron (Jiao et al., 2010; Wang and Li, 2011). Nevertheless,
in the present study, a detected QITL for the number of vascular bundles does not overlap
with the QTL for the number of tillers, suggesting different genetic background than
the one mentioned for rice.

The plant cell size and shape is determined by the plane of cell division
and the rate and orientation of expansion (Keyes et al., 1990). The rate of plant cell
expansion depends on: cell wall extensibility, the yield threshold of the wall, hydraulic
conductance, and the difference in water potential between the cell and extracellular
space (Lockhart, 1965; Keyes et al., 1990), indicating the regulation of cell size very
complex. Kubicka and Kubicki (1981) noticed the abnormal shape of sclerenchymal cells
in the rye bs mutant. Namely, in the transverse sections of basal internodes, sclerenchymal

cells were radially elongated in both: subepidermal and in the vascular bundle zone
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(Kubicka and Kubicki, 1981). The localisation of QTL responsible for the diameter
of sclerenchymal and epidermal cells found in the present study is not in line
with the localisation of bs allele (5R; Schlegel et al., 1986), thus implying different genes
responsible for the regulation of these traits in bs mutant and 304/1 F2 population analysed
in this study. The present study is the first report about the QTL underlying culm epidermal
and sclerenchymal cell diameter, which were co-localising on chromosome 4R,
suggesting a same genetic mechanism for the regulation of both of the fraits. Although
there were no statistically significant differences in the diameter of epidermal
and sclerenchymal cells between the lodging resistant line and the wildtype, these QTL
still may be interesting because of their co-localisation with a QTL for culm wall thickness.
Genetic variation of the CW thickness is poorly investigated in populations since
such studies demand special equipment, are laborious, and time-consuming. Most of
the knowledge about possible genes regulating this factor comes from the analysis of
mutants, which show differences in the thickness of CW as a pleiotropic effect of a gene
influencing morphological fraits. Already mentioned rye brittle stem (bs) mutant is
characterised by disturbances in the normal lignification of sclerenchymal cells, which
CWs are significantly thinner than the wildtype (Kubicka and Kubicki, 1981).
The localisation of bs allele (Schlegel ef al., 1986) is in line with one of QTL found for the
thickness of inner periclinal CW of epidermis localised on 5R but does not explain the QTL
on 1R for the thickness of sclerenchymal CW and inner periclinal CW of the epidermis.
Study of the literature suggests, that the marker with the highest LOD detected for
the thickness of the sclerenchymal CW on 1R can be the possible localisation of ferulate
5-hydroxylase, one of the enzymes responsible for the synthesis of lignins (Boerjan et al.,
2003; Ralph et al., 2004; Barriere et al., 2007; Andersen et al., 2008). Fine mapping of that
frait followed by functional analysis of the gene/s will be necessary to confirm this
hypothesis. And since it is known that CWs are dynamic structures representing criticall
determinants of plant architecture, growth and development, and the thickening of
the CW is a direct consequence of lignin, cellulose, and matrix phase polysaccharides
deposition is depending on the genotype and its growth stage (Bidlack and Buxton, 1992;
Farrokhi et al., 2006; Vogel, 2008; Begovi¢ et al., 2015), it would be interesting to evaluate
CW composition in two parental lines and the mapping population. The use of genes
involved in the production of a thicker CW of 'Stabilstroh’, and overall stronger culms, can
be used in breeding for increased lodging resistance in rye and closely related crops.
Plants have evolved a complex regulation network controlling mineral homeostasis
based on strictly controlled uptake, translocation, redistribution, and sequestration to fulfil

their mineral need and simultaneously avoid the possible toxic effects (Ghandilyan ef al.,
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2006). This network includes genes encoding various membrane transporters, reductive
agents, storage protfeins, metal ligands, and regulatory proteins, such as franscription
factors, protein kinases, and receptors (Ghandilyan et al., 2006). Although it is known that
improvement of lodging resistance may be obtained by alteration of the content
and ratfios of minerals in grasses (Tubbs, 1930; Mulder, 1954; Miller and Anderson, 1963;
Bremner, 1969; Pinthus, 1973; White, 1991; Easson et al., 1993; Chalmers et al., 1998), there
are only few reports about QTL associated with elements content, and mostly only their
grain content was investigated. There were two QTL detected for zinc content in this study:
one on the chromosome 1R, and one on 2R. Interestingly, one of the QTL found in
the present study overlapped with the QTL detected for the content of nickel, although
no statistically significant correlation was observed in 304/1 F2 population between these
two fraits (Fig.39). Vreugdenhil et al. (2004) identified four QTL on chromosomes 1, 2, 3,
and 5, which are involved in seed Zn content and explained up to 42% of the variation in
Arabidopsis, proving it to be a polygenic trait. In wheat, using RILs, one QTL conftrolling
shoot Zn content localised on 3AL was identified for the control plants and one QTL
localised on 7A for Cu-freated plants (Balint et al., 2007).

