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Synopsis 
 

 The main shoot and other above-ground tissues develop from the shoot apical 

meristem (SAM), including axillary meristems (AXM) from which lateral branches 

develop. In barley, lateral branches called tillers contribute directly to grain yield and 

define shoot architecture. Two studies were completed to gain a better understanding of 

the genetic control of tiller development. One focused on characterizing natural 

phenotypic and genetic variation in tiller number throughout development in a large, 

diverse germplasm collection; and the second focused on identifying meristem-specific 

genes and characterizing gene expression patterns that varied by meristem type (SAM or 

AXM) and morphological stage. Results from the first study revealed that correlations 

between tiller development (tillering) and factors previously shown to influence tiller 

development, like photoperiod response and spike row-type, varied depending on 

environment and genetic background. Furthermore, no major trade-offs existed between 

tiller number and other traits, and natural genetic variation associated with tillering 

largely overlapped variation associated with days to heading and spike row-type. Results 

of the second study revealed a set of genes upregulated in most meristems compared to 

non-meristem tissues, many of which have been characterized in other species and are 

likely important for general meristem maintenance or function. Results also suggested 

that gene expression was primarily differentiated by genotype, meristem type, and 

morphological stage; however, expression profiles of SAM and AXM were very similar 

at later developmental stages. A small number of genes were only expressed in SAM or 

AXM, and clustering based on expression across all meristems revealed genes 
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upregulated in AXM that may be important for tiller development, as some, like 

UNICULME4 and INTERMEDIUM-C (TEOSINTE BRANCHED 1 ortholog) have 

already been implicated in tiller development.  Genes that were upregulated in ligules 

compared to leaves were also identified, and clustering of these genes revealed some that 

were expressed more highly in ligules and AXM that may, as in other species, have dual 

functions in leaf and tiller development. 
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Chapter 1. Literature Review 
 

Historically, modifying different shoot architecture attributes of economically 

important grasses has improved yield. For example, introduction of semi-dwarf alleles 

into small grain crops like wheat, rice, and barley improved yield by decreasing stem 

lodging and increasing the proportion of photosynthetic assimilates allocated to grain 

production (Flintham et al., 1997; Mickelson and Rasmusson, 1994; Rebetzke and 

Richards, 2000; Saisho et al., 2004; Sasaki et al., 2002; Spielmeyer et al., 2002). 

Modifying other attributes of shoot architecture, like leaf angle and inflorescence 

morphology, have also improved yield (Heng et al., 2018; Nan Su San et al., 2018; 

Sakamoto et al., 2006; Tang et al., 2017; Truong et al., 2015). The number and quality of 

modified lateral branches called tillers are a defining characteristic of barley shoot 

architecture and contribute directly to grain yield. Improving aspects of tiller 

development (tillering) could potentially increase yield, but a more comprehensive 

understanding of sources of variation that impact tillering and genetic control of tillering 

are first necessary. In this chapter, the current body of literature surrounding meristem 

initiation and maintenance, lateral branching, and tiller development was reviewed to 

provide scope and background for the experimental objectives addressed in Chapters 2 

and 3.  

Meristem Initiation, Maintenance, and Function  

Lateral branches and all other aboveground structures of plants are derived from 

stem cells initiated in a dome-shaped organ called the shoot apical meristem (SAM), 
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which forms during embryonic development. SAM stem cells, also called initials, are 

located in a region near the top and center of the SAM called the central zone (CZ), 

where they divide slowly and continually replenish themselves as cells are displaced from 

the CZ (reviewed in Barton, 2010 and Meyerowitz, 1997). Cells that are displaced into 

regions adjacent to the CZ called peripheral zones (PZ) divide more rapidly and 

differentiate to form lateral organs like leaves and axillary meristems (AXM), and cells 

that are displaced into a region below the CZ called the rib meristem also divide more 

rapidly and differentiate to form the central cells of stems (reviewed in Barton, 2010 and 

Meyerowitz, 1997).  

SAMs of most angiosperms consist of clonally distinct cell layers, called the 

tunica and corpus, from which all above-ground organs are derived (reviewed in Barton, 

2010 and Meyerowitz, 1997). In many grasses, including barley, the tunica consists of a 

single layer (L1) that is one cell-thick and maintained by anticlinal cell divisions (Döring 

et al., 1999). Leaves in barley are derived from both tunica (L1) and corpus (L2), the 

epidermis and part of the mesophyll are derived from L1, and all other cells are derived 

from L2. Tillers develop from AXM, which are located at the growing tips of axillary 

buds (AXB) and are also derived from both layers (Döring et al., 1999). 

During early embryogenesis before any organs are visible, a class 1 KNOTTED-

LIKE HOMEOBOX (KNOX) gene, called KNOTTED 1 (KN1) in maize (Kerstetter et al., 

1997), SHOOT MERISTEMLESS (STM) in Arabidopsis (Long et al., 1996), and ORYZA 

SATIVA HOMEOBOX 1 (OSH1) in rice (Sato et al., 1996), is expressed at the site of 

SAM formation. Loss-of-function mutant phenotypes are species-dependent and range in 
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severity from complete loss of SAM in Arabidopsis (Long et al., 1996) to defective 

boundary formation between the SAM and leaf primordia in rice (Tsuda et al., 2014). In 

maize, KN1 loss of function resulted in failure to develop new organs after the coleoptile 

was formed, but penetrance of the phenotype depended on inbred background and ranged 

from very low (<5% after four backcrosses in B73) to very high (77-100% after four 

backcrosses in W23) (Vollbrecht et al., 2000). In addition to being expressed in the SAM, 

these genes are expressed in all shoot meristems, including axillary meristems and floral 

meristems, and are commonly used as markers for meristem identity (e.g. Jackson et al., 

1994).  

Other class 1 KNOX genes are expressed in SAM and other meristems as well and 

appear to have both overlapping and distinctive functions. For example, Arabidopsis 

BREVIPEDICELLUS (BP, also called KNAT1) is also expressed in SAM, but instead of 

being expressed in the central zone like STM, it is expressed in peripheral zones and loss 

of function causes defects in inflorescence architecture (Venglat et al., 2002). In addition 

to their role in initiating meristematic tissues and maintaining stem cells, KNOX genes are 

important for proper meristem function by specifying cell fate, and ectopic expression or 

overexpression typically results in abnormal organ patterning or ectopic meristem 

formation (reviewed in Barley and Waites, 2002 and Hake et al., 2004). For example, the 

Hooded mutant in barley develops extra floral organs instead of awns on the palea of the 

caryopsis, caused by overexpression of HvKNOX3, the barley ortholog of KN1 (Müller et 

al., 1995). Loss of function mutations in rice OSH15, another class 1 KNOX gene, caused 
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defects in organ patterning, including shortened internodes and abnormalities in cell 

shape and vascular bundle formation (Sato et al., 1999). 

In Arabidopsis, SAM size and maintenance of stem cells is regulated by a 

negative feedback loop consisting of WUSCHEL (WUS) and CLAVATA (CLV) 

proteins, where levels of WUS, which promotes stem cell fate, are restricted by CLV 

signaling (Schoof et al., 2000).  CLV3 in Arabidopsis is a member of the CLV3/ 

ENDOSPERM SURROUNDING REGIONS (CLE) peptide family and is secreted from 

stem cells in meristems (reviewed in Somssich et al., 2016). Several receptor-like 

proteins (RLPs), including CLV1 and CLV2, are localized to plasma membranes of cells 

in a region of the meristem called the organizing center (OC) where they perceive 

secreted CLV3. Though the role of CLV signaling in meristem size and maintenance 

appears to be conserved, WUS orthologs/paralogs are not expressed in the central zone in 

rice or maize as they are in many dicots, and they do not appear to have the same 

function (reviewed in Pautler et al., 2013). For example, TILLERS ABSENT1 (TAB1), the 

rice ortholog of WUS, is only expressed in AXM and appears to influence AXM initiation 

(Tanaka et al., 2015); and the two WUS paralogs in maize, ZmWUS1 and ZmWUS2, are 

expressed in SAM but appear to be respectively restricted to cells of the prospective 

node/internode and leaf primordia (Nardmann and Werr, 2006). On the other hand, the 

WUSCHEL-related homeobox4 (WOX4) gene in rice appears to be functionally similar to 

AtWUS and is negatively regulated by FON2-LIKE CLE PROTEIN1 (FCP1), which is 

homologous to AtCLV3, suggesting that WOX/CLV feedback may be conserved in 

grasses (Ohmori et al., 2013).  
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Establishment of boundaries through regulation of gene expression and protein 

signaling is important for meristem initiation, maintenance, and function; and many 

genes involved in boundary formation restrict expression of class 1 KNOX genes. In 

Arabidopsis, CUP-SHAPED COTYLEDON (CUC) genes, CUC1, CUC2, and CUC3 are 

expressed early in the region between cotyledons, where the SAM develops, and later in 

the SAM itself, where they establish boundaries between meristem tissue and newly 

forming leaf primordia (Raman et al., 2008; Vroemen et al., 2003). CUC genes encode 

NO APICAL MERISTEM/Arabidopsis thaliana activating factor 1 and 2/CUP SHAPED 

COTYLEDON 2 (NAC) domain transcription factors that are important for boundary 

formation in various tissues. Boundary formation is important for meristem initiation, and 

like stm mutants, cuc1 cuc2 double mutants do not form a SAM and do not survive past 

embryogenesis (Aida et al., 1997). Moreover, the KNOX gene STM is not expressed in 

cuc1 cuc2 double mutants, indicating that CUC1 and CUC2 induce STM expression, and 

STM, in turn, is required for proper spatial expression of CUC1 and CUC2 (Aida et al., 

1999; Takada et al., 2001). All three CUC genes in Arabidopsis are somewhat 

functionally redundant, but CUC2 and CUC3 play additional roles in initiation of axillary 

meristems and leaf patterning (Blein et al., 2008; Nikovics et al., 2006; Raman et al., 

2008). Besides CUC proteins, other transcription factors, like ASYMMETRIC LEAVES 

1 (AS1) and BLADE-ON-PETIOLE 1 (BOP1) and BOP2 are important for regulating 

KNOX gene expression and establishing and maintaining boundaries in meristems and 

other tissues (Khan et al., 2012; Ori et al., 2000). 
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Hormone signaling is also important for formation of boundaries and meristem 

maintenance and function. For example, functional meristems maintain low levels of 

gibberellin (GA) and relatively high levels of cytokinins (CK). Class 1 KNOX genes have 

been shown to inhibit expression of GA20 oxidases, enzymes necessary for GA 

biosynthesis, and induce expression of GA2 oxidases, enzymes that deactivate GA, in 

several species (Bolduc and Hake, 2009; Hay et al., 2002; Jasinski et al., 2005; Sakamoto 

et al., 2001). Cytokinin biosynthesis, on the other hand, is induced by KNOX proteins, 

and like KNOX proteins, cytokinins repress GA levels by enhancing expression of GA2 

oxidases (Jasinski et al., 2005). The most important function of meristems is to initiate 

new organ primordia, like leaves and axillary meristems, and auxin is required for this 

function. Auxin maxima form in the SAM at sites where new organ primordia initiate, 

and mutations in genes that affect auxin transport result in various abnormalities, like the 

inability to establish axillary meristems in inflorescences, as seen in pin-formed and 

pinoid mutants in Arabidopsis and barren mutants in maize (Friml et al., 2004; 

Gälweiler, 1998; McSteen and Hake, 2001; McSteen et al., 2007; Ritter et al., 2002). 

Lateral Organ initiation and Patterning 

As previously mentioned, the most important function of meristems is to initiate 

new organs that make up the shoot, and establishment and maintenance of boundaries in 

the SAM are important for establishment of new organ primordia. In Arabidopsis, proper 

expression of the boundary genes CUC2 and CUC3 are important for proper lateral organ 

initiation and patterning. Development of lateral branches is impaired in cuc2 cuc3 

double mutants, and overexpression of miR164 in these mutants nearly abolishes AXM 
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initiation. Expression of LATERAL SUPPRESSOR (LAS), a gene required for AXM 

initiation, is reduced in cuc2 cuc3 mutants and nearly absent in cuc2 cuc3 mutants 

overexpressing miR164, which is the likely reason that mutants have impaired lateral 

branching (Raman et al., 2008). On the other hand, mir164 mutants form accessory 

axillary buds in leaf axils and have increased LAS expression, indicating that CUC2, 

CUC3, miR164, and LAS all cooperate in AXM initiation in Arabidopsis. LAS, tomato 

LATERAL SUPPRESSOR (LS), and rice MONOCULM1 (MOC1) are orthologous genes 

that encode nuclear GRAS family proteins necessary for AXM initiation (Greb et al., 

2003; Li et al., 2003; Schumacher et al., 1999).  

Some genes influence both vegetative and reproductive axillary meristem 

development. For example, orthologous genes rice LAX PANICLE1 (LAX1) and maize 

BARREN STALK1 (BA1) are required for vegetative and reproductive AXM initiation 

(Komatsu et al., 2003; Oikawa and Kyozuka, 2009). BA1 and LAX1 encode basic helix-

loop-helix (bHLH) transcription factors expressed in boundaries between organs, in leaf 

axils, and in newly forming AXM (Gallavotti et al., 2004; Oikawa and Kyozuka, 2009). 

Maize ba1 and rice lax1 mutants are defective in both vegetative and inflorescence 

branching, and lax1 moc1 double mutants have an additive phenotype with more severely 

reduced branching (Oikawa and Kyozuka, 2009).  BA1 acts downstream of and is a direct 

target of the protein kinase BIF2, a PINOID ortholog important for polar auxin transport 

(Skirpan et al., 2008, 2009). Like ba1 mutants, bif2 are defective in both vegetative and 

inflorescence branching (Ritter et al., 2002). Barley low tillering mutants, like uniculm2 
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(cul2) and absent lower laterals (als), also have abnormal inflorescence branching (Babb 

and Muehlbauer, 2003; Dabbert et al., 2009). 

Some genes important for forming and maintaining boundaries are important for 

leaf patterning in addition to their role in axillary meristem initiation.  For example 

CUC2 in Arabidopsis and NAC domain transcription factors in other species, like 

GOBLET (GOB) in tomato, regulate leaf margin patterning and are negatively regulated 

by miR164 (Berger et al., 2009; Nikovics et al., 2006). Some genes involved in lateral 

branching in barley are also involved in leaf patterning. For example, ligules, strips of 

epidermal tissue that form at the blade-sheath boundary of many grass leaves, are absent 

or reduced in uniculme 4 (cul4) low tillering mutants (Tavakol et al., 2015). Strong 

eligulum-a mutant alleles also cause a low tillering phenotype and loss of both ligules and 

auricles, flaps of tissue that form at leaf margins of the blade-sheath boundary (Okagaki 

et al., 2018). 

Development of Lateral Branches in Plants 

Shoot development occurs continuously throughout the life of a plant in repeating, 

stacked units called phytomers, which in barley consist of an upper and lower half-node 

separated by a portion of stem called an internode, with leaf primordia developing on the 

upper half-node and axillary buds (AXB) and root initials developing on the lower half-

node (Forster et al., 2007). The SAM is located at the growing tip of the main shoot, and 

eventually it develops into an inflorescence meristem during transition from vegetative to 

reproductive development, forming specialized phytomers that make up the inflorescence 
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(Sussex, 1989). Axillary meristems (AXM) are located at the tips of AXB. Like the 

SAM, AXM consist of pluripotent cells that can divide and differentiate to form 

phytomers that make up lateral shoots, and they can also develop into inflorescence 

meristems to form inflorescences during reproductive growth (Sussex, 1989). 

Environmental and endogenous factors influence lateral branch development 

primarily through hormonal signaling. Although auxin is required for AXM initiation, 

high concentrations of auxin inhibit internode elongation in the AXB. Internode 

elongation has been correlated with auxin transport out of AXB through PINFORMED 

(PIN) proteins, auxin efflux carriers that localize to the cell membrane (Balla et al., 2011; 

Prusinkiewicz et al., 2009). Under the canalization model of auxin transport, polarized 

auxin transport from the source (shoot apex) to the sink (roots) through the stem is 

regulated by sink strength (Balla et al., 2011; Müller and Leyser, 2011; Prusinkiewicz et 

al., 2009; Sauer et al., 2006). In plants that exhibit apical dominance, the sink strength is 

weak, which prevents transport of auxin out of AXB into the stem. Removal of the shoot 

apex in pea increased sink strength, triggering polarization of PINs in AXB, auxin efflux 

from AXB, and subsequent AXB outgrowth (Balla et al., 2011).  

Strigolactones are also hormones that inhibit AXB internode elongation. In 

Arabidopsis, they are synthesized in the roots by enzymes encoded by MORE AXILLARY 

GROWTH (MAX) genes and then transported acropetally to AXB (Gomez-Roldan et al., 

2008). Arabidopsis max1 mutants have increased axillary branching associated with 

increased expression of PIN1 and increased auxin transport (Bennett et al., 2006; 

Shinohara et al., 2013). This increased branching phenotype is dependent on the 
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overexpression of PIN1, as max1/pin1 double mutants exhibit fewer lateral branches 

(Bennett et al., 2006). Based on these results, it is possible that strigolactones inhibit 

internode elongation by inhibiting transcription of PIN genes, preventing auxin efflux out 

of AXB. Strigolactones may also induce expression of orthologous transcription factors 

maize TEOSINTE BRANCHED 1 (TB1), rice FINE CULM1 (FC1), and Arabidopsis 

BRANCHED1, which act downstream of strigolactones to inhibit internode elongation 

(Aguilar-Martínez et al., 2007; Doebley et al., 1995; Finlayson, 2007; Minakuchi et al., 

2010). 

Unlike auxin and strigolactones, cytokinins are hormones that promote AXB 

outgrowth. However, the exact way in which they promote it is unknown. In pea, 

applying cytokinins externally to dormant axillary buds promotes outgrowth, while 

increasing the amount of auxin in adjacent stems. The specific cytokinin that released the 

most buds from dormancy also resulted in the most auxin accumulation in adjacent stem, 

indicating that internode elongation is dependent on auxin accumulation (Li and 

Bangerth, 2003). Inducing overexpression of cytokinins in young transgenic Arabidopsis 

plants rapidly resulted in increased auxin biosynthesis in the shoot apex and roots (Jones 

et al., 2010). Under the canalization model, increasing cytokinin-regulated auxin 

biosynthesis in axillary buds could increase their sink strength, allowing them to export 

auxin into the stem to escape dormancy (reviewed in Müller and Leyser, 2011).  

Development of Tillers in Barley 
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The phytomer structure of barley and other grasses differ somewhat from other 

plants in that the axillary buds of some early-forming phytomers can develop into 

modified lateral shoots called tillers. Tillers are different from other types of lateral 

shoots in that they are located near the base of the plant because internodes of tiller 

forming phytomers do not elongate. They can also develop root systems independent of 

the main shoot because root initials of tiller forming phytomers can develop into nodal or 

adventitious roots. Phytomers in barley and some grass species also differ from many 

other plant species in that AXB development is typically suppressed in the phytomers 

with elongated internodes that make up the culm or stem. 

Tillering in barley begins during seedling development. New AXB develop 

adjacent to the internode, covered by the leaf sheath of the previously formed phytomer. 

Typically, two AXB are already formed in mature embryos, one that formed in the axil of 

the coleoptile (T0 AXB) and another that formed in the axil of the first leaf (T1 AXB) 

(Kirby and Applegate, 1981). The first tiller is usually visible when seedlings have three 

leaves, and most spring barley lines continue to produce tillers for approximately two 

weeks after the first tiller emerges (Anderson et al., 2013). Plants can develop primary, 

secondary, and, in some cases, tertiary (and beyond) tillers, which develop from SAM-

derived, primary tiller AXM-derived, and secondary tiller AXM-derived tissue, 

respectively (Kirby and Applegate, 1981). The number of tillers that develop depends 

upon the genotype and environmental conditions, and cessation of tillering usually 

coincides with the onset of stem elongation (Anderson et al., 2013; Miralles and 

Richards, 2000). Some tillers will develop grain-bearing inflorescences called spikes, 
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while other tillers die or fail to form spikes; and, like tiller number, the proportion of 

tillers that survive and develop spikes depends on the genotype and environmental 

conditions (Anderson et al., 2013). 

Tillering is influenced by many different environmental variables. Many studies 

have demonstrated that more tillers develop when there is sufficient availability of water, 

light, and nutrients; and their development is inhibited when any of these factors is 

limited (Aspinall, 1961, 1963; Aspinall et al., 1964; Davis and Simmons, 1994; Fletcher 

and Dale, 1974; Skinner and Simmons, 1993). Planting density can affect tiller number as 

well because it influences the amount of resources available to individual plants (Kirby 

and Faris, 1972; Simmons et al., 1982). Tiller number is also influenced by temperature; 

for example, García del Moral and García del Moral (1995) observed that tillering is 

inhibited by high temperature. Photoperiod also influences tiller number by influencing 

the duration of the vegetative growth phase. Though photoperiod sensitivity in barley 

varies, in general, barley is considered a long-day plant and flowers in response to long 

photoperiods (> 12 hours of daylight). Miralles and Richards (2000) demonstrated that 

tiller number is inversely related to photoperiod. Tiller number increased as photoperiod 

decreased, due to delayed flowering and a longer vegetative growth period, and tillering 

rate increased as photoperiod decreased. 

Functional genetics of tillering has been characterized in several low and high 

tillering mutants. To date five tillering genes have been isolated: JUBEL2, UNICULME4 

(CUL4), ELIGULUM-A (ELI-A), MANY NODED DWARF (MND), and INTERMEDIUM-

C (INT-C) (Table 1-1). JUBEL2 encodes a BEL-like homeodomain transcription factor 
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orthologous Arabidopsis BELLRINGER (BLR) and is mutated in the low tillering mutant 

low number of tillers 1 (lnt1) (Dabbert et al., 2010). CUL4 encodes a BROAD 

COMPLEX, TRAMTRACK, BRIC-À-BRAC (BTB)-ankyrin domain containing protein 

homologous to Arabidopsis thaliana BLADE-ON-PETIOLE 1 (BOP1) and BOP2, and 

cul4 mutants produce very few primary tillers and no secondary tillers (Tavakol et al., 

2015). The eli-a mutant, was identified as a suppressor of the uniculm2 (cul2) mutant 

phenotype (Okagaki et al., 2018). Typically, cul2 mutants do not produce any tillers, but 

when crossed with mutants containing strong eli-a alleles, they developed at least one 

tiller. ELI-A encodes a conserved protein that may be a transposon, and, despite their 

ability to inhibit the cul2 mutant phenotype, single mutants with strong eli-a alleles are 

low tillering and typically produce about half as many tillers as non-mutants (Okagaki et 

al., 2018). Unlike the other three genes, mutation of INT-C and MND result in high 

tillering phenotypes. INT-C is an ortholog of the branching inhibitor maize TB1 and a 

member of the TB1, CYCLOIDEA (CYC), PROLIFERATING CELL NUCLEAR 

ANTIGEN FACTOR1/2 (TCP) family of transcription factors, and loss-of-function 

mutants have a moderate high tillering phenotype (Ramsay et al., 2011). MND encodes a 

cytochrome P450 in the CYP78A family homologous to rice PLASTOCHRON1 (PLA1), 

and pla1 mutants have a similar phenotype as mnd mutants (Mascher et al., 2014). 

