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ABSTRACT OF THE DISSERTATION

Identifying cis-Regulatory Elements and trans-Acting Factors that Activate Transcription in the 

Suspensor of Plant Embryos

by

Kelli Frances Henry

Doctor of Philosophy in Molecular, Cell and Developmental Biology

University of California, Los Angeles, 2014

Professor Robert B. Goldberg, Chair

Seed crops, such as corn and soybean, are a major source of food for human and animal 

consumption.  Understanding how genes are regulated in seeds is essential for the future 

development of genetically  engineered seed crops that could significantly augment the food 

supply available for a rapidly  growing human population.  Given the importance of 

understanding the processes controlling seed development, it is surprising that the gene 

regulatory networks operating in seeds remain largely unknown.  I have been using scarlet runner 

bean (SRB; Phaseolus coccineus), a close relative of soybean, to characterize a gene regulatory 
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network active during early embryo development.  Specifically, I have focused on gene activity 

in the suspensor, a specialized embryonic region involved in synthesizing and transporting 

nutrients to the growing embryo.  To identify suspensor cis-regulatory sequences, I performed 

promoter dissection experiments on the SRB G564 gene, which is expressed in the suspensor 

early in embryo development.  A 54-bp DNA fragment within the G564 upstream region is 

sufficient for suspensor-specific transcription in transgenic tobacco and Arabidopsis, indicating 

the suspensor transcriptional machinery is conserved in flowering plants.  Mutagenesis of the 54-

bp fragment identified five suspensor cis-regulatory elements: (i) three 10-bp motifs with the 

consensus 5’-GAAAAGCGAA-3’, (ii) a Region 2 sequence 5’-TTG(A/G)(A/G/T)AAT-3’ and 

(iii) a Fifth motif 5’-(A/G)AGTTA-3’.  The Fifth motif sequence is a predicted MYB 

transcription factor binding site.  A yeast one-hybrid screen identified three MYB transcription 

factors that bind to the 54-bp fragment and are expressed in the suspensor of Arabidopsis.  

Promoter deletion and mutagenesis experiments uncovered that sequences similar to these three 

types of suspensor motifs also activate suspensor transcription in the SRB GA 20-oxidase gene, 

which encodes an enzyme required for synthesis of the phytohormone gibberellic acid.  The SRB 

G564 and GA 20-oxidase genes are activated by the same suspensor cis-regulatory elements and 

thus comprise a suspensor gene regulatory network, which is activated shortly  after fertilization 

by transcriptional machinery that is conserved in the suspensors of flowering plants.
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CHAPTER 1

USING GIANT SCARLET RUNNER BEAN EMBRYOS TO UNCOVER REGULATORY 

NETWORKS CONTROLLING SUSPENSOR GENE ACTIVITY
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ABSTRACT

One of the major unsolved issues in plant development is understanding the regulatory 

networks that control the differential gene activity  that is required for the specification and 

subsequent development of the two major embryonic regions, the embryo proper and suspensor, 

shortly after fertilization.  Until recently, a major stumbling block to uncovering early embryo 

regulatory networks has been the difficulty  of isolating plant embryos at the earliest 

developmental stages, and dissecting different  regions, in order to apply high throughput 

sequencing and genomics approaches to gain insight into the differentiation of the post-

fertilization plant embryo.  Historically, the giant embryo of scarlet runner bean (SRB), 

Phaseolus coccineus, has been used as a model system to investigate the physiological events 

that occur early in embryogenesis – focusing on the question of what role the suspensor region 

plays in embryonic development.  A major feature distinguishing SRB embryos from those of 

other plants is a highly enlarged suspensor containing at  least  200 cells that has been shown to 

synthesize growth regulators that are required for subsequent embryonic and seed development.  

We have exploited the unique size of the SRB embryo to micro-dissect the embryo proper and 

suspensor regions during the earliest plant developmental stages in order to use genomics-based 

approaches to identify  regulatory genes that may be involved in controlling suspensor and 

embryo proper differentiation, as well as the cellular processes that may  be unique to each 

embryonic region.  Here we review recent information that has been obtained using SRB 

embryos to illuminate the processes required for embryo proper and suspensor differentiation - 

focusing primarily on the suspensor.  We address a number of fundamental questions – including 

(1) how are genes differentially expressed in SRB embryo proper and suspensor regions shortly 
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after fertilization, (2) what metabolic functions are unique to the SRB embryo proper and 

suspensor, (3) what are the unique processes that occur in the giant SRB suspensor that differ 

from those of less specialized suspensors in other plants, such as Arabidopsis and soybean, (4) 

what are the transcription factors that may play a role in suspensor differentiation, and (5) what 

are the cis-regulatory  elements contained within the genome that program suspensor region-

specific transcription during early embryonic development?  Finally, we review the current 

genomics resources that make giant SRB embryos a compelling model system for studying the 

early events required to program plant development.

Why study plant embryo development?

Embryogenesis in most higher plants begins with a double fertilization event, in which 

one sperm cell fertilizes the egg cell to form the zygote and the other sperm cell fertilizes the 

central cell to form the endosperm.  The zygote undergoes an asymmetric cell division, giving 

rise to a small, cytoplasm-rich apical cell and a large, vacuolated basal cell.  The small apical cell 

will divide to form the embryo proper, which will become the next generation plant, whereas the 

large basal cell divides to form the suspensor, a terminally  differentiated structure that nourishes 

and supports the embryo proper and degenerates as the embryo matures.  Little is known about 

(1) the mechanism of asymmetrical division of the zygote, (2) how different gene sets are 

activated in the embryo proper and suspensor and (3) the function of the suspensor and embryo 

proper during early embryogenesis. 

What is Scarlet Runner Bean?  

Arabidopsis has been the model plant for studying early embryogenesis because it is 

amenable to genetics.  Studies of Arabidopsis have illuminated some of the pathways involved in 
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elongation of the zygote, the asymmetric division that  forms the two-cell embryo and apical and 

basal cell fate specification, such as auxin signaling (Friml et al., 2003), the YDA/MAPK 

signaling pathway (Bayer et al., 2009) and the transcriptional networks involving RKD4 (Waki et 

al., 2011) and WRKY2, WOX2, WOX8 and WOX9 (Ueda et al., 2011).  Genes in these 

pathways account for a very small percentage of the 10,728 mRNAs that  are detected in the 

Arabidopsis suspensor (Belmonte et al., 2013).  Genomics studies are needed to understand fully 

the cellular processes occurring in the suspensor.  For genomics studies, suspensor material must 

be isolated and DNA, RNA, chromatin subjected to high-throughput sequencing.  Isolation of the 

8-10 cells of the Arabidopsis suspensor is difficult due to its small size.  Scarlet  runner bean 

(SRB; Phaseolus coccineus), which has a giant seed, embryo and suspensor, can be used to 

overcome this limitation (Figure 1-1A).  The SRB globular stage embryo is ~100 times larger 

than Arabidopsis, facilitating micro-dissection and capturing of the embryo proper and suspensor 

regions (Figure 1-1A) (Weterings et al., 2001).  

 Additionally, SRB seeds are a protein-rich legume crop, closely related to soybean, 

common bean and cowpea in the economically important Phaseoleae clade of legumes, and thus 

can serve as a model for legume seed development.  Common bean (Phaseolus vulgaris L.), 

which is a major source of calories and protein in many  developing countries (http://

faostat.fao.org/) and a $1.3 billion crop in the United States (http://www.nass.usda.gov (2012)), 

and SRB are congeneric species that diverged less than 8 mya (Lavin et al., 2005) and can form 

successful hybrids, as was first reported by Mendel in 1865 (cited by  Mok et al., 1986).  SRB 

diverged ~19 mya from soybean (Lavin et al., 2005), the second largest crop in the United States 

with a value of $43 billion (http://www.nass.usda.gov (2012)).  

$
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SRB may be a more suitable legume model than soybean because of its smaller genome 

size (~680 Mb vs. 1.1 Gb) and ploidy level (diploid vs. tetraploid) (Schmutz et al., 2010; Bennett 

and Leitch, 2012).  SRB is an excellent plant  in which to study  embryogenesis because of (1) the 

availability of large amounts of embryo material per seed, (2) its phylogenetic placement in the 

legume family, (3) a 40-year history  of use as a model for studying embryo development (Yeung 

and Meinke, 1993; Kawashima and Goldberg, 2010), and (4) new Phaseolus genomic resources, 

including the sequence of the common bean genome (http://www.phytozome.net) and gene 

expression profiles for the suspensor and embryo proper during early embryogenesis (Le et al., 

2007; Kawashima and Goldberg, 2010) (GEO accession GSE57536).

SRB has been used as a model for suspensor development for over 40 years

The first experimental studies of suspensor function in plants were performed by Sussex 

et al. using SRB because the large size of the SRB embryo allows hand-dissection of the 

suspensor and embryo proper, and facilitates the collection of large amounts of suspensor tissue 

for use in biochemical assays (Walbot et al., 1972; Sussex et al., 1973; Clutter et al., 1974; 

Lorenzi et  al., 1978; Yeung and Sussex, 1979).  Early  studies in SRB uncovered that the 

suspensor is required for the development of the embryo proper (Cionini et al., 1976), and it is 

highly  transcriptionally and translationally active (Walbot et al., 1972; Sussex et al., 1973; 

Clutter et al., 1974), likely due to its polytene chromosomes, which can increase the DNA 

content of suspensor cells up to 8000 C (Brady, 1973).  Although the biological function of 

polytene chromosomes in SRB suspensor cells is unclear, polyteny is a sign of terminally 

differentiated, highly specialized tissues, such as Drosophila salivary glands.  One specialized 

function of the suspensor is transport.  The giant basal cells of the suspensor function as “transfer 
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cells”, using their enlarged membrane surfaces and prominent  ingrowths to absorb solutes from 

the surrounding seed tissues and funiculus and transport them to the growing embryo proper 

(Clutter and Sussex, 1968; Nagl, 1974; Yeung and Sussex, 1979; Nagl, 1990).  Alpi et al. (1975) 

advanced the view that the suspensor not only  acts as a conduit for nutrients, but also synthesizes 

growth regulators (e.g. gibberellic acid; GA) needed by the embryo proper in early  development.  

In fact, biochemical studies showed that SRB suspensors are a rich source of GAs (Alpi et al., 

1975) and contain enzymes for synthesizing GAs (Ceccarelli et al., 1979; 1981).  Classical 

approaches carried out 40 years ago revealed transport of nutrients and GA biosynthesis as 

critical processes carried out by the SRB suspensor for embryo development.  Now, genome-

wide studies can reveal the full spectrum of cellular processes that occur in the major embryo 

regions.

Using genomics to dissect early SRB embryogenesis

Our laboratory pioneered the use of SRB as a genomics engine to dissect early 

embryogenesis (Weterings et al., 2001; Le et al., 2007; Kawashima and Goldberg, 2010).  

Weterings et al. (2001) showed that derivatives of the apical and basal cells of SRB transcribe 

different genes as early as the four-cell stage of embryo development, suggesting that the apical 

and basal cells are specified at the molecular level after division of the zygote.  What leads to the 

differential gene expression in the apical and basal cells?  We recently exploited the unique size 

of the SRB embryo using laser-capture micro-dissection (LCM) technology to precisely collect 

the embryo proper and suspensor regions during the globular stage of development (Figure 

1-1A).  The transcriptomes of the suspensor and embryo proper were profiled by RNA-Seq in 

order to identify regulatory genes and processes that may be involved in controlling suspensor 
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and embryo proper differentiation, as well as the cellular processes that may be unique to each 

embryonic region (GEO accession GSE57536).  We determined what genes are active in the 

suspensor and embryo proper by BLAST to the recently  released Phaseolus vulgaris (common 

bean) genome, which has been annotated.  With this data, we can address a number of 

fundamental questions – including (1) what metabolic functions are unique to the SRB embryo 

proper and suspensor, (2) what are the transcription factors that may play a role in suspensor 

differentiation, and (3) how are genes differentially  expressed in SRB embryo proper and 

suspensor regions shortly after fertilization?

The transcriptome profiles of the embryo proper and suspensor can provide insight into 

the functions of the embryo regions.  Analysis of the spectrum of genes expressed in each region 

and the genes that are active uniquely in each region can uncover the metabolic functions of each 

embryonic region, particularly the mysterious, short-lived suspensor.  The transcriptome data 

reveals not only the active genes contributing to the morphogenesis and differentiation of the 

embryo proper and suspensor, but also the transcription factors that are expressed in each embryo 

region.  Knowing the spectrum of transcription factor genes that are active in each embryo region 

is a first  step to building gene regulatory networks that program early embryo development.  One 

or more mRNAs unique to each embryo region could encode a transcription factor that is directly 

linked to the process by which these two regions of the embryo activate different gene sets 

shortly after fertilization and become destined for different developmental fates.  This strategy of 

working backwards from globular stage gene activity to cell fate specification is particularly 

amenable to the suspensor because its differentiation precedes that of the embryo proper, and the 

suspensor cells are direct clonal descendants of the basal cell of the two-cell embryo.  Therefore, 
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the factors that activate genes in the suspensor might be directly linked to the basal cell 

specification mechanism.  For example, we have previously  shown by in situ hybridization that 

mRNA for the homeodomain transcription factor PcWox9-like accumulates specifically  in the 

suspensor of SRB (Le et al., 2007), which is the same expression pattern as it’s Arabidopsis 

homologs AtWox8 and AtWox9 (Haecker et al., 2004).  The target genes of this suspensor-

specific transcription factor remain unknown, but in Arabidopsis, Wox8 localizes to the zygote, 

basal cell of the two-cell embryo, and the globular-stage suspensor, and functions in establishing 

zygote polarity by initiating a shift in organelle positions in the zygote, thus enabling asymmetric 

cell division (Ueda et al., 2011).  Identification of other suspensor-specific transcription factors 

in SRB, what time in development they  are first detected, and what downstream genes they 

regulate will help to build regulatory networks that program suspensor gene activity. 

Using comparative genomics to identify conserved suspensor functions

 The suspensor is an evolutionarily  conserved structure present in most  seed-bearing 

plants and even some mosses, which diverged ~425 mya (Wardlaw, 1955; Kawashima and 

Goldberg, 2010).  To understand more broadly the core functions carried out by all suspensors, 

the transcriptomes of suspensors from various species can be compared to identify  conserved 

metabolic processes and transcription factors that may regulate conserved suspensor functions.  

We have previously reported that the SRB G564 mRNA, which encodes a protein of unknown 

function and is detected specifically  in the suspensor of a globular-stage SRB embryo, is also 

localized specifically  in the basal region and suspensor of a pre-globular stage tobacco embryo 

transformed with the PcG564 gene (Weterings et  al., 2001).  This shows that the suspensor 

transcriptional machinery that regulates expression of G564 is widely conserved in flowering 
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plants that diverged ~150 mya (Paterson et al., 2004).  It remains to be determined what other 

transcription factors are conserved in suspensors of divergent species, what their target genes are 

and what functions they regulate.