On the other hand, the presence of the 1B/1R translocation in the germplasm of
CIMMYT wheat had a positive effect on the concenftration of zinc in the grain (Monasterio
and Graham, 2000), which can be in line with the QTL observed on 1R. In barley, Lonergan
et al. (2001) identified a region on the long arm of chromosome 4H associated with shoot
In content. Additionally, Sadeghzadeh et al. (2015) identified four regions in barley,
located on the long arm of chromosomes 3H, on the short arm of 4H, and finally on short
and long arms of chromosome 2H, associated with seed Zn concentration, which
according to the synteny map between barley and rye (Marfis et al, 2013) would
correspond to the position of QTL on the chromosome 2R obtained in this study.
Finally, Yun et al. (2015) revealed 4 QTL: on 1a, 2b, 5Ns, and 5Xm in a population derived
from two perennial wildrye species, Leymus cinereus and Leymus friticoides, grown in
the soil contaminated with trace elements. This perennial wildrye QTL for Zn content on 1a
aligned to four barley metallothionine (MT) genes, whereas the QTL located on 2a aligned
to two yellow stripe-like loci, which include one of the heavy metal transporter genes
identified and affect Cu, Fe, Mn, and Zn accumulation (Curie et al., 2001; Yun ef al., 2015).
Taking in count the homology of this allotetraploid Leymus species chromosomes to barley
and wheat, the QTL described by Yun et al., (2015) can correspond to the QTL found in
the present study.

In studies on the natural variation of shoot sulfate content in Arabidopsis thaliana,

Loudet et al. (2007) found out that this trait is highly controlled by APR2, a key enzyme
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of the assimilatory sulfate reduction pathway, adenosine 5'-phosphosulfate reductase.
Addifionally, authors showed that a single—amino acid substitution was responsible for
a decrease in enzyme activity, leading to sulfate accumulation in the plant. Moreover,
for Arabidopsis, the analysis of knockout mutants confirmed that two high-affinity sulfate
fransporters: SULTRT;1 and SULTR1;2, facilitate uptake of sulfate into roofts, especially under
sulfur deficiency (Yoshimoto et al., 2007; Barberon et al., 2008). SULTR2;1, a low-affinity
sulfate fransporter expressed in the central cylinder, has been postulated to mediate
the influx of sulfate in the xylem parenchyma cells, where the concentration of sulfate in
the symplast needs to be elevated (Takahashi, 2010). In barley, a high-affinity sulfate
fransporter, HVST1, expressed in pericycle and xylem parenchyma cells, is likely involved in
the refrieval process in the cenfral cylinder (Smith ef al., 1997). Moreover, the gene was
mapped to the chromosome 4H (Pillen et al., 2000), which can correspond to the position
of one of the QTL described for sulfur content in 304/1 population. Yet, more investigation
about tissue and cellular distribution of sulfur by energy-dispersive X-ray spectroscopy
should answer the question if genes involved in the transport of this element can be good
candidates for the obtained QTL.

In 304/1 F2 mapping population, only one QTL for the content of molybdenum was
found on the chromosome 7R, which colocalised with the QTL for copper. It has been
shown for Arabidopsis thaliana that molybdate transporterl (MOTI) gene coding
a mitochondrial molybdenum transporter is associated with natural genetic variation of
the content of molybdenum (Baxter et al., 2008). Moreover, barley molybdate fransporter]
gene was located on an unmapped scaffold of barley 7HL and the rice MOT1 gene maps
to the rice Chromosome 8, which aligns with the perennial wildrye QTL for molybdenum
content on 7a and 7b (Yun et al., 2015). Therefore, MOT1 can be a good candidate gene
for a QTL detected for molybdenum content in rye 304/1 F2 population.

