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‘The greatest service which can be rendered any country is to add a useful plant

to its culture…One such service of this kind rendered to a nation is worth more

to them than all the victories of the most splendid pages of their history, and

becomes a source of exalted pleasure to those who have been instrumental in it.’

Thomas Jefferson (in a letter to Alexandre Giroud, Philadelphia, May 22, 1797)
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1 General Introduction

1.1 Global importance of sorghum

Sorghum (Sorghum bicolor L. Moench) is one of the world´s most important cereals, ranking

5th in terms of global production in the 2009- 2013 period (http://faostat3.fao.

org/browse/Q/QC/E). Thanks to its versatility and tolerance against most kind of abiotic

stresses, it is of paramount importance for subsistence farming under low-input conditions in

Africa and Asia (India). However, the major producer in the 2009-2013 period was the USA,

and the worldwide Top10 producers shown in Fig. 1 accounted for 76% of the global

production (58.56 M metric tons per year). Generally, two groups of sorghum producing

countries can be distinguished. On the one hand, countries as the USA, Mexico, Argentina,

Australia and China produce sorghum on a commercial basis, principally for feed, export and

recently also biofuel (ethanol). Due to the use of hybrid seed and modern farming practices,

grain yields are relatively high (~ 4 t ha-1) in these countries. However, it has to be taken into

account that sorghum is principally cultivated on marginal sites which are too dry for other

crops such as maize and wheat. Under optimal conditions, record yields of 20 t ha-1 for grain

(Srinivasa et al. 2014, Boyer 1987) and 80 t dry matter ha-1 for biomass (Packer & Rooney

2014) have been reported in Texas. On the other hand, in countries like India, Nigeria, Sudan

and other African countries, sorghum is mainly cultivated for human nutrition in traditional

low-input farming systems, and yields are as low as 1 t ha-1 on average. The yield trend of the

last 30 years is not concordant, and generally, yield improvements have lagged behind that of

other major crops such as maize. While a substantial increase in yield per hectare was

achieved e. g. in Australia, China, Argentina and Ethiopia, enhancements were comparatively

low in the USA and Mexico, and even a decline was observed for Nigeria and Sudan (Fig. 1).

Besides the use of grains as food or feed, sorghum has several other uses, which is amplified

in chapter 1.4. Sorghum for forage and silage is grown on a large scale in Argentina, Mexico

and the USA, which account for more than 80% of the world production for this item

(http://faostat3.fao.org/browse/Q/QC/E). Cultivation of sweet sorghum allows for the

production of sugar or ethanol in tropical and subtropical areas which are too dry or where

winters are too cold for sugarcane. This is of growing importance especially in the USA and

China, but also in other countries (Burks et al. 2015, Mocoeur et al. 2015, Regassa &

Wortmann 2014). Further, biomass or fiber sorghum is used for cellulose production and

bioenergy generation (Zegada-Lizarazu & Monti 2012).



Fig. 1: Total production (average from 2009
compared to 1979-1983) of the world´s top10 grain sorghum producing countries.

1.2 Domestication and biology of sorghum

Sorghum bicolor L. Moench (

subtribe Sorghinae). The Sorghum

and is separated into five taxonomic subgenera or sections:

Heterosorghum, Para-Sorghum

belongs to the section Eu-Sorghum

arundinaceum, Kellog 2013) and

Phylogenetic studies demonstrate that sorghum is closely related to maize (

especially sugarcane (Saccharum officina

sugarcane is estimated to have occurred only 5 M years ago, while maize separated 15

years ago. Sorghum and sugarcane are each other´s closest relatives among cultivated crops

(Dillon et al. 2007), and intergeneric crosses are possible (Bowers et al. 2003). Thanks to its

relatively small (~ 730 Mbp), diploid and fully sequenced genome (Paterson et al. 2009),

sorghum is an attractive model for functional genomics of the

C4-grasses.

The domestication of sorghum obviously

Sudan) around 4000-3000 BC (Dillon et al.

suggesting that hunter-gatherers consumed sorghum already in 8000 BC (Smith and

Frederiksen 2000). The practice of disruptive

improved sorghum types, which were spread via the movement of people and trade

into other regions of Africa, India (approx. 1500
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Total production (average from 2009-2013) and grain yield per hectare (2009
1983) of the world´s top10 grain sorghum producing countries.

Domestication and biology of sorghum

(2n = 20) belongs to the Poaceae family (tribe

Sorghum genus consists of 22 species (Venkateswaran et al. 2014

five taxonomic subgenera or sections: Eu-Sorghum, Chaetosorghum,

Sorghum and Stiposorghum (Dillon et al. 2007)

Sorghum, just as its progenitor S. verticilliforum

2013) and S. halapense (Johnson grass, a very noxious weed).

Phylogenetic studies demonstrate that sorghum is closely related to maize (

Saccharum officinarum). Evolutionary divergence of sorghum and

d to have occurred only 5 M years ago, while maize separated 15

years ago. Sorghum and sugarcane are each other´s closest relatives among cultivated crops

(Dillon et al. 2007), and intergeneric crosses are possible (Bowers et al. 2003). Thanks to its

relatively small (~ 730 Mbp), diploid and fully sequenced genome (Paterson et al. 2009),

sorghum is an attractive model for functional genomics of the Saccharinae

The domestication of sorghum obviously began in Northeast-Africa (present Ethiopia and

C (Dillon et al. 2007), although there is anthropological evidence

gatherers consumed sorghum already in 8000 BC (Smith and

The practice of disruptive selection created numerous varieties of

improved sorghum types, which were spread via the movement of people and trade

into other regions of Africa, India (approx. 1500-1000 BC), the Middle East (approx. 90
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family (tribe Andropogoneae,

Venkateswaran et al. 2014)

Sorghum, Chaetosorghum,

(Dillon et al. 2007). Sorghum bicolor

S. verticilliforum (formerly

son grass, a very noxious weed).

Phylogenetic studies demonstrate that sorghum is closely related to maize (Zea mays) and

). Evolutionary divergence of sorghum and

d to have occurred only 5 M years ago, while maize separated 15-20 M

years ago. Sorghum and sugarcane are each other´s closest relatives among cultivated crops

(Dillon et al. 2007), and intergeneric crosses are possible (Bowers et al. 2003). Thanks to its

relatively small (~ 730 Mbp), diploid and fully sequenced genome (Paterson et al. 2009),

Saccharinae and other tropical

Africa (present Ethiopia and

2007), although there is anthropological evidence

gatherers consumed sorghum already in 8000 BC (Smith and

selection created numerous varieties of

improved sorghum types, which were spread via the movement of people and trade routes

1000 BC), the Middle East (approx. 900-700

Production (m tons), average
2013

Yield (t ha-1) 2009-2013

Yield (t ha-1) 1979-1983

Production (M t), average
2013

Yield (t ha-1), 2009-2013

Yield (t ha-1), 1979-1983



BC) and China (approx. AD 400)

al. 2015), where its first description dates back to 1204

Dillingen 1927), and from the 16

Southeastern Europe, but its ut

making brooms and whiskbrooms)

of sorghum into America occurred

grain- and sweet sorghum during the first half of the 19

The adaptation to very different environments and the selection for different kinds of uses

(grain, fodder, sugar, fiber) led to a huge morphological and genetic variety which

still untapped. The general appearance of sorghum during vegetative growth is similar to

maize, but unlike modern maize varieties, sorghum shows tillering in a different extent

depending on genotype, environment and their interaction (Alam et a

the tillers, perfect flowers develop. Sorghum is predominantly self

up to 50% cross pollination, depending on panicle structure and weather conditions during

flowering (Osuna-Ortega et al. 2003). Five morph

of S. bicolor and their intermediates can be distinguished based on panicle structure:

caudatum, durra, guinea and kafir

Fig. 2: Sorghum races bicolor
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China (approx. AD 400). From China, sorghum was introduced to Europe (Klein et

al. 2015), where its first description dates back to 1204 (Piemont region, Italy) (Becker

Dillingen 1927), and from the 16th to 18th century, it was spread over Southern and

Southeastern Europe, but its utilization was confined to broomcorn (a sorghum type used for

making brooms and whiskbrooms) during this time (Dahlberg et al. 2011). The introduction

of sorghum into America occurred as broomcorn during the 1750s (Berenji et al. 2011) and as

et sorghum during the first half of the 19th century (Sleper & Poehlman 2006

The adaptation to very different environments and the selection for different kinds of uses

(grain, fodder, sugar, fiber) led to a huge morphological and genetic variety which

still untapped. The general appearance of sorghum during vegetative growth is similar to

maize, but unlike modern maize varieties, sorghum shows tillering in a different extent

depending on genotype, environment and their interaction (Alam et al. 2014). At the top of

develop. Sorghum is predominantly self-pollinating, but may show

up to 50% cross pollination, depending on panicle structure and weather conditions during

Ortega et al. 2003). Five morphological subspecies or races (morphotypes)

and their intermediates can be distinguished based on panicle structure:

kafir (Fig. 2).

bicolor, durra, caudatum, kafir and guinea (own records
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(Piemont region, Italy) (Becker-

century, it was spread over Southern and

to broomcorn (a sorghum type used for

during this time (Dahlberg et al. 2011). The introduction

1750s (Berenji et al. 2011) and as

Sleper & Poehlman 2006).

The adaptation to very different environments and the selection for different kinds of uses

(grain, fodder, sugar, fiber) led to a huge morphological and genetic variety which is largely

still untapped. The general appearance of sorghum during vegetative growth is similar to

maize, but unlike modern maize varieties, sorghum shows tillering in a different extent

l. 2014). At the top of

pollinating, but may show

up to 50% cross pollination, depending on panicle structure and weather conditions during

ological subspecies or races (morphotypes)

and their intermediates can be distinguished based on panicle structure: bicolor,

(own records).
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Bicolor and guinea have an open panicle, which is beneficial in humid climates to avoid

fungal infections and explains the predominance of guinea in humid Western Africa. Bicolor

is the primitive progenitor race from which all other races are derived (Brown et al. 2011). It

is widely distributed, but nowhere dominant in Africa, and also present in Asia (Kimber et al.

2013). Caudatum and kafir have semi-compact panicles and are suitable for breeding of high-

yielding grain types (Hariprasanna & Patil 2015). While caudatum types are primarily found

in tropical savanna climates of Central Africa, kafir is predominant in Southern Africa and

shows the strongest pattern of population subdivision relative to other races, indicating

genetic bottlenecking resulting from a shift to a contrasting agroclimatic zone (Morris et al.

2013). Durra has a compact panicle with a characteristic ‘goose-neck’ and is mainly found in

warm desert climates with a low risk of grain mold as the Nile valley of Egypt and Sudan, the

Horn of Africa, Arabia and India (Kimber et al. 2013, Morris et al. 2013). In a phylogenetic

study using a diversity panel, Morris et al. (2013) showed that accessions cluster

preferentially into their geographic origin and secondly into races (Fig. 3).

Fig. 3: (A) The sorghum morphotypes or races and their geographic distribution based on 469
representative germplasm accessions (B) The genetic relatedness among these accessions
evaluated by neighbor-joining method, showing that clustering is firstly based on geographic
origin and secondly on race (source: Morris et al. 2013).
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Hence, the panicle structure may be used as a simple morphological marker facilitating the

development of genetically distinct heterotic groups (discussed in chapter 4.3).

Sorghum is originally a photosensitive short day plant. In the semiarid tropics of the Sahel,

the rainy season ends quite reliably at a latitude- specific time in the fall at a day length below

12 hours, whereas its beginning is much more variable. Thus, local landraces are best adapted

when flowering starts around 20 days before onset of the dry season regardless their sowing

time, to allow for sufficient water supply during anthesis and grain filling period and dry

conditions during ripening (Guitton et al. 2015). However, nowadays photo-insensitive

varieties for temperate latitudes are available. Flowering time and photoperiodism of sorghum

are controlled by four major maturity loci, designated Ma1, Ma2, Ma3 and Ma4, where

dominant alleles cause late flowering (Quinby & Karper 1945, Quinby 1966). Ma1 is a

photoperiod sensitivity gene encoding PRR37, an inhibitor of flowering in long days (Murphy

et al. 2011), and has the largest impact (Klein et al. 2008). A recessive mutation at this locus

is sufficient to confer some temperate-adaptedness, and occurred independently in different

parts of the world, allowing for establishment e. g. in temperate China (Klein et al. 2015).

Most kafirs originating in extra-tropical Southern Africa already possessed the ma1 allele

when introduced into the US (Klein et al. 2015). Ma3 encodes a phytochrome B (Childs et al.

1997), whereas the exact function of Ma2 and Ma4 is still unknown (Higgins 2013). More

recently, two additional, epistatic maturity genes (Ma5 and Ma6, Rooney & Aydin 1999) and

40 quantitative trait loci (QTL) with predominantly small, additive effects on flowering time

(Mace et al. 2013a) have been described.

Sorghum shows a remarkable variation for plant height. Dwarf types with a height of only 50

cm exist as well as tall biomass types with up to 5 m height. Similar to maturity, plant height

is controlled by four unlinked major dwarfing loci (Dw1, Dw2, Dw3, Dw4) (Quinby & Karper

1954). Tallness is incompletely dominant, with heterozygotes being slightly shorter than tall-

allele homozygotes (Brown & Paterson 2013). Dw3 has been identified as an auxin transporter

(PGP1/PGP19, Multani et al. 2003). Its recessive form is unstable, and reverts to the

dominant form causing tallness, with one tall mutant plant occurring out of approx. 600-1200

plants in the field (Sleper & Poehlman 2006). In contrast to other cereals such as wheat and

barley, in sorghum a short stature does not imply an effect on harvest index, and taller

genotypes generally have a higher grain yield potential (George-Jaeggli et al. 2011), probably

due to an increased availability of stem reserves which is especially beneficial under stress

conditions (Blum et al. 1997). However, to facilitate combine-harvesting, modern grain types

are usually recessive at three of the four dw loci and do not exceed 170-180 cm plant height.
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Extremely short 4-dwarfs are rather not used due to their very low yield potential (Sleper &

Poehlman 2006).

1.3 Abiotic and biotic stress tolerance of sorghum

Sorghum has an outstanding tolerance against most kinds of abiotic stresses (Tari et al. 2013).

Its photosynthetic pathway is C4, conferring per se a high water use efficiency and adaptation

to heat and intense irradiation. Per kg of accumulated dry matter, sorghum has been reported

to need 332 L of water, whereas maize requires 368 L, barley 434 L and wheat 514 L (Reddy

et al. 2011). Its exceptional drought tolerance is based on a low transpiration rate due to waxy

leaves (Premachandra et al. 1994) and an extensive root system with a predominance of

vertical growth already in juvenile stages (Singh et al. 2010) and final depths of up to 200 cm

(Robertson et al. 1993). Recent studies highlight the importance of the nodal root angle for

drought tolerance and stay green characteristics (Singh et al. 2012). Sorghum has a

remarkable ability to acquire nutrients (Rehm & Espig 1996) and a high salinity tolerance

(Almodares et al. 2008), allowing its growth also on poor soils within a pH range of 5- 8.5

(Rehm & Espig 1996). Surprisingly, sorghum is also quite tolerant to water logging

(Promkhambut et al. 2010). As an originally tropical plant, sorghum does not tolerate frost,

and requires temperatures of more than 20 °C for optimal growth. Lower temperatures induce

different grades of chilling stress and are especially problematic during emergence and

seedling establishment (Pinthus & Rosenblum 1961, Peacock 1982), but also during

flowering, when cold nights (<13 °C) can reduce pollen fertility (Downes & Marshall 1971,

Osuna-Ortega 2003) and may cause a total loss of seed yield (Maulana & Tesso 2013).

Similarly, heat stress during flowering also has detrimental effects on seed set and occurs at

temperatures above 36-38 °C (Singh et al. 2015). Fortunately, there is a broad diversity for

chilling tolerance in sorghum, facilitating breeding for higher latitudes and altitudes.

Promising sources are kaoliangs from Northern China (Franks et al. 2006, Salas-Fernandez et

al. 2014), but also landraces from highlands in Yemen, Burundi, Uganda and Ethiopia (Singh

1985). Varieties with a satisfying seed set even at night temperatures of 6 °C during flowering

have been developed in Mexico (Osuna-Ortega et al. 2003).

In tropical and subtropical countries, sorghum is attacked by numerous diseases and pests.

Sorghum downy mildew (Peronosclerospora sorghi) is probably the most destructive fungal

disease, since it can cause stunting and death of plants already in juvenile stages. Leaf spots

caused by fungi (e. g. Colletotrichum graminicola, Bipolaris sorghicola) or bacteria (e. g.

Burkholderia andropogonis, Xanthomonas campestris) and fungal leaf blights (e. g.

Exserohilum turcicum, Ramulispora sorghi) can also cause significant yield losses, depending



on the intensity of their infestation (Sleper & Poehlman 2006). Among insect pests, greenbug

(Schizaphis graminum) and sorghum midge (

harmful. In semiarid regions of Africa and Asia, sorghum can be infested by the parasitic

weeds Striga hermonthica and

to loss of water and nutrient supply. Resistance to

sorghum genotypes with a low production of

roots which is required for germination of

In Europe, the disease and pest pressure on sorghum is much

world. While the highly destructive sorghum downy mildew is still almost unknown, fungal

leaf spots and blights can be observed, but do not imply significant economic losses yet.

Greenbug and sorghum midge do not occur in

sorghum is proven to be a non

Oyediran et al. 2004), a devastating pest on maize.

1.4 Crop types of sorghum

Sorghum is an extremely versatile crop which is uti

selection for particular kinds of uses in distinct environments has created several crop types or

ideotypes according to Donald (1968), who defined an ideotype as

particular environment or end-

Africa and Asia, tall sorghum is preferred, since it offers multiple uses. While the grains are

for human nutrition, the shoot can be used for feed or construction material. However, in

commercial, mechanized farming, different crop types of sorghum can be distinguished

depending on their end-use: grain, forage/silage, sugar, biomass/fiber and broomcorn (Fig. 4).

Fig. 4: Different crop types (
stems, leafy fodder type, short grain sorghum in front of tall fiber sorghum, early
silage or dual-use type, broomcorn
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on the intensity of their infestation (Sleper & Poehlman 2006). Among insect pests, greenbug

) and sorghum midge (Contarinia sorghicola) are most widespread

harmful. In semiarid regions of Africa and Asia, sorghum can be infested by the parasitic

and S. asiatica. Striga parasites on roots and can kill sorghum due

to loss of water and nutrient supply. Resistance to Striga is based on impenetrable roots and

sorghum genotypes with a low production of sorgoleone, a stimulant released from sorghum

roots which is required for germination of Striga seeds (Sleper & Poehlman 2006).

In Europe, the disease and pest pressure on sorghum is much lower than in other parts of the

world. While the highly destructive sorghum downy mildew is still almost unknown, fungal

leaf spots and blights can be observed, but do not imply significant economic losses yet.

Greenbug and sorghum midge do not occur in Europe (Berenji & Dahlberg 2004), and

sorghum is proven to be a non-host for the Western Corn Rootworm (Diabrotica virgifera

Oyediran et al. 2004), a devastating pest on maize.

1.4 Crop types of sorghum

Sorghum is an extremely versatile crop which is utilized for numerous purposes. The

selection for particular kinds of uses in distinct environments has created several crop types or

ideotypes according to Donald (1968), who defined an ideotype as an ideal plant form for a

-use. In traditional, non-mechanized subsistence farming, e.g. in

Africa and Asia, tall sorghum is preferred, since it offers multiple uses. While the grains are

for human nutrition, the shoot can be used for feed or construction material. However, in

l, mechanized farming, different crop types of sorghum can be distinguished

use: grain, forage/silage, sugar, biomass/fiber and broomcorn (Fig. 4).

types (ideotypes) of sorghum. From left to right: sweet type with tall
stems, leafy fodder type, short grain sorghum in front of tall fiber sorghum, early

use type, broomcorn (own records).
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seeds (Sleper & Poehlman 2006).
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Diabrotica virgifera,

lized for numerous purposes. The
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mechanized subsistence farming, e.g. in

Africa and Asia, tall sorghum is preferred, since it offers multiple uses. While the grains are

for human nutrition, the shoot can be used for feed or construction material. However, in

l, mechanized farming, different crop types of sorghum can be distinguished

use: grain, forage/silage, sugar, biomass/fiber and broomcorn (Fig. 4).

of sorghum. From left to right: sweet type with tall
stems, leafy fodder type, short grain sorghum in front of tall fiber sorghum, early-maturing
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To prevent lodging and facilitate mechanical harvest, modern grain types usually do not

exceed 170-180 cm plant height. In Africa and Asia, sorghum grains are used for foods like

flat breads, fermented or unfermented porridges, couscous, and fried products (Leder 2004).

In the USA, South America and Australia, the grains are predominantly utilized for animal

feed and ethanol production, while a small percentage is used in the production of snacks and

gluten-free foods (Taleon et al. 2012). The grain composition resembles other cereals,

containing 60-75 % carbohydrates, 8-13 % protein and 4-6 % lipids (Franke 1989). The raw

digestibility of sorghum starch is the lowest among cereals, since the starch granules are

strongly associated with endosperm proteins (kafirins) restricting the accessibility of α-

amylase to starch (Rooney & Pflugfelder 1986). This is considered as a negative aspect for

animal feeding (Serna-Saldivar & Rooney 1995), but may be beneficial for human nutrition

since it helps to lower the caloric intake (Barros et al. 2012). Depending on the pericarp color,

sorghum grains can be white, yellow-lemon, red-brown and even black (Rooney et al. 2013,

Dykes et al. 2014). Sorghum genotypes with dominant B1_B2 genes contain condensed

tannins, which are stored in the testa layer. Hence, the pericarp color is not a reliable indicator

for tannin content, even though it is widely erroneously believed that all sorghums with a

red/brown pericarp contain tannins (Dykes & Rooney 2006). Tannin sorghums have a higher

resistance to grain mold and a lower risk of bird damage, but the feed efficiency can be

reduced by 10-30 % compared to non-tannin sorghums (Dykes & Rooney 2006). However,

for human nutrition, tannins – as well as other phenolic compounds present in sorghum grains

- are beneficial due to their antioxidant and anticarcinogenic effects (Yang et al. 2009).

Grain sorghum can also be used for whole-plant silage with a quality nearly equal to maize

silage for cattle feeding when harvested at dough stage (Grant & Stock 1994). Especially

convenient for this purpose are varieties with a plant height around the upper limit for grain

sorghum (approx. 180 cm), which have an enhanced whole-plant dry matter yield at a still

high grain: shoot ratio, which are referred to as silage types or dual-use types, since they can

be harvested for both grain or silage use depending on the farmer’s preference

(www.nt.gov.au/d/Content/File/p/Crop/514.pdf). Taller forage sorghums have lower energy

values due to a reduced grain: shoot ratio, but higher biomass yields. Brown-midrib mutants

(bmr), discernible by their midrib-color, have reduced lignin contents compared to their wild

type due to mutations in the lignin- biosynthesis and hold the potential of an enhanced

digestibility. Unfortunately, this mutation goes along with a lower yield potential, higher risk

of lodging and delay in maturity compared to the wild type (Oliver et al. 2005, Pedersen et al.

2005). However, the extent of both agronomical drawbacks and enhanced digestibility

depends strongly on the genetic background and not only on the mutation itself (Sattler et al.
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2010). S. bicolor x S. sudanense hybrids are suitable as ratoon crops, being valuable for hay

production and pasture. When vegetative parts of sorghum are used for fodder, dhurrins,

cyanogenic glucosides, are of concern. Their concentration is highest in young tissues and

when plants are recovering from stress periods (Sher et al. 2012). Generally, mature plants are

less critical, and ensilage greatly reduces the risk of cattle intoxication (Wheeler & Mulcahy

1989).

In contrast to typical fodder types, sweet sorghum types show much less tillering. They have

tall, juicy stems which contain up to 25 % sugar in the forms of sucrose, glucose and fructose

(Ritter et al. 2008, Shiringani et al. 2010). Due to sink competition, sweet sorghum types have

generally a low grain yield potential (Burks et al. 2015). Besides for sugar production as

alternative to sugarcane, they are also traditionally used for syrup production in the US

(Pfeiffer et al. 2010). Fiber sorghums are tall and late-flowering and look similar to sweet

sorghum, but have dry stems rich in cellulose which is used for paper production (Zegada-

Lizarazu & Monti 2012). Broomcorn can be of variable height and is primarily grown for its

panicles consisting of long, fine, elastic branches which serve as raw material for

manufacturing brooms, which is still of some economic importance e. g. in Hungary,

Romania, Serbia and Mexico. Historically, broomcorn was the sorghum type that was first

cultivated in Europe and the USA, previous to all other types introduced directly or indirectly

from Africa (Berenji et al. 2011).

Sorghum is considered a promising bioenergy crop, due to its versatility and tolerance to

drought and low-input conditions, which allows for its cultivation on marginal soils otherwise

remaining uncultivated and hence mitigates the competition for land use between food and

bioenergy crops. All of the sorghum crop types previously described can be used for

bioenergy generation. Both grain and sweet types are used for ethanol production out of

starch or sugar, which is conducted e. g. in the US and Australia. Forage and especially fiber

types can be utilized for 2nd generation biofuels out of cellulose. The latter ones are also

suitable for combustion (Zegada-Lizarazu & Monti 2012). In Europe, bioenergy generation is

principally focused on biogas containing methane as energy carrier, which is subsequently

converted into electricity. The optimal ideotype of sorghum for biogas/methane production

remains to be defined. The methane yield per area is a product of dry matter yield per area and

methane yield per dry matter unit (methane content) and can be enhanced via both factors.

