
 

 

Genetic Manipulation of the Cross-talk between Abscisic 
Acid and Strigolactones and Their Biosynthetic Link 

during Late Tillering in Barley 
 

 

Dissertation 

 

zur Erlangung des  

Doktorgrades der Naturwissenschaften (Dr. rer. nat.) 

 

 

 

Der 

Naturwissenschaftlichen Fakultät I 

Biowissenschaften 

der Martin-Luther-Universität Halle-Wittenberg, 

 

 

 

vorgelegt 

von Herrn M.Sc. Hongwen Wang 

geb. am 10.02.1985 in Gaomi, China 

 

 

Gutachter: 

1. Prof. Dr. Nicolaus von Wirén 

2. Prof. Dr. Klaus Humbeck 

3. Prof. Dr. Harro J. Bouwmeester 

 

Datum der Verteidigung: 27.04.2017, Halle (Saale) 



 

 

Contents 

1. Introduction ............................................................................................................................ 1 

1.1 Genetics of tillering in barley ........................................................................................... 1 

1.2 Functional role of abscisic acid in branch or tiller development ...................................... 4 

1.3 Abscisic acid biosynthesis and metabolism ...................................................................... 5 

1.4 Functional role of strigolactones in branch or tiller development .................................... 7 

1.5 Biosynthetic pathway of strigolactones ............................................................................ 8 

1.6 The cross-talk between abscisic acid and strigolactones biosynthetic pathways ........... 10 

1.7 Aim of the present study ..................................................................................................11 

2. Materials and methods ......................................................................................................... 13 

2.1 Materials ......................................................................................................................... 13 

2.1.1 Plant materials .......................................................................................................... 13 

2.1.2 Bacterial strains ........................................................................................................ 13 

2.1.3 Plasmid and Vectors ................................................................................................. 13 

2.1.4 Primers ..................................................................................................................... 13 

2.1.5 Chemicals ................................................................................................................. 14 

2.1.6 Enzymes and kits ...................................................................................................... 15 

2.1.7 Special instruments .................................................................................................. 15 

2.1.8 Media ........................................................................................................................ 15 

2.2 Methods .......................................................................................................................... 16 

2.2.1 Plant growth conditions for Golden Promise and LOHi3/236/272 lines ................. 16 

2.2.2 Histological analysis ................................................................................................ 17 

2.2.3 RNA isolation from tissues ...................................................................................... 17 

2.2.4 Quality check of the RNA using NanoDrop ............................................................. 18 

2.2.5 cDNA synthesis and quality of the cDNA ............................................................... 18 

2.2.6 Quantitative real time polymerase chain reaction (qPCR) ....................................... 19 

2.2.7 Extraction and analysis of ABA ............................................................................... 19 

2.2.8 Extraction and analysis of strigolactones ................................................................. 20 

2.2.9 Basic cloning methods and sequencing .................................................................... 21 

2.2.10 Phylogenetic analyses ............................................................................................ 22 



 

 

2.2.11 Vector constructions of pAtD27::HvD27 and 35S::HvMAX1 ................................ 24 

2.2.12 Stable transformation of Arabidopsis and generation of transgenic plants ............ 25 

2.2.13 Genomic DNA extraction ....................................................................................... 25 

2.2.14 Plant growth conditions for VIGS experiments ..................................................... 26 

2.2.15 Vector constructions of VIGS-HvD27, VIGS-HvCCD7 and VIGS-HvCCD8 ....... 26 

2.2.16 In vitro transcription and BSMV inoculation ......................................................... 27 

2.2.17 Statistical analysis .................................................................................................. 27 

3. Results .................................................................................................................................. 28 

3.1 Silencing HvABA 8'-hydroxylase gene provokes a late-tillering phenotype................... 28 

3.2 ABA accumulation in stem bases and roots of LOHi lines ............................................ 33 

3.2.1 Expression analysis of ABA biosynthesis and degradation genes ........................... 33 

3.2.2 ABA levels in wild type and LOHi antisense lines .................................................. 37 

3.3 Investigations on strigolactone biosynthesis in wild-type plants and ABA 

8'-hydroxylase antisense lines ............................................................................................... 38 

3.3.1 LC-MS/MS analysis and quantification of strigolactones ....................................... 38 

3.3.2 Identification of putative strigolactone biosynthesis pathway genes in barley ........ 40 

3.3.3 Gene expression analysis of putative strigolactone biosynthesis genes ................... 45 

3.4 Functional characterization of the HvD27 gene by virus-induced gene silencing in 

barley .................................................................................................................................... 51 

3.5 Functional characterization of the HvCCD7 gene by virus-induced gene silencing in 

barley .................................................................................................................................... 55 

3.6 Functional characterization of the HvCCD8 gene by virus-induced gene silencing in 

barley .................................................................................................................................... 58 

3.7 Functional characterization of the HvMAX1 gene by a genetic complementation 

approach ................................................................................................................................ 61 

4. Discussion ............................................................................................................................ 64 

4.1 The signaling role of strigolactones in barley shoot architecture ................................... 64 

4.2 The β-carotene isomerase DWARF27 links abscisic acid with the strigolactones 

biosynthesis ........................................................................................................................... 69 

4.3 Crosstalk between the biosynthetic pathways of ABA and strigolactones ..................... 71 



 

 

5. Summary .............................................................................................................................. 76 

6. Zusammenfassung ................................................................................................................ 78 

7. References ............................................................................................................................ 80 

8. Appendix .............................................................................................................................. 93 

9. Abbreviations ..................................................................................................................... 103 

10. Acknowledgements .......................................................................................................... 106 

11. Curriculum Vitae .............................................................................................................. 108 

12. Affirmation/Eidesstattliche Erklärung ...............................................................................110 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 

 

1. Introduction 

1.1 Genetics of tillering in barley 

On a global scale, the most important cereal crops are maize (Zea mays L.), rice (Oryza sativa 

L.), wheat (Triticum aestivum L.) and barley (Hordeum vulgare spp. vulgare), with a total of 

2.6 billion tons produced in 2013 (FAOSTAT, 2013). The demand for cereals may double by 

2050, which will require an average yield increase of 2.4% per year for the major cereals (Ray 

et al. 2012, Tilman et al. 2011). Tillering in barley is a key component in yield formation 

because these specialized grain-bearing branches strongly influence final grain number. Tillers 

are formed from ABs (axillary buds), located in the leaf axils at the base of many grasses 

(Sreenivasulu and Schnurbusch 2012). Tillering is a plastic trait of agricultural importance 

that is modified by intrinsic signals and environmental cues to form shoot architecture (Agusti 

and Greb 2013). However, a large number of tillers coincides often with low fertility and seed 

filling. Thus, balancing the number of tillers is important, as unproductive tillers cost 

assimilates and nutrients that get lost whenever tillers are reduced. The development of new 

plant ideotypes, which follows the concept of idealized plant architecture (IPA), has been 

proposed as a means to enhance yield potential. Lower tiller numbers with few unproductive 

tillers, more grains per inflorescence, and thick and sturdy stems have been identified as most 

important characteristics of future high-yielding varieties (Jiao et al. 2010). 

The vast diversity in above-ground plant architecture found in cereal crop species is largely 

governed by shoot branching or tillering. Shoot branching/tillering is determined by the 

number and activity of axillary meristems (AXMs) and subsequent dynamics in branch/tiller 

growth. During vegetative development, the shoot apical meristem (SAM) gives rise to all 

aerial structures of plants, including the primary shoot, leaves, nodes, internodes, 

inflorescence and the AXMs (DeCook et al. 2006, McSteen and Leyser 2005, Sussex 1989). 

When a branch originates from a leaf axil of an elongated internode, it is called an aerial 

branch, whereas the tiller is a side-branch developing from a basal leaf axil (Kebrom et al. 

2013, McSteen and Leyser 2005). Barley only exhibits basal branches in acropetal succession 

with primary tillers growing out of leaf axils of the SAM, secondary tillers develop in the leaf 

https://dl.sciencesocieties.org/publications/tpg/pdfs/7/1/plantgenome2013.10.0032
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axils of primary tillers, and so on (Counce et al. 1996). Classically, tiller development in 

grasses has been divided into three stages: (i) initiation of an AXM in the leaf axil, (ii) 

development of leaf primordia from the AXM to produce an AB, which may remain dormant; 

or (iii) outgrowth of AB to form a tiller (Schmitz and Theres 2005). In barley, the first AXMs 

are initiated during embryogenesis. The mature barley embryo generally contains two ABs, 

one in the axil of the coleoptile and one at the first leaf primordium (Kirby and Appleyard, 

1987).  

To gain insights into the genetic regulation of the AXM initiation, a number of mutants have 

been identified in several species. These phenotypes can fall into two general classes (Oikawa 

and Kyozuka 2009). One class restricts the AXM formation in conjunction with other 

abnormalities, such as defects in SAM formation (pinhead mutant), leaf polarity and vascular 

development (Raman et al. 2008) in Arabidopsis thaliana and leaf patterning (uniculme4 

mutant) in barley (Tavakol et al. 2015). The second class exhibits AXM-specific defects, 

including as mutants in Arabidopsis thaliana, lateral suppressor (las), regulator of axillary 

meristems (rax) and excessive branches1 (exb1); in tomato (Solanum lycopersicum), lateral 

suppressor (ls) and blind (bl); in maize (Zea mays), barren stalk1 (ba1), and in rice (Oryza 

sativa), monoculm1 (moc1) and lax panicle1 (lax1). All the underlying affected genes are 

critical for AXM formation (Greb et al. 2003, Guo et al. 2015, Keller et al. 2006, Li et al. 

2003, Muller et al. 2006, Oikawa and Kyozuka 2009, Schmitz et al. 2002).  

Another important branching or tillering event is the outgrowth of lateral buds after AXM 

establishment. The formation of ABs is mostly under genetic control, while bud outgrowth is 

determined by a complex interplay between differential gene expression, hormonal and 

environmental factors (Hussien et al. 2014, Kebrom, Spielmeyer and Finnegan 2013, 

McSteen and Leyser 2005). Plant hormones, such as auxin, cytokinins (CK), and 

strigolactones (SLs), are major players in the control of axillary bud growth. The hormone 

auxin is mainly synthesized in the shoot apex in young leaves and subsequently transported 

basipetally in the polar auxin transport stream (PATS), which is responsible for apical 

dominance (Agusti and Greb 2013, Ljung et al. 2001). Auxin upregulates genes required for 
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strigolactone biosynthesis, and the subsequent inhibition of bud outgrowth by SLs. (Arite et al. 

2007, Brewer et al. 2009, Hayward et al. 2009). Meanwhile, auxin suppresses cytokinin 

biosynthesis via transcriptional down-regulation of the genes required for biosynthesis. Hence, 

cytokinins cannot promote bud outgrowth any longer (Ferguson and Beveridge 2009). 

Several mutants with altered tillering have been identified, and the corresponding barley 

genes may promote or repress tiller development by affecting AXM initiation or AB 

formation and outgrowth (Babb and Muehlbauer 2003, Dabbert et al. 2009, Hussien et al. 

2014) (Table 1). These tillering mutants have been divided into two general classes (Bennett 

et al. 2006). The first class of genes is characterized by mutations that exhibit a low-tillering 

phenotype and promote AXM activity. These mutations include: low number of tillers1 (lnt1), 

absent lower laterals1 (als1), intermedium-b (int-b), uniculm2 (cul2), uniculm4 (cul4), and 

semibrachytic (uzu). The mutant uniculm2 (cul2) fails to develop ABs and carries no tillers. It 

is a well-studied example with a phenotype similar to that of the moc1 mutant in rice (Babb 

and Muehlbauer 2003). Because of compromised axillary bud outgrowth, low number of 

tillers1 (lnt1), absent lower laterals1 (als1) and uniculme4 (cul4) mutants show a 

low-tillering phenotype (Babb and Muehlbauer 2003, Dabbert et al. 2009, Dabbert et al. 

2010). There are mutants with modestly reduced tillering, including the intermedium-b (int-b) 

and semibrachytic (uzu) mutants (Babb and Muehlbauer 2003). More aspects about gene 

mutation, function, and signaling have been addressed and updated in Hussien et al. (2014). 

Additionally, mutations in barley row type genes may have pleiotropic effects on tillering. It 

has been shown that one group of mutants with an increased number of seeds has a significant 

effect on tiller number at early development or reduced tillering only at full maturity. Another 

group of mutants is characterized by a reduction of seeds per spike and in tiller number and 

includes all alleles of vrs3 (six-rowed spike 3), int-c, int-f, vrs4, and vrs1 (with exception of 

vrs1 (int-d.11)). These lines show a negative correlation between tillering and seed number 

per spike. This group can be further divided into two subgroups: (a) low tillering already 

before maturity (vrs3, int-c, int-f) and (b) low tillering only at maturity (vrs1, vrs4). Another 

group contains all alleles of als, lnt1, int-b, and vrs1 (int-d.11). These mutants show reduced 

tillering and reduced seed number per spike (Liller et al. 2015). 
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Table 1. List of barley tillering mutants. For each mutant, the chromosomal position and 

relevant references are indicated, along with the corresponding (candidate) gene and rice 

ortholog when known. Updated from Hussien et al. (2014). 

  INF, inflorescence; ND, not determined. 

 

1.2 Functional role of abscisic acid in branch or tiller development 

For many years abscisic acid has been postulated to have a role in the development of lateral 

branches or tillers. Previous studies indicated that the hormone abscisic acid (ABA) inhibits 

bud outgrowth as shown after exogenous ABA treatment in pea, Arabidopsis, Ipomoea spp., 

tomato, or sunflower (Chatfield et al. 2000, Cline and Oh 2006), or by the application of the 

ABA biosynthesis inhibitor fluridone in rose (Rosa spp.) (Le Bris et al. 1999), or in excised 

nodes of transgenic ABA-insensitive poplars (Populus spp.) (Arend et al. 2009). A negative 

correlation between ABA levels and the developmental status of buds was found in a wide 

range of plant species (Gocal et al. 1991, Knox and Wareing 1984, Mader et al. 2003, Tamas 

et al. 1979, Tucker 1977, Tucker and Mansfield 1971). The possibility that ABA may control 

branch development has been more widely explored. After decapitation of plants in a variety 

of species, ABA abundance in dormant ABs has been found to decrease (Gocal et al. 1991, 

Knox and Wareing 1984, Mader et al. 2003). When plants were exposed to light with high 

Barley mutant Map position Mutant phenotype Gene (rice ortholog) 

uniculm2 (cul2) 

low number of tillers1 (lnt1) 

absent lower laterals1 (als1) 

uniculme4 (cul4) 

intermedium spike-b (int-b) 

semibrachytic (uzu) 

granum-a (gra-a) 

intermedium-c (int-c) 

many noded dwarf1.a 

(mnd1.a) 

many noded dwarf6 (mnd6)                  

semidwarf1 (sdw1)/denso 

intermedium spike-m (int-m) 

6HL 

3HL 

3HL 

3HL 

5HL 

3HL 

3HL 

4HL 

7HL 

 

5HL 

3HL 

ND 

no tiller, irregular INF 

few tillers, irregular INF 

few tillers, irregular INF 

few tillers 

reduced tillering, irregular INF 

reduced tillering and plant height, shorten spike 

high tillering, dwarf, shorten spike 

high tillering, reduced lateral spikelet development 

high tillering, dwarf, irregular INF 

 

high tillering, short spike 

high tillering, reduced plant height 

high tillering, irregular INF 

ND 

JuBel2 (qSH1) 

ND 

NPR5 

ND 

HvBRI1 (OsBRI1) 

ND 

HvTB1 (OsTB1) 

ND 

 

ND 

SD1 

ND 
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R:FR ratio, usually decreasing ABA levels, bud outgrowth was stimulated in Xanthium 

strumarium and tomato (Tucker 1977, Tucker and Mansfield 1971). Recently, a study has also 

shown that ABA-related gene expression patterns increased in bud-containing tissues of 

Arabidopsis under low R:FR light, which led to a general reduction in branch numbers 

(Gonzalez-Grandio et al. 2013). Finally, Yao and Finlayson Scott (2015) have provided 

evidence that endogenous ABA exerts a direct effect on regulating axillary bud outgrowth in 

intact Arabidopsis, acting as a general inhibitor (Yao and Finlayson 2015). 

1.3 Abscisic acid biosynthesis and metabolism 

As indicated in Figure 1, ABA is known to be synthesized from the isoprene derivative 

isopentenyl pyrophosphate (IPP) in plants (Schwartz et al. 1997b). The pathway uses the 

methylerythritol phosphate (MEP) pathway as a source of IPP. The MEP pathway seems to 

exist in all photosynthetic eukaryotes (Lichtenthaler 1999). 

Most of the enzymes involved in ABA biosynthesis have already been identified (Cutler et al. 

2010, Nambara and Marion-Poll 2005) by characterization of ABA auxotrophic mutants of 

Arabidopsis and corn (Koornneef et al. 1982, Koornneef et al. 1998, Schwartz et al. 1997a, 

Schwartz et al. 2003, Tan et al. 2003). ABA biosynthesis occurs in plastids with the exception 

of the last two steps where xanthoxin is converted to ABA in the cytosol (Marin et al. 1996, 

Seo et al. 2006, Tan et al. 2003). The first biosynthetic step in ABA biosynthesis is the 

conversion of zeaxanthin a C40 carotenoid precursor to all-trans-violaxanthin, a two-step 

epoxidation process catalyzed by zeaxanthin epoxidase (ZEP/AtABA1) (Audran et al. 2001). 

The enzyme(s) involved in the conversion of all-trans-violaxanthin to 9-cis-violaxanthin or 

9'-cis-neoxanthin have not yet been identified. 9-cis-epoxycarotenoid dioxygenase (NCED) 

catalyzes the next step, which represents an oxidative cleavage of 9-cis-violaxanthin and/or 

9'-cis-neoxanthin to produce xanthoxin and is considered to be the rate-limiting step (Chernys 

and Zeevaart 2000, Iuchi et al. 2001, Qin and Zeevaart 2002). Xanthoxin is eventually 

exported to the cytosol and converted to abscisic aldehyde by a short-chain 

dehydrogenase/reductase (SDR/AtABA2) (Cheng et al. 2002, Gonzalez-Guzman et al. 2002). 

Abscisic aldehyde is then oxidized to ABA by aldehyde oxidase (AAO/AO). AO needs the 
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sulfurylated form of a molybdenum cofactor (moco/AtABA3) for its activity (Bittner et al. 

2001).  

In contrast to ABA biosynthesis, there is less knowledge about its catabolism. As previously 

reported, the hydroxylation of ABA occurs in three different ways to form hydroxylated ABA 

that retains substantial biological activity. The spontaneous cyclization of the hydroxylated 

ABA results in phaseic acid (PA) which is further reduced to dihydrophaseic acid (DPA) by a 

soluble reductase. This spontaneous cyclization leads to a significant reduction of the 

biological activity in the form of PA and to zero activity in the form of DPA. The majority of 

ABA is converted to its inactive form via hydroxylation at the 8' position, which is carried out 

in barley by a cytochrome P450-type protein, ABA 8'-hydroxylase1/2/3 in barley (Seiler et al. 

2011, Zhou et al. 2004, Zou et al. 1995). 

     

 

Figure 1. The ABA pathway in higher plants. The ABA precursor, a C40 carotenoid, is synthesized from IPP 

originating from the MEP pathway. Solid arrows indicate one-step modification of an intermediate and dashed 

arrows represent multistep modifications of an intermediate. Enzyme names are given in bold. Abbreviations: 

IPP isopentenyl pyrophosphate, ZEP zeaxanthin epoxidase, VDE violaxanthin de-epoxidase, NSY neoxanthin 



7 

 

synthase, NCED 9-cis epoxycarotenoid dioxygenase, SDR short-chain dehydrogenase/reductase, ABAO abscisic 

aldehyde oxidase, MOSU molybdenum cofactor (MoCo) sulfurase, ABAld abscisic aldehyde, ABA 8'OH ABA 

8'-hydroxylase, BG beta-glucosidase, UGT uridine diphosphate (UDP) glucosyltransferase, PA phaseic acid, DPA 

dihydrophaseic acid, ABA-GE ABA-glucose ester. 

 

1.4 Functional role of strigolactones in branch or tiller development 

Insights into the function of SLs in the regulation of lateral branches or tiller development 

have arisen from mutational analysis of branching in a variety of plant species (Al-Babili and 

Bouwmeester 2015). Restricted shoot branching by SLs was the first scientific proof 

(Gomez-Roldan et al. 2008, Umehara et al. 2008). Several mutations have been identified that 

are affected in SL biosynthesis or signaling, such as ramosus (rms) in pea, decreased apical 

meristem (dad) in petunia, more axillary growth (max) in Arabidopsis, or dwarf (d)/high 

tillering dwarf (htd) in rice. All these mutations show enhanced shoot branching phenotypes 

(Arite et al. 2007, Booker et al. 2004, Drummond et al. 2009, Johnson et al. 2006, Simons et 

al. 2007, Sorefan et al. 2003, Wen et al. 2016, Zheng et al. 2016, Zou et al. 2006 ). 