 Many uniculm and low tillering mutant phenotypes are epistatic to high tillering 

phenotypes. These epistatic interactions are apparent when different low tillering and 

uniculm mutants, like absent lower laterals (als) and cul2, are crossed with different high 

tillering mutants like granum-a (gra-a) and mnd1. In all cases hybrid plants have a low 
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tillering or uniculm phenotype, probably due to the inability of some uniculm or low 

tillering plants to initiate or maintain AXMs and/or AXBs (Babb and Muehlbauer, 2003; 

Dabbert et al., 2009; Okagaki et al., 2013). Crossing the low tillering mutants lnt1 and als 

with another low tillering mutant intermedium-b resulted in a more severe uniculm 

phenotype, suggesting the possibility that two independent pathways may control tiller 

development (Dabbert et al., 2009, 2010).  

 By comparing gene expression of tillering mutants and non-mutant progenitor 

lines, differentially expressed genes were identified that may be involved in axillary 

growth. Many of the genes upregulated in low-tillering mutants are involved in stress and 

defense related responses, like production of reactive oxygen species, glutathione 

synthesis, and calcium signaling (Dabbert et al., 2009; Okagaki et al., 2013). Many of 

these stress and defense related responses have also been shown to be involved in 

embryogenesis and organ development (reviewed in Beveridge et al., 2007). 

In addition to the previously discussed exogenous and endogenous factors that 

influence tillering in barley, pleiotropic effects of photoperiod response and spike 

morphology also influence tillering. Pleiotropic effects of photoperiod sensitivity and 

spike morphology on tillering were observed before any of the genes influencing these 

traits were elucidated.  For example, Guitard (1960) observed that initiation of tillering 

occurred earlier in an early flowering line as photoperiod increased, while it was delayed 

in a late flowering line; and Kirby and Riggs (1978) demonstrated that barley with two-

row spike morphology (2-rows) developed more tillers than barley with six-row spike 

morphology (6-rows). Today, many genes and genetic pathways underlying photoperiod 
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sensitivity and spike morphology in barley have been identified and described (Table 1-

1); and differences in tillering have been described between lines carrying different 

alleles of the most influential genes. For example, studies have shown that lines carrying 

a dominant allele of PHOTOPERIOD-H1 (PPD-H1), a major regulator of photoperiod 

response in barley, flowered earlier and had fewer tillers than lines with the recessive 

allele (Alqudah et al., 2016; Karsai et al., 1999); and 2-rows carrying the functional allele 

of SIX-ROWED SPIKE 1 (VRS1), had more tillers than 6-rows with the non-functional 

allele (Alqudah and Schnurbusch, 2014; Liller et al., 2015). PPD-H1 and VRS1 are also 

common candidate genes for quantitative trait loci (QTL) associated with tillering 

(Alqudah et al., 2016; Karsai et al., 1997; Laurie et al., 1994; Nice et al., 2017). 

To date, most of the genes implicated in circadian clock and photoperiod response 

in barley have been previously identified and characterized in other species, especially in 

the model long day plant Arabidopsis thaliana. Perception of circadian rhythms by clock 

genes is important for many different processes in plants, including flowering. Campoli et 

al. (2012a) identified barley genes that were likely orthologs of Arabidopsis clock genes 

based on diurnal and circadian expression, and showed that variation in PPD-H1, an 

ortholog of the Arabidopsis clock gene PSEUDO RESPONSE REGULATOR 7, did not 

influence expression of clock genes but did influence expression of genes that induce 

flowering. Genetic pathways that induce flowering have also been well characterized in 

Arabidopsis, and, like clock genes, the major players appear to be conserved in barley. 

Barley lines carrying the photoperiod sensitive PPD-H1 allele had elevated expression 

levels of VERNALIZATION-H3 (VRN-H3), an ortholog of Arabidopsis FLOWERING 
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LOCUS T (FT) (Campoli et al., 2012a; Turner et al., 2005). In Arabidopsis, CONSTANS 

(CO) activates FT transcription under long days. CO is a zinc finger transcription factor 

containing a CO, CO-LIKE, and TIMING OF CAB EXPRESSION 1 (CCT) domain, and 

its transcription is activated under long days by the clock proteins GIGANTEA (GI) and 

FLAVIN KELCH F BOX 1 (FKF1), a ubiquitin ligase with a light-sensing chromophore 

(reviewed in Andrés and Coupland, 2012). FT is expressed in leaves where light signals 

are perceived, and its protein product is transported through phloem to the SAM where it 

forms a hetero-hexameric flowering activation complex (FAC) with FLOWERING 

LOCUS D (FD), a basic leucine zipper (bZIP) transcription factor, and 14-3-3 proteins. 

The FAC activates transcription of floral meristem identity genes like FRUITFUL (FUL), 

LEAFY (LFY), and APETALA 1 (AP1) (reviewed in Andrés and Coupland, 2012). In 

addition to having elevated VRN-H3 expression, barley lines with a photoperiod 

responsive PPD-H1 allele had elevated expression of other genes that induce flowering, 

like HvCO-like 1 (HvCO1) and HvCO2 and the AP1 ortholog VRN-H1. Circadian clock 

and flowering genes previously characterized in barley are summarized in Table 1-1. 

Lateral spikelet fertility in barley influences tiller number, most likely by 

affecting resources available for tiller development (Liller et al., 2015). Barley spikelets 

contain three florets, one central and two lateral. In barley with 2-row spike morphology, 

the ancestral state, the central floret is fertile and develops into a grain, while the two 

lateral florets are infertile and do not develop into grains; whereas in 6-rows, all three 

florets are fertile and develop into grains. In general, 6-rows produce more seeds on 

average than 2-rows, and they also produce fewer tillers and have wider leaves (Alqudah 
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et al., 2016; Liller et al., 2015; Pasam et al., 2012). Spike row-type is primarily 

determined by variation in VRS1, which encodes a homeodomain leucine zipper protein 

(Komatsuda et al., 2007; Sakuma et al., 2017), or VRS4, which encodes an ortholog of the 

maize transcription factor RAMOSA2 (Koppolu et al., 2013); and loss-of-function 

mutation of either gene is sufficient to cause a 6-row spike type. Both of these genes 

probably encode inhibitors of lateral floret differentiation based on mutant phenotypes 

and localization and timing of mRNA expression. Both are expressed in lateral florets at 

the glume primordia stage (Waddington Stage 2.5) (Komatsuda et al., 2007; Koppolu et 

al., 2013; Sakuma et al., 2017), which occurs when plants have 3.5-6 leaves and are 

actively developing tillers (Anderson et al., 2013; Digel et al., 2015; Waddington et al., 

1983). Variation in several other genes besides VRS1 and VRS4, like INT-C (Ramsay et 

al., 2011) and VRS3 (Bull et al., 2017; van Esse et al., 2017), also influence spike row-

type and/or inflorescence morphology and are summarized in Table 1-1. 

The overall goal of the following two chapters was to add to the current body of 

knowledge about tiller development in barley. In the second chapter, we grew and 

measured various traits in a large number of lines that allowed us to characterize 

relationships between tillering and other traits. We also identified natural genetic 

variation that could potentially be useful for optimizing tiller number or morphology. In 

the third chapter, we analyzed gene expression in SAM and AXM to identify sets of 

genes that are likely important for meristem development in barley. We also identified 

sets of genes with higher expression in AXM that may be specifically important for AXM 

or tiller development. Both studies have generated new information regarding genetic 
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control of tiller development in barley and may be useful for improving shoot 

architecture. 
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Table 1-1. Genomic locations of genes and mutants related to tiller development, photoperiod sensitivity, circadian clock, and spike row 
morphology in barley (Chr: Chromosome, Pos: Position). 

Gene ID Gene/Mutant Name Protein Annotation Chr 
Gene/ 

Interval  
Start (bp) 

POPSEQ  
Pos (cM) References 

Tillering Genes 

HORVU2Hr1G011730 ELIGULUM-A (ELI-A) Putative transposon with RNase H 
domain 2 24295416 15.52 (Okagaki et al., 2018) 

Not applicable (NA) many noded dwarf1 (mnd1) NA 2 100641977 52.61- 
56.77 (Druka et al., 2011) 

NA absent lower laterals (als) NA 3 601474414 86.44- 
109.61 (Druka et al., 2011) 

HORVU3Hr1G085720 JUBEL2 BEL1-like homeodomain 
transcription factor 3 613897933 92.71 (Dabbert et al., 2010) 

HORVU3Hr1G106880 UNICULME4 (CUL4) 
BLADE-ON-PETIOLE (BOP) 
1/2-like BTB-ankyrin repeat 
containing protein 

3 671495852 137.71 (Tavakol et al., 2015) 

HORVU4Hr1G007040 INTERMEDIUM-C (INT-C) 
TCP transcription factor 
(TEOSINTED-BRANCHED1 
ortholog) 

4 17599033 32.04 (Ramsay et al., 2011) 

HORVU5Hr1G081060 MANY NODED DWARF 
(MND) Cytochrome P450 5 562934361 97.09 (Mascher et al., 2014) 

NA uniculm2 (cul2) NA 6 423193924 60.19- 
60.72 

(Druka et al., 2011; 
Okagaki et al., 2013) 

NA granum-a (gra-a) NA 7 636617013 126.2 (Druka et al., 2011) 
Circadian Clock and Flowering Genes 

HORVU1Hr1G076430 PHOTOPERIOD-H2 (PPD-
H2) FLOWERING LOCUS T-like 1 514098182 94.01 (Faure et al., 2007; 

Laurie et al., 1995) 

HORVU1Hr1G094980 praematurum.a-8 (mat.a-8)/ 
early maturity 8 (eam8) 

EARLY FLOWERING3-like, 
Nuclear protein involved in 
phytochrome B signaling 

1 556900385 132.54 (Boden et al., 2014) 
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HORVU2Hr1G013400 PHOTOPERIOD-H1 Two-component pseudo response 
regulator 2 29123785 19.15 (Turner et al., 2005) 

HORVU2Hr1G023180 FLOWERING LOCUS T 4-
like (FT4) FLOWERING LOCUS T-like 2 68833704 47.46 (Faure et al., 2007) 

HORVU2Hr1G063800 MADS8 APETALA1-like MADS box 
transcription factor 2 432051592 58.76 (Kobayashi et al., 2012; 

Schmitz et al., 2000) 

HORVU2Hr1G072750 CENTRORADIALIS (CEN) Phosphatidylethanolamine-
binding protein 2 523377523 58.7 (Comadran et al., 2012) 

HORVU2Hr1G085910 CONSTANS 4-like (CO4) Transcription factor with a CCT 
domain 2 620631167 65.61 (Griffiths et al., 2003) 

HORVU3Hr1G021140 GIGANTEA (GI) Nuclear protein involved in 
phytochrome B signaling 3 67421434 45.8 (Russell et al., 2016) 

HORVU3Hr1G027590 FLOWERING LOCUS T 2-
like (FT2) FLOWERING LOCUS T-like 3 119252011 45.5 (Russell et al., 2016) 

HORVU3Hr1G079640 FLOWERING LOCUS D 4-
like (FDL4) bZIP transcription factor 3 584357437 76.45 (Li et al., 2015) 

HORVU3Hr1G086000 
LUX ARRHYTHMO-like 
(LUX)/ 
early maturity 10 (eam10) 

Myb family transcription factor 3 615106969 92.71 (Campoli et al., 2013) 

HORVU4Hr1G021010 
PSUEDO RESPONSE 
REGULATOR 59-like 
(PRR59) 

Two-component pseudo response 
regulator 4 105940577 51.3 (Campoli et al., 2012a) 

HORVU4Hr1G039300 
FLAVIN-BINDING, KELCH 
REPEAT, F-BOX 1-like 
(FKF1)  

Flavin-Binding, Kelch Repeat, F-
Box protein 4 300696992 52.5 (Calixto et al., 2015) 

AK361423†† FLOWERING LOCUS D 5-
like (FDL5) bZIP transcription factor 4 427458289 51.51 (Li et al., 2015) 

HORVU4Hr1G090390 FLOWERING LOCUS T 5-
like (FT5) FLOWERING LOCUS T-like 4 645064417 116.98 (Faure et al., 2007) 

HORVU5Hr1G060000 EARLY FLOWERING 4-like 
(ELF4) 

Nuclear protein involved in 
phytochrome B signaling 5 469024048 48.4 (Russell et al., 2016) 

HORVU5Hr1G081620 
PSUEDO RESPONSE 
REGULATOR 95-like 
(PRR95) 

Two-component pseudo response 
regulator 5 565156282 97.1 (Calixto et al., 2015) 



21 
 

HORVU5Hr1G095630 VERNALIZATION-H1 (VRN-
H1) MADS box transcription factor 5 599122941 126.01 (Fu et al., 2005) 

HORVU6Hr1G022330 ZEITLUPEb (ZTLb) F-box protein, part of SCF 
complex that degrades TOC1 6 70576253 49.32 (Calixto et al., 2015) 

HORVU6Hr1G057630 

TIMING OF 
CHLOROPHYLL A/B 
BINDING PROTEIN 1 
(TOC1) 

Two-component pseudo response 
regulator 6 374866560 55.4 (Calixto et al., 2015) 

MLOC_75496† CONSTANS 2-like (CO2) Transcription factor with a CCT 
domain 6 504463498 68.23 (Calixto et al., 2015) 

HORVU7Hr1G024610 VERNALIZATION-H3 (VRN-
H3) FLOWERING LOCUS T-like 7 39679905 33.67 (Yan et al., 2006) 

HORVU7Hr1G043030 CONSTANS 1-like (CO1) Transcription factor with a CCT 
domain 7 127667781 67.91 (Calixto et al., 2015) 

HORVU7Hr1G070870 LATE ELONGED 
HYPOCOTYL-like (LHY) Myb family transcription factor 7 385861846 70.8 

(Campoli et al., 2012a; 
Ford et al., 2016; 
Russell et al., 2016) 

HORVU7Hr1G099010 ZEITLUPEa (ZTLa) F-box protein, part of SCF 
complex that degrades TOC1 7 599452510 97.3 (Calixto et al., 2015) 

Spike Morphology Genes 

HORVU1Hr1G051010 SIX-ROWED SPIKE 3 
(VRS3) Histone demethylase 1 378411487 49.02 (van Esse et al., 2017) 

HORVU2Hr1G092290 SIX-ROWED SPIKE 1 
(VRS1) 

Homeodomain leucine zipper 
protein 2 652031057 80.22 (Komatsuda et al., 

2007) 

HORVU2Hr1G113880 ZEOCRITON (ZEO) 
APETALA2-like ethylene-
responsive element binding 
protein 

2 730026693 127.08 (Houston et al., 2013) 

HORVU3Hr1G016690 SIX-ROWED SPIKE 4 
(VRS4) 

RAMOSA2-like lateral organ 
boundary (LOB) domain protein 3 40939171 41.71 (Koppolu et al., 2013) 

MLOC_61451.6†† laxatum-a (lax-a) BOP1/2-like BTB-ankyrin repeat 
containing protein 5 332395826 44.09 (Jost et al., 2016) 
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HORVU5Hr1G061840 
DENSE AND ERECT 
PANICLE 1 (DEP1)/ 
Breviaristatum-e (ari-e) 

DEP1/ari-e 5 482214542 53.36 (Huang et al., 2009) 

NA intermedium-b (int-b) NA 5 556603279 91- 
139.11 (Druka et al., 2011) 

NA intermedium-m (int-m) NA 5 640705320 150.7- 
158.23 (Druka et al., 2011) 

Hormone Signaling Genes 

HORVU1Hr1G060810 
GA INSENSITIVE DWARF 1 
(GID1)/ 
GA SENSITIVITY 1 (GSE1)  

α subunit of a GTP-binding 
protein 1 441473715 57.4 (Chandler et al., 2008) 

HORVU3Hr1G068000 
semi-brachytic (uzu)/ 
BRASSINOSTEROID-
INSENSITIVE 1 (BRI1) 

Leucine-rich repeat receptor-like 
kinase 3 516134759 58.34 (Chono et al., 2003) 

HORVU3Hr1G089980 GIBBERELLIN 20-OXIDASE 
3-like (GA20-OX3) 

Gibberellin 20-oxidase (GA 
biosynthesis) 3 630544688 104.41 (Xu et al., 2017) 

HORVU3Hr1G090980 
semidwarf 1 (sdw1)/denso/ 
GIBBERELLIN 20-OXIDASE 
2-like (GA20-OX2) 

Gibberellin 20-oxidase (key gene 
in GA biosynthesis) 3 634077597 108.74 (Jia et al., 2015; Xu et 

al., 2017) 

HORVU4Hr1G006930 SLENDER1 (SLN1) GRAS family transcription factor 
(repressor of GA signaling) 4 16668801 32.04 (Chandler et al., 2002) 

AK363454† DWARF14 (D14) Strigolactone esterase (conversion 
of strigolactone to bioactive form) 4 573727760 66.71 (Marzec et al., 2016) 

HORVU7Hr1G003090 GA-RESPONSIVE DWARF 5 
(GRD5)  

CYP88A cytochrome P450, ent-
kaurenoic acid oxidase (GA 
biosynthesis) 

7 5917105 8.76 (Helliwell et al., 2001) 

HORVU7Hr1G008720 BRACHYTIC 1 (BRH1) α subunit of heterotrimeric G 
protein (GA signaling) 7 11332545 8.76 (Ito et al., 2017) 

†Aligned to 2016 high confidence gene but gene was annotated improperly 
††Did not align well to a 2016 high or low confidence gene, but did align well to expected 2016 pseudomolecule. 
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Chapter 2. Tiller development in barley is primarily associated with 
plant fitness, heading date, and spike row-type 
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Synopsis 

In barley (Hordeum vulgare L.), lateral branches called tillers contribute to grain 

yield and define shoot architecture. To examine relationships between tiller development 

(tillering) and other traits, we grew 761 lines from the USDA National Small Grains Core 

Collection, genotyped using genotyping-by-sequencing (GBS) and a 50K SNP array, and 

collected data over three years for weekly tiller number, productive tiller number (tillers 

with grain bearing spikes), days to heading (heading), and traits relating to vegetative and 

inflorescence development. Across the three years, productive tiller number varied with 

plant fitness, indicating fitness is a major driver of tiller survival.  Analyses using subsets 
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of lines based on spike row-type (2-row and 6-row) and PHOTOPERIOD-H1 genotype 

(Ppd-H1 and ppd-H1) confirmed that spike row-type and photoperiod response are 

correlated with tillering, but the extent and timing depended on environment and genetic 

background. Evidence also suggested minor trade-offs between tiller number and other 

vegetative traits. Thirty-three quantitative trait loci (QTL) were associated with tillering 

in 2014 and 2015. Of these, ~40% overlapped QTL associated with heading and ~22% 

overlapped QTL associated with spike row-type. Only four tillering QTL were identified 

in both years, and the QTL that explained the most variance in each year, one 

overlapping PPD-H1 in 2014 and one on 3H at 135.4 cM in 2015, were not identified in 

both years. Results suggest that tillering is mainly influenced by environment, primarily 

through its effect on plant fitness, and by pleiotropic influences of heading and spike 

row-type. 
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Introduction 

Grasses form modified lateral branches called tillers that develop from axillary 

meristems (AXM) located in leaf axils near the base of the plant. Barley shoot 

architecture is largely defined by the number and vigor of tillers, which are often 

indistinguishable from the main shoot, and, like the main shoot, usually form grain-

bearing inflorescences called spikes that contribute to grain yield. Historically, modifying 

shoot architecture has been beneficial for improving crop yield. For example, 

introduction of semi-dwarfing genes in economically important grasses like wheat 

(Flintham et al., 1997; Rebetzke and Richards, 2000), rice (Sasaki et al., 2002; 

Spielmeyer et al., 2002), and barley (Mickelson and Rasmusson, 1994; Saisho et al., 

2004) has increased grain yield by decreasing stem lodging and, in some cases, 

increasing the proportion of photosynthetic assimilates allocated to grain production. 

Breeding for more erect leaves to allow for denser planting (Nan Su San et al., 2018; 

Sakamoto et al., 2006; Truong et al., 2015) and improving inflorescence morphology 

through increasing the number and/or size of seeds (Heng et al., 2018; Tang et al., 2017), 

two other important aspects of shoot architecture, have also been shown to enhance grain 

yield in grasses. In barley, tillers contribute directly to grain yield and are a defining 

component of shoot architecture; however, merely increasing tiller number may not 

increase grain yield because, as some studies suggest, it may negatively impact other 

traits, like seed number and weight, stem diameter, and lodging severity (Benbelkacem et 

al., 1984; Simmons et al., 1982; Stoskopf and Reinbergs, 1966). Therefore, a 

comprehensive understanding of the genetic basis of shoot architecture and potential 
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trade-offs with other agronomic traits is important for altering barley shoot architecture 

for increased grain yield. 

Tiller number is a complex trait influenced by many environmental variables, 

including water availability, soil waterlogging, nutrient availability, planting density, 

temperature, photoperiod (Aspinall, 1961, 1963; Aspinall et al., 1964; Davis and 

Simmons, 1994; Fletcher and Dale, 1974; Kirby and Eisenberg, 1966; Kirby and Faris, 

1972; Miralles, 2000; de San Celedonio et al., 2014; Simmons et al., 1982; Skinner and 

Simmons, 1993), and by variation in genes that are likely involved in development, 

hormone signaling, and stress response. Tillering has been previously characterized in 

various high and low tillering barley mutants. For example, many noded dwarf (mnd) 

(Mascher et al., 2014) and intermedium-c (int-c) (Ramsay et al., 2011) mutants produce 

high tiller numbers; while uniculm2 (cul2) (Babb and Muehlbauer, 2003; Okagaki et al., 

2013), uniculme4 (cul4) (Tavakol et al., 2015), low number of tillers1 (lnt1) (Dabbert et 

al., 2010), and absent lower laterals (als) (Dabbert et al., 2009) are all mutants that 

produce very few or no tillers. To date, several genes implicated in barley tillering have 

been isolated including: JUBEL2 (Dabbert et al., 2010), INT-C (Ramsay et al., 2011), 

CUL4 (Tavakol et al., 2015), MND4/6 (Mascher et al., 2014), and ELIGULUM-A 

(Okagaki et al., 2018). With the exception of INT-C (Ramsay et al., 2011), which encodes 

the barley ortholog of maize TEOSINTE BRANCHED 1, none of these loci are orthologs 

of genes shown to influence lateral branching in other species.  

