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ABSTRACT OF THE THESIS 
 
 

Characterization of two novel barren mutants in maize 
 
 

by 
 
 

Amy Marie Buck  
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University of California, San Diego, 2013 
 
 

Professor Robert Schmidt, Chair 
 
 

 
Maize inflorescence architecture is dictated by groups of tightly regulated 

pluripotent stem cells called meristems, capable of forming all lateral organs. The barren 

class of maize mutants has defects in the formation and development of these meristems 

that result in an obvious decrease in branching events evident as “barren” patches on the 

ear and/or tassel, the two maize inflorescences. Previously cloned barren mutants have 

tied meristem initiation and development to the phytohormone auxin. Barren 

inflorescence3 (Bif3) and barren inflorescence173 (bif173) are two novel maize barren 

mutants affected in inflorescence development. Detailed morphological analyses suggest 

that these mutant phenotypes are caused by defects in meristem maintenance and/or 

initiation. With the characterization and cloning of the genes affected in both mutants we 

hope to identify new pathways controlling meristem function, and increase our 

knowledge on the regulation of maize inflorescence architecture.  



 

1 

 
INTRODUCTION 

Maize inflorescence: built to support a spikelet  

The inflorescences are structures that contain flowers and supporting organs. 

Within the grass family, the spikelet represents the reproductive unit of the inflorescence. 

In grasses, it is the spikelet that eventually gives rise to the grains, which represent 70% 

of our crops worldwide. Rice, wheat, barely, sugarcane, and corn are important members 

of the grass family. With the exception of sugarcane, the yield of these crops depends on 

the proper formation of their inflorescences, because of its influence on seed number and 

ability to harvest. How these plants reproduce, how frequently they reproduce, and how 

these reproductive structures form have become important questions to address in order 

to increase crop yields. To help answer these questions, it is fundamental to understand 

the molecular basis of inflorescence development. Zea mays or more commonly know as 

corn, is a unique model grass organism. Whereas perfect flowers, which contain stamens 

and carpels in a single flower, are observed in other grasses species such as rice and 

wheat, maize bears the female and male flowers separately. On the tassel, the pistil 

primordia are aborted engendering a male inflorescence at the apex of the plant and on 

the ear the stamen primordia are aborted engendering a female inflorescence that form 

laterally on the stalk of the plant (Kiesselbach 1999). This spatial distinction is unique to 

maize and a few other grasses and it allows for the separate examination of male and 

female flower development.  Maize is also unique in that is has an elaborate series of 

branching events that make up the architecture of its inflorescences. Discovering the 

molecular pathways or blueprint regulating inflorescence architecture can help elucidate 
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evolutionary differences between maize and other grasses, and has the potential to be 

applied for increasing crop yield.     

Representing the fundamental reproductive unit of grasses is the spikelet and it is 

the development of this structure that has been important to many studies on grasses. The 

spikelet is a small branch characterized by protective outer and inner glumes that, in 

maize, enclose two florets. Unlike other grasses that have a single spikelet, maize, along 

with sorghum and sugarcane, falls into the tribe Andropogoneae group where the 

spikelets are formed as a spikelet pair (Gallavotti et al, 2010). Like all aerial organs, these 

spikelets are derived from meristems which are groups of cells responsible for 

coordinating the formation of all organs while maintaining its stem-cell line (Hake, 

2008).  

Meristems: the foundation of plant architecture 

During embryogenesis two major meristems are formed: the Shoot Apical 

Meristem (SAM) and the Root Apical Meristem (RAM). The SAM remains at the base of 

grass plants producing the leaves of the plant in a distichous pattern as well as producing 

axillary meristem in the axils of these leaves. Unsurprisingly, when genes involved in the 

initiation and maintenance of the SAM are mutated, plants show dramatic developmental 

defects in all species. When the Arabidopsis gene SHOOT MERISTEMLESS (STM) has a 

null mutation, the SAM initiation is disrupted and the plant dies early without forming 

any true leaves (Long et al 1996).  When the homologous gene of STM in maize, knotted1 

(kn1), is mutated, plants shows defects in lateral organ formation suggesting that kn1 

plays an essential role in axillary meristem development as well (Kerstetter et al., 1997). 

During organogenesis, the SAM must have the capabilities to not only regenerate the 
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undifferentiated stem-cell pool but also to preserve its size by maintaining the delicate 

balance between organ initiation and cell proliferation. Both STM and kn1 have been 

suggested to be key players in controlling the size of the stem-cell pool. Independent 

from the STM pathway, the relationship between the WUSCHEL (WUS) gene and 

CLAVATA (CLV) genes in Arabidopsis also plays an essential role in meristem 

maintenance in Arabidopsis. The loss-of-function wus mutation causes premature 

termination of both the vegetative and inflorescence meristems indicating that WUS plays 

a key role in meristem maintenance and fate (Laux et al., 1996). WUS is negatively 

regulated by the CLV genes and this regulation is necessary to maintain the stem-cell size 

(Weigel et al., 2002). The loss of function of any of the CLV genes results in an increased 

stem-cell pool due to the over-expression of WUS causing phenotypes that include the 

generation of extra floral organs (Perales et al., 2012; Fletcher et al., 1999).  This 

pathway appears to be conserved in monocots and dicots. Mutations in the CLV2 

homolog in maize, fasciated ear2 (fea2), also show an over proliferation of stem-cells as 

demonstrated by an excess of floral organs, suggesting defects in the maintenance of the 

SAM and axillary meristems (Taguchi-Shiobara et al., 2001). This phenotype is also seen 

in the CLV1 homolog, thick tassel dwarf1 (td1). Loss-of-function td1 mutants have over-

proliferation of floral organs due to defects in meristem maintenance (Bommert et al., 

2004). In rice, this pathway appears to be conserved as well. The CLV1 homolog in rice, 

FLORAL ORGAN NUMBER1 (FON1), has a similar function in meristem maintenance 

(Suzaki et al., 2004).  Overall, the analysis of these mutants in Arabidopsis, maize, and 

rice has supported the idea that a conserved mechanism exists for meristem maintenance 
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that is pivotal to normal vegetative and reproductive architecture in plants (for a review 

see Barton 2009).  

Axillary meristems: the foundation of inflorescence architecture 

Successful maintenance of the SAM is crucial to normal development because 

among other functions it contributes to the formation of all axillary meristems, which in 

turn are responsible for the formation of all secondary axes of growth, such as branches 

and flowers. When no axillary meristems are formed the plant is sterile, as seen for 

example in the maize barren stalk1 mutant (Gallavotti et al., 2004).  The formation of 

axillary meristems remains controversial. There are two opposing theories: the detached 

meristem theory and the de novo theory. The detached meristem theory suggests that 

some of the stem cells detach from the SAM to form new stem-cell pools in the axillary 

meristems. The de novo theory suggests that there are differentiated cells that regain a 

stem-cell fate within the axillary meristems (Long et al., 2000).  It is the formation and 

maintenance of these meristems that allow for continuous elaboration of plant 

morphology (Bennett et al., 2006).  

In maize, axillary meristems are formed in the axils of leaves during vegetative 

development and they remain quiescent until the transition to reproductive development 

(Gallavotti et al., 2011). After the transition to reproductive development, some of these 

axillary meristems will eventually form ears. The tassel instead is formed by the activity 

of the apical meristem, which after transition to reproductive development, is now called 

the inflorescence meristem (IM). In both tassel and ears, a series of axillary meristems are 

initiated and they will eventually form the long and short branches that make up normal 

maize inflorescence architecture. Each branch is defined by the axillary meristem that 
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forms them (Chuck et al., 2002).  The Inflorescence Meristem (IM) forms a series of 

axillary meristems, as seen in figure 1 (Bommert et al., 2005). This series of axillary 

meristems was first described in tasselseed (ts) mutants (Irish et al., 1997). In normal 

tassel formation, the IM forms indeterminate branch meristems (BMs) at the base of the 

tassel, as well as short branches known as spikelet pair meristems (SPMs) that form on 

the flanks of the newly formed branches and the rachis, or central spike.  These SPMs, 

according to the conversion theory, will give rise to one spikelet meristem (SM) and then 

convert themselves to another SM (Irish et al., 1997). Each SM forms the glumes, one 

floral meristem (FM), and then converts itself to another FM. Both FMs will eventually 

form florets. The ear and tassel initially appear morphologically similar; however, the ear 

does not produce long basal BMs. Also, unlike the tassel which forms from the SAM, the 

ears form from the axillary meristems in the axils of leaves. Besides these differences, 

ears produce the same axillary meristem series as the tassel: SPMs to SMs to FMs (figure 

1). Normal maize inflorescence architecture depends on the proper initiation and 

maintenance of these meristems. There are a number of mutant classes that affect this 

developmental pathway and they are grouped based on their phenotype. For example, the 

tasselseed (ts) mutants, as mentioned before, show sex reversal and proliferation of 

branches, the ramosa (ra) mutants have increased branching in both tassel and ear, and 

the barren mutants have decreased branching events in both inflorescences.  

Defining axillary meristems: a look at some mutant classes 

The indeterminate spikelet1 (ids1) mutant, later also identified as Tasselseed6 

(Ts6), was cloned using reverse genetics targeting an APETALA (AP2)-like transcription 

factor (Chuck et al., 1998). The Ts6/ids1 mutants show excess branching as well as 
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feminization of the tassel. It was determined that the TS6/IDS1 protein was necessary for 

the determinacy of both SMs and FMs (Chuck et al, 2007; Chuck et al., 2008). 

tasselseed4 (ts4) was found to encode a microRNA that targets the Ts6/ids1 gene and 

when mutated fails to regulate IDS1, leading to prolonged expression of IDS1 causing 

misplaced FMs, pistils that fail to abort in the tassel florets, and increased stem-cell size 

(Chuck et al., 2007).  