In the case of copper content in the present study, only one QTL was detected on
7R, explaining around 14.5% of the phenotypic variance. In confrast, in wheat-rye addifion
lines, the role of chromosome 5R was reported to affect the shoot Cu-concentration
(Schlegel et al., 1993). In later studies on wheat seedlings (Balint et al., 2007), also only one
QITL could be detected for the content of this element in Cu-treated plants, located on
the chromosome 1BL and explaining twice much phenotypic variance than observed for
the present study. Additionally, the authors were able to determine the position of QTL for
Cu-tolerance index (the ratios of shoot dry masses under Cu-stress and non-stress
condifions) and Cu-accumulation on 5D and 5A respectively, which according to
the synteny maps could correspond to the findings obtained in 304/1 F2 population.

In the studies in Brachypodium distachyon on CTR/COPT family of Cu fransporters, involved
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either in Cu uptake from the soil into epidermal cells in the rooft, or long-distance transport
and distribution of Cu in photosynthetic tissues, 5 genes could be identified (Jung et al.,
2014).BdCOPT] and BACOPT2 were located on chromosome 1, while BACOPT3, BACOPT4,
and BACOPT5 are found on chromosome 2, 4, and 5, respectively (Jung et al., 2014),
and according fo synteny maps by Martis et al., (2013), the position of the QTL detected
for the content of copperin 304/1 population can correspond to the positions of 3 of these
genes (BACOPTI, BACOPT2, and BACOPTS5). Nevertheless, the methods involving energy-
dispersive X-ray spectroscopy should be employed in the further phenotyping fo answer
the question if the parental lines differed in the efficiency of copper uptake and if COPTs
could be good candidate genes.

Finally, the DArT markers linked to: the thickness of the sclerenchymal CW and inner
periclinal CW of the epidermis, as well as the content of Zn and plant height, localised
at the position of 11.7 and 25 cM on 1R (SNP 5218584 and 3353579); the thickness
of sclerenchymal tissue and culm wall, the content of Mo and Cu, as well as plant height,
localized on chromosome 7R at the position of 35.1 and 43.2 cM (SNP 3349542
and 5224120), were successfully applied for the development of KASPs, PCR-based
markers, which can be useful for marker-assisted selection. Two markers used
simultaneously can increase the efficiency of marker-assisted selection and thus improve
the breeding process (Milczarski et al., 2016).

Ad summam, in this study using the segregating F2 population of outstanding rye
spontaneous lodging resistant mutant and wildtype, quantitative frait loci were identified
for traits associated with lodging resistance. Moreover, for the first fime, a detailed analysis
of plant phenotype on the cellular and elemental level was conducted in regards
to lodging resistance. In the past, rye geneticists and breeders have collected, analysed,
and developed many lines characterised by greater lodging resistance, however, most
of these lines were characterised by dwarf phenotype. The phenotypic and genotypic
characterisation of the lodging resistant line used in this study, combined with marker-
assisted selection using KASP markers developed in this project, opens possibilities for
finding and breeding superior and more suitable genotypes characterised by higher
biomass production and greater lodging resistance. Additionally, further genetic studies,
including genetic fine mapping, will allow the identification of the genes increasing rye

productivity.
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6. Summary

Lodging, the state of permanent displacement of the ftillers from their upright position, is
the main concern in crop production. It can decrease the final yield of grain by up to 80%
and causes additional economic losses and other undesirable effects, including reduced
grain quality, greater drying costs, and problematic harvest. Lodging can be a result
of buckling or breaking of the basal internodes, typically near the base of the stem,
described as stem lodging, or can result from failure of the anchorage system and is
characterised by permanent displacement of the stem without any observable stem
buckling involving a specific disturbance of the root system, known as root lodging.
In small-grained crops lodging is usually caused by one of the bottom two internodes
buckling rather than by the loss of anchorage, especially in rye, which has a larger
proportion of root dry weight in the upper soil layer than other cereal crops. Hence,
the development of varieties resistant to lodging, characterised by strong culms,
is an important objective in most breeding programs.

Although ‘Stabilstron’ (‘Stable straw’), a recently identified genotype of rye, is
characterized by lodging resistance, its increased plant height and biomass production is
outstanding among German collection of rye hybrids. To answer the question about
the genetic background of ‘Stabilstron’ lodging resistance, detailed phenotyping using
histological and ultrastructural techniques, such as: light, scanning electron, and
fransmission electron microscopy, was performed on the basal infernodes of the parental
lines: ‘ms 135’ (bearing ‘Stabilstroh’ traits) and ‘R 1124 (wildtype). For the first time,
a detailed analysis of plant phenotype on the cellular and elemental level was conducted
in regards to lodging resistance. The characterisation of traits at the ulfrastructural
and physiological level was performed to identify trait inferactions and indirect selection
criteria to accelerate breeding progress. Additionally, easily measurable culm traits
related fo lodging resistance were identified to simplify the selection process, to reduce
selection fime and financial effort, and to significantly improve the straw mechanical
stability of new rye varieties, which is of great importance for yield quality and quantity,
especially in organic culfivation. The tillers of ‘ms 135’ in comparison to the wildtype were
characterised by a significantly higher ratio of the thickness of sclerenchyma to
the diameter. The sclerenchymal cell walls and inner periclinal cell walls of the epidermis