Presently, mostly forage and fiber types are grown for biogas use, with a high biomass dry

matter yield potential, but a low energy density (Zeise & Fritz 2012). Silage types might be a

smart alternative, offering a compromise between yield potential and energy density, which

will be discussed in detail in chapter 2.
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1.5 Breeding of sorghum

1.5.1 Historical aspects

Systematic sorghum breeding dates back to its domestication time, when seeds of non-

shattering plants were selected by ancient farmers (Dillon et al. 2007). Subsequently, its

spread to very different environments and both natural and human selection created an almost

infinite number of locally adapted populations and landraces. However, modern breeding of

sorghum began much more recently in the US by the end of the 19th century. In contrast to

broomcorn, which was introduced from Europe already in the 1750s (Berenji et al. 2011),

grain types came directly from Africa by slave ships in the first half of the 19th century. The

number of founder cultivars in the US was limited and probably as narrow as about 20 sweet

sorghum (so called ‘sorgos’) and 8 or 10 grain sorghum introductions (Sleper & Poehlman

2006). Among these grain sorghum founder cultivars, the varietal groups milo (race durra),

kafir (race kafir), hegari and feterita (race caudatum) were most important. These first late-

maturing and tall varieties were limited to subtropical areas in Texas and unsuitable for

mechanical harvest. Farmers soon selected for short-stature, early maturing mutant plants,

corresponding to mutations of the dwarf and maturity genes. Crosses between different

desirable mutations facilitated the release of improved, combine-harvestable and early-

maturing cultivars during the first half of the 20th century which allowed for cultivation as far

north as Nebraska (Klein et al. 2008). The success achieved with hybrid maize also stimulated

interest in developing hybrid sorghum varieties (Sleper & Poehlman 2006). Hybrid vigor in

sorghum was already recognized in 1927 (Conner & Karper 1927), following varietal crosses

in traditional breeding programs (Sleper & Poehlman 2006). The first generation of hybrids

dates back to the late 1940s, when genetic male sterility in the variety Day Milo was utilized

in crosses with Blackhull Kafir (Quinby 1974), realizing yield advantages of 40% compared

to the cultivars in general use at that time (Klein et al. 2008). In 1952, both cytoplasmic-male

sterility (CMS) and fertility restorers possessing Rf genes were discovered in different milo

varieties (Stephens & Holland 1954), and the CMS system quickly replaced the use of the

Day Milo genetic male sterile system (Klein et al. 2008). Commercial CMS-based hybrid seed

production began in 1956, and only four years later, the area planted with hybrids reached

95%, and grain yields doubled compared to 1952 (Quinby 1974; Smith & Frederiksen 2000).

In spite of these impressive yield gains, the genetic base of the temperate-adapted breeding

lines had remained narrow, and scientists recognized the limitations for further yield gains as

well as biotic and abiotic stress tolerance. The main problem was that the huge diversity

existing in the tropics was virtually locked-up due to photosensitivity. To overcome this
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genetic bottleneck, in 1963 the Sorghum Conversion Program was established by the United

States Department of Agriculture (USDA) to convert genetically diverse tropical accessions

to temperate lines suitable for combine-harvesting (Stephens et al. 1967). Knowing about the

inheritance of plant height and maturity in sorghum, the 4-dwarf and photoperiod-insensitive

cultivar BTx406 was used as a donor for temperate adaption in a backcrossing program. In

tropical Puerto Rico, the exotic accession was crossed with BTx406, resulting in a

photoperiod-sensitive, tall F1 plant which was self-pollinated. The corresponding F2 seeds

were then planted in Texas to select for short, early-maturing plants, whose seeds were sent

back to Puerto Rico to repeat the backcrossing cycle up to five times (Higgins 2013). Through

this program, about 850 converted and partially converted lines have been developed,

providing novel sources for insect and disease resistance, drought tolerance, heterosis and

grain quality for temperate areas (Rosenow & Dahlberg 2000) as well as adapted combine-

harvestable genotypes for tropical environments (Sleper & Poehlman 2006). The impact of

this program on sorghum improvement has been huge, and it is difficult to find present

sorghum hybrids that do not have conversion lines in their pedigree (Gabriel 2005). Fully

converted sorghum genotypes were expected to consist of 97% recurrent, i. e. the respective

tropical parent genome; however, recent studies show that the recovery of the exotic genome

besides dwarf and maturity genes was not as complete as suggested. Especially on sorghum

chromosome SB-06 which harbors the crucial ma1 and dw2 genes, extensive stretches of the

donor genome survived, probably reflecting genetic hitchhiking and background selection

caused by the elimination of deleterious alleles (Klein et al. 2008). As a result, little functional

diversity in temperate sorghum genotypes has remained on SB-06, which contains roughly

10% of all sorghum genes, limiting the adaptive potential especially for complex traits

(Thurber et al. 2013). As in all other crops, the supply of genetic diversity remains a

paramount goal in present sorghum breeding to ensure genetic gains and resistance sources.

Recent studies underline the importance of a continuous integration of diverse, exotic material

into modern breeding programs (Jordan et al. 2011a) and the possibilities of the secondary

gene pool in the wild species S. bicolor subsp. verticilliflorum and S. propinquum (Dillon et

al. 2007, Mace et al. 2013b, Muraya 2014, Venkateswaran et al. 2014).

1.5.2 Hybrid breeding in sorghum

In developed countries, almost all grain sorghums are hybrid varieties. Heterosis for grain

yield is principally due to an increased number of grains per branch, mostly at the lower

branches of the panicle (Blum 1970), and a larger panicle itself (Miller & Kebede 1984). The

average high-parent heterosis for grain yield is estimated at 20-60% (Axtell et al. 1999).
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Further, heterosis is also expressed for plant height, maturity (Kirby & Atkins 1968) and

abiotic stress tolerance, e. g. chilling stress (Pinthus & Rosenblum 1961, Yu & Tuinstra 2001,

Windpassinger et al. 2016). Unfortunately, heterotic groups in sorghum are not as clearly

defined as in temperate maize breeding (Jordan et al. 2003, Gabriel 2005). However, the

advent of inexpensive marker technologies facilitates the analysis of genetic diversity in

breeders’ materials and the work towards the establishment of such groups in the near future

(Monk et al. 2014), which will be amplified in chapter 4.3. Despite the availability of several

different CMS-systems (Schertz 1983), commercial hybrid seed production relies worldwide

almost exclusively on the milo A1 CMS-system discovered in 1952 (cf. Jordan et al. 2011b).

This cytoplasmic genetic uniformity of commercial sorghum is risky, since a disease might be

associated with a particular cytoplasm, as occurred for maize in the outbreak of southern corn

leaf blight (Bipolaris maydis) in 1969/70 (Reddy et al. 2007, Jordan et al. 2011b). The A2

CMS-system seems a promising alternative, since hybrids created using this cytoplasm

yielded comparably to A1 cytoplasm-based hybrids (Moran & Rooney 2003, Reddy et al.

2007), whereas the A3 cytoplasm had negative effects on hybrid yield (Moran & Rooney

2003). One drawback of the A2 cytoplasm is that lines restoring the A1 cytoplasm are often

not restorers in the A2 cytoplasm. In this regard, the mapping and characterization of Rf5, a

gene restoring fertility in both cytoplasms, may be a basis to select for universal restorers

(Jordan et al. 2011b).

Hybrid breeding is also applied in forage (Ross et al. 1979) and fiber sorghums (Murphy et al.

2014, Packer & Rooney 2014). The pronounced heterosis for plant height allows for the

production of tall biomass hybrids on short, combine-harvestable A-lines, provided that the

restorer is taller or the complementary action of dwarf genes is used (Ross et al. 1979, Packer

& Rooney 2014). By exploiting the complementary action of the maturity loci Ma1, Ma5 and

Ma6, photoperiod-sensitive, high-biomass hybrids can be produced on photoperiod-insensitive

parental lines, permitting seed production of these hybrids also in temperate areas (Rooney &

Aydin 1999, Mullet et al. 2010). In contrast, present sweet sorghum varieties are still mostly

line cultivars (Pfeiffer et al. 2010), since the sugar content (brix) is an additive, non-heterotic

trait (Makanda et al. 2009, Pfeiffer et al. 2010) and there is a scarcity of sweet short-stature A-

lines (Pedersen et al. 2013). However, the expression of heterosis for stem biomass yield may

imply an enhancement of total sugar yield per area unit (Makanda et al. 2009, Pfeiffer et al.

2010). Hence, first sweet sorghum hybrids have been released (Pfeiffer et al. 2010) and

research is going on, also on the background to provide improvements on seed supply which

can rather be accomplished on short A-lines than on traditional, tall sweet sorghum line

cultivars (Pedersen et al. 2013). Since sugar yield is higher in sterile hybrids due to avoidance
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of sink competition, the preferential use of the A3 cytoplasm in which most male lines do not

effect fertility restoration has been suggested (Pfeiffer et al. 2010).

1.5.3 Recent developments in sorghum breeding

Regardless of the crop type, both maximum exploitation of heterosis and improvements of

line per se performance are considered components of the best breeding strategy (Packer &

Rooney 2014), which is also based on the experiences in maize hybrid breeding (Duvick

1999). A recently discovered, multi-seeded (msd1) mutant might boost the sorghum grain

yield potential, since in this mutant in contrast to the wild-type also the pedicellate spikelets

are fertile, increasing the total seed weight per panicle by 30 to 40% (Burow et al. 2014).

However, the usefulness of this mutation under field conditions remains to be demonstrated.

To ensure yield stability, a sufficient level of tolerance to abiotic and biotic stress is crucial.

Sorghum has a high tolerance against most kinds of abiotic stress per se (Tari et al. 2013), but

further improvements are definitely necessary to meet the requirements of its harsh

production environments. The availability of a sorghum standard genome sequence (Paterson

et al. 2009) and the dramatically decreasing costs for molecular markers have led to the

discovery of numerous quantitative trait loci (QTL) and candidate genes for stress tolerance

and quality traits (e.g. Madhusudhana 2014, Anami et al. 2015), allowing the development of

molecular breeding approaches. Especially useful in this regard are single nucleotide

polymorphism (SNP) markers, which occur at a high frequency in the genome and can be

easily detected by automated, so called Next Generation- Sequencing methods as IlluminaTM.

Drought tolerance has been shown to be influenced by QTL for nodal root angle (Mace et al.

2012). For early-stage chilling tolerance of sorghum, several QTL have been identified and

partially confirmed in different studies (Knoll et al. 2008, Burow et al. 2011, Fiedler et al.

2012 & 2014, Bekele et al. 2014), the feasibility of marker-assisted selection for this trait has

been shown (Knoll & Ejeta 2008) and first potential candidate genes have been found (Bekele

et al. 2014, Upadhyaya et al. 2015). However, besides a general heterosis (Yu & Tuinstra

2001), little is known about the inheritance and expression in F1 hybrids, which will be further

discussed in chapter 3 (Windpassinger et al. 2016). Regarding sugar and biofuel traits, several

studies have identified significant QTL in biparental populations (Ritter et al. 2008, Murray et

al. 2008a, Murray et al. 2008b, Shiringani et al. 2010, Shiringani & Friedt 2011, Mocoeur et

al. 2015) and genome-wide diversity panels (Murray et al. 2009, Burks et al. 2015). Genomic

selection (GS) is considered a promising alternative to QTL mapping for traits with several

small-effect QTL and lower heritability. Besides selection for yield, GS has also been

successfully tested for abiotic stress tolerance like drought tolerance in maize (Ziyomo &
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Bernardo 2013) and frost tolerance in winter wheat (Zhao et al. 2013). For sorghum chilling

tolerance, Bekele (2014) showed the effectiveness of GS in a recombinant inbred line (RIL)

population, obtaining a cross-validation accuracy of 0.30-0.55.

Besides yield and stress tolerance, the enhancement of grain quality is a global breeding goal.

Sorghum is the staple food for the majority of the population in Africa and Central India, who

mainly do not have access to a balanced and healthy diet and thus depend on sorghum for

their micronutrient requirements (Parthasarathy Rao et al. 2006). Biofortification of sorghum

is considered the most cost-effective and sustainable solution for tackling micronutrient

deficiencies in developing countries of arid-tropical and subtropical regions. Large genetic

variability for Iron (Fe) and Zinc (Zn) concentrations in grains underlines the possibility of

genetic enhancement for these traits, and the development of high yielding hybrids with high

grain Fe and Zn concentration is considered feasible (Kumar et al. 2013a). Sorghum lines

combining enhanced protein and starch digestibility have been developed through

conventional breeding by Texas A & M University (e.g. Jampala et al. 2012). To alleviate

vitamin A deficiencies in semiarid Africa, ß-carotene biofortified transgenic sorghum is being

developed (Lipkie et al. 2013, You et al. 2015) with support from the Bill & Melinda Gates

Foundation (Africa Biofortified Sorghum Project, www.biosorghum.org). Hitherto, sorghum

has been regarded a recalcitrant crop for genetic transformation due to the rapid production of

phenolic compounds hampering tissue culture (Liu et al. 2014), and even though the first

transgenic sorghum plants were obtained by microprojectile bombardment already by Casas

et al. in 1993, transformation efficiency has stagnated at less than 1% for a long time (Liu et

al. 2014). However, this has greatly been improved in recent years, and transformation

efficiencies of between 10 and 25% are now routinely achieved by both microprojectile (Liu

& Godwin 2012) and Agrobacterium (Gurel et al. 2009) based methods. Further applications

of transgenic sorghum are comparable to those in other major crops and include herbivore

(Visarada et al. 2014) and herbicide tolerance. Up to date, no transgenic sorghum has been

commercially released yet (Visarada & Sai Kishore 2015), but it is expected in the near future

(Liu et al. 2014). One major concern is the gene flow to wild and weedy sorghums, e. g.

outcrossing with the notorious rhizomatous weed Sorghum halapense (Kumar et al. 2013b,

Liu et al. 2014). However, this risk is rather defined by the characteristic of the trait than by

the method it was achieved. Herbicide tolerance in sorghum has already been developed by

conventional breeding, introgressing tolerance to acetolactate synthase (ALS) herbicides

identified in naturally occurring shattercane (S. bicolor ssp. bicolor) (Tuinstra & Al-Khatib

2006). The release of ALS-tolerant sorghum varieties had been expected for 2016 (Monk et

al. 2014), but right now it seems that it will take longer, since also the supposedly resistant
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variety is significantly stressed by herbicide application and there are also issues regarding

yield performance (http://agfax.com/2015/07/24/sorghum-herbicide-tolerance-needed-but-

still-several-years-off-dtn/). Against the background of the mentioned risk of gene flow, it

remains to be seen if herbicide-tolerant sorghum will have more than short-term success.

1.6 Importance and perspectives of sorghum in Europe

Compared to other continents, sorghum is only of minor importance in Europe up to now, and

its grain sorghum only accounts for 2% of global production

(http://faostat3.fao.org/browse/Q/QC/E). France, Italy, Russia and Ukraine account for

approx. 90% of both grain sorghum area and production in Europe (Table 1). Comparing the

pentade 2009-2013 with the period 1999-2003, a dramatic increase of sorghum production

can be observed for Romania and Ukraine. The same applies for Austria, which is listed by

the FAO as sorghum producer since 2010. More modest growths took place in all other

countries, while there was a decline in Bulgaria and France. Average yields in Austria,

France, Italy and Spain are notably higher than in the world main producers using hybrid seed

(see 1.1), while in the Eastern European countries yields are low, suggesting a much more

extensive production.

Table 1: World production and Top10 grain sorghum producing countries of Europe (source: FaoStat)

Production

in 2013 (t)

Production

area in

2013 (ha)

Mean

Production (t)

2009-2013

Production 2009-

2013 relative to

1999-2003 (=100)

Yield

(t ha-1)

2009-2013

World

total
62,295,137 42,228,265 58,562,447 102 1.4

Europe

total
1,251,870 393,027 869,506 128 4.0

Ukraine 354,400 129,343 168,380 1156 2.4

Italy 316,919 51,034 257,805 128 6.1

France 278,800 51,344 279,080 78 5.7

Russia 172,044 119,475 59,981 143 1.1

Romania 49,829 21,025 32,025 934 2.4

Spain 45,300 8207 40,037 117 5.0

Austria 10,200 1899 8425 na 6.4

Serbia 10,000 3003 7622 na 2.9

Bulgaria 5000 2994 6353 80 2.1

Hungary 5000 1901 8083 110 2.1
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The production of forage and silage sorghum is listed by FaoStat for Portugal, France, Italy,

Hungary, Spain and Greece (Table 2). It is unclear which proportion of this production is

dedicated for bioenergy generation, which is focused on biogas rather than bioethanol in

Europe. In Germany, forage sorghum is grown almost exclusively for biogas production on an

estimated area of up to 25000 ha which is not listed by the FAO yet.

Table 2: World production and Top5 forage and silage sorghum producing countries of Europe

(source: FaoStat)

Production

in 2013

(t FM)

Production

area in

2013 (ha)

Mean

Production

(t FM) 2009-

2013

Production 2009-

2013 relative to

1999-2003 (=100)

Yield

(t FM ha-1)

2009-2013

World

total
25,231,288 1,213,924 23,734,070 103 20.8

Europe

total
1,381,000 48,850 1,320,060 109 28.3

Portugal 460,000 21,005 430,000 119 22.1

France 370,000 10,511 368,000 96 35.4

Italy 352,000 7652 347,800 117 46.0

Hungary 162,000 6694 126,600 422 25.0

Spain 37,000 1800 40,840 31 21.0

Several factors suggest that sorghum will continue to gain importance in Europe, for both

fodder and bioenergy use. Having a similar production technique and diversity of end uses, it

can serve as a substitute for maize. Regardless its crop type and end use, sorghum has the

advantages of a higher tolerance against both drought (Schittenhelm & Schroetter 2014) and

temporary flooding (Promkhambut et al. 2010), events predicted to increase due to climate

change, and lower production costs due to reduced fertilization and crop protection

requirements. However, probably the most important benefit, especially on the background of

the European policy towards transgenic Bt-maize, is its resistance against the Western Corn

Rootworm (Diabrotica virgifera) (Oyediran et al. 2004), which is regionally causing

devastating damages in European maize production. Being an annual crop and providing high

biomass yields along with flexibility in crop rotations, sorghum is more attractive as a

bioenergy crop for farmers than perennial crops such as Miscanthus. Presently, its chilling

sensitivity is a major constraint for a successful cultivation outside areas with warm summers,
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such as the Mediterranean and Southeastern parts of Europe. In Central Europe, the

vegetation period is too short and not warm enough to allow for maturity of grain sorghum,

except for favored regions as the Rhine valley and lowland areas of Southeastern Austria.

Also for silage and biomass type sorghum, the short growing season notably limits the

biomass yield potential compared to maize, which is sown around three weeks earlier than

sorghum.

Maize is the most important crop for biogas use in Germany by far, since it has the highest

potential of dry matter and methane yield at most sites (Herrmann 2013) and hence the

highest marginal returns for farmers (Theiß et al. 2013, Kornatz et al. 2014). The biogas boom

has thus led to a substantial increase of maize acreage in Germany, causing concerns about

biodiversity and increase of maize pests. The ratio of maize silage in biogas plants was

limited to 60% in 2012 (German law ‘EEG 12’), giving opportunities for sorghum as a

substitute. In spite of its shorter growing season, sorghum can already outperform maize in

terms of biomass dry matter yield in drought-prone environments, e.g. diluvial soils in Eastern

Germany. However, even at similar biomass dry matter yields, the marginal returns of

sorghum are substantially lower than maize. Reasons therefore are lower dry matter contents,

implying higher transportation costs (Theiß 2013 et al., Kornatz et al. 2014) and inferior

energy densities (Zeise & Fritz 2012), leading to lower methane yields per area unit (Theiß et

al. 2013). These inconveniences are mainly caused by the sorghum crop types grown for

biogas use, even though an enhancement of chilling tolerance would allow for higher dry

matter content (and yield) thanks to a longer vegetation period.

In 2015, seven sorghum varieties for silage use (i. e. almost exclusively biogas use in

Germany) were listed by the Federal Plant Variety Office (Bundessortenamt,

www.bundessortenamt.de/internet30/fileadmin/Files/PDF/bsl_getreide_2015.pdf; p. 190). Six

of them are tall, late-flowering biomass types, whose lower energy density compared to maize

can be explained by the lack of starch containing grains. Additionally, more cultivars of this

variety type are merchandised without registration in Germany. One of the seven listed

varieties (Farmsugro180) represents a grain type, which has a substantially reduced biomass

yield potential, but a higher energy density (Zeise & Fritz 2012). Further, several Sorghum

bicolor x S. sudanense hybrids (e. g. Gardavan, KWS Sole) are merchandised without

registration in Germany. They are earlier and somewhat shorter than the previously

mentioned biomass types. While they do not differ in their energy density, their yield

potential is considerably lower than that of biomass types (Zeise & Fritz 2012). A new

ideotype in form of an early-maturing silage type might combine the advantages of both

biomass- and grain types and overcome some of the present drawbacks of sorghum
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cultivation for biogas use in Central Europe, which will be discussed in detail in chapter 2

(Windpassinger et al. 2015).

1.7 Scope and Aims

This thesis aims to contribute to the adaptation and establishment of sorghum as a novel crop

in temperate Europe. Even though sorghum is an extremely versatile crop with numerous uses

(chapter 1.4), presently its utilization as an alternative bioenergy crop is the main focus for

Central Europe. Unlike maize, current sorghum varieties grown for biogas use fail to combine

high biomass yields with adequate dry matter content for silage and satisfying energy density

(chapter 1.6). To make sorghum competitive, the design of a novel ideotype with enhanced

energy density and dry matter content may represent a decisive advancement (chapter 2,

Windpassinger et al. 2015). Regardless its end-use, improvements in early-stage chilling

tolerance allowing for earlier sowing are of paramount importance for adaptation in Central

and Northern Europe and escape of summer drought in Southern and Southeastern Europe.

An efficient breeding strategy for the development of chilling-tolerant hybrid cultivars

requires a profound understanding of heterosis, combining ability and relation between line

and hybrid performance for this trait (chapter 3, Windpassinger et al. 2016). Further, breeding

strategies for enhancement of adaptation, quality and yield traits of sorghum will be

discussed, considering which lessons can be learnt from temperate maize breeding in the last

century. The establishment of heterotic groups may be fruitful for an efficient hybrid breeding

in sorghum, and examples for the usefulness of SNP-markers in this regard will be presented

(chapter 4.3).
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a b s t r a c t

Sorghum is regarded a promising bioenergy crop and may be an alternative to maize for biogas use in
temperate Europe in the near future. Presently, the principal shortcoming compared to maize besides
chilling sensitivity during juvenile development is that current sorghum varieties fail to combine a high
dry matter yield with adequate dry matter content for silage and satisfying methane yield. Our major
goal was to evaluate whether early-maturing silage type Sorghum bicolor hybrids with a higher contri-
bution of panicles and grains to total dry matter may allow an improvement of methane yield, repre-
senting a novel, alternative variety type for biogas use in temperate Europe. Our results indicate that
under adequate conditions, they reach higher dry matter contents. Due to enhanced methane yields per
dry matter unit which offset slightly lower dry matter yields, their methane yield per area unit is similar
or superior to existing biomass type varieties. Since panicles account for up to 50% of total dry matter
yield, seed set and maturity in cool environments represent critical factors for yield stability. Breeding
efforts focus on chilling tolerance during flowering to avoid male sterility and on the development of
appropriate parental lines combining earliness and adequate height. While selection for maturity can be
reliably conducted on per se performance of parental lines, hybrid yield is predominantly determined by
general combining ability.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Sorghum (Sorghum bicolor L. Moench), an extremely versatile
and resilient crop, represents an essential staple food in Africa and
India, and an important commodity in countries like the USA,
Mexico, Argentina and Australia. Especially in the US, sorghum is
also used for ethanol production out of grain or sugar. In Europe,
notably Germany, Austria and Italy, where bioenergy is focused on
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biogas rather than ethanol, sorghum recently has drawn attention
as a novel bioenergy crop.

Biogas, obtained by anaerobic digestion of organic matter, con-
tains methane as energy carrier, which is subsequently converted
into electricity. Besides slurry, maize silage is the principal sub-
strate used in biogas plants. As a bioenergy crop, maize presently
has the highest potential of dry matter and methane yield at most
sites throughout Germany [1]. The policy towards renewable en-
ergies has thus gone along with a substantial increase of maize
growing area in Germany. Due to concerns about biodiversity in
crop rotations and soil conservation together with the increase of
maize pests, in 2012 the maximum input of maize silage as sub-
strate in biogas plants was limited to 60% dry mass fraction in
Germany [2]. As a substitute for maize, sorghum is already grown
on approx. 25000 ha here. Principal advantages of sorghum as a
bioenergy crop include resistance against the Western Corn Root-
worm (Diabrotica virgifera) [3] and a high tolerance to drought [4]
and low-input conditions. In contrast to other novel bioenergy
crops such as miscanthus, sorghum is an annual crop and allows
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the maintenance of flexibility in crop rotations, and its production
technique is very similar to maize, making it amenable for farmers
and not implying the need of new investment.