Two compatible models have been proposed to explain SL interactions with auxin and 

cytokinins: the second-messenger and the canalization model. In line with the 

second-messenger model, auxin mediates the role of SL-CK antagonism in regulating bud 

outgrowth. Based on decapitation and girdling experiments it has been postulated that 

growing lateral branches or buds have an effect on auxin sink strength and their 

responsiveness to SLs. An elevated auxin abundance in the stem can inhibit bud outgrowth by 

maintaining locally high SL and low CK levels. It has also been found that both SL and CK 

can act locally in buds to control bud outgrowth, converging at a common target in the bud, 

possibly the TCP transcription factor, BRANCHED1 (BRC1) (Brewer et al. 2009, Dun et al. 

2012, Ferguson and Beveridge 2009). The canalization-based model proposes that an initial 

auxin flux from an auxin source (shoot apex or buds) to an auxin sink (root) is gradually 

canalized into cell files by the action of PIN-type auxin transporters. These cell files will 

subsequently differentiate into vascular tissue, through which auxin will be transported 

(Domagalska and Leyser 2011). Auxin export from buds is correlated with the initiation of 
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bud outgrowth and therefore it is believed that buds need to export auxin in order to be 

activated [reviewed by (Muller and Leyser 2011)]. Leyser’s group carried out computer 

modeling to study how SLs affect auxin transport, in which different processes regulating 

polar auxin transport were simulated. The results from this study suggested that SL may 

modulate PIN cycling between the plasma membrane and endosomes (Prusinkiewicz et al. 

2009). Computer modeling provided additional support for the canalization-based model for 

shoot branching control by SL [reviewed by (Cheng et al. 2013)]. 

1.5 Biosynthetic pathway of strigolactones 

Over the past eight years, remarkable advancements in SL research have been made since 

their discovery as a new class of plant hormones in 2008 and as inhibitors of shoot branching 

(Gomez-Roldan et al. 2008, Umehara et al. 2008). It has been shown that 5-deoxystrigol is a 

common precursor of most of the natural SLs (Rani et al. 2008, Zwanenburg et al. 2009). 

As shown in Figure 2, strigolactones are derived from the carotenoid biosynthetic pathway, of 

which all-trans-β-carotene acts as the precursor for SLs biosynthesis and is converted into 

9-cis-β-carotene by the β-carotene isomerase DWARF27 (D27) (Alder et al. 2012, Lin et al. 

2009, Waters et al. 2012). 9-cis-β-carotene is cleaved by carotenoid cleavage dioxygenase 7 

(CCD7) that is encoded by the gene MAX3/RMS5/D17(HTD1)/DAD3 (Bookeretal et al. 2004, 

Drummondetal et al. 2009) into a 9-cis-configured aldehyde. The carotenoid cleavage 

dioxygenase 8 (CCD8) enzyme is encoded by the gene MAX3/RMS5/D17(HTD1)/DAD3 

(Bookeretal et al. 2004, Drummondetal et al. 2009) and incorporates three oxygens into 

9-cis-β-apo-10'-carotenal and performs molecular rearrangement, linking carotenoids with SL 

and producing carlactone (CL), a compound with strigolactone-like biological activities 

(Alder et al. 2012). A rice homolog of Arabidopsis more axillary growth1 (MAX1), encodes a 

cytochrome P450 CYP711 subfamily member that acts as a CL oxidase to stereoselectively 

convert CL into ent-2′-epi-5-deoxystrigol, the presumed precursor of rice SLs. A protein 

encoded by a second rice MAX1 homolog then catalyzes the conversion of 

ent-2′-epi-5-deoxystrigol to orobanchol (Zhang et al. 2014). More aspects about SL 

biosynthesis, perception, and signaling as well as structure-function relationships have been 
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nicely addressed and updated in the review by Janssen and Snowden (2012). 

 

Figure 2. The biosynthesis of strigolactone (SL) in higher plants. SL biosynthesis involves an isomerase (D27) 

and two dioxygenases (CCD7, CCD8) that successively convert all-trans-β-carotene into carlactone (CL), a key 

intermediate in SL biosynthesis. These enzymatic activities are occurring in the plasmid. CL is then transported 

into cytosol where it can be converted into SL-like compounds by more axillary growth1 (MAX1) and lateral 

branching oxidoreductase (LBO). 

 

To date, more than 20 SLs have been isolated and characterized from root exudates of various 

plant species. All natural SLs contain a tricyclic lactone ring system (ABC part) that connects 

via an enol ether linkage to a butenolide moiety (D ring) (Xie et al. 2010). These SLs have 

different substituents on the A/B ring but the same C-D moiety and possess an 

R-configuration at C-2′, which has been described to be important structural features for 

inducing high germination of root parasitic plant seeds (Zwanenburg et al. 2009). The natural 

SLs can be divided into two types based on the stereochemistry or orientation of the C ring. 

Strigol-type SLs have a β-oriented C ring and include strigol (2), sorgolactone (4), sorgomol 

(5) and strigone (7) which are derived from 5-deoxystrigol (1). The other includes 

orobanchol-type SLs carrying an α-oriented C ring, including orobanchol (11), fabacol (13), 
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7-oxoorobanchol (15) and solanacol (17), which are derived from 4-deoxyorobanchol 

(ent-2′-epi-5-deoxystrigol, 10) as shown in Figure 3. 

 

 

Figure 3. Structures of natural strigolactones. 

 

1.6 The cross-talk between abscisic acid and strigolactones biosynthetic pathways 

Both ABA and SL are derived from the carotenoid pathway from which they are hypothesized 

to diverge at all-trans-β-carotene and lead from all-trans-β-carotene to all-trans-violaxanthin 

(Al-Babili and Bouwmeester 2015). Due to these common precursors, it is tempting to 

speculate that both hormones depend on each other and that induction of ABA biosynthesis 
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impacts on SL formation and vice versa. The 9-cis/all-trans-β-carotene isomerization activity 

of D27 may represent an interesting point for a possible interference with ABA biosynthesis. 

Moreover, the structural similarity between all-trans-β-carotene and epoxycarotenoids also 

evokes a possible involvement of D27 in ABA biosynthesis (Alder et al. 2012). Identification 

of the isomerase, converting all-trans-violaxanthin to 9-cis-violaxanthin or 9'-cis-neoxanthin, 

is still the final piece missing for establishment of the overall framework of the ABA 

biosynthetic pathway in plants. Further analyzes of these genes and the corresponding mutants 

may help to discover the isomerase (Endo et al. 2014). 

1.7 Aim of the present study 

Tillering, or the production of lateral branches, is an important agronomic trait that determines 

shoot architecture and grain production in barley. ABA has been shown to be associated with 

the development of lateral branches or tillers for many years. Strigolactones are recognized as 

plant hormones since 2008 and well established to mediate adaptive changes in plant 

architecture, but it has remained elusive whether the SL pathways are conserved in barley. 

Also little is known about the relationship between ABA and SL and their biosynthetic 

pathways, and effects of ABA-SL interaction on plant growth and development. Based on the 

fact that both ABA and SL are derived from the carotenoid pathway, from which they diverge 

at all-trans-β-carotene (Al-Babili and Bouwmeester 2015), and D27 is supposed to interfere 

with ABA biosynthesis (Endo et al. 2014), the question arose whether there is a competition 

between these two pathways which may affect tiller formation in cereals. Therefore, the 

purpose of the present study was threefold: (a) to examine the ABA-SL interaction mode 

occurring at the hormone biosynthesis level and the effect of this crosstalk on tiller formation; 

(b) to examine the roles of HvD27 in SL and ABA biosynthesis; and (c) to examine the roles 

of HvCCD7, HvCCD8 and HvMAX1 in barley plant architecture. 

To investigate the ABA-SL crosstalk and its role in tiller formation, ABA 8'-hydroxylase RNAi 

plants were examined in growth-chamber and greenhouse-based phenotyping platforms. 

These lines were generated in our lab in a previous project and were referred to as LOHi for 

the HvLea::HvABA 8'-hydroxylase RNAi construct. The procedures for transformation of 
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barley and production of homozygous lines are explained in detail in Seiler et al. (2014). 

Three different homozygous lines LOHi3, LOHi236 and LOHi272 were chosen that show a 

strong increase in tiller number under control conditions. In this context, three independent 

experiments were performed for tiller phenotyping of LOHi3/236/272 in growth-chamber and 

greenhouse conditions. Quantitative real-time PCR (qRT-PCR) was used to quantify the 

expression levels of genes involved in ABA and SL biosynthesis. To detect and measure 

hormones, liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis was 

carried out. To characterize the HvD27 function in the SL and ABA biosynthetic pathways, a 

genetic complementation study was conducted by expressing the HvD27 gene in a 

corresponding Arabidopsis mutant and virus-induced gene silencing (VIGS) of HvD27 was 

implemented in barley. To examine the roles of HvCCD7, HvCCD8 and HvMAX1, a genetic 

complementation study was conducted by expressing the HvMAX1 gene in a corresponding 

Arabidopsis mutant and by employing VIGS for HvCCD7 and HvCCD8 in barley. 
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2. Materials and methods 

2.1 Materials 

2.1.1 Plant materials  

Hordeum vulgare cv. Golden Promise, a two-rowed barley spring cultivar obtained from the 

Genebank department of the IPK, Gatersleben, Germany, was used as a wild type for 

comparison to the transgenic lines LOHi3/236/272 generated in this background (Seiler et al. 

2014). Black Hulless barley plants were used for VIGS experiments. Arabidopsis thaliana 

Columbia (Col-0), Atd27 mutant (GABI-Kat collection, GK-134E08.01) (Waters et al. 2012), 

Atccd7 and Atmax1 mutants (Prof. Dr. Ottoline Leyser lab) (Booker et al. 2005) were used for 

genetic complementation approaches in this study.  

2.1.2 Bacterial strains 

Escherichia coli DH5α: F-, f80d/lacZ_M15, recA1, endA1, gyrA96, thi-1, hsdR17 

(rK-, mK+), supE44, relA1, deoR, _(lacZY AargF) U169; 

(Grant et al. 1990) 

Agrobacterium tumefaciens:              EHA105 (Chetty et al. 2013). 

2.1.3 Plasmid and Vectors 

pCR4-TOPO                                   Amp
r
 (Invitrogen, Karlsruhe) 

pd35S-Nos-AB-M                           Amp
r
 

p6U10 Spec
r
 

BSMV Vectors                               Amp
r
 (Holzberg et al. 2002) 

2.1.4 Primers 

The primers for PCR were designed using Primer 3 software 

(http://bioinfo.ut.ee/primer3-0.4.0/), Some RT-PCR and qRT-PCR primers were designed 

using Primer Express Software v2.0 and others were from previously published primer sets. 
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All primers were synthesized by Metabion (Germany); for details refer to Table 2. 

 

Table 2. Primers used in this study. 

R2*: The housekeeping gene (serine/threonine protein phosphatase PP2A-4, catalytic subunit, EST clone HZ44D03) as the reference gene 

included in each qRT-PCR run. Restriction sites in bold letters. Protective bases in italic letters. 

 

2.1.5 Chemicals 

 

Difco, USA Bacto
®
-Agar, Bacto

®
-Trypton, Yeast extract, Beef 

extract, Peptone 

Name Forward primer (5’-3’) Reverse primer (5’-3’) 

qRT-PCR primers for detection of the RNA level of target genes 

HvABA8'OH-1 

HvABA8'OH-2 

HvABA8'OH-3 

HvNCED1 

HvNCED2 

HvD27 

HvCCD7 

HvCCD8 

HvMAX1 

R2* 

GTACAACTCGATGCCGGTG 

GAGATGCTGGTGCTCATC 

TAGTACGTAGTGAGTAATTCCGGA 

CCAGCACTAATCGATTCC 

CATGGAAAGAGGAAGTTG 

TTTGGACAGCAACCTCCTGAAG 

GGGAGGATCACGGCTATGTTCT 

CCACTTCATCAACGCGTACGA 

AAGCTCACCCTCATCCACCTCTA 

GATGACTGCAACGCTCACAC 

CGGGCTGAGATGATGTGG 

ACGTCGTCGCTCGATCCAAC 

TGGGAGATTCTTTCAAATTTACAC 

GAGAGTGGTGATGAGTAA 

GAAGCAAGTGTGAGCTAAC 

CGCGATACATTTCGTGCTGAA 

CACCATCAGGTGGCATCTGTCT 

GGAGATTGTGGAGACGGAGGTT 

CGATGGAGAACTGCAGCTTCA 

CTCAAAGGAAATAATCAGGCGTC 

Primers used for semi-quantitative RT-PCR in VIGS and genetic complementation experiments 

BSMV-α 

AtACT8 

HvD27 

HvMAX1 

CTTCTTTTGAAGATTCTGTTGG 

ATGAAGATTAAGGTCGTGGCA 

ATGGAGGCCACCGCACTT 

ATGGAGGGGGCGGGAGCA 

TCATATGGTTGATGGGCACC 

TCCGAGTTTGAAGAGGCTAC 

CTAGCAACTCACACCATAGT 

TTAGTTGTTCCTTTCAAGGACCT 

Primers for cloning and vector constructions 

pAtD27 

HvD27 

HvMAX1 

HvCCD7 

HvCCD8 

VIGS-HvD27-1 

VIGS-HvD27-2 

VIGS-HvCCD7-1 

VIGS-HvCCD7-2 

VIGS-HvCCD8-1 

VIGS-HvCCD8-2 

GCACTAGTGTTCTTGAGTGAGAAAGAG 

GCTCGAGATGGAGGCCACCGCACTTGT 

CCTCGAGATGGAGGGGGCGGGAGCA 

ATGCCGCCCAAGAGGCTGCTGGCG 

ATGGCGTCGCTGCCCCATGATGATAGT 

CGGGATCCACGGTCAGAGCACCGTCTT 

CGGGATCCGCCAAGCTACATCGTCACAA 

CGGGATCCACAGGATCAGGCTCGACATC 

CGGGATCCCAGATGTGGTCGCTGCAC 

CGGGATCCTGAAGTGGAACGTCACGAAC 

CGGGATCCTGAAGTGGAACGTCACGAAC 

GCCTCGAGATCTTTTGTTTTTTTTTTGG 

ACGCGTCGACCTAGCAACTCACACCATAGT 

GGCAAGCTTTTAGTTGTTCCTTTCAAGGAT 

TCATTCATCTGCCCAGAACCCATGGAA 

TCACTTGTCCCTGGGCACCCAGCAG 

CCTTAATTAATGTGTGTCGAGCCTGAAGAT 

CCTTAATTAACGCAGCTCATGTCTTCAAAA 

CCTTAATTAACATCCTGTGGAAATGGAACC 

CCTTAATTAAATTTATCGCAGGGAAATCCG 

CCTTAATTAAACCCGGTCACCGAGAACTAC 

CCTTAATTAAAAGTTCTGGACGCTGATCCC 
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Duchefa, Belgium Murashige-Skoog, Hormones 

Gibco-BRL, USA Agarose 

Invitrogen Trizol 

Roth, Germany Acetic acid, Acetone, Ethanol, Chloroform, 

Formaldehyde, Glycerol, Isoamylalcohol, Isopropanol, 

Lithium chloride, Glutaraldehyde, Phenol, Ethyl 

acetate, Acetonitrile, Methanol 

2.1.6 Enzymes and kits  

Qiagen, Hilden, Germany Plasmid isolation Kit, QIAquick PCR purification  

Kit, RNA isolation kit, RNase free DNAase set 

Stratagene GmbH, Germany Pfu polymerase, Salmon sperm DNA 

Fermentas GeneRuler™ DNA Ladder Mix, Rapid DNA 

Ligation Kit, Restriction enzymes 

Agilent RNA nano kit 

Applied biosystem, UK SYBR-GREEN-PCR master mix 

Invitrogen SuperScript III, TA-cloning kit 

2.1.7 Special instruments 

Agilent Agilent 2100 Bioanalyzer 

Applied biosystem, USA ABI PRISM 7900 HT Sequence Detection System 

Peqlab NanoDrop 1000 Spectrophotometer V3.5.1 

2.1.8 Media 

Bacterial media  

LB 10 g NaCl, 5 g Tryptone, 5 g Yeast extract for 1 L (pH 7.4)  

Solidified media contain 1.5% Difco-agar 
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YEB 10 g Beef extract, 1 g Yeast extract, 5 g Peptone,  

5 g Sucrose, 1 M MgSO4 2 ml; pH 7.0 for 1 L 

Solidified media contain 1.5% Difco-agar 

Plant growth medium 

Murashige and Skoog medium       4.6 g MS salts, Sucrose 10 g for l L  

Solidified media contain 1% Phytoblend 

agar   

2.2 Methods  

2.2.1 Plant growth conditions for Golden Promise and LOHi3/236/272 lines 

For the experimental analyses, wild-type barley (cv. Golden Promise) and homozygous 

transgenic plants LOHi3/236/272 were cultivated in a greenhouse or growth chamber 

(phytochamber) (Table 3). For growth in the phytochamber, seeds were sown directly in pots 

filled with 2 parts of compost, 2 parts of “Substrat 2” (Klasmann) and 1 part of quartz sand. 

Vernalization was done for a period of 8 weeks from germination under a temperature regime 

of 11°C day/7°C night and 10 h light. The further growing conditions were divided into four 

phases with the first three phases extending for 2 weeks each and the last phase lasting till 

ripening. The conditions during the various phases are as follows: phase 1: 14°C day/9°C 

night with 12 h light, phase 2: 16°C day/9°C night with 14 h light, phase 3: 20°C day/12°C 

night with 16 h light, and phase 4: 20°C day/14°C night with 16 h light. The plants were 

fertilized regularly with plantacote plus (15 g pot
-1

) during vegetative phase and with liquid 

fertilizer “Hakaphos Rot” (once a week; 2-4%) from the start of spike development. Total 

tiller number until maturity was counted for all plants every week (n ≥ 20 plants). 
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Table 3. Growth conditions used for the two experiments. 

 

 

 

 

 

 

 

2.2.2 Histological analysis 

At 2 weeks after germination (WAG) and 3 WAG in phytochamber, whole shoot apical 

meristems were chemically fixed with 2% glutaraldehyde and 2% formaldehyde in cacodylate 

buffer (50 mM, pH 7.0, 16 h). Samples were washed in buffer and water (20 min), and 

dehydrated in a graded ethanol series following by embedding in Spurr’s low viscosity resin. 

Semi-thin (2 μm) sections were made on a Reichert-Jung Ultracut S (Leica, Vienna, Austria), 

stained with crystal violet, and examined with a Zeiss Axioimager light microscope (Carl 

Zeiss, Jena, Germany). 

2.2.3 RNA isolation from tissues 

Total RNA was isolated from plant tissues using the TRIZOL reagent and RNAeasy columns. 

Plant tissue was ground in liquid nitrogen and 100 mg of the homogenized powder was added 

to 1 ml TRIZOL and incubated for 5 min at room temperature. Samples were centrifuged at 

10000 rpm for 10 min and the supernatant was transferred to a new tube. 200 µl of chloroform 

was added and incubated at room temperature for 2–3 min. Samples were again centrifuged as 

described above and the aqueous supernatant was transferred to a Qia shredder column 

(Qiagen) and centrifuged for 30 s at 10000 rpm. 350 µl of RLT buffer (a 

guanidine-thiocyanate-containing lysis buffer, plus beta-mercaptoethanol 10 µl/ml of RLT 

buffer) and 250 µl of absolute ethanol were added to the flow-through and passed through an 

RNAeasy spin column. All the following steps were performed as described in the 

Environmental parameters Experiment 2 Experiment 1 

Experimental site 

Sowing date 

Spacing (cm) 

Light density (μmol m
-2

 s
-1

) 

Average daily minimum temperature (°C ) 

Average daily maximum temperature (°C ) 

Humidity (%) 

Water supply (every 2-3 days) 

Greenhouse-IPK 

28 July 2014 

16 

270~300 

17 

20 

70 

yes 

Phytochamber-IPK 

21 Nov. 2012 

16 

350~380 

12 

20 

70 

yes 
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manufacturer’s protocol (RNeasy Mini Kit-QIAGEN) followed by in-column DNAse (DNase 

I (RNase-free) | NEB) digestion. 

2.2.4 Quality check of the RNA using NanoDrop  

RNA concentrations were measured using the NanoDrop photometer (Peqlab) according to 

the manufacturer’s instructions. The purity of the RNA was also determined based on the 

absorbance value at 230 nm, 260 nm, and 280 nm recorded using the NanoDrop. Nucleic acid 

absorbs light at a wave length of 260 nm, while organic contaminants like phenols and other 

aromatic compounds used during the process of RNA extraction absorb light at 230 nm and 

280 nm. If the RNA samples were not contaminated with organic compounds or any other 

impurities then the 260/230 and 260/280 absorbance value should be more than 1.8. RNA 

quality was also verified on a 1% (w/v) agarose gel to test for the contaminations by DNA and 

for degraded RNA. The absence of genomic DNA in the RNA samples was confirmed by 

PCR amplification of intron sequences in RNA samples using primers designed for the intron 

region. 