 We have laid the foundation for a comparative genomics analysis of the suspensor 

transcriptome of SRB with common bean (diverged <8 mya), soybean (diverged 19 mya) and 

Arabidopsis (diverged 120 mya) (Paterson et  al., 2004; Lavin et al., 2005).  Our laboratory has 

used LCM and RNA-Seq technologies to profile the transcriptomes of globular stage suspensor 

and embryo proper of SRB and common bean (GEO accession GSE57537).  Furthermore, in 

collaboration with John Harada’s laboratory at UC Davis, we have profiled the transcriptomes of 

globular stage suspensor and embryo proper of soybean (Glycine max (L.) Merr.) (GEO Series 

GSM721717-GSM721718) using LCM  and RNA-Seq and Arabidopsis (Belmonte et  al., 2013) 

using LCM  and GeneChip.  These data sets allow some exciting comparisons to be made.  What 

functions are conserved in the giant, specialized Phaseolus suspensors?  What are the functions 

of conserved genes and transcription factors in the suspensors of legumes?  What functions are 

evolutionarily conserved in all suspensors regardless of size, morphology, or specialized 

function?

What unique processes occur in the giant Phaseolus suspensors and differ from those of less 

specialized suspensors in other plants, such as Arabidopsis and soybean?

 Although most seed plants have suspensors, suspensor structures display a wide range of 

morphological diversity  (Kawashima and Goldberg, 2010).  For example, two closely  related 

legume species, soybean and SRB, have distinct suspensors.  The soybean suspensor is small, 

consisting of a few cells, whereas the SRB suspensor is huge containing ~200 cells (Figure 

)
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1-1A).  The Arabidopsis suspensor is a single file of 8–10 cells.  Modification or co-option of 

gene regulatory networks throughout evolution may  account for these structural and functional 

differences.  There must be some biological process, and thus gene activity, that is unique to the 

giant Phaseolus suspensors and absent in smaller suspensors, such as those of Arabidopsis and 

soybean.   In fact, SRB and Arabidopsis have a small number of genes that are active only  in the 

suspensor and not in the embryo proper (Figure 1-1D-E).  These suspensor-specific mRNAs 

may be contributing to suspensor morphology in each species.

 One of the first characterized functions of the SRB suspensor, synthesis of GA, appears 

to be unique to the highly specialized suspensors of Phaseolus (Kawashima and Goldberg, 

2010).  While mRNA for the SRB GA 3-oxidase gene (encoding the last  enzyme in the GA 

biosynthesis pathway) accumulates to a high level in the suspensors of SRB and common bean at 

the globular stage (Solfanelli et al., 2005) (GEO accession GSE57537), mRNAs representing the 

soybean and Arabidopsis homologs of GA 3-oxidase do not accumulate in the suspensor; instead, 

mRNAs representing Arabidopsis homologs of GA 3-oxidase accumulate in the endosperm of 

globular stage seeds (Belmonte et al., 2013).  Perhaps it is not surprising that mRNA for these 

genes localized to the endosperm of Arabidopsis because the suspensor and endosperm serve 

similar functions in early embryo development.  In dicots, the suspensor and the endosperm are 

both short-lived structures that degenerate once they  have accomplished their function of 

nourishing the developing embryo proper.  It has been suggested that in species with massive 

suspensors, such as SRB and common bean, the suspensor might take over the functions of the 

endosperm, resulting in delayed endosperm cellularization and a decreased amount of endosperm 

(Tison, 1919; Schnarf, 1929; Lorenzi et al., 1978).  Thus, the endosperm GA biosynthesis gene 
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regulatory network in Arabidopsis might have been co-opted by the giant suspensors of 

Phaseolus species.  It remains unknown whether GA 3-oxidase mRNAs accumulate in globular 

stage soybean seeds.  Interestingly, in SRB, common bean and Arabidopsis, it is only  the 

location of hormone synthesis that has changed, not the developmental time at which it occurs.  

Perhaps the site of hormone biosynthesis is not important, as long as the hormones are 

transported to the embryo proper at the globular stage of development.

 Comparative studies of the gene regulatory  networks controlling the development and 

differentiation of suspensors of divergent species will help to unlock the changes that occurred in 

evolution to produce morphologically and functionally  distinct suspensors.  A change in gene 

expression pattern between species could be attributed to an alteration in a transcription factor 

protein, but more commonly it has been shown to result from changes in gene promoters (Pina et 

al., 2014).  Identifying functional cis-regulatory elements and transcription factors the program 

suspensor gene activity and comparison between different species will help  to trace how 

novelties arise in gene regulatory networks, which may lead to evolution of morphologically and 

functionally distinct suspensors across species.

What are the cis-regulatory elements contained within the genome that program suspensor-

specific transcription during early embryonic development?

Previously, we identified cis-regulatory  elements in the upstream region of the suspensor-

active SRB G564 gene that activate transcription in the suspensor of transgenic tobacco and 

Arabidopsis (Chapter 3) (Kawashima 2009).  This work showed that the SRB G564 cis-

regulatory elements that activate suspensor-specific transcription are recognized by trans-acting 

factors conserved in the suspensor of other flowering plants (Kawashima et al., 2009).    It 
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remains unknown what other genes are regulated by the G564 suspensor cis-regulatory elements.  

The simplest hypothesis is that other suspensor-specific mRNAs, such as GA 20-oxidase and 

Wox9-like, are activated by the same cis-regulatory  elements and, indeed these motif sequences 

have been found in the upstream regions of these SRB genes (Chapter 3) (Kawashima 2009).  

These genes may comprise a suspensor gene regulatory network.

The common bean genome sequence allows us to scan the upstream regions of all suspensor 

active genes for the presence of the five known suspensor cis-regulatory  elements identified in 

PcG564.  The common bean genome sequence can be used as a surrogate for the SRB genome 

because the two genomes are very similar.  They are congeneric species diverged <8 mya and 

have very similar suspensor gene expression profiles (Figure 1-1B-C).  For example, G564 

mRNA is upregulated in the suspensor of both SRB and common bean (Chapter 3), and the G564 

upstream region is highly conserved in these two species (Figure 1-2).  The G564 upstream 

region contains five tandem repeats of 150-bp; each repeat contains the five known suspensor 

cis-regulatory  elements.  The suspensor cis-regulatory elements are assumed to function in 

PvG564 because the both the sequences of the motifs and the G564 gene expression pattern are 

conserved in the two species.

With the genome sequence and suspensor transcriptome profiles of common bean, soybean 

and Arabidopsis in hand, we can scan the upstream regions of all suspensor-active genes for the 

suspensor cis-regulatory elements identified in the upstream region of G564.  Sequence 

comparison between related species can identify conserved non-coding sequences that may 

contain functional cis-regulatory  elements that regulate transcription of genes with conserved 

expression in the suspensors of Phaseoleae species, legumes and other flowering plants 
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(Haeussler and Joly, 2011).  Promoter studies will be necessary to uncover whether these 

predicted suspensor cis-regulatory elements are functional.  Predicted linkages in the suspensor 

gene regulatory network can be verified by  promoter studies performed in a heterologous system, 

such as tobacco or Arabidopsis.

The identities of the trans-acting factors that bind to the G564 suspensor cis-regulatory 

elements remain a mystery.  However, the genomics resources discussed here can provide 

candidate transcription factors.  First, it  is known that the SRB transcription factors that activate 

suspensor transcription of G564 are conserved in the suspensors of flowering plants (Kawashima 

et al., 2009); therefore these transcription factors should be detected in the suspensor 

transcriptomes of common bean, Arabidopsis and soybean.  Second, at least one of these 

transcription factors must be expressed or active specifically in the basal cell lineage to confer 

the suspensor-specific expression pattern of G564.   Therefore, conserved transcription factors 

that are expressed in the suspensor of various species, but not in the embryo proper, may be the 

best candidates.  Third, the G564 trans-acting factors must be expressed as early as the four-cell 

embryo stage to confer expression of G564 in the two basal cells of the 4-cell embryo.  Further 

studies of the developmental time at  which these conserved transcription factors begin to 

accumulate could narrow down the list of candidates.  Fourth, these transcription factors could 

positively regulate themselves and downstream genes like G564.  So the G564 suspensor cis-

regulatory elements may be present in the upstream regions of the candidate transcription factors 

that regulate this conserved suspensor gene regulatory network.  The upstream sequences of 

transcription factor genes expressed in the suspensor can be analyzed for the presence of the 

known suspensor cis-regulatory elements.  This analysis of upstream sequences can be 
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performed in common bean rather than SRB because the common bean genome sequence is 

available, and the genomic sequences and expression profiles of SRB and common bean are 

strikingly similar (Figure 1-1B-C).  What other genes are regulated by  the transcription factors 

that activate G564, what other regulatory circuits control suspensor gene activity, and how these 

regulatory circuits are activated after fertilization remain unanswered questions.

Future Perspectives

The sequence of the common bean genome opens the door to Phaseolus network analysis 

on a genome-wide scale.  Transcriptome profiles of the SRB and common bean globular-stage 

suspensors provide the identity of the transcription factors expressed in the suspensor and their 

collective downstream genes involved in suspensor morphogenesis and differentiation.  

Comparison to the embryo proper transcriptome can identify  suspensor-specific mRNAs that 

may be involved in processes specific to the differentiation of the suspensor.  The next steps in 

building gene regulatory networks will involve characterizing the precise temporal and spatial 

expression patterns of suspensor transcription factors, and determining their binding sites across 

the genome through chromatin immunoprecipitation coupled with sequencing (ChIP-Seq), which 

can be performed in common bean.  To complement ChIP-Seq transcription factor binding sites 

determination, functional analysis of binding sites will also have to be carried out  through 

promoter studies because transcription factor occupancy does not necessarily predict enhancer 

function in vivo (Peter and Davidson, 2009; Sanalkumar et al., 2014).  Several other mechanisms 

besides transcriptional control may advance our understanding of gene regulatory networks by 

filling in more layers of gene regulation.  The availability of new genomic resources allows the 

use sophisticated techniques, such as methylome sequencing, small RNA sequencing, and ChIP-
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Seq using antibodies to histone modifications, proteome sequencing via mass spectrometry, and 

protoplast transformation as a screening process for cis-regulatory element analysis.  The SRB 

system has been resurrected by the ability  to use the very closely related common bean genome 

to uncover regulatory networks controlling gene activity in the giant suspensors of Phaseolus.
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Figure 1-1: Scarlet runner bean, common bean, soybean and Arabidopsis suspensor and embryo 

proper mRNA profiles.  (A) SRB, common bean, soybean, and Arabidopsis plants, plastic 

sections of globular stage embryo of SRB and common bean and Arabidopsis, and paraffin 

section of globular stage embryo of soybean before capturing embryo proper and suspensor by 

laser capture microdissection.  Image of common bean flower was taken from http://

www.pbase.com/valterj/dsch9 photographed by Valter Jacinto.  Image of Arabidopsis flower was 

taken from Kawashima and Goldberg (2010).  (B-E) Venn diagrams representing the number of 

mRNAs detected in the suspensor of SRB and common bean (B), the embryo proper of SRB and 

common bean (C), the suspensor and embryo proper of SRB (D), and the suspensor and embryo 

proper of Arabidopsis (E).  mRNA counts for SRB and common bean are from GEO accession 

GSE57537.  mRNA counts for Arabidopsis are from Belmonte et al. (2013).  EP, embryo proper; 

S, suspensor.  Scale bar: 100 µm.
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Figure 1-2: The G564 gene structure in P. coccineus and P. vulgaris.  (A and B) Conceptual 

representations of the G564 gene and upstream region in P. coccineus (A) and P. vulgaris (B).  

Dark blue boxes represent exons.  Light blue boxes represent introns and UTRs.  Yellow boxes 

represent 150-bp tandem repeats in the upstream region.  Red, orange and green arrows indicate 

a 10-bp motif (5’- GAAAAGC/TGAA-3’), 10-bp-like motif and 10-bp-related motif.  Purple 

ovals indicate the Region 2 sequence (5’-TTGA/GA/G/TAAT-3’).  Blue ovals indicate a Fifth 

motif (5’-A/GAGTTA-3’).  Numbers indicate positions relative to the transcription start  site 

(+1).  (C) Nucleotide sequence alignment of the 5 150-bp tandem repeats.  Nucleotides 

conserved across all 10 repeats from P. coccineus and P. vulgaris are indicated by asterisks.  The 

10-bp, 10-bp-like, 10-bp-related motifs, Region 2 and Fifth motif are shown in red, orange, 

green, purple and blue, respectively.  The number to the left of aligned sequences indicates 

positions of the repeats.  Gaps were introduced for optimal alignment.  Pc, P. coccineus; Pv, P. 

vulgaris.
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CHAPTER 2

IDENTIFICATION OF cis-REGULATORY SEQUENCES THAT ACTIVATE 

TRANSCRIPTION IN THE SUSPENSOR OF PLANT EMBRYOS
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CHAPTER 3

A NEW cis-REGULATORY ELEMENT IS REQUIRED TO ACTIVATE 

TRANSCRIPTION IN THE SUSPENSOR OF PLANT EMBRYOS
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ABSTRACT 

 Little is known about the molecular mechanisms by which the embryo proper and suspensor 

of plant embryos activate specific gene sets shortly after fertilization.  We analyzed the upstream 

region of the scarlet runner bean (Phaseolus coccineus) G564 gene in order to understand how 

genes are activated specifically  in the suspensor during early embryo development.  Previously, 

we showed that a 54-bp fragment of the G564 upstream region is sufficient for suspensor 

transcription and contains at least three required cis-regulatory sequences, including the 10-bp 

motif (5’-GAAAAGCGAA-3’), the 10bp-like motif (5’-GAAAAACGAA-3’), and Region 2 

(partial sequence 5’-TTGGT-3’).  Here, we use site-directed mutagenesis experiments in 

transgenic globular-stage tobacco embryos to identify  two additional cis-regulatory elements 

within the 54-bp cis-regulatory module that are required for G564 suspensor transcription: the 

Fifth motif (5’-GAGTTA-3’) and a 10-bp-related sequence (5’-GAAAACCACA-3’).  Further 

deletion of the 54-bp  fragment revealed that a 47-bp fragment containing five motifs (the 10-bp, 

10-bp-like, 10-bp-related, Region 2 and Fifth motifs) is sufficient for suspensor transcription.  

Phylogenetic analyses suggest that the regulation of G564 is evolutionarily conserved.  A 

homologous cis-regulatory module was found upstream of the G564 ortholog in Phaseolus 

vulgaris.  Together, our results have identified a suspensor cis-regulatory module that activates 

transcription specifically in the suspensor in the globular-stage of development.