In addition to being influenced by environment and different genetic loci, tillering 

is also pleiotropically influenced by photoperiod sensitivity and spike row-type (Alqudah 
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and Schnurbusch, 2014; Alqudah et al., 2016; Liller et al., 2015; Turner et al., 2005), and, 

consequently, several candidate genes identified for quantitative trait loci (QTL) 

associated with tillering have been shown to influence photoperiod sensitivity or spike 

row-type (Alqudah et al., 2016; Karsai et al., 1997; Laurie et al., 1995; Naz et al., 2014; 

Nice et al., 2017; Wang and Chee, 2010). Barley plants containing a dominant 

PHOTOPERIOD-H1 allele (Ppd-H1) are typically photoperiod sensitive and flower in 

response to long days, and plants with a recessive ppd-H1 allele are typically photoperiod 

insensitive (Digel et al., 2015; Turner et al., 2005). Photoperiod sensitivity in barley is 

also influenced by variation in other genes, including VERNALIZATION-H3 (VRN-H3) 

(Faure et al., 2007; Loscos et al., 2014; Yan et al., 2006), CENTRORADIALIS (HvCEN) 

(Comadran et al., 2012), VRN-H1 (Loscos et al., 2014; Zitzewitz et al., 2005), and several 

CONSTANS-like genes (Campoli et al., 2012b; Mulki and von Korff, 2016). Photoperiod 

sensitivity impacts tiller number through influencing the timing and duration of shoot 

elongation, as tillering typically stops shortly after shoot elongation begins (García del 

Moral and García del Moral, 1995; Miralles, 2000). Spike row-type also pleiotropically 

influences tiller number. Barley spikelets contain three florets, one central and two 

lateral, all of which are fertile and produce seeds in six-row barley (6-rows); whereas in 

two-row barley (2-rows) only the central floret is fertile. As a consequence of lateral 

spikelet fertility, 6-rows produce more, often smaller seeds than 2-rows, and they also 

tend to produce fewer tillers and have wider leaves (Alqudah and Schnurbusch, 2014, 

2015; Liller et al., 2015). Spike row-type is primarily determined by variation in SIX-

ROWED SPIKE 1 (VRS1), which encodes a homeodomain leucine zipper protein 
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(Komatsuda et al., 2007), or VRS4, which encodes an ortholog of the maize transcription 

factor RAMOSA2 (Koppolu et al., 2013), both of which are inhibitors of lateral spikelet 

development. Plants with dominant VRS1 or VRS4 alleles are typically 2-rows, whereas 

plants with recessive alleles are typically 6-rows. Variation in other genes also influence 

spike row-type and/or inflorescence morphology, including VRS3 (Bull et al., 2017; van 

Esse et al., 2017) and INTERMEDIUM genes (Lundqvist and Lundqvist, 1988; Ramsay 

et al., 2011).  

To date, most barley tillering studies have used forward genetics or bi-parental 

mapping approaches, which limit detection of natural genetic variation, and typically 

only examine tiller number at harvest.  However, a recent genome-wide association study 

identified numerous QTL associated with tiller number at five different developmental 

stages in 218 spring barley accessions grown in the greenhouse (Alqudah et al., 2016). In 

addition, genetic interactions between tiller number and spike row-type, photoperiod 

sensitivity, and plant height were also characterized (Alqudah et al., 2016). In this study, 

we further examined genetic interactions between these traits and tillering using 761 lines 

composed of spring 2-rows and 6-rows. We also examined yield related traits, such as 

average seeds per spike and kernel weight, and vegetative growth related traits, such as 

stem diameter and leaf width, to identify potential trade-offs between tillering and other 

important traits. The specific goals of this study were to (1) examine relationships 

between tillering and other traits, (2) identify natural genetic variation associated with 

tillering, and (3) determine the extent to which natural genetic variation associated with 

tillering overlaps genetic variation associated with other traits. A better understanding of 
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how these sources of variation are associated with tiller development will help develop a 

framework for a whole-plant understanding of tillering and the role that the environment 

plays, which can inform breeding choices to optimize tiller number and vigor for yield 

enhancement. 

Materials and Methods 

Line Selection, Field Design, and Growing Conditions 

A diversity panel containing 768 accessions (Table S2-1 in online supplementary 

materials) from the National Small Grains Core Collection was developed for phenotypic 

analyses and genome-wide association studies (GWAS). The panel, split equally between 

2-rows and 6-rows, was selected first by including the parents of a barley nested 

association mapping (NAM) population (Smith, unpublished results) and then based on 

their contribution to polymorphism information content (PIC), as determined by Muñoz-

Amatriaín et al., 2014 (Muñoz-Amatriaín et al., 2014). All accessions grown in 2014 and 

2015 were the same except for seven lines that did not flower in 2014 were replaced with 

different lines in 2015.  

Accessions were grown in the field in St. Paul, MN in 2014 and 2015 in a Type 2 

Modified Augmented Design (Lin and Poushinsky, 1985; Lin et al., 1983; May et al., 

1989) containing 56 blocks, with one half containing two-row accessions (2-rows) and 

the other half containing six-row accessions (6-rows) (Fig. S2-1). Individual blocks 

contained 15 rectangular one meter by 0.25 meter plots (five plots by three plots), with 

the central plot always containing a primary repeated check, cv. Conlon for 2-rows and 
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cv. Rasmussen for 6-rows (Fig. S2-1). Eight, randomly chosen blocks also contained two 

repeated secondary checks, assigned randomly to plots within the block. PI584962 and 

PI614939 were used as secondary checks for 2-rows, and PI327860 and CIho7153 were 

used as secondary checks for 6-rows. All other plots contained one of the 768 accessions 

from the mapping panel. In 2016, 54 lines, split equally between 2-rows and 6-rows, were 

randomly chosen from NAM parent accessions grown in both years using the sample 

function in R to confirm trait correlations and assess environmental association with tiller 

number and other traits (Table S2-1). The 54 accessions and the primary checks Conlon 

and Rasmussen were grown in a complete, randomized block design with three replicates.  

To control weeds, prevent shading, and allow space for lodging, adjacent plots of non-

vernalized winter wheat separated plots. Plots containing barley were machine planted 

with 30 seeds per plot and thinned to ten plants per one meter-long plot with regular 

spacing between plants one week after emergence.  

Phenotyping, trait value adjustment, and phenotypic analyses 

Vegetative traits measured included tiller number, plant height, leaf width (2015 

only), and stem diameter (2014 and 2015 only). In 2014 and 2015, tillers were counted on 

the same plants (ten in 2014 and five in 2015) per row weekly, beginning at two weeks 

past-emergence (2WPE) and ending at 7WPE. Productive tillers, tillers with grain-

bearing spikes at plant maturity, were counted after grain filling when plants first showed 

signs of senescence (yellowing of awns and flag leaves). Tillering rate was calculated by 

dividing the maximum tiller number by the time in weeks that maximum tiller number 

occurred. Other metrics of tillering rate were determined by calculating the differences 
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between mean tiller number between two consecutive weeks and by calculating slope of a 

line fit to mean tiller number between at least three consecutive weeks. Leaf width (2015 

only) and plant height were measured at the same time that productive tillers were 

counted. Plant height was calculated as the mean height (cm) of the tallest shoots of all 

plants from soil level to the top of the spike, not including the awns. Leaf width was 

calculated as the mean width (mm) at the widest point of the second leaf below the flag 

leaf on the tallest shoot of all plants. This leaf was chosen because it was consistently 

green at maturity. The tallest stem of all individual plants in a row were harvested after 

senescence and dried in an oven at 37 °C for 72 hours. Dried stems were scanned, and the 

diameters (mm) were measured at the widest point of the last internode (below the 

peduncle) and averaged for each accession using Image J software (version 1.50). 

Phenotyping of inflorescence-related traits included spike row-type, spike length, 

seeds per spike, spike density, and 50-kernel weight. Spikes from the tallest shoots of all 

plants were harvested after senescence and dried in an oven at 37 °C for 72 hours. Spikes 

were scanned, and ImageJ software was used to measure length (cm) of spikes from the 

bottom of the first seed (above peduncle) to the top of the last seed.  After scanning 

spikes, all seeds were removed by hand and counted; and mean seeds-per-spike for the 

five spikes was calculated. Spike density was calculated as mean seeds-per-spike divided 

by mean spike length. All seeds from the five spikes were pooled together, and 50-kernel 

weight was calculated as the total mass (g) divided by the total number of seeds 

multiplied by 50.   
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Days to heading was recorded when spikes on at least half of the shoots in a row 

were at least 50% emerged from the boot.  Growing Degree Days (GDD) were calculated 

as the average daily temperature (maximum daily temperature + minimum daily 

temperature / 2) minus the baseline temperature at which spring barley germinates (4.4 

°C) (Anderson et al., 2013). Weather data from the UMN Saint Paul weather station 

(Weather station ID: GHCND:USC00218450) was used to calculate GDD and compare 

environmental conditions in different years.  This data was downloaded for the 2014, 

2015, and 2016 growing seasons from the National Oceanic and Atmospheric 

Administration (NOAA) database (ncdc.noaa.gov/cdo-web/search) (Table S2-2). 

Lodging was scored after senescence but before spikes were harvested, based on a scale 

of one to five, with one being completely upright and five being completely prostrate. A 

score of three was assigned when plants formed an approximate 45 degree angle with the 

ground. Scores of two were given to plants between one and three, and scores of four 

were given to plants between three and five.  

Trait values were adjusted using two different methods developed by Lin et al. 

(1983) specifically for Type 2 Modified Augmented Designs and then assessed before 

and after correction to determine whether adjustment reduced heterogeneity of checks. 

One method, based on row and column averages of primary checks (method 1 – M1), is 

better for correcting values when the field varies in one or two directions, based on a 

simulation study (Lin et al., 1983). The second method, based on linear regression of 

primary and secondary checks (method 3 – M3), is better for correcting values when the 



33 
 

field varies in many directions, based on a simulation study (Lin et al., 1983). M1 

adjusted trait values (M1AdjValue) were calculated using the following equation: 

M1AdjValue = RawValue – Check1RowAve – Check1ColAve + 2Check1Ave 

Check1RowAve and Check1ColAve were the averages of all primary check trait values in the 

same block row and block column, respectively, as the raw trait value being adjusted. 

Check1Ave was the average of all primary check values. Method 3 adjusted trait values 

(M3AdjValue) were calculated using the following equation: 

M3AdjValue = RawValue – SlopeAllChecks(Check1Block – Check1Ave) 

SlopeAllChecks was the slope resulting from linear regression of primary check trait values 

versus the average secondary check trait values within the same block, and Check1Block is 

the value of the primary check in the same block as the raw trait value. Appropriateness 

of correction and selection of a correction method was based on two criteria (Lin and 

Poushinsky 1983, 1985; Lin et al., 1983; May et al., 1989). First, ANOVA in R (version 

3.4.4) using primary check trait values was used to test for block row and column effects 

(Table S2-3). Second, relative efficiency of correction was calculated by dividing the 

average variance of raw secondary check trait values by the average variance of adjusted 

secondary check trait values, and values greater than one indicated that correction 

reduced variance due to heterogeneity in the field (Table S2-3). Raw trait values were 

used for phenotypic analyses to avoid individual trait adjustments from affecting trait 

correlations (Table S2-4), and raw and adjusted (if applicable) trait values were used for 

genome-wide association mapping (Table S2-5). 
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All statistical analyses were performed in R. Broad-sense heritability (H2) was 

estimated using 2014 and 2015 raw trait values by two-way ANOVA with the following 

model: Trait ~ Year + Line. Genetic variance was calculated as the difference between 

the line sum of squares and the residual sum of squares divided by two (for two years – 

2014 and 2015), and heritability was calculated by dividing genetic variance by the sum 

of genetic variance and the residual sum of squares divided by two (Table S2-6). Trait 

heritability was also estimated with 2016 raw trait values using rep instead of year in the 

two-way ANOVA model (Table S2-6). One-way ANOVA was performed followed by a 

Tukey-Kramer test for pairwise comparison of trait means between different year, spike 

row-type, and photoperiod sensitivity groups; and the multcompView package (version 

0.1-7) was used to assign letters designating whether groups were significantly different 

based on FDR-adjusted p-values from the Tukey-Kramer test. Pearson and Spearman 

rank correlations between traits were calculated using the rcorr function from the package 

Hmisc (version 4.1-1) (Table 2-2 and Table S2-7). Principal components analysis (PCA) 

based on average weekly (two to seven weeks past-emergence) and productive tiller 

number was performed using the PCA function from FactoMineR (version 1.41). The 

first and second principal components based on tiller number were used as traits in 

association mapping (Table S2-5). 

For multiple linear regression (MLR) analyses, the following model was fit using 

the lm function in R with tiller number as the response variable and other traits as 

predictor variables: 

Tiller Number = βIntercept + βDays to Heading + βSeeds Per Spike + βFifty Kernel Weight +  
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βLeaf Width (2015 only) + βPlant Height + βStem Diameter 

Before model fitting, lines with missing values for any of the traits included in the model 

were removed. The boot.stepAIC function from the bootStepAIC package (version 1.2-0) 

was used to replicate model fitting using simulated data sets from the whole data set, and 

the model was fit in both directions 1000 times to choose predictor variables in the final 

model. The final model was refit and cook’s distance was used to identify and remove 

outliers. Lines with the highest Cook’s distance were removed iteratively, and the model 

was refit until the R2 value of the model did not improve. Predictor variables were 

checked for collinearity using the vif function from the R package car (version 3.0-0) to 

ensure none of the variables had a Variance Inflation Factor (VIF) that indicated 

excessive correlation of predictor variables (VIF > 5). After all outlier lines were 

removed and the model with all predictor variables was refit, ANOVA of the final model 

fit was used to choose final predictor variables (p < 0.05) and calculate percent variance 

explained by final predictor variables.  

Genotyping, Linkage Disequilibrium, and Population Structure Analysis 

Lines were genotyped using genotyping-by-sequencing (GBS) and a 50K iSelect 

(Illumina, San Diego, CA) SNP array (Bayer et al., 2017).  DNA was extracted from 

seedling leaf tissue using a Mag-Bind® Plant DNA Plus kit (Omega Bio-tek, Norcross, 

GA), following the manufacturer’s instructions, and genomic DNA was quantified using 

a Quant-iT™ PicoGreen® dsDNA Assay Kit (Thermo Fisher Scientific, Waltham, MA). 

For GBS, reduced representation libraries were created according Poland et al. (2012) 

using Pst1-Msp1 restriction enzymes. Libraries were sequenced using a HiSeq 2500 
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system (Illumina) to obtain single-end 125 bp reads. SNP calling was performed using 

the TASSEL 5 GBS Version 2 Pipeline using 64 base kmers and a minimum kmer count 

of five (http://www.maizegenetics.net/tassel). Reads were aligned to the Morex reference 

genome assembly using the “aln” algorithm in the Burrows-Wheeler Aligner (BWA, 

version 0.7.10) (Beier et al., 2017; Mascher et al., 2017). Genotyping using barley 50K 

iSelect BeadChip kits (Illumina) was performed according to the manufacturer’s 

instructions, and SNPs were scored in GenomeStudio (version 2.0.2, Illumina) using 

manually curated clusters developed by Bayer et al. (2017). GBS and 50K SNP datasets 

were filtered individually based on percent missing data and percent heterozygosity. All 

filtering and imputing steps were performed using TASSEL 5 (Bradbury et al., 2007). For 

the first round of filtering, GBS SNPs were removed if more than 50% of calls were 

missing and/or heterozygous and the minor allele frequency (MAF) was less than 0.03, 

and 50K array SNPs were eliminated if they contained more than 20% missing and/or 

heterozygous calls and a MAF less than 0.03. The GBS and 50K SNP datasets were then 

merged and missing data was imputed using the LD-kNNi imputation method in 

TASSEL 5 (sites = 20, Taxa = 5, maxLDDistance = -1). The merged, imputed SNP 

dataset was filtered again for missing data, eliminating SNPs and lines with more than 

5% missing/heterozygous data. Lines were also filtered for missing data, and twenty-six 

lines with more than 5% missing/heterozygous SNP calls were excluded from association 

mapping and other genetic analyses. Three lines were removed from all genetic analyses 

because the spike row-type did not match what was recorded in GrainGenes 

(https://wheat.pw.usda.gov), GRIN (https://npgsweb.ars-grin.gov), and Muñoz-Amatriaín 
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et al. (2014) (see notes in Table S2-1). SNPs were then tagged using the Tagger feature in 

Haploview (version 4.1) (Barrett et al., 2005) with an R2 cutoff of 0.95, resulting in 

69,607 tagged SNPs for 747 lines (Table S2-8). 

To analyze chromosomal linkage disequilibrium (LD) decay, pairwise R2 values 

between all SNPs within a chromosome were calculated in TASSEL, and the background 

LD level was calculated as the 95th percentile of significant (pDiseq < 0.01) R2 values for 

all SNP pairs >= 50 cM apart, the distance at which the recombination rate is 0.5 for loci 

on the same chromosome. A non-linear model described by Hill and Weir (1988) was fit 

to all significant pairwise R2 values and their corresponding distances using the nls 

function in R (R Core Team, 2017), and the decay distance was calculated as the distance 

at which the non-linear model intersected with background LD level (Table S2-9) 

(Marroni et al., 2011). LD decay distances were calculated for individual chromosomes 

using physical and POPSEQ positions (Mascher et al., 2013) of tagged SNPs . To assess 

intrachromosomal patterns of LD for candidate gene analysis, pairwise comparisons were 

made between SNPs in 100 SNP windows. R2 values were ordered by mean position, and 

the R2 values and mean positions of 4950 pairwise comparisons (unique number of 

pairwise comparisons for 100 SNPs) were averaged and plotted as a line graph and a 

curve was fit using local regression (LOESS) (Fig. S2-7). The LD plot and haplotypes for 

SNPs in and around Ppd-H1 were generated using Haploview (Fig. S2-2). 

Population structure was analyzed using the program STRUCTURE (version 

2.3.4) (Pritchard et al., 2000). A set of 701 SNPs for STRUCTURE analysis (Table S2-

10) were chosen by selecting SNPs from individual chromosomes from the final tagged 
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SNP dataset that were at least as far apart as the calculated genetic decay distance (Table 

S2-9). Results from ten individual STRUCTURE runs for K 1-10 were analyzed using 

STRUCTURE Harvester (Earl and vonHoldt, 2012). The optimum number of 

subpopulations was chosen based on delta K (ΔK) (Fig. S2-5), which was calculated by 

STRUCTURE Harvester based on equations from Evanno et al. (2005). 

Genome-wide Association Mapping 

Genome-wide association mapping (AM) analysis was performed using 

compressed mixed linear models from the GAPIT R package (Genome Association and 

Prediction Integrated Tool, version 2.0) (Lipka et al., 2012) with the final imputed and 

filtered set of 69,607 SNP tags (Table S2-8) and raw and corrected (if applicable based 

on Table S2-3) phenotypic data (Table S2-5). The MAF cutoff was 0.03 for all lines and 

0.05 for subsets based on spike row-type or Ppd-H1 alleles. The model selection feature 

of GAPIT was used to choose the optimum number of principal components for each 

individual trait to account for population structure, and the optimal compression level 

determined by GAPIT was used. The percentage of genetic variance explained by 

individual SNPs was calculated as the difference between R2 of models with the SNP and 

without the SNP.  Criteria for inclusion of significant SNPs in a single QTL was 

determined based on genetic distance. If genetic distance of a SNP (+/- 2 cM) overlapped 

genetic distance of another SNP (+/- 2 cM) associated with the same trait, they were 

considered part of the same QTL. Information about all significant SNPs, including 

allelic effect size, percent variance explained, and nearest gene information is included in 
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Table S2-11, and all significant SNPs are shown in Fig. S2-6. Plots included in all figures 

were generated using the R package ggplot2 (version 3.0.0). 

Results 

Phenotypic Results 

In 2014 and 2015, 761 lines were grown in the field, and data for weekly and 

productive tiller number, days to heading, plant height, stem diameter, leaf width (2015 

only), seeds per spike, fifty kernel weight, and lodging (2015 only) was collected (Table 

S2-4). Fifty-four of the lines that were grown in 2014 and 2015 were also grown in 2016 

in three complete, randomized blocks, and data for weekly and productive tiller number, 

days to heading, plant height, seeds per spike, and fifty kernel weight was collected 

(Table S2-4). Phenotypic data was analyzed in all lines and in subsets of lines based on 

spike row-type and PPD-H1 alleles. Tiller number data in 2014 and 2015 is summarized 

in Table 2-1, and all trait data from all years is summarized in Tables S2-4 (all raw trait 

values) and S2-5 (raw and adjusted trait values used for association mapping).  

Genetic variance for tiller number was significant (p-value < 0.0001) in 2014 and 

2015 for most time points (Table 2-1).  In both years for all line subsets, variance was 

highest for maximum tiller number and tiller number measured at later time points (5-

7WPE), and it decreased for productive tiller number (Table 2-1). Tiller number at 

6WPE, the time point at which average maximum tiller number occurred for all lines in 

2014 and 2015, had the highest heritability estimate (0.53) of all tiller counts. Decreased 

heritability from 6WPE to productive tiller number was likely due to variability in tiller 
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survival, which appears to be strongly influenced by environment as genetic variance for 

percent productive tillers was not significant (Table S2-6). Heritability estimates for 

tillering traits based on 2014 and 2015 phenotypic data were lower than other traits 

measured (Table S2-6). 

Heritability estimates based on 2016 data with reps instead of years in the 

ANOVA model showed a similar trend in which tillering traits had lower heritability 

estimates than non-tillering traits and the highest tillering heritability estimates were for 

later time points and then decreased for productive tiller number (Table S2-6). All 

heritability estimates were higher based on 2016 data than 2014 and 2015 data, and 

percent productive tillers, which did not have significant genetic variance based on 2014 

and 2015 data, had a high heritability estimate (0.86) based on 2016 data (Table S2-6). 

These results indicate that tillering traits are fairly consistent in the same environment but 

are influenced by genotype-by-environment interactions. 

Environmental association with tillering 

Environmental association with tiller number was assessed using data for the 54 

lines (27 2-rows and 27 6-rows) grown in all three years. Weekly and productive tiller 

number in 2014 was much lower than 2015 and 2016 (Fig. 2-1A,B). The onset of tiller 

development was also delayed in 2014. By 2WPE in 2014, 25.4% of all lines grown had 

not yet developed at least one tiller per plant on average, whereas all lines grown in 2015 

had developed at least one tiller per plant by 2WPE. Maximum tiller number was not 

significantly different between 2015 and 2016, but productive tiller number was lower in 

2016 than 2015 due to lower tiller survival (Fig. 2-1B). All three years followed a similar 
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trend where tiller number increased linearly until 5WPE, after which it either slowed or 

began decreasing (Fig. 2-1A). 