The ramosa mutants have similar proliferation of branches in tassel and ears 

however there is no consistent sex reversal phenotype. Null ra1 mutants continue to form 

multiple long branches on tassels and ears because of the loss of determinacy in the 

spikelet-pair meristems (Vollbrecht et al., 2005). Similarly, the ra2 knock-outs cause 

increased long branching in tassel and ear and has been found to impose a determinant 

cell fate on axillary meristems (Bortiri et al., 2006). Therefore, the ramosa pathway is 

important for proper maize branching and contains key players in the evolution of 

inflorescence architecture, given that ra1 was reported to be present only in 

Andropogoneae (McSteen 2006).    

The barren mutants have an opposite phenotype compared to tasselseed and 

ramosa mutants, showing fewer branching events in both tassels and ears. The phenotype 

can vary from a decrease in the number of long branches and spikelets in the tassel, 

decreased kernel count, increased disorganization in the ear, and decreased ear length. In 

the most severe barren mutants, the plants are earless and essentially sterile. The AT-

hook protein, BARREN STALK FASTIGIATE1 (BAF1), is responsible for providing a 

boundary domain essential for the formation of new axillary meristems. When the baf1 

gene is knocked-out, a clear barren phenotype is observed: these mutants fail to form 
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axillary meristems and therefore do not form any ears (Gallavotti et al., 2011). 

Downstream of the baf1 gene is barren stalk1 (ba1), which is also required for axillary 

meristem initiation; when the ba1 gene has a null mutation no axillary meristems are 

formed and the plants have completely barren tassels and no ears (Ritter et al., 2002). 

Whereas the ramosa and tasselseed mutants have provided information for normal 

axillary meristem determinacy and maintenance, the barren mutants can provide us with 

information about the mechanisms regulating axillary meristem initiation. All of these 

mutant classes– tasselseed, ramosa, and barren - have provided us with a greater 

understanding of the molecular mechanisms regulating maize inflorescence architecture. 

Un-cloned/undiscovered mutants therefore represent an untapped source of information 

to fill the gaps in our current knowledge of this pathway.   

Phytohormones: the nuts and bolts in maize inflorescence architecture 

Phytohormones are endogenous molecules that have been implicated in multiple 

aspects of development, from organogenesis to pathogen response, and although 

ubiquitous within the plants, phytohormones are intricately regulated both temporally and 

spatially starting from their biosynthesis down to their degradation (Kelley et al., 2012). 

It is thought that different phytohormones control specific gene sets, usually 

transcriptional regulators, which in turn control different aspects of developmental 

pathways (Chapman and Estelle, 2009).  Discovering the links between these 

phytohormones and meristems could expand our knowledge of normal maize 

inflorescence architecture.  

Mutations in genes that are directly involved in the plant hormone auxin biology - 

biosynthesis, transport, and signaling - have been shown to have dramatic effects on plant 
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development in different species. In Arabidopsis, the characterization of a class of auxin 

transport proteins, the PIN-FORMED proteins (PINs), showed the requirement of polar 

auxin transport during flower formation. A mutated PIN1 protein results in plants that 

phenocopy treatments with auxin transport inhibitors, such as defective vegetative 

development and the formation of “pin-like” inflorescences devoid of flowers (Okada et 

al., 1991). Similarly, Arabidopsis with mutations in PINOID (PID), a serine/threonine 

kinase that phosphorylates PIN proteins, have a similar pin-like phenotype, since it 

regulates the subcellular localization of PIN1 proteins (Christensen et al., 2000). In 

maize, proper auxin transport is also a necessity in normal inflorescence development. 

Maize plants treated with the auxin transport inhibitor N-1-naphthylphthalamic (NPA) 

have defects in meristem initiation and have barren phenotypes, which are analogous to 

the pin-formed phenotypes of Arabidopsis. Interestingly, when NPA was added to maize 

plants at a later stage in development (6 weeks), the tassels failed to produce spikelet-

pairs which is the defining feature of the Andropogoneae tribe of grasses, suggesting a 

key role of auxin transport in the evolution of maize inflorescence architecture (Wu et al., 

2007). Furthermore, barren inflorescence2 (bif2), the co-ortholog of PINOID, is directly 

involved in the localization of the ZmPIN auxin transporters (McSteen et al, 2007; 

Skirpan et al., 2009). In the bif2 null mutant, the tassel produces fewer branches and 

fewer spikelets if compared to a wild-type plant because auxin transport is disrupted.  

Also, studies on ZmPIN1a and ZmPIN1b, the putative co-orthologs of the Arabidopsis 

PIN1, have found that there is a necessary auxin response maxima that must be reached 

for normal maize branching events to occur (Gallavotti et al., 2008; Carraro et al., 2006).  
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These mutants in Arabidopsis and maize demonstrate the essential role that auxin 

transport plays in normal inflorescence development.  

Other barren mutants, sparse inflorescence1 (spi1) and vanishing tassel2 (vt2), 

demonstrate the need for auxin biosynthesis in normal inflorescence development. spi1 

encodes a flavin monooxygenase protein similar to the YUCCA genes in Arabidopsis, and 

has been shown to be involved in auxin biosynthesis. spi1 knock-outs exhibit a short and 

underdeveloped tassel with little branching and a reduced number of spikelets, as well as 

a smaller ear with fewer kernels (Gallavotti et al., 2008). Similarly, it has been shown 

that vt2, encoding a co-ortholog of the TRYPTOPHAN AMINOTRANSFERASE1 (TAA1) 

gene in Arabidopsis, is also required for maize development. TAA1 was found to be 

essential in the synthesis of indole-3-pyruvic acid (IPA) in the auxin biosynthetic 

pathway (Stephanova et al., 2008; Hofmann 2011). Phenotypically, vt2 mutants are 

similar to spi1 mutants; they form smaller ears with fewer kernels and tassels with a 

lower spikelet density. vt2 mutants have been shown to have lower free auxin levels than 

their wild type counterparts, further suggesting its importance in auxin biosynthesis. 

Double spi1;vt2 mutants show only a slightly more severe phenotype than single mutants 

but similar free auxin levels to both single mutants, suggesting that they are involved in 

the same pathway (Phillips, 2011). After recent and detailed analyses of the 

yucca/taa1/tar mutants in Arabidopsis, there is now evidence of a major auxin 

biosynthetic pathway in plants involving only two steps: the conversion of tryptophan to 

IPA catalyzed by TAA1, and the formation of indole-3-acetic acid  (IAA, auxin) from 

IPA catalyzed by the YUCCA genes (Zhao 2012).  Considering that there are 11 YUCCA 

genes and single knock-out mutations do not produce visible mutant phenotypes, there 
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must be redundancy in the YUCCA gene family (Cheng et al., 2006). However, due to the 

phenotypes observed in single mutants in maize, it is evident that less redundancy exists 

in the auxin biosynthetic pathway in maize inflorescence development. Additionally, 

when both the transport and biosynthetic pathways are disrupted, as in the spi1/bif2 

double mutant, the plants fail to reach vegetative maturity, further implicating auxin in 

normal maize development. The discovery and subsequent cloning of spi1, vt2, and bif2 

and other barren mutants has identified key players in the formation of maize axillary 

meristems. It is clear that auxin biology is important in the normal development of plants 

(Stewart et al., 2012) and the cloning of these barren mutants supports the importance of 

auxin in regulating maize inflorescence architecture. Uncharacterized barren mutants 

represent a potential source for the identification of new key players in maize 

inflorescences development and potential players in auxin biology. Cloning the genes that 

cause barren mutations will significantly contribute to our knowledge on the molecular 

mechanism regulating inflorescence development and maize reproduction, and 

simultaneously may contribute to the identification of new genes functioning in auxin 

biology.  

Constructing the Blueprint 

Our lab is part of a collaborative effort that has focused specifically on barren 

mutants in hopes of providing new insights to meristem development and the regulation 

of maize architecture. Currently, our efforts - the characterization and subsequent cloning 

of several barren mutants - have shown that the phytohormone auxin plays a key role in 

meristem initiation and maintenance (Table 1).  Our goal is to isolate and characterize 

new maize barren mutants. My thesis is focused on two novel barren mutants: barren 
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inflorescence173 (bif173) and Barren inflorescence3 (Bif3). Both mutants have defective 

inflorescence development, including a reduction in the number of spikelets and branches 

on the tassel and/or a smaller and more disorganized ear. In chapter 2, I will describe the 

morphology and mapping of bif173, a recessive barren mutant.  In chapter 3, I will 

describe the morphology and mapping of Bif3, a semi-dominant mutant. The 

characterization, mapping, and eventual cloning of these two genes will help to increase 

our understanding of the mechanisms regulating meristem formation and the 

development of maize inflorescences.  
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CHAPTER 1: Identification of Novel Barren Mutants in maize 

1.1 RESULTS 

As part of a collaborative effort to identify new maize barren mutants, our first 

goal was to rough map a series of mutants that were preliminary described as having a 

barren phenotype (the mutants are listed in Table 2). This was achieved by running a 

bulk segregant analysis (BSA) on genomic DNA samples extracted from pools of mutant 

and wild-type plants from the same segregating population. These analyses were 

performed by using approximately one thousand single nucleotide polymorphism (SNP) 

markers distributed in the maize genome. This high-throughput SNP genotyping platform 

is a service provided by Iowa State University, and is developed around the MASSarray 

system of the biotech company Sequenom. Thanks to these analyses, we established a 

rough map location for most of these mutants, as highlighted in Table 2. Each rough map 

location was confirmed with the use of Simple Sequence Repeat (SSR) markers.  