2.2.5 cDNA synthesis and quality of the cDNA 

The first strand cDNA was synthesized from RNA which was free from any DNA 

contamination using the SuperScript III reverse transcriptase (Invitrogen GmbH). 2 µg of total 

RNA, 1 µl of 50 µM oligo (dt-20 mer) primer and 1 µl of 10 mM dNTP mix and water were 

added to each tube to obtain a total volume of 10 µl and the reaction mixture was incubated at 

65°C for 5 minutes, and then rapidly cooled on ice. 10 µl of cDNA master mix consisting of 2 

µl of 10 x RT buffer, 4 µl of 25 mM MgCl2, 2 µl of 0.1 M DTT, 1 µl of RNaseOUT (40 U/µl) 

and SuperScript III reverse transcriptase (200 U/µl) was added and incubated at 50°C for 50 

minutes. The reaction was terminated by incubating at 85°C for 5 min and chilling on ice. 1 µl 

of RNase H was added to each reaction tube and incubated at 37°C for 20 minutes to remove 

the RNA and the synthesized cDNA was stored at -20°C for further use. 

To test cDNA yield, qPCR was performed using primers of a reference gene (serine/threonine 

protein phosphatase PP2A-4, catalytic subunit, EST clone HZ44D03) which was verified to 
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be stably expressed under all experimental conditions tested. The quality of the cDNA was 

assessed by using two primer pairs for a reference gene (elongation factor 1a, EST clone 

HZ42K12) from the 5’ and 3’ regions. The CT value of the 5’-end primer did not exceed that 

of the 3’-end primer by more than one CT, ensuring a uniform synthesis of cDNA. 

2.2.6 Quantitative real time polymerase chain reaction (qPCR) 

qPCR reaction was carried out with an ABI PRISM 7900 HT Sequence Detection System 

using Power SYBR Green Mastermix reagent to monitor synthesis of dsDNA. The reaction 

was carried out in an optical 384-well plate, each reaction well contained 5 µl of Power 

SYBR Green Mastermix reagent, 1 µl of cDNA and 200 nM of each gene-specific primer in a 

final volume of 10 µl. The following standard thermal profile was used for all PCR reactions: 

50°C for 2 min, 95°C for 10 min, 45 cycles of 95°C for 15 s and 60°C for 1 min. Amplicon 

dissociation curves, i.e. melting curves, were recorded after the 45
th

 cycle by heating from 

60°C to 95°C with a ramp speed of 1.9°C per minute. As an internal control for the reference 

genes initially three genes were checked for their expression pattern in different tissue and it 

was found that serine/threonine protein phosphatase PP2A-4, catalytic subunit, EST clone 

HZ44D03 was stably expressed in all different tissues over different developmental stages. 

The serine/threonine protein phosphatase PP2A-4, catalytic subunit, was used as a reference 

gene for normalization of the expression level of genes of interest using the comparative CT 

method as described by Schmittgen and Livak (Schmittgen and Livak 2008). All the data were 

analysed using the SDS2.2.1 software (Applied Biosystems). Expression levels of the gene of 

interest relative to the reference gene were calculated using the equation 2
-∆C

T
 
= 2

-(CT
GOI 

- CT
RG

)
 

where, GOI = gene of interest, RG = reference gene.  

2.2.7 Extraction and analysis of ABA   

ABA was extracted from fresh plant materials using ethyl acetate (100%). Isotopically 

labelled D6-ABA was used as an internal standard and added to each sample during the 

extraction procedure. Extraction was carried out twice with 1 ml of ethyl acetate at 4°C. The 

supernatant collected after centrifugation (13.000 g, 10 min, 4°C) was evaporated to dryness 



20 

 

at room temperature using a vacuum concentrator. The dried samples were redissolved in 

acetonitrile: methanol (1:1) and filtered using 0.8 µm filter (Vivaclear). The filtrate (10 µL) 

was used for subsequent quantification using LC-MS/MS (Dionex Summit coupled to Varian 

1200 L). Chromatogram acquisition and data processing was accomplished with the Varian 

software, “Work station”. Chromatographic separation was carried out on a C18 column (4 

µm, 100 mm; GENESIS; Vydac/USA). MRM and quantification was done using the mass 

traces 263/153 for ABA and 269/159 for D6-ABA. The validity of the extraction and 

measurement procedure was verified in recovery experiments (approx. 82-95%). 

Quantification was based on calibration with known ABA standards and individual recovery 

rates for the samples, as described in Kong et al. (2008). 

2.2.8 Extraction and analysis of strigolactones 

For the collection of root exudates, 10 germinated seeds of each line were planted in a 3-L 

plastic pot filled with 1.5 L of silver sand. After 1 week, plants were thinned to 5 plants per 

pot. Half-strength modified Hoagland’s nutrient solution with corresponding phosphorus 

concentration (KH2PO4, 0.1 mM) was applied to each pot (500 ml at 48-h intervals) as shown 

in Table 4. The plants were allowed to grow in a phytochamber for 13 weeks under the same 

growth conditions as used before. In the fourteenth week, phosphorus deficiency (KH2PO4, 

0.0 mM) was induced to increase strigolactone production. Three litres of 

phosphorus-deficient nutrient solution (half-strength modified Hoagland’s nutrient solution 

minus phosphate) were added to the top of each pot and allowed to drain freely through the 

holes in the bottom of the pot to remove phosphorus from the sand. The plants were kept 

under phosphorus deficiency for 1 week. In the fifteenth week, the same draining with 3 L of 

phosphorus-deficient nutrient solution was repeated to remove any accumulated strigolactones. 

Finally, 48 h later, root exudates were collected in a 1-L plastic bottle by passing nutrient 

solution without phosphate through each pot. The root exudates were passed through an SPE 

C18-fast column (500 mg per 3 mL), and the strigolactones were eluted with 6 mL of 100% 

acetone. For root extracts, 1 g fresh weight of ground root tissue was extracted following the 

method described by (Jamil et al. 2012), and the resulting extracts were evaporated to dryness, 
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taken up in hexane, loaded on pre-equilibrated Silica gel Grace Pure SPE (200 mg/3 mL) 

columns, and eluted with 2 mL of hexane:ethyle acetate (1:9) for further purification. The 

solvent was evaporated, and the residue was redissolved in 200 μL of 25% (v/v) acetonitrile in 

water and filtered through Minisart SRP4 0.45-μm filters (Sartorius) before LC-tandem MS 

(LC-MS/MS) analysis. 

SLs were analysed by comparing retention times and mass transitions with SL standards 

(2'-epi-5-deoxystrigol, 5-deoxystrigol and D6-2'-epi-5-deoxystrigol) using a Waters Xevo TQ 

mass spectrometer equipped with an electrospray-ionization source and coupled to a Waters 

Acquity Ultraperformance LC system using the settings described by (Jamil et al. 2012) with 

some modifications specified in SI Materials and Methods (Cardoso et al. 2014). Detection 

and quantification of strigolactones by Liquid Chromatography-Tandem Mass Spectrometry 

(LC-MS/MS) and the analyses were performed with three biological replicates. 

Table 4. Hoagland’s nutrient solution. 

 

 

 

 

 

 

 

 

 

2.2.9 Basic cloning methods and sequencing 

The basic molecular cloning methods such as polymerase chain reaction, DNA 

electrophoresis and enzymatic digestion and ligation were performed according to standard 

protocols described by Chong 2001 (Chong 2001). DNA fragments were isolated and purified 

Hoagland’s nutrient solution 

Component Final concentration 

Ca(NO3)2•4H2O 

K2SO4 

MgSO4•7H2O 

KH2PO4 

KCl 

H3BO3 

MnSO4•H2O 

ZnSO4•7H2O 

CuSO4•5H2O 

(NH4)6Mo7O24 

Fe-EDTA 

2 mM 

0.5 mM 

0.5 mM 

0.1 mM 

0.1 mM 

1 μM 

2.5 μM 

0.5 μM 

0.2 μM 

0.01 μM 

100 μM 



22 

 

from agarose gel by QIAquick gel extraction kit. Plasmid extractions were done using Qiagen 

Plasmid kits according to the protocol as prescribed by the manufactures. The sequences were 

confirmed by sequencing at LGC Genomics (Germany). 

2.2.10 Phylogenetic analyses  

Amino acid sequence alignments were performed using the ClustalW module in the MEGA 

(Molecular Evolutionary Genetics Analysis) 6.0 program (Tamura et al. 2013). 

Neighbor-joining trees and bootstrap analyses were also conducted using MEGA 6.0, and the 

following parameters were selected: model, p-distance; bootstrap, 1000 replicates; and 

gap/missing data, pairwise deletion. Protein sequences utilized in this analysis as well as 

NCBI accession numbers and data sources are listed in Table 5. 

Table 5. List of protein sequences used in the phylogenetic analysis. 

D27 and D27-like protein sequences 

Sequence ID Species Genbank ID Name 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

Oryza sativa  

Oryza sativa 

Zea mays 

Sorghum bicolor 

Vitis vinifera 

Arabidopsis thaliana 

Populus trichocarpa 

Medicago truncatula 

Medicago truncatula 

Hordeum vulgare 

Vitis vinifera 

Populus trichocarpa 

Arabidopsis thaliana 

Sorghum bicolor 

Oryza sativa 

Hordeum vulgare 

Zea mays 

Sorghum bicolor 

Vitis vinifera 

Zea mays 

Arabidopsis thaliana 

Oryza sativa 

Oryza sativa 

254946546 

218186055 

226501302 

242068981 

270235937 

18379048 

224062291 

357462337 

361064616 

326492644 

225426574 

224057988 

18408106 

242080297 

115474501 

326495048 

195609902 

242089393 

225437593 

224036007 

22328234 

115461907 

218196032 

OsD27 

 

 

 

 

AtD27 

 

 

MtD27 

HvD27 

https://www.google.com.hk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwiS8pano4vMAhWGXCwKHTdsC1wQFggbMAA&url=https%3A%2F%2Fshop.lgcgenomics.com%2F&usg=AFQjCNErL9lhZekEXWG1jMYrUydYCwmzpg
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CCD7 and CCD8 protein sequences 

Sequence ID Species Genbank ID or Locus Name 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

 

Hordeum vulgare 

Brachypodium distachyon 

Oryza sativa 

Zea mays 

Setaria italica 

Petunia x hybrida 

Nicotiana tabacum 

Solanum lycopersicum 

Chrysanthemum x morifolium 

Artemisia annua 

Lotus japonicus 

Citrus sinensis 

Orobanche ramosa 

Medicago truncatula 

Actinidia chinensis 

Glycine max 

Arabidopsis thaliana 

Jatropha curcas 

Hordeum vulgare 

Oryza sativa 

Oryza sativa 

Zea mays 

Vitis vinifera 

Solanum lycopersicum 

Citrus sinensis 

Petunia x hybrida 

Medicago truncatula 

Nicotiana tabacum 

Pisum sativum 

Glycine soja 

Cucumis melo 

Arabidopsis thaliana 

MLOC_55474.1 

357168137 

115459782 

308081144 

514803094 

261863854 

732554089 

350535122 

938149454 

284055816 

306450597 

568825583 

350605181 

357504533 

310896479 

359807642 

240254651 

831204067 

MLOC_66551.1 

297597606 

115437714 

308081194 

225429936 

928192545 

568844508 

57116144 

357466651 

515019305 

45504725 

734366735 

661902861 

30689501 

 

HvCCD7 

 

OsCCD7 

 

 

 

 

 

 

 

 

 

 

 

 

 

AtCCD7 

 

HvCCD8 

OsCCD8 

 

 

 

 

 

 

 

 

 

 

 

AtCCD8 

MAX1 protein sequences  

Sequence ID Species Genbank ID Name 

1 

2 

3 

4 

5 

6 

7 

Hordeum vulgare 

Hordeum vulgare 

Oryza sativa 

Oryza sativa 

Oryza sativa 

Oryza sativa 

Oryza sativa 

326492025 

326530386 

475653170 

475653168 

937902656 

937923359 

937897916 

HvMAX1 
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8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Zea mays 

Sorghum bicolor 

Setaria italica 

Brachypodium distachyon 

Brachypodium distachyon 

Zea mays 

Arabidopsis thaliana 

Vitis vinifera 

Medicago truncatula 

Zea mays 

Setaria italica 

413926093 

241933382 

944263874 

944088318 

944082596 

226493876 

30683024 

296081643 

357465755 

237908823 

944242277 

 

 

 

 

 

 

AtMAX1 

 

 

 

 

2.2.11 Vector constructions of pAtD27::HvD27 and 35S::HvMAX1 

The AtD27 promoter was cloned from Arabidopsis genomic DNA and ligated into the 

pCR™2.1-TOPO
®
 vector from the TOPO TA cloning

®
 system (Invitrogen). Using the SpeІ 

and XhoІ sites present at both ends of the promoter, the sequence was further cloned into 

pd35S-Nos-AB-M vector (Figure 4). The cloning and orientation of the promoter was 

confirmed by digestion and sequencing; the vector was named as pAtD27-Nos-AB-M. 

For sub-cloning HvD27 under control of the AtD27 promoter, the sequence was amplified 

from barley leaf cDNA using gene-specific primers and the PCR product was purified and 

cloned into the Topo-TA vector. The cloning was confirmed by sequencing. The HvD27 Topo 

clone was further amplified with gene-specific primers having XhoІ and SalІ sites. The 

purified PCR product digested with XhoІ and SalІ was ligated to linearized 

pAtD27-Nos-AB-M to obtain a pAtD27::HvD27-Nos-AB-M vector. The 

pAtD27::HvD27-Nos-AB-M was then subcloned into p6U10 binary vector for plant 

transformation (Figure 4). This was achieved by releasing the whole cassette (AtD27 

promoter::HvD27 gene: Nos terminator) using Sfi digestion that is compatible between both 

vectors. The obtained positive clones were sequenced to verify the orientation of the cassette 

in p6U10 vector.   

For the vector construction of 35S::HvMAX1, HvMAX1 was amplified from barley leaf cDNA 

using gene-specific primers and the PCR product was purified and cloned into the Topo-TA 
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vector. The cloning was confirmed by sequencing. The HvMAX1 Topo clone was further 

amplified with gene-specific primers having XhoІ and HindIII sites. The purified PCR product 

was digested with XhoІ and HindIII and ligated to linearized pd35S-Nos-AB-M to obtain a 

pd35S::HvMAX-Nos-AB-M vector. The pd35S::HvMAX1-Nos-AB-M was then subcloned 

into the p6U10 binary vector for plant transformation (Figure 4). 

 

 

 

Figure 4. The plasmid maps of pd35S-Nos-AB-M and p6U10. 

 

2.2.12 Stable transformation of Arabidopsis and generation of transgenic plants 

Arabidopsis plants were grown in growth rooms under long-day conditions (16 h light/8 h 

dark) at 22°C. Agrobacterium-mediated transformation was performed using the floral 

dipping method as previously described (Clough and Bent 1998). Seeds collected from the 

transformed plants were sterilized with 2% sodium hypochlorite for 15 min and plated on 

Murashige and Skoog (MS) medium containing 50 μg ml
-1

 hygromycin to inhibit 

Agrobacterium growth. The resistant transformants were transplanted to soil 2 weeks later. 

Transgenic Arabidopsis plants were grown in growth rooms under long-day conditions. 

2.2.13 Genomic DNA extraction 

Genomic DNA was extracted following the protocol described by Pallotta et al. (2000). Leaf 

tissue (100-200 mg) was finely ground in liquid nitrogen and incubated with 800 µl of 
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extraction buffer (100 mM Tris-HCl, 10 mM ETDA, 100 mM NaCl and 1% N-lauryl sarkosin, 

pH8) for 5 min at room temperature with intermittent vortexing and then 800 µl 

phenol/chloroform/isoamylalcohol (25:24:1) mix was added before the sample was vortexed 

for 2 min at RT. The sample was centrifuged at 5000 rpm for 3 min (RT). The obtained 

supernatant (700 µl) was transferred to a fresh Eppendorf tube and incubated on ice for 15 

min after addition of 1 volume of isopropanol (700 µl) and 1/10th volume of 3 M sodium 

acetate, pH 5.2 (70 µl). DNA was precipitated by centrifugation of samples at 13000 rpm for 

10 min (4°C). The DNA pellet was washed in 70% ethanol by re-suspending the pellet and 

centrifuging the samples at 7500 rpm for 10 min (4°C). The pellet was air dried to remove any 

trances of alcohol and then re-suspended in water or TE buffer (100 μl). The DNA was freed 

of RNA by adding 2 µl of RNase (40 µg/ml) and incubating for 30 min at 37°C. DNA was 

then quantified using Nanodrop. 

2.2.14 Plant growth conditions for VIGS experiments 

Black Hulless plants used for VIGS experiments were grown in a controlled environmental 

climate chamber at 20–25°C with a 16/8 h light/dark photoperiod until the two leaf-stage, 

then inoculated with BSMV, kept for two weeks and transferred to a phytochamber until 

evaluation in laboratories of the biological safety level 2 (Pathogen-Stress Genomics lab, 

IPK). 

2.2.15 Vector constructions of VIGS-HvD27, VIGS-HvCCD7 and VIGS-HvCCD8 

The genome of BSMV consists of three RNA fragments, α, β, and γ. The constructs used in 

this study based on BSMV RNAs were described by Holzberg et al. (2002). A 336 bp and 306 

bp sequence of HvD27 was amplified using Thermo Scientific Pfu DNA polymerase with 

gene-specific primers harbouring BamHI and PacI restriction sites, respectively, at their 

extremities (Table 2), and then directionally cloned in antisense orientation into the BamHI- 

and PacI- digested BSMV-γ-MCS multiple cloning site to generate the constructs 

VIGS-HvD27-1 and VIGS-HvD27-2, respectively. A 295 bp and 306 bp sequence of HvCCD7 

was amplified using Thermo Scientific Pfu DNA polymerase with gene-specific primers 

https://www.neb.com/products/r0547-paci
https://www.neb.com/products/r0547-paci
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harbouring BamHI and PacI restriction sites, respectively, at their extremities (Table 2), and 

then directionally cloned in antisense orientation into the BamHI- and PacI- digested 

BSMV-γ-MCS multiple cloning site to generate the constructs VIGS-HvCCD7-1 and 

VIGS-HvCCD7-2, respectively. A 202 bp and 338 bp sequence of HvCCD8 was amplified 

using Thermo Scientific Pfu DNA polymerase with gene-specific primers harbouring BamHI 

and PacI restriction sites, respectively, at their extremities (Table 2), and then directionally 

cloned in antisense orientation into the BamHI- and PacI- digested BSMV-γ-MCS multiple 

cloning site to generate the constructs VIGS-HvCCD8-1 and VIGS-HvCCD8-2, respectively. 

2.2.16 In vitro transcription and BSMV inoculation 

The plasmids corresponding to the three components of BSMV were linearized with MluI (α 

and γ components) or SpeI (β component) and used as templates for in vitro transcription 

using the AmpliCap-Max™ T7 High Yield Message Maker Kit (CELLSCRIPT™), following 

the manufacturers protocol. The three viral RNA components were mixed in a 1:1:1 ratio and 

4.5 μl of combined transcripts were mixed with 10 μl of FES buffer (77 mM glycine, 60 mM 

K2HPO4, 22 mM Na4P2O7·10H2O, and 1% w/v bentonite) and applied with gentle strokes to 

Carborundum-dusted leaves of barley 7 days post sowing. Unless stated otherwise, all barley 

plants were cv. Black Hulless grown in 12-cm pots filled with soil (Pindstrup Mix 2, 

Ryomgaard, Denmark), in either the growth chamber or a phytochamber at 20°C with 16 h of 

light and 8 h of darkness. Growth chamber light intensities did not exceed 1200 μmol m
-2 

s
-1

 

and were between 240 and 380 μmol m
-2 

s
-1

 in the phytochamber of the biological safety level 

2 (Pathogen-Stress Genomics lab, IPK). 

2.2.17 Statistical analysis 

Values derived from several biological replicates were used to calculate means and standard 

deviations, and statistical significance was assessed using the Student’s t-test and one-way 

ANOVA across genotypes with Tukey’s multiple comparison test (P˂0.05). These calculations 

were performed using Genstat, 17
th

 edition (VSN International Ltd., Hemel Hempstead, UK). 

Letters a, b, c and d represent statistical differences across means and across genotypes. 

https://www.neb.com/products/r0547-paci
https://www.neb.com/products/r0547-paci
https://www.neb.com/products/r0547-paci
https://www.neb.com/products/r0547-paci
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3. Results 

3.1 Silencing HvABA 8'-hydroxylase gene provokes a late-tillering phenotype 

Previous studies demonstrated that abscisic acid functions in many plant biological processes 

such as plant stress tolerance, germination, seed development, lateral root development, and 

bud development (Yao and Finlayson 2015). To determine whether the HvABA 8'-hydroxylase 

gene is involved in the regulation of tiller formation in barley, an RNA interference (RNAi) 

approach was carried out to repress the endogenous HvABA 8'-hydroxylase gene and thereby 

modulate the ABA content in transgenic barley lines. The expression of the RNAi construct 

was controlled by the barley late embryogenesis abundant (Lea) B19.3 gene promoter. This 

promoter shows high activity not only during embryo development in seeds but also in shoot 

and root tissues (www.genevestigator.com; Zimmermann et al. 2004) (Figure 5). The ABA 

8'-hydroxylase RNAi lines have been obtained in our lab in a previous project and were 

named by LOHi, standing for the HvLea::HvABA 8'-hydroxylase RNAi construct (Seiler et al. 