INTRODUCTION  

In most higher plants, the zygote divides asymmetrically to form a small apical cell and a 

large basal cell with distinct developmental fates (Goldberg et al. 1994).  The apical cell 
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differentiates into the embryo proper, which will become the next generation plant; whereas, the 

basal cell generates the hypophysis and suspensor.  The hypophysis will be incorporated into the 

root meristem of the embryo proper.  The suspensor is a terminally  differentiated embryonic 

region that physically connects the embryo proper to the maternal tissues and transports nutrients 

and growth regulators to the embryo proper before degenerating later during embryogenesis.  

The mechanism determining the fate of the apical and basal cells remains unknown; however 

different gene sets, including genes encoding WOX transcription factors (Ueda et  al. 2011) and 

YODA/MAPK signaling proteins (Bayer et  al. 2009), are active specifically in the apical or basal 

cells of Arabidopsis.  The transcriptomes of the embryo proper and suspensor at the globular 

stage have been profiled in several species, including Arabidopsis thaliana (Belmonte et  al. 

2013), Glycine max (soybean) [(embryo proper – GEO Series GSM147933-GSM147935); 

(suspensor - GEO Series GSM147936-GSM14938)], Phaseolus vulgaris (common bean) (GEO 

Series GSE57535) and Phaseolus coccineus (scarlet runner bean) (GEO Series GSE57536).  

Little is known about the cis-regulatory sequences and trans-acting factors that activate these 

different gene sets in the embryo proper and suspensor shortly after fertilization.

The small size of the apical and basal cells embedded within the seed tissues makes it 

difficult to directly manipulate these cells.  We have pioneered the use of the scarlet runner bean 

suspensor to investigate gene activity at the globular stage and work backwards to study cell fate 

specification of the basal cell (Kawashima et al. 2009; Weterings et al. 2001).  The development 

of the suspensor precedes that of the embryo proper.  In fact, the suspensors of Arabidopsis and 

tobacco are fully formed three to four cell divisions following the formation of the basal cell 

(Soueges 1920; Mansfield and Briarty 1991).  The suspensor cells are direct clonal descendants 
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of the basal cell; therefore, the factors that activate genes specifically  in the suspensor might be 

directly linked to the basal cell specification mechanism (Kawashima and Goldberg 2010).

Previously, we used the giant embryos of scarlet runner bean to hand-dissect embryo propers 

and suspensors at  the globular stage and investigate gene activity (Kawashima and Goldberg 

2010; Le et al. 2007; Weterings et  al. 2001).  mRNA for the G564 gene, which encodes a protein 

of unknown function, was found to accumulate specifically  in the suspensor and first appears in 

the two basal cells of the four-cell embryo (Weterings et al. 2001).  Expression of G564 is 

controlled primarily at the transcriptional level by sequences in the upstream region.  The 

upstream region contains a ~150-bp sequence repeated five times in tandem.  We dissected the 

fourth repeat and found that it contains a 54-bp positive cis-regulatory  module that is sufficient to 

program suspensor transcription, and contains at least three suspensor cis-regulatory  elements: a 

10-bp motif (5’-GAAAAGCGAA-3’), a 10-bp-like motif (5’-GAAAAACGAA-3’), and Region 

2 with the partial sequence 5’-TTGGT-3’ (Kawashima et al. 2009).  The 54-bp  suspensor cis-

regulatory module is conserved in the other five repeats, with some sequence differences.  We 

showed that the machinery that activates suspensor transcription via these motifs is conserved 

among flowering plants (Kawashima et al. 2009).  It is possible that the trans-acting factors that 

activate G564 transcription are involved in basal cell fate specification.

In this article, we present experiments identifying two additional cis-regulatory elements 

within the 54-bp  cis-regulatory module that are required for G564 suspensor transcription.  

Mutagenesis of the 54-bp fragment identified a new suspensor cis-regulatory element, the Fifth 

motif (5’-GAGTTA-3’) and an additional 10-bp  sequence, designated the 10-bp-related motif 

(5’-GAAAACCACA-3’), that  are required for suspensor transcription.  Further deletion of the 
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54-bp fragment revealed that a 47-bp fragment containing five motifs (the 10-bp, 10-bp-like, 10-

bp-related, Region 2 and Fifth motifs) is sufficient for suspensor transcription.  Conservation of 

this suspensor cis-regulatory module in Phaseolus vulgaris suggests that these motifs also 

program transcription of PvG564.  Together, our results have identified five suspensor cis-

regulatory elements, three of which are functionally  equivalent, that activate G564 transcription 

in the suspensor shortly after fertilization.

RESULTS

The 150-bp Tandem Repeats Are Conserved in the Upstream Region of Phaseolus vulgaris 

G564. 

The recent release of the Phaseolus vulgaris genome (www.phytozome.net) provides an 

opportunity to compare two Phaseolus genome sequences, which diverged less than 8 mya 

(Lavin et al. 2005), that program the development of embryos with giant suspensors (Figure 3A-

D).  We used Illumina sequencing technology to profile the mRNA populations of laser-capture 

microdissected embryo propers and suspensors from globular stage embryos of P. coccineus and 

P. vulgaris and mapped the reads to the sequenced P. vulgaris genome (GEO accession 

GSE57537).  Similar to P. coccineus, in Phaseolus vulgaris G564 mRNA is highly up-regulated 

in the globular stage suspensor relative to the embryo proper (Figure 3-1E).

We compared the upstream region of G564 in P. coccineus and P. vulgaris, and found that the 

upstream region of G564 in P. vulgaris also contains a ~150-bp sequence that is repeated 5 times 

in tandem.  The sequences of the 5 repeats are similar, but not identical.  Sequences similar to the 

10-bp motif, 10-bp-like motif and Region 2 are present within a 54-bp sequence in each 150-bp 

repeat in P. coccineus and P. vulgaris (Figure 3-1H).  Because the suspensor cis-regulatory 
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elements identified in the PcG564 repeats have similar sequences in the repeats of PvG564, and 

G564 has the same expression pattern in both species, the predicted cis-regulatory  elements in 

the upstream region of PvG564 are likely functional.  

A Third 10-bp Sequence Is Required for Suspensor Transcription.

Within the 54-bp  fragment, there is 10-bp between the 10-bp motif and the 3’ end of the 54-

bp fragment, providing enough space for another suspensor cis-regulatory element (Figure 

3-1H).  An additional motif would not have been discovered by our previous 15-bp scanning 

mutagenesis of the 150-bp  fourth repeat if a redundant sequence can compensate for its function.  

Indeed, the 10-bp sequence at -836/-827 is similar to four other 10-bp sequences in the fourth 

repeat: the 10-bp motif (-846/-837), 10-bp-like motif (-873/-864), a 10-bp sequence (-836/-827) 

that lies just  outside of the 54-bp fragment, and a 10-bp sequence (-883/-874) that  spans the 5’ 

end of the 54-bp fragment (Figure 3-1H). 

To identify  additional suspensor cis-regulatory sequences, we generated gain-of-function 

(GOF) constructs in which a mutated version of the 54-bp fragment was fused to a Cauliflower 

mosaic virus (CaMV) 35S minimal promoter/GUS vector (Koltunow et al. 1990) and introduced 

these constructs into tobacco plants.  A GOF construct containing the non-mutated 54-bp 

fragment is sufficient for activating strong GUS activity in the suspensor (Figure 3-2A) 

(Kawashima et al. 2009).  In contrast, a GOF construct in which the 10-bp  sequence at -836/-827 

(5’-GAAAACCACA-3’) was mutated, m54(45-54), showed no GUS activity, indicating that 

there is an additional motif (Figure 3-2A).  This result is similar to the CaMV 35S minimal 

promoter/GUS construct, which also shows no suspensor GUS activity (Figure 3-2B).  Because 

this 10-bp sequence is similar to the 10-bp and 10-bp-like motifs, differing by  3-bp, we have 
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designated it as the 10-bp-related motif.  Therefore, three 10-bp sequences in the 54-bp fragment 

are required for suspensor transcription: the 10-bp (-846/-837), 10-bp-like (-873/-864) and 10-

bp-related (-836/-827) motifs.

 To determine the core sequence of the 10-bp/10-bp-like/10-bp-related motif, we took the 10-

bp motif as a representative of these three motifs and mutated the first 3-bp, the second 3-bp and 

the last 4-bp of the 10-bp motif within the 54-bp fragment (Figure 3-2B).  Although the 10-bp 

motif is known to tolerate a 3-bp mismatch (Kawashima et al. 2009), we hypothesized that the 

mismatches would not be tolerated if they all clustered together, rather than being distributed 

over the 10-bp.  GUS activity in the suspensor was significantly  decreased when the first and 

second 3-bp were mutated (m54(35-37) and m54(38-40)), and completely  abolished when the 

last 4-bp were mutated (m54(41-44)) (Figure 3-2B).  These results demonstrate that at least one 

nucleotide in each of these three regions is critical for the function of the 10-bp motif.

Previously, we generated a sequence logo for the 10-bp  motif from divergent 10-bp motifs 

known to function as the 10-bp motif (Kawashima et al. 2009).  A mutation can be tolerated at 

each position of the 10-bp motif (Figure 3-2C).  All of the functional 10-bp sequences contain 

up to 3 mismatches relative to the consensus motif of 5’-GAAAAGCGAA-3’ (Kawashima et  al. 

2009).  Figure 3-2B shows that 3 mismatches cannot be tolerated if the mismatches are clustered 

in one part of the 10-bp motif.  Taken together, we determined a consensus for the 10-bp/10-bp-

like/10-bp-related motif of 5’-GAAAAGCGAA-3’ with up to 3 non-adjacent mismatches.

A Fifth Motif Is Required for Suspensor Transcription. 
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Within the 54-bp fragment there is 9-bp between the 10-bp-like motif and Region 2 sequence 

providing enough space for a fifth cis-regulatory  element (Figure 3-1H).  A motif in this location 

would have gone undetected in our previous 15-bp scanning mutagenesis of the 150-bp fourth 

repeat due to its proximity  to other required motifs (Kawashima et al. 2009).  To determine 

whether there is a fifth suspensor cis-regulatory element, we mutated the sequence 5’-

GAGTTAC-3’ in the region between the 10-bp-like and Region 2 motifs in the 54-bp fragment.  

Mutation of 5’-GAGTTAC-3’, m54(18-24), abolished GUS activity  completely, indicating that 

there is a fifth motif (Figure 3-3A). 

To define the length of the Fifth motif, we generated constructs mutating the 9-bp between 

the 10-bp-like motif and Region 2 sequence, 3-bp  at time (Figure 3-3B).  Mutation of 5’-

GAG-3’ (m54(18-20)) and 5’-TTA-3’ (m54(21-23)) caused a significant decrease in GUS 

activity, indicating that  these sequences are part of the Fifth motif.  However, mutation of the 

next 3-bp, 5’-CTA-3’ (m54(24-26)), has no effect on GUS activity.  Therefore, the final cytosine 

mutated in the m54(18-24) construct is not  required for suspensor transcription.  Taken together, 

these results show that the important nucleotides in the Fifth motif are 5’-GAGTTA-3’.  

A consensus for the Fifth motif can be identified through comparison of the Fifth motif 

sequence in the G564 150-bp tandem repeats that we previously demonstrated were GUS-

positive (first, second and fourth) (Figure 3-3C).  No other sequence in the 150-bp repeats 

closely resembles the Fifth motif, so it is assumed that the sequences in the position of the Fifth 

motif in the first and second repeats (GOF3 and GOF4) are functional (Figure 3-1H).  The 

sequence of the Fifth motif in the fourth repeat (GOF6) is 5’-GAGTTA-3’.  The sequence in the 

position of the Fifth motif in GOF3 and GOF4 is 5’-AAGTTA-3’ (Figure 3-3C).  Based on these 
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results, we constructed a sequence logo for the Fifth motif with a consensus sequence of 5’-(A/

G)AGTTA-3’ (Figure 3-3D). This consensus sequence is present in each repeat in the upstream 

region of PcGA564 and PvG564 (Figure 3-1H).

A 47-bp Fragment Contains All of the Sequences Required for Suspensor Transcription. 

Because there are 7-bp 5’ of the 10-bp-like motif in the 54-bp fragment, there is room for a 

sixth suspensor cis-regulatory element.  To test whether this sequence is required for suspensor 

transcription, we deleted these 7-bp, creating a construct with only  the five known suspensor 

motifs.  This 47-bp  fragment showed strong suspensor GUS activity, similar to the 54-bp 

fragment (Figure 3-2A).  Therefore, five motifs are sufficient for suspensor transcription, and 

47-bp is the minimal enhancer that can activate suspensor transcription.

A Consensus for Region 2 Can Be Identified.

 We previously identified the partial Region 2 sequence as 5’-TTGGT-3’ through sequence 

homology  between the GUS-positive 150-bp repeats and the G564 -662/-618 region (Kawashima 

et al. 2009).  Region 2 was shown to be functional in the 54-bp fragment by mutating the central 

guanine at position 29 of the 54-bp fragment to adenine (Figure 3-4A) (Kawashima et al. 2009).  

In order to functionally test which nucleotides in Region 2 are required for suspensor 

transcription, we generated constructs mutating 2-bp or 3-bp at a time between the Fifth motif 

and the 10-bp motif (Figure 3-4A).  Transversional mutagenesis was used to impose the biggest 

change on the sequence; however transversionally mutating at  GT-rich sequence results in 

another GT-rich sequence.  Therefore, constructs were also made using adenine substitution.  

Mutation of the 5’ TT using either mutagenesis strategy  (m54(27-28) and m54(27-28a)) resulted 
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in significantly  decreased suspensor GUS activity (Figure 3-4A).  Mutation of the central GT to 

TG (m54(30-31)) also resulted in significantly decreased suspensor GUS activity.  In contrast, 

mutation of GT to AA (m54(30-31a)), creating the sequence 5’-TTGAAAAT-3’, did not alter 

GUS activity.  Finally, mutation of the 3’ AAT (m54(32-34)) abolished GUS activity, 

demonstrating that the Region 2 sequence is longer than previously predicted.  Taken together, 

these results show that the important nucleotides in Region 2 are 5’-TTGGTAAT-3’, and that 5’-

TTGAAAAT-3’ can also function as Region 2.