We were able to map 17 of the 21 mutants that we sent to Iowa State University. 

Four of these were found to be alleles of previously cloned genes: rel2, lg2, and bif2, 

(Gallavotti et al., 2010; Walsh et al., 1999; McSteen et al., 2001). One of these was a 

novel mutant, rotten ear (rte). This gene was cloned last year by another member of the 

Gallavotti lab and found to encode a functional homolog of BOR1, a boron transporter 

(Takano 2002). The knock-out rte mutant has a barren phenotype and implicated boron as 

an essential element for proper inflorescence architecture. Two of the other 21 mutants 

that were analyzed using BSA were found to be allelic to rte. The remaining 10 appear to 

be novel mutations having a range of barren phenotype (described in Table 2). Two of the 
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10 remaining mutants, bif173 and Bif3, were fine mapped and they are described in the 

following chapters. Finally, the 8 remaining mutants are awaiting further analysis.  

 

1.2 MATERIAL AND METHODS 

Mutant Screening 

 More than one hundred M2 families segregating plants that showed defects in 

tassel and/or ear formation were considered for our analysis and used in our pool of 

potential novel mutants (table 2). These M2 families were generated as part of the Maize 

Inflorescence Project. By using this broad definition, plants were also selected that may 

have had defects in vegetative growth as well as reproductive. Each family segregating a 

potential barren mutant was propagated for further analysis.  

DNA extraction for Bulk Segregant Analysis  

 Equal amounts of leaf samples were taken from mutant and wild-type plants, 

placed in a mortar that had been previously chilled with liquid nitrogen and ground to a 

fine powder. This ground tissue was then placed in a 20mL falcon tube. 2mL of a 100mM 

Tris pH8, 50mM EDTA pH8, 500mM NaCl, 1% SDS and 1% beta-mercaptoethanol 

solution was added to the tube. The tube was then incubated at 65° for 10 min. 800μL of 

3M Sodium acetate was added to the tube and placed on ice for 10 min. Equal volume of 

phenol-chloroform was then added to the tube. After vortexing for 1 min, the tube was 

spun for 15 min at 5000 rpm. The supernatant was removed and placed in a separate tube. 

To further purify the sample, equal volume of chloroform-isoamylalcohol (24:1) was 

added and incubated for 3 min at room temperature. Again, the tube was spun at 5000 

rpm for 15 min. The supernatant was transferred to a new tube and an equal volume of 
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isopropanol was added to precipitate the DNA for 10 min at room temperature. The 

precipitated DNA was pelleted by spinning the tube at 5000 rpm at room temperature for 

10 min. The supernatant was subsequently removed and the remaining pellet was washed 

with 1mL 70% ethanol. The tube was then spun at 5000 rpm for 10 min. After removing 

the ethanol solution, the pellet was allowed to air dry, and was finally resuspended in 

400μl of TE. To remove RNA from the sample, 4μl of RNAse was added and the tube 

was incubated for 30 min at 37°. 160μl of 3M sodium acetate was added and the tube was 

placed on ice for 10 min. Equal volume of phenol-chloroform was added and the tube 

was vortexed for 15 sec and then incubated at room temperature for 3 min. The tube was 

then spun at 1400rpm for 15 min. The supernatant was subsequently removed and placed 

in a new tube. After adding twice the volume of ice-cold ethanol the sample was 

incubated at -20° for 2 hours. Following the incubation, the tube was spun at 14000 rpm 

for 10 min, washed with 500μl of 70% ethanol and spun again at 14000 rpm for 5 

minutes. Eventually the pellet was air dried and re-suspended in 500μl of water.  

 

1.3 DISCUSSION 

The use of the BSA analysis had a positive impact on our mapping effort since it 

effectively reduced the time necessary to rough map a series of unknown mutant loci. In a 

matter of months, we successfully rough mapped the 21 mutant loci listed in table 2. 

Although some of these mutants were allelic to previously cloned genes, we identified 10 

novel mutants that were found to represent 10 new loci, and are important for normal 

inflorescence development in maize. Two of these have been analyzed as part of my 

Master’s thesis (see chapters 2 and 3) and the remaining 8 possibly represent a source of 
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information waiting to be investigated.  Once cloned, all of these genes will significantly 

contribute to enhance our understanding of the molecular mechanisms and pathways 

regulating maize inflorescence architecture.  

Great strides have been made in positional cloning in the past decade, due to the 

availability of the sequence of the maize reference genome (B73 inbred). In the past, 

Bacterial Artificial Chromosomes (BACs) libraries needed to be generated and then 

screened for a desired gene. Today, positional cloning can be pretty straightforward in 

maize. First, an appropriate segregating population must be generated to attempt a map-

based cloning of a new gene. Depending on the nature of the mutation of interest 

(recessive or dominant), either an F2 or a BC segregating population is created. After the 

plant material has been generated and the mutant has been rough-mapped by the BSA 

approach outlined above, in maize, a positional cloning approach normally continues by 

exhausting the available polymorphic markers, possibly PCR-based. The availability of 

thousands of SSR markers in the maizegdb.org database has greatly accelerated this 

search. After all the available SSR markers are exhausted, new markers must be 

developed. Usually, the first step in this process is designing primers around predicted 

gene sequences taken from online databases within the mapping region of interest. After 

amplification and sequencing of these PCR products in both mutant and wild type 

samples, it is possible to design a new molecular marker if a polymorphism between 

these two sequences is identified. If, for example, an insertion/deletion (indel) that is at 

least 10-15 base pair long that is present only in one of the two samples, then it is 

possible to design new primers around this polymorphism. This new marker can then be 

used to analyze the entire mapping population. If there is a SNP present instead, a 
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Cleavage Amplified Polymorphic Sequences (CAPS) marker or a derived Cleavage 

Amplified Polymorphism Sequence (dCAPS) marker can be designed. A CAPS marker 

relies on identifying a SNP that generates a new restriction enzyme site in one of the two 

samples. It merely requires the same primers used to originally amplify the product and 

then digest it with an enzyme specific for the identified SNP. A dCAPS marker instead 

relies on a SNP that does not create a restriction enzyme site per se, but it introduces a 

base pair change in the primers used to amplify the locus of interest. This change will 

introduce a new restriction site into either your mutant or wild-type background. 

Subsequently, these markers are used to analyze the entire mapping population. This 

marker design process is to be carried out for all the novel genes listed in Table 2 as it has 

been carried out for a number of mutants including spi1, rte, etc. This sometimes lengthy 

process has been carried out for bif173 and Bif3 mutants as discussed in the following 

chapters of my thesis.   
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CHAPTER 2: barren inflorescence173 (bif173) 

2.1 RESULTS 

Identification of the bif173 mutant and characterization of its phenotype 

The bif173 mutant was originally identified in a screening of an ethyl 

methanesulfonate (EMS) mutagenized population, created as part of a collaborative effort 

by the Maize Inflorescence Project. EMS treated pollen from the inbred line OH43 was 

used to fertilize ears from the A632 inbred line. The mutation was considered to be in the 

OH43 background because that was the genetic background treated with EMS.  

The M2 population consisted of only 30 plants. Based on the segregation 

observed in this M2 population and the absence of a mutant phenotype in the M1, the 

mutation appeared recessive. Initially, bif173 was identified thanks to the tassel 

phenotype, which showed a decreased number of spikelets compared to a wild type A632 

tassel (Figure 2). We subsequently discovered that the ears of the bif173 also have a 

mutant barren phenotype: a decreased ear size, increased disorganization of kernel rows, 

and a decreased number of kernels, as seen in Figure 2. Initial quantifications of bif173 

defects showed that bif173 ears had an average length of 12.3 ± 3.53cm cm whereas the 

wild-type ears had an average length of 21.9 ± 2.3cm (N=18 for bif173 and N=10 for the 

wild-type, p=0.0005).  

In order to better understand the developmental defects observed in bif173 

mutants, Scanning Electron Microscope (SEM) images of immature bif173 ears and 

microscopic images of immature bif173 tassels were taken. SEM images of immature 

bif173 ears showed obvious barren defects. As evident in figure 3a, there were empty 

patches up and down along the flanks of the ears (as pointed out by white arrowheads) 
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where normally axillary meristems would form. These patches appeared to be suppressed 

bracts lacking axillary meristems in their axils. Similarly, images of a bif173 tassel under 

a microscope further showed a lack of any axillary meristem formed at the flanks of the 

inflorescence axis. The bif173 tassel in figure 3c clearly shows no axillary meristem 

initiation when compared to a wild-type tassel (Figure 3d) where the normal series of 

axillary meristems is initiated. These results indicate that the bif173 gene is required for 

the initiation of axillary meristems in both ear and tassel. Thanks to this morphological 

characterization, the bif173 mutant was subsequently identified in the mapping 

populations through both the tassel and/or the ear phenotypes. 