However, since breeding of sorghum as a bioenergy crop for
temperate Europe is still in its infancy, several drawbacks must be
overcome to make it a viable alternative to maize. Its sensitivity to
cool temperatures, especially during juvenile stage, represents a
major constraint for a successful adaptation to temperate climates,
since it delays sowing compared to maize by around 3e4 weeks
and thus notably limits the potential growth period. Unless maize,
present commercial sorghum varieties used for biogas production
fail to combine a high dry matter yield (DMY) with essential quality
requirements as a satisfying energy density, described as methane
content (MeC, methane yield per dry matter unit), and an adequate
dry matter content (DMC, mass fraction of dry matter) of at least
28% for silage. In consequence, the average methane yield per area
unit (MeY) and thus themarginal return of existing biogas sorghum
varieties is usually lower than maize [5], making it only second
choice for biogas production until now. Presently, three different
sorghum variety types are grown for biogas production in Central
Europe: 1) Tall biomass type hybrids (up to 4 m) not flowering
before September, too late for grain development and principally
prone to lodging, with a high DMY, but suboptimal DMC and MeC
[6,7]; 2) Earlier S. bicolor x sudanense hybrids with an adequate
DMC, but a substantially lower DMY and suboptimal MeC; 3) early
and short grain sorghum hybrids with satisfying DMC and MeC,
thanks to the notable proportion of starch containing grains in the
overall biomass, but a low biomass DMY due to the short stature.

The question is whether these three variety types will remain
the sole options for biogas sorghum, or if a shift in plant architec-
ture might allow the combination of satisfying DMC and MeC with
high biomass yield. Variety types with a plant height of
200e300 cm, intermediate between grain and current biomass
types, and a sufficiently early anthesis allowing appropriate panicle
and grain development, hereafter referred to as silage types, might
be a smart alternative, taking up the advantages of grain types in
regard to DMC and MeC, and complementing them with a higher
biomass yield potential due to a taller stature. Their plant archi-
tecture and height would somehow resemble silage maize, where
the cob accounts for at least 50% of total DMY [8] even in high-
biomass varieties which are used for biogas generation. The expe-
rience that tall, late-maturing maize varieties with a reduced cob
proportion, obtained by the exploitation of late-maturing material
and the introgression of short-day genes from tropical populations
[9], have not become widely accepted by farmers in temperate
Europe supports the idea that silage type sorghum might be a
better choice for biogas production than current biomass types.
However, up to now, adapted sorghum silage type varieties are not
available in Central Europe.

The principal aim of this study is to assess whether these silage
types, represented by pre-selected experimental hybrids, may be a
viable alternative to currently grown sorghum varieties for biogas
use. In this regard, we have analyzed the performance of silage type
hybrids regarding the key traits DMY, DMC, MeC and MeY and
compared them with representative checks from the existing
standard variety types. Further, to facilitate selection in future
breeding programs, we have investigated how different agronom-
ical and morphological traits are correlated to these key traits in
hybrids, and to which extent the per se performance of inbred lines
can be used for hybrid prediction.

2. Material and methods

In 2013, 489 experimental hybrids were tested along with their
parents, incl. 4 cytoplasmic male sterile (CMS) female lines and 195
males (not all cross combinations included), in trials at two loca-
tions in Germany with one replication per site: Moosburg/Isar (MB)
represents a typical maize growing area in Bavaria (Southern Ger-
many), whereas Gross-Gerau (GG) near Frankfurt/Main stands for
favorable sorghum growing conditions, thanks to high average
temperature and light soil (Table 1). Plot size was 9 m2 at MB and
3.75 m2 at GG, with row-spacing of 75 cm and a seed rate of 25 m�2

in both environments. Experimental hybrids were grouped as
families according to their paternal lines and grown adjacent to the
respective male line in randomized blocks together with several
replications of female lines and checks across the blocks. Sowing
date was June 7, 2013 at both locations (around two weeks delayed
compared to the recommended sowing date due to cool and rainy
weather before). Fertilizer and herbicide applications were
executed following good agronomical practice. Genotypes showing
lodging at one or both locations were excluded from further ana-
lyses, so that a total number of 201 experimental hybrids could be
tested along with their parental lines in both environments.
Parental lines of the experimental hybrids were early maturing
grain or dual-use types mostly originating from the USDA Sorghum
Conversion Program [10] and also some biomass and sugar types,
mainly derived from a cross between the sweet sorghum line SS79
and the grain sorghum line M71 [11]. Fresh matter yield (FMY), dry
matter content (DMC) and plant height (PH) were scored in parents
and hybrids as well. Dry matter yield (DMY) was calculated as
product of FMY and DMC. Principal aims of these trials were 1) to
select appropriate silage type hybrids for more detailed analyses in
the following year, and 2) to learn about the correlation between
mid-parent value and hybrid performance, the magnitude of
midparent-heterosis, and the accuracy of general combining ability
(GCA) for hybrid prediction. For statistical analyses, the two loca-
tions were considered as replications.

The 39 best performing experimental hybrids - principally
silage types e were selected and re-tested in 2014 at the experi-
mental locations of GG and Rauischholzhausen (RH) along with 5
check varieties (biomass hybrids Biomass150, Herkules, KWS Tarzan
and KWS Thor and S. bicolor x sudanense hybrid Gardavan). RH
represents an adequate location to select for adaptation to cool
climate, with temperatures around 2 �C lower than GG and heavy
loamy soil showing retarded warming in spring (Table 1). Entries
were planted at both locations in 9 m2 plots with 75 cm row
spacing and a seed rate of 25 m�2. The experimental design was a
randomized split-plot design consisting of four different sub-
groups depending on plant height to minimize neighbor effects,
and complete randomization within the respective subgroups,
with two replications at GG and three at RH. Fresh matter yield
(FMY), dry matter content (DMC), plant height (PH), days to
anthesis (DTA), stem diameter (SD), seed set and grain maturity
were scored. Moreover, shortly before harvest 10 representative
plants per entry were stripped into their key components stem,
leaves and panicle. DMC of each sample was measured and the
respective proportion of these components on total dry matter
yield (DMY) was calculated.

Methane content (MeC, i.e. methane yield per dry matter unit)
was measured on all 5 check varieties and 8 representative silage
type experimental hybrids. For this purpose, at harvest a sample of
milled fresh matter (particle size 2e5 mm) was ensiled in jars.
Measurements of biogas volume per dry matter unit and methane
concentration were conducted in three technical replications as
described in detail by Mahmood & Honermeier [12]. A maize silage
mixture consisting of five commercial varieties grown in RH was
used as a reference biogas sample. Methane yield per area unit
(MeY) was calculated as a product of mean MeC and DMY (all
volumes reported are at standard temperature and pressure con-
ditions of 298 K and 100.3 kPa). Starch content of these entries was



Table 1
Characteristics of the different field trial environments.

Item Grob-Gerau (GG) 2013 Grob-Gerau (GG) 2014 Moosburg (MB) 2013 Rauisch holzhausen (RH) 2014

Coordinates 49� 550 N,
8� 290 E

49� 550 N,
8� 290 E

48� 280 N,
11� 560 E

50� 440 N,
8� 500 E

Altitude 90 m 90 m 421 m 270 m
Soil type Sandy loam Sandy loam Loam Loam
Date of sowing 07/06 15/05 07/06 22/05
Date of harvest 16/10 14/10 23/10 02/10
Mean daily maximum temperature from sowing to harvest (C�) 23.9 24.8 22.3 22.3
Precipitations from sowing to harvest (mm) 345 347 361 340
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measured by a polarimetric method as described by Naumann &
Bassler [13].

Statistical analyses were conducted using IBM SPSS Statistics
Version 22 (IBM Software, Armonk, NY, USA).
3. Results and discussion

3.1. Prediction of hybrid performance based on parental lines

The correlation between mid-parent value and hybrid perfor-
mance observed in the two-location trial of 2013 differed among
the traits. It was relatively high for DMC (r ¼ 0.73**) and PH
(r ¼ 0.67**), implying that selection of suitable parental lines in a
breeding program can be reliably conducted for these agronomical
traits. Breeders can assign their lines into different maturity groups
analogue to maize, where strong correlations for DMC have also
been described [14]. In contrast, the correlation between mid-
parent value and hybrid performance was only medium for DMY
(r ¼ 0.40**, Fig. 1A). As expected, hybrids as a group attained a
significantly higher DMYand PH than their parental lines, and mid-
parent heterosis (F1 - mid-parent value) was on average 64% for
DMYand 46% for PH. The strong mid-parent heterosis for PH shows
that silage type hybrids with a PH above 200 cm can be produced
on shorter hybrid parents convenient for mechanical harvest,
facilitating hybrid seed production. In contrast, there was no mid-
parent heterosis for DMC.

The general combining ability (GCA) is a major criterion to
identify and select superior parents. The GCA for DMY of three fe-
male and 45 male lines was calculated based on the performance of
their factorial crosses. The coefficient of determination (R2) be-
tween the sum of parental GCA effects and the performance of their
respective hybrids shows the accuracy of GCA for hybrid prediction
[15]. In this case, an R2 value of 0.68 (Fig. 1B) for DMY suggests that
the GCA of parental lines is an adequate predictor for hybrid per-
formance, and that specific combining ability (SCA) effects play
only a minor role. These results confirm earlier studies with forage
sorghum hybrids [16e19].

Further, the correlation between per se performance of the
tested male lines and their respective GCA for DMY was calculated,
resulting in a medium correlation of r ¼ 0.44**, comparable to the
correlation between mid-parent value and hybrid performance
observed for this trait. Similar results were reported for sorghum
grain yield [20]. Results from ICRISAT [21] suggest that it might be
sufficient to select for high green fodder productivity in male lines,
which would give high-yielding hybrids even if the biomass pro-
ductivity of the female lines was low. For biogas maize, a higher
correlation (r ¼ 0.65**) between line per se performance for DMY
and GCA was found [14]. In consequence, the improvement of
parental lines for yield and adaptation traits can also be seen as an
indirect selection for a higher GCA and may subsequently lead to
hybrids with enhanced biomass yield, as has been shown for sor-
ghum grain yield, where according to Doggett [22] about one half of
the yield increase until the 1980ies could be attributed to better
parents. However, GCA eventually remains the crucial trait for
hybrid performance in sorghum. Unfortunately, heterotic groups
are not as clearly defined in sorghum as in maize, and also the
correlation between genetic distance of the parents and heterosis is
too weak to be of a practical value for breeders [23,24]. Hence, if
new, diverse lines are tested for GCA, it seems recommendable to
employ various, genetically diverse or F1 testers [25].
3.2. Optimal variety type and methane yield e insights from field
trials in 2014

For the agronomical performance trials at GG and RH in 2014,
significant differences were observed among entries (n¼ 44) for all
considered traits (Table 2). Due to the higher temperature at GG,
flowering began on average 15 days earlier than at RH, and DMC at
harvest was 7% higher (Table 3). DMYwas superior at GG by 43% on
average. This was due to the substantially higher DMC and not to
FMY, whichwas even slightly higher at RH.While entries differed in
their MeY at both sites, significant differences in MeC were only
found in the trial at GG (Table 2).
3.2.1. Potential of silage type hybrids regarding yield and methane
content

Performance of sorghum silage types differed between the
experimental sites, and variation for MeC andMeY was higher than
for check varieties (Table 4). This can mainly be explained by dif-
ferences in seed set, which is crucial for yield and quality param-
eters of silage types since panicles account for 40e50% of total DMY
under optimal conditions (see 3.2.2). Flowering at RH was retarded
and coincided for most genotypes with several chilly nights of
around 5 �C, resulting in poor seed set due tomale sterility.While at
GG all entries except the four biomass hybrid checks and one
experimental hybrid had complete seed set ranging from dough
stage to maturity at harvest in most cases, at RH only 12 hybrids
achieved a satisfying seed set, with maturity not beyond milk-ripe
stage. This phenomenon of male sterility caused by low tempera-
ture in sorghum has already been described e.g. [26,27] and com-
plicates the development of silage types for areas prone to cold
nights during flowering. Though, fortunately genetic variation for
this trait is available and varieties adapted to cold nights have
already been developed in Mexico [27] and India [28]. An escape
strategy by choosing hybrids with an earlier anthesis, reducing the
incidence of cold nights, would be an alternative for cropping areas
in Central-Northern Europe, but implies an even stronger limitation
for biomass yield potential.

To determine the number of subsets being significantly different
from one another, a Student-Newman-Keuls test was conducted for
DMY and DMC. Analyzing both locations together, 5 homogeneous
subsets for DMYwere identified, the best one only consisting of the
biomass-type check varieties Biomass150, Herkules, KWS Thor and
KWS Tarzan. Considering this trait for both locations separately,



Fig. 1. Correlation between mid-parent value and hybrid performance (A, n ¼ 201) and sum of parental GCA effects and hybrid performance (B, n ¼ 135) for DMY (means of Gross-
Gerau and Moosburg 2013).

Table 2
Genotypic variance (mean squares) for major agronomic traits at Gross-Gerau (GG) and Rauischholzhausen (RH) in 2014.

Trait df Genotypic variance (both locations) Genotypic variance (GG) Genotypic variance (RH)

FMY 43 68 804.31** 33 080.40** 43 064.05**
DMC 43 46.94** 31.58** 19.41**
DMY 43 2485.07** 1035.69** 2039.66**
MeC 12 6985.78* 10 307.93** 2720.28
MeY 12 3 288 559.58** 3 401 480.10** 3 254 849.83**
DTA 40 333.91** 64.96** 411.29**
PH 43 16 271.89** 7914.34** 9054.31**
SD 43 12.68** 5.27** 12.65**
Stem DMY 43 4173.56** 2984.71** 1774.82**
Panicle DMY 43 1467.25** 1666.93** 260.06**
Leaf DMY 43 172.10** 76.39** 176.55**

*Significant at 0.05 level, **Significant at 0.01 level.
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four subsets were found for GG, with the best subset not only
comprising the four mentioned check varieties, but also 15 exper-
imental hybrids. This demonstrates that under adequate conditions
silage type hybrids can basically be competitive for yield potential.
In contrast, for RH the best of the 8 subsets consisted of the four
check varieties only. Analyzing DMC in the same way for both sites
together, 11 subsets were identified, the best one comprising 11
experimental hybrids and the check variety Gardavan, whereas the
other check varieties had a significantly lower DMC.

Fig. 2A, depicting the mean values of both sites, underlines the
high DMY of the four biomass check varieties compared to the
experimental hybrids, but also shows that they did not achieve a



Table 3
Overview of descriptive statistics for observed traits at Gross-Gerau and Rauischholzhausen (2014), comprising 39 experimental hybrids and five check varieties (Biomass150,
Gardavan, Herkules, KWS Tarzan and KWS Thor).

Trait n GG RH

Min Max Mean Min Max Mean

FMY (Mg ha�1) 44 43.0 86.9 58.6 50.0 101.9 65.0
DMC (%) 44 24.9 39.9 31.4 19.1 29.0 24.2
DMY (Mg ha�1) 44 18.1 29.2 22.3 11.5 24.2 15.6
MeC (L kg�1)a 13 236.3 427.8 310.3 253.9 377.3 320.9
MeY (m3 ha�1)a 13 5445 9925 7430 3685 7250 5713
DTA (d) 44 75 120 81.8 75 no anthesis 97.3
PH (cm) 44 168 450 273.4 162 397 267.2
SD (mm) 44 12.8 19.8 15.6 12.7 23.5 18.0
Stem DMY (Mg ha�1) 44 6.7 22.1 11.3 6.7 17.0 10.3
Stem DMC (%) 44 18.7 34.5 25.8 18.2 31.8 24.2
Stem proportion on total DMY (%) 44 33.6 78.8 50.1 51.5 75.3 65.1
Panicle DMY (Mg ha�1) 44 2.0 11.8 7.8 0.7 5.3 2.1
Panicle DMC (%) 44 38.1 66.3 56.4 22.6 40.8 34.4
Panicle proportion on total DMY (%) 44 7.3 52.6 35.4 3.7 32.2 13.7
Leaf DMY (Mg ha�1) 44 2.1 4.8 3.1 1.9 5.5 3.4
Leaf DMC (%) 44 22.1 31.4 27.1 17.6 31.0 25.3
Leaf proportion on total DMY (%) 44 7.9 19.0 14.1 11.3 35.0 21.6

a Volumes are at standard temperature and pressure conditions of 298 K and 100.3 kPa.

Table 4
Detailed comparison of genotypic variance (mean squares) for methane content (MeC) and methane yield (MeY) of different variety types at Gross-Gerau (GG) and
Rauischholzhausen (RH) in 2014.

Trait df Genotypic variance
(both locations)

Genotypic
variance (GG)

Genotypic
variance (RH)

Location
variance

Genotype* location
variance

MeC (entries) 12 6985.78* 10 307.93** 2720.28 2141.29 7708.86*
MeC (checks) 4 501.55 1073.14 1066.91 19 807.34* 1638.50
MeC (silage types) 7 6567.47 12 090.13* 4033.78 2620.17 9485.87*
MeC (checks vs. silage types) 1 26 703.38** 48 068.76** 139.26 e e

MeY (entries) 12 3 288 559.58** 3 401 480.10** 3 254 849.83** 45 364 859.91** 3 540 422.84**
MeY (checks) 4 2 788 682.86** 1 646 002.29* 1 525 152.21 187 384.92 406 641.66
MeY (silage types) 7 3 746 239.52** 4 245 712.18** 1 438 216.25** 67 363 448.00** 2 610 147.28**
MeY (checks vs. silage types) 1 6 423 473.63 4 513 766.80 25 066 729.13** e e

*significant at 0.05 level, **significant at 0.01 level.
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necessary DMC of at least 28%. In contrast, the early check cv.
Gardavanwas outperformed regarding DMYand DMC by several of
the new experimental hybrids. Fig. 2B and C show both sites
separately and illustrate the overall better performance of silage
types at GG as compared to RH.

Thanks to the high proportion of starch contributing panicles,
MeC of silage types was significantly higher than that of checks at
GG (Tables 4 and 5). Three entries attained even a higher MeC than
maize silage (350.L kg�1). Seeds of silage types were at milk stage in
one case and at dough or hard-dough stage in all other cases. The
silage type ensiled at milk-ripe stage had the lowest MeC, probably
due to the low starch content by then. The hard-dough stage proved
to be optimal for silage harvest, since starch accumulation is high
but the seeds are still well fermentable and the overall DMC is in
the adequate range. Starch content of silage types at dough stage
was between 14 and 16%, while the early-maturing check Gardavan
had only 8% and the four biomass checks only 1e5% starch content.
Our results regarding MeC of sorghum check varieties and maize
silage coincide with results obtained by procedures such as the
Hohenheim Biogas Yield Test measured elsewhere [6].

At RH, no significant differences for MeC were found, neither
comparing both groups (checks and silage types) nor among all
entries (Table 4). Moreover, there were no differences among
checks in GG, either. These findings show that MeC can rather be
enhanced by starch contribution of panicles than by differences in
the digestibility of shoot and leaves. The higherMeC of checks at RH
compared to GG and also the negligible difference in mean MeC of
silage types between both sites e in spite of the described differ-
ences in seed set and maturity e can be deduced from the sub-
stantially lower DMC in RH, going along with reduced fiber
contents. This effect was also reported for biogas maize [29].
However, a DMC below 28% is not acceptable under any circum-
stances since it impairs ensilage and silage quality under practical
conditions.

There were no significant differences in MeY between checks
and silage types at GG (Table 4), since the higher MeC of the latter
ones offset their lower DMY. The entries with the highest MeYwere
silage types (Fig. 3). In contrast, at RH the MeY of silage types was
significantly inferior, since their lower DMY was not made up by an
enhanced MeC.
3.2.2. Trait correlations and their implications for breeding of silage
type sorghum hybrids

Among the plant components influencing DMY, the stem was
themost important and alsomost stable one, contributing to 50% of
total DMY at GG and 65% at RH. In comparison, the relative
importance of leaves was low. The panicle yield differed strongly
between both locations due to the different seed set. While the
mean panicle contribution to DMY was only 14% at RH, being less
important than leaves, it was 35% at GG, with a genotypic
maximum beyond 50%, resembling the plant architecture of silage
maize [8], and an absolute panicle yield of more than 10 Mg ha�1

(Table 3). Since DMC between both sites differed more for panicles
than for stems and leaves, the 7% higher DMC at GG can be



Fig. 2. Scatter-plots showing the performance in DMY and DMC of experimental hybrids (squares) and check varieties (biomass types: triangles; bicolor x sudanense variety
Gardavan: circle). A: mean values of Gross-Gerau and Rauischholzhausen (2014), B: results of GG only, C: results of RH only (year 2014).

Table 5
Descriptive statistics for MeC andMeY, separately for checks (n¼ 5) and silage types
(n ¼ 8) at both locations (Gross-Gerau (GG) and Rauischholzhausen (RH) in 2014).

Trait GG RH

Min Max Mean Min Max Mean

MeC (L kg�1)a checks 243 281 266 300 339 320
MeC (L kg�1)a silage types 236 428 338 254 377 321
MeY (m3 ha�1)a checks 5466 7633 6903 5493 7250 6727
MeY (m3 ha�1)a silage types 5445 9926 7760 3685 5980 5079

a Volumes are at standard temperature and pressure conditions of 298 K and
100.3 kPa.
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explained rather by a higher panicle to stem ratio than by differ-
ences in DMC of stems and leaves. Except for panicle DMC, the
measurements for all traits correlated between the two sites, with
high correlations for PH (r ¼ 0.95**), FMY (0.88**), DMC (0.83**),
DTA (0.82**), Stem DMY (0.76**) and total DMY (0.75**), and me-
dium correlations for SD, Panicle DMY, Leaf DMY, Stem DMC and
Leaf DMC (r¼ 0.56**, 0.56**, 0.50**, 0.45** and 0.40**, respectively).

Regarding correlations among traits, 49 of 66 trait combinations
showed significant correlations at GG, whereas only 31 were sig-
nificant at RH (Table 6). Correlations were concordant for both sites
in 27 cases. Total DMY was strongly related to PH (r ¼ 0.71** and
0.80**) and stem DMY (r ¼ 0.73** and 0.95**) and moderately
correlated with leaf DMY (r ¼ 0.40** and 0.54**) in both environ-
ments. However, these high correlations can be mainly attributed
to the tall, high-yielding check varieties. Excluding these varieties,
the correlation between DMYand PH dropped to r¼ 0.39* (GG) and
r ¼ 0.56** (RH). Further, the impact of stem DMY for total DMY
decreased strongly at GG (r ¼ 0.38*), whereas it remained
extremely high at RH (r ¼ 0.92**). At GG, the DMC showed a me-
dium positive correlationwith panicle DMYand amedium negative
correlation with stem DMY, while in RH, panicle DMY was not
related to DMC at all. Subject to the condition that seed set and
maturity are sufficient, a satisfying DMC can thus primarily be
achieved by a substantial contribution of panicle yield. Panicle DMC
in GG showed an extremely high negative correlation with DTA,
while in both environments the DMC of leaves and stems, being
correlated with each other, did not depend on flowering time.
Hence, the higher DMC of early-flowering hybrids is due to a higher
panicle DMC and panicle proportion to total biomass, and not
caused by changes in stem or leaf DMC.

Interestingly, PH did not show any correlationwith DTA or DMC.
On the other hand, PH was negatively correlated with panicle DMY
at both locations. As expected, stem DMY depended strongly on PH,
but surprisingly, its correlationwith SDwas onlymedium at GG and
inexistent for RH. Interestingly, stem DMY showed a strong nega-
tive correlation with panicle DMY in GG. At first sight, this finding



Fig. 3. Scatter-plot showing the performance in methane yield (MeY) and methane content (MeC) of 8 representative silage type experimental hybrids (squares) and 5 check
varieties (biomass types: triangles; bicolor x sudanense cv. Gardavan: circle), Gross- Gerau 2014.

Table 6
Pearson's correlation coefficient (r) between the observed traits for Gross-Gerau (below the diagonal) and Rauischholzhausen (above the diagonal) in 2014 (n¼ 41 for DTA and
n ¼ 44 for all other traits).