Comparison of the Region 2 sequence in GUS-positive repeats (first, second and fourth) 

can identify a consensus sequence.  Region 2 must be functional in the other GUS-positive 

repeats.  No other sequence can compensate for the function of Region 2, as was shown by a 

natural sequence difference in the fifth repeat resulting in a loss of GUS activity  (Kawashima et 

al. 2009).  The sequence of Region 2 in the second and fourth repeats (GOF4 and GOF6) is 5’-

TTGGTAAT-3’; whereas the Region 2 sequence in the first  repeat (GOF3) is 5’-

TTGGGAAT-3’ (Figure 3-4B).  We combined this information with the knowledge that 5’-

TTGAAAAT-3’ can also function as Region 2 (Figure 3-4A).  Taken together, we generated a 

sequence logo for Region 2 with a consensus sequence of 5’-TTG(A/G)(A/G/T)AAT-3’.  This 

consensus sequence is representative of every Region 2 motif in each of the repeats upstream of 

PcG564 and PvG564, with the exception of the fifth repeat of PcG564, in which Region 2 has a 

natural mutation, making it non-functional (Figure 3-1H) (Kawashima et al. 2009).

DISCUSSION 

Five Positive cis-Regulatory Elements Are Required to Activate G564 Suspensor 

Transcription.
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We used the PcG564 gene to identify  cis-regulatory  elements required for suspensor 

transcription.  The upstream region of G564 contains a unique structure of five ~150-bp tandem 

repeats, which are conserved in the upstream region of G564 in P. vulgaris, which diverged from 

P. coccineus less than 8 mya (Lavin et al. 2005) (Figure 3-1F-H).  The repeats are not found in 

the upstream region of G564-related genes in soybean (Glycine max), which diverged from P. 

coccineus ~19 mya (Lavin et al. 2005).  Therefore, the repeats originated after P. coccineus 

diverged from soybean and before it diverged from P. vulgaris.  Sequences similar to the 10-bp, 

10-bp-like, 10-bp-related, Region 2 and Fifth motifs are present in each 150-bp repeat in P. 

coccineus and P. vulgaris (Figure 3-1H).  One exception is the Region 2 sequence in the fifth 

repeat of P. coccineus, which contains a natural mutation that makes it non-functional 

(Kawashima et al. 2009).  In contrast, the P. vulgaris fifth repeat contains the functional Region 2 

sequence.  Because the suspensor cis-regulatory elements identified in the PcG564 repeats have 

similar sequences in the repeats of PvG564, and G564 has the same expression pattern in both 

species, the predicted cis-regulatory  elements in the upstream region of PvG564 are likely 

functional.  Repeats one through four in P. coccineus and all five repeats in P. vulgaris likely 

contribute to suspensor transcription (Figure 3-1F-G).

A 54-bp fragment within the fourth repeat of PcG564 is sufficient for suspensor-specific 

transcription and contains three previously identified suspensor cis-regulatory  elements: the 10-

bp and 10-bp-like motifs and Region 2 (Kawashima et al. 2009).  Here, we used site-directed 

mutagenesis of the 54-bp fragment to identify a new cis-regulatory  element, the Fifth motif, 

which is required for suspensor-specific transcription of G564 shortly after fertilization (Figure 

3-3A).  We also identified a third 10-bp sequence required for suspensor transcription, the 10-bp-
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related motif, which was previously shown to function as the 10-bp motif when fused to a 

deletion of the G564 upstream sequence (Kawashima et al. 2009).  Here, we demonstrated that 

the 10-bp-related motif is required for suspensor transcription in the context of the 54-bp 

fragment (Figure 3-2A).  A further deletion of the 54-bp fragment shows that a 47-bp  fragment is 

sufficient for suspensor transcription, indicating that the 47-bp is the minimal enhancer that can 

activate suspensor transcription (Figure 3-2A).  Taken together, we demonstrated that the G564 

suspensor cis-regulatory  module is more complex than previously known, containing five cis-

regulatory elements, each of which is required for suspensor transcription. 

Within the fourth repeat of PcG564, there are five 10-bp  sequences that have been shown 

to function as the 10-bp motif (Kawashima et al. 2009).  Only three of the five 10-bp motifs in 

the fourth repeat are required to activate suspensor transcription.  Homotypic clusters of 

transcription factor binding sites are a common feature of cis-regulatory  modules that regulate 

developmental genes in animals (Gotea et al. 2010; Lifanov et al. 2003; Cameron and Davidson 

2009).  Our data suggests that homotypic clustering as an organization principle of 

developmental cis-regulatory modules is conserved not only in animals, but in the plant kingdom 

as well. 

What Transcription Factors Bind to These Suspensor Motifs?

We used PLACE (Higo et al. 1999) to check whether any known plant cis-elements are 

present in the 47-bp  G564 suspensor cis-regulatory module.  No known plant cis-elements 

closely match the consensus sequences of Region 2 or the 10-bp/10-bp-like/10-bp-related motif, 

but the Fifth motif consensus (5’-RAGTTA-3’) resembles a MYB transcription factor binding 

site 5’-TAACTG-3’ or, in the reverse orientation, 5’-CAGTTA-3’ (Martin and Paz-Ares 1997; 
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Urao et al. 1993).  Because the G564 upstream region can program suspensor transcription in 

Arabidopsis (Kawashima et al. 2009), the factors binding to these five elements must be present 

in the Arabidopsis suspensor, as well as SRB and tobacco.  GeneChip analyses have detected 

mRNAs representing 126 MYB transcription factors and MYB-related family members in the 

globular stage Arabidopsis suspensor (Belmonte et al. 2013).  The identity of the MYB that 

binds to the Fifth motif is unknown.  The Region 2 consensus sequence (5’-TTG(A/G)(A/G/T)

AAT-3’) does not resemble any known plant transcription factor binding sites; however, it does 

resemble a sequence in the human alpha 1-antitrypsin promoter (5’-TGGGGAAT-3’) recognized 

by two liver-specific factors, AT-BP1 and AT-BP2 (Monaci et al. 1988).  This sequence is 

especially similar to the sequence of Region 2 sequence in the second repeat of PcG564, 

differing by 1-bp  (Figure 3-4B).  The identity of the transcription factor family to which AT-

BP1/2 belong and the plant homologs of these transcription factors remain unknown.  No known 

regulatory elements closely match the consensus sequence of the 10-bp/10-bp-like/10-bp-related 

motifs, possibly because this motif can be highly degenerate. 

A Model for G564 Suspensor Transcription.  

How do these five cis-elements activate transcription in the suspensor? Figure 3-5 

illustrates a heuristic model for G564 suspensor transcription by  the 47-bp module. This model 

assumes that the 10-bp, 10-bp-like and 10-bp-related motifs bind the same transcription factor X 

because the 10-bp and 10-bp-like motifs only differ by 1-bp  and the 10-bp  and 10-bp-related 

motif differ by  3-bp and have been shown to be functionally the same (Kawashima et al. 2009).  

Region 2 binds a different transcription factor Y.  The Fifth motif likely binds a MYB 

transcription factor.  The X, Y and MYB transcription factors presumably form a complex that 
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interacts with the basal transcriptional machinery to activate transcription in the suspensor 

shortly after fertilization (Figure 3-5).  In order to get the suspensor-specific expression pattern 

of G564, at least one of these 3 transcription factors must be expressed or active only in the basal 

cell lineage.  And all 3 of these transcription factors must be expressed at least as early as the 4-

cell embryo, because G564 is expressed in the 2 basal cells of the 4-cell embryo (Weterings et al. 

2001).

Conservation of the Suspensor cis-Regulatory Elements in the Upstream Regions of Other 

Suspensor-Active Genes. 

Whether G564 suspensor cis-regulatory elements activate transcription of other suspensor-

specific genes is not yet known.  A consensus sequence for each of the three types of motif were 

determined in order to aid discovery of a suspensor cis-regulatory module in the upstream region 

of other genes.  Although the five suspensor cis-elements are clustered together in the G564 

suspensor module, these five motifs constitute discrete cis-regulatory elements.  The Fifth motif 

and Region 2 are clearly  separated by 3 bp (Figure 3-3B-C).  Previously, we showed that Region 

2 and the 10-bp motif are discrete cis-regulatory elements that can function even when the 

spacing and orientation are altered (Kawashima et al. 2009).

The consensus suspensor motifs were found in the upstream region of scarlet  runner bean 

genes such as GA 20-oxidase (Chapter 5) and Wox9-like, which are highly  expressed in the 

suspensor (Le 2013; Le et al. 2007).  Whether these motifs are functional in the context of the 

GA 20-oxidase and Wox9-like promoters remains to be determined.  G564, GA 20-oxidase and 

Wox9-like may be organized into a suspensor gene regulatory network in the scarlet runner bean 

suspensor. 
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Because the PcG564 upstream region can program suspensor transcription in Arabidopsis 

(Kawashima et al. 2009), we speculate that the G564 suspensor cis-regulatory elements program 

suspensor transcription of genes expressed in the Arabidopsis suspensor.  In fact, the consensus 

sequences of the suspensor motifs were found in the 3 kb upstream region of AtYDA, SSP and 

WOX9.  Further study will be required to determine whether the suspensor cis-regulatory 

elements identified in G564 program suspensor transcription of these Arabidopsis genes.

To conclude, the data presented here identify  a suspensor cis-regulatory  module responsible 

for the developmental regulation of G564 expression.  The suspensor module contains three 

types of cis-regulatory elements, one of which is required in three copies.  Future studies are 

needed to identify other genes regulated by this module and the identity of the transcription 

factors that bind to these cis-regulatory elements.  With this knowledge, we can begin to build a 

gene regulatory network specific to the basal cell lineage, which is activated shortly after 

fertilization.
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MATERIALS AND METHODS 

Generating Site-Directed Mutagenesis Constructs and Gain-of-Function (GOF) Constructs.  

For GOF analyses of the G564 upstream region, the GOF12 vector, containing G564 54-bp 

upstream region (-880 to -827) upstream of the CaMV 35S minimal promoter and the !-

glucronidase (GUS) reporter gene, was used as a PCR template with primers containing the 

desired mutation and EcoRI or BamHI restriction sites (Kawashima et al. 2009). The amplified 

fragments were then digested with EcoRI and BamHI and ligated into the EcoRI- and BamHI-

digested GOF12 vector. Mutagenesis fragment regions in the constructs were sequenced to 

confirm. Primer sequences are listed in Table 1.

Plant Transformation. Tobacco (Nicotiana tabacum cv SR1) plants were transformed and 

regenerated by using the leaf disk procedure (25). Each individual transformant was checked for 

T-DNA insertion by  PCR analysis. The promoter/GUS region from one tobacco line per construct 

was sequenced to ensure no rearrangements.

GUS Histochemical Assay. Transgenic tobacco seeds were harvested 8 DAP. Embryos were 

dissected from seeds and assayed for GUS activity after 2 to 24 h at 37°C as described 

previously  (Kawashima et al. 2009). Embryos were photographed under bright-field illumination 

using a compound microscope (LEICA 5000 B; Leica). T1 seeds from GUS-negative lines were 

tested for kanamycin-resistant segregation after selfing to confirm that the T-DNA was not 

silenced.
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Figure 3-1.  The G564 gene and mRNA abundance in P. coccineus and P. vulgaris.  (A) P. 

coccineus flower.  (B) Plastic section of a globular-stage P. coccineus embryo.  (C) P. vulgaris 

flower.  Image was taken from http://www.pbase.com/valterj/dsch9 photographed by Valter 

Jacinto.  (D) Parrafin section of a globular-stage P. vulgaris embryo.  (E) G564 mRNA 

abundance determined by RNA-Seq of laser-captured embryo propers and suspensors of P. 

coccineus and P. vulgaris.  (F and G) Conceptual representations of the G564 gene and upstream 

region in P. coccineus (F) and P. vulgaris (G).  Dark blue boxes represent exons.  Light blue 

boxes represent introns and UTRs.  Yellow boxes represent 150-bp  tandem repeats in the 

upstream region.  Red, orange and green arrows indicate a 10-bp motif (5’- GAAAAGC/

TGAA-3’), 10-bp-like motif and 10-bp-related motif.  Purple ovals indicate the Region 2 

sequence (5’-TTGA/GA/G/TAAT-3’).  Blue ovals indicate a Fifth motif (5’-A/GAGTTA-3’).  

Numbers indicate positions relative to the transcription start  site (+1).  (H) Nucleotide sequence 

alignment of the 5 150-bp  tandem repeats.  Nucleotides conserved across all 10 repeats from P. 

coccineus and P. vulgaris are indicated by  asterisks.  The 10-bp, 10-bp-like, 10-bp-related motifs, 

Region 2 and Fifth motif are shown in red, orange, green, purple and blue, respectively.  Dark 

blue brackets designate the 54-bp region that was analyzed further (Figures 2-2, 2-3 and 2-4).  

The number to the left of aligned sequences indicates positions of the repeats.  Gaps were 

introduced for optimal alignment.  ep, embryo proper; Pc, P. coccineus; Pv, P. vulgaris; s, 

suspensor. (Scale bar: 100 µm.)
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Figure 3-2.  A third 10-bp sequence is required for suspensor transcription.  (A and B) Suspensor 

GUS activity in transgenic tobacco embryos containing mutagenesis and deletion constructs with 

GOF fragments focusing on the -880 to -827 region of PcG564.  Constructs m54(8-17) and m54

(35-44) were taken from Kawashima et al. (2009).  (C) Consensus 10-bp motif sequence taken 

from Kawashima et al. (2009) was generated from DNA sequences shown to function as the 10-

bp motif.  Names and conceptual representations of the constructs are to the left of each embryo.  

Numbers indicate positions relation to the G564 transcription start site (+1).  Yellow boxes 

indicate the part of the 150-bp tandem repeats.  Red, orange and green arrows, purple ovals and 

blue ovals indicate the 10-bp, 10-bp-like, 10-bp-related motifs, Region 2 and Fifth motifs, 

respectively.  35S/GUS indicates the CaMV 35S minimal promoter/GUS gene (Koltunow et al. 