Mapping the bif173 locus 

 Since bif173 potentially represented a novel gene regulating the initiation of 

axillary meristems in maize inflorescences, my goal was to map the mutant locus and 

positionally clone the gene. The mapping effort initiated by self-crossing heterozygous 

plants from the original M2 population. This was done in order to bulk up the seeds for 

generating a larger segregating population for our mapping efforts. The resulting M3 

population was then planted and it was with this population that the preliminary mapping 

began. A bulk segregant analysis (BSA) using the MASSarray system developed by 

Sequenom was carried out at Iowa State University. The analysis was performed on 

bulked DNA from 29 mutant plants and 29 wild-type plants from the M3 population. The 

analysis placed the mutant locus on chromosome 8 between bins 8.04 and 8.05. In maize, 

bins represent artificial units of a chromosome corresponding to approximately 20 

centiMorgans (cM). I confirmed the position of the bif173 locus by running SSR markers 

umc1858 and bnlg2181 located in bins 8.04 and 8.05, respectively.  The markers listed in 
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Table 3 were used on the same M3 individuals to narrow the mapping window to 3.6 Mb, 

flanked by newly developed CAPS marker, CDC28-SacI, and indel marker 49T32, 

located on 114.4Mb and 118Mb, respectively.  

 From this M3 population, several plants heterozygous for the bif173 locus were 

self-crossed to generate a new M4 population. Approximately 800 seeds were planted in 

this population and 102 mutant plants were selected based on their mutant phenotype 

(figure 2). From this population, it was determined that the mutation is not fully penetrant 

because less than the expected 25% plants in this population showed a clear mutant 

phenotype. We were extremely conservative with the phenotyping to avoid inaccurate 

scoring of the mutant samples. New markers were developed on this population (Table 4) 

and used to further narrow the genetic window to a region of 1.8Mb, flanked by two indel 

markers CYP450 and 49T32, at 116.2 and 118, respectively. At this time, a candidate 

gene list was created using the version 1 of the maize genome (maizegdb.org). A syntenic 

region with Sorghum was also examined to help narrow down the list of candidate genes. 

Syntenic regions between species describe regions where genes have remained linked 

through the divergence of those species. It is thought that necessary genes as well as 

genes physically closed to them will be maintained in all species and remained linked in 

specific genomic blocks. Sorghum is a close relative to maize, whose genome has been 

sequenced (Paterson et al 2009) and is well annotated.  If a syntenic region that 

corresponds to our mapping window in maize is identified in sorghum, we can use the 

information available on these genes in sorghum and derive a well-annotated list of genes 

in maize. This approach is usually very useful to analyze a specific genomic region.  

Initially, a cytochrome P450 gene was of high interested because it had been shown to be 
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involved in auxin biosynthesis in Arabidopsis (Zhao et al., 2002). However, upon further 

examination there were recombination events at this locus in our mapping population, 

which excluded the possibility that this gene may be mutated in the bif173 mutant. Since 

there were no more remaining recombinants in this mapping population, an additional 

M4 population was planted using the remaining seeds from the M3 cross in order to 

continue with the mapping.  

 However, the proximity of the bif173 locus to the vanishing tassel2 (vt2) gene, the 

striking similarities in the mutant phenotypes, and the possible inconsistencies existing in 

the maize genome sequence, casted some doubts on the actual novelty of bif173. To clear 

these doubts we sequenced the vt2 gene in the bif173 mutant to ensure that we were not 

working with an allele of the previously cloned vt2. No mutations were found in the 

coding region of vt2. To further support this finding, a complementation test was carried 

out by crossing a bif173 homozygous plant by a vt2 homozygous plant. In the resulting 

F1 plants, no mutant phenotype was detected indicating that bif173 represents a different 

locus than vt2. It was therefore confirmed that bif173 represented a novel barren mutant.  

 With the assurance that bif173 was a novel mutant more M4 seeds were planted 

so that the mapping could continue. Due to multiple factors that may include fixations of 

deleterious alleles, enhancers/suppressors, etc, the severity of the mutant phenotype was 

reduced in the M4 populations, rendering the screening of mutant plants particularly 

challenging. Additionally, in the entire population plants were smaller and weaker as 

often noticed with inbreeding. Therefore, our mapping efforts were constricted to plants 

that showed an obvious mutant phenotype. Within a population of 258 plants we found 

42 plants with a phenotype that we could score with high confidence. Unfortunately, the 
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mapping window was not narrowed any further due to the lack of new recombinant 

samples. A new candidate gene list was constructed using version 2 of the maize genome.  

A number of candidate genes that lay within the window were sequenced, but none of 

them were confirmed as having a causative mutation. 

 Since we realized that the problems with the M4 mapping population were hard to 

overcome we also crossed bif173 mutants to the inbred line B73, in hopes of segregating 

a more severe mutant phenotype. B73 had also the additional benefit of being the maize 

reference genome, making the search for polymorphic molecular markers a little bit 

easier. Pollen from two homozygous bif173 plants from the M4 population was used to 

fertilize B73 ears. The resulting F1 population was subsequently self-crossed to generate 

a new F2 population to facilitate our map-based cloning approach. The new mapping 

population consisted of 2,987 F2 plants and the bif173 phenotype was much stronger 

when crossed to B73, having a variety of phenotypes ranging from completely barren 

tassels to masculinization of the tip of the ears (figure 4). This phenotype again was 

reminiscent of auxin biosynthetic mutants. A marker developed on the vt2 locus 

uncovered multiple recombination events in the new F2 population, further confirming 

that bif173 and vt2 are in fact different loci. Because the mutant had been crossed into a 

different genetic background, some markers previously used as flanking markers were 

now non-polymorphic and new flanking markers were developed (Table 5). The new 

window was now flanked by the indel marker CYP450 on 116.2 having 2 recombinants 

in the previous M4 population and the dCAPS marker KIP-NlaII on 117.4 having one 

recombinant in the new F2 population, as illustrated in Figure 5. A new candidate gene 

list was constructed using the gene browser on Phytozome.net (Table 6) and the 
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corresponding syntenic region in Sorghum was also analyzed (data not shown). Using 

known information about sorghum could help us narrow down our candidate gene list. 

Another method to narrow down our list is to examine if some of the genes present in our 

list have a previously known expression pattern (Table 6). If a gene is not expressed in 

either ear or tassel it is unlikely that it could represent the bif173 locus. We plan to 

narrow down our list even further by sequencing and running expression analyses of 

these genes in our mutant plants.  

 

2.2 MATERIALS AND METHODS 

Mutant Screening 

bif173 arose in an EMS mutagenesis screen designed by the Maize Inflorescence 

Project. It was initially identified as a barren mutant due to the tassel phenotype and then 

subsequently by the ear phenotype (Figure 2). A chi-squared test failed to reject the null 

hypothesis (Χ2 = 152.71) so it appeared that the mutation is not fully penetrant.  

 

Scanning Electron Microscopy (SEM) 

Images were taken of freshly dissected inflorescences at 5kV on a Hitachi S-

3500N environmental scanning electron microscope. 

 

DNA extraction for Bulk Segregant Analysis  

 Protocol has been previously described in chapter 1.   

 

96-well plate DNA extraction 
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We developed a 96-well plate DNA extraction protocol to facilitate high-

throughput genotyping of our mapping populations. A 1cm2 piece of tissue was taken 

from each plant and placed in a single tube in a 96-well plate. 500μL of aqueous 

extraction buffer containing 500μL of a 100 mM Tris pH 8.0, 50 mM EDTA pH 8.0, and 

500 mM NaCl solution was added to each tube and caps were securely placed on the 

plate. The plate was then put into a SPEX/Sample prep 2000 Geno/grinder and ground in 

30 sec intervals until all the tissue was reduced to a fine powder. 70μL of 10%SDS and 

5μL β-mercaptoethoanl were then added to each well. The plates were then incubated at 

50°C for 10 minutes. After incubation, 130μL of cold 5 M potassium acetate were added 

to each well and the plate was incubated for 5 minutes on ice. The plates were then spun 

at 3000 rpm for 20 minutes; if there was excess tissue, the plates were spun for an 

additional 5 minutes until the tissue was collected at the bottom. Approximately 300μL of 

supernatant from these tubes were transferred to a new 96-well plate. 300μL of 

isopropanol was as added to each tube and the tubes were inverted to mix. The plates 

were incubated for at least an hour at -20°C. Subsequently, the plates were spun at 3000 

rpm for 15 min. The supernatant was removed, ensuring that the pellets remained at the 

bottom of the wells. The pellets were washed with 500μL of 70% ethanol and spun for 

another 10 minutes at 3000 rpm. The ethanol was removed and the plates were dried 

under a hood. Eventually, the pellets were resuspended in 100μL of deionized water. 

 

Map Based Cloning 

 All markers used for positional cloning were designed around predicted gene 

sequences found on online databases (maizegdb.com and phytozome.net). To design 
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these markers predicted genes were amplified from both mutant and wild type DNA, 

sequenced, and analyzed for the presence of indel and/or SNP polymorphisms. Based on 

the polymorphisms different molecular markers were developed and used to genotype 

each plant at that locus. Genotyping for each mutant was carried out using polymerase 

chain reactions (PCR). PCRs were carried out using standard taq-polymerase (New 

England Biolabs). PCR products were visualized using agarose gels using standard TAE 

or TBE buffers, depending on the size of the PCR product. If the markers were CAPS or 

dCAPS markers, restriction enzymes were used following manufacturer’s instructions. 