FMY DMC DMY DTA PH SD Stem DMC Stem DMY Panicle DMC Panicle DMY Leaf DMC Leaf DMY

FMY �0.39** 0.84** 0.33* 0.70** 0.21 �0.17 0.78** 0.01 �0.20 �0.05 0.68**
DMC �0.76** 0.18 �0.40* 0.10 �0.47** 0.73** 0.20 0.33* 0.19 0.41** �0.30*
DMY 0.70** �0.07 0.07 0.80** �0.06 0.26 0.95** 0.23 �0.11 0.20 0.54**
DTA 0.58** �0.59** 0.05 0.29 0.56** �0.13 0.25 �0.05 �0.78** 0.01 0.60**
PH 0.65** �0.24 0.71** 0.44** 0.02 0.10 0.84** 0.15 �0.39** 0.17 0.55**
SD 0.54** �0.37* 0.40** 0.72** 0.61** �0.27 �0.00 �0.43** �0.44** �0.26 0.37*
Stem DMC 0.01 0.29 0.32* 0.14 0.65** 0.29 0.34* 0.40** �0.00 0.41** �0.17
Stem DMY 0.82** �0.47** 0.73** 0.67** 0.92** 0.68** 0.54** 0.23 �0.34* 0.17 0.51**
Panicle DMC �0.76** 0.65** �0.42 �0.95** �0.66** �0.74** �0.26 �0.81** 0.11 0.38* �0.05
Panicle DMY �0.65** 0.64** �0.25 �0.78** �0.74** �0.68** �0.46** �0.83** 0.87** 0.00 �0.56**
Leaf DMC �0.08 0.46** 0.36* �0.19 0.44** 0.17 0.71** 0.30 �0.05 �0.12 0.16
Leaf DMY 0.51** �0.34* 0.40** 0.38* 0.36* 0.51** �0.01 0.43** �0.62** �0.45** 0.05

*Significant at 0.05 level, **Significant at 0.01 level.
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seems to underline the difficulty to combine a high DMY with an
optimal DMC, but it should not be taken as a general result. In
contrast to other cereals such as wheat and barley, in sorghum a
short stature does not imply an effect on harvest index, and taller
genotypes generally have a higher grain yield potential [30],
probably due to an increased availability of stem reserves which is
especially beneficial under stress conditions [31]. The reason for
modern grain sorghum hybrids being rather short is to facilitate
mechanical harvest, usually not to enhance grain yield. Extremely
short 4-dwarf genotypes are rather not useful here due to their low
yield potential [32]. Heterosis in sorghum is expressed in traits such
as early vigor, plant height and more grains per panicle [33], but
does not involve a significant change of harvest index [34]. Since
there is no per se physiological explanation for the negative cor-
relation between stem and panicle yield observed here, probable
reasons are the short growing period in Germany, and the specific
characteristics of parental lines used here for the production of
hybrid seed. To allow for an adequate period of vegetative growth
before the onset of the generative phase, a significant improvement
of early stage chilling tolerance aiming at an earlier sowing is
definitely necessary. Fortunately, there is a broad genetic variation
for early-stage chilling tolerance and several quantitative trait loci
(QTL) have been identified in recent studies [35e37]. In addition,
breeding efforts should aim at the development of a wider range of
silage type parental lines combining earliness, adequate height
(taller than grain hybrid parental lines) and sufficient grain yield.
Such lines can be created by directed crosses between forage and
grain types and selection of suitable recombinants.

The difference in DMY between the best performing biomass
check and the highest yielding silage type experimental hybrid
(Fig. 4) at GG (2014) was 15%, but the DMC of this silage type was
10% higher, thanks to a panicle: stem ratio of 1:1 instead of 1:10.
Hence, silage types are expected to match biomass types regarding
DMY in the near future, and a goal of 30 Mg ha�1 and, assuming a
MeC of 400 l kg�1, a total MeYof 12 dam3 ha�1 seems to be realistic.
4. Conclusions

Although originally a tropical plant, due to its diverse benefits,
sorghum may also gain importance as a biogas crop under
temperate conditions. We consider the silage types described in
this work as a superior alternative to the currently existing variety
types used for this purpose. With a panicle proportion of 40e50% of
total DMY and a height suitable for chopper-harvesting without
difficulties, they offer the advantages of enhanced DMC and MeC
similar or even superior to silage maize. Thanks to their signifi-
cantly higher MeC, silage types may outperform biomass varieties
in terms ofMeY, in spite of hitherto slightly lower DMY. However, to



Fig. 4. Comparison between the best performing biomass check Herkules and the highest yielding silage type experimental hybrid (Gross-Gerau 2014).
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fully exploit these benefits, seed set andmaturity at dough stage for
silage harvest are considered mandatory and represent critical
factors of sorghum production in cooler environments. Therefore,
principle breeding goals are chilling tolerance during juvenile
development to permit earlier sowing and enhance yield potential
as well as chilling tolerance during flowering to guarantee high
seed set and grain yield. The development of adapted parental lines
combining adequate grain and biomass yield using an efficient
approach, e.g. GCA tests, are considered the best breeding strategy.
The adaptation of sorghum to cooler climates faces similar chal-
lenges than that of maize in the last century, however, thanks to
novel molecular breeding tools, this is expected to be achievable in
a significantly shorter time.
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Abstract

Sorghum (Sorghum bicolor L. Moench) is regarded a drought-tolerant alternative

to maize as a bioenergy and fodder crop, but its early-stage chilling sensitivity is

obstructing a successful implementation in temperate areas. While several studies

have identified quantitative trait loci (QTL) underlying chilling tolerance-related

traits in sorghum lines, little is known about the inheritance of these traits in F1
hybrids. We have conducted a comprehensive approach to analyse heterosis,

combining ability and the relation between line per se and hybrid performance

for emergence and early shoot and root development comprising both field trials

and controlled environment experiments including chilling tests. To our best

knowledge, this is the first study analysing heterosis for sorghum root parameters

under chilling. Our results show that most traits are heterotic and that the mid-

parent values are rather poor predictors of hybrid performance. Hybrid breeding

programmes should focus on efficient GCA tests and the establishment of geneti-

cally diverse pools to maximise heterosis rather than on a too strict selection

among lines based on their per se performance. The medium-to-high heritabili-

ties estimated for seedling emergence and juvenile biomass suggest that a robust

breeding progress for these complex traits is feasible.

Introduction

Sorghum (Sorghum bicolor L. Moench) is regarded a

promising alternative to maize as a bioenergy and fodder

crop in temperate climates such as Central and Western

Europe, thanks to its tolerance to abiotic stresses (e.g.

Berenji and Dahlberg 2004, Promkhambut et al. 2010,

Tari et al. 2013, Schittenhelm and Schroetter 2014), nutri-

ent efficiency (Subbarao et al. 2009) and pest resistance

(e.g. to Diabrotica, Oyediran et al. 2004). Being a C4 plant

of tropical origin, sorghum is sensitive to temperatures

below 15 °C, especially during germination and juvenile

stages (Yu and Tuinstra 2001). An improved chilling tol-

erance is thus mandatory for a successful adaptation to

higher latitudes, but would also be beneficial for subtropi-

cal regions where sorghum is already well established,

since earlier sowings in spring would allow a better utili-

sation of winter moisture (Patane et al. 2006). Chilling

adversely affects nearly all physiological and developmen-

tal processes in plants, but the photosynthetic apparatus

is considered most sensitive, especially when chilling, as it

frequently occurs under field conditions in late spring,

coincides with high light intensity (Wise 1995, Frache-

boud et al. 2004). Root development and structure have

also been highlighted as crucial for chilling tolerance in

maize (Hund et al. 2008, 2012) and sorghum (Bekele

et al. 2014), which differ notably in their juvenile root

development. In contrast to maize, nodal roots develop

quite late in sorghum, and until 4- to 5-leaf stage, water

and nutrient uptake relies only on the primary root and

its respective lateral roots (Singh et al. 2010). Fortunately,

there is a broad variation for chilling tolerance among

different sorghum accessions, and tolerant sources have

been identified (Salas-Fernandez et al. 2014). Several

recent studies have gained first insights into the genetic

architecture of this trait, finding several quantitative trait

loci (QTL) of interest (Knoll et al. 2008, Burow et al.

2011, Fiedler et al. 2012, Bekele et al. 2014), which may

be useful for marker-assisted selection in the future. How-

ever, because most commercial varieties are hybrids, for

breeders it is essential to learn more about the inheritance

of chilling tolerance traits to select the most appropriate
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parental lines. The superiority of hybrids in this regard

was shown shortly after the advent of the first commercial

sorghum hybrids in the 1950s (Pinthus and Rosenblum

1961, Blum 1969). More recently, Yu and Tuinstra (2001)

and Tiryaki and Andrews (2001) confirmed heterosis for

chilling tolerance traits and provided first valuable

insights regarding their inheritance. However, the results

of these studies were not concordant, and either only field

experiments (Yu and Tuinstra 2001) or controlled envi-

ronments (Tiryaki and Andrews 2001) were used for scor-

ing. We have analysed a broad set of parental lines along

with their factorial crosses under field trials with different

sowing dates as well as under contrasting temperature

regimes in controlled environments, aiming at a more

comprehensive understanding of combining ability and

the correlation between line per se and hybrid perfor-

mance for emergence, shoot and root development.

Besides its importance for designing breeding strategies,

the correlation between hybrid and mid-parent perfor-

mance is crucial for deciding whether QTL mapping stud-

ies for chilling tolerance should focus on inbred lines or

rather on hybrids (Bhosale et al. 2007).

Materials and Methods

Germplasm

Four cytoplasmic male sterile (CMS) seed parent lines

(females), 16 diverse pollinator lines (males) and their

factorial crosses (n = 64) were analysed (Table 1). Due to

limited seed availability of a few crosses, the factorial was

not complete for all trials. While the females are breeding

lines from the USA and Mexico, the males are of very dif-

ferent origin. Two males are recombinant inbred lines

(RILs) derived from a cross between the sweet sorghum

line SS79 and the grain sorghum line M71, developed by

Dr. Willy Wenzel, Potchefstroom (South Africa), and

described previously by Shiringani et al. (2010), whereas

the remaining ones originate from the USDA Sorghum

Conversion Program (Stephens et al. 1967) and are of

diverse origin (see Table 1). To exclude the influence of

different environments on seed traits, all seeds were taken

from one seed lot, which was produced in Puerto Vallarta,

Mexico, under optimal conditions and harvested in April

of 2013. Further, seeds were treated with MaximXLTM (Syn-

genta, agent fludioxonil) at the label rate to avoid fungal

infections distorting the results.

Field trials

Field trials were conducted at two sites in Germany dur-

ing the years 2013 and 2014: Poel (PL, 53°990N, 11°470E,
19 m a. s. l.), a small island near Wismar in the Baltic

Sea, is characterised by a maritime climate with retarded

warming in spring and light soils (loamy sand); Giessen

(GI, 50°600 N, 8°650E, 158 m a. s. l.), located in the Lahn

River valley in Western Germany, has heavy clay soils and

higher daily temperature amplitudes (Table 2). In 2013,

the trials were sown at the recommended (‘normal’)

planting dates for sorghum at these locations and chilling

stress was only light, while in 2014, sowing was approx.

1 month earlier and, in consequence, growth conditions

were harsh. At both sites, a randomised complete block

design (RCBD) with two replications was used. Entries

were grown in single-row plots (2.5 9 0.5 m) at GI and

Table 1 Overview of the parental lines used in the study (origin and

subspecies of conversion lines according to Dr. William L. Rooney, per-

sonal communication)

Line Sex Description Origin Subspecies

A1102 Female Breeding line Mexico Kafir

A1104 Female Breeding line Mexico Caudatum–kafir

AK011 Female Breeding line USA Kafir

ATX623 Female Breeding line USA Kafir

SC 136 Male Conversion

line

Ethiopia Durra-bicolor

SC 207 Male Conversion

line

India Caudatum–

durra

SC 299 Male Conversion

line

Nigeria Caudatum–

kafir

SC 525 Male Conversion

line

Nigeria Caudatum–

durra

SC 538 Male Conversion

line

Nigeria Bicolor

SC 569 Male Conversion

line

Nigeria Caudatum

SC 689 Male Conversion

line

Uganda Caudatum

SC 695 Male Conversion

line

USA Caudatum–

durra

SC 721 Male Conversion

line

Japan Caudatum–kafir

SC 733 Male Conversion

line

Nigeria Caudatum–kafir

SC 1104 Male Conversion

line

Uganda Caudatum

SC 1160 Male Conversion

line

Ethiopia Bicolor-

caudatum

SC 1271 Male Conversion

line

Ethiopia Caudatum

SC 1307 Male Conversion

line

Ethiopia Caudatum–

durra

SMRIL-096 Male RIL from

SS79xM71

cross

South Africa/

Zimbabwe

Caudatum–kafir

SMRIL-221 Male RIL from

SS79xM71

cross

South Africa/

Zimbabwe

Caudatum–kafir
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double-row plots (2.5 9 1.0 m) at PL, with 0.5 m row

spacing, 50 seeds per row and 2 cm sowing depth at both

sites. Fertiliser and herbicide applications were executed

following good agronomical practice. Approx. 4 weeks

after sowing, final emergence was counted, vigour was

scored on a scale from 1 (poor) to 9 (excellent) and 10

representative plants per plot were harvested by hand (ap-

prox. 1 cm above ground) and dried overnight at 105 °C
to determine the shoot dry weight per plant (SDW). At

PL, also the days from sowing to the 3- and 5-leaf stage

(D3L and D5L) were scored to record the time of juvenile

development.

Controlled environment experiments

Five controlled environment experiments were conducted

under sterile or semi-sterile conditions (see Table 3).

Gel-based root assays were carried out in incubators,

while the experiments analysing whole-seedling develop-

ment under chilling stress were conducted in a climate

chamber. Seedling development under warm conditions

(control) was assessed in a greenhouse chamber in the

summer to receive natural light. The day/night period

was set at 14/10 h in all experiments to resemble actual

Central European conditions in late spring. Because ster-

ilised sand was used as substrate to facilitate the scoring

of root traits, adequate plant nutrition was provided by a

repeated application of Murashige & Skoog Basal Salt

MixtureTM (Duchefa Biochemie B. V., Haarlem, The

Netherlands). For the climate chamber and greenhouse

experiments, sowing depth was 2 cm and a RCBD with 4

replications was used.

The two climate chamber chilling stress experiments dif-

fered in their setting regarding the onset of cool tempera-

ture. During the first one (chilling during emergence,

CDE), temperatures were kept constant at 13/10 °C, so that

emergence and subsequent seedling development took

place under cool conditions. The number of emerged seed-

lings was counted each day, and 28 days after sowing, the

final emergence was scored. The Emergence Index (EI) was

calculated as described by Smith & Millet (1964) using the

formula:

Table 2 Climate data of the field trial sites during the duration of the respective experiments

Site Year

Trial dates

(sowing-harvest)

Mean

temp. [°C]

Mean max.

temp. [°C]

Mean min.

temp. [°C]

Absolute max. and

min. temp. [°C]

Mean soil

temp. [°C]

Min. soil

temp. [°C]

Precipi-

tations [mm]

Giessen (GI) 2013 June 5–July 5 17.4 23.3 11.5 34.5/5.1 20.5 17.7 44

2014 May 6–June 5 13.8 19.8 7.8 28.5/2.3 17.3 14.2 68

Poel (PL) 2013 June 5–July 8 16.5 20.7 12.3 31.7/8.3 18.8 15.6 79

2014 May 6–June 10 15.1 19.4 10.8 30.3/6.7 16.1 10.4 93

Table 3 Overview of the controlled environment experiments and gel-based assays

Experiment/

Treatment

Temperature

conditions Light Duration Pots, plant density and substrate Traits scored

Chilling during

emergence

(CDE)

13/10 °C 14 h,

60 W m�2

28 days 12 9 12 9 12 cm, 32 seeds/pot,

sterilised sand, 4 9 fertilised with

100 ml 0.25 9 MS1

Emergence index (EI), final emergence, leaf

greenness, root dry weight (RDW), primary

root length (PRL), shoot length (SL), shoot

dry weight (SDW), vigour

Chilling after

emergence

(CAE)

First 10 days

after sowing

25/18 °C,

then 13/

10 °C

14 h,

60 W m�2

96 days 12 9 12 9 12 cm, 16 seeds/pot,

sterilised sand, 4 9 fertilised with

100 ml 0.25 9 MS1

Seedling survival under chilling, root dry

weight (RDW), shoot dry weight (SDW)

Control 25/18 °C 14 h, natural

light

14 days Cylindric 16.8 9 19.2 cm pots,

1 plant/pot, 49 fertilised with

100 ml 0.25 9 MS1

Root dry weight (RDW), primary root length

(PRL), shoot length (SL), shoot dry weight

(SDW)

Cold Gel

Assay (CGA)

13/10 °C 14 h,

105 W m�2

28 days 10 plants per gel chamber (23.5 9

23.5 9 1 cm), gels consisting of

6 g agarose and 4.4 g MS1 per l H2O

Primary root length (PRL)

Warm Gel

Assay (WGA)

25/18 °C 14 h,

105 W m�2

14 days 10 plants per gel chamber (23.5 9

23.5 9 1 cm), gels consisting of 6 g

agarose and 4.4 g MS1 per l H2O

Primary root length (PRL), lateral root length

(LRL), lateral root number (LRN)

1Murashige & Skoog Basal Salt MixtureTM (Duchefa Biochemie B. V., Haarlem, The Netherlands).
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EI ¼
P

Ej � Dj

� �� �

E

where Ej is the number of newly emerged plants on day j,

Dj the days after planting, and E the final seedling emer-

gence.

Further, after 28 days vigour (scale: 1 no emergence; 2

coleoptiles visible; 5 average vigour; 9 excellent vigour)

and leaf greenness (1 white, complete chlorophyll degra-

dation; 5 medium chlorosis; 9 dark green, no chlorosis)

were assessed. Seedlings were harvested and rinsed. Shoot

length (SL) and primary root length (PRL) were mea-

sured on three representative plants per replication, and

the respective mean of each replication was used for fur-

ther statistical analyses. The total shoot and root matter

of each replication was dried for several days at 70 °C,
weighed and divided by the number of plants to deter-

mine shoot (SDW) and root (RDW) dry weight per

plant.

In contrast, the goal of the second climate chamber

experiment (chilling after emergence, CAE) was to evalu-

ate the reaction of sorghum seedlings to the same temper-

atures (13/10 °C) after emergence under warm conditions

(25/18 °C). The temperature regime was changed 7 days

after emergence (10 days after sowing) when the seedlings

were in the 2-leaf stage, and stress conditions were main-

tained until all entries had succumbed to chilling. An

entry was scored ‘dead’ when 50 % of the plants showed

symptoms of irreversible chilling injury, such as complete

chlorophyll degradation, necrosis or wilting. Based on the

onset date of lower temperature, the days of survival to

chilling (trait ‘seedling survival’) were calculated for each

entry. SDW and RDW were measured at the end of the

experiment.

The control experiment aimed to provide optimal grow-

ing conditions for sorghum. Harvest was carried out

14 days after sowing, because at that time, the seedlings

were in the same physiological state (2–3 leaves) as in the

two previously described chilling stress experiments (CAE

and CDE) at harvest.

Root structure was analysed in gel-based assays. Gel

chambers (23.5 9 23.5 9 1 cm) were c-rayed and filled

with 0.5 l gel, which was prepared under sterile conditions

and consisted of 6 g agarose and 4.4 g Murashige & Skoog

Basal Salt MixtureTM (Duchefa Biochemie B. V., Haarlem,

The Netherlands) per l demineralized H2O. A vertical space

of approx. 5 cm in the gel chamber was not filled to facili-

tate shoot development. Five seeds per entry (spacing

approx. 2 cm) were placed approx. 0.5 cm into the gels.

The seedling which showed the slowest germination was

excluded from further analyses, so that four plants per

entry were scored and considered as replications. Gel

chambers were completely wrapped with aluminium foil to

avoid any light exposure of the seeds during germination.

Germination and subsequent development occurred under

controlled conditions in incubators (see Table 3). After

germination, the gel-free space provided for shoot develop-

ment was relieved from the foil, so that only the roots

remained in the dark. At the end of the experiments, the

gels were scanned and root structure was analysed with

ImageJ version 1.45 (Rasband 1997-2014). Primary root

length (PRL) was measured, and the number of lateral

roots (LRN) was counted. The mean of the three longest

lateral roots per plant was taken for lateral root length

(LRL).

Statistical analyses

A general linear model was used for statistical analyses in

which genotypes, females, males, location, year and treat-

ment were considered as fixed and replicates as random

effects. Female x male interaction was utilised to compute

the specific combining ability (SCA) variance (Yu and

Tuinstra 2001).

Broad-sense heritability for emergence, SDW and vigour

under field conditions was calculated using the formula:

h2 ¼ r2
G

r2
G þ r2

G� L

nL
þ r2

G�Y

nY
þ r2

G� L�Y

nLY
þ r2

Error

nLYR

where r2
G is the genetic variance, r2

G 9 L the geno-

type 9 location variance, r2
G 9 Y the genotype 9 year

variance, r2
G 9 L 9 Y the genotype 9 location 9 year

variance, r2
Error the error variance and nLYR the number of

locations, years and replications.

The heritability of RDW and SDW in the controlled envi-

ronment experiments was calculated using the formula:

h2 ¼ r2
G

r2
G þ r2

G�T

nT
þ r2

Error

nTR

where r2
G is the genetic variance, r2

G 9 T the geno-

type x treatment variance, r2
Error the error variance and

nTR the number of treatments and replications.

ANOVA of lines vs. hybrids was used to test for significance

of mid-parent heterosis (MPH). Tester-specific general

combining ability (GCA) values were calculated by estab-

lished methods (Hallauer and Miranda Fo 1988). The coef-

ficient of determination (r2) between the sum of parental

GCA effects and hybrid performance was used to describe

the accuracy of GCA prediction (M€uhleisen et al. 2013).

Student–Newman–Keuls Test (SNK) was applied to deter-

mine genotype subsets being significantly different from

one another and determine cases of significant high-parent

heterosis (HPH). Statistical analyses were conducted using

IBM SPSS Statistics version 22 (IBM Software, Armonk, NY,

USA).
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Results

Reaction to chilling stress

Highly significant differences among entries were observed

under both field trials and controlled environment experi-

ments (Tables 4 and 5, Table S1). Only for seedling emer-

gence at GI 2013, no differences were found (Table S1), but

this environment was characterised by an overall relatively

poor emergence which was caused rather by dry conditions

(Table 2) than by chilling. Considering lines and hybrids

separately, differences remained significant for most traits.

Variation was generally higher among males than females,

and for most traits in controlled environment chilling stress

experiments (CAE and CDE), performance of males was

better (Table 5, Table S3). As expected, SDW was reduced

under cold conditions. For the field trials, year effects on

SDW were highly significant due to early sowings in 2014

Table 4 (a) Genotypic variances (mean squares) of field trials and their interactions across all locations and years; (b) Genotypic variances (mean

squares) of field trials and their interactions, partitioned into years (2013 and 2014), that is normal and early sowing dates

Source d.f. Emergence Shoot dry weight (SDW) Vigour

(a)

Entry 71 336.93*** 48060.90*** 2.69***

Lines (L) 18 366.21*** 33262.47*** 2.53***

Females (F) 3 91.52 4270.08 0.712

Males (M) 14 440.50*** 31295.22*** 2.94***

Hybrids (H) 52 261.45*** 29651.98*** 1.03**

F vs. M 1 150.23 147781.18** 2.31

L vs. H 1 3734.97*** 1271696.11*** 91.60***

GCA (F) 3 995.12*** 94534.17*** 0.44

GCA (M) 14 233.34** 44032.87*** 1.74***

SCA (F 9 M) 35 217.90*** 17656.51* 0.77

Location (Loc) (only hybrids) 1 453.80* 9803107.49*** 0.50

Year (only hybrids) 1 82.79 3757198.96*** 38.94***

Loc 9 GCA (F) 3 367.16* 83323.12*** 0.06

Loc 9 GCA (M) 14 230.59** 27548.04** 0.90

Loc 9 SCA 35 104.78 17486.92* 0.45

Year 9 GCA (F) 3 353.11* 35514.54* 1.04

Year 9 GCA (M) 14 391.36*** 17643.29 1.12*

Year 9 SCA 35 187.96** 8594.53 0.64

Loc 9 Year 9 GCA (F) 3 85.74 26645.97 1.48

Loc 9 Year 9 GCA (M) 14 166.90 16639.14 1.06*

Loc 9 Year 9 SCA 35 91.55 10052.14 0.40

Error 212 97.40 11052.65 0.57

Source d.f.

2013 (normal sowing) 2014 (early sowing)

Emergence Shoot dry weight (SDW) Vigour Emergence Shoot dry weight (SDW) Vigour

(b)

Entry 71 206.91*** 42572.06*** 1.63*** 462.75*** 18767.96*** 2.01***

Lines (L) 18 248.75*** 26472.31*** 1.22*** 395.60** 13466.13** 2.67***

Females (F) 3 148.34 6744.42 0.875 205.23 1100.99 0.23

Males (M) 14 281.29*** 26308.62*** 1.28** 412.36*** 12716.46* 3.32***

Hybrids (H) 52 194.08* 26321.82** 0.65 312.30*** 15967.50** 1.18**

F vs. M 1 94.52 87947.52** 1.33 732.00 61056.93 0.98

L vs. H 1 121.27 1177380.14*** 59.76*** 9494.74*** 259824.81** 33.69***

GCA (F) 3 777.15*** 99750.40*** 1.12 571.07*** 30298.31* 0.35

GCA (M) 14 292.78** 32472.93** 0.98* 331.93*** 29203.23*** 1.89***

SCA (F 9 M) 35 125.53 16912.03 0.45 280.33*** 9339.01 0.95

Location (Loc) (only hybrids) 1 14717.72*** 3252008.79*** 0.42 8090.01*** 6541532.27*** 0.19

Loc 9 GCA (F) 3 245.50 88579.82*** 0.80 207.40* 21389.27 0.74

Loc 9 GCA (M) 14 278.90* 17614.97 0.97* 118.58 26572.21*** 0.99

Loc 9 SCA 35 108.73 19281.10 0.40 87.60 8257.95 0.45

Error 106 124.87 14042.01 0.48 69.93 8063.29 0.67

*Significant at 0.05 level; **Significant at 0.01 level; ***Significant at 0.001 level.
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(Table 6). At GI, the relative SDW in 2014 was only

16.5 % as compared to 2013 implying a sixfold decrease

(Table S4), while at PL, the difference was much smaller

(77.6 % SDW 2014 relative to 2013), probably due to a

higher temperature difference between both years at GI

(3.6 °C) than at PL (1.4 °C) and cold night temperatures

at GI 2014 (Table 2). Under controlled environments, rela-

tive SDW at CDE compared to the control (15.3 %)

showed a very similar extent of reduction as between early

and later sowing in GI. Year effects were also significant for

emergence, but not concordant. At GI, emergence was bet-

ter in 2014, due to dry conditions in 2013, while at PL,

emergence was reduced in 2014 vs. 2013 as expected due to

lower soil temperature. Genotype 9 Location 9 Year

interaction was only significant for SDW of lines (Table 6).