were distinctly thickened in the lodging resistant parent.
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In comparison to ‘R 1124", ‘ms 135’ was also characterised by a higher number
of fillers, increased dry weight of culms, a higher number of stalk invaginations, and outer
vascular bundles, an important factor enhancing the mechanical stability of the plant.
Interestingly, ‘Stabilstron’ was characterised by a significantly smaller diameter of
the second basal infernode and reduced thickness of the culm wall, an extraordinary
aspect of this genotype. Inductively Coupled Plasma Mass Spectrometry (ICPOES) was
used to analyse the confent of elements influencing physical properties of cell walls,
or having direct or indirect control upon biosynthesis of primary or secondary cell wall
components. The analysis of elements revealed the higher content of calcium, copper,
potassium, magnesium, manganese, and sulfurin ‘R 1124’, while ‘ms 135’ showed a higher
content of zinc and silicon, elements associated with cell walls strength.

Subsequently '304/1', segregating F2 population, was phenotyped using
the described anatomical, ultrastructural, and elemental traits to detect QTL underlying
these characters and to elucidate the genetic basis of the lodging resistance in rye.
In order to detect QTL responsible for traits related to lodging resistance and develop
PCR-based molecular markers for marker-assisted selection (MAS), parental lines and F2
population were genotyped with SSR and DArTseg markers. The genetic map of 7
chromosomes with an average density of 0.75 cM was constructed basing on 1,041
markers, which made the presented map one of the most saturated rye maps up to date.
The obtained linkage map was subsequently used for QTL mapping for the analysed fraits.
A single marker regression mapping, followed by a composite interval mapping, allowed
to find 22 determined regions on 6 chromosomes associated with: plant height, the length
of the second basal infernode, the number of tillers, dry weight of culms, the number
of epidermal invaginations, the thickness of culm wall and sclerenchymal layer,
the number of inner vascular bundles, the diameter of the epidermal and sclerenchymal
cell, the thickness of sclerenchymal and inner periclinal cell walls of the epidermis, and the
content of molylbdenum, nickel, copper, sulfur, and zinc. The QTL found in this study were
mainly novel, mostly due to the fact that rye was lagging far behind other crops in terms
of genomic resources. In the current study, fraits on the cellular level were considered,
and subsequently many of these QTL were not described before in rye or other cereals.

For the selection of SNPs associated with at least four traits, KASP primers were
designed, which can be used for marker-assisted selection process in the development
of new rye varieties characterised by higher biomass production and greater lodging
resistance tfo complement empirical breeding and hasten progress to increased rye
production. Additionally, these markers used simultaneously can increase the efficiency

of marker-assisted selection and thus improve the breeding process.
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/. Zusammenfassung

Lager, ein Zustand der permanenten Verdnderung der Halme aus ihrer aufrechten Position
(Umfallen), ist eines der Hauptprobleme in der Pflanzenproduktion, da es die endgUltige
Erfragsmenge um bis zu 80% verringern kann. Es verursacht auch zusétzliche wirtschaftliche
Verluste und Probleme, wie reduzierte KorngréBe und -zahl, reduzierte Kornqualitat, hdhere
Trocknungskosten und eine schwierige Ernte. Lager kann ein Ergebnis des Knickens oder
Brechens der Basal-Internodien sein, typischerweise in der Ndhe der Basis des Halmes,
beschrieben als Halmbruch oder es kann aus dem Versagen des Verankerungssystems der
Wurzeln resultieren und ist dabei durch ein Umfallen der Pflanze ohne Bruch des Halmes
gekennzeichnet, auch bekannt als Wurzellager. Bei den Gerireiden wird das Lager in der
Regel durch ein Abknicken eines der unteren zwei Internodien hervorgerufen, anstatt
durch Verlust der Verankerung. Das ist vor allem bei Roggen der Fall, der einen gréBeren
Anteil von Wurzeltrockengewicht in der oberen Bodenschicht hat, verglichen mit anderen
Getreidearten. Daher ist die Entwicklung von lagerresistenten Sorten vor allem mit stabilen
Halmen verbunden, ein wichtiges Ziel in den meisten Zuchtprogrammen