Since the OH43 genome is not yet publically available, for sequencing candidate genes, 

both mutant DNA along with inbred OH43 and A632 DNA were amplified, sequenced 

and analyzed. After the mapping region was narrowed down, syntenic regions were 

compared with Sorghum bicolor using information provided on phytozome.net  

 

2.3 DISCUSSION 

 Cloning of the bif173 mutant started with a traditional map-based cloning 

approach. It has been unsuccessful up to this point for a number of reasons. Since bif173 

was only maintained in the original population, the mapping continued into a M3 and 

then M4 segregating populations. This created several problems. In general, the plants of 

these segregating populations were smaller and less healthy when compared to other lines 

in the same field. This, coupled with the fact that the mutant phenotype became less 

severe in the M4 populations, made the scoring of the mutant phenotype more difficult. 

Accordingly, the number of mutant plants useful for our mapping effort decreased. The 



25 
 
 

 

lack of mutants and the uncertainty of the scoring decreased our confidence in the 

mapping, further limiting the number of potential recombinants.  

 It was at this time that we crossed our bif173 mutants to the B73 inbred line. 

Although the mutant phenotype resurfaced, several markers that were previously 

polymorphic became non-polymorphic in the new B73 background, which required the 

development of additional new polymorphic markers. However, since we had previously 

obtained in the bif173 mutant several sequences from some of the predicted genes in the 

region, we used this information to design additional markers by comparing these 

sequences to the available B73 reference genome. After we exhausted all of these 

sequences, we looked for new markers. In addition, the proximity to vt2 required the re-

sequencing of vt2. This once again confirmed that bif173 was a novel mutant. In order to 

clone the bif173 gene we are currently pursuing an alternative approach. We will extract 

RNA from pools of immature OH43, bif173, and wild-type tassels (from the F2 

segregating population), and run an RNAseq analysis on each bulked sample. OH43 is 

required because it represents our reference transcriptome and will be used to compare it 

with the mutant transcriptome to ensure we identify a causative SNP. Through the fine 

mapping effort, I have already defined a narrow region in the genome, and this will be the 

area that will be closely examined using the RNAseq data. The mutant is recessive and 

created through an EMS mutagenesis. It is therefore likely that the mutation lies in the 

coding region of a gene.  The results from the RNAseq analysis will provide us with: 1) 

gene expression profiles of the genes located in the mapping area of both the wild-type 

and mutants so we can look for potential mis-regulation of a gene in the mutant, 2) the 

sequences of the RNA transcripts which will help us find the causative SNP in the 
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mutated gene, and 3) global gene expression, which we can be subsequently utilized to 

look for downstream targets of the bif173 gene.  Our hypothesis is that this approach will 

lead us to identify a SNP in the transcriptome of the mutant that could cause missense or 

nonsense mutations, or could potentially lead to a mis-regulation of gene expression. This 

would require analyzing the transcripts from all the genes within our mapping region 

(Table 6) for the presence of SNPs that are not shared by B73 and OH43. 

 After this analysis, to further prove that we have the correct gene, we will need to 

identify or generate another mutant allele. We can search for transposon insertions in the 

gene in the available insertion collections. If one or more lines are identified, we can 

plant these lines and verify that the phenotype is consistent with the bif173 mutant 

phenotype I described in my thesis. If these plants show the same phenotype we can also 

run a complementation test. If the mutant phenotype appears in the F1, it will suggest that 

no complementation has occurred and that we have identified the correct gene. On the 

other hand, if an insertion in our gene of interest is not found, we can attempt to generate 

new mutant alleles either through an EMS or a transposon-induced mutagenesis. In both 

cases, wild-type pollens treated with EMS or carrying active transposons will be used to 

fertilize bif173 ears. We could then screen the resulting progeny for similar bif173 

phenotypes and sequence our bif173 gene. This method is a bit more labor and time 

intensive, however it can be effective. 

 Since the morphology of bif173 indicates that there are defects in meristem 

initiation and several genes that are required for the initiation of axillary meristems, such 

as ba1 and baf1, have a very specific expression pattern, it would be interesting to see 

where bif173 is expressed. This could be achieved by creating a specific probe for bif173 
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and running an in situ hybridization on immature wild-type ears and tassels. It would also 

be interesting to generate double mutants with other barren mutants, in particular those 

like bif2, vt2, spi1 that are affected in auxin function. Based on the similarity with vt2, we 

speculate that bif173 also may play a role in auxin biosynthesis. Although more work is 

needed, the story of bif173 will be complete once the gene is identified and one more 

piece will be added to the maize inflorescences architecture blueprint. 
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CHAPTER 3: Barren inflorescence3 (Bif3) 

3.1 RESULTS 

Isolation and characterization of the Bif3 mutant 

 Bif3 is a semi-dominant mutant first identified by Dr. Matt Evans in an unknown 

genetic background and then donated to our collection of barren mutants. The mutant is 

characterized by obvious mature ear phenotypes in the heterozygous Bif3 plants and even 

more obvious in homozygous Bif3 plants (Figure 6). Mutant ears were shorter in length. 

They also showed disorganized rows of kernels with the occasional appearance of barren 

patches. These defects resulted in an overall decrease in the number of kernels (Figure 6). 

In the A619 background, mutant ears had an average length of 4.4 ± 0.89 cm compared to 

the wild-type ears which had an average length of 20 ± 2.3 cm (N=10 for Bif3 and N=5 

for the wild-type with a p=0.0005). In the original material, as well as in most of the 

inbred lines we tested, tassels of +/Bif3 plants did not show any defects. There were no 

differences in the length of the tassel, as well as in the number of spikelet-pairs formed 

(Figure 7a). However, we noticed that when introgressed (BC3) into the A619 inbred 

line, some sections of the rachis did not carry spikelets, suggesting a failure to initiate 

lateral organs (figure 7). These results suggest that the A619 background is more 

sensitive to the Bif3 mutation. 

 To investigate the mutant phenotype further, we used microscopic images of 

+/Bif3 young developing ears from our BC2 mapping population (Figure 8).  In wild-type 

ears (figure 8c), the inflorescence meristem (IM), seen at the apex, is a clear dome shaped 

structure. Just below the IM, spikelet pair meristems (SPMs) are beginning to form. 

Further away from the apex, spikelet meristems (SMs) are observed as paired meristems. 
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Unlike in the wild-type where the SPMs form closer to the top and then form two SMs, in 

+/Bif3 ears a mixture of paired and single spikelet meristems along the vertical axis was 

observed. There was little organization in the +/Bif3 ears, where single spikelet meristems 

were formed in between paired spikelet meristems (figure 8a). The defects in +/Bif3 ears 

suggest that either the inflorescence meristem directly forms a spikelet meristem in place 

of a spikelet-pair meristem, or that some spikelet-pair meristems fail to form two spikelet 

meristems, as seen in normal ears. Furthermore, magnified images of the apex of +/Bif3 

immature ears showed a ring of axillary meristems that form in place of a normal IM. 

The IM appeared to have collapsed (Figure 8b). This morphological analysis suggests 

that the Bif3 mutant is defective in the maintenance of the IM, as well as in the formation 

of regularly arranged paired spikelet meristems. 

SEM images of homozygous Bif3 ears also showed the apparent disorganization 

of SPMs and SMs in the mutant (Figure 9). Meristems at the same developmental stage 

appeared to vary in size (box in Figure 9a). For example, the SPM on the left in Figure 9a 

is clearly larger than the one on the right. Smaller stem cell pools could prevent the 

normal formation of two paired spikelet meristems. This may provide a cause for the 

disorganization observed in Bif3 mutant ears. Figure 9b clearly shows a single SM 

(asterisk) in between two pairs of developing SMs (arrowheads), a situation that would 

not occur in a normal ear. Taken together, these SEM images suggest that the initiation of 

smaller axillary meristems at the flanks of the IM could be the cause of the failure in Bif3 

mutant ears to form a regular arrangement of SPMs and SMs along the ear axis. In order 

to determine if the IM is not maintained in Bif3 ears, an in situ hybridization was carried 

out using the knotted1 (kn1) gene, a marker for meristem activity (Kerstetter et al., 1997). 
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The results of this in situ hybridization are shown in Figure 10. For comparison an in situ 

hybridization was done on a normal B73 ear and is seen in Figure 10b. Strong kn1 

expression was observed in the dome-shaped apex of a young developing 5 mm wild-

type ear. In contrast, in a Bif3 ear at a similar stage of development, no kn1 expression 

was observed at the apex. The image also shows the clear absence of an apical dome-

shaped structure. On the other hand, axillary meristems (arrowheads) that formed at the 

top of the ears showed kn1 expression (Figure 10a). Further support of the disappearance 

and collapse of the IM comes from an in situ hybridization performed on a 9 mm Bif3 

ear. As observed in Figure 9c, an immature spikelet developing floral organs was formed 

at the tip of the ear in place of a normal inflorescence meristem.  

Mapping the Bif3 locus 

Our mapping effort initiated with a bulk segregant analysis (BSA) on a BC1 

population generated by crossing heterozygous Bif3 plants with the Mo17 inbred plant. 