1990).  The sequences of the 10-bp, 10-bp-like and 10-bp-related motifs are shown in red, orange 

and green, respectively.  Black crosses indicate mutagenesis of these motifs.  The mutation 

sequence is written in black, lower case, underlined font.  +++ in the Expression column 

indicates that suspensor GUS activity was strong and detected by 2-h incubation for a majority  of 

the GUS-positive lines; -/+ in the Expression column indicates that suspensor GUS activity  was 

weak and not detected by 2-h incubation in the majority  of embryos from GUS-positive lines; - 

in the Expression column indicates no detectable suspensor GUS activity.  Numbers in the Lines 

column indicate the number of individual transformants displaying suspensor GUS activity over 

the total number of individual transformants analyzed.  Numbers in the Embryos column indicate 

the number of embryos displaying suspensor GUS activity by  24-h incubation over the total 

number of analyzed embryos of GUS-positive lines. Photographs were taken after 24-h GUS 

incubation.  (Scale bar: 50 µm.)
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Figure 3-3.  A fifth motif is required for suspensor transcription.  (A and B) Suspensor GUS 

activity in transgenic tobacco embryos containing 54-bp GOF constructs with mutagenesis of the 

Fifth motif region.  (C) Suspensor GUS activity in transgenic tobacco embryos containing GOF 

constructs with different 150-bp repeats from PcG564 taken from Kawashima et al. (2009).  (D) 

Consensus sequence for the Fifth motif was created by WebLogo (Crooks et al. 2004) using 

sequences shown to function as the Fifth motif.  The sequences of the Fifth motif are shown in 

blue.  Black crosses indicate mutagenesis of this motif.  The mutation sequence is written in 

black, lower case, underlined font.  Black arrows indicate fragments inserted in the opposite 

direction to the transcription start site.  The GOF4 construct contains 2 fragments (-1208 to 

-1057, and -1902 to -1879).  Other figure details are the same as those outlined in Figure 3-2.  N/

D, not determined.  Photographs of GOF3, GOF4, and GOF6 were taken after 16-h GUS 

incubation.  Photographs in A and B were taken after 24-h GUS incubation.  (Scale bar: 50 µm.)
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Figure 3-4.  A consensus sequence for Region 2.  (A and B) Suspensor GUS activity  in 

transgenic tobacco embryos containing 54-bp GOF constructs with mutagenesis of Region 2 (A), 

and  GOF constructs with different 150-bp repeats from PcG564 taken from Kawashima et al. 

(2009) (B).  (C) Consensus sequence for Region 2 was created by WebLogo (Crooks et al. 2004) 

using sequences shown to function as Region 2.  The sequences of Region 2 are shown in purple.  

Black crosses indicate mutagenesis of this motif.  The mutation sequence is written in black, 

lower case, underlined font.  Other figure details are the same as those outlined in Figures 3-2 

and 2-3.  N/D, not determined.  Photographs of GOF3, GOF4, and GOF6 were taken after 16-h 

GUS incubation.  Photographs in A were taken after 24-h GUS incubation.  (Scale bar: 50 µm.)
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Figure 3-5.  A model of G564 suspensor-specific transcription directed by the 47-bp module.  

Yellow box indicates the 47-bp suspensor cis-regulatory module (-873 to -827) from the fourth 

repeat of PcG564.  Red, orange and green arrows, purple ovals and blue ovals indicate the 10-bp, 

10-bp-like, 10-bp-related motifs, Region 2 and Fifth motifs, respectively.  An unknown 

transcription factor X (blue triangle) binds to the 10-bp, 10-bp-like and 10-bp-related motifs.  An 

unknown transcription factor Y (orange oval) binds to Region 2.  An unknown MYB 

transcription factor (green rectangle) binds to the Fifth motif.  The X, Y and MYB transcription 

factors might make a complex to recruit the basal transcriptional machinery to activate G564 

transcription in the suspensor.  BTFs, basal transcriptional machinery; TATA, TATA box.

64



65

&%



REFERENCES

Bayer M, Nawy T, Giglione C, Galli M, Meinnel T, Lukowitz W (2009) Paternal control of 
embryonic patterning in Arabidopsis thaliana. Science 323 (5920):1485-1488. doi:
10.1126/science.1167784

Belmonte MF, Kirkbride RC, Stone SL, Pelletier JM, Bui AQ, Yeung EC, Hashimoto M, Fei J, 
Harada CM, Munoz MD, Le BH, Drews GN, Brady SM, Goldberg RB, Harada JJ (2013) 
Comprehensive developmental profiles of gene activity in regions and subregions of the 
Arabidopsis seed. Proceedings of the National Academy of Sciences of the United States 
of America 110 (5):E435-444. doi:10.1073/pnas.1222061110

Cameron RA, Davidson EH (2009) Flexibility of transcription factor target site position in 
conserved cis-regulatory modules. Developmental biology 336 (1):122-135. doi:10.1016/
j.ydbio.2009.09.018

Crooks GE, Hon G, Chandonia JM, Brenner SE (2004) WebLogo: a sequence logo generator. 
Genome research 14 (6):1188-1190. doi:10.1101/gr.849004

Goldberg RB, de Paiva G, Yadegari R (1994) Plant embryogenesis: zygote to seed. Science 266 
(5185):605-614. doi:10.1126/science.266.5185.605

Gotea V, Visel A, Westlund JM, Nobrega MA, Pennacchio LA, Ovcharenko I (2010) Homotypic 
clusters of transcription factor binding sites are a key component of human promoters and 
enhancers. Genome research 20 (5):565-577. doi:10.1101/gr.104471.109

Higo K, Ugawa Y, Iwamoto M, Korenaga T (1999) Plant cis-acting regulatory DNA elements 
(PLACE) database: 1999. Nucleic acids research 27 (1):297-300

Kawashima T, Goldberg RB (2010) The suspensor: not just suspending the embryo. Trends in 
plant science 15 (1):23-30. doi:10.1016/j.tplants.2009.11.002

Kawashima T, Wang X, Henry KF, Bi Y, Weterings K, Goldberg RB (2009) Identification of cis-
regulatory sequences that activate transcription in the suspensor of plant embryos. 
Proceedings of the National Academy of Sciences of the United States of America 106 
(9):3627-3632. doi:10.1073/pnas.0813276106

Koltunow AM, Truettner J, Cox KH, Wallroth M, Goldberg RB (1990) Different Temporal and 
Spatial Gene Expression Patterns Occur during Anther Development. The Plant cell 2 
(12):1201-1224. doi:10.1105/tpc.2.12.1201

Lavin M, Herendeen PS, Wojciechowski MF (2005) Evolutionary rates analysis of Leguminosae 
implicates a rapid diversification of lineages during the tertiary. Systematic biology 54 
(4):575-594. doi:10.1080/10635150590947131

66



Le BH (2013) Using Genome-Wide Approaches to Dissect Seed Development. University of 
California, Los Angeles, UMI Dissertations Publishing

Le BH, Wagmaister JA, Kawashima T, Bui AQ, Harada JJ, Goldberg RB (2007) Using genomics 
to study legume seed development. Plant physiology 144 (2):562-574. doi:10.1104/pp.
107.100362

Lifanov AP, Makeev VJ, Nazina AG, Papatsenko DA (2003) Homotypic regulatory clusters in 
Drosophila. Genome research 13 (4):579-588. doi:10.1101/gr.668403

Mansfield SG, Briarty LG (1991) Early Embryogenesis in Arabidopsis-Thaliana .2. The 
Developing Embryo. Canadian Journal of Botany 69 (3):461-476

Martin C, Paz-Ares J (1997) MYB transcription factors in plants. Trends in genetics : TIG 13 (2):
67-73

Monaci P, Nicosia A, Cortese R (1988) Two different liver-specific factors stimulate in vitro 
transcription from the human alpha 1-antitrypsin promoter. The EMBO journal 7 (7):
2075-2087

Soueges R (1920) Embryogenie des Solanacees: Developpement de l'embryon chez les 
Nicotiana. C R Acad Sci Paris 170:1125-1127

Ueda M, Zhang Z, Laux T (2011) Transcriptional activation of Arabidopsis axis patterning genes 
WOX8/9 links zygote polarity to embryo development. Developmental cell 20 (2):
264-270. doi:10.1016/j.devcel.2011.01.009

Urao T, Yamaguchi-Shinozaki K, Urao S, Shinozaki K (1993) An Arabidopsis myb homolog is 
induced by dehydration stress and its gene product binds to the conserved MYB 
recognition sequence. The Plant cell 5 (11):1529-1539. doi:10.1105/tpc.5.11.1529

Weterings K, Apuya NR, Bi Y, Fischer RL, Harada JJ, Goldberg RB (2001) Regional localization 
of suspensor mRNAs during early embryo development. The Plant cell 13 (11):
2409-2425

67



CHAPTER 4

IDENTIFICATION OF trans-ACTING FACTORS THAT ACTIVATE TRANSCRIPTION 

IN THE SUSPENSOR OF PLANT EMBRYOS
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ABSTRACT

The scarlet runner bean G564 mRNA serves as a marker of the basal cell lineage as early 

as the 4-cell embryo stage.  Previous promoter analysis identified a 54-bp fragment of the G564 

upstream region that is sufficient to activate transcription of the GUS reporter gene in the 

suspensor of transgenic Arabidopsis and tobacco.  Mutagenesis of the 54-bp  fragment identified 

five suspensor cis-regulatory elements: the 10-bp motif (5’-GAAAAGCGAA-3’), 10-bp-like 

motif (5’-GAAAAACGAA-3’), 10-bp-related motif (5’-GAAAACCACA-3’), Region 2 (5’-

TTGGTAAT-3’) and Fifth motif (5’-GAGTTA-3’).  Little is known about the transcription 

factors that bind to these motifs.  The Fifth motif is predicted to be a MYB transcription factor 

binding based on sequence homology.  The remaining four motifs do not resemble any know 

plant transcription factor binding sites.  An unknown transcription factor is predicted to bind to 

all three 10-bp  motifs, which are functionally equivalent.  To identify transcription factors 

binding to the 54-bp fragment, we carried out yeast one-hybrid screening of a library  of 

Arabidopsis transcription factors.

INTRODUCTION

In most higher plants, the zygote divides asymmetrically to form a small apical cell and a 

large basal cell with distinct developmental fates (Goldberg et al., 1994).  The apical cell 

differentiates into the embryo proper, which will become the next generation plant; whereas, the 

basal cell generates the suspensor.  The suspensor is a terminally differentiated embryonic region 

that physically connects the embryo proper to the maternal tissues and transports nutrients and 

growth regulators to the embryo proper before degenerating later during embryogenesis.  The 

mechanism determining the fate of the apical and basal cells remains unknown; however 
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different gene sets are active specifically in the apical and basal cells.  The scarlet runner bean 

(SRB) G564 gene, which encodes a protein of unknown function, is first expressed shortly after 

fertilization in the two basal cells of the 4-cell embryo, which will give rise to the suspensor 

(Weterings et al., 2001).  Little is known about how different gene sets are activated in the apical 

and basal cell lineages.

We began to dissect the gene regulatory  networks programming early embryo development 

by analyzing the activation of G654 in the suspensor (Chapter 3) (Weterings et al., 2001; 

Kawashima et al., 2009).  The G564 upstream region can activate suspensor transcription in both 

Arabidopsis and tobacco, suggesting that the suspensor regulatory apparatus that activates G564 

is conserved in flowering plants (Kawashima et al., 2009).  Promoter analysis identified a 54-bp 

fragment of the G564 upstream region that is sufficient to activate suspensor transcription.  

Mutagenesis of the 54-bp fragment identified five suspensor cis-regulatory elements: the 10-bp 

motif (5’-GAAAAGCGAA-3’), 10-bp-like motif (5’-GAAAAACGAA-3’), 10-bp-related motif 

(5’-GAAAACCACA-3’), Region 2 (5’-TTGGTAAT-3’) and Fifth motif (5’-GAGTTA-3’).

The identities of the trans-acting factors that bind to the G564 suspensor cis-regulatory 

elements remain a mystery.  The 10-bp, 10-bp-like and 10-bp-related motifs are predicted to bind 

the same unknown transcription factor X because the sequences of the 10-bp  and 10-bp-like 

motifs only differ by only 1-bp and the 10-bp  and 10-bp-related motif differ by  3-bp and have 

been shown to be functionally equivalent (Chapter 3) (Kawashima et  al., 2009).  Region 2 is 

predicted to bind another unknown transcription factor Y.  The Fifth motif likely  binds a MYB 

transcription factor because the sequence of the Fifth motif (5’-GAGTTA-3’) resembles a MYB 

transcription factor binding site 5’-TAACTG-3’ or, in the reverse orientation, 5’-
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CAGTTA-3’ (Urao et al., 1993; Martin and Paz-Ares, 1997).  

In order to identify  the factors binding to the five G564 suspensor cis-regulatory 

elements, we carried out a yeast one-hybrid screen using 5 tandem copies of the G564 54-bp 

fragment as bait, and as prey we used a library  of full-length Arabidopsis transcription factors 

fused to the GAL4 activation domain (Kim et al., 2014).  Because the SRB G564 upstream 

region can program suspensor transcription in Arabidopsis (Kawashima et  al., 2009), the factors 

binding to the five suspensor cis-regulatory elements must be present in the Arabidopsis 

suspensor, as well as SRB.  35 candidate transcription factors were identified in the yeast one-

hybrid screen.  Only 9 of these are detected in the Arabidopsis globular stage suspensor at the 

GeneChip  level (Belmonte et al., 2013).  These represent the best candidates for binding to the 

five suspensor cis-regulatory elements identified in G564.

RESULTS

To identify the factors binding to the five suspensor cis-regulatory elements, we used a 

yeast one-hybrid screen of an Arabidopsis transcription factor library.  A yeast strain carrying 5 

tandem copies of the G564 54-bp fragment upstream of the HIS3 and LacZ reporter genes was 

mated to 970 yeast stains transformed with full-length Arabidopsis transcription factor cDNAs 

fused to the GAL4 activation domain (Figure 4-1) (Kim et al., 2014).  This prey library  contains 

263 transcription factors that are detected in the globular stage Arabidopsis suspensor at the 

GeneChip level (Figure 4-2) (Belmonte et al., 2013).  

As a control, yeast one-hybrid was also carried out with a bait strain containing three 

tandem copies of the p53 binding site mated to a prey  strain containing the p53 binding factor 

fused to the GAL4 activation domain (Figure 4-3).  The yeast colony resulting from this mating 
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activated HIS3 expression and LacZ expression above the level of the empty GAL4AD control.  

In fact, !-galactosidase activity was detected in 20 minutes in the positive control, indicating 

very strong binding of p53 to the p53 binding site bait.  In contrast, !-galactosidase activity was 

not detected in the empty GAL4AD control until 8 hours.

To identify Arabidopsis transcription factors binding to the G564 54-bp fragment, yeast 

one-hybrid screening was carried out for a total of 970 prey  strains.  38 matings resulted in HIS3 

expression above the background level, and 35 of these matings activated LacZ expression above 

the level of the empty  GAL4AD control (Figure 4-3, Table 4-1).  !-galactosidase activity was 

detected as soon as 2 hours for some of the 54-bp binding factor candidates.  In contrast, !-

galactosidase activity  was not detected in the empty  GAL4AD control until 6 hours.  Double 

positive cDNAs were sequenced to confirm their identity.  33 encode transcription factors.  Nine 

are detected in the Arabidopsis globular stage suspensor at the GeneChip level (Table 4-1) 

(Belmonte et al., 2013).  These represent the best candidates for binding to the five suspensor cis-

regulatory elements identified in G564. 