"Stabilstroh”, ein kurzlich identifizierter Genotyp im Roggen, der durch die Resistenz
gegenUber Lager charakterisiert ist, zeichnet sich durch eine erhéhte Pflanzenldnge und
Biomasseproduktion im Vergleich zu anderen deutschen Roggenhybriden aus. Um die
Frage nach dem genetfischen Hintergrund der "Stabilstroh" - Lagerresistenz zu
beantworten, wurde eine detailierte Phdnotypisierung der Basal-Internodien der
Elfernlinien ('ms 135', 'Stabilstron’ und 'R 1124, Wildtyp) unter Verwendung von
histologischen und ultrastrukturellen Techniken wie: Licht-, Rasterelekironen- und
Transmissionselekironenmikroskopie durchgefuhrt. Zum ersten Mal wurde eine detaillierte
Analyse von Pflanzenphdnotypen unterschiedlicher Lagerneigung auf zellulGrer und
chemisch-elementarer Ebene ausgefUhrt. Die Charakterisierung von Merkmalen auf der
ultrastrukturellen und physiologischen Ebene wurde initiiert, um Merkmals-Interaktionen
und indirekte Selektfionskriterien herauszufinden, die den Zuchtfortschritt beschleunigen
kbnnen. Es sollten insbesondere leicht messbare Halmmerkmale fUr Lagerresistenz
identifiziert werden, um das Auswahlverfahren im Zuchtprozess zu vereinfachen, die
Selektionszeit und den finanziellen Aufwand zu reduzieren und die mechanische Stabilit&t
neuer Roggensorten bei gleichzeitig hohem Ertfrag deutlich zu verbessern, so dass sich

diese auch fUr den organischen Anbau eignen.
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Die Halme von 'ms 135" waren durch ein deutlich héheres Verhdltnis der Dicke des
Sklerenchyms zum Halmdurchmesser gekennzeichnet. Gleichzeitig waren sklerenchymale
und innere periklinale Zellwdnde der Epidermis eindeutig verdickt. Im Vergleich zu 'R 1124
war die Mutante 'ms 135 auch durch eine hdhere Anzahl und ein erhdhtes
Trockengewicht der Halme sowie eine hdhere Anzahl von Stengel-Invaginationen
(Einbuchtungen) und GuBeren GefdBblndeln gekennzeichnet, wichtige Faktoren, welche
die mechanische Stabilitét der Pflanze erhdhen. Interessanterweise war "Stabilstroh”
zus@tzlich durch einen deutlich kleineren Durchmesser des zweiten Basal Internodiums und
eine reduzierte Dicke der Halmwand gekennzeichnet, ein auBergewodhnlicher Aspekt
dieses Genotyps. Induktiv gekoppelte Plasma-Massenspekirometrie (Inductively Coupled
Plasma Mass Specfromeftry, ICPOES) wurde verwendet, um den Gehalt an chemischen
Elementen zu analysieren, welche die physikalischen Eigenschaften von Zellwdnden
beeinflussen oder einen direkten oder indirekten Einfluss auf die Biosynthese von primdren
oder sekunddren Zellwandkomponenten haben. Die Elementanalyse ergab einen
héheren Gehalt an Kalzium, Kupfer, Kalium, Magnesium, Mangan und Schwefelin 'R 1124,
wdahrend 'ms 135' einen hdheren Gehalt an Zink und Silizium zeigte, Elemente, welche die
Zellwandstabilitét beeinflussen.

Neben der Analyse der Eltern, wurde die segregierende F2-Population
phé&notypisiert, indem sie fir die anatomischen, ultrastrukturellen und chemisch-
elementaren Merkmale untersucht wurde. Ziel war es, genetische Loci (Quantitatve Trait
Loci, QTL) zu erkennen, die diesen Merkmalen zugrunde liegen, um damit die genetische
Grundlage der Resistenz in Roggen aufzukldren. Um entsprechende QTL zu identfifizieren
und darauffolgend PCR-basierte molekulare Marker fur eine kUnftige Marker-gestiutzte
Selektion (Marker Asisted Selection, MAS) zu entwickeln, wurden die Elternlinien und die Fo-
Population mit SSR- und DArTseg-Markern genotypisiert. Dabei wurde eine genetische
Karte fir 7 Chromosomen mit insgesamt 1.041 genetischen Markern und einer
durchschnittlichen Markerdichte von 0,75 cM konstruiert. Die hier entwickelte Karte ist
damit eine der am meisten gesdattigten Roggenkarten, die bisher beschreiben wurden.
Die erhaltene Kopplungskarte wurde anschlieBend fur die QTL-Kartierung der analysierten
Merkmale verwendet. Die DurchfUhrung einer Single-Marker-Regressionskartierung gefolgt
von einer Composite Interval Kartierung fUhrte zur ldentifizierung von insgesamt 22
Genomregionen auf 6 Chromosomen, welche die Merkmale Pflanzenhdhe, Ladnge des
zweiten Basal-Internodiums, Anzahl der Halme, Trockengewicht der Halme, Anzahl der
Epidermis Invaginationen, Dicke der Halmwand, Dicke der sklerenchymalen Schicht,
Anzahl der inneren GefdBbuUndel, Durchmesser der epidermalen und sklerenchymalen