Average plant height, stem diameter (measured in 2014 and 2015 only), seeds-

per-spike, and fifty kernel weight followed a similar trend as productive tiller number 

across the three years, where trait values were highest in 2015 and lowest in 2014 (Fig. 2-

1C). In years when plants developed more productive tillers on average, they were also 

taller with thicker stems, more seeds per spike, and heavier seeds on average (Fig. 2-1C), 

indicating that productive tiller number is correlated with overall plant fitness.  

Rainfall and accumulated growing degree days (GDD) across the growing season 

were compared to examine which differed most between the three years and if it was 

likely that they influenced tillering and other traits. Low tiller number and the delay in 

tillering that occurred in 2014 were likely due to heavy rainfall (4.4 cm) that occurred one 

day after emergence and flooded the field (see * in Fig. S2-1). Lower productive tiller 

number in 2016 compared to 2015 was likely caused by drought later in the growing 

season. After heavy rainfall (4.1 cm) that occurred one day after the 4WPE time point in 

2016 (see † in Fig. S2-1), only 0.3 cm of additional rain fell for the remainder of the 

growing season. Compared to 2014 and 2016, rainfall was steady across the growing 

season in 2015 with no particularly heavy rainfalls. Heat accumulation, assessed by 

GDD, did not appear to have any major effects on tillering. For the first 15 days after 

planting, accumulated GDD was very similar in all three years, but then GDD 

accumulated more rapidly in 2014 and 2016 than in 2015 (Fig. S2-1), indicating that the 

2015 growing season was slightly cooler overall than 2014 and 2016 growing seasons. 
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Though the warmer growing season did not appear to negatively affect maximum tiller 

number in 2016, it is likely that it, coupled with drought in 2016, had an impact on tiller 

survival, as a lower percentage of tillers were productive in 2016 compared to 2015.  

Pleiotropic effects of photoperiod response and spike morphology on tillering 

Consistent with previous studies (Alqudah et al., 2016; Liller et al., 2015; Turner 

et al., 2005), our results support that spike row-type and photoperiod response have 

pleiotropic influences on tiller number. However, previous studies have not characterized 

the timing and extent that these traits influence tillering throughout development or in 

different environments, nor have they assessed the synergistic effects of both traits on 

tiller number. To gain a better understanding of these relationships, we examined tillering 

and other traits in 761 lines grown in both 2014 and 2015 that were split into groups 

based on spike row-type or PPD -H1 genotype. 

In earlier studies, variation in PPD-H1 was shown to influence days to heading, 

tiller number, and tillering duration (Alqudah et al., 2016; Turner et al., 2005). One SNP 

included in this study, BK_14, is 308 bp upstream of and has been previously shown to 

be in complete or near-complete LD with SNP22, the likely causal variant underlying 

photoperiod sensitivity differences (Digel et al., 2016; Turner et al., 2005). Furthermore, 

LD analysis indicated that all SNPs in the Ppd-H1 gene and several that flanked it were in 

high LD (Fig. S2-2). Therefore, BK_14 was used to distinguish lines as having the 

photoperiod sensitive Ppd-H1 (G) allele or the photoperiod insensitive ppd-H1 (A) allele. 

Of the 761 lines grown in 2014 and 2015, 325 and 436 carried the Ppd-H1 and ppd-H1 

alleles, respectively. As expected, average days to heading was significantly later in ppd-
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H1 lines than Ppd-H1 lines in both years (Fig. S2-4), and tiller number and tillering rate 

were also significantly higher in ppd-H1 lines than Ppd-H1 lines (Fig. 2-2A; Table 2-1).  

Like photoperiod response, spike row-type has been shown to pleiotropically 

influence tiller number as well as other traits like seed number and weight and leaf area 

(Alqudah and Schnurbusch, 2014, 2015; Liller et al., 2015). Of the 761 lines grown in 

2014 and 2015, 382 were 2-rows and 379 were 6-rows. As expected, average tiller 

number was higher in 2-rows than 6-rows in 2014 and 2015 (Fig. 2-2A; Table 2-1). 

Duration of tiller development was also slightly longer for 2-rows than 6-rows in both 

years, and a lower percentage of all tillers were productive in 6-rows compared to two 

rows in both years (Fig. S2-4). As expected, 2-rows also had longer spikes with fewer, 

heavier seeds and narrower leaves than 6-rows (Fig. S2-4). Two-rows also had thinner 

stems than 6-rows on average (Fig. S2-4), which has not been previously reported. 

Because tillering is influenced by both photoperiod sensitivity and spike row-

type, it is likely that they have additive effects on tiller number, so the 761 lines grown in 

2014 and 2015 were grouped as follows based on both spike row-type and PPD-H1 

genotype to assess these effects: 2-row/Ppd-H1 (96 lines), 2-row/ppd-H1 (286 lines), 6-

row/Ppd-H1 (229 lines), and 6-Row/ppd-H1 (150 lines). As expected, 2-row/ppd-H1 

lines had the highest average tiller number in both years, but, unexpectedly, lines with the 

lowest average tiller number were not 6-row/Ppd-H1 (Fig. 2-2B). In 2014 and 2015, 

average tiller number in 6-rows with different Ppd-H1 alleles was not significantly 

different, indicating that Ppd-H1 has very little effect in a 6-row background (Fig. 2-2B). 
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After seeing that Ppd-H1 genotype appeared to have little association with tiller 

number in 6-rows, we were interested in determining whether photoperiod sensitivity in 

general was associated with tiller number in 6-rows. To assess this, we developed 

multiple linear regression (MLR) models with tiller number as the response variable and 

other traits as predictor variables to see whether days to heading, which is influenced by 

photoperiod sensitivity, explained a significant proportion of variance in tiller number. 

Interestingly, days to heading explained a larger proportion of variance in maximum tiller 

number for 6-rows than 2-rows in 2014 and 2015 (Fig. 2-2C), suggesting that 

photoperiod response regulators besides PPD-H1 influence tiller number in 6-rows.  

Trait correlations and MLR models of tiller number supported that tiller 

development is influenced by photoperiod sensitivity, but it was also apparent that this 

effect varied by environment (year). Days to heading and PPD-H1 genotype were both 

positively correlated with maximum tiller number and tillering rate in all years (Table 2-

2), and MLR models showed that days to heading explained a similar proportion of 

variance (~20%) in maximum tiller number in 2014 and 2015 (Fig. 2-2D). On the other 

hand, productive tiller number showed a very different trend between 2014 and the other 

two years. In 2014, productive tiller number was positively correlated with heading, more 

strongly than with any other trait (Table 2-2). However, in 2015 and 2016, heading and 

productive tiller number were not significantly correlated in any line subset (Table 2-2). 

Furthermore, while days to heading explained the most variance (23.2%) in the MLR 

model for productive tiller number in all lines in 2014, it explained a very small 
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proportion of variance (1.4%) in the MLR model for productive tiller number in all lines 

in 2015 (Fig. 2-2D).   

The relationship between days to heading and duration of tillering was also 

examined in the 54 lines grown in all three years. In all three years, the majority of lines 

did not develop additional tillers after days to heading was recorded; however a larger 

proportion of lines in 2015 (26.1%) than 2014 (12.2%) or 2016 (14.9%) developed 

additional tillers after heading was recorded. This suggests that, although duration of 

tillering is impacted by days to heading, some lines can continue to produce tillers after 

heading, especially when environmental conditions are more ideal, as they were in 2015. 

Trait correlations and MLR models also showed that spike row-type was 

associated with tillering, but like photoperiod sensitivity, its association varied by 

environment. Correlations between spike row-type and tiller number were consistently 

negative (2-rows have more tillers than 6-rows) and were stronger for productive tiller 

number than for maximum tiller number in all years. However, correlations between 

spike row type and tiller number were very weak in 2014 compared to 2015 and 2016 

(Table 2-2). Tiller number MLR models showed similar results as trait correlations. 

Seeds per spike, which is inherently different between 2-rows and 6-rows, explained a 

significant proportion of variance in MLR models of maximum and productive tiller 

number in all lines in 2015 but not 2014 (Fig. 2-2D). Seeds per spike did not explain a 

significant proportion of variance in any tiller number models for 2-rows or 6-rows, 

indicating that spike row-type, but not seeds per spike in general, is related to tiller 

number.  
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Trade-offs between tillering and other traits 

Tiller number and other traits were compared in this study to identify potential 

trade-offs associated with higher tiller number. Because spike row-type pleiotropically 

influences tiller number and other traits, trade-offs were assessed separately in 2-row and 

6-row subsets. They were also assessed using 2015 data only because additional traits 

were measured in 2015 (leaf width and lodging) and tiller development did not appear to 

be limited by overall plant fitness as in 2014. We found some evidence of minor trade-

offs between tiller number and other vegetative traits. Leaf width and stem diameter were 

both weakly negatively correlated with productive tiller number in 2-rows and 6-rows 

(Table S2-7), and they also explained a significant proportion of variance and were 

negatively correlated in tiller number models (Fig. 2-3A).  

We considered the possibility that larger trade-offs or trade-offs that were not 

detected by correlations or MLR modeling could be detected by comparing traits in lines 

with very different tillering capacities. Therefore, 2-rows and 6-rows were split into 10th 

and 90th percentile groups based on maximum and productive tiller number (Fig. 2-3B).  

Despite at least 2.5-fold or higher change in average tiller number between percentile 

groups (Fig. 2-3B), very few traits were significantly different between percentile groups. 

Stem diameter was lower in high tillering 6-rows (90th percentile, maximum and 

productive) than low tillering 6-rows (10th percentile, maximum and productive) but was 

not significantly different between high and low tillering 2-rows (Fig. 2-3C). Fifty kernel 

weight was also lower and lodging severity was more severe in high tillering 6-rows (90th 

percentile, maximum) than low tillering 6-rows (10th percentile, maximum), but they 
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were not significantly different between high and low tillering 2-rows (Fig. 2-3C). 

Interestingly, the trend in percent productive tillers between percentiles based on 

maximum tiller number was reversed in percentiles based on productive tiller number 

(Fig. 2-3D). This suggests that tiller survival had a major impact on final productive tiller 

number in 2015 and that variation in tiller survival prevents trade-offs between tiller 

number and other traits. Overall, our results suggest that trade-offs between tiller number 

and other traits were very minor and were slightly more pronounced in 6-rows than 2-

rows, but, in general, there were no major trade-offs between tiller number and other 

traits independent of spike row-type. 

Natural genetic variation associated with tillering 

Population structure and linkage disequilibrium (LD) decay were characterized in 

all lines in the diversity panel prior to association mapping. As with the entire NSGC 

collection, population structure analysis of all lines in the diversity panel using 

STRUCTURE resulted in five subpopulations distinguished primarily by spike row-type, 

collection location, and improvement status (Fig. S2-5 and Table S2-1), and 

corresponding to those described in Muñoz et al. (2014). Analysis of LD decay for 

individual chromosomes indicated that it decayed over a fairly small genetic distance in 

the diversity panel, less than 1 cM for all chromosomes (Table S2-9). For genome-wide 

association mapping, a genetic distance of +/- 2 cM was chosen as a cutoff for including 

significant SNPs in the same quantitative trait loci (QTL) to account for regions with 

higher LD, such as around Ppd-H1 (Fig. S2-2). 
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Genome-wide association mapping was performed using 2014 and 2015 raw or 

adjusted (if applicable based on Table S2-3) phenotypic data for all tillering traits, days to 

heading, spike row-type, seeds per spike, spike length, spike density, fifty kernel weight, 

leaf width (2015 only), stem diameter, plant height, and lodging (2015 only). Tillering 

QTL included SNPs significantly associated with tiller number, rate of tillering, and 

tillering principal components (PCs). Tiller number included 2-7WPE, productive, 

maximum, and non-productive tiller number (number of tillers that did not form spikes). 

Tillering rate included differences in tiller number between two consecutive weeks, slope 

in tiller number across at least three weeks, and a trait called tillering rate, which was 

calculated by dividing maximum tiller number by the week at which maximum tiller 

number occurred. Principal components analysis (PCA) was based on 2-7WPE and 

productive tiller number. 

Very few tillering QTL were identified in both years. Out of 37 QTL associated 

with tillering traits in 2014 and 2015, (Table 2-3), only four were identified in both years, 

one on 2H at 56.82-58.76 cM (2H-58), one on 5H at 47.89-48.10 cM (5H-48), and two on 

7H at 31-33.67 cM (7H-33) and 70.16-70.54 cM (7H-70) (Table 2-3, Fig. 2-4). In 

addition to there being little overlap between the two years, the QTL that were most 

significant and associated with the most traits in each year were not detected in both 

years, one on 2H at 13.72 – 23.24 cM (2H-19) in 2014 and one on 3H at 35.39 cM (3H-

135) in 2015. The 2H-19 QTL overlapped the PPD-H1 locus and was associated with 

tiller number, tillering rate, and tillering PC1 in all lines and with tiller number and 

tillering rate in 2-row lines (Table 2-3, Fig. S2-6). For many tillering traits in 2014, 2H-
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19 was the only QTL identified (Fig. S2-6, Table S2-11), and the allelic effect size for 

tiller number ranged from 1.1-1.5 tillers. The 3H-135 QTL was associated with tiller 

number, tillering rate, and tillering PC1 in all lines and Ppd-H1 lines and with tiller 

number and tillering rate in 6-rows (Table 2-3, Fig. S2-6). For many tillering traits in 

2015, 3H-135 was the only QTL identified, and the allelic effect size for tiller number 

ranged from 1.5-4 tillers (Fig. S2-6, Table S2-11). 

Measuring tiller number throughout development provided opportunities to 

identify QTL associated with other tillering traits besides tiller number, such as tillering 

rate, and to compare the number of QTL associated with tillering at different time points. 

Fourteen out of 23 tillering QTL in 2014 and six out of 14 tillering QTL in 2015 were 

only associated with tillering rate (Table 2-3). No QTL were associated with tiller 

number at the earliest time point, 2WPE, in either year; and no QTL were associated with 

the three earliest points, 2-4 WPE, in 2014 (Fig. S2-6), possibly due to low phenotypic 

variance (Table 2-1). Tiller number at later time points (5-7WPE, maximum, and 

productive) was associated with more QTL than at earlier time points (Fig. S2-6). 

Including groups based on PPD-H1 genotype and spike row-type allowed us to 

detect QTL that were not detected in all lines, especially in 2014, and observe that there 

was virtually no overlap in QTL detected in 2-rows and 6-rows or Ppd-H1 and ppd-H1 

lines. In 2014, only four out of the 23 QTL associated with tillering were uniquely 

identified in all lines, whereas ten unique tillering QTL were identified in ppd-H1 lines 

(Table 2-3). Two QTL were uniquely identified in 2-rows and one was uniquely 

identified in 6-rows in 2014 (Table 2-3). No unique QTL were identified in Ppd-H1 lines 
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in 2014 (Table 2-3). In 2015, more QTL were identified in all lines than in any other 

group; however, including the Ppd-H1 group enabled identification of three unique QTL 

(Table 2-3). No QTL were associated with tillering in 2-rows in 2015, and no uniquely 

identified QTL were associated with tillering in 6-rows in 2015. In addition to identifying 

unique QTL in each year, including groups based on spike row-type and Ppd-H1 

genotype, also enabled detection of three of the four QTL that were associated with 

tillering in both years. Only one of the four tillering QTL identified in both years, 2H-58, 

was identified in all lines in both years (Table 2-3, Fig. 2-4).  

Overlap of natural genetic variation associated with tillering and other traits 

Because tiller number was correlated with days to heading and spike row-type 

(row-type), we expected to see some overlap between tillering QTL and QTL associated 

with heading and row-type. In 2014, nine of 23 tillering QTL were also associated with 

row-type and/or heading in the same year, and in 2015, seven out of 14 tillering QTL 

were also associated with row-type and/or heading in the same year (Fig. 2-4). A single 

tillering QTL, 2H-58, which was the only one associated with tillering in all lines in both 

years, was the only one associated with heading and row-type in both years as well (Fig. 

2-4A). In 2014 and 2015, five tillering QTL overlapped heading within each year (Fig. 2-

4B). However, if all QTL associated with heading regardless of year were considered, 

overlap between tillering QTL and heading QTL, especially in 2014, was more extensive. 

Incidentally, there was very little overlap between row-type QTL and heading QTL in 

either year (Fig. 2-4B). 
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Overlap between tillering QTL and QTL associated with other traits besides row-

type and heading were examined as well. A few tillering QTL overlapped QTL 

associated with spike density and/or seeds per spike that were not associated with spike 

row-type. For example, two tillering QTL on 3H at 104.41 and 108.74 cM that were 

detected in ppd-H1 lines in 2014 overlapped QTL associated with spike density or seeds 

per spike but not spike row-type. In one instance, a tillering QTL on 4H at 115.23 – 

116.20 cM identified in all lines and ppd-H1 lines in 2014 overlapped a QTL associated 

with leaf width in ppd-H1 lines in 2015, but it also overlapped a QTL for row-type, 

which is correlated with leaf width as well as tiller number. No QTL were identified for 

stem diameter or plant height in 2014 or 2015 in any line subsets.  

Discussion 

Results of this study agreed with results from earlier studies suggesting that 

environment and pleiotropic effects of photoperiod sensitivity and spike row-type 

influence tiller number. In addition, we showed that environment appeared to influence 

productive tiller number, but not necessarily tiller number earlier in development. 

Though results supported that tiller number is influenced by pleiotropic effects of 

photoperiod sensitivity and spike row-type, we also observed that this effect varied by 

year and genetic background. Trade-offs between tiller number and other traits were 

assessed, and we found evidence of minor trade-offs, mainly between tiller number and 

other aspects of vegetative growth, that were slightly more pronounced in 6-rows than 2-

rows. Finally, we identified natural genetic variation associated with tillering in 2014 and 

2015, and though tillering QTL overlapped QTL associated with days to heading and 
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spike row-type rather extensively, there was little overlap between tillering QTL in the 

two years. 

Environment had a large effect on tillering and associated genetic variation 

The effect of year on tillering capacity was proportionately higher than pleiotropic 

effects of spike row-type or PPD-H1 genotype within the same year. Lower heritability 

estimates for productive tiller number and weak correlations between heading and 

productive tiller number in 2015 indicated that productive tiller number was more 

strongly influenced by environment than maximum tiller number. Nice and coauthors 

(2017) showed that the heritability estimate for productive tiller number was very low 

(H2 = 0.11) in an advanced backcross–nested association mapping population grown in 

five field environments, compared to estimates for other traits.  On the other hand, 

heritability estimates in this study based on 2016 replicates for all tillering traits were 

high, especially for field-grown plants, and were similar to estimates for greenhouse-

grown plants in Alqudah et al. (2016). This implies that tillering traits are genetically 

controlled but also strongly impacted by genotype by environment (GxE) interactions. 

In addition to influencing tillering phenotypes, environment also affected 

identification of natural genetic variation associated with tillering. Out of 33 tillering 

QTL detected in 2014 and 2015, only four were detected in both years, and all four 

accounted for a small proportion of variance in tillering traits. In contrast, QTL that were 

associated with more heritable traits such as days to heading and spike density and that 

explained the highest proportions of variance were detected in both years. For example, 

QTL overlapping genes previously shown to influence heading, such as PPD-H1 and 
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HvCEN, and QTL overlapping genes previously shown to influence spike density, such 

as Vrs1 and Int-C, were detected in both years. These results suggest that growing the 

same accessions in different environments will be essential to further our understanding 

of the genetic architecture underlying tillering. 

Tillering capacity is influenced by many different environmental factors, so 

consideration of specific environmental variables throughout a growing season will help 

to further our understanding of how different genotypes respond to specific stresses. In a 

study by Aspinall et al. (1964), barley plants that received repeated drought treatments 

produced fewer tillers than controls, while plants that received a single long drought 

treatment produced more tillers than controls. Moreover, the effect of drought treatments 

on tillering capacity depended on the timing and length of the drought periods. 

Experiments like this emphasize the need for measuring tiller number in multiple 

environments, as the same type of stress can have opposing effects on tiller number 

depending on when and how often it occurs during development. Understanding the 

unique environmental conditions of each growing environment could also facilitate 

selection of accessions that are better adapted to specific environments or that respond 

better to specific stresses. For example, one accession, PI357314, was very similar in 

2014 and 2015 in terms of productive tiller number, seeds per spike, and 50-kernel 

weight. Unlike most accessions grown in 2014, fitness of this accession did not appear to 

be impacted by waterlogging, so it is possible that it is more resistant to this stress than 

most accessions. 
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Correlations between tiller number and spike row-type and photoperiod sensitivity varied 

by environment and genetic background  

Consistent with other studies, we found that 2-rows produced more tillers than 6-

rows and lines containing ppd-H1 alleles produced more tillers than lines containing Ppd-

H1 alleles, but we also observed that these correlations depended on environment and 

genetic background (Alqudah and Schnurbusch, 2014; Alqudah et al., 2016; Liller et al., 

2015; Turner et al., 2005). For example, we found PPD-H1 genotype did not appear to 

have much influence on tiller number in 6-rows, and a QTL overlapping the PPD-H1 

locus was not associated with tiller number in 6-rows as in 2-rows and all lines. It also 

appeared that PPD-H1 allelic state influenced tiller number more in 2014 than 2015, 

while, conversely, spike row-type influenced tiller number more in 2015 than 2014. No 

QTL associated with tiller number in either year overlapped the Vrs1 locus, despite 

significant differences between 2-rows and 6-rows in both years. This result was not 

surprising in 2014 when the difference in tiller number between spike row-types was 

small, but it was surprising in 2015, considering that 2-rows had 34% more productive 

tillers on average than 6-rows. 

Tiller survival affects the number of grain bearing spikes and likely attenuates trade-offs 
between tiller number and other traits 

We showed that productive tiller number followed the same trend across years as 

other traits relating to plant fitness, like seeds per spike, kernel weight, and vegetative 

biomass (plant height and stem diameter). Tiller number in 2015 and 2016 was very 

similar until the 5WPE time point, but productive tiller number was lower in 2016 due to 
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decreased tiller survival, as were other traits relating to plant fitness, indicating that tiller 

survival was influenced by overall plant fitness. Trade-offs between tiller number and 

other vegetative traits were very minor in 2015 when plants made many tillers. Even 

when comparing groups of lines with very different tillering capacities, there was little 

evidence of trade-offs, but they did appear to be slightly more pronounced in 6-rows.  

Because there was little evidence of trade-offs and productive tiller number 

followed the same trend as other traits, it is likely that tiller survival prevented major 

trade-offs from occurring. Few studies have described trade-offs between tiller number 

and other traits in barley or other small grain crops, and results have been inconsistent. 