We anticipated that this yeast  one-hybrid screen would detect not only transcription factors 

binding to the five suspensor cis-regulatory elements, but also other sequences that happen to be 

present in the 54-bp  fragment.  We searched the literature and PLACE (Higo et al., 1999) to 

discover whether any known plant cis-elements are present in the 54-bp G564 suspensor cis-

regulatory module.  Although the Fifth motif (5’-GAGTTA-3’) resembles a MYB transcription 

factor binding site, no known plant cis-elements closely  match the sequences of Region 2 or the 

10-bp/10-bp-like/10-bp-related motif.  PLACE (Higo et al., 1999) identifies ten non-redundant 

transcription factor binding sites in the 54-bp fragment, which do not match the sequences of the 
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five suspensor cis-regulatory  elements, including a CCAAT box.  Therefore, it is expected that 

other transcription factors besides the ones binding to the five suspensor motifs will be identified 

in a yeast one-hybrid screen.  Other false positives could include transcription factors that bind to 

the vector sequence that is introduced into the yeast genome with the bait (Lopato et al., 2006).

Two of the nine 54-bp  transcription factor candidates are CCAAT box binding factors.  

CCAAT transcription factors generally bind to the sequence 5’-CCAAT-3’, which is present in 

the 54-bp fragment.  However, this sequence does not  match one of the G564 suspensor cis-

regulatory elements; it overlaps part of the Region 2 motif and the sequence between Region 2 

and the Fifth motif (Figure 4-1).  Therefore, although CCAAT transcription factors are capable 

of binding to the G564 54-bp fragment, they  are not predicted to activate suspensor transcription 

of G564.

Figure 4-4 displays the distribution of transcription factor families represented by the 

seven remaining candidate transcription factors identified by the yeast  one-hybrid screen that are 

also expressed in the Arabidopsis suspensor.  The largest proportion (42.9%) of the candidate 

G564 regulators are MYB transcription factors, providing support for the Fifth motif being a 

MYB transcription factor binding site.  By comparison, MYB genes represent only  15% of the 

prey library.

The remaining candidate 54-bp-binding factors include two Zn finger transcription 

factors, one heat shock factor and one AP2/ERF transcription factor (Figure 4-4).  The DNA 

binding sites for these four specific transcription factors have not been determined.  It is possible 

that one or more of the G564 suspensor cis-regulatory elements is bound specifically by one of 
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these transcription factors.  Alternatively, another sequence in the 54-bp fragment or surrounding 

vector sequence could be binding to these four transcription factors.

DISCUSSION

Although the G564 gene is expressed specifically  in the suspensor shortly after 

fertilization, the molecular determinants that are required for its suspensor-specific expression 

are unknown.  Yeast one-hybrid screening and Arabidopsis suspensor gene expression analysis 

identified three MYB, two CCAAT, two Zn finger, one HSF and one AP2/ERF that are candidate 

regulators of G564.  The CCAAT transcription factors are not predicted to bind to the G564 

suspensor cis-regulatory elements.  The Fifth motif in the 54-bp fragment bait is likely binding to 

the MYB transcription factors identified in this screen because it closely resembles a MYB 

transcription factor binding site.  To further confirm the specificity  of the observed DNA-protein 

interaction, a strain with a mutated Fifth motif should be tested for yeast one-hybrid interaction 

with these MYB transcription factors.  Whether this binding occurs in planta also remains 

unknown.

The yeast one-hybrid screen is limited in its ability to identify  all 54-bp binding factors.  

Since the yeast expression library used in this study contains approximately  half of the estimated 

number (~2,000) of transcription factors in Arabidopsis, it is possible that there are additional 

transcription factors that bind to the G564 suspensor cis-regulatory elements (Belmonte et al., 

2013; Kim et al., 2014).  In addition, several scenarios can lead to false negative results in a yeast 

one-hybrid screen.  A transcription factor that binds to the bait will not be identified if it must 

form a complex with another protein in order to bind its target sequence.  Similarly, a 

transcription factor would not be identified in a yeast one-hybrid screen if it is degraded in yeast 
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or sequestered due to interaction with a certain yeast protein.  A transcription factor would also 

not be identified if it were truncated and missing the DNA-binding domain or if it were 

translated in the wrong reading frame in yeast.  These last two possibilities are not likely when 

screening a full-length transcription factor library, as was done in this study.

How different gene regulatory networks are activated in the apical and basal cell lineages 

shortly after fertilization remains a mystery.  Identifying the trans-acting factors that bind to the 

G564 suspensor cis-regulatory elements and activate transcription in the suspensor of plant 

embryos will uncover a gene regulatory network that is activated in the basal cell lineage.  The 

Arabidopsis MYB, Zn finger, HSF and AP2/ERF transcription factors identified in this study 

may be the factors involved in activating this suspensor gene regulatory network.  Further 

analysis can determine if these transcription factors are indeed good candidates for activating this 

network.  First, it is known that the transcription factors that activate suspensor transcription of 

G564 are conserved in the suspensors of flowering plants (Kawashima et al., 2009); therefore 

homologs of these Arabidopsis transcription factors should be detected in the suspensor 

transcriptomes of SRB (GEO accession GSE57536), common bean (GEO accession GSE57536), 

and soybean (GEO Series GSM721717-GSM721718), which have been profiled (Chapter 1).  

Second, at least one of the transcription factors that  activate G564 must be expressed or active 

specifically in the basal cell lineage to confer the suspensor-specific expression pattern of G564.  

Therefore, conserved transcription factors that are expressed in the suspensor of various species, 

but not in the embryo proper, may be the best candidates.  Third, the G564 trans-acting factors 

must be expressed as early as the four-cell embryo stage to confer expression of G564 in the two 

basal cells of the 4-cell embryo of SRB.  Further studies are needed to determine the 
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developmental time at which these candidate transcription factors begin to accumulate.  Further 

studies on the regulatory complex activating G564 in the basal cell lineage may provide valuable 

insights into the mechanism specifying basal cell fate.
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MATERIALS AND METHODS

Yeast culture techniques, transformation and !-galactosidase filter assays were performed as 

described in the MATCHMAKER One-Hybrid System User Manual (Clontech Part No. 

PT1031-1) and the Yeast Protocols Handbook (Clontech Part No. PT3024-1).

Generating the Bait Strain

Five tandem repeats of the 54-bp fragment flanked by AscI and MluI sites were cloned into three 

yeast reporter vectors (pHISi, pHISi-1 and pLacZi from the Matchmaker One-Hybrid System, 

Clontech) through multiple rounds of cloning, as follows.  Two aniti-parallel oligonucleotides 

(5’-AATTCGGCGCGCCAAGCCTAGAAAAACGAAGAGTTACTATTGGTAATGAAAAGC-

GAAGAAAACCACAA-3’ and 5’-CGCGTTGTGGTTTTCTTCGCTTTTCATTACCAATAGT-

AACTCTTCGTTTTTCTAGGCTTGGCGCGCCG-3’) were designed containing one copy of the 

54-bp fragment and an EcoRI overhang and AscI restriction site on the 5’ end and an MluI/AscI 

overhang on the 3’ end.  These oligonucleotides were annealed and cloned into the EcoRI and 

MluI sites of the pHISi-1 integration vector.  The resulting plasmid was digested with EcoRI and 

AscI and once again ligated to the annealed oligonucleotides with EcoRI and MluI/AscI 

overhangs.  This step  was repeated until 5 tandem copies of the 54-bp  fragment were inserted 

into the MCS of pHISi and pHISi-1.  The 54-bpx5 fragment was isolated from pHISi by 

digesting with MluI, blunting with large Klenow fragment, and digesting with EcoRI; then it was 

ligated to pLacZi digested with EcoRI and SmaI.  The resulting plasmids (54-bpx5-pHISi, 54-

bpx5-pHISi-1 and 54-bpx5-pLacZi) were sequenced to confirm their identities. 

 Bait plasmids 54-bpx5-pHISi and 54-bpx5-pHISi-1 were linearized and integrated into the 

yeast genome of the YM4271 strain by homologous recombination as described in the Yeast 
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Protocols Handbook (Clontech).  The background expression of HIS3 was tested on titrated 3-

AT (3-amino-1,2,4-triazole) plates as described in the Yeast Protocols Handbook (Clontech).  

Leaky HIS3 expression was found to be lower in the 54-bpx5-pHISi-1 integrated yeast.  The 54-

bpx5-pHISi-1 integrated yeast  strain was then transformed with linearized 54-bpx5-pLacZi to 

obtain the dual reporter strain.  Both inserts in the resulting dual reporter strain were sequenced 

to confirm.  The optimal concentration of 3-AT needed to suppress background expression of 

HIS3 is 10 mM (data not shown).  The resulting dual reporter strain was found to possess low 

background expression of the integrated HIS3 and LacZ reporter genes and was suitable for use 

in a library screen (data not shown).

Yeast Mating

Prey strains were generated by Kim et al. (2014) by  cloning Arabidopsis transcription factor 

cDNAs next to the GAL4AD in the pEXP22 vector.  The resulting plasmids were transformed 

into the yeast strain Y187.  The list of transcription factors present in the TF-AD library are listed 

in Kim et al. (2014).  Mating the bait and prey strains was carried out as follows.  A suspension 

of each prey  strain was made in sterile water.  The bait  strain was grown to OD600 of 1.0 in YPD.  

The bait  cells were pelleted by centrifugation and resuspended in half the volume of YPD.  Then 

bait and prey  were mixed with a volume ratio of 5:1 and incubated at 30°C with 200 rpm shaking 

for 12-18 hours.  Cells were pelleted by  centrifugation and resuspended in water.  The mated 

cells were deposited as drops on both SD-Ura/-Trp  (to assess mating) and SD-Ura/-Trp/-His + 10 

mM 3-AT (to assess HIS3 reporter activation) and incubated at 30°C for 3 days. 

p53 Control
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As a control, a bait  strain containing 3 copies of the p53 binding site upstream of HIS3 and LacZ 

was made according to the Matchmaker Yeast One-Hybrid System (Clontech).  This bait strain 

was mated to both a prey strain containing the p53 gene in the pEXP22 AD vector and a prey 

strain containing the empty pEXP22 AD vector.  The mated cells were plated on both SD-Ura/-

Trp (to assess mating) and SD-Ura/-Trp/-His + 10 mM 3-AT (to assess HIS3 reporter activation) 

and incubated at 30°C for 3 days.

Assessing HIS3 and LacZ Reporter Gene Expression

The 38 diploid His+ strains were tested for the level of HIS3 gene activation by  growth on 

titrated 3-AT as follows.  Diploid strains were cultured in SD-Ura/-Trp.  The OD600 was 

measured and cultures were diluted with 0.5 M  sorbitol to an OD600 of 0.5.  Cells were pelleted, 

resuspended in 0.5 M sorbitol and plated on SD-Ura/-Trp/+Ade, SD-Ura/-Trp/-His/+Ade + 10 

mM 3-AT, and SD-Ura/-Trp/-His/+Ade + 20 mM 3-AT.  Growth was assessed after incubation at 

30°C for 3 days.  The colonies growing on SD-Ura/-Trp/+Ade after 4 days were tested for !-

galactosidase activity by  a colony-lift filter assay according to the Yeast Protocols Handbook 

(Clontech Part No. PT3024-1).  !-galactosidase activity was assessed every hour.

The yeast one-hybrid screen yielded 35 His3+ and LacZ+ colonies (Table 4-1) that were 

candidates for expressing a transcription factor that could bind to the 54-bp bait.  The library 

plasmids from the His+ and LacZ+ colonies obtained from the library screen were amplified 

from the yeast by PCR and sequenced to confirm their identity.  The bait sequence containing 

five tandem copies of the 54-bp  fragment was also sequenced from several strains to ensure that 

there were no rearrangements.
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Figure 4-1.  Conceptual representation of the strategy  for the yeast  one-hybrid screen.  Five 

tandem repeats of the G564 54-bp fragment were inserted upstream of the promoters for the 

HIS3 and lacZ reporter genes.  These target-reporter constructs were genomically  integrated into 

yeast via site-specific recombination to make the bait strain.  The bait strain was mated to prey 

strains expressing full-length Arabidopsis transcription factor cDNAs fused to the GAL4 

transcription activation domain. 
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Figure 4-2.  Venn diagram depicting the overlap of the number of Arabidopsis transcription 

factor cDNAs represented in the prey library and the number of mRNAs detected in the globular 

stage suspensor of Arabidopsis.  GeneChip data taken from Belmonte et al. (2013).
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Figure 4-3.  Results of HI3 and LacZ expression assays for 35 cDNAs that activated both 

reporter genes in the yeast one-hybrid screen and the p53 controls.  Each mating is listed on the 

left with the bait strain and prey strain indicated.  Prey strains are named by the AGI of the 

cDNA that was fused to the GAL4 activation domain.  The transcription factor family  to which 

each gene belongs is indicated in parentheses.  Yeast resulting from the matings was plated on 

SD-Ura/-Trp/+Ade, SD-Ura/-Trp/-His/+Ade + 10 mM 3-AT, and SD-Ura/-Trp/-His/+Ade + 20 

mM 3-AT to access HIS3 expression.  Growth was photographed after incubation at  30°C for 3 

days.  The colonies growing on SD-Ura/-Trp/+Ade after 4 days were tested for !-galactosidase 

activity by a colony-lift filter assay.  !-galactosidase activity was photographed every hour.  N/A; 

not applicable.
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Figure 4-4.  Distribution of transcription factor families represented by the seven candidate 

G564 54-bp-binding factors.  These seven transcription factors (i) were identified by the yeast 

one-hybrid screen, (ii) were detected in the Arabidopsis suspensor, and (iii) do not have a known 

binding site that is not one of the five suspensor cis-regulatory elements identified in G564.  

These seven transcription factors are listed in bold in Table 4-1.
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CHAPTER 5

IDENTIFICATION OF cis-REGULATORY ELEMENTS THAT ACTIVATE 

TRANSCRIPTION OF GIBBERELLIC ACID BIOSYNTHESIS GENES IN THE 

SUSPENSOR OF SCARLET RUNNER BEAN
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ABSTRACT

The precise nature of regulatory networks required for activating genes in the suspensor 

after fertilization remains to be determined.  Previously, we identified suspensor cis-regulatory 

elements in the upstream region of the scarlet runner bean G564 gene.  In addition to the scarlet 

runner bean G564 mRNA, in situ hybridization results show that mRNAs representing enzymes 

in the gibberellic acid biosynthesis pathway (ent-kaurene synthase, ent-kaurene oxidase, ent-

kaurenoic acid hydroxylase, GA 20-oxidase and GA 3-oxidase) also accumulate predominantly 

in the globular-stage suspensor of scarlet runner bean.  Here, we demonstrate that the scarlet 

runner bean GA 20-oxidase upstream region can activate suspensor transcription in globular-

stage tobacco embryos.  Functional studies in transgenic tobacco embryos uncovered that the 

suspensor cis-regulatory elements identified in G564, including the 10-bp motif, Region 2 and 

Fifth motif sequences, are also required to activate suspensor transcription of GA 20-oxidase.  