Zellen, Dicke der sklerenchymalen und inneren periklinalen Zellwdnde der Epidermis und
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die Gehalte an Molybddn, Nickel, Kupfer, Schwefel, und Zink steuern. Die QTL, die in dieser
Studie gefunden wurden, waren vorwiegend bisher unbeschrieben, vor allem wegen der
Tatsache, dass Roggen in Bezug auf genomische Ressourcen weit hinter anderen Kulturen
zurUckliegt. Ein weiterer Grund dafUr liegt darin begrindet, dass in der aktuellen Studie vor
allem Untersuchungen auf zelluldrer Ebene durchgefUhrt wurden, die zuvor in Roggen
oder anderen Getreiden nicht beschrieben waren.

FUr eine Auswahl von SNPs, die mit mindestens je vier Merkmalen assoziiert sind,
wurden KASP-Primer entworfen, die fir den markergestutzten Selektfionsprozess bei der
Entwicklung neuer, lagerresistenter Roggensorten, die gleichzeitig durch eine héhere
Biomasseproduktion gekennzeichnet sind, verwendet werden kénnen. Diese Marker
kénnen die Effizienz der markergestUtzten Selektion erhdhen und damit den Zuchtprozess

beschleunigen.
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A Boxplot for plant height B Histogram for plant height in 304/1
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FIGURE 45 Boxplots showing median value with whiskers indicating variability outside the upper and lower quartiles
in ‘304/1' F2 population for plant height (A), the length of the second basal internode (C), and the number of fillers (E).
The distribution of traits in F2 population: plant height (B), the length of the second basal infernode (D), the number of
fillers (F).
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Boxplot for culms dry weight

30
25
=l
—
(2}
£
=3 20
o
k]
P
% 15 -
2
>
a
10 -
5
304/1 population
C Boxplotfor mean dry weight ofa single culm in 304/1
=91
3.5 %55
X
= % gz
B 3.0 4
3
o
S 254
=
(=]
k)
2 204
>
el
c
o 154
[0}
=
1.0 4
14

m

304/1 population

Boxplot for the diameter of the 2nd internode

5500

5000

4500

4000

3500

Diameter of the second internode [Jn

3000 -

x80

304/1 population

Number of individuals Number of individuals

Number of individuals

Histogram for culms dry weightin 304/1

5 10 15 20 25 30

Dry weight of culms [g]

Histogram for mean dry weight of a single culmin 304/1

40 -

304

20 4

00 05 10 1.5 20 25 30 35 40

Mean dry weight of culm [g]

Histogram for the diameter of the 2nd internode in 304/1

35

30 4

254

20

3000 3500 4000 4500 5000 5500 6000

Diameter of the second internode [um]