Mo17 was the recurrent parent used for all the back crosses used for mapping. The BSA 

was run on bulked DNA samples from 13 mutant and 13 wild-type plants. This analysis 

placed the Bif3 locus on chromosome 2 between bins 2.00 and 2.01 (see Table 2). The 

preliminary map position was confirmed on a BC2 population consisting of 260 plants 

using SRR markers umc2245 and umc1823. Thanks to these markers we placed the 

mutant locus between 3.06Mb and 7.84Mb on chromosome 2. Considering the semi-

dominant nature of the mutation, both the wild-type and mutant plants were informative 

in our mapping population and were used in the analysis of the recombinants. The fine 

mapping was carried out on the same BC2 population consisting of 260 plants and the 

window was further restricted between 3.18Mb and 3.85Mb using newly developed 
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molecular markers Bif3-T4 and Bif3-T3 (Table 7). In order to decrease the mapping 

window further, another mapping population was planted using remaining seeds from the 

BC2 that were not used in the initial population. From the 267 plants that germinated, the 

mapping region was further confined to 3.32Mb and 3.6Mb using the markers listed in 

Table 8. A candidate gene list was created and showed many possible candidate genes 

(data not shown). Given the semi-dominant nature of the mutation, the unknown original 

genetic background, the lack of another allele, and the gene-rich region where the Bif3 

locus was mapped, we decided to further restrict the mapping region by expanding our 

mapping population. A new BC2 mapping population was therefore created by crossing a 

mutant plant (heterozygous at the mutant locus) with the inbred Mo17 line. This new 

mapping population consisted of 661 plants. These plants were analyzed with the markers 

listed in Table 9, and the status of our current mapping is illustrated in Figure 11. 

Currently, there is one recombinant with the ZmMP2-F6/R7 proximal flanking marker (a 

plant from a previous mapping population) and there is one recombinant with the Bif3-

T13 distal flanking marker. These recombinants restrict the region containing the Bif3 

locus between 3.36Mb and 3.41Mb, with a genetic distance of 0.15cM on both sides.  

This small region of 50 kb contains the genes listed in Table 10. Given the short list of 

candidate genes, we are now sequencing all these candidate genes, and analyzing their 

expression. 

 

3.2 MATERIALS AND METHODS  

Mutant Screen and phenotyping 
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 Bif3 was found in an unknown background and given to the Gallavotti lab by Dr. 

Paula McSteen. Mutant plants in our mapping populations were screened based on the ear 

phenotype.  

 

Scanning Electron Microscopy (SEM) 

Images were taken of freshly dissected inflorescences at 5kV on a Hitachi S-

3500N environmental scanning electron microscope. 

 

RNA in situ hybridizations  

Tissue preparation and protocol were followed as in Gallavotti et al., 2008. The 

kn1 probe was designed using the kn1 coding region excluding the homeobox domain 

(Jackson et al 1994).  

 

DNA extraction for the BSA 

The extraction was carried out as outlined in Chapter 1 with DNA taken from 13 

Bif3 plants and 13 wild-type plants from the original BC1 population.  

 

96-well Plate DNA extraction 

 DNA extraction was carried out as outlined in Chapter 2.  

 

Map-Based Cloning 

 The methods used for the map-based cloning of Bif3 are similar to those found in 

chapter 2.  
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3.3 DISCUSSION 

 Bif3 represents a novel mutant that is required for the maintenance of the 

inflorescence meristem and for the proper formation of pairs of spikelets along the ear 

axis. We have successfully fine mapped the Bif3 locus to a small region on chromosome 

2, 0.05Mb wide, containing only the 6 predicted genes listed in Table 10 (based on the 

predicted genes taken from the maize genome browser on maizegdb.org). To identify a 

causative mutation for this semi-dominant mutant, we originally hypothesized 3 putative 

scenarios: (i) the mutation may lie in the promoter of a gene causing a mis-regulated 

expression of the gene, (ii) the mutation may lie in another regulatory region, such as a 

miRNA target site, or (iii) the mutation may lie in the coding sequence causing a 

missense or non-sense mutation, or a mutation affecting protein stability. In scenarios (i) 

and (ii) we would expect to detect an up regulation or mis-regulation of the gene. In the 

alternative scenario (iii), there could be a mutation in the coding region causing the 

formation of a truncated or an aberrant protein, which would affect the normal protein 

function. In our lab, two newly identified semi-dominant barren mutants carry mutations 

in conserved regions that cause the stabilization of the encoded proteins, such that they 

are no longer efficiently degraded (Gallavotti et al., unpublished). In order to distinguish 

among all possible scenarios, we decided to examine both the coding sequence and the 

expression of all 6 genes within our mapping region. Since the Bif3 mutant phenotype 

suggests defects in meristem maintenance, we first focused our attention on the WUS-like 

gene contained in our region. The WUSCHEL gene of Arabidopsis has indeed been found 

to be important in stem cell maintenance within the SAM and floral meristems (Mayer et 

al., 1998). However, no causative mutation has been found in the coding sequence of the 



34 
 
 

 

predicted WUS-like gene and no expression differences were detected in initial analyses 

(data not shown). Furthermore, WUS is duplicated in maize (Nardmann et al., 2006) and 

no mutant phenotype of single or double wus mutants have been reported. In Arabidopsis 

wus mutants are recessive, whereas Bif3 is a semi-dominant mutant (Laux et al., 1996). 

This may lend extra support to our current hypothesis that another gene is affected in the 

Bif3 mutant.  Currently, both expression and sequence analyses are being carried out on 

the other 5 candidate genes.  

 The microscope images of Bif3 ears helped us to elucidate the developmental 

problems that the mutation is causing. The absence of the dome-like structure at the apex 

of developing ears is a good indicator that the IM has failed to maintain itself or has been 

signaled to terminate prematurely. The entire disappearance of the IM explains the 

reduced size of the ears in the Bif3 mutants and the lack of other axillary meristems. 

However, this does little to explain the disorganization of the SPMs and SMs. Our 

microscopic analysis of immature Bif3 ears suggests that smaller axillary meristems are 

formed on the ear axis. This may be due to the premature collapse of the IM, which may 

inhibit normal formation of SPMs. If the stem cell populations within the SPMs in turn 

do not reach an appropriate size they may fail to form a pair of SMs, and merely form 

only one SM. Alternatively, the IM may occasionally bypass the formation of SPMs and 

directly form a single SM. Our SEMs suggest that the former hypothesis is more likely, 

since smaller axillary meristems are indeed detected in Bif3 ears. This may indicate a 

general failure in the maintenance of an appropriate stem cell population size, in both the 

IM and the SPMs. In situ hybridizations with the meristem marker, knotted1 (kn1), show 

that the IM does indeed lose its meristematic identity, so the mechanism to maintain itself 
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seems to be deficient in the mutant. This may suggest that the bif3 gene lies in the 

WUSCHEL/CLAVATA (WUS/CLV) or the SHOOTMERISTEMLESS (STM) 

pathways, which are both involved in meristem maintenance and lateral organ formation. 

Because there is a clear defect in IM maintenance it would be interesting to generate 

double mutants of Bif3 with fea2 or td1, genes involved in the CLV pathway in maize, or 

kn1, functioning in the STM pathway (Taguchi-Shiobara et al. 2001, Bommert et al. 

2004). As previously mentioned, loss-of-function fea2 and td1 mutants cause an 

unregulated proliferation of stem-cells and both exhibit an increase number of floral 

organs.  If bif3 was involved in this CLV pathway for example, the clavata-like 

phenotype could be rescued in the Bif3/fea2 or Bif3/td1 double mutants, thereby 

supporting Bif3’s importance as a regulator of the stem cells within the CLV pathway.    
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CONCLUSION 

 There is a lot yet to be discovered about the regulation of normal maize 

inflorescence architecture. However, the availability of mutants affected in inflorescence 

development is a great source of untapped information of genes and pathways involved in 

this process. Together with the recent completion of the maize genome and the progress 

in the technology available for the cloning of new genes, we have new tools to expedite 

the discovery of the molecular mechanisms behind this complex developmental process. 

The availability and ease of BSA has allowed us to rough map ten novel barren mutants. 

From these analyses, I have been successful in fine mapping and characterizing two of 

these mutants: barren inflorescence173 and Barren inflorescence3. bif173 has clear 

defects in meristem initiation in both tassel and ear. Bif3 is instead mainly affected in 

meristem maintenance in the ear. Although not yet cloned, both genes are extremely 

interesting genes: they play an essential role in normal maize inflorescence development, 

they represent novel loci and, once cloned, they may lead to the discovery of new 

pathways regulating both meristem initiation and maintenance. Although bif173 and bif3 

are only two genes, once cloned we will be two genes closer to a complete understanding 

of maize inflorescence development. 
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APPENDIX I: FIGURES 