In field trials, heritability was medium for emergence and

medium to high for SDW and vigour (Table 7). Due to the

higher genotypic variance among lines, heritability was

higher for lines than for hybrids. For the controlled envi-

ronments, a higher heritability for lines was observed as

well, and heritability for SDW was slightly higher than for

RDW. RDW under chilling stress (CDE: control) was

reduced to a similar extent as SDW, and the development

of lateral roots was completely repressed in the cold gel

assay (CGA).

Heterosis

Hybrids performed better than inbred lines in most cases, as

indicated by the significant line vs. hybrid effects (i.e. average

MPH). However, relative values for SDW under chilling

stress (ratio CDE: control, GI 2014: GI 2013) were similar for

Table 5 Genotypic variances (mean squares) from controlled environment experiments

Source d.f.

Emergence EI1 Vigour Leaf Gr2
Shoot dry weight (SDW)

CDE3 CDE3 CDE3 CDE3 CDE3 CAE4 Ctr5

Entry CDE: 83

CAE, Ctr.:69

CGA, WGA: 71

397.36*** 21.52*** 3.93*** 6.36*** 11.54*** 651.60*** 412.42***

Lines (L) CDE: 19

CAE, Ctr, CGA,

WGA: 18

741.13*** 23.25*** 3.29*** 8.14*** 7.55*** 503.05*** 303.09***

Females (F) 3 547.49* 7.22 0.60 2.73** 2.46** 297.07*** 298.18

Males (M) CDE: 15

CAE, Ctr, CGA, WGA: 14

765.53*** 11.56* 2.98** 7.38*** 7.75*** 458.53*** 236.54***

Hybrids (H) CDE: 63

CAE, Ctr.: 50

CGA, WGA: 52

154.06** 6.96*** 2.33*** 5.06*** 5.60*** 247.86*** 147.27*

M vs. F 1 956.09 246.56*** 15.98*** 35.78*** 19.77** 1807.99** 1249.41***

L vs. H 1 9193.53*** 906.10*** 119.21*** 53.76*** 461.82*** 23427.21*** 15422.50***

F (GCA) 3 665.83*** 29.14*** 10.22*** 49.03*** 29.83*** 809.67*** 205.78

M (GCA) CDE: 15

CAE, Ctr,

CGA, WGA: 14

143.11 7.80** 3.08** 6.17*** 6.26*** 415.96*** 244.29**

F 9 M (SCA) CDE: 45

CAE, Ctr. 33

CGA, WGA: 34

6.174 5.29* 1.58 1.74* 3.80*** 126.82*** 101.88

Error CDE: 251;

CAE, Ctr.: 208

CGA, WGA: 171

104.22 3.90 1.18 0.92 1.32 53.35 89.87

1Emergence index.
2Leaf greenness.
3Chilling during emergence.
4Chilling after emergence.
5Control.
6Cold gel assay.
7Warm gel assay.
8Lateral root length.
9Lateral root number.

*Significant at 0.05 level; **Significant at 0.01 level; ***Significant at 0.001 level.
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lines and hybrids, while relative RDW and PRL were slightly

higher in hybrids than in lines (Table S4). For field emer-

gence, average MPH was significant only at early sowing

(Table 4). MPH for SDW under field conditions was stron-

ger expressed at PL than GI (Table 8), whereas its magnitude

under controlled environment conditions did not depend on

temperature and was approx. 60 % in all three treatments

(Table 9). In contrast, MPH for RDW, even though signifi-

cant in all three treatments, was higher under cold, and

MPH for PRL was manifested only under cold (CDE and

CGA). Regarding root structure, significant MPH was found

for the length (LRL) of lateral roots, but not for their number

(LRN) (Table 5). The finding that LRN is clearly an additive

trait is also supported by the high correlation between line

per se performance and male GCA (Table 9).

HPH for field traits was only found in one case, and also

under controlled environment experiments, HPH was not

commonly expressed (Table 9). Most cases of HPH were

observed for SDW at CAE and CDE treatments, while for

SDW at control and RDW HPH only occurred exception-

ally.

Combining ability

Considering all environments, field emergence and SDW

were principally affected by GCA effects, even though SCA

effects were also significant (Table 4a). Partitioning these

traits into normal (2013) and early (2014) sowing

(Table 4b), GCA effects remained highly significant in both

cases, while SCA effects were only significant for emergence

Shoot length (SL) Root dry weight (RDW) Primary root length (PRL)
LRL8 LRN9

Seedling

survival

CDE3 Ctr5 CDE3 CAE4 Ctr5 CDE3 Ctr5 CGA6 WGA7 WGA7 WGA7 CAE4

8.57*** 42.63*** 12.59*** 190.93*** 173.23*** 7.07*** 70.92 8.76*** 25.46*** 2.11*** 548.66*** 343.59***

7.53*** 39.67*** 5.69*** 102.77*** 90.14 12.67*** 46.89 11.12*** 28.79** 1.36 464.51** 472.99***

0.78 32.82 3.22** 31.45* 65.85 4.81** 35.92 4.54*** 10.13 2.12 598.02 235.67**

4.81*** 32.80*** 6.51*** 112.38*** 88.94 9.59*** 46.43 13.12*** 26.11** 1.08 418.85* 528.98***

3.71*** 21.01*** 7.35*** 96.22*** 113.73 3.60** 80.90 7.88*** 23.78*** 2.16** 588.05*** 217.05***

68.60*** 156.44** 0.81 182.08* 179.81 82.55*** 86.19 2.83 112.35** 2.97 783.10 345.95

333.91*** 1176.61*** 473.76*** 6461.00*** 4505.81*** 119.15*** 4.98 11.53* 36.73 12.91** 28.65 4134.01***

19.80*** 53.04*** 30.00*** 281.30*** 59.05 9.36*** 35.43 11.46*** 33.61* 0.48 271.10 131.37**

2.89*** 51.01*** 16.06** 130.40*** 219.07** 3.62*** 100.32 14.94*** 41.81*** 4.67*** 1630.03*** 497.65***

2.97*** 4.38 3.02 62.44*** 71.12 3.27*** 75.07 4.48*** 11.87 1.16 163.62 98.54***

1.26 5.34 2.28 26.15 83.27 1.35 66.19 1.00 10.78 1.13 145.17 24.48
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after early sowing. Under controlled chilling stress (CAE

and CDE), female GCA effects were highly significant for

all traits (Table 5). Although male GCA effects were also

significant except for emergence, the female impact was

generally stronger. Only for the trait ‘seedling survival’

(CAE treatment), a higher influence of male GCA effects

was observed. In contrast, SDW and RDW in the control

treatment were only influenced by male GCA effects, just

like root structure characteristics (LRL and LRN) in the

gel-based assay (Table 5). While SCA effects were not

significant under control conditions, most traits under

chilling stress (CAE and CDE) were also influenced by

SCA.

The accuracy of the sum of parental GCA for predic-

tion of hybrid performance differed among the traits

(Tables 8 and 9). It was high for RDW, especially under

permanent chilling (CDE), leaf greenness, seedling sur-

vival and root structure traits (LRL and LRN), while it

was relatively low for emergence (both field trials and

CDE treatment) and EI (CDE treatment). Also SDW was

only determined by parental GCA effects to around 50 %

(except at CAE).

Relationship between line per se and hybrid performance

Under controlled environment conditions, the correlations

between mid-parent value (MPV) and hybrid performance

were significant for most traits, but only weak to medium.

In contrast, under field conditions MPV and hybrid per-

formance for SDW were only correlated at the early sow-

ings of 2014, and no correlation was found for field

emergence.

Line per se performance (LP) and GCA under con-

trolled environment conditions were strongly related for

males for seedling survival and some root traits, and for

females for leaf greenness, RDW under permanent cold

(CDE) and SDW at control conditions. However, for the

last trait female GCA effects were not significant, so that

selection for SDW based on line performance alone

Table 6 Mean squares of entry, location and year effects and their interactions from field trials at Giessen (GI) and Poel (PL) 2013 and 2014

Source of variation Type of entry d.f. Emergence Shoot dry weight Vigour

Entry L and H 71 336.93*** 48060.90*** 2.69***

Location L and H 1 200.07 10340911.39*** 0.77

Year L and H 1 1246.89*** 4062826.45*** 41.71***

Entry * Location L and H 71 148.07** 29812.49*** 0.71*

Entry * Year L and H 71 332.73*** 13279.13* 0.95***

Location * Year L and H 1 29834.94*** 521734.75*** 0.77

Entry * Location * Year L and H 71 119.32 11789.99 0.59

Error L and H 288 97.46 9031.53 0.51

Entry L 18 366.21*** 33262.47*** 2.53***

Location L 1 64.71 1062193.18*** 0.28

Year L 1 7045.13*** 471136.33*** 4.62***

Entry * Location L 18 134.15 17433.33*** 1.20***

Entry * Year L 18 278.14*** 6675.96* 1.36***

Location * Year L 1 6563.48*** 241796.43*** 1.79*

Entry * Location * Year L 18 132.62 8292.13** 0.34

Error L 76 97.63 3393.66 0.33

Entry H 52 261.45*** 29651.98*** 1.03**

Location H 1 453.80* 9803107.49*** 0.50

Year H 1 82.79 3757198.96*** 38.94***

Entry * Location H 52 149.61* 24586.49*** 0.55

Entry * Year H 52 244.92*** 12637.34 0.80

Location * Year H 1 23352.33*** 299721.42*** 0.05

Entry * Location * Year H 52 115.46 12847.07 0.67

Error H 212 97.40 11052.65 0.57

*Significant at 0.05 level; **Significant at 0.01 level; ***Significant at 0.001 level.

Table 7 Broad-sense heritability estimates for major traits estimated in

field trials and controlled environment experiments

Type of

entry

Field trials

Controlled

environments

Emergence

Shoot

dry

weight Vigour

Shoot

dry

weight

Root

dry

weight

Lines and

Hybrids

0.55 0.66 0.73 0.92 0.89

Lines 0.60 0.70 0.65 0.92 0.86

Hybrids 0.53 0.57 0.55 0.85 0.76
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would be ineffective. In contrast, under field conditions

LP and GCA were not related except for emergence at GI

2014.

Correlations between controlled environments and field

trials

To avoid distortions by heterosis, correlations between

controlled environments and field trials [means of both

locations for early (2014) and normal (2013) sowing dates]

were calculated for lines and hybrids separately (Fig. 1).

Due to the higher genotypic variance, there were more and

stronger correlations for lines than for hybrids. For lines, EI

at CDE treatment and SDW in all three controlled environ-

ment experiments showed medium-to-strong correlations

to field SDW at both sowing dates. Interestingly, PRL was

related to field SDW, while there was no correlation for

RDW. For hybrids, most correlations between field SDW

and traits scored under controlled environment conditions

were found for the early sowings of 2014. Surprisingly, final

emergence at CDE was closer related to field emergence at

regular (2013) than early sowing dates for both lines and

hybrids. Further, hybrids with a higher number of lateral

roots were slower in their juvenile development (D5L) and

less vigorous at normal sowing dates.

Discussion

Heterosis and combining ability for chilling tolerance and

juvenile development in sorghum

Our results confirm the heterotic character of sorghum

juvenile biomass and seedling emergence under chilling as

also described in previous studies (Tiryaki and Andrews

2001, Yu and Tuinstra 2001). To our best knowledge, this

is the first study analysing heterosis for sorghum root traits

under different temperature treatments, showing that

MPH for root growth is stronger expressed under cold.

However, HPH was not predominantly observed in our

study, contrasting to Yu and Tuinstra (2001), who found,

for example, HPH for SDW at early sowing in 75 % of the

hybrids. This may be explained by the equal yielding of

female and male parents in their study, while in contrast,

the females used in our study showed a significantly infe-

rior performance than males for many traits (see Tables 4

and 5, Table S2 and S3), and differences between males

with good LP and females were probably too large to allow

for HPH.

A detailed discussion on the basic causes of heterosis

for chilling tolerance is beyond the scope of this article.

However, the similar relative values of parental lines and

hybrids suggest that the superiority of hybrids was rather

due to heterosis – regardless the environment – than to

specific physiological settings. Hence, a strong expression

of heterosis is desirable not only for yield traits per se, but

also for chilling tolerance and juvenile development. How-

ever, it is unclear to which extent a superior early vigour

is relevant for final yield. In earlier studies, a significant

delay of flowering and maturity was observed when sor-

ghum was subjected to chilling after emergence (Kapani-

gowda et al. 2013, Maulana and Tesso 2013), but this did

finally not cause a significant reduction of grain yield

(Maulana and Tesso 2013). For maize hybrids, only weak

associations between early growth traits and final dry mat-

ter yield were found under Central European conditions

(Strigens et al. 2012). Nonetheless, sorghum substantially

lags behind maize regarding chilling tolerance, and

improvements are essential to make it ‘fail-safe’ and

Table 8 Expression of heterosis, GCA prediction accuracy and Pearson’s correlation (r) between line per se performance (LP) and GCA and between

mid-parent values (MPV) and hybrid performance for traits evaluated in field trials

Item n

Emergence Shoot dry weight (SDW)

Giessen (GI) Poel (PL) Giessen (GI) Poel (PL)

2013 2014 2013 2014 2013 2014 2013 2014

[%] of hybrids with sign. HPH1 53 0 0 0 0 0 0 1.9 0

Max. HPH1 [%] 53 – – – – – – 73.7 –

Average MPH2 [%] (all MPV3–hybrid comparisons) 53 �2.1 10.6*** 1.1 11.5** 41.9*** 40.3*** 90.4*** 66***

GCA4 prediction accuracy 53 0.19 0.38 0.56 0.36 0.40 0.56 0.48 0.52

Correlation GCA4 M: LP5 M 15 0.01 �0.02 0.08 �0.32 0.20 0.43 0.02 0.39

Correlation GCA4 F: LP5 F 4 0.09 0.90* 0.45 0.71 �0.51 0.65 0.42 0.26

Correlation MPV3: hybrid performance 53 0.02 0.15 0.06 0.01 0.08 0.36** �0.07 0.30*

1High-parent heterosis.
2Mid-parent heterosis.
3Mid-parent value.
4General combining ability.
5Line per se performance.
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enhance the overall yield potential thanks to earlier sow-

ings, even though direct associations between juvenile

chilling tolerance and final yield may not be traceable

under all conditions.

The differences in the relative importance of female

and male GCA effects for the same traits under different

temperature conditions may be due to different ratios of

heterotrophic and autotrophic growth. Heterotrophic

growth is determined by a prevalence of seed traits

(Bhosale et al. 2007), which are determined to a higher

extent by the female parent (Yu and Tuinstra 2001),

while at autotrophic growth, the male parent is theoreti-

cally of equal importance. Under controlled chilling stress

(CAE and CDE), the impact of female GCA on RDW

and SDW was stronger, suggesting a principally hetero-

trophic growth due to the inhibition of photosynthesis.

In contrast, under warm conditions (control) these traits

were influenced by male GCA effects only, probably due

to an earlier change to autotrophic growth and hence a

reduced importance of the female seed parent. Male

effects were also stronger for seedling survival, which is

an indicator of chilling tolerance at autotrophic growth.

However, the lack of female GCA effects on RDW and

SDW at autotrophic growth (control) and root structure

(LRL an LRN) should not be generalised, as it probably

just reflects the low variation among the females used in

this study. Final emergence and EI were principally deter-

mined by female GCA effects, as expected due to high

Table 9 Expression of heterosis, GCA prediction accuracy and Pearson’s correlation (r) between line per se performance (LP) and GCA and

between mid-parent values (MPV) and hybrid performance for traits evaluated in controlled environments

Item n

Em.1 EI2 Vig-our Leaf Gr3
Shoot dry weight (SDW)

CDE4 CDE3 CDE4 CDE4 CDE4 CAE5 Ctr6

Hybrids with

sign. HPH11

CDE: 64

CAE, Ctr.:51

CGA, WGA: 53

1.6% 4.7% 1.6% 1.6% 29.7% 41.2% 3.9%

max. HPH11 CDE: 64

CAE, Ctr.:51

CGA, WGA: 53

27.4% 35.0% 3.6 scores 1.3 scores 125.5% 89.2% 102.1%

average MPH12 CDE: 64

CAE, Ctr.:51

CGA, WGA: 53

14.9%*** 24.6%*** 1.7 scores*** 0.44 scores*** 60.9%*** 60.6%*** 61.4%***

GCA13 prediction

accuracy

CDE: 64

CAE, Ctr.:51

CGA, WGA: 53

0.43 0.40 0.52 0.75 0.52 0.66 0.49

Correlation

GCA13 M: LP14 M

CDE: 16

CAE, Ctr, CGA,

WGA: 15

0.49 0.62* 0.40 0.21 0.27 0.51 0.45

Correlation GCA13 F:

LP14 F

4 �0.15 0.53 0.85 1.00** 0.73 0.68 0.99**

Correlation

MPV15: hybrid

performance

CDE: 64

CAE, Ctr.:51

CGA, WGA: 53

0.14 0.37** 0.35** 0.43*** 0.29* 0.47*** 0.37**

1Emergence.
2Emergence index.
3Leaf greenness.
4Chilling during emergence.
5Chilling after emergence.
6Control.
7Cold gel assay.
8Warm gel assay.
9Lateral root length.
10Lateral root number.
11High-parent heterosis (=F1- better performing parent).
12Mid-parent heterosis (F1- mid-parent value).
13General combining ability.
14Line per se performance.
15Mid-parent value.
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importance of seed traits. Due to the lack or the low

extent of male GCA contribution and SCA effects, the

sum of parental GCA is not an adequate predictor for

these traits. Also SDW (except at CAE treatment) was

only determined by the sum of parental GCA effects to

approx. 50 %, which is unexpected, as GCA is considered

a good predictor for biomass yield of forage sorghum

hybrids (Blum 1968, Tarumoto 1969, Grewal and Paroda

1974, Ross et al. 1979, Windpassinger et al. 2015). How-

ever, the deviation during juvenile development can be

explained by a higher female impact and SCA effects

especially under chilling. Studies on maize (Hodges et al.

1997, Strigens et al. 2012) also showed a high influence

of SCA on emergence and early biomass. In contrast,

root traits, leaf greenness and seedling survival of hybrids

can be reliably predicted by the sum of parental GCA

effects, facilitating the identification of superior combin-

ers among the breeding lines.

Controlled chilling stress experiments as predictors for

field performance

The medium-to-strong correlations for line SDW among

and between all controlled environments and field trials sug-

gest that the variation among our lines for shoot develop-

ment at juvenile stages is maintained independently from

temperature conditions, supported by the high heritability

for this trait. Hence, selection for vigorous lines could be

Shoot length (SL) Root dry weight (RDW) Primary root length (PRL)
LRL9 LRN10

Seedling

survival

CDE4 Ctr6 CDE4 CAE5 Ctr6 CDE4 Ctr6 CGA7 WGA8 WGA8 WGA8 CAE5

15.6% 9.8% 4.7% 21.6% 0% 0% 0% 0 0 0 0 7.8%

93.9% 52.3% 160.5% 137.1% – – – – – – – 35.7%/

19 days

65.0%*** 25.0%*** 100.0%*** 65.9%*** 43.8%*** 36.8%*** 1.5% 18.6%* 3.7% 22.4%** �2.7% 11.2%

6.7

days***

0.43 0.85 0.71 0.55 0.56 0.49 0.38 0.61 0.65 0.60 0.75 0.69

0.53* 0.52* 0.33 0.28 0.70** 0.83*** 0.11 0.48 0.24 0.38 0.74** 0.76***

0.70 0.54 0.99** �0.33 0.66 0.81 0.48 �0.44 0.55 �0.48 0.10 0.29

0.34** 0.49*** 0.43*** 0.11 0.48*** 0.57*** 0.12 0.28* 0.21 0.19 0.44*** 0.54***
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theoretically conducted in any environment, although varia-

tion is higher under cold. Because also for hybrids SDW at

CDE was related to field performance, scoring of this trait

under controlled permanent chilling stress may be useful for

pre-selection prior to field testing. Final emergence at CDE

showed a stronger correlation to field emergence at normal

than early sowing. Probably, conditions of CDE (13/10 °C)
were not harsh enough to simulate field emergence in cold

and heavy soils after early sowing. For comparison, Yu et al.

(2004) observed the highest correlation between field emer-

gence and growth chamber emergence at 11/8 °C, while

Salas-Fernandez et al. (2014) reported the result of a 7-day

cold test at 10 °C in non-sterilised soil as the best predictor

for early field emergence.

The finding that hybrids with a higher number of lateral

roots (LRN) were slower in their juvenile development

(D5L) under field conditions suggests trade-off effects

between root and shoot development. However, particu-

larly under drought stress, a higher number of lateral roots

may be beneficial for seedling establishment, as indicated

by the specific correlation of LRN to field emergence in GI

2013 (r = 0.35*). Seedling survival was suggested as the

best surrogate trait for selection due to its correlation

between both emergence and biomass under chilling stress

in a sorghum RIL-population (Bekele et al. 2014). In con-

trast, in our study seedling survival showed basically an

intrinsic correlation to SDW and RDW in the same experi-

ment (CAE) and was not related to field performance. As

outlined above, survival can be explained as the ability to

maintain metabolism at autotrophic growth under cold,

underlying a different genetic control than emergence and

heterotrophic growth. Temperature conditions at CAE

were chosen to be consistent with CDE and to allow a max-

imal variation, based on the results of Bekele et al. (2014).

Under field conditions, maintenance of autotrophic growth

under chilling stress is a crucial factor, as a fast emergence

is fruitless if the seedling subsequently succumbs to chil-

ling. However, even at earlier sowing dates, temperature

will not be constantly low but rather tends to rise with days

after sowing since spring advances. Hence, to simulate field

conditions, a short but stronger chilling especially at night

would be more realistic.