2014). The selected fragment intended for post-transcriptional gene silencing was based on a 

rather conserved region of HvABA 8'-hydroxylase 1, so it was likely that all three HvABA 

8'-hydroxylase 1/2/3 genes will be suppressed. Among the total 103 independent primary 

transformants obtained, T1 transgenic plants (n = 9) harboring a single copy of transgene 

were screened and finally 5 different transgenic homozygous lines were obtained in the T2 

generation. Three homozygous lines LOHi3, LOHi236 and LOHi272 were chosen for further 

analysis of tiller development. Given that the RNAi-mediated gene silencing in LOHi236 and 

LOHi272 exerted a strong influence on tiller formation when plants were grown in a growth 

chamber, the subsequent investigations mainly focussed on these two lines.  
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Figure 5. The expression levels of late embryogenesis-abundant (Lea) B19.3 in barley tissues. Expression data 

was taken from Genevestigator (www.genevestigator.com; Zimmermann et al. 2004). 

 

Hordeum vulgare cv. Golden Promise, a two-rowed barley spring cultivar obtained from the 

Genebank at IPK Gatersleben, Germany, was used as reference line along with the ABA 

8'-hydroxylase RNAi lines transformed in this background. The wild type and HvABA 

8'-hydroxylase RNAi lines (LOHi236 and LOHi272) were grown in a growth chamber and 

tiller number was analysed from 7 weeks after germination (WAG) to 18 WAG. Interestingly, 

there is a small increase in expression of LeaB19.3 around the time of inflorescence 

emergence (Genevestigator) (Figure 6), when the RNAi effect might be expected to become 

stronger and affect the late-tillering development in LOHi lines.  
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Figure 6. The expression levels of late embryogenesis-abundant (Lea) B19.3 in the life cycle of barley. 

Expression data was taken from Genevestigator (www.genevestigator.com; Zimmermann et al. 2004). 

 

During the vegetative stage, the total tiller number per plant in LOHi236 and LOHi272 lines 

was the same as that of wild-type plants. However, at 14 WAG around the time of 

inflorescence emergence, the frequency of tiller outgrowth was elevated in LOHi236 and 

LOHi272 lines and by 8.03% or 14.7% higher in LOHi236 or LOHi272, respectively than in 

the wild type. This effect became stronger over time (Figure 7). 
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Figure 7. Phenotypic evaluation of tiller number in phytochamber. (A) The tillering phenotype in wild type 

(Golden Promise) and HvABA 8'-hydroxylase RNAi lines (LOHi236, LOHi272) at 16 WAG. WAG: Weeks after 

Germination. (B) Total tiller number per plant in transgenic lines LOHi236, LOHi272, compared with wild-type 

plants from 7 WAG to 18 WAG. Values represent means ± SE of 20 plants. Significant differences as 

determined by Student’s t-test are indicated by asterisks, *, P˂0.05, **, P˂0.01, ***, P˂0.001. 

 

A similar experiment was carried out in the greenhouse and the phenotype of increased 

tillering in LOHi236/272 lines was also observed there (Figure 8). The increase in tiller 

number of LOH236/272 was observed starting from 12 WAG, which was two weeks earlier 

than in the phytochamber. This difference in tiller development could result from different 

growth conditions used in these two experiments, such as sowing date, light density or 

temperature (Table 3).  
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Figure 8. Phenotypic evaluation of tiller number under greenhouse conditions. The total tiller number per plant 

in transgenic lines LOHi236, LOHi272 was compared that in wild-type plants from 10 WAG to 13 WAG (WAG: 

Weeks after Germination). Values represent means ± SE of 15 plants. 

 

The number of tillers increased in particular at later developmental stages (Figure 7 and 8). 

The reason for this late increase in tiller number may be due to enhanced axillary meristem 

formation or a differential regulation of axillary bud outgrowth. In order to verify the first 

possibility, axillary meristem formation was investigated by taking meristem sections from an 

early developmental stage (3 WAG) for microscopic examination. No difference was found in 

the number of axillary meristems between LOHi lines and wild-type plants (Figure 9A). 

Moreover, there was also no difference in the developmental stages, as indicated in Figure 9B. 
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Figure 9. Development of axillary meristem and shoot apical meristem in wild-type and LOHi antisense lines. 

(A) Transverse section of the shoot apical meristem (SAM) at 3 WAG. Green arrowheads indicate leaf primordia; 

Red arrows point to axillary meristems; Yellow arrows show SAMs, n = 9. (B) Views of the apices at lemma 

primordium stage or awn primordium stage, at 9 WAG, or 10 WAG, respectively. WAG: Weeks after 

Germination, Bars: 200 μm.  

 

3.2 ABA accumulation in stem bases and roots of LOHi lines 

3.2.1 Expression analysis of ABA biosynthesis and degradation genes 

To better understand the dynamics between ABA biosynthesis and degradation and to assess 

whether the altered late-tillering phenotype in LOHi236 and LOHi272 correlates with the 

extent of HvABA 8'-hydroxylase gene silencing, quantitative real-time (qRT) PCR was 

performed to detect and quantify the expression levels of ABA biosynthesis (HvNCED1/2) 

and degradation (HvABA 8'-hydroxylase1/2/3) genes. Additionally, in an early attempt to 

determine whether RNAi activity is responsible for the cleavage of HvABA 8'-hydroxylase 

gene, gene expression analysis by qRT-PCR was employed to quantify the expression patterns 

of HvABA 8'-hydroxylase 1/2/3. For example, at 10 WAG, much higher expression levels 

were found for HvABA 8'-hydroxylase 1 and HvABA 8'-hydroxylase 3 than for HvABA 

8'-hydroxylase 2 in root, stem base, leaf and axillary bud tissues, indicating that the latter gene 

product makes no significant contribution to ABA degradation (Figure 10). Thus, qRT-PCR 

data are subsequently only shown for HvABA 8'-hydroxylase 1 and 3. 
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Figure 10. Expression levels of the genes HvABA 8'-hydroxylase 1, 2 and 3 in the root, stem base, leaf and 

axillary bud at 10 WAG in wild-type (WT) plants. The graph shows mean values ± SE of qRT-PCR experiments 

from three biologically independent samples. Serine/threonine protein phosphatase PP2A-4 was used as a 

reference gene. 

 

In the RNAi lines LOHi236 and LOHi272 grown in the phytochamber, relative mRNA levels 

of HvABA 8'-hydroxylase 1/3 in stem bases were not modified relative to wild type at earlier 

time point 12 WAG. However, a significant reduction in HvABA 8'-hydroxylase 1/3 transcript 

levels in stem bases was observed mainly at 14 WAG. Moreover, HvABA 8'-hydroxylase 1/3 

transcript levels were not significantly changed in LOHi236 and LOHi272 relative to wild 

type at 15 WAG. There, the silencing effect of HvABA 8'-hydroxylase was weaker than at 14 

WAG (Figure 11A). At the same time, transcript levels of HvNCED1 and HvNCED2, 

encoding 9-cis-epoxycarotenoid dioxygenase, a key enzyme of the ABA biosynthesis pathway 

were sharply down-regulated in LOHi236, compared to a weaker down-regulation in 

LOHi272. The down-regulation of HvNCED1 and HvNCED2 expression levels might have 

resulted from a negative feedback regulatory loop to balance the ABA homeostasis (Figure 

11B). 
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Figure 11. Expression levels of the genes HvABA 8'-hydroxylase 1, 3 and HvNCED1, 2 in the stem base at 12 

WAG, 14 WAG and 15 WAG in wild-type (WT) plants and transgenic lines LOHi236/272. The graphs show 

mean values ± SE of qRT-PCR experiments from three biologically independent samples. Serine/threonine 

protein phosphatase PP2A-4 was used as a reference gene. Significant differences as determined by Student’s 

t-test are indicated by asterisks, *, P˂0.05, **, P˂0.01. 

 

Transcript levels of genes associated with ABA degradation were also quantified in roots 

using qRT-PCR, and there the trend was similar as in the stem base (Figure 12A). Therefore, 

the reason leading to the increased late-tillering phenotype in LOHi lines, which was more 

apparent after 14 WAG, might be due to a temporal-spatial interaction between ABA and other 

plant hormones involved in regulating tiller development. This may be triggered by the 

transient silencing of HvABA 8'-hydroxylase 1/3. To confirm this phenotype, the expression 
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levels of HvABA 8'-hydroxylase 1/3 were further analyzed in axillary buds, showing that there 

was no significant alteration in LOHi lines relative to WT plants from 12 WAG to 15 WAG 

(Figure 12B). 

 

 

  

 

Figure 12. Expression levels of the genes HvABA 8'-hydroxylase 1 and 3 in the root and axillary bud at 12 WAG, 

14 WAG and 15 WAG in wild-type (WT) plants and transgenic lines LOHi236/272. The graphs show mean 

values ± SE from three experiments each consisting of three independent biological replicates. PP2A-4 was used 

as a reference gene. Significant of differences according to Student’s t-test are indicated by asterisks, *, P˂0.05, 

**, P˂0.01. 
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3.2.2 ABA levels in wild type and LOHi antisense lines 

Based on the dynamics of ABA biosynthesis and degradation genes from 12 WAG to 15 

WAG and LeaB19.3 expression patterns in tissues, ABA concentrations were measured in the 

stem bases and roots of the wild-type plants and transgenic lines LOHi236 and LOHi272 in 

collaboration with Dr. Kai Eggert and Dr. Mohammad-Reza Hajirezaei (MPE Group, IPK). 

Liquid chromatography-tandem mass spectrometry (LC−MS/MS) showed that there was no 

difference in abscisic acid concentration between LOHi lines and wild-type plants at 12 WAG 

(Figure 13A). This was in agreement with similar transcript levels of HvABA 8'-hydroxylase 

1/3 at 12 WAG (Figure 11A). However, ABA levels in the stem bases were by 73% higher in 

LOHi236 and by 67% higher in LOHi272 compared to the wild type at 14 WAG (Figure 13B). 

In agreement with a stronger silencing of HvABA 8'-hydroxylase 1/3 in LOHi236, the ABA 

level in LOHi236 stem bases was higher than that in LOHi272. In roots, higher levels of ABA 

in LOHi lines than in the wild-type were also observed at 14 WAG relative to 12 WAG 

(Figure 13C and 13D). The differences in ABA levels at 14 WAG between wild-type and 

LOHi antisense lines suggested that ABA accumulation in the stem bases may have been 

linked to the tillering phenotype. 
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Figure 13. ABA concentration in the stem base and root at 12 WAG and 14 WAG in wild-type (WT) plants and 

LOHi antisense lines. Bars represent the average ± SE of three independent replicates. The concentration of 

ABA is indicated as pmol.g
-1

 FW. FW: Fresh Wight. Significant differences as determined by Student’s t-test are 

indicated by asterisks, *, P˂0.05, **, P˂0.01, ***, P˂0.001. 

 

3.3 Investigations on strigolactone biosynthesis in wild-type plants and ABA 

8'-hydroxylase antisense lines 

3.3.1 LC-MS/MS analysis and quantification of strigolactones 

Recently, the importance of an interconnection between ABA and SL biosynthesis has 

received more attention. Although SLs have been detected in a variety of plant species, there 

is no report for barley. Thus, first the identity of SLs had to be explored in barley before 

quantities could be compared between wild-type plants and transgenic lines. 5-deoxystrigol 

was found to be distributed widely in the plant kingdom and detected in root from both 

monocots (Awad et al. 2006) and dicots (Yoneyama et al. 2007).  
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To explore the identity of SLs and assess whether the late-tillering phenotype of LOHi236 and 

LOHi272 resulted from a decrease in the production of SLs, Multiple-Reaction Monitoring 

Liquid Chromatography Mass Spectrometry (MRM-LC-MS/MS) was performed in 

collaboration with Prof. Dr. Harro J. Bouwmeester (Laboratory of Plant Physiology, 

Wageningen University, Netherlands). For the analysis of SLs, barley exudates were collected 

and compared to retention times (RT) and mass transitions of available SL standard 

substances (Figure 14A). In the MRM-LC-MS/MS chromatograms, two intense peaks were 

detected in the different MRM channels. 5-deoxystrigol was detected at a retention time (RT) 

7.95 min in the MRM channel m/z 331.2>234.15, D6-5-deoxystrigol was detected at RT 7.92 

min and m/z 337.16>97.017, and one weak peak of 2'-epi-5-deoxystrigol was detected at RT 

7.88 and m/z 331.2>234.0. The chromatogram of crude root exudates from barley revealed an 

intense peak in the channel m/z 331.2>216.15 at RT 7.95 min, which matched the standard of 

5-deoxystrigol (Figure 14A). 

To improve the conditions for SL detection, barley plants were precultured hydroponically 

and subjected to P starvation as P deficiency has been shown to enhance SL exudation by 

roots (Al-Babili and Bouwmeester 2015). A strong quantitative variation in SL production 

was observed between the wild-type plants and LOHi lines. The major SL 5-deoxystrigol 

purified was significantly (P<0.01) lower in root exudates of LOHi236 and LOHi272 

compared with the wild type at 14 WAG (Figure 14B). Other SLs including 2'-epi-orobanchol 

and sorgomol were also detected in barley root exudates, but their concentrations were too 

low for accurate quantification. Moreover, the peak areas obtained with MRM-LC-MS/MS 

for 5-deoxystrigol from root extracts of barley at 14 WAG became very weak with that of the 

standard, therefore this data was not available. Taken together, these results indicated that the 

exudation of 5-deoxystrigol was lower in LOHi236 and LOHi272 than in wild-type plants, 

which coincided with their late-tillering phenotype. 
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Figure 14. MRM-LC-MS/MS analysis of strigolactone concentrations in barley root exudates. (A) Transition 

331.2>234.15 for authentic 5-deoxystrigol, transition 337.16>97.017 for authentic D6-5-deoxystrigol, transition 

331.2>234.0 for ent-2'-epi-5-deoxystrigol. (B) The concentrations of 5-deoxystrigol in root exudates of LOHi 

(LOHi236 and LOHi272) and wild-type plants after 7 days of phosphate starvation at 14 WAG. Bars represent 

the means ± SE of five independent replicates. Significant differences as determined by Student’s t-test are 

indicated by asterisks, **, P˂0.01. 

 

3.3.2 Identification of putative strigolactone biosynthesis pathway genes in barley 

An open question was whether the dramatic change in SL hormone levels was related with the 

regulation of genes involved in SL biosynthesis in LOHi236/272 lines. So far, however, there 

have been no corresponding reports on SL-related genes in barley. In order to identify the 

most relevant genes for SL biosynthesis in barley, a phylogenetic analysis was conducted for 

orthologous gene sequences based on a comparison of SL biosynthesis genes from different 

plant species and sequences from the barley genome (Figure 15). 
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It has been described that DWARF27 (D27), MORE AXILLARY GROWTH3 (MAX3), MORE 

AXILLARY GROWTH4 (MAX4) and MORE AXILLARY GROWTH1 (MAX1) are genes 

involved in the SL biosynthetic pathway in the model plant Arabidopsis (Brewer et al. 2013). 

Moreover, OsD27 has been identified as a novel iron-containing protein participating in the 

biosynthesis of SLs in rice (Lin et al. 2009). To identify orthologous genes from barley, amino 

acid sequences of Arabidopsis or rice proteins were used as templates to perform protein 

homology search in the fully-sequenced barley genome 

(http://webblast.ipk-gatersleben.de/barley/index.php). The barley genome encodes two 

proteins with superficial similarity to rice OsD27 (Lin et al. 2009). In order to identify the 

likely ortholog of OsD27, a phylogenetic analysis of D27-like proteins in dicots and monocots 

was performed (Table 5). The red-marked branch indicates that the group contains OsD27, its 

ortholog in Medicago truncatula (Liu et al. 2011), an Arabidopsis D27 (AtD27) protein 

encoded by At1g03055 (Waters et al. 2012), and a barley D27 protein encoded by AK358967 

(NCBI number). Notably, another barley protein with similarity to OsD27, encoded by 

AK354401 (NCBI number), could be assigned unambiguously to another sub-branch 

indicated in blue (Figure 15A). Thus, it was concluded that AK358967, subsequently 

designated as HvD27, is the likely barley ortholog of OsD27. The HvD27 protein shared 

about 71% identity with OsD27 at the amino acid level. Nevertheless, the presence of other 

D27-like proteins in the barley genome might be indicative of potential genetic redundancy. 

The amino acid sequences of Arabidopsis thaliana CCD7 and CCD8 (AtCCD7 and AtCCD8; 

NCBI numbers 130064.4 and 119434.3, respectively) were used as reference sequences to 

search for orthologous sequences in barley. By using the NCBI website 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins), BLASTP was performed. A total of 

11 model species were selected for sequence analyses of their CCD7 and CCD8 genes, 

including ten monocotyledonous and twenty-one dicotyledons species (Table 5). The CCD7 

and CCD8 genes were identified according to their E-values in the BLASTP program and 

synteny to other CCDs. Since amino acid sequences are more conserved than nucleotide 

sequences, a phylogenetic tree based on amino acid sequences divided the CCD7 and CCD8 

proteins into two distinct groups. Proteins of the cluster marked in red showed that 

http://webblast.ipk-gatersleben.de/barley/index.php
http://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
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Arabidopsis MAX3 (AtCCD7) has only one close sequence homologue in barley encoded by 

locus MLOC_55474.1, which was designated as HvCCD7. The branch marked in blue 

indicated that Arabidopsis MAX4 (AtCCD8) has also only one close sequence homologue in 

barley encoded by locus MLOC_66551.1, which was designated as HvCCD8 (Figure 15B). 

The partial protein sequences of HvCCD7 and HvCCD8 shared higher identity 80% with D17 

(CCD7) and 90% with D10 (CCD8), respectively. 

Relationships among the target gene ortholog sets were examined in arbitrarily rooted 

neighbour-joining phylogenies of protein sequences (Table 5). Comparison among sequences 

from monocot and dicot plants identified at least two separate clades of MAX1, although the 

second clade was only represented in a limited number of species. In this case, a likely barley 

MAX1 protein encoded by AK367034 (NCBI number) and named as HvMAX1, appeared as 

a close homologue to Arabidopsis MAX1 (AtMAX1) (Figure 15C). HvMAX1 had 57% 

sequence identity with AtMAX1. These phylogenetic relationships among SL biosynthesis 

pathway genes in barley provided the baseline information for their subsequent functional 

characterization. 
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Figure 15. Phylogenetic trees and alignments of amino acid sequences of proteins in the strigolactone 

biosynthesis pathway. Phylogenetic tree of A) D27, B) CCD7/8 and C) MAX1 orthologs from different plant 

species. Sequence alignments were performed using the ClustalW module in the MEGA (Molecular 

Evolutionary Genetics Analysis) 6.0 program (Tamura et al. 2013). Neighbor-joining trees and bootstrap 

analyses were conducted using MEGA 6.0. Different colors in branches denote different phylogenetic groups. 

Squares of different colors represent proteins from monocot and dicot species. Protein sequences utilized in this 

analysis as well as NCBI accession numbers and data sources are listed in Table 5.  

 

Subsequently, real-time PCR was used to examine the expression patterns of HvD27, 

HvCCD7, HvCCD8 and HvMAX1 across various tissues and organs. As expected, the 

transcript abundance of each gene was most abundant in the root. In stem base, the transcript 

levels of HvD27, HvCCD7 and HvCCD8 were also relatively high. Interestingly, the highest 

expression level of HvD27 was observed in the leaves, while the highest expression of 

HvMAX1 was in the roots. These data suggested that SLs are mainly synthesized in barley 

roots and stem tissues (Figure 16). 
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Figure 16. Expression of genes from the strigolactone biosynthesis pathway across various tissues and organs in 

barley wild-type plants. The graph shows mean values ± SE of the relative gene expression from three 

biologically independent samples. Serine/threonine protein phosphatase PP2A-4 was used as a reference gene. 

 

3.3.3 Gene expression analysis of putative strigolactone biosynthesis genes 

Quantitative real-time PCR was used to investigate the expression of putative SL biosynthetic 

pathway genes in LOHi236, LOHi272 lines, which showed an increase in tiller number. A list 

of genes studied in the present work putatively involved in SLs biosynthesis and the primer 

sequences used for qRT-PCR are provided in Table 2. 

Expression of putative SL biosynthetic pathway genes in stem bases at 12 WAG was similar 

between LOHi lines and wild-type plants (Figure 17A and 17B). However, at 14 WAG, 

compared to the wild type Golden Promise transcript levels of HvCCD7 and HvCCD8 were 

clearly reduced in stem base tissues of LOHi236 and LOHi272, whereas the expression level 

of HvMAX1 was not different. The relative transcript levels of HvD27 in stem bases showed a 

clear reduction only in LOHi236, but not in LOHi272, which coincided with the relatively 

stronger extent of HvABA 8'-hydroxylase gene silencing (Figure 17C and 17D). 