 
Figure 1. Maize inflorescence development. (a) A schematic representation of the axillary 
meristems formed during maize inflorescence development. The asterisk indicates a 
pathway that is only present in the tassel. Shoot Apical Meristem (SAM). Inflorescence 
Meristem (IM). Spikelet Pair Meristem (SPM). Spikelet Meristem (SM). Branch 
Meristem (BM). Floral Meristem (FM). (b) SEM images of immature wild-type tassel 
and ear. The IM is an apical dome-shaped structure that forms SPMs on its flanks. SPMs 
are also formed by BMs and form down the flanks of the ear, tassel, and branches. The 
SPMs then forms two SMs. Floral Meristems are not observed. (c) A picture of a mature 
wild-type tassel (left) and ear (right).
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Figure 2. The barren inflorescence173 mutant as it appeared in the original A632xOH43 
population. (a) A mutant bif173 tassel lacking spikelets on the center spike and 
manifesting fewer branches than in non-mutant plants of the same population. The arrow 
indicates barren patch on the central spike. (b) Normal tassel from the same population. 
(c) Two ears from homozygous bif173 plants. Notice the reduced size, the 
disorganization of rows of kernels, and the barren spots present (arrowheads). (d) A 
normal ear from the same population. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

bif173 

a b c d 
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Figure 3. Images of immature barren inflorescence173 ear and tassel. (a) SEM image of a 
bif173 ear. Arrowheads show barren patches along the axis of the ear. (b) Magnified 
image of bif173 ear in (a). Asterisk shows a suppressed bract without the formation of an 
axillary meristem. (c) Microscopic image of an immature bif173 tassel at 4wks after 
seedling emergence. Note the absence of any formed axillary meristem as compared to 
(d). (d) Microscopic image of a wild-type tassel at 4 weeks post seedling emergence.  
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Figure 4. Phenotype of barren inflorescence173 segregating in an F2 population. (a) 
Mutant bif173 tassels. (b) Mutant bif173 ears. Note: the novel phenotype of the 
masculinized ear as indicated by the white arrow.  
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Figure 5. Map location of the bif173 locus. The markers used for the fine mapping are 
listed above the physical map locations which are indicated in blue. The genetic distance 
between bif173 and the marker is indicated in centiMorgans (cM).  
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Figure 6. The Barren inflorescence3 mutant. (a) A +/Bif3 ear in the Mo17 inbred 
background. (b) +/Bif3 ear in the B73 inbred background. (c) +/Bif3 ear in the A619 
inbred background. (d) A homozygous Bif3 ear in the A619 inbred background. Note the 
reduction in ear size and number of flowers produced. 
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Figure 7. Characterization of +/Bif3 tassels in different inbred lines. (a) Quantification of 
tassel length, number of spikelet pairs, and number of single spikelets in Bif3 and wild-
type tassels in the B73 inbred background. No statistically significant differences were 
found. Blue represents wild-type and purple represents +/Bif3. (b) Representative tassel 
from Bif3 crossed into the B73 inbred background. (c) Quantification of tassel length, 
number of spikelet pairs, and number of single spikelets of Bif3 and wild-type tassels in 
the A619 inbred background. There was a statistically significant difference in all 
categories. Blue represents wild-type and purple represents +/Bif3. (d) A magnified 
images of a mutant +/Bif3 tassel intrgressed in A619 illustrating a barren spot in the 
rachis (arrow).  
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Figure 8. Microscopic images of immature +/Bif3 ears. (a) Immature +/Bif3 ear. The 
Inflorescence Meristem (IM) appears to have collapsed. Note the appearance of spikelet 
meristems between spikelet pairs meristems (SP) illustrating a disorganization of the ear. 
(b) Magnified image of Bif3 ear from (a). The normal dome shape that appears at the 
apex has collapsed and there is a ring of axillary meristems (arrowhead) (c) Immature 
wild-type (wt) tassel. Note the normal order of SPMs at the top and SMs at the bottom 
that result in the formation of normal paired SMs (SP) forming towards the bottom down 
the flanks of the ear.  
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Figure 9. SEM images of immature homozygous Bif3 ears in the B73 inbred background. 
(a) Magnified image of the ear at the time of spikelet pair meristem formation along the 
flanks. The box highlights two meristems on the same horizontal axis of the ear; notice 
the difference in size suggesting a difference in stem cell size. (b) A magnified image of 
the flank of a homozygous Bif3 ear. The arrowheads point to two developing SPMs while 
the asterisk marks an aberrant SPM having a single meristem. Notice the deviation from a 
normal ear arrangement (figure 1).  
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Figure 10. In situ hybridization with knotted1 (kn1) gene in normal and +/Bif3 ears. (a) 
5mm +/Bif3 ear probed with kn1 shows clear expression in axillary meristem and lack of 
expression in the abnormal IM tip. Arrowheads show the formation of new SPM. (b) 
4mm B73 ear shows clear kn1 expression in IM tip, indicating an active IM. (c) 9mm 
+/Bif3 ear shows no expression of kn1 in the abnormal tip as well early development of 
gynoecium from the tip. Arrowheads point to floral organ primordia.  
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Figure 11.  Map location of Bif3. The markers used in the fine mapping are listed above 
the physical map locations which are indicated in blue. The genetic distance between Bif3 
and the markers is indicated in centiMorgans (cM).  
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APPENDIX II: TABLES 
 
Table 1. Previously cloned barren mutants found to be involved in auxin biology. 
Name Location Encodes Functions in 
Bif1 8.01 Aux/IAA Auxin Signaling 
bif2 1.05 serine/threonine protein kinase Auxin Transport 
Bif4 6.05 Aux/IAA Auxin Signaling 
spi1 3.08 Yucca-like Gene Auxin Biosynthesis 
vt2 8.02 Tryptophan Aminotransferase Auxin Biosynthesis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



49 
 
 

 

Table 2. List of barren mutants mapped as part of our collaborative project. 
After the initial analysis 10 novel mutants have been discovered, 7 have been 
found to be allelic to previously cloned mutants and 4 need further analysis.  
Name of Original Cross Description of Phenotype Statues of BSA Locus 
WL-SLO164 Bleached Dead Confirmed 5.08 
04HI-A632XOH43GN-225 Small Plant Not Confirmed - 
04HI-Mo17XA632GN-157a Adherent Confirmed 1.08 
04MO-A619XB73GN-328 Adherent Confirmed 7.02 
04HI-A632XOH43GN-105 Barren Allelic to bif2 - 
03IL-A619TR-358 Unbranched Allelic to lg2 - 
04HI-A632XOH43GN-341 Upright tassel Allelic to rel2 - 
03HI-B73GN-203 earless Allelic to rel2 - 
04HI-A632XOH43GN-225 Small, striped leaves Confirmed 7.03 
TSH ra2EMS Tassel sheath Confirmed 6.06 
04Mo-A619XB73GN-114 earless Failed - 
03HI-B73xMo17GN-528 Small, striped leaves Confirmed 6.07 
03HI-B73XMo17GN-767 Blasted Not Confirmed - 
03HI-B73XMo17GN-1165 Blasted Confirmed 4.09 
03IL-A619TR-169 Unbranched Not Confirmed - 
04HI-Mo17XA632GN-157b Rotten Ear Confirmed 1.05 
04HI-Mo17XA632GN-16 Rotten Ear Cloned, rte - 
04HI-Mo17xA632GN-128 Rotten Ear Cloned, rte - 
04HI-OH43xA632GN-190 Rotten Ear Cloned, rte - 
04HI-Oh43xA6323-173 Barren  Confirmed 8.04-8.05 
04HI-Mo17xBif3 Barren Confirmed 2.00-2.01 
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Table 3. Molecular markers used in the M3 mapping population of barren 
inflorescence173.  
Location Primer Type Primer Name Primer Sequences (5'-> 3') 

112.6 SSR umc1858 Forward: GTTGTTCTCCTTGCTGACCAGTTT 
      Reverse: ATCAGCAAATTAAAGCAAAGGCAG 

113.2 dCAPs 49T12-PstI Forward: TCTTCTACGCCCAGAGACTG 
      Reverse: GATTAGCAAACAGTGATTGCTG 

114.4 CAPs CDC28-SacI Forward:GGGAATAACAAGATTCCTGATCT 
      Reverse:  CGTCCACTTTATCTGTCCTG 

118 Indel 49T32 Forward: CGCAGTTCATGTTCTTCGAC 
      Reverse: CAGGGGTAAGGTAACAAATCAAGG  

119.2 Indel 49T11 Forward: GTGCTTTCTGCTGCTTATGG 
      Reverse: CTGCAGCAGCTTCAACTTGG 

122.46 Indel 49T1 Forward: AGGGTGATGCAAACAACTCC 
      Reverse: TATCCCAGGAACTGACACCAC 

124.6 Indel 49T2 Forward: CTACTAGTCACTCGCGCCATACTG 
      Reverse: AAGCTTCTCTATTTGGGGATGTTG 

127.2 SSR umc1595 Forward: AAGAAGGCCGGGAGAAGAAAG 
      Reverse:  ATCCTACTACCACCAACCTTGCAC   

133.5 SSR bnlg2181 Forward:  CCAATTCACCAATCATGCAA   
      Reverse: TTGGGGTGAAGCAATGTGTA 
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Table 4. Molecular markers used in the two M4 mapping populations of barren 
inflorescence173.  