FIGURE 46 Boxplots showing median value with whiskers indicating variability outside the upper and lower quartiles
in '304/1" F2 population for total culms dry weight (A), mean dry weight of a single culim (C), and the diameter
of the second basal intfernode (E). The distribution of fraits in F2 population: total culms dry weight (B), mean dry weight
of a single culm (D), the diameter of the second basal internode (F).
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A Boxplot for the number of epidermal invaginations in 304/1 B Histogram for the number of epidermal invaginations in 304/1
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C Boxplot for the thickness of stalk tissues in 304/1 D Histogram for the thickness of stalk tissues in 304/1
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FIGURE 47 Boxplots showing median value with whiskers indicating variability outside the upper and lower quartiles
in '‘304/1' F2 population for the number of epidermal invaginations (A), the thickness of stalk tissues (C), and the thickness
of sclerenchyma (E). The distribution of fraits in F2 population: the number of epidermal invaginations (B), the thickness
of stalk tissues (D), the thickness of sclerenchyma (F).
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A Boxplot for sclerenchyma ratio in 304/1 B Histogram for sclerenchyma ratio in 304/1
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FIGURE 48 Boxplots showing median value with whiskers indicating variability outside the upper and lower quartiles
in '304/1" F2 population for the sclerenchyma to diameter ratio A), the number of inner vascular bundles (C),
and the number of outer vascular bundles (E). The distribution of fraits in F2 population: the sclerenchyma fo diameter
rafio (B), the number of inner vascular bundles (D), the number of outer vascular bundles (F).
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A Boxplot for diameter of epidermal cell in 304/1 B Histogram for diameter of epidermal cell in 304/1
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FIGURE 49 Boxplots showing median value with whiskers indicating variability outside the upper and lower quartiles
in '304/1" F2 population for the diameter of the epidermal cell (A), the diameter of the sclerenchymal cell (C), and the
thickness of sclerenchymal cell wall (E). The distribution of traits in F2 population: the diameter of the epidermal cell (B),
the diameter of the sclerenchymal cell (D), the thickness of sclerenchymal cell wall (F).
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A Boxplot for the thick of inner

linal cell wall of epidermis in 304/1
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FIGURE 50 Boxplots showing median value with whiskers indicating variability outside the upper and lower quartiles
in ‘304/1" F2 population for the thickness of inner periclinal cell wall of the epidermis (A), the content of boron (C),
and the content of iron (E). The distribution of fraits in F2 population: the thickness of inner periclinal cell wall of the

epidermis (B), the content of boron (D), the content of iron (F).
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A Boxplot for the content of molybdenum in 304/1
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FIGURE 51 Boxplots showing median value with whiskers indicating variability outside the upper and lower quartiles
in '304/1' F2 population for the content of molybdenum (A), nickel (C), and phosphorus (E). The distribution of traits in F2
population: the content of molybdenum (B), nickel (D), and phosphorus (F).
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A Boxplot for the content of sodium in 304/1 B Histogram for the content of sodium in 304/1
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FIGURE 52 Boxplots showing median value with whiskers indicating variability outside the upper and lower quartiles
in '‘304/1" F2 population for the content of sodium (A), calcium (C), and copper (E). The distribution of traits in F2
population: the content of sodium (B), calcium (D), copper (F).
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A Boxplot for the content of potassium in 304/1 B Histogram for the content of potassium in 304/1
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FIGURE 53 Boxplots showing median value with whiskers indicating variability outside the upper and lower quartiles
in ‘304/1' F2 population for the content of potassium (A), magnesium (C), and manganese (E). The distribution of traitsin
F2 population: the content of potassium (B), magnesium (D), manganese (F).
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Zinc content [ug/g] Sulfur content [pg/g]
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FIGURE 54 Boxplots showing median value with whiskers indicating variability outside the upper and lower quartiles
in '304/1" F2 population for the content of sulfur (A), zinc (C), and silicon (E). The distribution of traits in F2 population:
the content of sulfur (B), zinc (D), silicon (F).
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FIGURE 56 Strong positive correlations between: the content of magnesium and sulfur (A), the number of fillers and culms
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FIGURE 58 Moderate positive correlations between: the content of nickel and magnesium (A), the content of boron
and nickel (B), the content of boron and phosphorus (C), the content of nickel and sulfur (D), the thickness of stalk fissues
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FIGURE 60 Moderate negative correlations between: plant height and the content of copper (A), mean dry weight
of a single culm and the number of fillers (B), dry weight of culms and the content of copper (C), and between dry
weight of culms and the content of boron (D).
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FIGURE 61 Genome-wide Simple Interval Mapping to check association of mapped markers with mean dry weight
of a single culm (A), the diameter of the second basal internode (B), sclerenchyma ratio (C), the number of vascular
bundles (D), boron content (E), iron content (F), phosphorus content (G), sodium content (H), calcium content (1),

and potassium content (J).