46 

 

 

 

 

Figure 17. Transcript levels of genes from the strigolactone biosynthetic pathway in stem bases of wild-type 

plants and LOHi antisense at 12 WAG and 14 WAG. The graphs show mean values ± SE of the relative gene 

expression from three biologically independent samples. Serine/threonine protein phosphatase PP2A-4 was used 

as a reference gene. Significant differences as determined by Student’s t-test are indicated by asterisks, *, 

P˂0.05, **, P˂0.01. 

 

In the roots of LOHi lines and wild-type plants, expression levels of the putative SL 

biosynthetic pathway genes HvD27, HvCCD7, HvCCD8 and HvMAX1 were also similar at 12 

WAG (Figure 18A and 18B). However, at 14 WAG, transcript levels of HvCCD7 and 

HvCCD8 were clearly decreased in roots of LOHi236 and LOHi272. Also the expression 

level of HvMAX1 was lower in the LOHi antisense lines, while it was not affected in stem 

base. The relative transcript levels of HvD27 in roots showed a clear reduction only in 
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LOHi236, but not in LOHi272, which could also be the result of the relatively stronger 

silencing effect of HvABA 8'-hydroxylase genes (Figure 18C and 18D). 

 

 

 

Figure 18. Transcript levels of genes from the strigolactone biosynthetic pathway in roots of wild-type plants 

and LOHi antisense lines at 12 WAG and 14 WAG. The graphs show mean values ± SE of the relative gene 

expression from three biologically independent samples. Serine/threonine protein phosphatase PP2A-4 was used 

as a reference gene. Significant differences as determined by Student’s t-test are indicated by asterisks, *, 

P˂0.05, **, P˂0.01. 

 

Recently, Alder et al. (2012) found that the rice strigolactone biosynthetic enzyme D27 

showed isomerase activity converting all-trans-β-carotene into 9-cis-β-carotene and that the 

conversion was reversible. The structural similarity between all-trans-β-carotene and 

epoxycarotenoids evokes the possible involvement of D27 in ABA biosynthesis. This notion 
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prompted the search for a Hvd27 mutant that fails to activate the SL pathway, but such a 

mutant is not available. Therefore, the Arabidopsis d27 mutant (Waters et al. 2012) was 

considered most suitable for verifying whether HvD27 is involved in ABA biosynthesis and 

for characterizing the HvD27 gene function through a genetic complementation approach. As 

previously reported, the Atd27 mutant carries a T-DNA insertion residing in the fifth exon of 

the At1g03055 locus. The Atd27 homozygous line was first confirmed by genomic PCR using 

the primers as indicated in Waters et al. 2012. Importantly, the Atd27 mutant plants exhibited 

a substantial increase in axillary rosette branches relative to wild-type Columbia (Col-0) 

plants under the growth conditions used in this study. ABA levels were also measured in 

two-week-old Col-0, Atd27, and Atccd7 mutant plants (Booker et al. 2004) to use these values 

for comparison to barley. Interestingly, the Atd27 mutant seedlings showed lower ABA 

concentrations than those of Col-0, but there was no significant difference to the Atccd7 

mutant (Figure 19). This indicated that AtD27 not only plays a role in the SL biosynthesis but 

also interferes with the ABA biosynthetic pathway. 

 

 

 

Figure 19. ABA concentrations in two-week-old Arabidopsis seedlings of Col-0, Atd27 and Atccd7. Seeds were 

grown on 1/2 Murashige and Skoog (MS) medium for two weeks. Bars represent means ± SE of six independent 

biological replicates. Significant differences according to Student’s t-test are indicated by asterisks, ***, 

P˂0.001. 
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In order to test whether the HvD27 gene may take over the same function in SL biosynthesis 

and shoot branching as AtD27, a genetic complementation study was conducted by expressing 

the HvD27 gene in the Arabidopsis d27 mutant (Waters et al. 2012). For complementation, the 

full-length ORF of HvD27 (AK358967) was placed under the control of the AtD27 promoter, 

then the combined fragment was cloned into the binary plant expression vector p6U10 for 

expression in the AtD27 mutant and the Col-0 reference line using Agrobacterium-mediated 

transformation (Figure 20A). The RT-PCR analysis indicated that the HvD27 transgene was 

successfully expressed in several of the transgenic lines with d27 or wild-type background 

(Figure 20B). 

   

 

Figure 20. (A) The vector map of pAtD27::HvD27 used for transformation of the Arabidopsis d27 mutant. (B) 

RT-PCR analysis for verification of the pAtD27::HvD27 construct in transgenic lines. 

 

The pAtD27::HvD27 transgenic lines in the T3 generation were homozygous plants carrying a 

single T-DNA insertion. The number of primary rosette-leaf branches was counted and 

compared to that of Col-0 and Atd27 mutants, which were grown side-by-side with the 

transgenic lines under identical conditions. The number of primary rosette-leaf branches in the 

transgenic lines A1-1, A1-2 and A8-10 was largely reverted to a similar number as in Col-0, 

whereas additional axillary branching was completely blocked in the transgenic lines B15-12, 
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B16-5 and B16-10. Under these growth conditions, Col-0 produced about three primary 

rosette-leaf branches, whereas Atd27 mutants produced about eight primary rosette-leaf 

branches. In the Atd27 background, HvD27 expression conferred three to four primary 

rosette-leaf branches while in the Col-0 background HvD27 expression led to an almost 

complete suppression of primary rosette-leaf branching (Figure 21A and 21B). These results 

indicated that HvD27 was able to complement or partially complement the shoot branching 

phenotype of the Arabidopsis Atd27 mutant. When ABA concentrations were analyzed in 

leaves, higher ABA levels were measured in the line B16-5 with suppressed shoot branching 

than in Col-0, indicating that HvD27 might also be associated with ABA biosynthesis (Figure 

21C). This suggested that HvD27 plays a dual role in SL and ABA biosynthesis. 
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Figure 21. Genetic complementation of the Arabidopsis d27 mutant with the Hordeum vulgare D27 gene and 

ABA measurements. (A) Axillary branching phenotypes. (B) Number of primary rosette-leaf branches. Shown 

are average numbers of primary rosette-leaf branches from at least 15 individual plants ± SE. Different letters 

indicate significant differences (Tukey, p<0.05). (C) ABA concentrations in leaves of Col-0, the AtD27 mutant 

and the transgenic line B16-5 expressing a pAtD27::HvD27 construct in the Col-0 background. Significant 

differences as determined by Student’s t-test are indicated by asterisks, *, P˂0.05. 

 

3.4 Functional characterization of the HvD27 gene by virus-induced gene silencing in 

barley 

Gene silencing by vectors derived from the barley stripe mosaic virus (BSMV) is used 

efficiently to study gene functions in barley (Pacak et al. 2010). To further explore the role of 

HvD27 in tiller development, a virus-induced gene silencing (VIGS) approach was 

implemented. To start with BSMV-mediated VIGS in barley, fragments of two different 

lengths (336 bp and 306 bp) of the HvD27 coding sequence were inserted into the multiple 

cloning site of BSMV-γ to generate the vectors VIGS-HvD27-1 and VIGS-HvD27-2 (Figure 

22). 

 

 

Figure 22. Genomic organization of barley stripe mosaic virus (BSMV). (A) Genomic RNA α, β, γ of BSMV, 

strain ND-18. (B) Genomic organization of a coat-protein deletion mutant of BSMV RNA β. (C) Genomic 

organization of BSMV RNA γ modified to express antisense HvD27 fragments. Open boxes indicate ORFs. 

Subgenomic promoters are indicated by arrows. The orientation of the HvD27 insert is indicated by an 

arrow-shaped box. The positions of selected restriction enzyme sites are indicated. (D) Size and position of 

barley HvD27 cDNA fragments amplified by PCR relative to the HvD27 ORF. The positions of the PCR primers 

are indicated by arrows. 

 



52 

 

Seeds of the barley “Black Hulless” were germinated, and 9 days after germination the second 

leaf was mechanically inoculated with a mixture of RNA transcribed from clones of BSMV-α, 

-β and VIGS-HvD27-1 or VIGS-HvD27-2. As a negative control, plants were infected with 

BSMV-α, -β and BSMV-γ-MCS. Plants inoculated with BSMV displayed mosaic-type 

necrosis and curling symptoms from 9 to 11 days post inoculation (dpi) (Figure 23A). 21 dpi 

the third leaf was harvested for analysis. Only plants showing virus symptoms at the time of 

harvest were included in the analysis, and all virus-infected plants growing together in one 

growth chamber were treated as one sample. The presence of viral DNA in the harvested plant 

leaves was confirmed by RT-PCR (Figure 23B). 

The transcript levels of HvD27 were determined by qRT-PCR and showed significantly lower 

HvD27 mRNA levels in plants inoculated with VIGS-HvD27-1 or VIGS-HvD27-2 (Figure 

23C). Interestingly, BSMV-inoculated plants produced fewer tillers than non-inoculated Black 

Hulless reference plants. However, the VIGS-HvD27 silenced plants exhibited a higher tiller 

number than BSMV-inoculated plants (Figure 23D and 23E), which could be ascribed to the 

significant down-regulation of HvD27.  
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Figure 23. Virus-induced gene silencing (VIGS) of HvD27 in barley. (A) Barley leaves infected with 

BSMV-MCS, VIGS-HvD27-1, or VIGS-HvD27-2 at 14 days post inoculation (dpi). (B) RT-PCR analysis 

showing the presence of a BSMVα construct in barley leaves. (C) HvD27 expression levels in leaf tissue as 

determined by qRT-PCR. Serine/threonine protein phosphatase PP2A-4 was used as a reference gene. Bars 

represent means from three independent samples ± SD. (D) Total tiller number per plant. Values represent means 

± SE of 12 plants. (E) The tillering phenotype of BSMV-MCS and VIGS-HvD27 silenced plants and the 

reference Black Hulless. Significant differences according to Student’s t-test are indicated by asterisks *, P˂0.05, 

**, P˂0.01. 

 

The VIGS approach is not a stable transformation approach but works transiently. Therefore, 

the experiment was repeated three times. The tillering phenotypes of BSMV-MCS or 

VIGS-HvD27 silenced plants and of Black Hulless were observed, and the total tiller number 

per plant was counted at 14 dpi and 21 dpi in the second (Figure 24A-D) and third VIGS 

experiment (Figure 24E-H), respectively. The VIGS-HvD27 silenced plants represented a 
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higher tiller number than BSMV-inoculated plants (Figure 24). For subsequent analysis, only 

the data of one representative experiment was shown. 

 

 

Figure 24. Virus-induced gene silencing of HvD27 in barley. (A-C) Tillering phenotype of BSMV-MCS or 

VIGS-HvD27 silenced plants and of the reference line Black Hulless and (D) total tiller number per plant at 14 

dpi in the second VIGS experiment. (E-G) Tillering phenotype of BSMV-MCS or VIGS-HvD27 silenced plants 

and of the reference line Black Hulless and (H) total tiller number per plant at 21 dpi in the third VIGS 

experiment. Shown are three independent replicates for each construct. Bars represent means ± SE from 12 

independent replicates. 

 

The spikelet can be seen as a single unit of cereal inflorescence. Inflorescence architecture of 

barley bears one to three single-flowered spikelets at each rachis internode. Black Hulless 

used in this study is a six-rowed barley variety and produces a central spikelet and two lateral 

spikelets. When the spike morphology was compared between Black Hulless, BSMV-MCS 

and VIGS-HvD27, It became obvious that BSMV-inoculated plants generated the same 

central and lateral spikelets as non-inoculated Black Hulless reference plants, although the 

central or lateral spikelet infertility was slightly higher. Interestingly, the VIGS-HvD27 

silenced plants produced additional spikelets while BSMV-inoculated plants did not. The 
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additional spikelets emerging at rachis internodes were frequently fertile and developed grains 

(Figure 25). 

 

 

 

Figure 25. Virus-induced gene silencing of HvD27 in barley. (A and B) Spike phenotype of BSMV-MCS, 

VIGS-HvD27 silenced plants and the reference line Black Hulless at late milk or ripening stage, respectively. 

Bars = 1 cm. (C) Spikelet formation at one rachis internode. Red arrows mark additional spikelets. (D) Spike 

structures produced by BSMV-MCS, VIGS-HvD27 silenced plants and the reference Black Hulless. Total 

number of fertile or sterile central spikelets, lateral spikelets and additional spikelets. Data were recorded form 

nine plants with on average two spikes per plant. 

 

3.5 Functional characterization of the HvCCD7 gene by virus-induced gene silencing in 

barley 

To examine the role of HvCCD7 in regulating barley plant architecture, another virus-induced 

gene silencing (VIGS) approach was performed. To start with BSMV-mediated VIGS in 

barley, fragments of two different lengths (295 bp and 306 bp) of the HvCCD7 coding 

sequence were inserted into the multiple cloning site of BSMV-γ to generate the vectors 

VIGS-HvCCD7-1 and VIGS-HvCCD7-2 (Figure 26). 
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Figure 26. Genomic organization of barley stripe mosaic virus (BSMV). (A) Genomic RNA α, β, γ of BSMV, 

strain ND-18. (B) Genomic organization of a coat-protein deletion mutant of BSMV RNA β. (C) Genomic 

organization of BSMV RNA γ modified to express antisense HvCCD7 fragments. Open boxes indicate ORFs. 

Subgenomic promoters are indicated by arrows. The orientation of the HvCCD7 insert is indicated by an 

arrow-shaped box. The positions of selected restriction enzyme sites are indicated. (D) Size and position of 

barley HvCCD7 cDNA fragments amplified by PCR relative to the HvCCD7 ORF. The positions of the PCR 

primers are indicated by arrows. 

 

Black Hulless seeds were germinated, and 9 days after germination the second leaf was 

mechanically inoculated with a mixture of RNA transcribed from clones of BSMV-α, -β and 

VIGS-HvCCD7-1 or VIGS-HvCCD7-2. As negative control, plants were infected with 

BSMV-α, -β and BSMV-γ-MCS. 21 dpi the third leaf was harvested for analysis. Only plants 

showing symptoms of viral infection at the time of harvest were included in the analysis, and 

all virus-infected plants growing together in one growth chamber were treated as one sample.  

Interestingly, BSMV-inoculated plants produced fewer tillers than non-inoculated Black 

Hulless reference plants. However, the VIGS-HvCCD7 silenced plants exhibited a higher 

tiller number than BSMV-inoculated plants (Figure 27A and 27B), which could result from 

the significant down-regulation of HvCCD7. Subsequently, the transcript levels of HvCCD7 

were quantified and showed significantly lower HvCCD7 mRNA levels in plants inoculated 

with VIGS-HvCCD7-1 or VIGS-HvCCD7-2 (Figure 27C). 
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Figure 27. Virus-induced gene silencing (VIGS) of HvCCD7 in barley. (A) The tillering phenotype of 

BSMV-MCS and VIGS-HvCCD7 silenced plants and the reference Black Hulless. Bars = 10 cm. (B) Total tiller 

number per plant. Values represent means ± SE of 12 plants. (C) HvCCD7 expression levels in leaf tissue as 

determined by qRT-PCR. Serine/threonine protein phosphatase PP2A-4 was used as a reference gene. Bars 

represent means from three independent samples ± SD. Significant differences according to Student’s t-test are 

indicated by asterisks *, P˂0.05, **, P˂0.01. 

 

By the same way, the spike architecture was analyzed between Black Hulless, BSMV-MCS 

and VIGS-HvCCD7. BSMV-inoculated plants produced the same central and lateral spikelets 

as non-inoculated Black Hulless reference plants, although the central or lateral spikelet 

sterility was slightly higher. However, the VIGS-HvCCD7 silenced plants produced additional 

spikelets in contrast to BSMV-inoculated plants. The additional spikelets emerging at rachis 

internodes were frequently fertile and developed grains (Figure 28). 
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Figure 28. Virus-induced gene silencing of HvCCD7 in barley. (A) Spike phenotype of BSMV-MCS, 

VIGS-HvCCD7 silenced plants and the reference Black Hulless at ripening stage. (B) Spikelet formation at one 

rachis internode. Red arrows mark additional spikelets. (C) Spike structures produced by BSMV-MCS, 

VIGS-HvCCD7 silenced plants and the reference Black Hulless. Total number of fertile or sterile central 

spikelets, lateral spikelets and additional spikelets. Data were recorded from nine plants with on average two 

spikes per plant. Bars = 1 cm. 

 

3.6 Functional characterization of the HvCCD8 gene by virus-induced gene silencing in 

barley 

To further investigate the role of HvCCD8 in regulating barley plant architecture, a third 

virus-induced gene silencing (VIGS) approach was performed. To start with BSMV-mediated 

VIGS in barley, fragments of two different lengths (202 bp and 338 bp) of the HvCCD8 

coding sequence were inserted into the multiple cloning site of BSMV-γ to generate the 

vectors VIGS-HvCCD8-1 and VIGS-HvCCD8-2 (Figure 29). 
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Figure 29. Genomic organization of barley stripe mosaic virus (BSMV). (A) Genomic RNA α, β, γ of BSMV, 

strain ND-18. (B) Genomic organization of a coat-protein deletion mutant of BSMV RNA β. (C) Genomic 

organization of BSMV RNA γ modified to express antisense HvCCD8 fragments. Open boxes indicate ORFs. 

Subgenomic promoters are indicated by arrows. The orientation of the HvCCD8 insert is indicated by an 

arrow-shaped box. The positions of selected restriction enzyme sites are indicated. (D) Size and position of 

barley HvCCD8 cDNA fragments amplified by PCR relative to the HvCCD8 ORF. The positions of the PCR 

primers are indicated by arrows. 

 

Black Hulless seeds were germinated, and 9 days after germination the second leaf was 

mechanically inoculated with a mixture of RNA transcribed from clones of BSMV-α, -β and 

VIGS-HvCCD8-1 or VIGS-HvCCD8-2. As negative control, plants were infected with 

BSMV-α, -β and BSMV-γ-MCS. 21 dpi the third leaf was harvested for analysis. Only plants 

showing symptoms of viral infection at the time of harvest were included in the analysis. All 

virus-infected plants growing together in one growth chamber were treated as one sample.  

BSMV-inoculated plants produced fewer tillers than non-inoculated Black Hulless reference 

plants. However, the VIGS-HvCCD8 silenced plants exhibited a higher tiller number than 

BSMV-inoculated plants (Figure 30A and 30B), which could result from the significant 

down-regulation of HvCCD8. Subsequently, the transcript levels of HvCCD8 were quantified 

by qRT-PCR and showed significantly lower HvCCD8 mRNA levels in plants inoculated with 

VIGS-HvCCD8-1 or VIGS-HvCCD8-2 (Figure 30C). 
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Figure 30. Virus-induced gene silencing (VIGS) of HvCCD8 in barley. (A) The tillering phenotype of 

BSMV-MCS and VIGS-HvCCD8 silenced plants and the reference Black Hulless. (B) Total tiller number per 

plant. Values represent means ± SE of 12 plants. (C) HvCCD8 expression levels in leaf tissue as determined by 

qRT-PCR. Serine/threonine protein phosphatase PP2A-4 was used as a reference gene. Bars represent means 

from three independent samples ± SD. Significant differences according to Student’s t-test are indicated by 

asterisks *, P˂0.05, **, P˂0.01. 

 

At the same time, the spike architecture was compared between Black Hulless, BSMV-MCS 

and VIGS-HvCCD8. BSMV-inoculated plants also produced central and lateral spikelets to a 

similar extent as non-inoculated Black Hulless reference plants, although the central or lateral 

spikelet infertility was slightly higher. However, the VIGS-HvCCD8 silenced plants produced 

additional spikelets in contrast to BSMV-inoculated plants. The additional spikelets emerging 

at rachis internodes were also frequently fertile and developed grains (Figure 31). 
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Figure 31. Virus-induced gene silencing of HvCCD8 in barley. (A and B) Spike phenotype of BSMV-MCS, 

VIGS-HvCCD8-silenced plants and the reference Black Hulless at late milk or ripening stage, respectively. Bars 

= 1 cm. (C) Spikelet formation at one rachis internode. Red arrows mark additional spikelets. (D) Spike 

structures produced by BSMV-MCS, VIGS-HvCCD8 silenced plants and the reference Black Hulless. Total 

number of fertile or sterile central spikelets, lateral spikelets and additional spikelets. Data were recorded from 

nine plants with on average two spikes per plant. 

 

3.7 Functional characterization of the HvMAX1 gene by a genetic complementation 

approach  

In the end, to test whether HvMAX1 functions in shoot branching, similar as AtMAX1 does in 

Arabidopsis, a genetic complementation study was conducted by expressing the HvMAX1 

gene in Arabidopsis homozygous max1 mutant obtained from Prof. Dr. Ottoline Leyser 

(Sainsbury Laboratory, Cambridge University). For complementation, the full-length ORF of 

HvMAX1 (AK367034) was placed under the control of CaMV 35S promoter, then the 

combined fragment was subcloned into the binary plant expression vector p6U10 for 

expression in the Atmax1 mutant or the Col-0 reference line using Agrobacterium-mediated 

transformation (Figure 32A). The RT-PCR analysis indicated that the HvMAX1 transgene was 

successfully integrated in the transgenic lines (Figure 32B). 
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Figure 32. (A) The vector map of 35S::HvMAX1 used for transformation of the Arabidopsis max1 mutant. (B) 

RT-PCR analysis for verification of the 35S::HvMAX1 construct in transgenic lines. 