For example, Kebrom et al. (2012) reported that removing tillers in wheat could induce 

development of larger spikes with more seeds. However, results from another study that 

examined yield and yield-related traits in barley under different seeding densities over 

two years indicated that there was no trade-off between tillers per plant and seeds per 

spike (Stoskopf and Reinbergs, 1966). They found that the seeding density at which seeds 

per spike was highest was the same density at which productive tiller number per plant 

was highest. Furthermore, when they compared 20 high-yielding lines and 20 low-

yielding lines, they found that average seeds per spike was higher in high-yielding lines 

but that average tiller number was not different.  

It is likely that lower tiller number in 6-rows than 2-rows is due to a trade-off with 

seeds per spike, which is inherently higher in 6-rows. However, there was no evidence 

that more seeds per spike within 2-rows or 6-rows was associated with lower tiller 

number. Within 2-rows or 6-rows, the number of seeds per spike is influenced by 
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pollination and seed filling, which typically occurs near the end of tillering or after 

tillering has completed (Alqudah and Schnurbusch, 2014; Digel et al., 2015; Waddington 

et al., 1983). The difference in seeds per spike between 2-rows and 6-rows, on the other 

hand, is due to lateral floret fertility, which is determined earlier in development when 

plants are actively tillering. VRS1, which encodes an inhibitor of lateral floret fertility, is 

strongly expressed in lateral florets at glume primordia stage, which occurs at the five-

leaf stage approximately three to four weeks after emergence (Bonnett; Sakuma et al., 

2017; Waddington et al., 1983). Overall, results from this study indicated that trade-offs 

between tiller number and seeds per spike probably only exist if the difference in seeds 

per spike is due to floret fertility and not pollination or seed filling. 

Natural genetic variation associated with tillering was shaped by many factors 

All four of the tillering QTL identified in 2014 and 2015 overlapped genes that 

have been previously shown to influence heading in barley (HvCEN, ELF4, VRN-H3, and 

LHY), and all of them were also associated with heading (Fig. 2-4).  Interestingly, three 

of the four QTL that were identified in both years in this study were also identified in a 

study by Alqudah et al. (2016) (2H 56.82-58.71 cM, 5H 47.89-48.10 cM, and 70.16-

70.54 cM), which also measured tiller number throughout development. In total, ten of 

the 33 tillering QTL identified in this study were also identified in the Alqudah et al. 

study, suggesting that some natural genetic variation consistently influences tillering 

under different environments. Measuring tiller number throughout development allowed 

us to identify more QTL than if we had only measured productive tiller number, and 

having numerous tiller number measurements throughout development enabled us to 
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include tillering rate in our association study, which facilitated identification of more 

tillering QTL than tiller number alone. Moreover, none of the four tillering QTL that 

were identified in both 2014 and 2015 would have been identified if tillering rate metrics 

were not included in this study (Table 2-3). 

 The 3H-135 QTL that explained the most variance in tillering and was associated 

with the most tillering traits in 2015 was not detected in 2014. Alqudah et al. (2016) 

identified a QTL at 137.71 cM, but it is unlikely that it is the same QTL, as LD in this 

region is very low (Fig. S2-8). A QTL spanning both 3H-135 and the QTL at 137.71 

(122.78-154.68 cM based on POPSEQ map) was associated with productive tiller number 

in a study by Honsdorf et al. (2014). Due to extremely low LD surrounding 3H-135, it is 

unlikely that the tillering gene CUL4, which is also at 137.71 cM, is a candidate gene for 

this region, because LD decays below background levels between 3H-135 and CUL4 

(Fig. S2-8). The 3H-135 QTL was identified 34 times for different tillering traits or 

subsets of lines, but it was not identified in 2-rows due to very low minor allele frequency 

(0.013). A single GBS SNP, S3H_666048593, was associated in 31 instances, and for 

three tillering traits in all lines, a second GBS SNP, S3H_667646315 (also at 135.39 cM), 

was also associated. Although S3H_667646315 was in higher LD with S3H_666048593 

than any other SNP, LD between the two was fairly low (R2 = 0.29). Therefore, it is 

likely that candidate genes for 3H-135 are near S3H_666048593. The nearest gene to 

S3H_666048593 is HORVU3Hr1G103960, which encodes an epoxide hydrolase that is 

more highly expressed in developing tillers than any other tissues (based on expression 

data from Barlex, barlex.barleysequence.org). Another potential candidate gene is 
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homologous to PLASTOCHRON3/GOLIATH, which encodes a glutamate 

carboxypeptidase that regulates plastochron length (rate of leaf initiation) in rice 

(Kawakatsu et al., 2009). 

Tillering is a complex trait influenced by environment, pleiotropic effects of other 

traits, and many loci that explain a small proportion of the genetic variance. Based on 

results of this study, it appeared that plants utilized resources and made more grain 

bearing spikes when conditions were favorable, without sacrificing other components of 

yield, like seed number or weight. Results from this study and others also indicate that 

genetic variation associated with days to heading and spike row-type consistently 

influences tiller number across different environments. However, identifying genetic 

variation associated with tiller number in different environments will be essential for 

gaining a full understanding of the genetic control of tiller development and may be 

useful for identifying variation suited for adaptation to specific environments.  
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Table 2-1. Summary statistics for tillering traits measured in 2014 and 2015.  

Trait Lines Number  
of Lines 

Mean Standard Deviation 
p-value1 H2 

2014 2015 2014 2015 

Tiller Number  
2WPE 

All 756 1.58 3.13 0.81 0.74 2.0E-09 0.35 
2-Row 375 1.84 3.38 0.83 0.76 0.032 0.17 
6-Row 381 1.31 2.88 0.70 0.62 3.7E-03 0.24 
Ppd-H1 324 1.40 3.03 0.74 0.67 7.1E-05 0.35 
ppd-H1 432 1.72 3.21 0.83 0.77 5.3E-05 0.31 

Tiller Number  
3WPE 

All 756 3.39 8.00 1.63 2.26 6.4E-07 0.30 
2-Row 375 3.77 9.27 1.66 2.13 0.168 0.09 
6-Row 381 3.00 6.75 1.52 1.58 0.047 0.16 
Ppd-H1 324 3.06 7.44 1.56 1.93 6.3E-04 0.30 
ppd-H1 432 3.63 8.42 1.65 2.39 3.9E-03 0.23 

Tiller Number  
4WPE 

All 756 5.66 12.98 2.33 3.58 6.2E-11 0.38 
2-Row 375 6.08 14.13 2.26 3.47 9.4E-04 0.28 
6-Row 381 5.24 11.85 2.34 3.33 2.7E-06 0.37 
Ppd-H1 324 5.17 12.40 2.26 3.46 1.1E-07 0.44 
ppd-H1 432 6.03 13.42 2.32 3.61 3.0E-04 0.28 

Tiller Number  
5WPE 

All 756 7.11 19.27 2.98 6.28 3.0E-16 0.45 
2-Row 375 7.53 21.51 2.98 5.76 6.0E-06 0.37 
6-Row 381 6.68 17.06 2.92 5.98 1.8E-11 0.50 
Ppd-H1 324 6.39 17.75 2.88 6.10 2.3E-11 0.52 
ppd-H1 432 7.64 20.40 2.94 6.17 1.1E-05 0.34 

Tiller Number  
6WPE 

All 756 7.21 19.97 3.28 6.73 4.4E-25 0.53 
2-Row 375 7.99 22.47 3.29 6.14 3.4E-08 0.43 
6-Row 381 6.45 17.51 3.10 6.38 1.3E-15 0.56 
Ppd-H1 324 6.16 18.22 3.03 6.40 4.1E-15 0.58 
ppd-H1 432 8.00 21.28 3.25 6.68 3.1E-09 0.43 

Tiller Number  
7WPE 

All 756 6.72 18.98 3.31 6.54 2.1E-22 0.51 
2-Row 375 7.53 21.90 3.31 6.07 1.8E-06 0.38 
6-Row 381 5.92 16.11 3.11 5.67 3.7E-15 0.55 
Ppd-H1 324 5.60 17.13 3.03 5.87 5.4E-12 0.54 
ppd-H1 432 7.56 20.37 3.26 6.68 9.0E-09 0.42 

Tiller Number  
Maximum 

All 756 8.01 20.90 3.45 6.88 6.3E-22 0.50 
2-Row 375 8.69 23.44 3.42 6.22 1.2E-06 0.39 
6-Row 381 7.34 18.40 3.34 6.59 3.1E-15 0.56 
Ppd-H1 324 6.95 19.29 3.24 6.71 4.2E-14 0.57 
ppd-H1 432 8.81 22.11 3.38 6.76 1.5E-07 0.39 

Tiller Number  
Productive 

All 744 6.14 13.17 3.14 4.29 4.7E-13 0.41 
2-Row 372 6.96 15.43 3.14 4.13 4.3E-03 0.24 
6-Row 372 5.32 10.90 2.92 3.09 9.9E-05 0.32 
Ppd-H1 314 4.92 11.98 2.47 3.38 6.8E-05 0.35 
ppd-H1 430 7.04 14.04 3.27 4.66 3.4E-05 0.32 

1p-values indicate significance of genetic variance based on 2-way ANOVA.   
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Table 2-2. Pearson’s correlation coefficients for tillering traits versus other traits for lines grown in each year. Non-significant (p>0.01) 
are denoted by n.s. 

Line 
Subset Seeds per Spike Spike Row Type Fifty Kernel Weight Days to Heading Ppd-H1 Genotype Plant Height Stem 

Diameter 
2014 2015 2016 2014 2015 2016 2014 2015 2016 2014 2015 2016 2014 2015 2016 2014 2015 2016 2014 2015 

Maximum Tiller Number 
All n.s. -0.32 -0.35 -0.18 -0.36 -0.37 n.s. n.s. n.s. 0.39 0.46 0.74 0.27 0.20 0.34 0.42 n.s. n.s. 0.15 -0.30 

2-Row 0.13 n.s. n.s. --- --- --- n.s. -0.14 -0.64 0.27 0.42 0.80 0.33 0.26 0.69 0.42 n.s. n.s. 0.22 n.s. 
6-Row n.s. n.s. n.s. --- --- --- n.s. -0.22 n.s. 0.48 0.52 0.68 n.s. n.s. n.s. 0.44 n.s. n.s. 0.21 -0.21 
Ppd-H1 0.15 n.s. n.s. n.s. n.s. n.s. n.s. n.s. -0.52 0.43 0.49 0.55 --- --- --- 0.39 n.s. n.s. n.s. -0.26 
ppd-H1 -0.15 -0.43 -0.68 -0.19 -0.46 -0.62 n.s. 0.14 n.s. 0.26 0.37 0.73 --- --- --- 0.37 n.s. n.s. n.s. -0.34 

 Productive Tiller Number 
All -0.14 -0.50 -0.45 -0.22 -0.52 -0.57 0.12 0.28 0.53 0.45 n.s. n.s. 0.29 0.23 n.s. 0.37 n.s. n.s. n.s. -0.38 

2-Row 0.14 n.s. n.s. --- --- --- n.s. n.s. n.s. 0.28 n.s. n.s. 0.32 0.16 n.s. 0.42 n.s. n.s. 0.15 -0.15 
6-Row n.s. n.s. n.s. --- --- --- n.s. n.s. n.s. 0.59 n.s. n.s. 0.15 n.s. n.s. 0.37 n.s. n.s. n.s. -0.24 
Ppd-H1 n.s. -0.39 n.s. n.s. -0.42 n.s. n.s. 0.15 0.57 0.51 n.s. n.s. --- --- --- 0.32 n.s. n.s. n.s. -0.34 
ppd-H1 -0.19 -0.48 -0.55 -0.20 -0.52 -0.65 0.18 0.32 0.54 0.32 n.s. n.s. --- --- --- 0.34 n.s. n.s. n.s. -0.43 

 Percent Productive Tillers 
All -0.19 -0.17 n.s. -0.21 -0.15 n.s. 0.19 0.23 0.50 0.27 -0.42 -0.77 0.15 n.s. n.s. 0.10 n.s. n.s. n.s. -0.12 

2-Row n.s. -0.15 n.s. --- --- --- 0.19 0.21 0.77 n.s. -0.44 -0.84 0.14 -0.18 -0.73 0.14 n.s. n.s. n.s. n.s. 
6-Row n.s. n.s. n.s. --- --- --- n.s. 0.16 n.s. 0.38 -0.44 -0.78 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 
Ppd-H1 n.s. -0.26 n.s. n.s. -0.25 -0.53 n.s. 0.21 0.69 0.24 -0.58 -0.80 --- --- --- n.s. n.s. n.s. -0.19 n.s. 
ppd-H1 -0.20 -0.13 n.s. -0.21 n.s. n.s. 0.27 0.26 n.s. 0.24 -0.33 -0.76 --- --- --- 0.12 n.s. n.s. n.s. -0.16 

 Tillering Rate: Maximum Tiller number / Tillering Duration (Weeks) 
All n.s. -0.22 -0.34 n.s. -0.28 -0.44 n.s. n.s. n.s. 0.20 0.50 0.67 0.19 0.16 0.37 0.44 n.s. n.s. 0.24 -0.25 

2-Row 0.14 n.s. n.s. --- --- --- n.s. -0.16 -0.63 0.14 0.49 0.79 0.26 0.26 0.70 0.43 n.s. n.s. 0.28 n.s. 
6-Row 0.14 n.s. n.s. --- --- --- n.s. -0.20 n.s. 0.25 0.53 0.52 n.s. n.s. n.s. 0.46 n.s. n.s. 0.30 -0.21 
Ppd-H1 0.17 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 0.23 0.56 0.58 --- --- --- 0.42 n.s. n.s. 0.25 -0.20 
ppd-H1 n.s. -0.35 -0.68 n.s. -0.40 -0.71 n.s. n.s. n.s. n.s. 0.41 0.60 --- --- --- 0.41 n.s. n.s. 0.19 -0.31 
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Table 2-3. Quantitative trait loci (QTL) associated with tillering in 2014 and 2015. Letters designate whether QTL were detected for 
tiller number (N), tillering rate (R), or tillering PCA (P). Descriptions of QTL that were detected in 2014 and 2015 are shaded.  

Chrom Position cM Position Mb Candidate Gene 2014  
All 

2014  
2-Row 

2014  
6-Row 

2014  
Ppd-H1 

2014  
ppd-H1 

2015  
All 

2015  
2-Row 

2015  
6-Row 

2015  
Ppd-H1 

2015  
ppd-H1 

1H 44.01 39306516 NA --- --- --- --- N-- --- --- --- --- --- 
1H 80.27 492231577 NA --- --- --- --- --- -R- --- --- --- -R- 
2H 8.1 14055173 NA --- --- --- --- -R- --- --- --- --- --- 
2H 13.72-23.24 18658962-31111153 Ppd-H1 NRP NR- --- --- --- --- --- --- --- --- 
2H 43.09 54263832 NA N-- --- --- --- --- --- --- --- --- --- 
2H 47.46-51.59 70305728-94010493 FT4 --- --- --- --- --- NR- --- --- --- -R- 
2H 56.82-58.76 170753050-500471658 CEN or AP1 -R- --- --- -R- --- NR- --- --- --- NR- 
2H 67.75 631099978 CO4 --- --- --- --- --- -R- --- --- --- --- 
2H 86.67 671627122-671718762 NA --- --- --- --- --- --- --- --- NR- --- 
2H 90.15 678954955 NA --- --- -R- --- --- --- --- --- --- --- 
2H 94.15 682607357 NA --- -R- --- --- --- --- --- --- --- --- 
2H 139.93 749156584 NA --- --- --- --- -R- --- --- --- --- --- 
3H 36.95 32875005 NA --- --- --- --- -R- --- --- --- --- --- 
3H 46.40-46.73 87626129-93522710 FT2 or GI --- --- --- --- --- -R- --- --- --- --- 
3H 53.78 491541454 NA -R- --- --- -R- --- --- --- --- --- --- 
3H 75.22 582897121 FDL4 --- --- --- --- --- NR- --- --- --- --- 
3H 104.41 627260793-631633600 GA20ox3 --- --- --- --- -R- --- --- --- --- --- 
3H 108.74 633415954 sdw1 --- --- --- --- -R- --- --- --- --- --- 
3H 135.39 666048593-667646315 NA --- --- --- --- --- NPR --- NR- NPR --- 
4H 26.04 10017450 NA N-- --- N-- --- --- --- --- --- --- --- 
4H 51.53 421390780-422326469 PRR59, FDL5, or FKF1 N-- --- --- --- --- --- --- --- --- --- 
4H 115.23-116.20 640426479-641157608 FT5 -R- --- --- --- NR- --- --- --- --- --- 
5H 0.32 1131874 NA --- --- --- --- --- N-- --- --- --- --- 
5H 32.04 23902955 NA N-- --- --- --- --- --- --- --- --- --- 
5H 38.45 29447751 NA --- --- --- --- --- --- --- --- -R- --- 
5H 47.89-48.10 405622321-437381309 ELF4 --- --- --- --- -R- -R- --- --- --- --- 
5H 139.63 624883939 NA N-- --- --- --- --- --- --- --- --- --- 
5H 148.01 635782594 NA --- --- --- --- --- --- --- --- N-- --- 
6H 63.46 469166692 NA --- --- --- --- -R- --- --- --- --- --- 
7H 8.76 11333756-11334135 Brh1 or Grd5 --- --- --- --- NR- --- --- --- --- --- 
7H 31.00-33.67 37988653-42121652 Vrn-H3 --- -R- --- --- -R- -R- --- --- --- --- 
7H 38.50-38.96 43145614-45702908 NA --- --- --- --- -R- --- --- --- --- --- 
7H 70.16-70.54 196348803-285713945 LHY --- -R- --- --- --- -R- --- --- --- --- 
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Figure 2-1. Tiller development (tillering) and other traits varied similarly by 
environment. A) Progression of average tiller number throughout the growing season for 
54 lines grown in 2014, 2015, and 2016. B) Box plots summarizing maximum and 
productive tiller number for 54 lines grown in all three years. Diamonds represent mean 
trait values, and letters indicate whether groups are significantly different (Tukey Test, 
FDR-adjusted p-value < 0.01). C) Box plots summarizing non-tillering traits show that 
they follow the same trend as productive tiller number across the three years. 
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Figure 2-2. Correlation of tiller number and spike row-type and photoperiod 
sensitivity varied by environment and genetic background. A) Box plots comparing 
maximum tiller number between 2-rows (n = 382) and 6-rows (n = 379) and between 
lines containing Ppd-H1 (n = 325) and ppd-H1 (n= 436) alleles in 2014 and 2015. 
Diamonds represent mean trait values, and letters indicate whether groups were 
significantly different (Tukey Test, FDR-adjusted p-value < 0.01). B) Box plots 
comparing maximum tiller number between 2-rows containing either Ppd-H1 (n=96) or 
ppd-H1 (n=286) alleles and between 6-rows containing either Ppd-H1 (n=229) or ppd-H1 
(n=150) alleles. C) Percent variance explained by predictor variables in multiple linear 
regression models of maximum tiller number in 2-rows and 6-rows in 2014 and 2015. 
Days to heading explained a larger proportion of variance in 6-rows than 2-rows in both 
years. D) Percent variance explained by predictor variables in models of maximum and 
productive tiller number in all lines in 2014 and 2015. Seeds per spike explained a 
significant proportion of variance in tiller number in 2015 but not 2014, and days to 
heading explained a large proportion of variance in productive tiller number in 2014 but 
not 2015. 
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Figure 2-3. Minor trade-offs between tiller number and other traits in 2015.  A) 
Percent variance explained by predictor variables in multiple linear regression models of 
maximum tiller number in 2-rows and 6-rows in 2015. Vegetative traits, stem diameter 
and leaf width, explained a significant proportion of variance in all models (ANOVA, p-
value < 0.01). B) Representative density plot on left illustrates assignment of 2-row and 
6-row lines into percentile groups based on maximum and productive tiller number. Box 
plots comparing tiller number in percentile groups based on maximum and productive 
tiller number. Diamonds represent mean trait values, and letters indicate whether groups 
were significantly different (Tukey Test, FDR-adjusted p-value < 0.01). C) Box plots 
showing traits that were significantly different between percentile groups based on 
maximum and productive tiller number. D) Box plots of percent productive tillers 
(percentage of tillers that survive and form grain-bearing spikes) shows that the trend in 
tiller survival is opposite in percentiles based on maximum and productive tiller number.
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Figure 2-4. Overlap of quantitative trait loci (QTL) associated with tiller 
development (tillering) and other traits in two years. (A) Bars show genetic positions 
of significant SNPs (+/- 2 cM) associated with tillering, days to heading, and spike row-
type. Gray dotted lines and gray shaded regions show positions of genes and mutant 
introgressions previously implicated in control of heading time, inflorescence 
morphology, or tiller number (Summarized in Table 1-1). Only heading and row-type 
QTL that overlap tillering QTL are shown. (B) Venn diagrams showing the number of 
QTL that overlapped for tillering, heading, and spike row-type in 2014 and 2015.
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Supplementary Figure 2-1. Type 2 Modified Augmented Design – 2014 and 2015. Fields contained 56 blocks (outlined with thick, 
black lines), each containing a single primary check (green plots - Conlon for 2-row lines and Rasmussen for 6-row lines) and some 
containing two secondary checks as well (blue and yellow plots). Each white plot contained a unique accession from Table S2-1.  
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Supplementary Figure 2-2. Daily precipitation and accumulated growing degree 
days (GDD) from planting to seven weeks past-emergence (WPE) in 2014, 2015, and 
2016. The (*) indicates heavy rainfall (4.4 cm) that occurred one day after emergence in 
2014, and the (†) indicates heavy rainfall (4.1 cm) that occurred one day after the 4WPE 
time point in 2016, after which very little additional rain fell. 
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Supplementary Figure 2-3. LD analysis of SNPs in and around Photoperiod-H1 
(Ppd-H1). A) LD Plot showing R2 values between all SNPs in and flanking the Ppd-H1 
coding sequence. BK_14 was used in this study to distinguish Ppd-H1 and ppd-H1 
alleles, and SNP22, the causative SNP described in Turner et al. (2005), is located 
between BK_14 and BK_15, which were in complete LD. The two most significant SNPs 
detected by genome-wide association mapping in the Ppd-H1 QTL for all lines in 2014 
and 2015 are in red boxes (D′ between JHI-Hv50k-2016-73285 and BK_14 is 0.95). 
Note: not all SNPs shown in the LD plot were included in GWAS because they were 
represented by Tagged SNPs. All SNPs in the Ppd-H1 gene (2H 29123785-29127889 bp) 
are in a green box. LD blocks (in black triangles) were based on confidence intervals 
(Haploview, Version 4.1). B) Haplotypes of SNPs shown in LD plot with a frequency of 
at least 5%. The two most significant SNPs, JHI-Hv50k-2016-73285 and BK_14, are 
shown in red. 
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Supplementary Figure 2-4. Box plots summarizing additional traits in various 
groups. A) Box plots summarizing traits in 2-rows and 6-rows in 2014 and 2015. 
Diamonds represent mean trait values, and letters indicate whether groups were 
significantly different (Tukey Test, FDR p-value < 0.01). B) Box plots summarizing traits 
in lines containing Ppd-H1 or ppd-H1 alleles grown in 2014 and 2015. C) Box plots 
comparing productive tiller number between 2-rows containing either Ppd-H1 or ppd-H1 
alleles and between 6-rows containing either Ppd-H1 or ppd-H1 alleles. D) Box plots 
summarizing traits in percentiles based on maximum and productive tiller number that 
were not included in Fig. 3. 
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Supplementary Figure 2-5. Population structure analysis of mapping panel. A) Bar 
graph (top) showing assignments of lines to the five STRUCTURE subpopulations, and a 
map (bottom) showing collection locations of individual lines, each represented by a pie 
chart showing the proportion of assignment to the five STRUCTURE subpopulations. B) 
Pie charts showing proportion of spike row-type (left) and improvement status (right) in 
each subpopulation. Abbreviations in pie charts: 2-row (2R), 6-row (6R), cultivar (CV), 
landrace (LR), breeding line or genetic stock (BR/GEN), unknown (UN). 
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Supplementary Figure 2-6. Genomic positions and significance of all quantitative trait loci (QTL) associated with tiller 
development (tillering). Colored bars show genetic positions of SNPs (+/- 2 cM) associated with all tillering traits: weekly tiller 
number from 2-7 weeks past emergence (e.g. 5WPE), maximum and productive tiller number, difference between two consecutive 
weeks (e.g. Diff 4-5WPE), slope between at least three consecutive weeks (e.g. Slope 4-6WPE), tillering rate (maximum tillers/duration 
of tillering in weeks), or tillering PC1 (calculated using weekly and productive tiller counts). Colors of bars indicate -log10(p-value) of 
the most significant SNP in each QTL interval. Gray dotted lines and shaded regions show positions of genes and mutant introgressions 
previously implicated in control of heading time, inflorescence morphology, or tiller number (summarized in Table 1-1).
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Supplementary Figure 2-7. Quantitative trait loci (QTL) associated with tiller 
development (tillering) and all other traits. Colored bars show genetic positions of 
significant SNPs (+/- 2 cM) associated with tillering, days to heading (heading), leaf 
width, and various inflorescence related traits (spike row-type, seeds per spike, spike 
density, and spike length). Gray dotted lines and shaded regions show positions of genes 
and mutant introgressions previously implicated in control of heading time, inflorescence 
morphology, or tiller number (summarized in Table 1-1). 
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Supplementary Figure 2-8. Cul4 is not a likely candidate gene for the tiller number 
QTL 3H-135. A. SNP S3H_666048593 in QTL 3H-135 was associated with tiller 
number in 2015 in all lines and 6-rows. Although tiller number was significantly different 
in 2-rows with the different alleles, minor allele frequency was too low (1.3%) for QTL 
identification, as the minor allele cutoff used for association mapping was 5%. B. 
Linkage disequilibrium (LD) decays below background LD levels between QTL 3H-135 
(red dotted line) and the known tillering gene Uniculme 4 (Cul4) (blue dotted line), 
making Cul4 an unlikely candidate gene. The solid blue line was fit by local regression 
(LOESS) to show average LD across the chromosome, and gray shading represents 95% 
confidence intervals. The black dotted line represents background LD, which was 
calculated as the 95th percentile of significant (pDiseq < 0.01) R