Taken together, these results show that the scarlet runner bean G564 and GA 20-oxidase genes 

are activated by the same suspensor cis-regulatory elements and thus comprise a suspensor gene 

regulatory network, which is activated shortly after fertilization by  transcriptional machinery that 

is conserved in the suspensors of flowering plants.

INTRODUCTION

In most higher plants, embryogenesis begins with the asymmetric division of the zygote 

to give rise to a small apical cell and a large basal cell.  The apical and basal cells follow distinct 

pathways to differentiate into an embryo proper and suspensor, respectively  (Goldberg et al., 

1994). While the embryo proper progresses through several developmental stage changes and 

eventually becomes an embryonic plant, the suspensor is a terminally differentiated embryo 
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region that degenerates as the seed matures.  The suspensor was once thought of as simply 

anchoring the embryo proper to the seed tissues and serving as a conduit for nutrients from the 

surrounding tissues.  However, experiments in scarlet runner bean (Phaseolus coccineus; SRB) 

uncovered that the suspensor also synthesizes the phytohormone gibberellic acid (GA) and 

transports it to the growing embryo proper in early development (Alpi et al., 1975).  

Previously, we used SRB as a model system to investigate gene activity in the embryo 

proper and suspensor of globular-stage embryos (Weterings et al., 2001; Le et al., 2007; 

Kawashima and Goldberg, 2010).  SRB has a giant seed and embryo, permitting hand dissection 

of the embryo proper and suspensor regions early in development.  We sequenced EST libraries 

from these embryo regions to determine what genes are active in the embryo proper and 

suspensor (Le et al., 2007; Kawashima and Goldberg, 2010).  One conclusion from this 

experiment is that mRNAs encoding enzymes in the GA biosynthetic pathway accumulate to a 

high level in the suspensor, but not the embryo proper.  This agrees with previous biochemical 

studies that showed that SRB suspensors are a rich source of GA (Alpi et al., 1975) and contain 

enzymes for synthesizing GA (Ceccarelli et al., 1979; 1981).  In situ hybridization studies in 

SRB embryos localized mRNAs encoding the last  enzymes in the GA biosynthesis pathway  to 

the suspensor (Thomas et al., 1999; Solfanelli et al., 2005; Le et al., 2007; Le, 2013).  

Here, we show that mRNAs encoding five GA biosynthesis enzymes localize to the 

globular stage suspensor of SRB.  Biologically active GA is produced from geranylgeranyl 

diphosphate by the sequential action of five enzymes: ent-kaurene synthase, ent-kaurene oxidase, 

ent-kaurenoic acid hydroxylase, GA 20-oxidase, and GA 3-oxidase (Hedden and Kamiya, 1997).  

An additional enzyme, GA 2-oxidase, introduces a hydroxyl group to the active GA molecule, 
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which converts it  to an inactive form (Hedden and Kamiya, 1997).  We do not detect GA 2-

oxidase mRNA in the globular stage suspensor by in situ hybridization.  We provide molecular 

evidence that the genes encoding enzymes for each step  of GA biosynthesis are expressed in the 

globular stage suspensor of SRB, suggesting that these genes are co-regulated.  The mechanism 

that controls their common spatiotemporal expression pattern remains to be determined.

 Little is known about the DNA sequences and transcription factors that regulate gene 

activity in plant embryo development and how these genes are organized into regulatory 

networks.  We began to dissect the gene regulatory networks programming early embryo 

development by analyzing the activation of G654, a gene encoding a protein of unknown 

function that is active specifically in the suspensor (Chapter 3) (Weterings et  al., 2001; 

Kawashima et al., 2009).  The cis-regulatory  elements required for suspensor transcription of 

G564 consist of (i) three 10-bp motifs with the consensus 5’-GAAAAGCGAA-3’ that can 

tolerate up to three non-adjacent mismatches, (ii) a Region 2 sequence 5’-TTG(A/G)(A/G/T)

AAT-3’ and (iii) a Fifth motif 5’-(A/G)AGTTA-3’ (Chapter 3).  Here, we analyze in detail the 

upstream region of one gene from the GA pathway, GA 20-oxidase, to determine if suspensor 

transcription of GA 20-oxidase requires the same cis-regulatory elements as G564, thus forming 

part of a suspensor gene regulatory network.

The upstream region of GA 20-oxidase contains sequences similar to the cis-regulatory 

elements that activate suspensor-specific transcription of G564 at the globular stage (Chapter 3).  

In fact two 10-bp  motifs located in the 5’ UTR of GA 20-oxidase can function as the 10-bp motif 

in the G564 promoter context (Kawashima et  al., 2009).  Here, we present experiments 

demonstrating that the GA 20-oxidase upstream region can activate suspensor transcription.  
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Deletion and gain-of-function (GOF) analyses showed that the region between -360 and +238 of 

the GA 20-oxidase upstream region contains all of the sequences required for suspensor-specific 

transcription.  Mutagenesis of the predicted suspensor cis-regulatory  elements showed that 

sequences similar to the 10-bp motif, Region 2 and Fifth motif are required for suspensor 

transcription of GA 20-oxidase.  These results suggest that suspensor transcription of G564 and 

GA 20-oxidase is activated by the same suspensor cis-regulatory elements and trans-acting 

factors, and thus constitute part of a suspensor gene regulatory network that operates shortly after 

fertilization. 

RESULTS

mRNAs Encoding GA Biosynthesis Enzymes Localize to the SRB Suspensor during Early 

Embryogenesis

To determine mRNA localization patterns for genes involved in the GA biosynthesis 

pathway, we carried out in situ hybridization analysis on preglobular (3-4 DAP) and globular 

stage (5-6 DAP) SRB embryos (Figure 5-1).  We observed that mRNAs encoding five enzymes 

involved in the GA biosynthesis pathway (ent-kaurene synthase, ent-kaurene oxidase, ent-

kaurenoic acid hydroxylase, GA 20-oxidase, and GA 3-oxidase) accumulated mostly in the 

suspensor and basal region of the embryo proper of preglobular and globular-stage SRB embryos 

(Figure 5-1A-L).  Because these enzymes synthesize the bioactive form of GA (Hedden and 

Kamiya, 1997), their mRNA localization patterns suggest that bioactive GA is produced in the 

suspensor.  mRNA encoding the enzyme that inactivates GA, GA 2-oxidase, accumulates to a 

high level in the seed tissues and to a very  low or non-detectable level in the embryo (Figure 

5-1M-N).
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We examined the mRNA accumulation pattern of GA 3-oxidase, the last enzyme in the 

pathway that produces the bioactive form of GA, across early  embryo development (Figure 

5-1Q-T).  The GA 3-oxidase message accumulates to high levels in the suspensor from 

preglobular to cotyledon stage.  It  begins to accumulate in the basal region of the embryo proper 

at the globular stage and spreads to the epidermis of the embryo proper at the heart and 

cotyledon stages.  The message also accumulated to lower levels in the integuments and 

endothelium surrounding the embryo.  In contrast, Figure 5-1O-P shows the hybridization of a 

GA 3-oxidase sense background control probe in preglobular and globular stage embryos.

 The ent-kaurene synthase, ent-kaurene oxidase, ent-kaurenoic acid hydroxylase, GA 20-

oxidase, and GA 3-oxidase genes share a similar expression pattern with their mRNAs 

accumulating predominantly in the suspensor at globular stage.  We hypothesized that these co-

expressed genes are regulated by the same cis-regulatory elements.  We studied in detail the 

regulation of one representative gene from the GA biosynthesis pathway, GA 20-oxidase, 

because a genomic clone containing a large 5’ flanking sequence was available (Kawashima et 

al., 2009).

GA 20-oxidase mRNA Accumulates in Transgenic Tobacco Embryos Containing the SRB 

GA 20-oxidase Gene

We introduced a 7.271 kb GA 20-oxidase genomic fragment into tobacco plants.  The 5’ 

and 3’ regions included in the genomic fragment were 4,509 and 862 bp in length, respectively.  

The flanking sequence does not contain any  similarity to known genes.  We performed non-

radioactive in situ hybridization on globular stage tobacco embryos transformed with the SRB 

GA 20-oxidase gene and flanking sequence.  In tobacco, PcGA 20-oxidase mRNA localized to 
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both the globular stage suspensor and the protodermal cells of the embryo proper, which give 

rise to the epidermal cells at the heart stage (Figure 5-2B).  In contrast, the GA 20-oxidase 

message was not detected in the protodermal cells in SRB; however, it  was detected in the 

epidermis of the embryo proper at the heart  stage (Figure 5-2A).  Spatially, GA 20-oxidase 

expression is similar in the suspensor and embryo proper of SRB and tobacco; however, the 

timing of embryo proper transcription may be slightly  premature in tobacco.  Here, we focus on 

suspensor transcription of GA 20-oxidase at the globular stage, which is conserved in SRB and 

tobacco. 

GA 20-oxidase/GUS Transcription in Transgenic Tobacco Embryos

In order to study GA 20-oxidase transcriptional regulation, we introduced a chimeric GA 

20-oxidase/!-glucuronidase (GUS) gene into tobacco and localized GUS enzyme activity in 

transgenic embryos.  The promoter of the transgene included 4,509 bp of sequence upstream of 

the GA 20-oxidase transcription start site and 238 bp of 5’ UTR.  GUS enzyme activity  is first 

detected in the basal cell, persists in the suspensor and later is detected in the embryo proper 

(Figure 5-2C).  This enzyme activity  pattern in the suspensor matches the PcGA 20-oxidase 

mRNA localization in tobacco and SRB (Figure 5-2), indicating that the temporal and spatial 

expression pattern of GA 20-oxidase is controlled primarily  at the transcriptional level by 

sequences in the upstream region, with the exception of slightly premature expression in the 

protoderm of globular stage tobacco embryos.

5’ Deletion Analysis of the  GA 20-oxidase Upstream Region Identifies Separate Embryo 

Proper and Suspensor cis-Regulatory Modules
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We generated 5’ deletions of the GA 20-Oxidase upstream region -4,509/+238 fused to 

GUS and analyzed GUS activity  in transgenic tobacco embryos to identify  a region required for 

transcription in the embryo.  Progressively deleting from -4,509 caused a loss of GUS activity in 

the embryo proper first, and then a loss of GUS activity  in the suspensor (Figure 5-3). This 

demonstrates that there are separate embryo proper are suspensor cis-regulatory modules.  

There may be multiple embryo proper enhancers and an embryo proper silencer in the 

GA 20-Oxidase upstream region.  Embryo proper GUS activity decreases significantly  upon 

deletion of the sequence from -2,000 to -1,500, indicating that there is an embryo proper 

enhancer in this region.  The low level of embryo proper GUS activity is abolished upon deletion 

to -750, but returns upon deletion to -600. Therefore, it appears that  a silencer of embryo proper 

transcription may be located between -750 and -600. 

We are most interested in the sequences that program suspensor transcription of PcGA 

20-oxidase because the endogenous expression pattern is located predominantly in the suspensor.  

5’ deletion analysis identifies the -450/+238 region as sufficient to program suspensor 

transcription (Figure 5-3).  A deletion to -275 reduced suspensor GUS activity to a barely 

detectable level, similar to the level of GUS activity  observed in the GUS Only negative control 

construct.  Therefore, sequences in the region -450/-275 are required for suspensor transcription.

Suspensor GUS activity  in the GUS Only negative control construct demonstrates that 

sequences in the T-DNA vector pGV1501AN can program a very weak level of suspensor 

transcription (Figure 5-3).  This phenomenon of a low level of cryptic transcripts initiating in 

vector sequence and reading through a reporter gene has been demonstrated in other plasmids, 
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such as pBR3222 and pUC (Lemp et al., 2012).  Therefore, 5’ deletions were also performed in 

another T-DNA vector. 

Gain-of-Function Analysis of the GA 20-oxidase Upstream Region Identifies the Region 

-360/+238 as Sufficient for Suspensor-Specific Transcription

Additional 5’ deletions were performed on gain-of-function (GOF) constructs in the T-

DNA vector pX46GV, which contains a Cauliflower mosaic virus 35S minimal promoter fused to 

GUS (Koltunow et al., 1990).  Similar to the 5’ deletions performed in the pGV1501AN vector, 

the full upstream region of GA 20-oxidase as well as a 5’ deletion to -450 fused to CaMV 35S/

GUS can program suspensor transcription (Figure 5-4).  Further deletion shows that the region 

-360/+238 is sufficient for suspensor transcription.  In contrast, the 35S Negative control 

construct cannot activate suspensor transcription.  

The -360/+238 sequence contains sequences similar to the suspensor cis-regulatory 

elements required for transcription of SRB G564 (Figure 5-4).  We searched for the 10-bp  motif 

consensus (5’-GAAAAGCGAA-3’ with up  to three non-adjacent mismatches) in the upstream 

region -360/+238 and found 11 predicted 10-bp motif sequences, some of which overlap.  We 

searched for the Fifth motif consensus (5’-(A/G)AGTTA-3’) and found 3 predicted motifs.  We 

searched for the Region 2 consensus (5’-TTG(A/G)(A/G/T)AAT-3’) and did not  find any Region 

2 sequences in -360 to +238.  We hypothesized that Region 2 is required for suspensor 

transcription of GA 20-oxidase and that a Region 2 sequence was not found because some 

degeneracy  can be tolerated.  Therefore, we searched the -360/+238 region again, this time 

allowing for one mutation in the consensus Region 2 sequence, with the exception that  the 
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nucleotide in the third position cannot be A because this was shown to be nonfunctional by 

Kawashima et al. (2009).  Allowing one mismatch, we found 6 sequences that are similar to 

Region 2.

The GA 20-oxidase Upstream Region -360/+238 is Conserved in Phaseolus vulgaris.

The recent release of the Phaseolus vulgaris genome (www.phytozome.net) provides an 

opportunity to compare two Phaseolus genome sequences, which diverged less than 8 mya 

(Lavin et al., 2005), that program the development of embryos with giant suspensors.  We used 

Illumina sequencing technology to profile the mRNA populations of laser-capture microdissected 

embryo propers and suspensors from globular stage embryos of P. coccineus and P. vulgaris and 

mapped the reads to the sequenced P. vulgaris genome (GEO accession GSE57537).  Similar to 

P. coccineus, in Phaseolus vulgaris GA 20-oxidase mRNA is highly  up-regulated in the globular 

stage suspensor relative to the embryo proper (Figure 5-5A).