Location Primer Type Primer Name Primer Sequence (5'-> 3')  
112.6 SSR umc1858 Forward: GTTGTTCTCCTTGCTGACCAGTTT 

      Reverse: ATCAGCAAATTAAAGCAAAGGCAG 
116.05 Indel 49T25 Forward: TGCAGGTCACTGAGTCCTCG 

      Reverse: TCACATGTAACCGCACAGGC 
116.2 Indel CYP450 Forward: AGAGCAAGGATTTGCTTGGCTTGC 

      Reverse: GATCCTTGACGGTGCAATCAAATC 
118 Indel 49T32 Forward: CGCAGTTCATGTTCTTCGAC 

      Reverse: CAGGGGTAAGGTAACAAATCAAGG  
119.2 Indel 49T11 Forward: GTGCTTTCTGCTGCTTATGG 

      Reverse: CTGCAGCAGCTTCAACTTGG 
122.46 Indel 49T1 Forward: AGGGTGATGCAAACAACTCC 

      Reverse: TATCCCAGGAACTGACACCAC 
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Table 5. Molecular markers used in the final F2 mapping population of barren 
inflorescence173. Gray area indicates region with polymorphic markers without 
any recombination events. 
Location Primer Type Primer Name Primer Sequence (5'-> 3')  

112.6 SSR umc1858 Forward: GTTGTTCTCCTTGCTGACCAGTTT 
      Reverse: ATCAGCAAATTAAAGCAAAGGCAG 

113.8 Indel 49T19 Forward: GTCGCAGCCATGGAATGCTGGAT 
      Reverse: GTCTTGAGCGCCTCCAAGTC 

115.2 CAPS MSP-MaeII Forward: TCTTCCATTGGCATCACGTG 
      Reverse: AGCGCTTGCATAGTAACTAC 

116.05 Indel 49T25 Forward: TGCAGGTCACTGAGTCCTCG 
      Reverse: TCACATGTAACCGCACAGGC 

116.2 Indel CYP450 Forward: AGAGCAAGGATTTGCTTGGCTTGC 
      Reverse: GATCCTTGACGGTGCAATCAAATC 

116.6 dCAPS 49T38-MluI Forward: TGATTGGTAGGAGGTTCTCGGACGC 
      Reverse: GTGACCACGGCATTCTTGATGGTG 

116.7 dCAPS UCE-MboI Forward: CTAGGTGACACCATACCTGAAAAC 
      Reverse: CAACACCACTATACGAGTGAGA 

117.4 dCAPS KIP-NalII 
Forward: 
GATAGTGAGGGGTTTTCTAAGGCCAT  

      Reverse: CTCAGTCTGTAATGCCAGGATCTG 
117.7 CAPs UBQ-TaqªI Forward: GTGCCACTTGTTAGCACACTTG 

      Reverse: GGTCAGCAAATCGTTAGAGC 
118 Indel 49T32 Forward: CGCAGTTCATGTTCTTCGAC 

      Reverse: CAGGGGTAAGGTAACAAATCAAGG  
118.16 Indel TP Forward: TGCTTCCAGACGATCACCTGCTAC 

      Reverse: CGTCGTCCAGGTTGTTGATGATGG 
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Table 6. Candidate gene list for barren inflorescence173. Purple-dotted cells indicate a 
gene whose coding region has been sequenced. Grey-filled indicate genes that are not 
being considered as candidate genes based on expression analysis done by the Bolduc 
group 2012, published on qteller.com.  

Loci on 
Chr. 8 Gene name  Predicted gene 

Expressed 
in wt ear?1 

Expressed 
in wt 

tassel? 1 
116.25 GRMZM2G038401 Peptidase family Y Y 

116.3 GRMZM2G055489 Sucrose-6F-phosphate phosphohydrolase Y Y 
116.31 GRMZM2G055462 unknown functin Y Y 

116.4 GRMZM2G082384 Kinase motor domain Y Y 
116.42 GRMZM2G382792 GDP-futose protein Y Y 
116.48 GRMZM2G421415 Fasciclin domain Y Y 

116.488 GRMZM2G583274 unknown N N 
116.53 GRMZM2G009936 Ribosomal Protein Y Y 
116.16 GRMZM5G802801 heat shock protein Y Y 

116.2 GRMZM5G874500 tRNA synthetase classe Y Y 
116.67 GRMZM2G008032 unknown N Y 

116.678 GRMZM2G700614 unknown Y Y 
116.77 GRMZM2G007276 ubiquitin conjugating enzyme Y Y 

116.849 GRMZM2G336908 GTP cyclohydrase Y Y 
116.85 GRMZM2G035202 PTPLA Y Y 
116.86 GRMZM5G883149 Clathrin adaptor complex Y Y 

116.865 GRMZM5G886109 unknown Y Y 
116.98 GRMZM5G879851 unknown N N 
117.07 GRMZM2G178815 unknown Y Y 
117.07 GRMZM2G178803 late embryogensis abundant protein Y N 
117.14 GRMZM2G090563 Transmembrance protein Y Y 
117.15 GRMZM2G390400 SAC3/GANP/Nin1/mts3/eIF-3 p25 family Y Y 
117.19 GRMZM2G090732 protein kinase domain Y N 
117.27 GRMZM2G175349 zinc finger C3HC4 type  Y Y 
117.28 GRMZM2G538922 unknown N N 
117.29 GRMZM2G095905 PWWP protein Y Y 

117.3 GRMZM2G095921 unknown Y Y 
1 Expression data taken from Bolduc et al. 2012 
 
 
 
 
 
 
 
 
 
 
 



54 
 
 

 

Table 7. Molecular markers used in the initial BC2 mapping population of Bif3.  

Location 
Primer 
Type Primer Name Primer Sequences (5'-> 3') 

3.06 SSR umc2245 Forward:  CGTCGTCTTCGACATGTACTTCAC   
      Reverse: GCCCTGTTATTGGAACAGTTTACG  

3.18 Indel Bif3-T4 Forward: GTCGCTGTCTCACCAATCAC 
      Reverse: GGTTGCTGCTTTCTCTTTGG 

3.85 Indel Bif3-T3 Forward: AGGGTGATGCAAACAACTCC 
      Reverse: TATCCCAGGAACTGACACCAC 

4.15 SSR umc2363 Forward: TTGACTCGAAAGACTTGTGAGCTG 
      Reverse: GTGTGTCAGAAGGAGGACTGATGA  

4.65 SSR umc1542 Forward: TAAAGCTATGATGGCACTTGCAGA  
      Reverse:  CATATTTGCCTTTGCCCTTTTGTA  

7.84 SSR umc1823 Forward: AAAGCCTTACTGTTATTAGGCTAGGCA   
      Reverse:  AGAAAACCAGCCCCAGATGTTC 
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Table 8. Molecular markers used in the second BC2 mapping population of Bif3. 
(seq) indicated that the amplified products needs to be sequence in order to 
determine genotype.  

Location 
Primer 
Type 

Primer 
Name Primer Sequences (5'-> 3') 

3.06 SSR umc2245 Forward:  CGTCGTCTTCGACATGTACTTCAC   
      Reverse: GCCCTGTTATTGGAACAGTTTACG  

3.18 Indel Bif3-T4 Forward: GTCGCTGTCTCACCAATCAC 
      Reverse: GGTTGCTGCTTTCTCTTTGG 

3.32 SNP(seq) MP2 Forward: TAGGGTAGAGTTCCTCACTTCTCG 
      Reverse: ATAAACCCAGTTTCTGCCTAACAG 

3.6 SNP Bif3-T5 Forward: CATGCTAGCTAGCTTTCCTCTAG 
      Reverse: AGCTCCTTGAGGATCCTGATCTG 

3.85 Indel Bif3-T3 Forward: AGGGTGATGCAAACAACTCC 
      Reverse: TATCCCAGGAACTGACACCAC 

4.15 SSR umc2363 Forward: TTGACTCGAAAGACTTGTGAGCTG 
      Reverse: GTGTGTCAGAAGGAGGACTGATGA  

4.65 SSR umc1542 Forward: TAAAGCTATGATGGCACTTGCAGA  
      Reverse:  CATATTTGCCTTTGCCCTTTTGTA  

7.84 SSR umc1823 
Forward: 
AAAGCCTTACTGTTATTAGGCTAGGCA   

      Reverse:  AGAAAACCAGCCCCAGATGTTC 
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Table 9. Molecular Markers used in the final mapping population of Bif3. (seq) 
indicated that the amplified products needs to be sequence in order to 
determine genotype. 

Location 
Primer 
Type Primer Name Primer Sequences (5'-> 3') 

3.06 SSR umc2245 Forward:  CGTCGTCTTCGACATGTACTTCAC   
      Reverse: GCCCTGTTATTGGAACAGTTTACG  

3.18 Indel Bif3-T4 Forward: GTCGCTGTCTCACCAATCAC 
      Reverse: GGTTGCTGCTTTCTCTTTGG 

3.32 SNP(seq) MP2 Forward: TAGGGTAGAGTTCCTCACTTCTCG 
      Reverse: ATAAACCCAGTTTCTGCCTAACAG 

3.41 dCAPS Bif3-T13 Forward:TCCAAGAACGGCTGCCTCAAGATCC 
      Reverse: CATTCGGTAAGGATCTAACGAGTC 

3.57 SNP(seq) Bif3-T9 Forward: CATGCTAGCTAGCTTTCCTCTAG 
      Reverse: AGCTCCTTGAGGATCCTGATCTG 

3.85 Indel Bif3-T3 Forward: AGGGTGATGCAAACAACTCC 
      Reverse: TATCCCAGGAACTGACACCAC 

4.15 SSR umc2363 Forward: TTGACTCGAAAGACTTGTGAGCTG 
      Reverse: GTGTGTCAGAAGGAGGACTGATGA  
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Table 10. Candidate gene list for Barren inflorescence3. Hashed cells indicate a 
gene whose coding region has been sequenced and no causative mutation found.  

Locus on 
Chr. 2 Gene Name Encodes 
3.36 GRMZM2G047590 PPIC-type PPIASE domain 
3.37 GRMZM2G047474 ESTROGEN RECEPTOR COACTIVATOR-RELATED 
3.38 GRMZM2G511888 40 residue peptide-CG 
3.38 GRMZM2G047448 Homeobox domain/WUSCHEL Ortholog 
3.39 GRMZM2G047321 U11/U12 small nuclear ribonucleoprotein 25 kDa protein 
3.39 GRMZM2G047018 PHF5-like protein 
3.4 GRMZM2G046968 Zinc finger C-x8-C-x5-C-x3-H type (and similar) 
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