2
 values for all SNP pairs 

>= 50 cM apart on 3H. 
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Chapter 3. Comparative transcriptomics of meristems reveals gene 
expression patterns underlying early lateral branch development in 
barley 

 

Synopsis  

In barley, modified lateral branches called tillers develop from axillary meristems 

(AXM) and are a defining characteristic of shoot architecture in barley. However, little is 

known about gene expression patterns underlying AXM and tiller development. In this 

study, amplified RNA was sequenced from laser microdissected shoot apical meristems 

(SAM), from which main shoots develop, and AXM at different seedling stages from two 

cultivars, Bowman and Morex. From genes differentially expressed between individual 

meristems and non-meristem tissues (e.g. leaves), we identified a set of 43 genes 

expressed in nearly all meristems, regardless of type (SAM or AXM), morphological 

stage (e.g. vegetative or early inflorescence), or genotype. Based on broad meristem 

expression and homology to meristem genes characterized in other species, like 

CLAVATA1, CUP SHAPED COTYLEDON2, and KNOTTED1, it is likely that this set of 

genes is important for general meristem maintenance and function. Furthermore, we 

found that gene expression profiles were primarily distinguished by genotype and 

meristem type, but profiles of different meristem types tended to be more similar if 

morphological stages were similar. Although morphologically similar SAM and AXM 

had similar expression profiles, we identified some genes that were identified in SAM but 

not AXM and vice versa, and clustering based on expression in all meristems identified 

genes that are likely important for tiller development as some, like UNICULME4 and 
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INTERMEDIUM-C (TEOSINTE BRANCHED1 ortholog), have been previously shown to 

influence tiller outgrowth. Finally, expression of some genes in AXM and ligule suggest, 

as in other species, dual function in AXM and leaf development. 
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Introduction 

The shoot apical meristem (SAM) is an organ that forms during plant embryonic 

development and gives rise to all aboveground tissues including the main shoot and 

lateral organs like leaves and axillary meristems (AXM). Lateral branches in barley 

called tillers develop from AXM that form in coleoptile and leaf axils of the main stem 

and are an important component of shoot architecture and grain yield. Four major steps 

are required for lateral branch development: 1) establishment of axil identity, 2) initiation 

of an AXM in the axil, 3) transition of an AXM into a vegetative axillary bud (AXB), and 

4) internode elongation in the AXB to form a lateral branch. Key genes involved in 

lateral branching have been identified and characterized in Arabidopsis thaliana, and 

these four major steps can be distinguished by expression of specific genes or genetic 

pathways (Reviewed in McSteen and Leyser, 2005; Schmitz and Theres, 2005). 

However, little is known about gene expression patterns underlying AXM initiation and 

development and lateral branching in barley. 

Most of what we know about genetic control of tiller development in barley 

comes from studies using high and low tillering mutants. In barley, low tillering mutants, 

like uniculm2 (cul2), absent lower laterals (als1), low number of tillers 1 (lnt1), and 

uniculme 4 (cul4), are epistatic to high tillering mutants, like many noded dwarf 1 (mnd1) 

and granum-a (gra-a), as indicated by low tillering phenotypes in double mutant 

combinations of low and high tillering alleles. It is likely that this epistatic effect is due to 

inability of low tillering mutants to initiate or maintain AXM (Babb and Muehlbauer, 

2003; Dabbert et al., 2009, 2010; Tavakol et al., 2015). Transcriptomic analyses of 
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seedling crown tissue, which contains SAM and AXM, from als, cul2, and cul4 mutants 

revealed that many genes involved in stress response and defense were upregulated 

compared to non-mutants, and some genes involved in calcium signaling were also 

upregulated in cul2 mutants, suggesting that these signaling pathways may play a role in 

tiller development (Okagaki et al., 2013; Tavakol et al., 2015).  

Two genes have been identified and characterized in low tillering mutants. The 

cul4 mutant phenotype is caused by loss of function of a gene encoding a BROAD 

COMPLEX, TRAMTRACK, BRIC-À-BRAC (BTB)-ankyrin domain containing protein 

homologous to Arabidopsis thaliana BLADE-ON-PETIOLE 1 (BOP1) and BOP2 

(Tavakol et al., 2015). The Cul4 gene is expressed in leaf axils at the site of AXM 

initiation and in newly formed AXM, and cul4 mutants form very few primary tillers and 

no secondary tillers. Low tiller number is caused by reduced initiation of AXM in leaf 

axils, but tiller development is also affected, as the internodes of some lateral branches do 

not elongate and leafy outgrowths are observed instead of tillers (Tavakol et al., 2015). 

The lnt1 mutant phenotype is caused by loss of function of a Three Amino Acid Loop 

Extension (TALE) homeobox protein, encoded by a gene called JuBel2, which is 

homologous to Arabidopsis BEL1 (Dabbert et al., 2010; Müller et al., 2001). JuBel2 and 

JuBel1, another BEL1 homolog, have been shown to interact with three class 1 

KNOTTED-like homeobox (KNOX) proteins in barley in a yeast two-hybrid screen: 

KNOX1, KNOX3 (mutated in the barley mutant hooded), and KNOX7; and expression 

domains of JuBel1, JuBel2, KNOX1, KNOX3, and KNOX7 overlap completely in 

embryos. Furthermore, Arabidopsis overexpressing barley JuBel2 had more lateral 
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branches than wild-types, indicating a role in lateral branch development (Müller et al., 

2001). Redundant BEL1 paralogs in Arabidopsis, PENNYWISE (PNY) and POUND-

FOOLISH (PNF), have been shown to form heterodimers in-vivo with class 1 KNOX 

proteins SHOOT MERISTEMLESS (STM) and BREVIPEDICELLUS (BP) to regulate 

specification and patterning of inflorescence and vegetative branches (Kanrar et al., 

2006). 

 In addition to having defects in tiller development, some low tillering mutants 

also have defects in inflorescence and/or leaf development. Inflorescences of als, lnt1, 

cul2, and intermedium-b (int-b) mutants are abnormal, having reduced spikelet number or 

size or irregular phyllotaxic arrangement of spikelets (Babb and Muehlbauer, 2003; 

Dabbert et al., 2009, 2010). These phenotypes suggest that some of the same genes or 

genetic pathways in barley regulate spikelet meristem initiation and patterning and 

vegetative AXM initiation and AXB outgrowth. Interestingly, some low tillering mutants 

have abnormal leaf development, specifically at the blade-sheath boundary. For example, 

CUL4 is expressed in ligules, epidermal outgrowths that form on the adaxial leaf surface 

at the blade-sheath boundary, and cul4 mutant leaves do not form ligules (Tavakol et al., 

2015). Another mutant, eligulum-A (eli-A), was identified as a partial suppressor of the 

cul2 mutant phenotype (Okagaki et al., 2018). Typically, cul2 mutants do not produce 

any tillers, but when crossed with plants carrying strong eli-a mutant alleles (eli-a.18), 

they produced one or two. In addition, eli-a.18 mutants did not form ligules, a structure 

that consists of a band of cells at the blade-sheath boundary, and had very reduced 

auricles, tissue flaps that grow from the leaf margin at the blade-sheath boundary and 
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wrap around the stem (Okagaki et al., 2018). Despite their ability to enhance tillering in 

cul2 mutants, single eli-a.18 mutants in a Bowman background developed about half as 

many tillers as Bowman, and, although a specific model has not been developed to 

explain these mutant phenotypes, it is postulated that defects in auxin transport may be 

the underlying cause (Okagaki et al., 2018). 

Genes that influence axillary meristem initiation and development and either leaf 

patterning or inflorescence development are fairly common in plants, probably due to 

their wider role in organ boundary specification, primordia initiation, or outgrowth. These 

developmental processes are all influenced by auxin transport; therefore, gene mutations 

that modify auxin transport often result in complex phenotypes. For example, mutations 

in genes that specify organ boundaries, like CUP-SHAPED COTYLEDON (CUC) genes 

in Arabidopsis, perturb polar auxin transport and can result in reduced branching, loss of 

leaf serration, and abnormal inflorescences (Bilsborough et al., 2011; Nikovics et al., 

2006; Raman et al., 2008; Vroemen et al., 2003). Vegetative and reproductive axillary 

meristem formation is also inhibited in three maize mutants with impaired polar auxin 

transport: barren stalk 1 (ba1), Barren inflorescence 1 (Bif1), and bif2 (Gallavotti et al., 

2008; McSteen et al., 2007). Several lines of evidence from Arabidopsis and other 

species suggest that the diverse phenotypes resulting from reduced or ectopic expression 

of class 1 KNOX genes is due to increased or decreased polar auxin transport, 

respectively (reviewed in Hay and Tsiantis, 2010). Arabidopsis bp mutants exhibited 

increased lateral branching, reduced height, and abnormal phyllotaxic arrangement of 
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siliques in inflorescences (Byrne, 2003); while ectopic expression of BP in 35S::BP lines 

resulted in abnormal patterning of leaf margins (Lincoln et al., 1994). 

After AXM develop into AXB, they either remain dormant or grow into lateral 

branches. AXB outgrowth is influenced by environmental cues that are relayed through 

various signaling pathways (reviewed in Beveridge, 2006 and Dun et al., 2009). The 

hormone auxin is synthesized in the shoot apex and moves downward through the plant, 

where it promotes synthesis of hormones called strigolactones (SL) in roots, which travel 

upwards and enter AXB to prevent outgrowth. Conversely auxin inhibits hormones called 

cytokinins (CK), which can be synthesized locally or enter AXB through xylem to 

promote outgrowth (reviewed in Kieber and Schaller, 2014). Three proteins in rice are 

involved in SL signaling: DWARF14 (D14), an α/β hydrolase; DWARF3 (D3), an F-box 

protein; and DWARF53 (D53) a P-loop containing nucleoside triphosphate hydrolase 

(Jiang et al., 2013; Yao et al., 2018; Yoshida et al., 2012). A complex containing D14 and 

D3 senses SL and mediates degradation of D53, an inhibitor of SL signaling. In rice, D14 

mRNA is expressed in leaves and vasculature, and the protein is transported through 

phloem to axillary buds where it acts as a receptor to sense SL (Kameoka et al., 2016). 

The TB1/CYCLOIDEA (CYC)/PROLIFERATING CELL NUCLEAR ANTIGEN 

FACTOR1,2 (TCP) family transcription factor TEOSINTE BRANCHED 1 (and 

orthologs in other species) acts downstream of SL to inhibit lateral branching. 

No studies to date have compared transcriptome data from shoot apical meristems 

and vegetative axillary meristems in grasses. Ohtsu et al. (2007) characterized gene 

expression in maize SAM, and a later study in maize characterized gene expression in 
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SAM throughout development and in AXM from which ear inflorescences develop 

(Takacs et al., 2012). A more recent study in barley compared transcriptome data from 

barley SAM transitioning from vegetative to inflorescence meristems (Digel et al., 2015). 

Comparing gene expression profiles in SAM and vegetative AXM from which tillers are 

derived will further our understanding of genetic control underlying tiller development in 

barley. The main stem in barley and other grasses elongates shortly after germination, but 

whether or not tillers develop depends on environmental conditions. However, the main 

stem and tillers are virtually indistinguishable in maturing plants. Therefore, we expect 

that AXM will have distinctive gene expression patterns earlier in development for 

sensing and responding to growth stimuli, but that gene expression in more developed 

SAM and AXM will converge. This study resulted in an increase in the current body of 

knowledge regarding gene expression underlying development of vegetative AXM and 

tillers in barley. Moreover, by comparing genes expressed in ligules and meristems, we 

identified additional genes that may regulate lateral branch development and leaf 

patterning.  

Materials and Methods 

Growing Conditions 

A 2-row cultivar, Bowman, and a 6-row cultivar, Morex, were independently 

grown for seedling tissue. Four Bowman seeds were planted in Propagation Mix (Sun 

Gro, Agawam, MA) in 5.25 inch square pots. Forty-eight pots total were grown in three 

replicates in a growth chamber at 20 °C with 16 hours of light. Crown tissue was 
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harvested at four and seven days after planting (DAP) at 9:00 am USA Central Time 

Zone from each replicate, and all tissue was harvested within one hour of starting. Most 

seedlings harvested at four DAP were stage GRO:0007057 (“leaf just at coleoptile tip”), 

but they ranged from GRO:0007056 (“coleoptile emerged from seed”) to GRO:0007059 

(“first leaf through coleoptile”) (gramene.org/db/ontology). All seedlings harvested at 

seven DAP were GRO:0007060 (“first leaf unfolded”). For each stage and replicate, four 

pots were randomly selected and the 16 individual plants in each pot were prepared for 

laser microdissection and RNA sequencing as described below. Three pots were also 

randomly selected from each replicate and all seedlings were prepared for RNA in-situ 

hybridizations as described below. Single Morex seeds were planted in propagation mix 

in individual Cone-tainers (SC10 Super, diameter 3.8 cm, depth 21 cm, Ray Leach, 

Tangent, OR), and Cone-tainers were placed into six racks (RL98, Ray Leach, Tangent, 

OR), with two racks corresponding to a single replicate (196 seeds per replicate). Racks 

containing cone-tainers were covered in plastic to keep the soil moist and put into a dark 

cold room for four days. Then they were moved into a growth chamber at 20°C with 16 

hours of light. After coleoptiles emerged, 2 g of Osmocote Plus (Scotts Miracle-Gro, 

Marysville, OH) was added to the soil surface of each cone-tainer. Crown tissue from 

individual seedlings was harvested within one hour, starting at 9:00 am USA Central 

Time Zone, at three seedling stages: GRO:0007059 (“first leaf through coleoptile”), 

GRO:007060 (“first leaf unfolded”), and GRO:0007061 (“two leaves unfolded”). Twenty 

seedlings were randomly selected from each replicate at each stage and prepared for laser 

microdissection and RNA sequencing as described below. 
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Laser microdissection and RNA sequencing 

Crown tissue (1 cm of stem above the roots) from cv. Bowman and Morex 

seedlings was collected at the stages described above and prepared for paraffin 

embedding according to a protocol developed by Scanlon et al. (2009). Ten micron 

median sections through meristems of individual plants were mounted on PEN membrane 

glass slides (Leica Microsystems, Buffalo Grove, IL). Instructions from the manufacturer 

(memo from Leica Microsystems) were followed to make slides RNase free before 

application of tissue sections. First, PEN membrane slides were soaked in RNase Zap 

(Thermo Fisher, Waltham, MA) for 15 seconds, followed by two rinses in molecular 

grade water. Then slides were air-dried and irradiated in a UV cross-linker for 30 

minutes. Sections were prepared for laser microdissection according to Scanlon et al. 

(2009). Meristem tissue from six median sections through individual meristems was laser 

microdissected using a Leica LMD6500 laser dissection microscope (University Imaging 

Centers, Minneapolis, MN) and pooled into a single biological replicate with three 

replicates per stage. Leaf tissue and ligule tissues were laser microdissected from shoot 

apical meristem (SAM) median sections.  

RNA was extracted from laser microdissected tissue using a PicoPure RNA 

Isolation Kit (Thermo Fisher) and amplified using an Arcturus RiboAmp HS Plus RNA 

Amplification Kit (Thermo Fisher). Amplified RNA was submitted to the University of 

Minnesota Genomics Center (UMGC, Saint Paul, MN) for quality testing, library 

preparation, and sequencing. Amplified RNA was quantified using a RiboGreen assay, 

and quality was assessed by capillary electrophoresis using an Agilent BioAnalyzer 2100. 
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Libraries were prepared using a TruSeq Stranded Total RNA Library Prep Kit (Illumina, 

San Diego, CA), omitting the size selection step (based on personal communication with 

Michael J. Scanlon). Libraries were sequenced using an Illumina HiSeq 2500 system to 

generate 125 bp, paired reads.  

Transcriptome data generated by the International Barley Genome Sequencing 

Consortium (IBGSC) was downloaded from the European Nucleotide Archive (accession 

PRJEB14349, www.ebi.ac.uk/ena). RNA sequencing data from the following tissues that 

do not contain meristems were selected and included in a pool of “non-meristem” 

transcriptome data to identify meristem-specific genes: palea, lemma, epidermis, and 

senescing leaves (Supplementary Table 3.4 in Mascher et al., 2017).  

Cutadapt (v 1.18) was used to trim low quality bases from 3’ ends (Illumina Q 

Score < 20) and filter short reads (< 30 bases) from all reads, including IBGSC data. 

Sequencing adaptors and poly-A tails were removed from reads generated in this 

experiment using Cutadapt, and quality of all reads was assessed before and after 

trimming and filtering using FastQC (v 0.11.6). Paired reads were aligned to the IBGSC 

Morex reference genome assembly using Tophat (v 2.1.1) (Beier et al., 2017; Mascher et 

al., 2017), and the percentage of reads aligned are summarized in Table S3-1. Gene 

counts for uniquely, concordantly aligned read pairs were generated using HTSeq (v 

0.11.0) and an annotation file for high confidence gene models 

(Hv_IBSC_PGSB_r1_HighConf.gtf).  

Identification of differentially expressed genes and gene clusters  



86 
 

To identify meristem-specific genes, individual meristems (based on genotype, 

seedling stage, and type) were compared to non-meristem tissues (IBSC tissues plus laser 

microdissected seedling leaf tissue) to identify differentially expressed (DE) genes with 

an FDR-adjusted p-value < 0.01 and log2-fold change > 2 using two different R 

packages, DESeq2 and EdgeR (Love et al., 2014; Robinson et al., 2010). DE genes were 

identified with DESeq2 using a negative binomial general linear model with Wald 

significance tests, and DE genes were identified with EdgeR using a generalized log-

linear model and likelihood ratio tests. The set of 43 core meristem genes (Fig. 3-2, Table 

S3-2), included genes that were upregulated in more than half of all individual meristems 

compared to non-meristem tissues in both genotypes. 

To identify genes expressed only in shoot apical meristems or axillary meristems 

(Fig. 3-3), individual axillary meristems were first compared to the shoot apical meristem 

that was the most similar morphologically to identify genes that were upregulated in 

SAM or AXM. For example, AXM classified as vegetative (V AXM) were compared to 

V SAM to identify DE genes. For AXM stages that were between SAM stages, AXM 

were compared to both the more developed and less developed SAM. For example, late 

vegetative (LV) AXM were compared to V SAM and SAM that were transitioning from 

vegetative to inflorescence meristems (T SAM). DE genes were identified using DESeq2 

and EdgeR. Genes with a log2-fold change > 2 in AXM compared to SAM were 

considered upregulated in AXM (FDR-adjusted p-value < 0.01), and Genes with a log2-

fold change > 2 in SAM compared to AXM were considered upregulated in SAM (FDR-

adjusted p-value < 0.01). Three criteria had to be met for a gene to be considered 
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expressed in AXM but not SAM: total counts in SAM <= 5, total counts in SAM < 5% of 

average counts for AXM, and average counts for AXM >= 5. The criteria were the same 

for considering genes to be expressed in SAM but not AXM, with tissue types reversed.  

Clustering based on gene expression in meristem tissues (Fig. 3-4) was performed 

using the R package MBCluster.Seq (version 1, Si et al., 2014) on a set of 1,477 genes 

that were differentially expressed between SAM and AXM. The 1,477 differentially 

expressed genes were identified by both DESeq2 and EdgeR (FDR-adjusted p-value < 

0.01, log2 fold-change >2) as being upregulated in either AXM or SAM. Each individual 

AXM (based on stage, leaf axil, and genotype) was compared to the SAM of the same 

genotype that was most similar based on morphology. For example, the AXM forming in 

the coleoptile axil (T0 AXM) at GRO:0007059 was classified as a vegetative AXM and 

was compared to SAM at GRO:0007059, which was classified as a vegetative SAM. 