 

The 35S::HvMAX1 lines in the T3 generation were homozygous, carrying a single T-DNA 

insertion. The number of primary rosette-leaf branches was counted and compared to that of 

Col-0 and Atmax1 mutants, which were grown side-by-side with the transgenic lines under 

identical conditions. The number of primary rosette-leaf branches in the transgenic lines C3-1, 

C6-1 and C6-2 was largely reverted to a similar number as in Col-0, whereas additional 

axillary branching was completely blocked in the transgenic lines D5-2, D13-3 and D18-1. 

Under these growth conditions, Col-0 produced about three primary rosette-leaf branches, 

whereas Atmax1 mutants produced about twelve primary rosette-leaf branches. In the Atmax1 

background, HvMAX1 expression could lead to three to four primary rosette-leaf branches 

while in the Col-0 background HvMAX1 expression could lead to an almost complete 

suppression of primary rosette-leaf branching (Figure 33). These results indicated that 

HvMAX1 was able to complement or partially complement the shoot branching phenotype of 

the Arabidopsis Atmax1 mutant.  
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Figure 33. Genetic complementation of the Arabidopsis max1 mutant with the Hordeum vulgare MAX1 gene. (A) 

Axillary branching phenotypes. (B) Number of primary rosette-leaf branches. Shown are average numbers of 

primary rosette-leaf branches from at least 15 individual plants ± SE. Different letters indicate significant 

differences (Tukey, p<0.05). 
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4. Discussion 

4.1 The signaling role of strigolactones in barley shoot architecture 

Strigolactones are a recently identified class of plant hormones that play a key role in 

regulating plant architecture. Studies on branching mutants in Arabidopsis, pea, rice and 

petunia have identified several genes involved in SL biosynthesis or signaling (Al-Babili and 

Bouwmeester 2015). However, it has still remained elusive whether the same SL pathway is 

conserved in barley. Firstly, to explore the molecular identity of SLs in barley (Hordeum 

vulgare cv. Golden Promise), major SLs produced by barley root exudates were purified and 

their stereochemical structures were identified by comparison with optically pure synthetic 

standards on the basis of their retention times and mass fragmentations using 

MRM-LC-MS/MS. The major SL purified from root exudates of barley plants was 

5-deoxystrigol (Figure 14A), which is distributed widely in the plant kingdom and detected in 

roots of both monocots (Awad et al. 2006) and dicots (Yoneyama et al. 2007). In addition to 

5-deoxystrigol, 2'-epi-orobanchol and sorgomol were detected by LC–MS/MS, belonging to 

orobanchol-type and strigol-type SLs, respectively. Based on MS signal intensities these SLs 

occurred in relatively low levels, which is likely the reason why they have not been purified in 

barley. In rice (Oryza sativa L. cv. Nipponbare) plants, the major SLs produced were 

orobanchol, orobanchyl acetate, and ent-2'-epi-5-deoxystrigol. In addition to these SLs, 

7-oxoorobanchyl acetate and three putative methoxy-5-deoxystrigol isomers were detected by 

LC–MS/MS (Xie et al. 2010). It is intriguing to note that rice plants produced only 

orobanchol-type SLs, derived from ent-2'-epi-5-deoxystrigol, while both orobanchol-type and 

strigol-type SLs, derived from 5-deoxystrigol were detected in barley plants. The study of the 

genetic variation in SL production and tillering in rice indicated that root exudates of rice 

cultivars contained large amounts of the SLs orobanchol, 2'-epi-5-deoxystrigol including three 

methoxy-5-deoxystrigol isomers, which were associated with a smaller number of tillers 

(Jamil et al. 2012). In line with this coincidence, the major identified SL 5-deoxystrigol was 

significantly (P<0.01) lower in root exudates of LOHi236 and LOHi272 compared with the 

wild type at 14 WAG (Figure 14B), which may thus be causally related to the late-tillering 
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phenotype of LOHi236/272 lines. Although the main structure of SLs is rather similar, their 

A- and B-ring decoration and stereochemistry can vary substantially (Figure 3). It is obvious 

that different functional groups and stereochemical differences will lead to different biological 

activities (Yoneyama et al. 2009). Definitely, a more detailed investigation of barley SLs 

should enable a deeper understanding of their biological relevance in the future. 

To isolate and characterize SL biosynthesis genes in barley, sequence homologues of four 

founding members of the SL biosynthesis pathway in rice and Arabidopsis were identified. 

Phylogenetic analysis confirmed the identification of barley homologues to four founding 

members, namely HvD27, HvCCD7, HvCCD8 and HvMAX1 (Figure 15). Using the barley 

genome database, full-length coding sequences of HvD27 (AK358967) and HvMAX1 

(AK367034) could be obtained, since only a partial coding sequence was available for 

HvCCD7 (MLOC_55474.1) and HvCCD8 (MLOC_66551.1). While the HvD27 gene will be 

discussed in more detail below, the partial protein sequences of HvCCD7 and HvCCD8 

shared highest identity (80%) with D17 (CCD7) and (90%) with D10 (CCD8), respectively 

(Figure 15B). HvMAX1 had 57% sequence identity with AtMAX1 (Figure 15C). Gene 

expression analysis indicated that these barley SL biosynthesis homologous genes are 

differentially expressed across various tissues and organs. The transcript abundance of each of 

these genes was highest in the root. In the stem base, the transcript levels of HvD27, HvCCD7 

and HvCCD8 were also relatively high. The expression analysis also indicated that HvD27 

and HvMAX1 were highly expressed in leaves and roots, respectively (Figure 16). It remains 

unclear whether differences in expression level or pattern of barley SL biosynthesis genes 

may result in differences in their physiological function. Nevertheless, these results are 

consistent with the view that roots represent one of the major sites for SL biosynthesis in 

planta (Al-Babili and Bouwmeester 2015). This has been demonstrated in a grafting 

experiment, in which grafting wild-type Arabidopsis root stocks to max1, max3, or max4 

scions restored the wild-type branching pattern in the mutant shoots (Booker et al. 2005). 

In addition to SL biosynthesis pathway genes, several other genes are involved in SL 

signaling such as D14, MAX2 and D53 (Al-Babili and Bouwmeester 2015). It would be 
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helpful to identify sequence homologs of each of those genes in barley and conduct genetic 

complementation studies similar to what has been described in this study in order to better 

understand how the SL pathway operates in barley. A preliminary analysis indicated that the 

sequence homologue of AtD14 (encoded by At3G03990) is present in the genome of barley. 

A protein encoded by AK363454 showed about 72% similarity with AtD14 at the amino acid 

level (Appendix C.1). A preliminary analysis indicated that the sequence homologue of 

AtMAX2 (encoded by AT2G42620) is also present in the genome of barley. A protein 

encoded by MLOC_4044.5 showed about 59% similarity with AtMAX2 at the amino acid 

level (Appendix C.2). A preliminary analysis indicated that sequence homologue of AtD53 

(encoded by AT1G07200) is also present in the genome of barley. A protein encoded by locus 

AK372211 showed about 29% similarity with AtD53 at the amino acid level (Appendix C.3). 

In order to fully assign these genes to the SL pathway in barley, further complementation and 

gene expression studies need to be conducted as well as physiological studies with the 

corresponding mutants or lines with modulated expression of these genes. 

In addition to HvD27, the present work also included cloning of the MAX1 gene from 

Hordeum vulgare cv. Golden Promise including its further characterization by functional 

complementation of the max1 mutation in Arabidopsis. The MAX1 gene encodes a carlactone 

oxidase which catalyzes one of the late steps in the SL biosynthesis pathway (Figure 2). 

Compared to the tissue-dependent expression of HvMAX1, the major sites of AtMAX1 

transcription were characterized in more detail and found to be in vascular-associated tissues 

throughout the plant, such as the vascular cylinder in roots, the cambial region in 

inflorescence stems, axillary regions of leaves and flowers (Booker et al. 2005). The 

Arabidopsis max1 mutant showed increased branching relative to wild-type plants (Figure 

33), and analogous phenotypes have been identified in pea, petunia, and rice mutants. In the 

complementation test, HvMAX1 was able to completely rescue the shoot branching phenotype 

of the Arabidopsis max1 mutant. Consistently, overexpression of HvMAX1 completely 

suppressed the secondary shoot branching (Figure 33). These results suggested that HvMAX1 

has a conserved function, similar to AtMAX1, and is involved in SL biosynthesis and 

regulation of tillering in barley.  

https://www.arabidopsis.org/servlets/TairObject?id=31740&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=31740&type=locus
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Virus-Induced Gene Silencing (VIGS) is a powerful tool for endogenous gene silencing in 

barley plants and based on the exploitation of recombinant viruses, harboring sequences that 

induce gene silencing. The Barley Stripe Mosaic Virus (BSMV) - based VIGS system is an 

efficient and rapid RNAi approach that is routinely applied in functional genomics studies of 

cereals (Bruun-Rasmussen et al. 2007). Therefore, the roles of HvD27, HvCCD7 and 

HvCCD8 in plant architecture were further characterized by employing virus-induced gene 

silencing. The complete or partial coding sequence of each target gene was subjected to an in 

silico analysis using the si-Fi (siRNA Finder; http://labtools.ipk-gatersleben.de/) software to 

select sequences of 200-340 nucleotides that were predicted to produce a large number of 

silencing-effective siRNAs. The likelihood of off-target silencing by the introduced sequence 

in other genomic was also evaluated using si-Fi. Whenever possible, two preferably 

non-overlapping regions were selected for each target gene. The subsequent observation of 

the same phenotype induced by each of the two independent VIGS constructs was taken as a 

reliable indication that the phenotype was due to a specific silencing of the target gene. As 

expected, the VIGS-HvD27 silenced, VIGS-HvCCD7 silenced or VIGS-HvCCD8 silenced 

plants exhibited a higher tiller number than BSMV-inoculated plants (Figure 23E, 27A and 

30A). The tillering phenotypes of these VIGS-silenced plants were similar to phenotypes of 

known SL-related mutants in rice, pea and Arabidopsis that all showed enhanced shoot 

branching (Arite et al. 2007, Booker et al. 2004, Drummond et al. 2009, Johnson et al. 2006, 

Simons et al. 2007, Sorefan et al. 2003, Wen et al. 2016, Zheng et al. 2016, Zou et al. 2006). 

While a large body of evidence has been collected for the importance of SLs in modifying 

shoot branching in various plant species, little is known about the function of SLs during 

reproductive development. A recent study suggested that SLs signaling regulates ear 

architecture and kernel size in maize (Jiahn et al. 2012). Intriguingly, the VIGS-HvD27 

silenced, VIGS-HvCCD7 silenced or VIGS-HvCCD8 silenced plants not only showed 

increased tillering but also produced additional spikelets and influenced spikelet fertility 

(Figure 25, 28 and 31). Therefore, it will be important in future to explore the mechanisms by 

which SLs coordinate plant traits during vegetative and reproductive development, and 

whether there is a SL-dependent, regulatory link between tiller formation, spikelet 

determination and row-type in barley. 
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In monocots and dicots, two proteins, the leucine-rich-repeat F-box protein MAX2 in 

Arabidopsis and the α/β-fold hydrolase D14 in rice, have been shown to be required for the 

SL response (Seto and Yamaguchi 2014). MAX2 acts as a recognition subunit in a 

SKP1-CUL1-F-box-protein (SCF)-type ubiquitin ligase complex and is believed to target 

proteins for proteasomal degradation (Stirnberg et al. 2007). The petunia D14 ortholog DAD2 

can bind and hydrolyze the SL analog GR24, and this hydrolytic activity is a prerequisite for 

the protein-protein interaction of the DAD2-GR24 complex with PhMAX2 (Hamiaux et al. 

2012). The effect of this interaction was recently elucidated in rice with the discovery of a 

new high-tillering rice mutant, d53 (Jiang et al. 2013). The D53 protein is degraded through 

the D3 (rice MAX2 ortholog)-dependent proteasome pathway upon binding of GR24 to D14, 

and thus likely represents a repressor of SL downstream signaling (Jiang et al. 2013). It has 

been found that SLs can upregulate a common target in the bud, TEOSINTE BRANCHED 1 

(TB1), encoding a TCP transcription factor and homolog of the Arabidopsis thaliana gene 

BRANCHED 1 (BRC1) gene known to inhibit shoot branching (Brewer et al. 2009, Dun et al. 

2012, Ferguson and Beveridge 2009). In barley, a homolog of TB1, Intermedium-c (Int-c) was 

found to increase the formation of lateral spikelets. In addition, the int-c mutant has an 

increased tiller number at early developmental stages (Ramsay et al. 2011). Interestingly, the 

gene underlying the Vrs1 locus encodes a HD-ZIP transcription factor, which is expressed in 

lateral spikelet primordia of the developing spike. Vrs1 suppresses lateral spikelet fertility 

resulting in the two-rowed spike phenotype (Komatsuda et al. 2007). Similar to the vrs1 

mutant, the vrs4 mutant shows complete fertility of central and lateral spikelets and the spikes 

produce additional florets. Vrs4 encodes a homolog of maize RAMOSA2 (RA2), a gene 

involved in the control of branching of the female inflorescence (Koppolu et al. 2013). No 

tillering phenotype was observed in vrs1 mutants suggesting that vrs1 does not directly affect 

the initiation and outgrowth of axillary buds. Mutants of vrs4 show a similar trend, with no 

reduction in tiller number until the plants reach full maturity. In line with this, Vrs4 was 

reported to act upstream of Vrs1 in the same pathway, suggesting that this signaling cascade 

does not directly influence shoot branching (Liller et al. 2015). Taken together, a putative 

model has been set up to summarize the architectural roles of SL signaling in barley. In this 

putative model, SLs regulate axillary bud formation and outgrowth via the downstream target 
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gene INT-C during the early vegetative phase of plant development in barley. During the 

reproductive phase, SLs control spikelet branching and fertility via the downstream target 

gene Vrs4. In future, an interesting research focus will be to study further mechanisms and 

target pathways of SL signaling using genetic, biochemical and functional genomics 

approaches in barley. 

4.2 The β-carotene isomerase DWARF27 links abscisic acid with the strigolactones 

biosynthesis 

Firstly, the rice enzyme D27 was identified and characterized as an iron-containing enzyme 

involved in SL biosynthesis, based on low SL levels of the corresponding mutant (Lin et al. 

2009). Using purified enzyme, it has been shown that OsD27 exerts the isomerase activity 

required to catalyze the isomerization in both directions, i.e. forming 9-cis-β-carotene from 

all-trans-β-carotene and vice versa (Alder et al. 2012). In the biosynthesis pathway of SLs, 

the position of D27 upstream of other known SL biosynthesis enzymes, i.e. CCD7, CCD8 and 

MAX1, was confirmed in Arabidopsis by studies on the corresponding mutants (Waters et al. 

2012). The 9-cis/all-trans isomerase activity of D27 raised the question whether this enzyme 

is also involved in ABA biosynthesis, by providing the precursor 9-cis-violaxanthin or 

9'-cis-neoxanthin from the corresponding all-trans isomers (Figure 34). Indeed, the Atd27 

mutant showed lower ABA concentration relative to Col-0 (Figure 19). This indicated that 

AtD27 can interfere with ABA biosynthesis in Arabidopsis. To examine the roles of HvD27 in 

SL and ABA biosynthesis, a phylogenetic analysis of D27-like proteins in the barley genome 

was initiated to identify AK358967, which was subsequently named by HvD27 as it is the 

most likely ortholog of OsD27. The HvD27 protein shares about 71% identity with OsD27 at 

the amino acid level (Figure 15A). The OsD27 expression level was high in axillary buds and 

young panicles, lower in shoot bases and culms, and even lower in roots, sheaths and leaves 

(Lin et al. 2009). In comparison, the highest expression level of HvD27 was observed in the 

leaves, while expression was lower in roots and stem bases and in particular in axillary buds 

(Figure 16). 

In rice, the phenotype of the d27 mutant was weaker than the ones of d17-(CCD7) and 
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d10-mutants (CCD8) (Ishikawa et al. 2005), demonstrating that the OsD27 isomerase activity 

can be partially compensated by non-enzymatic carotenoid isomerization or by other enzymes 

(Waters et al. 2012). The enhanced shoot branching of Atd27 was relatively lower than 

Atmax1, Atmax3 (CCD7) and Atmax4 (CCD8) (Waters et al. 2012). In this present study, 

Atd27 produced about eight primary rosette-leaf branches, whereas Atmax1 mutants produced 

about fourteen primary rosette-leaf branches (Figure 21A and 33A). In agreement with these 

observations, VIGS-HvD27 silenced plants exhibited a higher tiller number, i.e. 15% more 

tillers than BSMV-inoculated control plants (Figure 23E), whereas VIGS-HvCCD8 silenced 

plants increased the tiller number by 60% compared to BSMV-inoculated plants (Figure 30A). 

Further genetic complementation experiment demonstrated that the HvD27 gene was able to 

rescue or partially rescue the shoot branching phenotype of the Arabidopsis d27 mutant, while 

in the Col-0 background HvD27 overexpression led to an almost complete suppression of 

primary rosette-leaf branching (Figure 21A and 21B). These findings allowed concluding that 

HvD27 is involved in SL biosynthesis and in the regulation of tillering in barley. 

The study on the substrate specificity of the rice SL biosynthesis enzyme DWARF27 in 

carotenoid-accumulating E. coli strains and in in-vitro assays performed with the 

heterologously expressed and purified enzyme revealed that OsD27 does not directly provide 

the ABA precursors 9-cis-violaxanthin or 9'-cis-neoxanthin. This was based on the 

incapability of OsD27 to convert xanthophylls like zeaxanthin, violaxanthin and neoxanthin 

(Bruno and Al-Babili 2016). However, it may be speculated that 9-cis-β-carotene produced by 

D27 requires a series of hydroxylation and epoxidation reactions to be converted into 

9-cis-violaxanthin, for instance, via a 9-cis-route similar to the established all-trans-pathway 

that leads from all-trans-β-carotene to all-trans-violaxanthin (Figure 34). This speculation is 

based on the observation that modulating the HvD27 activity in Arabidopsis leads to changes 

in ABA levels (Figure 21C). Ongoing studies focus on the analysis of carotenoid components 

in the Atd27 mutant and in the line B16-5 overexpressing HvD27 and on the role of HvD27 in 

abiotic stress responses. 
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Figure 34. Abscisic acid and strigolactone biosynthetic pathways. Solid arrows indicate one-step modification of 

an intermediate and dashed arrows represent multistep modifications of an intermediate. Enzyme names are 

given in bold. Abbreviations: ZEP zeaxanthin epoxidase, VDE violaxanthin de-epoxidase, NSY neoxanthin 

synthase, NCED 9-cis-epoxycarotenoid dioxygenase, SDR short-chain dehydrogenase/reductase, AAO ABA 

aldehyde oxidase, MoCo molybdenum cofactor synthase , D27 dwarf 27, CCD7/8 carotenoid cleavage 

dioxygenase 7/8, MAX1 more axillary growth1. 

 

4.3 Crosstalk between the biosynthetic pathways of ABA and strigolactones 

Abscisic acid is a phytohormone with critical functions in many plant biological processes 

such as plant stress tolerance, germination, seed development, lateral root development, and 

bud development (Yao and Finlayson 2015). Recently, strigolactones (SLs) have been 

considered a novel class of plant hormones with endogenous signaling functions especially in 

plant architecture (Al-Babili and Bouwmeester 2015). Considering the biological importance 

of SLs and their biosynthetic origin, Lopez-Raez et al. (2010) firstly investigated the 

relationship between ABA and SL in tomato by studying the correlation between ABA and 

SL in different tomato mutants that were defective in ABA biosynthesis in combination with 
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the application of specific inhibitors for NCEDs and CCDs, which are enzymes involved in 

the biosynthesis of ABA and SLs, respectively. Their results showed that ABA is involved in 

the regulation of SLs, but the mode of action remained elusive. The first purpose of the 

present study was therefore to examine the mode of interaction between ABA and SLs taking 

place at the biosynthesis level of these hormones and the effect of this crosstalk on tiller 

formation in barley. To address the first question, three different transgenic lines, namely 

LOHi3/236/272, were analyzed, because in these lines expression of HvABA 8'-hydroxylase 

genes was downregulated by RNAi-mediated gene silencing (Seiler et al. 2014). Interestingly, 

these transgenic lines (LOHi3/236/272) showed an increase in tiller number at a relatively late 

developmental stage, i.e. 14 weeks after germination (WAG) when grown in the growth 

chamber (Figure 7) or 12 WAG when grown in the greenhouse (Figure 8). Even though the 

different environmental conditions acting in the growth chamber and in the greenhouse (Table 

3) probably had an impact on plant development, the robustness of this late-tillering 

phenotype in the LOHi3/236/272 lines was dependent on the introduced transgene and thus 

offered the possibility to investigate the interaction between ABA and SL.  