Implications for developing appropriate breeding

strategies

Mid-parent value (MPV) is a poor predictor of hybrid per-

formance for chilling tolerance traits in sorghum, which is

Em
ergence CDE 

EI CDE

Vigor CDE

Leaf Gr CDE

SDW
 CDE 

SDW
 CAE 

SDW
 Ctr

SL CDE

SL Ctr

RDW
 CDE 

RDW
 CAE 

RDW
 Ctr

PRL CDE

PRL Ctr

PRL CGA

PRL W
GA

LRL

LRN

Seedling survival CAE

Field em
ergence 2013

Field em
ergence 2014

Field SDW
 2013

Field SDW
 2014

Field vigour 2013

Field vigour 2014

D3l PL 13

D3l PL 14

D5l PL 13

D5l PL 14

Emergence CDE -0 0.5 -0 0.6 0.1 0.3 0.4 -0 0.3 -0 -0 0.3 -0 0.1 -0 -0 0 -0 0.4 0.3 0.3 0.3 0.1 0.1 -0 -0 -0 -0
EI CDE -1 -1 -0 -0 -0 -0 -1 -0 -0 0.1 0.1 -1 0 -0 -0 0 -0 -0 0.2 -0 -0 -0 0.1 -0 -0 0 0 0.1
Vigor CDE 0.4 -1 0.3 0.6 0.2 0.2 0.7 0.3 0.3 -0 0 0.6 0.1 -0 -0 -0 -0 0.3 -0 0.2 0.1 0.3 0 0.2 0.1 0.1 -0 -0
Leaf Gr CDE -0 0.5 0.3 -0 -0 -0 -0 0.4 -0 -0 0.1 0 0.1 -0 0.1 -0 -0 0.1 -0 -0 -0 -0 0.1 -0 0.3 0.3 0.1 0.3
SDW CDE 0.5 -1 0.4 -0 0.4 0.2 0.6 0.1 0.6 0.3 0.2 0.5 0.1 0.3 -0 0 -0 0.2 0.3 0.3 0.4 0.5 0.3 0.3 -0 -0 -0 -0
SDW CAE 0.1 -1 0.2 -1 0.7 0.4 0.2 0.3 0.1 0.5 0.3 0.2 0.2 0.1 0 0.2 -0 0.6 0.1 0.1 -0 0.4 0.1 0.3 -0 0 -0 -0
SDW Ctr 0.1 -1 0.3 -0 0.7 0.8 0.1 0.5 -0 0.1 0.4 0.1 0.1 0.2 0.1 0.3 0.1 0 0.1 0.1 0 0.3 0.1 0.2 -0 -0 -0 -0
SL CDE 0.4 -1 0.5 -1 0.8 0.6 0.7 0.1 0.5 0.1 0 0.7 -0 0.2 -0 -0 -0 0.3 0 0.1 0.1 0.3 -0 0.2 0.1 -0 -0 -0
SL Ctr 0 -0 0.4 -0 0.5 0.6 0.9 0.4 0 -0 0.5 -0 0.2 0.1 0.2 0.2 -0 -0 -0 -0 -0 0.1 0.2 0.2 -0 -0 -0 -0
RDW CDE 0.3 -0 0.3 -0 0.8 0.4 0.3 0.6 0.1 0 0.2 0.5 -0 0.2 -0 -0 -0 0.1 0.3 0.1 0.1 0.2 0.2 0.2 -0 0.1 -0 -0
RDW CAE -0 -0 0.2 -0 0.6 0.8 0.6 0.5 0.5 0.4 0.1 0.2 0 -0 -0 0 -0 0.3 0.2 0.2 0.3 0.4 0.1 0.2 -0 -0 -0 -0
RDW Ctr -0 -0 0.3 -0 0.3 0.5 0.7 0.3 0.7 0.1 0.5 -0 0.6 0.1 0 0.3 -0 0.1 -0 -0 -0 0.4 0.2 0.4 -0 -0 -0 -0
PRL CDE 0.5 -1 0.7 -0 0.7 0.5 0.5 0.9 0.4 0.6 0.4 0.3 0 0.3 -0 -0 0.1 0.3 0.1 0.2 0.1 0.3 -0 0.2 -0 0.1 -0 -0
PRL Ctr 0.4 -1 0.4 -0 0.7 0.5 0.6 0.7 0.5 0.5 0.5 0.4 0.5 0.1 0.2 0 0 0.4 -0 -0 0.1 0.1 0.2 0.4 -0 0.1 -0 0.1
PRL CGA 0.3 -0 0.2 -0 0.5 0.6 0.5 0.4 0.5 0.3 0.3 0.4 0.5 0.4 0 0.3 -0 0 -0 0.1 -0 0.2 -0 0.3 -0 -0 -0 -0
PRL WGA -0 0.1 -0 0 0.2 0.2 0.1 -0 0 0.2 0.2 -0 -0 0.2 0.1 0.3 0.6 0.1 -0 -0 -0 -0 -0 0 0.1 -0 0.2 0.2
LRL -0 0.2 -0 0.1 0.3 0.3 0.3 0.1 0.2 0.4 0.2 0.2 0.1 0.2 0.3 0.6 -0 -0 -0 0.1 -0 0.1 -0 0.1 0 0 -0 -0
LRN 0.1 0.1 -0 0 0.1 -0 0.1 -0 -0 0 -0 -0 -0 0 -0 0.6 0.5 0.2 0.2 -0 -0 -0 -0 -0 0.2 -0 0.4 0.3
Seedling survival CAE -0 0 -0 -0 0.4 0.5 0.1 0.1 -0 0.4 0.5 0.2 0.1 0.2 0.2 0.3 0.2 0 -0 0 -0 0.2 -0 0.2 0.2 0.2 0.1 -0
Field emergence 2013 0.5 -0 -0 -0 0.1 0.1 0 0.1 -0 0.1 -0 -0 0.1 -0 0.1 0.2 0 0.2 -0 0 0.2 0.2 0.2 -0 -0 -0 -0 -0
Field emergence 2014 0.2 -0 0 0.1 0.1 -0 -0 -0 -0 0.1 -0 -0 -0 0 -0 0.3 -0 0.2 -0 0.2 0.2 0.4 -0 0.4 -0 -0 -0 -0
Field SDW 2013 0.3 -0 0.4 -0 0.5 0.7 0.6 0.5 0.5 0.2 0.4 0.3 0.5 0.6 0.6 0 0.3 -0 0.1 0 -0 0.4 0.5 0.1 -1 -0 -1 -0
Field SDW 2014 0.4 -1 0.4 -0 0.7 0.6 0.7 0.6 0.7 0.3 0.4 0.3 0.6 0.6 0.6 0.2 0.2 0.2 -0 0.1 0.2 0.7 0.1 0.5 -0 -0 -0 -1
Field vigour 2013 0 -0 -0 -0 0.3 0.6 0.5 0.2 0.5 -0 0.2 0.2 0.1 0.5 0.6 0.2 0.1 -0 0.2 0.1 -0 0.7 0.5 0.1 -0 -0 -0 -0
Field vigour 2014 0.4 -0 0.3 -0 0.6 0.4 0.5 0.4 0.5 0.4 0.4 0.2 0.4 0.5 0.7 0.3 0.3 0 -0 0.2 0.4 0.4 0.8 0.3 -0 -0 -0 -1
D3l PL 13 -0 0.2 0.1 0.2 -0 -1 -0 -0 -0 -0 -0 0 -0 -0 -1 -0 -0 -0 -0 0.1 -0 -1 -1 -1 -0 0.3 0.7 0.3
D3l PL 14 -0 0 -0 -0 -0 -0 -0 -0 -0 -0 -0 -0 -0 -0 -0 -0 -0 0.1 -0 0.4 -0 -0 -0 0 -1 0.1 0.2 0.3
D5l PL 13 0 0.1 -0 0 -0 -0 -0 -0 -0 -0 -0 0.2 -0 -0 -0 -0 -0 0.2 -0 0.1 0 -1 -0 -1 -0 0.7 0.2 0.3
D5l PL 14 -0 0.3 -0 -0 -1 -0 -1 -0 -1 -0 -0 -0 -0 -0 -1 -0 -0 0 0.2 0.1 -0 -0 -1 -0 -1 0.5 0.6 0.4

<–0.7
–0.5
–0.3

0.3
0.5
>0.7

Fig. 1 Heat map showing the Pearson’s correlation among observed traits for lines (below the diagonal) and hybrids (above the diagonal).

© 2016 Blackwell Verlag GmbH12

Windpassinger et al.



not surprising, as very similar results were found in maize

(Hodges et al. 1997, Presterl et al. 2007, Strigens et al.

2012, Revilla et al. 2014). At first sight, these findings sug-

gest influences of both additive and dominance genetic

effects (Smith 1986). However, due to the stronger influ-

ence of female parents at emergence and heterotrophic

growth and the theoretically equal influence of females and

males at autotrophic growth, MPV does not seem the best

criterion to predict hybrid performance, anyway. For a suc-

cessful establishment of sorghum in temperate Central Eur-

ope, a satisfying and fast emergence in cold and heavy soils,

a rapid juvenile growth at variable conditions, both warm

and suboptimal, and the ability to withstand short early-

summer periods of severe chilling with night temperatures

close to freezing are crucial requirements. For the grower,

earlier sowings make no sense if the seedlings just emerge

and survive but then stagnate in growth, as the field would

rapidly be overgrown by weeds better adapted to low tem-

peratures. Hence, hybrids must be superior at both the het-

erotrophic and autotrophic stages to achieve maximal

growth during juvenile development.

Hybrid emergence is mainly determined by female GCA

effects, but deviations due to SCA effects are to be expected

under chilling at early sowings. Unfortunately, variation for

emergence was low among the sorghum females used in

our experiments, and a correlation between female LP and

GCA was only found in one field trial. Testing more

females comprising a higher variation, possibly a more

stable correlation between female LP and GCA might be

detected. Emergence of male parents is less important for

their hybrids than that of females; however, it should not

be completely neglected.

Prediction of hybrid shoot biomass at juvenile stage,

being an indicator of fast and robust development, can

rather be based on GCA than on LP (Fig. 2). In conse-

quence, future studies on juvenile biomass should focus on

testcross rather than on line performance, and genomic

selection approaches may be more efficient than QTL stud-

ies. However, sorghum breeders need to continuously

improve their line material regarding early vigour, as this

will also result in better performing hybrids. In our study,

the poor performance of females probably was a limiting

factor of hybrid performance and HPH expression. Hence,

both pools should be improved, as a good chilling tolerance

of males only would not be sufficient.

The root weight of hybrids is predominantly deter-

mined by GCA effects, and the correlation between LP

and GCA for this trait was high for females at hetero-

trophic growth (constant chilling) and for males at auto-

trophic growth (control), clearly facilitating future

breeding. Further, the number of lateral roots (LRN) in

hybrids, being a non-heterotic trait, depends strongly on

LP. Unfortunately, the scoring of root traits is too

laborious to be implemented in a breeding programme,

so that marker-assisted selection, in this case based on

LP, would be extremely helpful. Nevertheless, as the num-

ber of female (CMS) lines in a commercial sorghum

breeding programme is usually limited anyway, an analysis

of their root traits might be worthwhile. Leaf greenness is

an indicator of photosynthetic activity, representing a key

trait for chilling tolerance. In our study, a simple visual

scoring was utilised to grade variation for this trait.

Thanks to the clear predominance of GCA effects, a high

correlation between female LP and GCA and the easy

scoring, selection for this trait on female lines is consid-

ered recommendable. Selection for seedling survival under

chilling at autotrophic growth can be conducted on LP

per se. Due to the specific temperature conditions, no cor-

relation of seedling survival under controlled conditions

to field performance was observed in our study. For

breeding programmes, application of short, but intense

chilling is probably more promising. The possibility of

marker-assisted selection based on QTL studies for LP

would also be advantageous to enhance this trait.

In addition to an enhanced LP, a strong heterosis is the

second key for early-stage chilling tolerance. Because

hybrid breeding programmes generally aim at a maximum
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Fig. 2 Prediction accuracy of hybrid shoot dry weight (SDW) under per-

manent controlled chilling stress (CDE experiment) based on mid-parent

value (a) and parental GCA (sum of parental GCA + mean of all hybrids)

(b).
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exploitation of hybrid vigour, this precept should not

imply difficulties, even though heterosis for early (seedling)

vigour, yield components and yield itself may not be

directly associated. Unfortunately, heterotic groups are not

as clearly defined in sorghum as in maize (Jordan et al.

2003), but new sequencing technologies may assist breeders

to establish such groups in the future.

Conclusions

An enhancement of early-stage chilling tolerance of sor-

ghum is crucial for its successful adaptation as an alterna-

tive crop in temperate climates. Our results show that

chilling tolerance and juvenile development of sorghum

hybrids are heterotic traits for which the mid-parent values

are poor predictors. Thus, hybrid breeding programmes

should focus on efficient GCA testing and the development

of genetically distinct pools to maximise heterosis. A too

strict selection among parental lines based on their per se

performance is not considered recommendable, even

though a certain level of chilling tolerance on the female

side should be desirable for seed production.

Hence, whole genome association studies and genomic

selection for GCA seem to be a more efficient approach for

future breeding research than QTL studies based on line

per se performance. The medium-to-high heritabilities for

seedling emergence and juvenile biomass estimated in field

trials suggest that a significant breeding progress for these

traits should be feasible in the near future.
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4 General Discussion

Thanks to its resilience, versatility and potential for genetic enhancement, sorghum is

expected to be of increasing importance for global food and energy security. There are all

prerequisites for a robust breeding progress, sufficient investments provided: (i) a huge

genetic diversity in the primary and secondary gene pool (Mace et al. 2013b, Muraya 2014,

Venkateswaran et al. 2014), (ii) a diploid, fully sequenced genome (Paterson et al. 2009), (iii)

a relatively simple inheritance of plant height (Quinby & Karper 1954) and maturity (Quinby

& Karper 1945, Quinby 1966) which allows for access to tropical diversity also for temperate

breeding (Stephens et al. 1967), (iv) and established hybrid breeding systems comprising

several CMS sources for exploitation of heterosis (Stephens & Holland 1954, Schertz 1983).

Experiences in maize breeding show that both systematic exploitation of heterosis by using

genetically distinct hybrid parents and improvements of line per se performance are crucial

for an optimal breeding progress in yield and adaptation (Duvick 1999), which is considered

transferable to sorghum (Packer & Rooney 2014). The following chapters will discuss

breeding strategies for temperate adaptation of sorghum on the background of these dogmata,

the results of chapter 2 and 3 (Windpassinger et al. 2015 & 2016) and describe which lessons

can be learnt from maize breeding.

4.1 Adaptation of maize in Central Europe- a blueprint for sorghum?

‘Few agronomic improvements during the 20th century

rival the development of hybrid maize’ (Duvick 2001)

Maize shows that the successful adaptation of an originally tropical C4 plant into temperate

environments, presently as far north as Southern Scandinavia, is feasible, suggesting similar

possibilities for sorghum. Nowadays, most of the global maize production is yielded in

temperate areas of the US, China and Europe, far outside of its origin in tropical Mexico.

However, it should be considered that the history of temperate-adaptedness in maize is far

longer than in sorghum. Already in pre-Columbian times, maize was spread in temperate

North America up to present Southern Canada (Matsuoka et al. 2002), and recent results

suggest that divergence between tropical and temperate maize occurred at least 3,400 years

ago (Liu et al. 2015). The first maize was probably brought to Europe by Columbus himself

after having been collected in the Caribbean, but these landraces remained confined to

Southern Spain due to their tropical background (Rebourg et al. 2003). North American early

flint types were introduced only shortly afterwards, being recorded in Germany already in
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1539 (Finan 1948). A second wave of introductions of North American flints into Central

Europe is assumed for the 17th century (Brandolini 1969). Originating from these

introductions, local landraces (e. g. Gelber Badischer, Rheintaler) developed under a strong

selection pressure for early maturity and tolerance to cool spring temperatures. However,

maize cultivation remained restricted to certain favored regions, as the Upper Rhine Valley in

Germany or Alpine valleys in Switzerland, where grain ripening was possible due to frequent

warm Foehn winds in fall (Peter et al. 2009). At that time, sorghum was also present in

Europe, but remained confined to its southeastern parts with warm summers, and was grown

for the particular use of broomcorn (Dahlberg et al. 2011), meaning that there was no direct

selection for grain or biomass productivity. Temperate sorghum adapted to cool spring

temperatures and short growing seasons developed in Northern China from ~ 800 AD

onwards (Klein et al. 2015), and in the 13th century, grain type kaoliangs and broomcorn

diverged in this area (Kimber 2001). The temperate adaptation of sorghum for modern

breeding in the US by the end of the 19th century is much more recent and based on early-

maturity due to mutations of the ma genes rather than improvements in chilling tolerance, as

shown by the superior chilling tolerance of Chinese kaoliang compared to US breeding lines

(Franks et al. 2006).

The fast expansion of maize acreage in Central Europe after the Second World War can be

attributed to: (i) the existence of adapted flints and (ii) their heterotic pattern with North

American dents as a result of geographic isolation (Schnell 1992), which allowed an optimal

exploitation of heterosis in well-adapted and high-yielding hybrids. Unfortunately, both

prerequisites do not exist yet for sorghum. However, sorghum also has a crucial advantage for

temperate adaptation: its flowering time is principally controlled by a few major genes with

large impact (see 1.2), which allows for a fast access to extremely diverse, tropical material

for temperate breeding, as was successfully proven by the Sorghum Conversion Program

(Stephens et al. 1967). In contrast, the genetic architecture of maize flowering time is

extremely quantitative, and there is no evidence for any single-large-effect QTL (Buckler et

al. 2009), impairing a fast use of germplasm from different latitudes. Enhancements in the

quantitative and epistatic trait chilling tolerance (Bekele et al. 2014) are therefore more

challenging than breeding for adequate maturity in sorghum.
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4.2 Development of adapted lines as basis for hybrid breeding

‘Good hybrids are not found; they are made from good inbreds’ (Troyer & Wellin 2009)

In spite of the exploitation of heterosis for yield and also stress tolerance, the development of

well-adapted inbred lines is crucial for hybrid breeding. For grain sorghum, about one half of

the yield increase until the 1980s is ascribed to better parents (Doggett 1988), and for maize,

adapted open-pollinated (OP) cultivars preceded the success of hybrids in Central Europe. For

breeders, it is essential to know to what extent line performance can be used to predict hybrid

performance, which is quantified by the correlation between line per se performance (LP) and

general combining ability (GCA), or alternatively, mid-parent value (MPV) and hybrid

performance. According to quantitative-genetic theory (Smith 1986), the correlation

coefficient r (LP, GCA) is expected to be higher for traits with a predominantly additive gene

action than for traits with dominant gene effects. The ma genes controlling photoperiodism

and flowering time in sorghum are dominant for photosensitivity and late flowering, but

among genotypes with the same configuration of ma alleles, flowering time in sorghum is

considered largely additive, with a small degree of dominance for early flowering (Kirby &

Atkins 1968). Results from the breeding station of Gross-Gerau (GG, 49° 55’ N, 8° 29’ E)

obtained in 2013 and 2014 with a set of 4 females, 17 males and their factorial crosses

confirm these assumptions. The observed correlation between LP and GCA was r= 0.87** for

males and r= 0.98* for females, with a mid-parent heterosis (MPH) of around 2 days or 3%

for early flowering, and a similar correlation between MPV and hybrid performance (r=

0.81**). Dry matter content is an important trait for silage quality and also of quantitative

inheritance, with a correlation between MPV and hybrid performance of r= 0.73** [average

of Gross-Gerau and Moosburg (48° 28’ N, 11°56’ E) 2013, see Windpassinger et al. 2015].

The results regarding MPH were not concordant for this trait; while a small degree of

heterosis was observed at GG, as expected due to the earlier flowering of hybrids, there was

no MPH at Moosburg. Since flowering time is strongly correlated to the dry matter content of

panicles, but only weakly related to the dry matter content of shoot and leaves

(Windpassinger et al. 2015), this discrepancy may be due to differences in the panicle : shoot

ratio between the two locations. Nevertheless, inbred lines can be clustered into different

maturity groups analogue to maize, where very high correlations between LP and GCA were

observed for flowering time and dry matter content (r= 0.95** and 0.92**, respectively,

Grieder et al. 2012b).
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Plant height also showed a high correlation between MPV and hybrid performance (r=

0.67**), suggesting a predominantly quantitative inheritance if no complementary action of

dw genes is involved. The observed MPH of 46% for this trait permits the production of

silage types with a plant height between 200 and 300 cm, defined as a novel ideotype for

biogas generation (Windpassinger et al. 2015), using hybrid parents which are still suitable

for mechanical harvest. Biomass productivity and increased height need to come from the

restorer side, since A-lines should be short grain types suitable for combine-harvesting which

are not taller than the male lines to ensure a proper pollination in hybrid seed production.

Hence, breeders must know to what extent the height of males is reflected in their hybrids. In

this case, the height of males (LP) was strongly related to their GCA (r= 0.74**, calculated

for the factorial crosses of 45 males on 3 females, means of Gross-Gerau and Moosburg 2013)

as expected, due to the high correlation between MPV and hybrid performance. For maize,

similar results were reported, with a correlation between LP and GCA of 0.77** (Grieder et

al. 2012b).

While selection for maturity and plant height can reliably be conducted on lines, it is

uncertain if a selection on methane content (MeC) of lines is efficient. The crucial trait is

methane yield per area, which depends on both dry matter yield and MeC, and while silage

types had a significantly higher MeC than biomass types, variation within one group of

ideotypes was low (Windpassinger et al. 2015). The execution of batch trials to assess MeC is

laborious and time consuming, and would only be worthwhile on parental inbred lines if there

was a high relation to hybrid performance. High-throughput near-infrared spectroscopy

(NIRS) based measurements which permit the calculation of theoretical methane contents are

a more efficient approach for practical purposes. For biogas maize, a medium correlation (r=

0.59**) between LP and GCA for MeC was found (Grieder et al. 2012b). For sorghum, the

corresponding correlation for this trait in our experiments was lower (r= 0.43), probably due

to the small number of lines evaluated here (8 restorer lines tested on 4 females in a factorial

design, means of Gross-Gerau 2013 and 2014). There was no mid-parent heterosis for MeC;

in contrast, the MeC of hybrids was slightly lower (-8% on average), which might be due to

the taller stature of hybrids and a reduced panicle: shoot ratio.

The enhancement of early-stage chilling tolerance is of utmost importance for a successful

establishment of sorghum in Central Europe. In this work, a comprehensive approach to

analyze the relation between line per se and hybrid performance was conducted, comprising

both field trials and controlled environment experiments (Windpassinger et al. 2016). The

results show that most traits are heterotic with a low or medium correlation between MPV and
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hybrid performance, indicating non-additive gene action. These findings are in concordance

with studies on maize (Hodges et al. 1997, Presterl et al. 2007, Strigens et al. 2012, Revilla et

al. 2014). On the one hand, the observed heterosis for emergence under cold and juvenile

development at both warm and suboptimal temperatures facilitates a robust breeding progress

for adaptation. On the other hand, the poor prediction accuracy of line per se for hybrid

performance suggests that a testing only among lines is not sufficient, requiring higher

capacities to evaluate also the chilling tolerance of hybrids. Traits which depend highly on

seed characteristics, as emergence and heterotrophic growth, are stronger influenced by the

female than by the male parent. Hence, a special focus should be laid on the development of

cold tolerant A-lines (sterile females). In this study, the poor performance of the used females

was probably a limiting factor for expression of high-parent heterosis and hybrid

performance.

Yield remains the decisive trait, as a function of all events and plant responses during the

whole vegetation period, including stress tolerance, adaptation and adequate flowering time,

all based on the genetic potential. Correlations between mid-parent value and hybrid

performance for biomass dry matter yield (r= 0.40**) and male per se performance and GCA

(r= 0.44**), respectively, were medium, suggesting that GCA is a far better predictor of

hybrid yield than line per se performance. The same is true for chilling tolerance traits;

however, there are several points in favor of a rather strong pre-selection based on LP for both

yield and stress tolerance. According to Falconer & Mackay (1996), the effectiveness of a

pre-selection can be quantified by the relative efficiency (RE), expressed as the ratio of

indirect response to selection based on line performance, over the response to direct selection

on GCA:

ܧܴ =
(݅LP) ℎ(LP) ,LP)ݎ GCA)

(݅GCA) ℎ(GCA)

where i is the selection intensity, h the square root of heritability and r(LP, GCA) the

correlation between line per se performance and GCA. Hence, besides r(LP, GCA), the

relative efficiency of selection based on LP depends on the ratios i(LP):i(GCA) and

h(LP):h(GCA). The heritability greatly depends on the number of environments in which the

genotypes are tested. In current breeding programs, test crosses are usually evaluated at more

locations than lines, implying a more robust h(GCA). Though, due to a higher genotypic

variance among lines and no masking effects of the tester, a higher h(LP) can be expected if

lines and test crosses are tested in an equal number of locations or environments, as shown for
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seedling emergence and juvenile biomass (Windpassinger et al. 2016). Since the number of

lines evaluated in a breeding program tends to be (much) higher than the number of test

crosses, i(LP) is usually substantially higher than i(GCA), suggesting a satisfying efficiency

of selection on LP. Studies on maize hybrid breeding show that the yield of inbred lines has

increased almost twice as fast as heterosis yields since the 1930s, implying a decrease in the

relative importance of heterosis (Duvick 1999). Consequently, it seems recommendable for

maize breeders to replace preliminary testcross trials with finished-inbred yield trials, saving

money and time of testcross production. A stronger focus on line development also leads to a

higher genetic diversity and stress tolerance, since the latter one differentiates more among

lines than hybrids (Troyer & Wellin 2009). One explanation for heterosis is the dominance

theory, which states that deleterious, recessive alleles which tend to accumulate in inbred

lines are offset in F1 hybrids due to the effect of the dominant alleles in the other hybrid

parent, pointing at a higher heterosis in crosses of genetically distant inbred lines which

probably have a more complementary configuration of these alleles (Falkoner & Mackay

1996). The continuous improvement of inbred lines has reduced the number of deleterious

alleles, thus lowering the relative magnitude of heterosis and increasing the association

between line and hybrid performance (Troyer & Wellin 2009). Recent studies show a medium

to high correlation between LP and GCA for maize (e.g. r= 0.65**, Grieder et al. 2012b),

supporting these assumptions. However, since sorghum breeding for Central Europe is in its

infancy, the adaptation of lines is suboptimal, suggesting a higher importance of heterosis and

lower correlations of line per se and hybrid performance. This could be shown in this work

with r(LP, GCA)= 0.44** and a strong average mid-parent heterosis of 64% for biomass dry

matter yield, which is higher than the expected average mid-parent heterosis for sorghum

grain yield assumed at 30-40 % (Duvick 1999). On the other hand, sorghum as a naturally

predominantly autogamous crop is far more tolerant to inbreeding than maize, where even the

survival of inbreds was critical at the beginning of line breeding a century ago. Hence, gains

in yield and adaptation of sorghum lines might be achieved within a significantly shorter time,

especially taking into account the support of modern, molecular breeding tools.