Classifications of all meristem stages based morphology are included in Table 3-1. In 

some cases, AXM fell between two SAM stages based on morphology. For example, the 

T0 AXM at GRO:0007060 was classified as late vegetative AXM and was compared to 

vegetative SAM at GRO:0007059 and transitioning SAM at GRO:0007060. 

Clustering of 146 genes with higher expression in ligules compared to leaves at 

the same stage in Morex was performed using MBCluster.Seq (DESeq2 and EdgeR, log2 

fold-change >2, FDR-adjusted p-value < 0.01), and was based on expression in leaf, 

ligule, and all meristems in Morex.  

Gene Ontology (GO) term and UniProt domain identifiers were previously 

assigned to all genes in the annotation file from the Morex reference genome assembly 
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(Beier et al., 2017). Fisher’s Exact Tests in R were used in this study to compare all high 

confidence genes and genes in clusters to identify GO terms and UniProt domains that 

were enriched in clusters. All plots included in figures were generated using the ggplot2 

R package (version 3.0.0) or gplots R package (version 3.0.1). 

RNA in-situ hybridizations 

Crown tissue from cv. Bowman seedlings was collected at four days after planting 

and seven days after planting and prepared for paraffin embedding according to Javelle et 

al. (2011). Riboprobe plasmids were cloned by amplifying a 300-500 bp portion of the 

coding sequence or 3’ UTR of the genes of interest from Bowman genomic DNA (Table 

S3-3) and inserting it into a pGEM-T vector using a pGEM-T Easy Vector System 

(Promega, Madison, WI). The insert plus flanking T7 and SP6 RNA polymerase sites was 

amplified from the riboprobe plasmid using M13 primers, and the resulting PCR product 

was Sanger sequenced with the M13 forward primer to validate the sequence and 

determine the orientation of the insert in relation to the RNA polymerase sites. 

Digoxigenin labeled probes were generated by in-vitro transcription from the purified, 

M13 PCR product using a DIG RNA Labeling Kit (Roche Diagnostics, Indianapolis, IN). 

RNA probes were hybridized to ten micron-thick, median sections through the SAM, T0 

AXM, and the AXM that formed in the first leaf axil (T1 AXM) of each seedling. 

Results 

Factors differentiating meristem gene expression 
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Shoot apical meristem and axillary meristem tissues from median meristem 

sections were captured by laser microdissection from different seedling stages in 

Bowman and Morex. Stage 1 (S1) in Bowman ranged from GRO:0007056 (coleoptile 

emerged) to GRO:0007059 (first leaf emerged from coleoptile), with most being 

GRO:0007057 (first leaf at coleoptile tip); and S1 in Morex were all GRO:0007059 

(Table 3-1, Fig. 3-1A). S2 in Bowman and Morex were GRO:0007060 (one leaf 

unfolded), and S3 in Morex was GRO:0007061 (two leaves unfolded; Table 3-1, Fig. 3-

1A). Tissue captures from median meristem sections were pooled, and RNA was 

extracted and amplified. Libraries were created from amplified RNA and sequenced 

(UMGC), and read pairs were aligned to the Morex reference genome assembly (Beier et 

al., 2017; Mascher et al., 2017). Alignments were used to generate normalized gene 

counts. For clustering and identification of differentially expressed genes, meristems 

were classified based on meristem type (SAM or AXM), and morphological stage (early 

vegetative, vegetative, late vegetative, transitioning, and early inflorescence – double-

ridge stage), as described in Materials and Methods and in Table 3-1. 

One goal of this study was to identify the primary factors that differentiated 

meristem transcriptomes. Principal coordinates analysis (PCoA) of a dissimilarity matrix 

calculated using normalized log2 counts-per-million (CPM) of all genes in all Morex 

meristem samples was performed, and the first two principal coordinate (PCo) values for 

all samples were plotted to visualize similarity of meristem transcriptomes (Fig. 3-1B). 

PCo1, which explained 23% of the total variance, separated meristem samples primarily 

by meristem type, with SAM clustering more to the left and AXM clustering more to the 
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right of the plot. However, meristems that were more similar morphologically, tended to 

cluster more closely together along PCo1. For example, S1 SAM was a vegetative 

meristem, and it clustered more closely in the MDS plot with vegetative AXM tissues, 

like Stage 3 T3AXM and Stage 2 T1AXM, than it did with transitioning or double-ridge 

SAM stages (S2 and S3 SAM, respectively) (Fig. 3-1B). PCo2 only explained 7% of the 

total variance, and separation based on a single variable was not clear (Fig. 3-1B). PCoA 

using data from Bowman and Morex yielded similar results, but PCo1, which explained 

24% of the total variance, clearly separated samples by genotype and PCo2, which 

explained 22% of the total variance, separated samples primarily by meristem type and 

morphological stage (Fig. S3-4). 

Two meristems, S1 T0AXM and S2 T3AXM, clustered furthest from the others 

along PCo1 and PCo2 (Fig. 3-1B). Interestingly, even though S1 T0AXM appeared to be 

a vegetative axillary meristem, its transcriptome was distinct from other vegetative 

axillary meristems, as indicated by greater separation (Fig. 3-1B). Based on morphology, 

S2 T0AXM appeared to be slightly more advanced developmentally than S2 T1AXM, 

which was not surprising considering that T0AXM develop first (Fig. 3-1A). However, by 

S3, T1AXM appeared to have surpassed T0AXM developmentally based on morphology 

and location in the PCoA plot. By S3, T0AXM samples clustered closely with late 

vegetative and transitioning AXM (S3 T2AXM and S3 T1AXM) and with later stage 

SAM tissues, indicating that gene expression profiles of AXM become more similar to 

SAM as they develop. 

Identification of core meristem genes in barley 



91 
 

Despite differences in gene expression profiles based on genotype, meristem type 

and morphological stage, some genes were more highly expressed in nearly all meristems 

compared to tissues that did not contain meristems (non-meristem tissues). Non-meristem 

tissues included epidermis, senescing leaf, palea and lemma (bracts that enclose florets in 

grasses), and seedling leaf tissue that was laser-microdissected from Bowman and Morex 

median SAM sections (Fig. S3-5). All replicates of individual meristems were compared 

to non-meristem tissues to identify genes upregulated in meristems. Genes were 

considered for further analysis if they were expressed in more than one individual 

meristem and if they were upregulated in both genotypes, unless they were specifically 

upregulated in two or more meristem tissue types that were not harvested from Bowman, 

as some meristem tissue types were only harvested from Morex. Based on these criteria, 

we identified 142 genes upregulated in meristems compared to non-meristem tissues (Fig. 

S3-6). Only two biological process GO terms were enriched in this set of 142 genes: 

DNA-dependent regulation of transcription (GO:0006355) and multicellular organismal 

development (GO:0007275). More than half of the 24 enriched InterPro domains are 

found in transcription factors (e.g. homeobox, B3, TCP domains), and, not surprisingly, 

the two most significantly enriched were both KNOX domains (IPR005540 and 

IPR005541). Nine of the 24 enriched domains are typically found in proteins involved in 

post-transcriptional gene silencing and protein degradation pathways (e.g. Argonaute and 

ubiquitin domains) (Table S3-4). 

Of the 142 genes upregulated in meristems compared to non-meristem tissues, 

only nine were upregulated in all meristems regardless of genotype, meristem type, or 
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morphological stage (Fig. S3-6, marked by pink bar). Homologs of all nine genes have 

been characterized in meristems of other species and are likely important for meristem 

maintenance and function. For example, a gene encoding a NAC domain transcription 

factor homologous to CUC2 was upregulated at least seven-fold log2 CPM higher in 

meristems than non-meristem tissues (Fig. 3-2). In addition to these nine genes, 34 genes 

were upregulated in most meristems (Fig. 3-2), and many of them have also been 

characterized in meristems of other species, indicating that these 43 genes are generally 

important for meristem maintenance or function. For example, a gene encoding a CLV1-

like receptor kinase homologous to THICK TASSEL DWARF 1 (TD1) in maize was 

upregulated in both genotypes and all but three individual meristems (Fig. 3-2). 

Interestingly, a gene that was upregulated in all but one meristem (S2 T3 AXM – early 

vegetative AXM) and that had the highest average expression in meristems, encoded a 

protein with unknown function that is specific to the Triticeae tribe (identified in barley, 

Triticum aestivum, and Aegilops taushii by BLAST against non-redundant protein 

sequences and the nucleotide collection in NCBI). Based on expression in all but the 

least-developed meristem, it is possible that this gene is involved specifically in 

inflorescence development in barley and other Triticeae.  

Identification of shoot apical meristem and axillary meristem specific genes 

Our analyses indicated that meristems that are less morphologically similar tend 

to have less similar gene expression profiles and that gene expression profiles appear to 

converge as meristems begin transitioning into late vegetative and inflorescence 

meristems. We also identified genes that are likely important for function and 
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maintenance of all meristems. However, we wanted to examine whether any genes were 

uniquely expressed only in SAM or AXM. To be considered in the SAM but not AXM, a 

gene needed to have <=5 counts in AXM, >=5 counts in SAM, and the total counts in 

AXM had to be less than 5% of the average counts in SAM. The criteria were the same 

for identifying genes expressed in AXM but not SAM, with tissues reversed.  

Overall, few genes fit these criteria. Only six genes were found to be expressed in 

SAM but not AXM (Fig. 3-3A, Table S3-2). Functions of two of these genes are 

uncharacterized. One gene encodes a protein homologous to Arabidopsis LIGHT-

RESPONSE BTB 2 (LRB2), which is an important component in red light sensing 

(Christians et al., 2012). Another encodes a protein homologous to DNA-directed RNA 

polymerase II subunit 1 (NRPB1), part of an RNA polymerase II complex that transcribes 

DNA into mRNA, and another encodes a SWI-INDEPENDENT3 (SIN3)-Like protein 

that negatively regulates transcription by binding histone deacetylases (Wang et al., 

2016).  The last encodes an F-Box protein, which are involved in protein-protein 

interactions and in some cases protein ubiquitination (reviewed in Kipreos and Pagano, 

2000).  

Thirty-two genes were expressed only in AXM (Fig. 3-3A, Table S3-2). Ten of 

these 32 genes encoded transcription factors, four of which contained HD-ZIP domains 

and three of which contained TCP domains, including INT-C, the barley ortholog of TB1. 

Three proteins were annotated as Early Nodulin-like (ENODL). The ENODL protein 

family has not been well characterized, but it is likely that some have a role in defense 

and carbohydrate transport (Denancé et al., 2014). Several proteins with wound-inducible 
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domains were identified as being upregulated in AXM compared to SAM, but only one 

fit the criteria for being expressed only in AXM. RNA in-situ hybridization of an 

ENODL protein and the wound-induced protein confirmed that these genes were 

expressed specifically in AXM (Fig. 3-3B).  

Genes differentially expressed between SAM and AXM 

To identify genes that may be important for AXM and/or tiller development, 

individual AXM were compared to SAM that were the most similar morphologically to 

identify genes upregulated in AXM. If AXM appeared to fall between two SAM stages 

developmentally based on morphology, it was compared to both SAM stages. For 

example, S2 T0AXM was classified as a late vegetative AXM and was compared to S1 

SAM (vegetative) and S2 SAM (transitioning). In total, 490 genes were upregulated in 

AXM compared to SAM with log2 CPM fold-change higher than two and FDR-adjusted 

p-value less than 0.01, and 213 of them (43%) were identified in more than one SAM-

AXM comparison (Table S3-2). All 32 of the genes that were expressed in AXM but not 

SAM (Fig. 3-3A) were also identified in this set of 490 genes. Only 12 genes were 

significantly upregulated in at least half of all AXM in SAM-AXM comparisons, and of 

these 12, three were expressed only in AXM and not SAM and encoded a TCP 

transcription factor, an ENODL protein, and an uncharacterized protein. The gene 

encoding the TCP transcription factor (HORVU2Hr1G003020), which is homologous to 

INT-C/TB1, was upregulated in AXM in more SAM-AXM comparisons than any other 

gene. Three of the 12 genes encoded ENOD proteins, and another three encoded proteins 
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with wound-inducible domains, indicating that these families may be important for AXM 

or tiller development. 

Genes upregulated in SAM versus AXM were identified in the same SAM-AXM 

comparisons with the same criteria. In total, 465 genes were identified as being 

upregulated in SAM versus AXM, and 158 of them (34%) were identified in more than 

one SAM-AXM comparison. Only six genes were significantly upregulated in at least 

half of all SAM in SAM-AXM comparisons, and of these six, only one, the gene 

encoding NRPB1 (HORVU2Hr1G126750), was only expressed in SAM and not AXM. 

Fifty-three genes were identified in the 490 genes upregulated in AXM and in the 465 

genes upregulated in SAM, indicating that they are expressed at different stages of 

meristem development but are not SAM or AXM-specific (Table S3-2).  

Expression patterns of genes upregulated in axillary meristems 

 The following five sets of DE genes were included in a clustering analysis to 

identify clusters that were upregulated in AXM compared to SAM: 1) genes upregulated 

in meristems versus non-meristem tissues, 2) genes upregulated in AXM versus SAM, 3) 

genes upregulated in SAM versus AXM, 4) genes differentially expressed between the 

same AXM at different stages (e.g. S1 T0AXM and S2 T0AXM), and 5) genes 

differentially expressed between the same SAM at different stages. After removing 

duplicates from all gene sets, 1477 unique genes remained, and before clustering, 

meristems were grouped based on meristem type (SAM or AXM), morphological stage, 

and relative expression of Int-C/Tb1 (AXM only), which encodes an inhibitor of 

vegetative AXM outgrowth (Table 3-1, Fig. S3-7). Clustering was initially performed 
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using different numbers of clusters, and six clusters were included in the final clustering 

because adding more resulted in clusters with the same overall expression pattern.  

Two of the six clusters contained genes that were most highly expressed in 

double-ridge early inflorescence meristems (DR INF) and transitioning SAM and AXM, 

so they are likely involved in transition from vegetative to inflorescence meristems or 

floral organ development (Fig. S3-7). Genes in a third cluster were more highly 

expressed in vegetative SAM and AXM, and the remaining three clusters contained genes 

that were expressed higher in AXM than SAM (Fig. S3-7). Not surprisingly, all 32 genes 

that were expressed in AXM but not SAM were in these three clusters, supporting a role 

for these gene clusters specifically in AXM development or AXB outgrowth. The first 

cluster contained 11 of the 32 genes, the second cluster contained 19 genes, and the third 

cluster contained the remaining two genes. Interestingly, no clusters were identified that 

were expressed higher specifically in SAM, indicating that few genes may be required 

specifically for SAM development (Fig. S3-7). 

The first of the three clusters upregulated in AXM contained 260 genes that were 

more highly expressed in early vegetative (EV) AXM specifically and included three 

genes known to influence tillering in barley: Cul4, JuBel2, Int-C (Fig. 3-4A, Table S3-5). 

This cluster also contained a gene homologous to Arabidopsis EXCESSIVE BRANCHES 

1 (EXB1) (Fig. 3-4A), which encodes a WRKY transcription factor that affects AXM 

initiation and AXB outgrowth (Guo et al., 2015). Transcriptional regulation and 

phosphorylation were the only two Gene Ontology (GO) biological processes enriched in 

this cluster (Fig. 3-4B, Table S3-4). Four of the five InterPro domains enriched in Cluster 
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1 (e.g. Homeobox and AP2/ERF) are transcription factor domains, and the fifth domain is 

a histidine-kinase related domain, likely involved in phosphorylation and signal 

transduction (Fig. 3-4B, Table S3-4). 

 The second cluster contained 106 genes specifically upregulated in vegetative and 

late vegetative AXM compared to other meristems (Fig. 3-4A, Table S3-5). Based on 

expression, it is possible that these genes are important for transition from an early 

vegetative AXM to a vegetative meristem, or they could be important for AXB 

outgrowth. Oxidation-reduction was the only GO biological process significantly 

enriched, and ENOD and wound-induced family proteins were the only significantly 

enriched InterPro domains (Fig. 3-4B, Table S3-4). This cluster contained six genes 

encoding proteins annotated as ENOD and six genes encoding proteins annotated as 

wound-induced, suggesting that these families may be important for AXM development 

or AXM outgrowth. 

 The third cluster contained 179 genes that were expressed highest in DR INF, V 

AXM, and LV AXM (Fig. 3-4A, Table S3-5). The only enriched GO biological process 

was enriched defense response, and the only enriched InterPro domains were Thionin 

family members, TCP transcription factors, and wound-induced (Wun1-like) family 

members (Fig. 3-4B). Thionins are small, cysteine rich peptides generally involved in 

defense or stress responses (Westermann and Craik, 2010), and as previously mentioned, 

wound-induced proteins accumulate at sites of wounding but could be involved more 

generally in stress responses. 

Expression patterns of genes upregulated in ligules 
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 As previously discussed, some genes in plants have broad roles in development 

and influence development and patterning of several different organs. Some genes in 

barley influence development of axillary meristems and leaves, specifically organs called 

ligules that form at the blade-sheath boundary; therefore, we were interested in 

examining meristem expression patterns of genes upregulated in ligules to potentially 

identify genes involved more broadly in development. First, Morex ligule tissue was 

compared to leaf tissue at the same stage to identify genes that were upregulated with a 

log2 CPM fold-change higher than two and FDR-adjusted p-value less than 0.01 (Fig. 3-

5A). In total, 146 genes were identified as being upregulated in ligule compared to leaf, 

and most were upregulated only in the earliest ligule stage compared to leaf, indicating 

that gene expression in ligule and leaf become more similar as they develop (Fig. 3-5B). 

Only six genes were upregulated in ligule compared to leaf at all stages (Fig. 3-5B), and 

one of these genes, Cul4 (HORVU3Hr1G106880) has been shown to influence ligule as 

well as AXM development (Tavakol et al., 2015). A heatmap was used to visualize 

relative expression of the 146 genes in ligule, leaf, and meristem tissues (Fig. S3-8). 

  The 146 genes that were upregulated in ligules compared to leaves were included 

in a clustering analysis based on expression in Morex leaf, ligule, and meristem tissues. 

As with the previous clustering analysis, meristems were grouped based on 

morphological stage, and two clusters were identified as being upregulated in ligules and 

meristems. The first cluster contained genes that were expressed fairly evenly across all 

ligules and meristems (Fig. 3-5C), suggesting that they be generally important for various 

developmental processes. Two of the genes identified in the first cluster were also 
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identified as being upregulated in meristems compared to non-meristem tissues, one 

encoding an ALOG domain-containing protein and the other a heterogeneous nuclear 

riboprotein (Fig. 3-5C). The third gene indicated in the cluster encodes a gene 

homologous to BEL1. BEL1 proteins have been shown to interact with KNOX proteins to 

regulate various developmental processes (reviewed in Hay and Tsiantis, 2010).  The 

second cluster contained genes more highly expressed in axillary meristems, especially 

EV and V AXM, and in DR INF (Fig. 3-5C). Two of these genes, Cul4 and EXB1-like, 

were also identified in Cluster 1 in Fig. 3-4A, suggesting the possibility that these two 

genes may interact and be important for both AXM and ligule development. 

Discussion 

In this study, we examined the gene expression patterns underlying shoot apical 

and axillary meristem development in barley. Our primary objectives were (1) to develop 

an atlas of gene expression in the barley SAM and AXM; (2) to examine the similarity in 

gene expression in the SAM and AXM; (3) to identify genes that are specific to the 

AXM; and (4) to identify genes that are expressed in the ligule and AXM. To gauge the 

similarity of the SAM and AXM, we examined transcriptomes at various stages of 

development and observed that AXM at earlier developmental stages have different gene 

expression profiles than SAM, but gene expression profiles of late vegetative and 

transitioning AXM appeared to be very similar to SAM. Despite differences between 

SAM and less developed AXM, we identified a set of genes that are likely important for 

general meristem maintenance and function, as they are broadly expressed in meristems 

and many have been characterized in meristems of other species. We also identified 
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genes that may be important at different stages of AXM development through 

identification of differentially expressed genes and clustering based on expression across 

meristem types and stages. Last, we identified clusters of genes expressed in ligules and 

meristems that may be important for leaf and meristem development. 

Genes likely important for meristem function in barley 

Many of the 43 genes expressed higher in meristems compared to non-meristem 

tissues have been previously characterized in meristems of other species, and more than 

half (24/43) encoded putative transcription factors (TFs). For example, the transcripts 

encoding homeobox domain containing proteins are most homologous to the maize 

KNOTTED1, ROUGH SHEATH 2, and LIGULELESS3 genes. A gene homologous to 

MONOCULM1 (MOC1), which is required for lateral branching in rice, was also 

identified.  

Some of the 43 genes identified encode proteins involved in hormone signaling, 

which is important for meristem function. For example, five genes encode B3 domain-

containing proteins in the ABSCISIC-ACID INSENSTIVE 3-VIVIPAROUS1 (ABI3-

VP1) family of TFs, which are important for abscisic acid (ABA) signaling (Giraudat et 

al., 1992; McCarty et al., 1991), and another gene homologous to maize VP8 regulates 

ABA accumulation in meristems (Suzuki et al., 2008). ABA response and maintenance of 

ABA levels are important for meristem development. For example, Arabidopsis abi3 

mutant embryos had SAMs with precocious development of vasculature and leaf 

primordia more similar to seedling SAMs (Nambara et al., 1995), and maize vp8 mutants 

did not survive past embryogenesis and had abnormal SAMs with enlarged cells and 
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lacking leaf primordia (Suzuki et al., 2008). Maintaining low levels of bioactive 

gibberellin (GA) is also important for maintenance of meristematic function, and another 

gene identified in nearly all meristems encodes a GA-inactivating enzyme, GA2-oxidase, 

that restricts bioactive GA to developing organ primordia in rice and Arabidopsis 

(reviewed in Shani et al., 2006). 

Differences in gene expression between SAM and AXM 

To our knowledge, transcriptomic comparison of SAM and vegetative AXM has 

not been described in grasses prior to this study, and besides a study in pea that compared 

gene expression of SAM to dormant AXM using an oligonucleotide array representing 

7610 genes (Liang et al., 2009), this comparison has also not been described in dicots. 