The LOHi3/236/272 lines have been generated in our lab in a previous project and were 

referred to as LOHi, standing for the HvLea::HvABA 8'-hydroxylase RNAi construct that was 

used for transformation (Seiler et al. 2014). An RNA interference approach was carried out to 

decrease the endogenous HvABA 8'-hydroxylase gene expression and thereby alter the ABA 

status in transgenic barley lines. In barley, the ABA 8'-hydroxylase gene family (CYP707A) 

includes the three members HvABA 8'-hydroxylase 1/2/3 (Seiler et al. 2014), whose transcript 

levels decreased significantly in stem bases and roots at 14 WAG (Figure 11A and 12A). ABA 

8′-hydroxylation is a key step in the major ABA catabolic route in several plant species 

(Nambara and Marion-Poll 2005). In agreement with a stronger silencing of HvABA 

8'-hydroxylase 1/3 in stem bases and roots at 14 WAG in LOHi236/272 lines, the ABA 

concentrations in LOHi236/272 stem bases and roots were higher than in wild-type plants 

(Figure 13B and 13D). Based on these data, it was concluded that silencing HvABA 

8'-hydroxylase leads to ABA accumulation in stem bases and roots of LOHi lines, which 

provokes a late-tillering phenotype. 
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The association of ABA with axillary bud development has already been considered in several 

studies. ABA levels in dormant axillary buds of different plant species have been observed to 

decrease after decapitation (Gocal et al. 1991, Knox and Wareing 1984, Mader et al. 2003) or 

fruit removal, a treatment that also promoted bud outgrowth (Tamas et al. 1979). Another 

study showed that increased expression of ABA-associated genes in Arabidopsis buds under 

light with a high R: FR ratio resulted in a general reduction in branch number 

(González-Grandío et al. 2013). Recently, it has been clearly demonstrated that ABA acts as a 

negative regulator of axillary bud growth in Arabidopsis plants, in which elevated ABA levels 

were associated with bud dormancy (Yao and Finlayson 2015). To examine the ABA status in 

axillary buds and to confirm the late-tillering phenotype in LOHi236/272 lines (Figures 7 and 

8), the transcript levels of HvABA 8'-hydroxylase 1/3 were also analyzed in axillary buds. 

However, there was no significant difference between LOHi lines and WT plants at 12 WAG 

or 15 WAG (Figure 12B), although in these samples gene expression was more variable due 

to the bulking of axillary buds with the different length. Therefore, the envisaged 

investigation of the ABA-SL crosstalk in this study needs to be considered in an 

organ-specific manner. With regard to the relatively stable promoter activity of LeaB19.3 

during the course of plant development (Figure 6), it is not yet clear why the late-tillering 

phenotype appeared not before 12 or 14 WAG (Figures 7 and 8). Moreover, considering that 

strigolactones are mostly synthesized in the root with little synthesis in the shoot (Al-Babili 

and Bouwmeester 2015) it remains also to be addressed whether the cross-talk between ABA 

and SL observed here really took place in the stem base. 

The possibility that SL biosynthesis is regulated by ABA was also studied by the application 

of exogenous ABA to Arabidopsis plants, leading to a decrease in the transcript levels of the 

SL biosynthesis genes CCD7 and CCD8 (Ha et al. 2014). In agreement with this observation, 

the major SL 5-deoxystrigol was significantly (P<0.01) lower in root exudates of LOHi236 

and LOHi272 compared with the wild type at 14 WAG (Figure 14B). This correlated with a 

clear reduction in the relative transcript levels of HvCCD7 and HvCCD8 in roots of 

LOHi236/272 lines (Figure 18C) and coincided with the late-tillering phenotype in 

LOHi236/272 lines. Despite this agreement between the present and previous studies, results 
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from experiments with exogenous ABA application may be misleading as suggested from a 

study on drought stress-induced ABA using luciferase-expressing ABA-reporter plants. 

Exposure of Arabidopsis seedlings to exogenous ABA resulted in a uniform pattern of 

reporter gene expression, whereas reporter gene expression in response to drought stress was 

predominantly confined to the vasculature and stomata (Christmann et al. 2005). 

Nevertheless, the present thesis is the first report on SL production in response to genetically 

altered ABA metabolism, allowing to consider the LOHi236/272 lines as suitable plant 

material to address the question how increased levels of endogenous ABA regulate SL 

production. Furthermore, ABA plays an important role in integrating various stress signals to 

modulate downstream stress responses (Tuteja 2007). Strigolactones are proposed to be 

responsive to environmental cues. Two reports pointed to the involvement of SL in drought 

tolerance using SL-deficient Arabidopsis mutants, but the positive regulatory role of SLs in 

plant responses to drought was controversial (Bu et al. 2014, Ha et al. 2014). Still, the picture 

is far from being complete, because SLs were not quantified under stress in either work. The 

relationship between ABA and SL pathways was also investigated in Lotus japonicus under 

abiotic stress. This study indicated that in Lotus shoots under drought stress conditions there 

is an elevated level of ABA, while the SL flowing acropetally decrease (Liu et al. 2015). 

Nevertheless, all of these results in this study suggested that the crosstalk between the 

biosynthetic pathways of ABA and SL could affect the tiller formation in LOHi lines (Figure 

35). 
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Figure 35. Schematic working model of the regulatory interaction between ABA and SL in tiller formation. The 

wild-type plants maintain hormonal homeostasis between ABA and SL, while high endogenous ABA level 

triggered by a transient silencing of the ABA 8'-hydroxylase gene represses SL biosynthesis mainly via 

down-regulation of CCD7/8, which results in low SL production, subsequently releases the inhibition of SL and 

finally causes a high late-tillering phenotype in LOHi lines. 
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5. Summary 

 

Strigolactones (SLs) are considered a novel class of plant hormones acting in endogenous 

signaling to restrict axillary bud growth in plants. Likewise, abscisic acid (ABA) has been 

shown to regulate the development of lateral buds, branches and tillers. However, little is 

known about the crosstalk between ABA and SLs, and the effect of such interaction on tiller 

formation in barley. Therefore, it was the goal of the present thesis to examine the mode of 

interaction between ABA and SLs and the effect of this interaction on tiller formation in 

barley.   

 

As a prerequisite for expression analysis of genes involved in SL biosynthesis, genomic 

sequences of the barley orthologs for D27, CCD7, CCD8 and MAX1 were identified. D27 and 

MAX1 were functionally characterized by heterologous expression in corresponding 

Arabidopsis mutants, in which they partially rescued their shoot branching phenotypes. 

Furthermore, virus-induced gene silencing was employed to show that HvD27-silenced, 

HvCCD7-silenced and HvCCD8-silenced plants not only showed increased tillering but also 

produced more additional spikelets and influenced the spikelet fertility.  

 

To investigate cross-talk between ABA and SLs, transgenic barley lines were employed, in 

which the gene HvABA 8'-hydroxylase was silenced. This gene encodes an enzyme catalyzing 

the hydrolysis and thus the catabolism of ABA. The two corresponding transgenic lines 

LOHi236 and 272 continued tillering during the reproductive phase, resulting in enhanced 

tiller numbers. LC-MS/MS analysis of root and stem base tissues confirmed higher ABA 

levels in the two transgenic lines due to the downregulation of the two isoforms HvABA 

8'-hydroxylase 1 and 3. In addition, concentrations of the SL 5-deoxystrigol, which could only 

be quantified in root exudates, were lower. Gene expression analysis further confirmed that 

the accumulation of ABA in the transgenic lines led to a repression of SL biosynthesis genes, 

in particular of HvCCD7 and HvCCD8, probably as a result of a feed-back regulation by 

elevated ABA levels. However, the de-regulation of gene expression was only seen at 14 
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weeks after germination, i.e. when plants had entered booting stage, which was most likely 

due to the developmental regulation of the promoter activity driving the transgene. 

 

Taken together, these results indicate that enhanced levels of endogenous ABA can decrease 

SL production, which triggers enhanced tillering. Thereby, this study provides first genetic 

evidence for a direct cross-talk between these two phytohormone classes that takes place at 

the level of their biosynthesis. 

 

Keywords: strigolactones, abscisic acid, cross-talk, barley, tiller, ABA 8'-hydroxylase, 

5-deoxystrigol 
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6. Zusammenfassung 

 

Strigolactones (SLs) repräsentieren eine neue Klasse von Pflanzenhormonen, die über 

endogene Signalwege das Austreiben axillärer Seitentriebe unterdrücken. Ebenso kann 

Abscissinsäure (ABA) die Entwicklung von Seitenknospen und Seitentrieben beeinflussen. 

Bisher ist jedoch wenig über die Interaktion zwischen ABA und SLs bekannt und die Wirkung 

einer solchen Interaktion auf die Seitentriebbildung in Gerste. Daher war es das Ziel der 

vorliegenden Arbeit die Art der Interaktion zwischen ABA und SLs sowie die Wirkung dieser 

Interaktion auf die Seitentriebbildung in Gerste zu untersuchen. 

 

Als Voraussetzung für die Expressionsanalyse von Genen in der SL-Biosynthese, wurden in 

der Gerste orthologe, genomische Sequenzen für D27, CCD7, CCD8 und MAX1 identifiziert. 

D27 und MAX1 wurden durch heterologe Expression in entsprechenden Arabidopsis-Mutanten 

funktionell charakterisiert, in denen sie teilweise die Bildung axillärer Seitentriebe 

wiederherstellten. Des Weiteren wurde „Virus-induced gene silencing“ eingesetzt, um zu 

zeigen, dass HvD27-reprimierte, HvCCD7-reprimierte und HvCCD8-reprimierte Pflanzen 

nicht nur einer verstärkte Bestockung zeigten, sondern auch zusätzliche Ährchen bildeten und 

die Ährchenfruchtbarkeit beeinflussten. 

 

Um die Interaktion zwischen ABA und SLs zu untersuchen, wurden transgene Gerstenlinien 

verwendet, in denen das Gen HvABA-8'-Hydroxylase reprimiert wurde. Dieses Gen kodiert für 

ein Enzym, das die Hydrolyse und somit den Katabolismus von ABA katalysiert. Die beiden 

transgenen Linien LOHi236 und LOHi272 zeigten eine verstärkte Bestockung während der 

generativen Wachstumsphase, was zu einer erhöhte Anzahl von Seitentrieben führte. 

LC-MS-/MS-Analysen von Wurzel- und Stängelgewebe bestätigten erhöhte 

ABA-Konzentrationen, welche durch ein geringeres Expressionsniveau der Isoformen  

HvABA-8'-Hydroxylase 1 und 3 bedingt waren. Zudem war Konzentration des SL 

5-Deoxystrigol, das nur in Wurzelexsudaten quantifiziert werden konnte, geringer. 

Genexpressionsanalysen zeigten weiterhin, dass die Akkumulation von ABA in den transgenen 

Linien zu einer Repression von Genen aus der Biosynthese von SL führte, insbesondere von 
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HvCCD7 und HvCCD8, wahrscheinlich als Ergebnis einer Rückkopplung durch erhöhte 

ABA-Konzentrationen. Allerdings wurde die De-Regulierung der Genexpression nur ab der 14. 

Woche nach der Keimung beobachtet, d.h. als die Pflanzen im Schossen waren. Dies war 

höchstwahrscheinlich durch die entwicklungsabhängige Regulation des Promoters bedingt, der 

das Transgen kontrollierte.  

 

Zusammengenommen zeigen diese Ergebnisse, dass erhöhte endogene Gehalte an ABA die 

Biosynthese von SL verringern können, wodurch die Bestockung angeregt wird. Damit liefert 

diese Studie den ersten genetischen Hinweis für eine direkte Interaktion zwischen diesen 

beiden Phytohormonklassen, die auf der Ebene ihrer Biosynthese stattfindet. 

 

Schlüsselwörter: strigolactones, abscissinsäure, interaktion, gerste, pinne, ABA 

8'-hydroxylase, 5-deoxystrigol 
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8. Appendix 

A. Nucleotide sequences associated with strigolactone synthesis and signaling in barley 

>HvD27, AK358967 

ATGGAGGCCACCGCACTTGTGCTCCTCCCTCACAGTCACAGCGGCCTCACGGTCA

GAGCACCGTCTTCCGTGGGTGGAAGCTCCGTGACGAAGAAGAGCTACGCGAGGA

GGATCAAGCGGAGCTCCACGGTGCGAGGGGTCATGGCGAGGCCACAGGAGGCGA

CTCTAGCTCGGGTCCCGGCACCGGCGCCAACAAGGCCGGTGAGAGAGACAGCCG

CGGCAACGACGACGGTGTACCACGACACTTGGTTCGACAACCTCGCCATTGGCTA

CCTGTCCAGGAAACTTCAAGAAGCTTCCGGGATAAAGAACGGGAAACATGGCTAC

CAAGGATTAATAGAGGCCGCTGTGGCAATCTCCAGAATCTTCAGGCTCGACACACA

GTGCGAGATTGTGGCCGGTGCTCTCGAACGAGCTATGCCAAGCTACATCGTCACAA

TGATAAAGGTGATGATGCCACCTTCAAGATTTTCCAGGGAGTACTTTGCTGCCTTC

ACCACCATATTCTTCCCTTGGCTCGTCGGACCATGTGAGGTCAGGGAATCTGAAGT

CGATGGAACGAGAGAGAAGAATGTGGTGTACATTCCCAAATGCAGGTTTCTGGAA

AGCACCAACTGTGTCGGTATGTGCACGAACCTTTGCAAGATCCCATCCCAGAAGTT

TATGCAAGATTCACTCGGAGTTTCTGTGTACATGTCACCCAATTTTGAAGACATGA

GCTGCGAGATGATCTTTGGACAGCAACCTCCTGAAGATGACCCAGCACTGAAGCA

GCCCTGCTTCAGCACGAAATGTATCGCGAAGCAGGACTATGGTGTGAGTTGCTAG 

 

>HvCCD7, MLOC_55474.1   

ATGATCCACGACTGGGGCTTCACCGACTCGCACTACGTCGTCCTGGGCAACAGGA

TCAGGCTCGACATCCCGGGGTCGGTGCTGGCCATGACGGGCACGCACCCCATGAT

CGCGGCGCTGGCGCTGGACCCGAGCAGCCGGACCACGCCGGTCTACCTGCTGCCG

CGCTCCACGGAGGCCGTGGCCAGCGGCCGCGACTGGACCGTGCCCGTCGAGGCG

CCGGCGCAGATGTGGTCGCTGCACGTCGGCAACGCCTTCGAGGAGGACAACGGC

CGCGGCGGCCTGGACCTGCACCTGCACATGTCGGGCTGCTCCTACCACTGGTTCCA

TTTCCACAGGATGTTCGGTTACAACTGGAAGAACAAGAAGCTGGACCCTTCCTTC

ATGAACACGGTGAAGACCAAGGAGTTGCTGCCTCGGCTCGTCAAGGTGGCAATTG

AGCTCGACAAGAGAGGAGGAGCATACCGGAGATGCTCCGTGAAGAGACTGTCCG

ATCAGTGGAACAGGCCGGCGGATTTCCCTGCGATAAATCCGAGCTATGCCAACAAG

AGGAATAGGTTCATTTACGCGGGCGCTGCATCCGGTTCGCGCAAATTACTCCCATAT

TTCCCATTTGACAGTGTTGTGAAGGTCGATGTCTCGAATGGGTCGGCGAGGCGGTG

GTCTTCCGAGGGCCGCAAGTTCGTCGGGGAGCCCGTCTTCATCCCCACCGGCGGT

GGGGAGGATCACGGCTATGTTCTTCTTGTAGAGTATGCAGTCTCCGAAGACAGATG

CCACCTGATGGTGTTGGATGCAAGAAAGATAGGGAAAAGAGGTGCACTTGTGGCA

AAACTTGAAGTGCCAAAGCACCTCACCTTCCCAATGGGATTCCATGGGTTCTGGGC

AGATGAA 
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>HvCCD8, MLOC_66551.1  

ATGTCCTTCGTCGGGCAAATGGCGAGCCTCTTCTCCGGCAACTCCCTCACCGATAA

CTCCAACACCGGCGTCGTCAGGCTCGGCGACGGCCGCGTGCTCTGCCTCACGGAG

ACCGTCAAGGGGTCCATCGTCATCGACCCGGACACGCTGGACACGGTGAGCAAGT

TCGAGTACGAGGACAAGCTGGGCGGGCTGATCCACTCGGCGCACCCGATCGTCAC

CGACACCGAGTTCTGGACGCTGATCCCGGACCTGATCCGGCCCGGCTACGTGGTG

GCGAGGATGGAGGCCGGGAGCAACGAGAGGCAGTTCGTGGGCAGGGTGGACTGC

CGCGGCGGACCGGCGCCCGGGTGGGTGCACTCGTTCCCGGTCACCGAGAACTACG

TGGTCGTGCCGGAGATGCCGCTCCGGTACTGCGCCGCGAACCTCCTACGCGCCGA

GCCCACGCCTCTCTACAAGTTCCAGTGGCACCTCGAGTCCGGGAGCTACATGCAC

GTCATGTGCAAGGCCAGCGGCAAGATCGTGGCGAGCGTGGAGGTGCCGCCGTTCG

TGACGTTCCACTTCATCAACGCGTACGAGGAGAAGGACGAGGAGGGGCGTGTGA

CGGCGATCATCGCCGACTGCTGCGAGCACAACGCCGATACCTCCATCCTCGACAAC

CTCCGTCTCCACAATCTCCGGGCATTCACCGGCGAGGACGTCCTCACCGATGCCAG

GGTGGGGCGGTTCAGGATACCACTGGACGGCAGCCCGTTCGGGGAGCTGGAGGC

GGCGCTGGACCCGGAGGAGCACGGGCGCGGCATGGACATGTGCAGCATCAACCC

CGCCCACCTCGGCAAGGAGTACCGCTACGCCTACGCCTGCGGCGCGCGCCGGCCC

TGCAACTTCCCCAACACGCTCACCAAGATCGACCTGGTGGAGAAGACGGCCAAG

AACTGGCACGAGGAGGGCGCCGTGCCGTCCGAGCCCTTCTTCGTGCCGCGCCCCG

GCGCCGTCGAGGAAGACGACGGCGTGGCGATATCCATGGTGAGCGCCAAGGACG

GGTCGGGCTACGCGCTGGTGCTGGACGCCAAGACCTTCAAGGAGATTGCCAGGGC

CAAGTTCCCCTACGGGCTGCCCTACGGCTTGCACTGCTGCTGGGTGCCCAGGGAC

AAG 

 

>HvMAX1, AK367034 

ATGGAGGGGGCGGGAGCAGCACCAGTGTGGGGCCAGCCGCCATCGTTCCCGGCG

ATGCTGTTCACGGTGGCGGCCATGGCCGCCGGCGCGTTAGCCGTACTGTACTTCTA

CGCGCCGTCGTGGCGCCTGCGCAGGGTCCCCGGGCCCCTCGCCTACGGCCTCGTC

GGCCACCTGCCGCTGCTGGACAAGCATGGCTCTCAGGCGTTCGGCGTCCTCGCGA

AGAAATACGGGCCCATCTATAGGTTTTACATGGGCAGGCAGCCGCTGGTGGTGCTC

GCGGACCCGGAGCTGTGCAGGGAGGCCGGCATCAAGAAGTTCAAGAGTATCACC

GACAGGAGCGTGCCGGTCACCATCGCTAGCTCGCCCATCCACTACAAGAGCCTCC

TCTTCACCAAAGGCTCGACATGGCAAGCCATGCGGAACGTGATCATCTCCATCTAC

CAGCCGTCGCACCTGGCGAGCCTCATCCCGGCGATCCAGCCATACATCGAGCGGG

CGGGTAGCCTGTTCTGCCCCGGCGAGGAGATCACCTTCTCCGACGTCTCCATCAGG

CTCTTCACCGACGTCATCGGCCAGGCCGCCTTCGGCGTCGACTTCGGGCTCACCA

AGGACGCCGACGACGCCGAGAAGATCATCCACGACGCGCCCCGCGACTTCATCCA

GAAGCACCTCTACGCCACCACGTCCCTCAAGATGGACACGTCGGGCTCGCTGTCC

ATGCTCGTCGGCACCTTCCTGCCGGCGCTCCAGAAGCCGCTGCGGAAGCTGATGC

TGAGCGTGCCGGGATCCATGGACCGGCGGATGGACGACACCAACTCGGCCCTCAG

CGGCGAGCTCGACGTTATCGTGGCGGAGCGGGCGGCGCAGGCCGACAGGGGCCA

GAAGAACTTCCTCTCCGTGCTCCTCAACGGCATCGACACCAGCGACGCCATGAGG

AAGCTCTTCACGCCGGACTACGTCAGCGCGCTCACCTACGAGCACCTGCTCGCCG
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GCTCCGGCACCATGTCCTTCACGCTGTCGAGCCTGGTGTACCTCGTGTCCACGCAC