While maturity and plant height of inbred lines can be assessed even in small plots at one

location, the evaluation of traits with a lower heritability as yield and chilling tolerance is

more expensive and requires several locations. Field trials for scoring of chilling tolerance

traits may not always work well, since environmental conditions may be too harsh or too mild

for an optimal differentiation. Controlled-environment chilling tests can be conducted as a

pre-selection of new lines during winter, thus reducing the amount of lines to be tested under
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field conditions in spring. In this study, the emergence index (an index describing speed and

completeness of emergence) and seedling shoot dry weight of lines at 13/10 °C in a climate

chamber showed a relatively strong relation to their juvenile shoot dry weight in early sown

field trials (r= -0.68** and r= 0.69**, respectively). In contrast, correlations between

emergence at 13/10 °C in sterilized sand and field emergence were low, suggesting that the

controlled conditions were not harsh enough to screen efficiently for this trait. Recently, a 7-

day cold test at 10 °C in non-sterilized soil was reported as the best predictor for early field

emergence (Salas-Fernandez et al. 2014). Marker-assisted selection would be extremely

helpful for chilling tolerance. For a pre-selection of hybrid parents, QTL studies should be

rather based on testcross (GCA) than line performance for most traits, due to their heterotic

character and low correlations between LP and GCA (Windpassinger et al. 2016). However,

for a sustainable breeding progress towards chilling tolerance, enhancements in LP are

essential, requiring QTL studies on lines which might also enable the introgression of

desirable genes from sources of chilling tolerance such as kaoliang accessions into elite lines

(Knoll et al. 2008). Several QTL for germination, emergence and early growth traits under

chilling stress have been identified in biparental populations (Knoll et al. 2008, Burow et al.

2011, Bekele et al. 2014) and on a diversity panel comprising 194 biomass breeding lines

from KWS company (Fiedler et al. 2012 & 2014). The feasibility of marker-assisted selection

in half-sibling populations has been shown (Knoll & Ejeta 2008) and candidate genes playing

a role for cell division and growth under chilling stress have been identified (Bekele et al.

2014). Nevertheless, in spite of regions on chromosome 1 (SB-01) which were found in all of

these studies, most of the detected QTL are not transferable, due to environmental effects and

the specific genetic background of biparental populations. Most recently, in a genome-wide

association study on a diverse sorghum mini core collection (242 lines) from ICRISAT, only

one marker locus was significantly associated with low temperature germination and none

with vigor (Upadhyaya et al. 2015). The lack of stable marker-trait associations in genetically

diverse accessions may also be due to different physiological mechanisms to cope with stress

which depend on distinct alleles, but nevertheless result in similar phenotypes (Maccaferri et

al. 2011). Genetic studies on the quantitative traits of sorghum sugar content (brix) and juice

yield gave similar results as for chilling tolerance. While numerous significant QTL for brix

were identified in biparental populations (Ritter et al. 2008, Murray et al. 2008a, Murray et al.

2008b, Shiringani et al. 2010, Mocoeur et al. 2015), only one significant QTL for this trait

was found using a genome-wide association study (Murray et al. 2009), and Burks et al.

(2015) found midrib color, a well-known morphological marker for juicy stems, to be more

predictive for sugar yield than any SNP marker. For such quantitative traits, Genomic
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Selection (GS) may be a more efficient approach. The feasibility of GS for sorghum chilling

tolerance has been shown by Bekele (2014) in a proof-of-concept study on a biparental

recombinant inbred line (RIL) population, obtaining a cross-validation accuracy of 0.30-0.55.

Unfortunately, the prediction accuracy of GS has been shown to drop dramatically if applied

on genetically diverse material instead RIL-populations (Schön et al. 2015), representing a

principal limitation in practical breeding programs. Solutions to overcome this inconvenience

may be found in the near future, as current research on the optimization of GS for sorghum

biomass traits on a diversity panel demonstrates (Yu et al. 2015).

4.3 The potential of heterotic pattern in sorghum versus maize

‘The single most important element of a breeding program is the recognition and utilization
of heterotic pattern. This recognition both simplifies and increases the efficiency of all

subsequent operations’ (Sprague, 1984)

Even though in the previous chapter a decline in the relative importance of heterosis in maize

breeding has been described, all hybrid breeding programs are and will be based on it. For an

efficient and directed exploitation of heterosis, the discovery or development of heterotic

pattern is a prerequisite. Once established, breeding progress can principally be achieved by

continuous improvements of lines within the heterotic groups as outlined in 4.2. The concept

of heterotic patterns and groups has first been developed in maize breeding. According to

Melchinger & Gumber (1998), a heterotic group is ‘a group of related or unrelated genotypes

from the same or different populations, which display similar combining ability and heterotic

response when crossed with genotypes from other genetically distinct germplasm groups’, and

the term heterotic pattern refers to ‘a specific pair of two heterotic groups, which express high

heterosis and consequently high hybrid performance in their cross’. Heterotic patterns in

maize were discovered - or rather developed - during the introduction of commercial single

cross hybrids in the US in the mid-1960s, which implied the need for female parents with a

satisfying per se performance to make hybrid seed production economically viable. At that

time, there were only few maize inbred lines meeting this requirement, and the inbreds B14,

B37, B73 and their respective combinations, developed from the Iowa Stiff stalk synthetic

(BSSS), became the preferred female parents (Tracy & Chandler 2004, Reif et al. 2005).

Inbreds that combined well with BSSS were assigned into the male pool, forming a pre-

heterotic pattern germplasm which was not clearly structured at the beginning, but diverged

with ongoing inter-population improvement (Duvick et al. 2004). Today, maize breeding for

Central Europe is based on the heterotic pattern between well-adapted European flints and
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high-yielding dents from the US (see 4.1). In this case, the genetic distance between these two

heterotic groups which is a prerequisite of heterosis is the result of a century-long geographic

isolation and not of directed breeding as for the heterotic groups used in US maize breeding.

The establishment of heterotic groups is sought for in all hybrid crops including sorghum,

since it facilitates a reliable, high mean heterosis and an increasing importance of general

(GCA) over specific combining ability (SCA) (Reif et al. 2005), thus reducing the number of

testcrosses necessary to find the best hybrid combinations.

In sorghum, heterotic groups are not clearly defined yet (Jordan et al. 2003, Menz et al. 2004,

Gabriel 2005, Monk et al. 2014), and the number of scientific publications on this issue is

surprisingly limited. Early breeding methods and the subsequent use of the CMS system for

hybrid production are reasons for their absence. This situation is similar to other hybrid crops

relying on CMS systems, such as sunflower (Reif et al. 2013). Prior to the discovery of the

CMS system in sorghum in the 1950s, classical line breeding methods were applied in the US,

including the practice of intermating cultivars from different origins and working groups

which compromised the potential heterotic patterns. In consequence, female A-lines

developed from the 1950s onwards had a shared ancestry with the existing male R-lines

(Klein et al. 2008). The access to a genetically diverse germplasm provided by the Sorghum

Conversion Program in the 1960s would have been a chance to develop heterotic groups

based on geographic origin and race, but for practical reasons, breeders preferred to group

their material rather based on fertility reaction. Therefore, B- and R-lines have become

surrogate groups, and since the development of new A-lines out of B-lines is labor-intensive

and time consuming, breeders have focused on R-line development, resulting in a notably

higher diversity among elite R- than elite B-lines (Menz et al. 2004). The selection of R-lines

based on their combining ability with established A-lines has led to a pre-heterotic pattern

comparable to US dent maize in the 1960s (see above). Hybrids made among elite R-lines and

among elite B-lines were shown to be significantly lower yielding compared to A x R hybrids,

even though these groups did not show a consistent genetic dissimilarity characteristic of

actual heterotic groups (Gabriel 2005). Thus, decades of breeding efforts in the US have

resulted in the selection of good combiners to the complementary group, but have not entailed

phylogenetic divergence as in maize breeding. In contrast, a study on the genetic diversity of

breeding lines from India revealed clustering according to fertility reaction (Ganapathy et al.

2012), showing that the concept of heterotic groups applies for that material. Nowadays, the

availability of inexpensive molecular markers provides new opportunities for a systematic

development of actual, genetically diverse heterotic groups on a global scale also for

sorghum. However, a shift from the simple B- and R grouping towards phylogenetic grouping



would require considerable efforts by breeders. It would imply more crosses between related

B- and R-lines which are traditionally rather avoided, and additionally a stronger focus on

A/B-line development, since a higher diversity on the female side may unlock more hete

patterns.

The establishment of a new breeding program for adapted sorghum silage type hybrids for

Central Europe holds the opportunity for the development of heterotic groups from the very

beginning, avoiding the inconveniences of a later shift in grouping as would

existing breeding programs e. g. in the US. In this regard, knowledge about the phylogenetic

relationships among the breeding lines is essential. In the present study, a broad diversity set

(n=470) comprising representative accessions from

called ‘conversion lines’), diverse sweet sorghum lines and US breeding lines was genotyped

with a 3K-Illumina SNP Chip developed by

(Saitou & Nei 1987) shows (Fig. 5) that th

groups and that genetic relatedness is principally based on geographic origin and morphotype,

confirming the results of Brown et al. (2011) and Morris et al. (2013) (see Fig. 3).

Fig. 5: Phylogram displaying the genetic relatedness in a sorghum diversity set (n=470) used
in this study by neighbor-joining method, showing that clustering in
groups is predominantly based on geographic origin and race (visualization of the phylogram
done by Dendroscope 3.4.4 (Huson et al. 2007)).
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existing breeding programs e. g. in the US. In this regard, knowledge about the phylogenetic

relationships among the breeding lines is essential. In the present study, a broad diversity set

(n=470) comprising representative accessions from the Sorghum Conversion Program (so

called ‘conversion lines’), diverse sweet sorghum lines and US breeding lines was genotyped

Illumina SNP Chip developed by Bekele et al. (2013). Neighbor
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groups and that genetic relatedness is principally based on geographic origin and morphotype,
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ing the genetic relatedness in a sorghum diversity set (n=470) used
joining method, showing that clustering into

groups is predominantly based on geographic origin and race (visualization of the phylogram
Dendroscope 3.4.4 (Huson et al. 2007)).

GENERAL DISCUSSION

considerable efforts by breeders. It would imply more crosses between related

lines which are traditionally rather avoided, and additionally a stronger focus on

line development, since a higher diversity on the female side may unlock more heterotic

The establishment of a new breeding program for adapted sorghum silage type hybrids for

Central Europe holds the opportunity for the development of heterotic groups from the very

beginning, avoiding the inconveniences of a later shift in grouping as would be the case for

existing breeding programs e. g. in the US. In this regard, knowledge about the phylogenetic

relationships among the breeding lines is essential. In the present study, a broad diversity set

the Sorghum Conversion Program (so

called ‘conversion lines’), diverse sweet sorghum lines and US breeding lines was genotyped

Bekele et al. (2013). Neighbor-joining method

is diversity set clusters into five phylogenetic

groups and that genetic relatedness is principally based on geographic origin and morphotype,

confirming the results of Brown et al. (2011) and Morris et al. (2013) (see Fig. 3).

ing the genetic relatedness in a sorghum diversity set (n=470) used
to five phylogenetic

groups is predominantly based on geographic origin and race (visualization of the phylogram



GENERAL DISCUSSION

55

Hence, this information can help to group new germplasm even if no marker data are

available. However, in the present study the phylogenetic group 2, consisting mainly (but not

exclusively) of biomass- and sweet sorghum types, does not fit into this scheme, since it is

based on the ideotype (crop type) and not on the morphotype (race). In contrast, Ritter et al.

(2007) reported that sweet sorghum lines cluster with grain sorghums of similar racial origin,

suggesting a polyphyletic origin of sweet sorghum which is also supported by the high

diversity found among sweet sorghum accessions (Murray et al. 2009). Also in the present

study, sugar and grain types of the race durra originating in India cluster together within

group 4. Hence, the clustering of sweet- and biomass-types in group 2 may be rather

explained by separate breeding programs and their geographic origin in Southern Africa,

which was one of the main sources for sorghum germplasm introductions into the USA

(Sleper & Poehlman 2006).

The present sorghum diversity set comprises valuable base-material for breeding for Central

Europe, since most of the genotypes are photoinsensitive and flower early enough to allow for

seed production even at the Gross-Gerau field station (49° 55’ N, 8° 29’ E). Additionally, a

high variation for chilling tolerance can be observed (unpublished data). The four CMS-lines

used in this study originate in the US and Mexico and cluster in the same group (Fig. 6),

which consists principally of kafirs. This may suggest that their genetic background traces

back to the first introductions into the US where kafirs played an important role, underlining

the lack of genetic diversity among elite female lines as reported by Menz et al. (2004). Most

of the inbred lines in the diversity set were scored for their fertility reaction in A1 cytoplasm.

The results show that B- and R-lines can be found in all phylogenetic groups, but with

different ratios (Fig. 6).
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Phylogram showing the distribution of established females (A-lines, dark red
lines (possible new females, red) and restorers (blue) across the diversity

set (visualization of the phylogram done by Dendroscope 3.4.4 (Huson et al. 2007)).
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evenly over the genome as the molecular markers used for calculation of genetic distance

(Jordan et al. 2003). For grain sorghum hybrids, studies from Australia (Jordan et al. 2003)
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0.32**, Gabriel 2005) and mid-parent heterosis (r= 0.37**, Gabriel 2005). In the present

study, the correlation between Rogers’ genetic distance (Rogers 1972) and hybrid

performance including mid-parent heterosis (MPH) was analyzed for biomass dry matter

yield on 203 experimental hybrids (representing an incomplete factorial of 4 females and 99

males) which were tested at two field sites (Gross-Gerau and Moosburg 2013, the mean of

both locations was used for statistical analyses). Hybrid yield was stronger related to MPH (r=

0.69**) than to the mid-parent value (r= 0.33**), but both hybrid yield and MPH were not

related to genetic distance (r= 0.11 and r= -0.03, respectively) if the complete set was

analyzed. Due to the high variation for plant height among the hybrids, ranging from 120 cm

to 304 cm, and the correlation between plant height and biomass yield (r= 0.62** in this

case), the hybrids were grouped to minimize the masking effect of plant height (Table 3).

Table 3: Correlation between Rogers’ genetic distance of hybrid parents (0= identical alleles
at all marker loci, 1= different alleles at all marker loci) and hybrid biomass yield (dry matter)
at Gross-Gerau and Moosburg 2013 (mean of both locations). Hybrids were assigned into six
groups depending on their plant height.

Plant

height of

hybrids

(cm)

n

Range of

Rogers’

genetic

distance

Range of hybrid

biomass yield

(dry matter) (t)

Pearson´s correlation

(r) between Rogers’

genetic distance and

hybrid yield

Pearson´s

correlation (r)

between Rogers’

genetic distance and

mid-parent heterosis

120- 150 33 0.19- 0.54 12.0-19.6 -0.18 -0.21

150- 175 45 0.26- 0.59 10.6-21.9 0.35* 0.05

175- 200 53 0.25- 0.58 12.3-23.1 0.21 0.09

200- 225 35 0.33- 0.55 14.2-24.4 -0.02 -0.28

225-250 28 0.34- 0.56 15.3-26.9 0.01 0.04

>250 9 0.29- 0.51 18.4-23.5 -0.52 -0.31

*: significant at 0.05 level

However, genetic distance was not related to mid-parent heterosis in any case, and a

significant positive correlation between genetic distance and hybrid yield was only found for

the group of 150- 175 cm plant height. The reports on the relation of genetic distance to grain

yield of sorghum cited above were on entries of a similar plant height and gave a comparable

result. In the present study, biomass yield was scored, but the grain yield has a strong impact

on biomass yield in this range of plant height (Windpassinger et al. 2015). In contrast, the

stem is the most important component of biomass yield in taller hybrids, and its height is

principally determined by the configuration of the dw alleles. Hence, the importance of

genetic distance might decrease for taller hybrids, since the most decisive factor influencing



yield is less quantitative. While

were well-adapted to the agroclimatic conditions of their studies, in the present case the

parental lines differed in their level of adaptation to Central Europe, which may imply a

further masking effect on the importance of genetic distance. Moreover, the genetic distance

was possibly high enough to allow for satisfying levels of heterosis in most of the crosses, as

shown by the high average MPH of 64% in this study which is superior to the

for US sorghum grain yield assumed at 30

closely related parents were involved, perhaps a higher correlation between genetic distance

and heterosis might be found.

Fig. 6 shows that five phylogenetic groups can be distinguished, and that all females cluster in

group 1. In order to assess if these groups differ in their suitability as complementary heterotic

groups to the existing females, the four male lines of each group

three females had the highest average MPH

Fig. 7: Boxplots displaying the
females (all from group 1) and the four
group (see Fig. 5 and 6), respectively.

The factorial crosses of the best

than factorial crosses including

heterotic pattern to females in group 1 which may be useful for further breeding especially

due to the predominance of restorers in group 3.
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yield is less quantitative. While Jordan et al. (2003) and Gabriel (2005) used elite lines which

adapted to the agroclimatic conditions of their studies, in the present case the

parental lines differed in their level of adaptation to Central Europe, which may imply a

ing effect on the importance of genetic distance. Moreover, the genetic distance

was possibly high enough to allow for satisfying levels of heterosis in most of the crosses, as

shown by the high average MPH of 64% in this study which is superior to the

for US sorghum grain yield assumed at 30-40 % (Duvick 1999). If more crosses between

closely related parents were involved, perhaps a higher correlation between genetic distance

and heterosis might be found.

shows that five phylogenetic groups can be distinguished, and that all females cluster in

group 1. In order to assess if these groups differ in their suitability as complementary heterotic

groups to the existing females, the four male lines of each group whose factorial crosses on

three females had the highest average MPH were compared (Fig. 7).

Boxplots displaying the mid-parent heterosis (MPH) of factorial crosses between three
females (all from group 1) and the four best-combining male parents of each phylogenetic
group (see Fig. 5 and 6), respectively.

The factorial crosses of the best-combining males of group 3 had a significantly higher MPH

including the best-combining males of group 1 and 5, suggesting a

heterotic pattern to females in group 1 which may be useful for further breeding especially

due to the predominance of restorers in group 3. The low MPH attained

belonged to the same group (group 1) underlines the necessity of heterotic

groups built on the basis of phylogenetic studies. The observed predominance of GCA over

SCA effects for sorghum biomass yield (Windpassinger et al. 2015) facilitates the

phylogenetic group of male parents

GENERAL DISCUSSION

Jordan et al. (2003) and Gabriel (2005) used elite lines which

adapted to the agroclimatic conditions of their studies, in the present case the

parental lines differed in their level of adaptation to Central Europe, which may imply a

ing effect on the importance of genetic distance. Moreover, the genetic distance

was possibly high enough to allow for satisfying levels of heterosis in most of the crosses, as

shown by the high average MPH of 64% in this study which is superior to the average MPH

40 % (Duvick 1999). If more crosses between

closely related parents were involved, perhaps a higher correlation between genetic distance

shows that five phylogenetic groups can be distinguished, and that all females cluster in

group 1. In order to assess if these groups differ in their suitability as complementary heterotic

whose factorial crosses on

parent heterosis (MPH) of factorial crosses between three
of each phylogenetic

a significantly higher MPH

combining males of group 1 and 5, suggesting a

heterotic pattern to females in group 1 which may be useful for further breeding especially

The low MPH attained in crosses where

(group 1) underlines the necessity of heterotic

groups built on the basis of phylogenetic studies. The observed predominance of GCA over

SCA effects for sorghum biomass yield (Windpassinger et al. 2015) facilitates the
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identification of superior combiners among the groups by test crosses, which can be used for

the development of new breeding lines in genetically diverse pools which should be

developed and maintained separately from each other. Unfortunately, no Chinese kaoliang

were included in the present diversity set. Due to their geographic isolation, they are

considered to form an at least partially separate group (Morris et al. 2013, see Fig. 1), which

might serve as a heterotic group resembling the role of flints thanks to their temperate-

adaptedness.

Altogether, these results confirm the usefulness of heterotic groups also in sorghum, even

though genetic distance is not generally related to heterosis. Presently, adaptation is likely to

be more important for sorghum than heterosis, but breeding for adaptation should be done

within heterotic pools from the very beginning.

4.4 Seeking the adequate sorghum ideotype

‘Eventually most plant breeding may be based on ideotypes’ (Donald 1968)

As outlined in 1.4, sorghum is an extremely versatile crop with numerous end-uses. Hence,

several ideotypes to optimize its agronomical properties have been developed according to the

concept of ideotype breeding described by Donald (1968). However, specific environmental

conditions require specific ideotypes, and for bioenergy generation in Central Europe, the

sorghum ideotype remains to be defined. In contrast to a mere selection for yield, the concept

of ideotype breeding involves also the understanding of physiological aspects, and how

morphological traits contribute to them.

Plant height is a genetically relative simple, but highly important agronomical trait. In

contrast to other cereals such as wheat and barley, for sorghum a shorter stature does not

imply significant changes in harvest index (George-Jaeggli et al. 2011), and grain yield is

positively correlated with plant height (Jordan et al. 2003, George-Jaeggli et al. 2011).

Though, this rule seems to apply rather for shorter genotypes, and a maximum productivity

for grain yield is assumed at heights of approx. 175 to 180 cm (Miller 1982, Rao & Rana

1982), which is around the upper limit for combine-harvestable grain types. Analyzing taller

genotypes, a negative correlation between plant height and grain yield was observed in the

present study. Nevertheless, taking into account the later anthesis of taller genotypes, this

relation can also be attributed to the short growing season in Central Europe which does not

allow for proper grain development of late cultivars. Provided that flowering is not too late for

grain maturity, days to anthesis and yield are positively correlated, but only if water supply is
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not limited. However, sorghum is principally grown in drought-prone environments, so that

earlier cultivars are often preferred since their water use matches better to the available water

(Jordan et al. 2003). Tillering can be beneficial or not, also depending on water supply and

flowering time. At early flowering with less incidence of drought, tillering is considered

advantageous, while it is disadvantageous at late flowering, since tillers require water which

would be better used for the grain development of the main stem (Jordan et al. 2015). Under a

short growing season in temperate environments, tillering can also be problematic if seeds of

later tillers do not ripe. On the other hand, tillering can compensate for poor seedling

establishment which is critical under temperate conditions.

For biogas sorghum in Central Europe, no ideotype has been defined yet. This is not

surprising, since even for maize there is no consensus among breeders with regard to the

optimal phenotype after almost two decades of biogas use. To maximize methane yield per

area unit in maize production, it is suggested to focus rather on dry matter yield than on

energy density, and to use cultivars with a slightly later maturity than common varieties for

the specific region, provided that a dry matter content of at least 28% to ensure a good silage

quality is still attained (Grieder et al. 2012a). Further, digestibility traits are considered to be

of much less importance, since the retention period in biogas plants is up to 60 days (Weiland

2006) compared to approx. 2 days in the rumen of cattle (Hartnell & Satter 1979), permitting

also a fermentation of almost indigestive substances up to a certain degree (Grieder et al.

2012a). However, these assumptions are not directly transferable to sorghum. The methane

potential of biogas maize is significantly higher than that of present biomass sorghum

varieties grown in Central Europe (Zeise & Fritz 2012), due to the higher starch content even

in later maize cultivars and the higher shoot digestibility as a result of a long-term selection

for cattle feeding. Even at an equal biomass dry matter yield, the marginal returns of present

commercial sorghum varieties are lower than of maize, due to the inferior energy density and

lower dry matter contents which imply higher transportation costs (Theiß et al. 2013, Kornatz

et al. 2014). These inconveniences may be overcome by a novel ideotype as described in this

study, with an enhanced dry matter content and an energy density comparable to maize, which

is significantly higher than in presently used sorghum biomass types. Though, to make this

sorghum ideotype fully competitive, enhancements in biomass dry matter yield are strictly

necessary. The negative correlation between panicle (grain) and shoot yield described in this

study generally reflects the challenge to combine adequate energy density and dry matter

content with high biomass yield under a short vegetation period. Hence, improvements in

early-stage chilling tolerance to allow for earlier sowings and a prolonged period of vegetative
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growth before flowering are mandatory. Flowering should not be later than mid of August, to

avoid the risk of pollen sterility caused by cold nights, and allow for grain maturity to dough

stage at harvest. If flowering is too late, lower temperatures and solar radiation imply a source

limitation for grain filling, as was shown for maize (Borrás et al. 2004). For the grower, it

would be advantageous to have more precise information regarding the maturity of different

sorghum cultivars, based on a maturity group model as successfully established for maize.

Sorghum is not only grown as a dedicated crop, but also as a catch crop in bioenergy rotations

after rye or barley. In this case, earlier varieties are required, and while drought tolerance is

more important than for dedicated sorghum, early-stage chilling tolerance becomes less vital

due to the later sowing. Hence, breeding programs for biogas sorghum might diverge on the

long term depending on the specific cultivation.

For a satisfying biomass yield, biogas sorghum must not be too short. In this study, a medium

correlation between plant height and biomass dry matter yield (r= 0.62**, means of Gross-

Gerau and Moosburg 2013) was observed on a data basis of n= 203 experimental hybrids.

However, this relation was mainly due to hybrids shorter than 210 cm. If only hybrids above

210 cm plant height were considered (n= 71), the correlation dropped to r= 0.21ns. Hence,

there is likely no need for biogas sorghum to be as high as present commercial varieties which

reach up to 400 cm, especially since the incidence of lodging tends to increase with plant

height. Further, an excessive tallness implies difficulties in chopper-harvesting, and

experiences in biogas maize show that extremely late and tall varieties were not widely

accepted by farmers. Based on these experiences, a plant height between 210 cm and 300 cm

seems adequate, which would be in the same range as most maize varieties grown for biogas

use. At this plant height, panicles can still contribute to 40-50% of total dry matter,

resembling the plant architecture of maize, and therefore improve the methane yield

significantly.