148



Supplementary data

pd
w

Test profile: magnesium content (SIM) Test profile: manganese content (SIM)

30 30
25+ 25 i
o 20 & 20 :
o H o H
> 5 ! o : ;
9 o : 9 g :
M‘W W A W NA’MUJ}J
00 - : : 00 d
agarve ase |
oot dombanie
T T T T T T T T T T T T T T
1 2 3 4 5 3 7 1 2 3 4 5 6 7
Chromosomes Chromosomes
QTLeffects: QL effects:
additive (blus=Parent 1 ; yellow-red=Parent 2) additive (blue=Parent 1 ; yellow-red=Parent 2)
dominance (blue=negative ; yellow-red=positive) i (! gative ; yelk positi

Test profile: silicon confent (SIM)

(@]

a0
254
20+ :
1.5 4

-log10(P)

1.0
054

00

ittt

1

3 4 5 & 7

Chromaosomes
Gl eftects;
odditive [blue=Parent 1 ; yelow-red=Parent 2)
deminance [blue=nagative | yellawred=paslive)
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FIGURE 63 Genome-wide Simple Interval Mapping to check association of mapped markers with plant height (A)
the length of the second basal internode (B), the number of tillers (E), and dry weight of culms (F). The final model of QTL
for plant height (C), the length of the second basal internode (D), the number of tillers (G), and dry weight of culms (H)
based on a set of QTL candidates using backward selection.
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FIGURE 64 Genome-wide Simple Interval Mapping fo check association of mapped markers with the number
of epidermal invaginations (A) the thickness of culm fissues (B). the thickness of sclerenchyma (E), and the number
of inner vascular bundles (F). The final model of QTL for the number of epidermal invaginations (C), the thickness of culm
fissues (D), the thickness of sclerenchyma (G), and the number of inner vascular bundles (H) based on a set of QTL
candidates using backward selection.

151



Supplementary data

A Test profile: diameter of epidermal cell (SIM)
30 H y H H H
254 i 3 ‘ : :
= H ] H H
S 201 : : : :
D : | : :
"] E AIJAﬁ 3 J}k |
0.5 4 H j 1 H ]
50 i : : et
ECE |
j z 3 3 s :
Chromosomes
QL effects:
additive {blue=Parent 1 ; yellow-red=Porent 2}
dominance [blue=nagativa : yellow-red=positive]
C Diameter of epidermal cell
04
3590926
20
— 40
=
L2
- 80+
ks)
=
s
[ 804
[
100
120
T T T T T T
1 2 3 4 5 &
Chromosome
E Test profile: thickness of sclerenchymal cell wall (SIM)
3.0 +
— 254
a
S 204
o 154
! NA h

1 2 3 4 5 &6 7
Chromosomes
QL effects:
additive (blue=Parent | ; yellow-red=Parent 2)
G Thickness of sclerenchymal cell wall
0 F
20
4485636
— 404
= F
S i
c 60 -
.0
=
3
S 80
100 E
120 -
T T T T T T T
1 2 3 4 5 6 7
Chromosome

(oe)

1og10(P)

Position {cM)

-log10(P)

Position (cM)

Test profile: diameter of sclerenchymal cell (Sih)

404 I ' ' " I
s : : Pl :
au u v H - u
2.5 | H H H |
204 ; : : : ;
1.5+ H H H H |
oo e i \A i
05 : : : :
: : : : AW\ML/L
j 2 3 A s . 7
Chromosomes

QL effects:
addiive (blus=Parent 1 ; ysliow-red=Parent 2)

Diameter of sclerenchymal cell

20 o

40 4

3212595

120 H

Chromosome

Test profile: thickness of inner periclinal cell wall of epidermis (SIM)

1 2 3 4 5 6 7

Chromosomes
QT effects:
additive (blue=Parent 1 ; yellow-red=Pareni 2)

Thickness of inner periclinal cell wall of epidermis

0 3362445

20 4 1

40 4

3590447

60

80 o

100 —

120 ~

Chromosome

FIGURE 65 Genome-wide Simple Interval Mapping to check association of mapped markers with the diameter
of the epidermal cell (A) the diameter of the sclerenchymal cell (B), the thickness of sclerenchymal cell wall (E), and the
thickness of the inner periclinal cell wall of the epidermis (F). The final model of QTL for the diameter of the epidermal
cell (C), the diameter of the sclerenchymal cell (D), the thickness of sclerenchymal cell wall (G), and the thickness of the
inner periclinal cell wall of the epidermis (H) based on a set of QTL candidates using backward selection.
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FIGURE 66 Genome-wide Simple Interval Mapping to check association of mapped markers with the content
of molybdenum (A), the content of nickel (B), the content of copper (E), and the content of sulfur (F). The final model
of QITL for the content of molybdenum (C), the content of nickel (D), the content of copper (G), and the content
of sulfur (H) based on a set of QTL candidates using backward selection.
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FIGURE 67 Genome-wide Simple Interval Mapping to check association of mapped markers with the content of zinc (A)
and the final model of QTL for the content of zinc (B), based on a set of QTL candidates using backward selection.
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