CCGGAGGTGGAGGAGAAGCTGCTGCAGGAGATCGACGCGTTCGGGCCCAAGGAC

GTGGTGCCCGACGCCGACGACCTCCGCACCAAGTTCACCTACCTGGAGCAGGTCC

TGAAGGAGACCATGCGATACTTCCCCGGCTCCCCGGTGGTCTCAAGGGAGGCAAC

CGCCGACGTCGAGATCGGAGGCTACCTCCTGCCCAAGGGGACGTGGGTGTGGCTG

GCGACGGCGGTGCTGGGGAGGGACCCGGAGCAGTTCCCGGAGCCCGAAGCGTTC

CGGCCGGAGCGGTTTGACCCGGAGAGCGAGGAGTGCAAGAGGAGGCACCCCTAT

GCCTACATCCCCTTCGGCATCGGCCCACGGGCGTGCCCCGGCCAGAAGTTCGCGTT

CCAGCAGCTCAAGCTCACCCTCATCCACCTCTACCGCCGCTACGTCTTCAGGCACT

CGCCCAGAATGGAGTCCCCCCTGAAGCTGCAGTTCTCCATCGTCACCAACTTTAAG

AACGGTGTCAAGCTCCAGGTCCTTGAAAGGAACAACTAA 

 

>HvD14, AK363454 

ATGATCCGGTCCACGCATCCCCTCAGCCCCAGCAGCAGCAGCAGTAGCGGCGGCA

GCAGCCCGGCCCCGGCGTCCGGCTCCGGCGAGACGATGGTCGGGGGCGCGCCGA

GCGGGGCGAAGCTGCTGCAGATCCTGAACGTGCGGGTGGTGGGCACCGGCGAGC

GCGTGGTGGTGCTGTCGCACGGCTTCGGCACGGACCAGTCCGCGTGGAGCCGCGT

GCTGCCGTACCTGACCCGCGACCACCGCGTGGTGCTCTACGACCTCGTCTGCGCC

GGCAGCGTCAACCCGGACCACTTCGACTTCCGCCGCTACAACAACCTGGACGCCT

ACGTGGACGACCTGCTCTCCATCCTCGACGCGCTCCGCATCCCGCGCTGCGCCTTC

GTCGGCCACTCCGTCTCCGCCATGATCGGCATCCTCGCCTCCATCCGCCGCCCCGA

CCTCTTCGCCAAGCTCGTCCTCATCGGCGCCTCGCCTAGGTTCTTGAACGACAGCG

ACTACCACGGCGGGTTCGAGCTGGAGCAGATCCAGCAGGTGTTCGACGCGATGTC

GGCCAACTACGCGGCGTGGGCGACGGGGTACGCGCCGCTGGCGGTGGGCGCGGA

CGTGCCGGCGGCGGTGCAGGAGTTCAGCCGGACGCTGTTCAACATGCGGCCGGAC

ATCTCGCTCCACGTCTGCCAGAGCGTGTTCAAGACCGACCTCCGCGGCGTGCTGG

GCATGGTGCAGGCGCCGTGCGTCGTCGTGCAGACCACCCGCGACGTCTCCGTGCC

GGCCTCCGTCGCCGCGTACCTCAAGGCCCACCTCGGCGGCCGCACCACCATCGAG

CCCCTGCCGACGGAGGGCCACCTCCCCCACCTCAGCGCCCCCAGCCTCCTCGCCC

AGGTGCTCCGCCGCGCGCTCGCCCGGTTCTAG 

 

>HvMAX2, MLOC_4044.5 

ATGGCGGAGGCGGGGGCGTCGGCGCTGATGGACCTGCCGGAGCCGCTGCTGCTGC

ACATCATGGGATACCTGGCGGACCCGCGGTCGCGGCACAGCGCATCGATGGCGTG

CCGGAGGACGCTGGCGGCGGAGCGGGCGACGCGGGCGGCGATGGCGCTCCGGGG

GGACCCGAGGACGCCCGACTTCCTGCTGCTCCCGCCGGCCTTCTGCTTCCCGGCG

CTCCGCCGCCTCGACCTCTCGCTCGCCTCGCCCTGGGGCCACCCGCTGCTCTCCTC

CGCCTCGCGGGTCGCGGGGGCGCCCGCCTCCGCCTCCTCCAACCACCTCCCGCTC

ACCCCGGAGGAGGCCGCCGAGCGCAACGCCTTCGTCGCCGCCCGCCTCGCCGCCT

ACTTCCCCGCCGTCGCCCGCCTCGCCGTCTACTGCCGCGACCCCTCCACGCTCGCC

AGCCTCGCCCCCTGCTGGCGCGCCACGCTCCGCGCCGTCCGCCTCGTGCGCTGGC

ACCAGCGGCCCCTCGACCTCCCCGCCGGCGCGGATCTCGAGCCGCTGCTCGCCTC
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CTGCCCCAACCTCGCCGAGCTCGACCTCTCCGACTTCTACTGCTGGACGGAGGAC

GTGCTGCCGGCCCTCGCCGCGCACCCCGCCGCCGCCGCCAGGCTCACCGACCTCG

ACCTCGGCCTCGCCGGCGCCTCCAACGGCTTCCACGCCGCCGAGCTCGGGGCCAT

CGCCGCCGCCTGCCCCGCCCTGCGGAGGCTCGTCGCGCCCTGCGTCTTCAACCCC

CGCTACGTCGACCATGTCGGCGACGCAGCTCTGCTCGCGCTCGCCTCCAGCTGCCC

CCTCCTCACCGTCCTGCGCCTCAGCGAGCCCTTCGAGCCGGCCTCCACCAGCCAG

CGGGAGCAGGCGGGCATCACCGCCATGGGGCTCGTCGAGTTCTTTGCCGCGCTCC

CTGGGCTGGAGGACCTCATGCTCGACCTCCAGCACAATGTGCTCGAGGCAGCTCC

GGCCATGGAGCTGCTCGCACGCAGGTGCCCGCGGATCAAGGTCCTGACATTGGGG

TGCTTTCAGGGGTTGTGCAAGGCCGCCTGGTTGTATCTCGACGGCGTTGCGGTGTG

CGGTGGGCTGGAGTCCCTCTGCATCAAGAATTGCGAGGATCTCACCGACGCCAGC

CTTGGGGCGATCGGGCGTGGGTGTGGGAGGCTTGCCAAGTTTGCCATCCAAGGAT

GCGATCTTGTCACGGCAGCTGGGATCAGGACGCTGGCGAAGGCGCTTCGGCCTAC

ATTGAAGGAGGTTAGCGTGTTGCACTGCCGGTTTCTGCACACTGCAGCCTGCCTTG

CTGCTCTGAATCCGATACGCGATCGGATTGAGAGTCTTGAGATCAACTGTGACTGG

GAGGAGGTTGAACAACCCAGCTCCAGCTGTGTGGCCAATGGCACAACCGGATGCG

ATCATGAGGATGATGAGCCTGATGAAATGGCGTACCAGTCCGCGCCCAAGAAATGC

AGGTTCTCCTACATGGAAATGGATAATTATGAAAGCTGGGAAATGCTCCGCTCACT

CTCCCTTTGGTGCCCTGCTGGTCAGTTGCTCTCCCCGCTCATTTCTGCCGGGCTCGA

TAGCTGCCCTGTGCTTGAGAAGATCTCAATTAAGGTGGAGGGCGATCTTCGGACTT

GTCCGCGGCCATTTCACGGGTCAGCTTTTGGCTTGAGCGACCTTGGAGCCTTCCAA

GCACTGGCCAAGATGAAGCTGGACCTCAGCGAGGCGGTGGGTTATGCACTCACCG

CGCCAACGGGGCACATGGATCTTTCACAGTGGGAGCGATTTTATTTGAGTGGCATT

GAATCATTGCTGAGTTTGTATGAGCTGGACTACTGGCCGCCCCAAGACAAGGATGT

GAATCACCGGAGCCTGTCGCTGCCAGCGGTCGCACTGTTCCAGCACTCCATTGGA

CTCAGGAAGCTCTTCATCCATGGCACCACACACGAGCACTTCATGAGCTTCTTTCA

GAAAATGCCAAACTTGCGGGACGTGCAGCTAAGGGAGGACTATTATCCAGCACCG

GAGAACGACATGATGATCACAGAGATGCGGGCTGAATCTTGTCTCCGGTTCGAGC

AGCAGCTGAACAACCGGCAATTTCGGCAAATTCCTGATTAG 

 

>HvD53, AK372211 

ATGCCCACGCCGGTGCCCGCGGCGAGGCAGTGCCTGTCGCCGGCGGCCGTGACGG

CGCTCGACGCCGCGGTCGTCTCCGCGCGCCGCAGGGTGCACGCGCAGACCACGTC

GCTGCACCTCGTCGCCGCGCTGCTGGCGCAGCAGGCCCCGCCGCTCCTGCGCGAC

GCGCTCGCGCGGGCCCGCAGCGCCGCCTACTCCCCGCGCGTGCAGCTCAAGGCGC

TCGAGCTCTGCTTCGCCGTCTCCCTCGACAGGCTCCCCTCCGCCTCCTCCGCGTCC

GCGTCGACGTCGGCCTCGGGCGCGGACGAGCAGCCGGAGCCGCCCGTGTCCAAC

TCGCTCATGGCCGCCATCAAGCGCTCGCAGGCCAACCAGCGCCGCAACCCGGACA

CCTTCCACTTCTACCACCAGGCCGCGTTCCAGGCCGCCACCGCCGCCTCGCAGGT

CAGGGTCGAGCTCTCGCAGCTCCTGCTCGCCATCCTCGACGACCCCGTCGTCAGC

CGCGTATTCGACGACGCCGGCTTCCGCAGCGCCGACATCAAGCTCGCCATCCTCCG

CCCCGCGCCGCCCATGCCGCTGCTCGGCCGCCTCCCCACGCGGGCACGCCCGCCG

CCTCTCTTCCTCTGCAGCTTCGCCGCCGGCGACGACGCCGACGTGCCTTCGCCCGC
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CGGGAGCGCCGCCGGCGCCGGCGAGGAGAACGGCCGCCGCATCGCCGAGATCCT

CGCCCGGGGCCGCAACCCCATGCTCGTAGGTGTTGGGGCAGCGTCCGCCGCAGCC

GACTTCGCCGCGGCCTCGCCGTACCGCGTCCTCCCCGTCGGTCCAAACTCCATCGA

CCAAACACAACTCAGCGTGGCGGCGGCGATGGCTAGCGCCACCTCCGGCCTCGTC

ATAAGCGTCGGCGACCTCAGAGAACTGGTCCCCGATGACGGCGAGCTCCAGGAAC

GAGGGCGCCGAGTGGTGGCGGAGGTGACGCGGGTGCTGGAGACGCACAGAGAG

GGGCGTGTCTGGGTGATGGGGTGGTCGGCCACCTACGAGACCTACCTCACCTTCCT

CTCCAAGTTCCCCTTGGTTGACAAGGACTGGGAGCTCCAGCTGCTGCCGATCACG

GCGGTGCGCGCCGGAGGACTCATGCCTCCGGCAACCACGCCACCTGCTTTATCCA

AGTCCGCTAGCTTGGTGGAATCGTTTAGTCCTTTTGGTGGACTTGTCAACAATACCT

ACGACTCTAACAGCCTCGCAGTGCATCCTGGCCCCCAGACGCTCCGGTGTCAACA

GTGCAATGATAGATGTGAGCAAGAAGTCACAACAATCGTTAAAGGGAGTGGCATT

ACAGCTGACCAGGGAGGTCTGCCTTCCCTGCTTCAGAATGGCAGCATGATGGGTC

TTAACAATGGACTTGATGTAATCAAGGTTAGAGATGATCAGATGGTGTTGAAGTCA

AAAATATTGAATCTGCAGAAGAAGTGGAACGAGTACTGCCTGCGGCTCCACCAAG

GATCCCAGAGGATCAACACAGGTCCTTACCAGTTATTTCCAAATTATGCTGCTGTTC

CAGTTGACACAGAAAGAGCAACAATTCTGAGCAAAGGTTCCGAGTCGGTTACACT

TCAAAGGGATGTTATTAGGCCTTCTGCAGTGTCTGCTACTCAAACGAATGCAACCC

CCAAAAAGAGTGTTTCACCTCCATCTATCTCCAACCAAAGGAACGAAGGCCTTGT

GTTGAATCTTCAAGGGAGGCATTCGAAGGGTGATGAGCAATTTCAAGACAGGCAT

GCACAGTTGCGACAAGAACACTTGTCAAGCTGCCATGATCGCGAAGATCACATGT

CGCCATCCGCTGCTGCATCCGTGGCAACGGACTTGGTGTTGAGCACGCCTCGTGGA

TCTTCTTCCAAGGGTACAAGTTCTGTGAGCTGGAAACATGCAGTGGATGCAGAGA

AGTCTACCCACCTGACACCCAATAAGGTTGATGATTTGAATATGGAGCCCCCACAG

CCCTTTGCACAACCTTACAGCTCCAGGAGTTCCACAAATATGGGGCAAACATCACC

TAGTGCTTTGCATTCACCAGCTTCAGGAGGCGTGTCTGCCTTTGGCCAATGGAGGC

AAAAGCCCTCACAGCTTGCAGCACAAGGTTCTGATTTGAGCGACTACAAGCTACT

CGTGGAACGCCTGTTCAAGGTAGTTGGAAGGCAGGAGGAAGCCCTGAGTGCTATC

TGTGGATCCATTGTTGGCTGCCAGTCAACAGAGAGGCGCCGCGGCGCAAGCAGGA

AGAACGACATCTGGTTCAGCTTTCATGGTTTCGACAGCGTGGCCAAGCGGAGAGT

TGCCGTGGCGCTGGCAGAGCTCGTGCACGGCAGCCAAGACAGCTTCATTCATCTG

GACCTGAGCCTCCAGGACTGGGGCGGCTCAAGTTTCAGAGGAAAGACTGGCATA

GATTGCATCGTCGAGGAGTTGAGCAAGAAACGGCGCTGTGTCATCTTCCTCGACA

ACATTGATAAAGCTGACTGCCTCGTTCAGGACAGCCTCTCCCATGCCGTTGACACC

GGAAGATTCCGGGACATGCGCGGCAAGGAAGTTGCCATTAATGACTCCATAGTAAT

ACTGTCAACAAGATTGGCGCGATGCAGCAAAAATGCCTCGGTTGGGGTGGAAGAG

GGGCATATCTTCTCCGAAGAGAAGATCCTGGCTGCTAGAGGACAACAACTCAAGA

TCTTGATAGAATCAGGCACGGTGATCACCAGCAGAGGCTCTCCTAGTAGCAGCAA

GGTGGCAGCTTCCCCAAGTCACCCTCTCACCAAAATTCAAACTTCCGTGTACTCTG

GTTGCGTCAGTAAGCGGAAGCTTGACATTTCTGACGACCGTGAAAAGCTGCTAGA

ATCACCGAGCAATCCCAAGCGGCCGCACAGAACCTCAAGTGTGCCGTTCGACCTG

AACCTCCCCGTCGGCGAGGACGGATCCAGTGACGCTGACGGCGACGACAGCAGC

AGCAACGACAGTCCAGATGAGTCCATCGACAGCCTCCTGGGTTTGGTCGACAGAG

CGATCGAATTCAAGGCGTTCGACTTTGGGAAGCTCGCCAACGACATCCTGCAGGA
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GCTGAGCAACGTGCTCGGCAACATCATGGGCCCGGGCAGCACGCTGGAGGTCGGC

GATGGCGCGATGGAGCAAATGCTTGCGGCGTCATGGGTATCGGAGGACAGGCGGC

GCCCTCTGCAGGCCTGGCTGGAGCAGGTGTTCGCCAGGAGCCTCGAGGAGCTGA

AGCTCAAGCACAGTAAGCCTGCGGGCAACTCTGCTCTTAGGCTAGTGGCCTGTGA

CTGTGAGGACGGCAAAGCAGCAGCGACGGCGGCTAAGGAAGACGGCGGTTTTGG

ACCGCTGCTCCCCTCGAGAATAATTCTGGAGTGGCGATGA 

 

B. Nucleotide sequences of AtD27 promoter used in this study 

>AtD27 promoter region, -709 

GTTCTTGAGTGAGAAAGAGAGATGGTTTGTTGGAATCTCATATATCAAGTATATGAT

ATATTTAGTAGATCAACAAGTAAACAAAAGACAACATACCACAGAGAAGAAAAGA

AATACGACCCGTAATTATATAATTCAACGAGATTATTTTTTGCTGTCAAATGCTTAAA

GAATAATTTTTTCTAAATACTACATCTTAATTTACTAGAGTAATATGTGTTTATCTTGT

ATTATATATGTGATATTTATGTTTCTTCATATAATAATGATTTTATAGCTAATTCAAATT

GATATAAATGATATTTTAACTTTTGCAGATTTTTACCGGAAAAAATAAGATTAGATAC

CATTTTAAACACTTTAACCATTCAGCCTTTTGAAAAGATCTATGATCATAAATTGAA

AGAGAGAGAGAGAACAATATCTTCCAAAAGATAGAAACATGAGAATTGTCTAAAT

TCTTCATTGTTTTCTCGTTTTAACTTTCCTAGAAAGGACTGTCTTTACCGGAGAAAA

GGGTCTTTTTAATAAAAAGAGAAAGAAATATTTTTAATAAAAGATAGAGACAAAAT

AAAATACAGGCATTCAAGGCCATATATATATATACTTTGGAGACGTCAATTACTGGC

CTTAGAAAATTAAAACAGAGAAACCTGCAACAAAATTTCTGCCAAAAACTCTTCT

TCTACCCAAAAAAAAAACAAAAGAT 
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C. Alignments of the HvD14, HvMAX2 and HvD53 protein sequences with AtD14, AtMAX2 

and AtD53 (SMXL6) 

C.1 Alignment of the HvD14 protein sequence with AtD14 
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C.2 Alignment of the HvMAX2 protein sequence with AtMAX2 
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C.3 Alignment of the HvD53 protein sequence with AtD53 (SMXL6) 

 

 

 



102 

 

 

 

 

 

 

 

 



103 

 

9. Abbreviations 

Abbreviation Full Name 

% Percent 

°C Celsius 

μl Microliter 

μm Micrometer 

μM Micromolar 

AABO Abscisic aldehyde oxidase 

ABs Axillary buds 

ABA Abscisic acid 

ABA1 ABA deficient 1; Zeaxanthin epoxidase 

ABA2 ABA deficient 2; Short chain dehydrogenase reductase 

ABA3 ABA deficient 3; Molybdenum co-factor sulfurase 

ABA8'OH ABA 8' hydroxylase 

ABA-GE Abscisic acid glucose ester 

ABI1 ABA-insensitive 1 

ABAld Abscisic aldehyde 

Amp
r
 Amppicillin resistance 

ANOVA Analysis of variance 

At Arabidopsis thaliana 

AXMs Axillary meristems 

BG Beta-glucosidase 

bp base pair 

BRC1 Branched1 

BSMV Barley stripe mosaic virus 

CCD Carotenoid cleveage deoxygenase 

cDNA Complementary DNA 

CK Cytokinins 

Col-0 Columbia 

cv. cultivar 

DAG Days after germination 

dNTP desoxy-ribonucleoside triphosphate 

CL Carlactone 

DNA Deoxy ribo nucleic acid 

DNase deoxyribonucleases 

DPA Dihydro phasc acid 

D27 Dwarf27 

EDTA Ethylenediaminetetraacetic acid 

FW Fresh weight 

g Gram 

h Hour 

HD-ZIP Homeodomain-leucine zipper 
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Hv Hordeum vulgare 

ID Identifier 

IPA Idealized plant architecture 

IPK Leibniz Institute of Plant Genetics and Crop Plant Research 

IPP Isopentenyl pyrophosphate 

LBO Lateral branching oxidoreductase 

LC-MS/MS Liquid chromatography-tandem mass spectrometry 

Lea Late embryogenesis abundant 

LOHi HvLea::HvABA 8'-hydroxylase RNAi 

MAX1 More axillary growth1 

MEP Methylerythritol phosphate 

min Minute (s) 

ml Milliliter 

mM Millimolar 

MoCo Molybdenum co-factor 

MOSU Molybdenum co-factor sulfurase 

NCED 9-cis-epoxycarotenoid dioxygenase 

nm nanometer 

Os Oryza sativa 

PA Phaseic acid 

PATS Polar auxin transport stream 

PCR Polymerase chain reaction 

PINs Pin-formed auxin transport proteins 

PP2A Type 2A protein phosphatase 

qRT- PCR Quantitative real time polymerase chain reaction 

RNA Ribo nucleic acid 

RNase Ribonuclease 

RT-PCR Reverse Transcription Polymerase Chain Reaction 

NaCl Sodium chloride 

NSY Neoxanthin synthase 

R:FR Red to far-red 

RT Retension time/Room temperature 

s Second 

SAM Shoot apical meristem 

SDR Short chain dehydrogenase 

SE Standard error 

siRNA Small interfering RNA 

SLs Strigolactones 

Spec
r
 Spectinomycin resistance 

T-DNA transfer DNA 

TFs Transcription factors 

TCP Teosinte branched1-Cycloidea-Proliferating cell factor 

UDP Uridine diphosphate 

UGT Uuridine diphosphate (UDP) glucosyltransferase 
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v/v volume by volume 

VDE Violaxanthin de-epoxidase 

VIGS Virus-induced gene silencing 

WAG Weeks after germination 

WT Wild type (Golden promise) 

w/v weight by volume 

ZEP Zeaxanthin epoxidase 
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