For maize, the strong yield increase during the last century is not only attributed to the

success of hybrid breeding, but also to a steady increase in plant density (Dhugga 2007). This

has been facilitated by changes in canopy architecture. Modern maize hybrids have a much

more acute (erect) leaf angle than older ones, which allows them to capture more solar

radiation also at higher plant densities (Duvick & Cassman 1999). In contrast, sorghum has an

open canopy with wide leaf angles that almost parallel the ground (Xin et al. 2013), and this

architecture has remained largely unchanged during the last 50 years (Assefa & Staggenborg

2011). A sorghum mutant with erect leaf angles was already found in 1973 (Singh & Drolsom

1974) and has then been used to improve leaf angle in sorghum breeding (Xin et al. 2013).
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Nevertheless, in a recent study a lower grain yield of the erect-leaf mutant compared to the

wild type was described (Gitz et al. 2015), but the field trials were conducted in a semi-arid

environment in Texas where radiation was not a limiting factor, and the plant density was

probably too low for the mutants. For higher latitudes as Central Europe with low solar

radiation, a more acute leaf angle would probably be beneficial, avoiding lower leaves being

shaded, but eventually its utility will also depend on the adequate genetic background.

4.5 Conclusions

Sorghum is considered as a ‘crop of the future’ and may gain importance also in temperate

Europe, especially in the context of increasing temperature and drought events due to climate

change. In spite of present drawbacks, its adaptation into cooler environments can be

accomplished in the medium term, resembling the expansion of maize which can partially

serve as a blueprint for this endeavor. This study has focused on two important aspects to

facilitate the establishment of sorghum as a novel crop in temperate Europe. The design of a

novel ideotype for biogas use with enhanced energy density and advanced agronomic

properties may improve its acceptance by growers and accelerate its establishment also for

other uses. A more detailed knowledge about the inheritance of chilling tolerance and the

expression of heterosis in F1 hybrids may help breeders to develop an efficient breeding

strategy for this crucial and complex trait. Learning from maize breeding, (i) the continuous

enhancement of inbred lines for adaptation, quality and per se performance, (ii) the

establishment of heterotic pattern and development of genetically diverse heterotic pools for a

systematic exploitation of maximum heterosis seem to be essential components of a

successful breeding strategy. For both components, novel molecular breeding tools can be

extremely helpful and accelerate breeding progress.
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5 Summary

In temperate Europe, sorghum (Sorghum bicolor L. Moench) is considered a promising novel

bioenergy and fodder crop. Principal advantages compared to maize besides drought tolerance

include nutrient efficiency and Diabrotica virgifera tolerance. However, the history of

temperate-adaptation is much younger for sorghum than for maize, and several drawbacks

need to be overcome to make it fully competitive. Presently, its early-stage chilling sensitivity

delays sowing and notably limits the available vegetation period and yield potential. Several

studies have identified quantitative trait loci (QTL) for chilling tolerance related traits, but up

to now very little is known about the inheritance of these traits in F1 hybrids. Since due to the

strong heterosis for grain and biomass yield almost all commercial varieties are hybrids, an

efficient breeding strategy for the enhancement of chilling tolerance in hybrid cultivars

requires a profound understanding of heterosis, combining ability and relation between

parental line and hybrid performance for this trait. In this regard, a comprehensive approach

comprising field trials and controlled environment experiments was conducted to analyze

emergence and juvenile shoot- and root development of four sterile female lines, 16 male

lines and their factorial hybrids. The results show that most traits are heterotic and that the

mid-parent values are rather poor predictors of hybrid performance. Thus, hybrid breeding

programs should focus on efficient general combining ability (GCA) tests rather than on a too

strict selection among lines based on their per se performance. Nevertheless, to achieve

substantial enhancements of sorghum chilling tolerance on the long-term, the development of

better adapted inbred lines is essential. The medium to high heritabilities estimated for

seedling emergence and juvenile biomass suggest that a robust breeding progress for these

complex traits is feasible. Since emergence and early heterotrophic growth are rather

determined by the seed parent than by the pollinator, a special focus should be laid on the

development of cold tolerant female lines.

For biogas use, another principal shortcoming compared to maize is that current sorghum

varieties fail to combine a high biomass dry matter yield with an adequate dry matter content

for silage and satisfying methane yield, implying lower marginal returns even when maize

biomass yields are matched. In the present study, early-maturing silage type Sorghum bicolor

experimental hybrids which represent a novel, alternative variety type (ideotype) for biogas

use were analyzed regarding their agronomic performance and energy density. The results

show that under adequate conditions, they reach higher dry matter contents. Due to a higher

ratio of starch containing grains, the methane yield per dry matter unit of silage types is

significantly higher than that of existing biomass type standard varieties, which offsets their
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presently slightly lower dry matter yield and allows for a methane yield per area unit similar

or superior to existing biomass type varieties. However, due to the high importance of grains

for yield and quality parameters, seed set and sufficient maturity (dough stage) under cold

nights which can induce pollen sterility are critical factors.

Experiences in maize breeding show that both systematic exploitation of heterosis by using

genetically distinct heterotic pools of hybrid parents and continuous improvements of line per

se performance are crucial for an optimal breeding progress in yield and adaptation. Plant

height and maturity of sorghum hybrids are strongly related to their parental lines, so that

selection for these traits can be efficiently conducted on inbred lines. In contrast, for hybrid

biomass yield the general combining ability (GCA) of inbred lines is a far better predictor

than their per se performance, even though with ongoing enhancements of inbred lines their

relation to hybrid yield is expected to increase. The observed predominance of general

combining ability (GCA) over specific combining ability (SCA) effects for sorghum hybrid

biomass yield facilitates the identification of superior combiners. Heterotic groups in sorghum

are not clearly defined yet, since heterotic pattern were compromised by early line breeding

methods as the intermating of cultivars from different origins and the subsequent use of

cytoplasmic-male sterility (CMS) for hybrid seed production, due to which breeders preferred

to group their material rather based on fertility reaction than on races (morphotypes) or

geographic origin. In this study, the phylogenetic relatedness in a broad sorghum diversity set

(n=470) has been shown to be predominantly based on geographic origin and races,

confirming the results of previous studies and underlining the possibility to establish heterotic

groups based on these characteristics. Generally, the observed correlation between genetic

distance of hybrid parents and mid-parent heterosis and hybrid yield has been low or

inexistent, possibly due to a higher importance of adaptation traits. However, the maximum

level of mid-parent heterosis depended on the phylogenetic group of the male parent, and was

comparatively low when both hybrid parents were from the same group, supporting the idea

of genetically diverse pools which should be developed and maintained separately from each

other.

The results of this thesis contribute to the design of efficient breeding strategies for the

adaptation of sorghum as a novel crop in temperate Europe, which is expected to be

accomplished in the medium term.



ZUSAMMENFASSUNG

65

6 Zusammenfassung

Sorghum (Sorghum bicolor L. Moench) ist eine vielversprechende neue Kulturpflanze für die

Bioenergie- und Futternutzung in den gemäßigten Klimaregionen Europas. Die Hauptvorteile

gegenüber Mais sind, dass Sorghum keine Wirtspflanze für den Westlichen Maiswurzelbohrer

(Diabrotica virgifera) darstellt und eine bessere Trockentoleranz und Nährstoffeffizienz

aufweist. Allerdings wird Sorghum anders als Mais erst seit relativ kurzer Zeit außerhalb

tropischer und subtropischer Gebiete angebaut und ist daher in zahlreichen Aspekten noch

nicht optimal an kühlere Klimate angepasst, so dass züchterische Verbesserungen zwingend

erforderlich sind, um seine Konkurrenzfähigkeit zu erreichen. Gegenwärtig stellt die

unzureichende Kältetoleranz von Sorghum ein Hauptproblem dar, da sie eine verspätete

Aussaat und somit auch eine verkürzte Vegetationszeit mit negativen Auswirkungen auf das

Ertragspotential bedingt. Während quantitative trait loci (QTL) für Kältetoleranzmerkmale in

mehreren Studien identifiziert werden konnten, ist über die Vererbung dieser Merkmale in F1

Hybriden nur wenig bekannt. Da aufgrund der starken Heterosis für Korn- und Biomasse-

Ertrag fast alle kommerziellen Sorten Hybriden sind, erfordert eine zielgerichtete Züchtung

auf Kältetoleranz ein tieferes Verständnis von Heterosis, Kombinationseignung und dem

Zusammenhang zwischen der Merkmalsausprägung in Elternlinien und Hybriden.

Diesbezüglich wurde in einem umfassenden Ansatz der Aufgang sowie die juvenile Spross-

und Wurzelentwicklung von vier sterilen Mutterlinien, 16 Vaterlinien und ihrer faktoriellen

Hybriden sowohl unter kontrollierten Umweltbedingungen als auch in Feldversuchen

untersucht. Die Ergebnisse zeigen, dass die meisten Merkmale durch Heterosis beeinflusst

werden und das Elternmittel für die Schätzung der Hybridleistung nur eingeschränkt geeignet

ist. Daher erscheinen effiziente Tests auf allgemeine Kombinationseignung (GCA) in

Zuchtprogrammen zielführender als eine zu strenge Selektion auf die Eigenleistung der

Inzuchtlinien. Dennoch ist die Entwicklung besser adaptierter Inzuchtlinien unbedingt

notwendig, um längerfristig durchgreifende Verbesserungen in der Kältetoleranz von

Sorghum zu erzielen. Die geschätzten mittleren bis hohen Heritabilitäten für Aufgang und

Biomasse im Jugendstadium zeigen, dass ein stabiler Zuchtfortschritt für diese komplexen

Merkmale realisierbar ist. Da Aufgang und frühes heterotrophes Wachstum stärker durch den

Samenelter als durch den Pollenspender beeinflusst sind, sollte die Entwicklung von

kältetoleranten, sterilen Mutterlinien einen Schwerpunkt der zukünftigen Züchtungsarbeit

darstellen.

Für die Biogasnutzung ist ein weiteres wesentliches Problem, dass es aktuellen

Sorghumsorten im Gegensatz zu Mais nicht gelingt, hohe Trockenmasse-Erträge in der
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Biomasse mit für die Silierung geeigneten Trockensubstanzgehalten und zufriedenstellenden

Methanerträgen zu verbinden. Dies impliziert niedrigere Deckungsbeiträge für Sorghum

selbst wenn der Biomasse-Ertrag von Mais erreicht wird. In der vorliegenden Studie wurden

frühreife Sorghum bicolor Silotyp-Hybriden als neuer, alternativer Sortentyp bzw. Ideotyp für

die Biogaserzeugung hinsichtlich ihrer agronomischen Leistungsfähigkeit und Energiedichte

untersucht. Die Ergebnisse zeigen, dass diesem Ideotyp entsprechende Experimentalhybriden

unter günstigen Bedingungen höhere Trockensubstanzgehalte erzielen und der Methangehalt

je Einheit silierter Trockenmasse aufgrund eines höheren Anteils an stärkehaltigen Körnern

signifikant höher als bei bestehenden Biomasse-Standardsorten ist. Letzteres gleicht ihre

gegenwärtig leicht niedrigeren Trockenmasse-Erträge in der Biomasse aus und ermöglicht

Methanerträge je Flächeneinheit, die aktuellen Biomasse-Standardsorten gleichwertig oder

überlegen sind. Allerdings sind Kornansatz und ausreichende Kornreife (Teigreife) aufgrund

der hohen Bedeutung der Körner für Ertrag und Qualitätseigenschaften kritische Faktoren, da

kalte Nächte Pollensterilität induzieren können.

Die Erfahrungen der Maiszüchtung zeigen, dass sowohl die systematische Ausnutzung der

Heterosis durch Verwendung genetisch entfernter, heterotischer Hybrideltern-„Pools“ als

auch die kontinuierliche Verbesserung der Inzuchtlinien-Eigenleistung entscheidend für einen

optimalen Zuchtfortschritt hinsichtlich Ertrag und Adaptation sind. Wuchshöhe und

Reifeverhalten von Sorghumhybriden korrelieren stark mit den entsprechenden Elternlinien,

so dass eine effiziente Selektion auf diese Merkmale bereits an den Inzuchtlinien möglich ist.

Im Gegensatz dazu ist die allgemeine Kombinationseignung (GCA) von Inzuchtlinien ein

wesentlich besserer Indikator für den Biomasse-Ertrag von Hybriden als die Inzuchtlinien-

Eigenleistung, auch wenn durch fortlaufende Verbesserung der Inzuchtlinien deren relativer

Anteil am Hybridertrag steigen wird. Der stärkere Einfluss der allgemeinen

Kombinationseignung (GCA) gegenüber der speziellen Kombinationseignung (SCA) auf den

Biomasse-Ertrag von Sorghumhybriden erleichtert die Identifikation von Inzuchtlinien mit

einer verlässlich guten Kombinationseignung. Heterotische Gruppen in Sorghum sind noch

nicht klar definiert, da sich anfängliche Linienzucht-Methoden, wie das Kreuzen von Sorten

verschiedener Herkünfte, und die nachfolgende Verwendung der cytoplasmatisch-männlichen

Sterilität (CMS) für die Hybridsaatgutproduktion, aufgrund derer die Züchter ihr Material

eher anhand der Fertilitätsreaktion als anhand des geographischen Ursprungs oder

Morphotyps (Subspecies) gruppierten, negativ auf dieses Konzept auswirkten. In der

vorliegenden Arbeit wurde gezeigt, dass die phylogenetische Verwandtschaft in einem

umfassenden Sorghum-Diversitätsset (n=470) vorwiegend auf geographischer Herkunft und
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Morphotyp basiert. Dies bestätigt die Ergebnisse vorheriger Studien und unterstreicht die

Möglichkeit der Etablierung heterotischer Gruppen anhand dieser Merkmale. Die beobachtete

Korrelation zwischen genetischer Distanz der Hybrideltern und Heterosis (bezogen auf das

Elternmittel) sowie Hybridertrag war allgemein niedrig oder inexistent, vermutlich aufgrund

einer höheren Bedeutung von Adaptationsmerkmalen. Dennoch hing die maximal erzielte

Heterosis von der phylogenetischen Gruppe der Vaterlinie ab, und war vergleichsweise

niedrig, wenn beide Hybrideltern aus der gleichen Gruppe stammten. Dies bestätigt das

Konzept genetisch diverser „Pools“, die voneinander getrennt entwickelt und geführt werden

sollten.

Insgesamt leisten die Ergebnisse dieser Arbeit einen Beitrag zur Gestaltung wirksamer

Züchtungsstrategien zur Adaptation von Sorghum als neue Kulturpflanze in den gemäßigten

Klimaregionen Europas, was mittelfristig realisierbar erscheint.
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Supplements

Suppl. 1: Genotypic variances (mean squares) from field trials in Giessen and Poel for all observed traits and years.

Source df

Emergence Shoot dry weight (SDW) Vigor
Days to 3-leaf-

stage (D3L)

Days to 5-leaf-

stage (D5L)

Giessen (GI) Poel (PL) Giessen (GI) Poel (PL) Giessen (GI) Poel (PL) Poel (PL) Poel (PL)

2013 2014 2013 2014 2013 2014 2013 2014 2013 2014 2013 2014 2013 2014 2013 2014

Entry 71
235.59

258.03
***

128.46
***

314.97
***

7820.53
*

203.20
***

60937.31
***

33981.45
***

0.99
**

1.56
***

1.39
***

1.01
***

1.25
*

4.88
*

5.66
***

3.61
***

Lines (L) 18 207.29
*

335.64
***

167.34
**

200.85
8406.07

***
159.87

***
33029.24

***
24068.71

*
1.20
**

2.11
***

1.20
**

0.92
*

0.18
2.58

*
5.11

*
3.85

*

Females (F) 3
400.78 43.17 9.86 206.79 2286.33 65.29 9012.50 1966.67

0.88
*

0 0.79 0.46 0.13 1.13 3.00 7.00

Males (M) 14
164.73

394.25
***

212.94
**

189.61
8024.49

***
188.23

*
36413.33

***
22139.05

1.29
*

2.63
***

1.33
*

1.07
**

1.66
2.96

*
3.06

*
3.32

*

Hybrids (H) 52
241.27

156.18
***

116.86
**

257.16
***

5611.85
131.38

***
44093.00

**
29886.65

*
0.47 1.14 0.78

0.80
*

0.76 1.56 2.76
2.08
**

F vs. M 1
222.66 392.51 1.38 340.42

32107.52
**

46.59 57702.15
117390.18

**
0.81 1.19 0.54 0.01 0.04 1.53 0.03 1.38

L vs. H 1
449.67

4157.02
***

31.72
5376.90

**
112132.26

***
4717.80

***
1439187.14

***
425340.14

***
24.04
***

20.95
***

36.35
***

13.19
***

16.55
***

20.12
*

166.25
***

78.83
***

F (GCA) 3
385.212

433.39
***

649.09
***

502.47
**

3750.30
546.96

***
193640.78

***
47143.81

*
0.31 0.61

1.98
*

0.34 1.44 6.00
12.84
***

5.08
**

M (GCA) 14 422.39
*

107.87
*

114.99
*

343.47
***

8120.02
185.53

***
36306.17

54271.74
***

0.81
*

1.88
*

1.04
*

0.99
*

1.06 5.61
3.61

*
3.51
***

F x M (SCA) 35
160.55

126.06
***

72.71
211.88

**
4662.84

76.33
**

30753.65 17862.67 0.33 0.64 0.49
0.78

*
0.54 5.19 1.41 1.30

Error 72
162.24 44.72 57.49 125.40 4729.95 39.22 17040.97 14315.97 0.40 0.70 0.49 0.44 0.81 2.82 1.85 1.06
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Suppl. 2: Descriptive statistical traits from field trials in Giessen and Poel for all observed traits and years.

Group n Item

Emergence [%] Shoot dry weight (SDW) [g] Vigor
Days to 3-leaf-

stage (D3L)

Days to 5-leaf-

stage (D5L)

Giessen (GI) Poel (PL) Giessen (GI) Poel (PL) Giessen (GI) Poel (PL) Poel (PL) Poel (PL)

2013 2014 2013 2014 2013 2014 2013 2014 2013 2014 2013 2014 2013 2014 2013 2014

Entry 72
Mean 62.0 73.5 77.6 60.3 273.4 45.2 481.2 373.4 6.6 6.0 6.4 6.0 16.1 27.1 25.2 34.4
Min 31.3 30.0 42.9 29.0 113.5 21.0 165.0 135.0 5.0 8.0 4.0 4.5 14.5 16.0 22.0 31.0
Max 82.5 91.0 91.2 79.5 436.5 63.9 930.0 830.0 8.0 3.5 8.0 7.5 18.5 30.0 30.5 38.5

Lines 19
Mean 65.0 64.5 76.8 50.1 226.8 35.7 314.2 282.6 5.9 5.3 5.6 5.5 16.7 27.8 26.9 35.6
Min 41.3 30.0 52.4 30.5 113.5 21.0 165.0 135.0 5.0 3.5 4.0 4.5 15.0 26.0 24.5 33.5
Max 76.3 84.0 91.2 64.0 348.5 56.3 580.0 495.0 7.3 7.5 7.5 7.0 18.5 30.0 30.5 38.5

Females 4
Mean 60.3 70.8 77.2 55.9 170.5 33.5 238.8 175.0 5.6 5.0 5.4 5.4 16.6 27.4 27.0 36.0
Min 41.3 66.0 74.1 41.5 140.5 27.5 170.0 135.0 5.0 5.0 4.5 5.0 16.5 26.5 25.5 34.0
Max 75.0 77.0 79.4 64.0 217.0 41.2 320.0 200.0 6.5 5.0 6.0 6.0 17.0 28.0 28.5 38.5

Males 15
Mean 66.3 62.9 76.7 48.5 241.8 36.2 334.3 311.3 6.0 5.4 5.7 5.5 16.7 27.9 26.9 35.5
Min 48.8 30.0 52.4 30.5 113.5 21.0 165.0 150.0 5.0 3.5 4.0 4.5 15.0 26.0 24.5 33.5
Max 76.3 84.0 91.2 61.0 348.5 56.3 580.0 495.0 7.3 7.5 7.5 7.0 18.5 30.0 30.5 37.5

Hybrids 53
Mean 61.0 76.7 77.9 63.9 290.1 48.7 541.0 405.9 6.8 6.2 6.7 6.2 15.9 26.9 24.5 34.0
Min 31.3 49.0 42.9 29.0 187.5 32.8 275.0 215.0 5.5 4.0 5.0 4.5 14.5 16.0 22.5 31.0
Max 82.5 91.0 89.4 79.5 436.5 63.9 930.0 830.0 8.0 8.0 8.0 7.5 18.0 28.5 28.0 36.5
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Suppl. 3: Descriptive statistical traits from controlled environment experiments.

Group n Item

Emer-
gence
[%]

EI1 Vigor
Leaf
Gr2

Shoot dry weight
(SDW) [mg]

Shoot length
(SL) [cm]

Root dry weight
(RDW) [mg]

Primary root length (PRL) [cm]
LRL8

[cm]
LRN9

[cm]

Seedling
survival
[days]

CDE3 CDE3 CDE3 CDE3 CDE3 CAE4 Ctr5 CDE3 Ctr5 CDE3 CAE4 Ctr5 CDE3 Ctr5 CGA6 WGA7 WGA7 WGA7 CAE4

Entry

CDE: 84
CAE,
Ctr:70
CGA,

WGA: 72

Mean 87.6 16.1 5.9 6.2 7.6 57.2 50.0 7.2 26.8 5.1 27.0 30.1 7.9 27.6 3.1 8.9 2.0 23.6 63.7

Min 55.5 12.0 2.8 1.5 3.7 27.8 21.3 3.1 17.8 1.6 12.0 16.7 3.4 15.4 0.4 2.5 0.5 4.8 40.5

Max 99.2 23.6 8.1 9.0 10.7 77.0 67.9 10.0 31.7 8.9 48.4 44.6 10.4 38.3 7.6 16.0 4.2 65.0 84.3

Lines

CDE: 20
CAE,
Ctr,

CGA,
WGA: 19

Mean 78.2 18.9 4.8 5.5 5.5 42.2 37.4 5.4 23.4 2.9 19.1 23.6 6.8 27.8 2.8 8.0 1.7 22.8 57.4

Min 55.5 14.1 2.8 1.5 3.7 27.8 21.3 3.1 17.8 1.6 12.0 34.3 3.4 21.3 0.7 2.5 0.5 4.8 40.5

Max 99.2 23.6 6.3 7.8 10.1 67.1 53.9 9.1 29.5 7.2 32.3 16.7 10.4 35.8 7.6 13.2 2.9 43.7 81.0

Females 4
Mean 71.3 22.4 3.9 6.8 4.5 32.8 28.1 3.5 20.6 2.7 16.1 20.6 4.8 25.7 2.4 10.6 2.1 29.8 61.5
Min 55.5 20.5 3.4 6.0 3.7 27.8 21.3 3.1 17.8 1.6 12.0 16.7 3.4 21.3 1.6 8.3 1.2 13.0 51.8
Max 81.3 23.6 4.3 7.8 5.6 45.7 37.7 4.1 24.4 3.5 18.4 26.3 6.0 28.0 3.7 12.2 2.9 43.7 69.8

Males

CDE:16
CAE,
Ctr,

CGA,
WGA :15

Mean 79.9 18.0 5.1 5.1 5.8 44.7 39.8 5.8 24.2 3.0 19.9 24.4 7.3 28.3 2.9 7.3 1.6 21.0 56.3

Min 57.0 14.1 2.8 1.5 4.0 32.8 27.1 4.4 17.9 1.6 12.5 17.0 4.3 23.5 0.7 2.5 0.5 4.8 40.5

Max 99.2 20.6 6.3 6.8 10.1 67.1 53.9 9.1 29.5 7.2 32.3 34.3 10.4 35.8 7.6 13.2 2.8 41.3 81.0

Hybrids

CDE: 64
CAE,

Ctr: 51
CGA,

WGA: 53

Mean 90.5 15.2 6.4 6.4 8.3 62.8 54.7 7.7 28.0 5.7 30.0 32.6 8.3 27.5 3.2 9.2 2.2 23.9 66.0

Min 68.8 12.0 4.9 2.8 5.2 46.1 39.9 5.4 22.1 2.5 22.2 18.7 5.0 15.4 0.4 3.6 0.8 6.3 53.5

Max 99.2 19.8 8.1 9.0 10.7 77.0 67.9 10.0 31.7 8.9 48.4 44.6 10.4 38.3 7.0 16.0 4.2 65.0 84.3

1: emergence index; 2: leaf greenness; 3: chilling during emergence; 4: chilling after emergence; 5: control; 6: cold gel assay; 7: warm gel assay; 8: lateral root length; 9:

lateral root number
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Suppl. 4: Relative values [%] of different traits, comparing chilling during emergence and control experiment and early and normal sown field trials, respectively.

Trait Type of entry

Ratio
chilling during

emergence:
control

Ratio
GI 2013:
GI 2014

Ratio
PL 2013:
PL 2014

Shoot dry
weight
(SDW)

Lines and Hybrids 0.153 0.165 0.776

Lines 0.148 0.157 0.899

Hybrids 0.152 0.168 0.750

Shoot length
(SL)

Lines and Hybrids
0.269

- -

Lines
0.232

- -

Hybrids
0.283

- -

Root dry
weight
(RDW)

Lines and Hybrids 0.169 - -

Lines 0.125 - -

Hybrids 0.176 - -

Primary root
length
(PRL)

Lines and Hybrids
0.294

- -

Lines
0.246

- -

Hybrids
0.312

- -
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