Liang and coauthors (2009) identified 27 genes that were differentially expressed at least 

2-fold between SAM and AXM, but they concluded that gene expression in SAM and 

AXM were very similar overall compared to other tissues, such as root apical meristem, 

leaf, and stem. Using PCoA analysis to compare overall gene expression in SAM and 

AXM at various stages, we observed that less developed AXM tended to cluster further 

from SAM tissues but that expression profiles of SAM and AXM converged as AXM 

development progressed. Not including genes with expression that fluctuated by stage, 

for example, genes involved in transition to inflorescence meristems, we hypothesized 

that differences in expression profiles between SAM and less developed AXM would be 

due to expression of genes that are important for sensing and responding to signaling 

pathways that regulate lateral branching.  
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Not surprisingly, very few genes were identified in SAM tissues that were not 

identified in AXM tissues, indicating that most of the genes expressed in SAM are 

required for meristem development in general. One of the six genes expressed in SAM 

but not AXM encoded a protein homologous to LIGHT-RESPONSE BTB 2 (LRB2), 

which is a strong regulator of photomorphogenesis in Arabidopsis (Christians et al., 

2012). LRB2 acts downstream of phytochrome B (phyB) and phyD, possibly by 

mediating degradation of phyB/D after exposure to high levels of red light. This finding 

suggests that the SAM has more control of photomorphogenic responses than AXM. 

Sorghum mutants deficient in phyB do not develop any tillers during vegetative growth 

but begin developing tillers after flowering, suggesting that photomorphogenic regulation 

of tiller development only occurs during the vegetative growth period (Kebrom and 

Mullet, 2016). The LRB2-like gene identified in our study was expressed highest in 

transitioning SAM and was no longer expressed in SAM that had progressed to a DR 

INF, suggesting that it regulates flowering time (Fig. 3-2A), but it could potentially be 

involved in photomorphogenic regulation of tiller development as well. 

More genes were identified as being expressed in AXM but not SAM, but it was 

still a relatively short list (32 genes), indicating that most differences between gene 

expression in SAM and AXM are probably due to differences in developmental stage. As 

expected, Int-C/TB1, which specifically regulates AXB outgrowth, was one of the genes 

in this list, and two other TCP TFs were also in this list. It is possible that they could 

function redundantly, as with the TB1 homologs BRANCHED 1 (BRC1) and BRC2 in 
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Arabidopsis (Aguilar-Martínez et al., 2007), or they could be serving a different role, as 

TCP TFs have various functions in growth and development.  

Six genes encoding wound-induced proteins were part of the cluster containing 

genes expressed higher in V and LV AXM than other meristems (Cluster 2, Table S3-5), 

and one was identified as being expressed in AXM but not SAM (Figure 3). Several 

jasmonate-induced proteins, which are also involved in wound responses, were 

upregulated in AXMs as well (two in Cluster 1 and three in Cluster 3, Table S3-5). 

Proteins with wound inducible domains accumulate at sites of wounding and are involved 

in protecting wounded tissue from pathogen infection (reviewed in Savatin et al., 2014), 

so it is possible that they have a role in protecting axillary buds from infection. However, 

it is also possible that they function in developmental regulation as well. For example, 

oligogalacturonides are signaling molecules involved in both wounding response and cell 

wall remodeling associated with development, so proteins in signaling pathways 

associated with these molecules could also be involved in both processes (reviewed in 

Ferrari et al., 2013). No studies, to our knowledge, have reported any direct links between 

wound-induced or jasmonate-induced proteins and AXM or lateral branch development, 

though a few have reported links between changes in gene expression or protein 

localization and mechanical stress, like stretching or compressing cells or tissues. For 

example, one study reported that gene expression is impacted by mechanical stress of 

embryo and endosperm expanding against a sensitive cell layer in the seed coat (Creff et 

al., 2015), and another study proposed that polarization of the auxin efflux carrier PIN-

FORMED1 (PIN1) is regulated by mechanical stress in the SAM (Nakayama et al., 
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2012). It is likely that AXM undergo mechanical stress as they push through layers of 

tissue to grow and develop, whereas the SAM resides in a less constrictive region, so it is 

possible that overexpression of these genes is merely a byproduct of this increased 

mechanical stress and does not serve any specific function in AXM development or AXB 

outgrowth. However, several other studies, besides the two examples above, have 

reported a link between mechanical stress and development, so it is possible that 

mechanical stress and expression of genes related to mechanical stress could be important 

for AXM development or internode elongation.  

Six early nodulin-like (ENODL) proteins were identified in the cluster containing 

genes expressed higher in V and LV AXM than other meristems (Cluster 2, Table S3-5), 

and three of them were expressed in AXM but not SAM. ENODL proteins have not been 

characterized much outside of their role in nodulation, though they are expressed in non-

nodulating species and are likely involved in transport of hormones, carbohydrates, and 

other molecules (Denancé et al., 2014). Homozygous T-DNA insertion in an Arabidopsis 

gene encoding an ENODL protein that localized to phloem resulted in a major reduction 

in number and size of siliques and a possible reduction in lateral branch number (Khan et 

al., 2007). In another study, Kebrom and Mullet (2016) reported that ENOD93 expression 

decreased following growth arrest of AXB in phyB deficient plants, so they postulated 

that ENOD93 is required for AXB to escape dormancy.   

Many genes involved in hypoxic (low oxygen) response and glycolysis were also 

more highly expressed in V and LV AXM. For example, genes encoding several key 

glycolysis enzymes were identified in Clusters 2 and 3 (Table S3-5), such as 
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phosphoenolpyruvate carboxykinase, triosephosphate isomerase, pyruvate kinase, and 

pyruvate decarboxylase-2. Two genes encoded hypoxia-responsive proteins, and one 

gene encoded a cysteine oxidase, which acts as an oxygen sensor and regulates stability 

of group VII ethylene response factors in hypoxic environments in Arabidopsis (Giuntoli 

and Perata, 2018; White et al., 2018). Increased expression of genes involved in hypoxic 

response indicates that V and LV AXM reside in hypoxic environments; therefore, 

glycolysis, which can occur in anaerobic environments, is probably necessary to generate 

enough ATP for survival and growth. However, glycolysis in hypoxic environments is 

also important for reducing levels of reactive oxygen species that “leak” from the 

electron transport chain under hypoxic conditions (reviewed in Loscalzo, 2016). 

Oxidation-reduction is an integral component of glycolysis and hypoxic response and 

was the only enriched GO biological process in Cluster 2 (Fig. 4). As with wound-

induced genes, hypoxia and enhanced expression of genes related to hypoxia in AXM 

compared to SAM could be a byproduct of location within the plant, but it is also 

possible that these genes are important for AXM development. In maize for example, 

Kelliher and Walbot (2012) showed that a hypoxic environment induces germ cell 

formation in maize, indicating that hypoxic conditions are important for normal 

development in some tissues. 

Expression patterns of genes known to influence lateral branching in barley 

 Interestingly, of the five known barley tillering genes isolated to-date, four were 

identified in this study either as genes differentially expressed in AXM compared to 

SAM or meristems compared to non-meristem tissues. The fifth known tillering gene, 
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ELI-A, is classified as a low confidence transposable element and would not have been 

identified in this study, as only high confidence gene models were used for alignments.  

As previously mentioned, INT-C, the ortholog of maize TB1, was not expressed in SAM 

and was highly expressed in EV AXM (Cluster 1, Figure 4), with expression decreasing 

as development progressed. No or very low INT-C expression in LV and T AXM 

suggests that they are no longer dormant, as TB1 is a known inhibitor of AXB outgrowth 

and its expression has been shown to decrease in non-dormant axillary buds in sorghum 

(Kebrom et al., 2006). Loss-of-function mutations in CUL4 and JUBEL2 result in low 

tillering with reduced AXM initiation, and both genes were expressed highest in EV 

AXM (Cluster 1, Figure 4). Identification of these known tillering genes suggests that 

other genes in Cluster 1 may also be involved in AXM initiation or dormancy release. 

Loss-of-function mutations in MND result in the high tillering mnd4/mnd6 mutants. MND 

was expressed in all meristems but was more highly expressed in vegetative SAM than 

other tissues. MND encodes a CYP78A cytochrome P450 homologous to rice 

PLASTOCHRON1 (PLA1), and pla1 mutants are phenotypically similar to mnd4/mnd6 

mutants, suggesting that it regulates vegetative growth rate (Mascher et al., 2014).  

Genes upregulated in ligules and AXM may function broadly in plant development 

 CUL4 has been shown to influence development of ligules and AXM, and RNA 

in-situ hybridization has shown that it is specifically expressed in leaf axils, EV AXM, 

and ligules (Tavakol et al., 2015). Not surprisingly, CUL4 was identified in this study in a 

cluster with higher expression in EV AXM compared to other meristems (Cluster 1, 

Figure 4) and in another cluster with higher expression in ligules and EV AXM (Cluster 
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2, Figure 5) compared to leaf tissue.  Another gene that encodes a WRKY TF 

(HORVU3Hr1G060500) homologous to EXCESSIVE BRANCHES 1 (EXB1) in 

Arabidopsis was identified in the same two clusters as CUL4, so it is possible that this 

gene also influences development of both organs. Like CUL4, EXB1 is expressed in leaf 

axils in Arabidopsis and loss of expression results in a low-branching phenotype (Guo et 

al., 2015). Similar expression patterns and mutant phenotypes suggests the possibility that 

CUL4 and this EXB1-like protein may be involved in the same signaling pathway. 

Besides CUL4 and the EXB1-like gene, six other genes were also identified in Fig. 4 

Cluster 1 in Fig. 5 Cluster 2 that may be important for development of AXM and ligule 

(Table S3-5).  

Our study and others suggest that genes expressed in boundary regions, such as 

leaf axils where AXM develop, regions between meristematic tissue and organ primordia 

in meristems, and blade-sheath boundary in leaves, may be important for development of 

AXM and leaf. For example, previous work showed that maize genes expressed more 

highly in pre-ligular tissue than blade or sheath tissue were also expressed in leaf axils, 

and some have a known role in development of different organs, like AXM, leaf 

primordia, and ligules (Johnston et al., 2014). These authors identified a gene expressed 

in pre-ligules and leaf axils that encodes a BOP1/2-like protein homologous to CUL4, 

and they also identified a gene homologous to EXB1 (GRMZM5G812272) that was 

expressed more highly in pre-ligule than blade (log fold-change 4.68) or sheath (log fold-

change 7.31), though there was no information about expression in leaf axils. Two genes 

identified in the cluster of genes expressed in ligules and all meristems (Cluster 1, Table 
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S3-5), were homologous to an Arabidopsis gene in the ALOG family called LIGHT-

DEPENDENT SHORT HYPOCOTYLS 3 (LSH3), which is highly expressed in boundary 

regions (Tian et al., 2014). This provides further evidence that genes with higher 

expression in meristems and ligules may have boundary-specific expression patterns, but 

further experiments will be necessary to verify these expression patterns and determine 

whether they are important for development of leaves and meristems. 

In summary, we presented evidence that SAM and AXM are generally very 

similar and that most of the differences in gene expression are likely due to differences in 

morphological stage. However, we did identify a small number of genes that are 

specifically expressed in either SAM or AXM, indicating that there are differences 

between the two meristem types, and identification of known tillering genes upregulated 

in AXM compared to SAM supports the idea that genes identified in this study may be 

important for tiller development. We also identified multiple members of some gene 

families expressed higher in AXM than SAM that have no known role in AXM or lateral 

branch development, like wound-induced and ENOD families, that could be important 

for tiller development. Finally, identification of genes known to influence ligule and 

AXM development also supports that genes in another cluster we identified may be 

important for development of multiple organ types. Overall, results of this study will 

enhance our understanding of gene expression underlying development of meristems and 

ligules in barley and may ultimately highlight new genes and genetic pathways 

underlying regulation of tiller development in grasses.  
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Table 3-1. Description of meristem tissues laser microdissected from Bowman and 
Morex. 

  

Genotype Seedling Stage 
(gramene.org) 

Stage in 
Figures Meristem 

Type 
Meristem 

Morphological Stage 

Relative  
INT-C/TB1 
Expression 

Bowman GRO:0007056-59 Stage 1 SAM Vegetative SAM None 
Bowman GRO:0007056-59 Stage 1 T0 AXM Vegetative AXM Moderate 
Bowman GRO:0007060 Stage 2 SAM Transitioning SAM None 
Bowman GRO:0007060 Stage 2 T0 AXM Late vegetative AXM Low 
Bowman GRO:0007060 Stage 2 T1 AXM Vegetative AXM Moderate 
Morex GRO:0007059 Stage 1 SAM Vegetative SAM None 
Morex GRO:0007059 Stage 1 T0 AXM Vegetative AXM High 
Morex GRO:0007060 Stage 2 SAM Transitioning SAM None 
Morex GRO:0007060 Stage 2 T0 AXM Late vegetative AXM None 
Morex GRO:0007060 Stage 2 T1 AXM Vegetative AXM Moderate 
Morex GRO:0007060 Stage 2 T2 AXM Early vegetative AXM Very high 
Morex GRO:0007060 Stage 2 T3 AXM Early vegetative AXM Very high 
Morex GRO:0007061 Stage 3 SAM Double ridge IM Very low 
Morex GRO:0007061 Stage 3 T0 AXM Transitioning AXM None 
Morex GRO:0007061 Stage 3 T1 AXM Transitioning AXM None 
Morex GRO:0007061 Stage 3 T2 AXM Late vegetative AXM None 
Morex GRO:0007061 Stage 3 T3 AXM Vegetative AXM High 
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Figure 3-1. Meristem gene expression profiles were differentiated by meristem type 
and morphology. A) Representative images of Morex seedlings and median sections 
through meristems at three stages: Stage 1 - GRO:0007059, Stage 2 - GRO:0007060, and 
Stage 3 - GRO:0007061. White dotted lines on seedlings show crown region that was 
dissected for meristem tissue, and yellow dotted lines on sections show meristems that 
were microdissected. Scale bars are 400 μm. B) RNA was extracted from meristem 
tissue, amplified, and sequenced. Multidimensional scaling was performed using a 
dissimilarity matrix of normalized log2 counts-per-million for all genes. The first 
principal coordinate (PCo1) separated meristems by meristem type, shoot apical 
meristem (SAM) or axillary meristem (AXM), and PCo2 separated meristems primarily 
by morphology. T0-T3 indicates the leaf or coleoptile axil in which the AXM is located 
(T0: coleoptile, T1: first leaf, etc.). 
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Figure 3-2. Core meristem genes in barley. Meristem-specific genes were identified by 
comparing individual meristems to non-meristem tissues, and 43 genes that are likely 
important for meristem maintenance or function were expressed in nearly all meristems 
regardless of genotype, stage, or whether they were a shoot apical meristem (SAM) or 
axillary meristem (AXM). Fold-change of normalized log2 counts-per-million for 
meristems versus non-meristem tissues is shown, and gray boxes indicate genes were not 
significantly upregulated in that particular meristem. T0-T3 indicates the leaf or coleoptile 
axil in which the AXM is located (T0: coleoptile, T1: first leaf, etc.). Abbreviations for 
protein annotations: transcription factor (TF); abscisic acid insensitive (ABI); leucine-
rich repeat (LRR); Arabidopsis LIGHT SENSITIVE HYPOCOTYL1 and Oryza G1 
(ALOG); knotted-like Homeobox-like (KNOX); GIBERELLIC-ACID INSENSITIVE, 
REPRESSOR of GAI, and SCARECROW (GRAS); multi-antimicrobial extrusion 
(MATE); CLAVATA1 (CLV1); NO APICAL MERISTEM, Arabidopsis thaliana 
activating factor 1/2, CUP SHAPED COTYLEDON 2 (NAC). 
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Figure 3-3. Genes expressed only in shoot apical (SAM) or axillary meristems 
(AXM). A) Normalized counts from Bowman and Morex were used to identify genes 
that were expressed only in SAM, indicated in the heatmap by a yellow bar, or AXM, 
indicated by red bars. The criteria for a gene to be considered expressed in AXM but not 
SAM were as follows: total counts in SAM <= 5, total counts in SAM < 5% of average 
counts for AXM, and average counts for AXM >= 5. The criteria were the same for 
considering genes to be expressed in SAM but not AXM, with tissue types reversed. B) 
RNA in-situ hybridizations in Bowman at Stage 2 (GRO:0007060) of two genes 
identified as being expressed in AXM but not SAM. One encodes a protein with a 
wound-inducible domain (HORVU2Hr1G116740), and the other encodes an early 
nodulin (ENOD)-like protein (HORVU3Hr1G026540). 
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Figure 3-4. Expression clusters containing genes specifically upregulated during early or late axillary meristem (AXM) 
development. A) Genes were clustered based on scaled, normalized log2 counts-per-million for all meristems laser microdissected 
from Bowman and Morex, and three clusters were identified in which AXM expression was higher than shoot apical meristem (SAM) 
expression. Cluster 1 contained genes more highly expressed in early vegetative (EV) AXM compared to other tissues, and three genes 
in this cluster, Uniculme 4 (Cul4); Intermedium-C (Int-C), JuBel2, have been previously shown to influence tiller development. Cluster 
2 contained genes that were more highly expressed in vegetative (V) and late vegetative (LV) AXM, including several genes annotated 
as wound-induced proteins or early nodulin (ENOD)-like proteins. Cluster 3 contained genes that were more highly expressed in V and 
LV AXM and double ridge inflorescence meristem (DR INF).  B) Gene Ontology (GO) biological processes (top) and InterPro domains 
(bottom) enriched (FDR-adjusted p-value < 0.01) in Clusters 1 (green bars), 2 (gray bars), and 3 (red bars). Abbreviations: transitioning 
(T); TB1, CYCLOIDEA (CYC), PROLIFERATING CELL NUCLEAR ANTIGEN FACTOR1 (PCF1) and PCF2 (TCP); EXCESSIVE 
BRANCHES 1 (EXB1).
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Figure 3-5. Some genes upregulated in ligules compared to leaves have distinct 
expression patterns in meristems. A) Representative images of median sections through 
shoot apical meristems (SAM) from which leaf (outlined in blue) and ligule (outlined in 
yellow) tissue were laser microdissected for RNA sequencing at three stages: Stage (S) 1 
- GRO:0007059, S2 - GRO:0007060, and S3 - GRO:0007061. B) Venn diagram shows 
overlap of genes more highly expressed in ligules than leaves between the three stages. 
C) Genes more highly expressed in ligules than leaves were clustered based on 
expression in seedling leaf, ligule, and meristems. Genes in Cluster 1 were expressed 
similarly in all ligules and meristems, and two genes shown were also in the list of core 
meristem genes. Genes in Cluster 2 were expressed in all ligules and were more highly 
expressed in early vegetative axillary meristems. The two genes shown were also part of 
Cluster 1 from Fig. 3. Abbreviations: Arabidopsis LIGHT SENSITIVE HYPOCOTYL1 
and Oryza G1 (ALOG), Uniculme 4 (Cul4).
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Supplementary Figure 3-1. Example images and descriptions of stages used to 
harvest tissue for meristem sections. Morex seedlings are shown. Waddington’s (W) 
stages for shoot apical meristem corresponding to each seedling stage are also shown. For 
dissections at all stages, roots were cut off, the grain was removed (scutellum was left in-
tact at stage 1), and the bottom 1 cm of shoot tissue was cut off and put immediately into 
ice-cold acetone for fixing. 
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Supplementary Figure 3-2. Representative images of median meristem sections from which meristem tissue was laser 
microdissected. Top and center images are before laser capture, and center images show outlines indicating the region that was cut. 
Bottom images are after laser microdissection of meristem tissue.
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Supplementary Figure 3-3. Before and after images of median meristem sections 
from which leaf and ligule tissue was laser microdissected. Leaf and ligule tissues 
were harvested from Morex at three seedling stages. 
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Supplementary Figure 3-4. Meristem gene expression profiles were differentiated 
primarily by genotype. RNA was extracted from Bowman and Morex meristem tissue, 
amplified, and sequenced. Multidimensional scaling was performed using a dissimilarity 
matrix of normalized log2 counts-per-million for all genes. The first principal coordinate 
(PCo1) separated meristems by genotype. T0-T3 indicates the leaf or coleoptile axil in 
which the AXM is located (T0: coleoptile, T1: first leaf, etc.). 
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Supplementary Figure 3-5. Correlation of tissue types by expression of all genes. 
Tissues include laser-microdissected Bowman and Morex seedling tissues and 
transcriptome data from the Morex Reference Genome. Blue boxes indicate tissues 
included in pool of non-meristem tissues. 
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Supplementary Figure 3-6: 
Relative expression of 142 
genes upregulated in meristems 
compared to non-meristem 
tissues. All genes shown in the 
heatmap were identified as being 
significantly upregulated (FDR-
adjusted p-value < 0.01) at least 
5-fold in at least two different 
meristems and in Bowman and 
Morex compared to a group of 
non-meristem tissues (seedling 
and senescing leaf, epidermis, 
lemma, and palea). The pink bar 
on the left indicates genes that 
were upregulated in all 
meristems, orange indicates 
genes upregulated in shoot apical 
meristems (SAM) and axillary 
meristems (AXM), and purple 
and red indicate genes 
upregulated specifically in SAM 
or AXM, respectively. 
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Supplementary Figure 3-7. Clustering of 1477 genes that were differentially 
expressed between meristems in Bowman and Morex grouped by morphology and 
relative expression of Int-C/TB1. A) Meristems were grouped visually based on 
morphology and by relative expression of Intermedium-C/TEOSINTE BRANCHED 1 
(Int-C/TB1), which encodes an inhibitor of vegetative axillary meristem (V AXM) 
outgrowth. B) Clusters 1 and 2 were expressed highest in double ridge inflorescence 
meristem (DR INF) and lowest in V and early vegetative (EV) meristems, indicating a 
possible role in inflorescence development or transition from vegetative to inflorescence 
meristem. Cluster 1 was expressed highest in vegetative (V), late vegetative (LV), and 
transitioning (T) meristems. Cluster 3 was expressed highest in V to T AXM. Clusters 3 
and 5 were expressed highest in AXM and are the two clusters included in Fig. 4. Cluster 
3 (Cluster 2 in Fig. 4) was expressed highest in V and LV AXM, and Cluster 6 (Cluster 1 
in Fig. 4) was highly expressed in EV AXM and low in other meristems. 
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Supplementary Figure 3-8: 
Relative expression of 146 genes 
in ligule, leaf, and meristem 
tissues, identified as being 
upregulated in ligules compared 
to leaves. Leaf and ligule tissue 
were laser microdissected for RNA 
sequencing at three different stages 
in Morex: GRO:0007059 (S1), 
GRO:0007060 (S2), and 
GRO:0007061 (S3). All genes 
shown in the heatmap were 
identified as being significantly 
upregulated (FDR-adjusted p-value 
< 0.01) at least 5-fold in ligules 
compared to leaves at the same 
stage. Genes and tissue types were 
ordered in the heatmap based on 
hierarchical clustering. Gene labels 
are colored to match their 
assignment to clusters shown in 
Fig. 3-5 that were determined using 
MBCluster.Seq. Blue labels 
indicate genes in Cluster 1 and red 
labels indicate genes in Cluster 2. 
The cluster of genes in the green 
box, identified by hierarchical 
clustering, was expressed highest 
specifically in younger ligules and 
S1 T0AXM. T0-T3 indicates the 
leaf or coleoptile axil in which the 
AXM is located (T0: coleoptile, 
T1: first leaf, etc.). 
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