We compared the upstream regions of -360 deletions of GA 20-oxidase in P. coccineus and P. 

vulgaris, and found that the upstream region of GA 20-oxidase in P. vulgaris contains the exact 

same sequences of the motifs predicted in the upstream region of PcGA 20-oxidase, with three 

exceptions (Figures 5-5B-C).  The -360 deletion of PvGA 20-oxidase lacks one Fifth motif and 

one Region 2 and has an additional 10-bp motif compared to PcGA 20-oxidase.  The sequence, 

order, orientation and spacing (with the exception of small indels) of the conserved motifs are 

exactly  the same in the two species.  We hypothesize that the conserved suspensor cis-regulatory 

elements are more likely to be functional in activating transcription of GA 20-oxidase in the 

suspensor.  Clearly, the presence of conserved cis-elements does not necessarily  mean that these 
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elements function to activate transcription in their endogenous promoters.  We performed further 

analysis to determine which, if any, of these predicted motifs are functional.

Gain-of-Function Analysis of the  GA 20-oxidase Upstream Region Identifies the Fifth Motif 

as Required for Suspensor-Specific Transcription

Additional 5’ deletions were performed on GOF constructs to identify regions required 

for suspensor transcription.  A deletion to -316 displays significantly decreased GUS activity in 

the suspensor compared to the -360 deletion (Figure 5-4).  Together, these data suggest  that there 

are one or more suspensor cis-regulatory elements present in the 44-bp sequence from -360 to 

-316.  The only predicted suspensor cis-regulatory elements in this short region are two Fifth 

motifs, suggesting that one or both of these Fifth motifs are required for suspensor transcription.

3’ Deletion Analysis of the GA 20-oxidase Upstream Region Identifies the Region +119/+238 

as Region Required for Suspensor-Specific Transcription

To determine whether sequences downstream of -360/-316 are also required for 

suspensor transcription, we performed 3’ deletions of the GA 20-oxidase -450/+238 upstream 

region fused to CaMV 35S/GUS (Figure 5-6).  A 3’ deletion through half of the 5’ UTR resulted 

in a significant decrease in GUS activity, indicating that  there is an important 119-bp region from 

+119 to +238.  There are predicted suspensor cis-regulatory elements in this region that may be 

functional.

The  GA 20-oxidase Upstream Region +119/+238 Contains a Region 2 and 10-bp Motif that 

are Required for Suspensor-Specific Transcription
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The 119-bp required region +119/+238 contains one predicted Region 2 motif and six 

predicted 10-bp motifs (Figure 5-5B).  Site-directed mutagenesis was performed within the GA 

20-oxidase -360/+238 35S/GUS GOF construct to determine whether these predicted motifs are 

functional.  Mutation of the predicted Region 2 motif (5’–TTTATAAT–3’) caused a significant 

decrease in suspensor transcription (Figure 5-7A).  Therefore the Region 2 motif in the 5’ UTR 

is required for suspensor transcription.  

In addition to the Region 2 motif, the +119/+238 sequence contains six predicted 10-bp 

motifs, two with 2 mismatches and four with 3 mismatches compared to the consensus sequence 

(Figure 5-5B).  Site-directed mutagenesis of GA 20-oxidase -360/+238 35S/GUS GOF construct 

was performed to determine whether these predicted 10-bp motifs are functional.  Mutation of 

the predicted 10-bp motifs with two mismatches had no effect on GUS activity (Figure 5-7B).  

As confirmation, these two 10-bp motifs with two mismatches were deleted in the GOF construct 

-360/+205 and GUS activity  was not affected (Figure 5-7B). These two 10-bp motifs were 

shown to function as the 10-bp motif when two copies were fused to the G546 -662/+56 

promoter (Kawashima et  al., 2009); however they are not required for transcription of GA 20-

oxidase, possibly because they are positioned too close to the TATA box located in the 35S 

minimal promoter. 

To determine whether the four predicted 10-bp  motifs with 3 mismatches are required, we 

mutated all six predicted 10-bp motifs with up to 3 mismatches within the GA 20-oxidase 

+119/+238 region.  Mutation of the predicted 10-bp  motifs with up to three mismatches 

decreased GUS activity  significantly  (Figure 5-7C).  Therefore, at least one of the four predicted 

10-bp motifs with three mismatches is functional within the GA 20-oxidase upstream region.  At 
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most, two of these four 10-bp motifs with 3 mismatches can be functional because three of the 

four motifs overlap significantly  (Figure 5-5B).  To confirm that at least  one of the 10-bp motifs 

is required, the four 10-bp motifs with three mismatches were deleted in the GOF construct 

-360/+129 and this caused a significant decrease in GUS activity (Figure 5-7C).  Taken together, 

one or two of the 10-bp motifs with three mismatches in the region +119/+238 are required for 

suspensor transcription of GA 20-oxidase.  

DISCUSSION

Embryo development depends on the precise spatiotemporal control of gene expression.  In 

order to understand the gene regulatory networks programming embryo development, it is first 

necessary  to obtain detailed gene expression data.  We investigated mRNA localization patterns 

of the GA biosynthesis enzymes ent-kaurene synthase, ent-kaurene oxidase, ent-kaurenoic acid 

hydroxylase, GA 20-oxidase and GA 3-oxidase in preglobular and globular stage embryos of 

SRB (Figure 5-1).  A more detailed developmental time course was carried out for GA 3-oxidase 

mRNA from preglobular stage to cotyledon stage.  We found that these mRNAs are detectable 

throughout the suspensor in preglobular and globular stage.  mRNAs also localized to the basal 

part of the embryo proper at globular stage.  These data suggest that the major source of 

synthesis of bioactive GA is the suspensor during early development of SRB.

The mRNA accumulation patterns of the GA 3-oxidase gene in this study and a study 

reported by  Solfanelli et al. (2005) are identical because the same gene was studied.  The 

accumulation of GA 2-oxidase mRNA in this study is observed mostly in the seed tissues, 

whereas mRNA accumulation of the GA 2-oxidase gene (PcGA2ox1) cloned by Thomas et  al. 

(1999) and studied by  Solfanelli et al. (2005) accumulated to a low level in the suspensor neck 
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region of the embryo at the late globular stage.  Analysis of our SRB GA 2-oxidase cDNA and 

the PcGA2ox1 cDNA sequence reveals that  two cDNAs share 78% and 64% identities in the 

coding region at the nucleotide and amino acid levels, respectively, indicating that there are at 

least two members in the GA 2-oxidase gene family  in the scarlet runner bean.  Hence, we named 

our GA 2-oxidase PcGA2ox2.  The in situ hybridization data indicates that GA 2-oxidase1 

converts active GA to inactive GA in the embryo region, while GA 2-oxidase2 converts active 

GA into inactive GA in the region outside of the embryo.  The presence of mRNAs encoding 

both GA 3-oxidase and GA 2-oxidase1 enzymes in the globular stage suspensor suggests that the 

amount of bioactive GA is likely regulated by balancing its synthesis and catabolism (Solfanelli 

et al., 2005).

We speculate that the GA biosynthesis genes are activated shortly  after fertilization, similar 

to the G564 gene of SRB.  In situ hybridizations for G564 and GA 20-oxidase show that neither 

of these mRNAs are detected in the unfertilized ovule, but both accumulate predominantly  in the 

suspensor at preglobular to globular stage (Figure 5-8).  These results suggest that both G564 

and GA 20-oxidase are activated after fertilization and that the mRNAs accumulate 

predominantly in the suspensor.  Both spatial and temporal regulation of these genes appears 

identical in early  embryo development.  A more detailed developmental series of in situ 

hybridizations was performed for G564; its mRNA is first detected in the two basal cells of a 

four-cell embryo (Weterings et al., 2001).  Although we did not examine the accumulation of 

GA 20-oxidase mRNA at this stage, we hypothesize that the mRNA accumulation pattern would 

match that of G564 because both genes are regulated by the same suspensor cis-regulatory 

elements.
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To determine whether the expression pattern of GA 20-oxidase is the same in SRB and 

tobacco, we performed non-radioactive in situ hybridization on globular stage tobacco embryos 

transformed with the SRB GA 20-oxidase gene and flanking sequence.  We observed that  the 

GA 20-oxidase mRNA accumulation pattern is conserved in the suspensor of tobacco and SRB, 

but appears prematurely in the protodermal cells of the tobacco embryo proper (Figure 5-2B).  

A chimeric GA 20-oxidase/GUS reporter gene is transcribed in both the suspensor and the 

embryo proper of transgenic globular stage tobacco embryos (Figure 5-2C).  We presume that 

the GUS activity in the embryo proper is localized to the protoderm layer.  Here, we focus on the 

regulation of the GA 20-oxidase gene in the suspensor of globular stage embryos.

A Model for Suspensor Transcription of GA 20-oxidase

5’ deletions of the GA 20-oxidase/GUS gene identified separate regions of the promoter 

that regulate transcription in the embryo proper and suspensor (Figure 5-3).  A deletion to -360 

contains all sequences required for suspensor transcription (Figure 5-4).  The -360 deletion 

contains sequences similar to the consensus motifs of the suspensor cis-regulatory elements 

identified in G564 (Figure 5-5).  Deletions and site-directed mutagenesis of the predicted motifs 

uncovered that the Fifth motif, 10-bp motif and Region 2 are required for suspensor transcription 

of GA 20-oxidase (Figures 5-4 and 5-7).

 The architecture of the suspensor cis-regulatory module is different in G564 and GA 20-

oxidase.  The G564 suspensor module is composed of three 10-bp motifs, one Region 2 and one 

Fifth motif, which are clustered into a 47-bp module with very  little intervening sequence 

(Chapter 3).  The GA 20-oxidase suspensor module is ~600-bp long and composed of at least one 

Fifth motif, at least one 10-bp  motif, and at  least one Region 2.  Other sequences may also be 
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required.  The order and spacing of suspensor motifs is different  in G564 and GA 20-oxidase, 

suggesting that the suspensor cis-regulatory module exemplifies either the billboard model or TF 

collective model of cis-regulatory module organization, rather than the rigid enhancesome model 

(Spitz and Furlong, 2012).  Similar to G564 and GA 20-oxidase, results from functional cis-

regulatory analysis of Drosophila mesoderm and cardiac enhancers and Ciona muscle cis-

regulatory modules demonstrate that similar expression patterns can be generated from divergent 

compositions and positioning of motifs (Brown et al., 2007; Zinzen et  al., 2009; Junion et al., 

2012).  

 The Region 2 sequence and 10-bp motif required for transcription of GA 20-oxidase are 

located in the 5’ UTR.  Most commonly, cis-regulatory elements are identified upstream of the 

transcription start site; however, there are examples of functional activator and repressor 

sequences located in the 5’ UTR of the genes they regulate, such as the human Sh3bp2 gene (Fan 

et al., 2012).

A model for suspensor transcription of GA 20-oxidase is presented in Figure 5-9.  An 

unknown transcription factor X binds to one or two functional 10-bp  motifs in the GA 20-oxidase 

upstream region.  Unknown transcription factor Y binds to the functional Region 2 sequence.  A 

MYB transcription factor binds to one or two of the predicted Fifth motifs.  These transcription 

factors presumably  form a complex that interacts with the basal transcriptional machinery  to 

activate transcription in the suspensor shortly after fertilization (Figure 5-9).  The same 

transcription factors are predicted to activate suspensor transcription of G564 via these suspensor 

cis-regulatory  elements (Chapter 3) (Kawashima et al., 2009).  Taken together, the scarlet runner 

bean G564 and GA 20-oxidase genes are activated by the same suspensor cis-regulatory elements 
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and thus comprise a suspensor gene regulatory network, which is activated shortly after 

fertilization by transcriptional machinery that is conserved in the suspensors of flowering plants.

!*'



MATERIALS AND METHODS

Plant Materials

Plants of a day-neutral scarlet runner bean cultivar “Hammond’s Dwarf Red Flower” (Vermont 

Bean Seed Company, Fair Haven, VT) were grown in the greenhouse as described by Weterings 

et al. (2001).  Flowers were pollinated by hand using a watercolor brush.  Hand-pollinated 

flowers were tagged, and seeds were harvested at 3-6 Days After Pollination (DAP) for embryo 

collection as previously described by (Weterings et al., 2001).

Radioactive In Situ Hybridization Analysis

Radioactive in situ hybridization studies were performed as described by Weterings et al. (2001). 

Briefly, scarlet runner bean unfertilized ovules and seeds (3-6 DAP) were harvested, and seeds 

were cut  at their chalazal ends before fixing to enhance penetration of the fixative.  SRB seeds 

were fixed overnight at 4°C in 1% glutaraldehyde solution prepared in 0.1 M phosphate buffer, 

pH 7.0.  Fixed seeds were dehydrated, cleared, and embedded in paraffin.  Six-µm sections were 

hybridized to 33P-labeled sense or antisense RNA probes.  After hybridization and emulsion 

development, sections were stained with 0.05% toluidine blue in 0.05% borate solution.  

Photographs were taken using dark-field illumination with a compound microscope (Olympus 

BH2; Olympus Corp., Lake Success, NY).  The photographs were digitized, adjusted for 

optimum silver grain resolution using the KPT-Equalizer program (Metacreations Corp., 

Carpinteria, CA), and assembled in Adobe Photoshop CS5.1 (San Jose, CA).

Non-Radioactive In Situ Hybridization Analysis
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Non-radioactive in situ hybridization was detected with digoxigenin-labeled riboprobes using the 

method found at http://www.its.caltech.edu/~plantlab/protocols/insitu.htm (Smith and Long, 

2010).  Briefly, for scarlet  runner bean, seeds (5 to 6 DAP) were harvested from pods and cut  at 

their chalazal ends before fixing to enhance penetration of the fixative.  SRB seeds were fixed 

overnight at 4°C in 1% glutaraldehyde solution prepared in 0.1 M  phosphate buffer, pH 7.0.  

Tobacco seeds 10 DAP were harvested and fixed overnight at 4°C in 10% formalin/5% acetic 

acid/50% ethanol (Barker et al., 1988).  Fixed seeds were dehydrated, cleared, and embedded in 

paraffin by  the Leica ASP300S tissue processing robot.  Six-µm sections were hybridized to 

sense or antisense digoxigenin-labeled riboprobes overnight.  GA 20-oxidase probes were made 

using the +182/+2166 region.  Photographs were taken using bright-field illumination with a 

compound microscope (LEICA 5000 B; Leica). 

Cloning the GA 20-oxidase Non-Radioactive in situ Probe

Previously, suspensor regions were micro-dissected from globular-stage embryos 6 DAP 

(Weterings et al., 2001), and double-stranded cDNA was synthesized from suspensor mRNA 

using the SMART cDNA Library Construction Kit according to the manufacturer (Clontech) (Le, 

2013).  The suspensor cDNA fragments were directionally ligated into the SfiI restriction site of 

the lambda TriplEx2 vector (Clontech).  One of the library clones was sequenced and found to 

contain the +182/+2166 region of GA 20-oxidase.  This GA 20-oxidase cDNA was amplified 

from the pTriplEx2 plasmid by PCR.  The forward primer contains an EcoRI restriction enzyme 

site.  The reverse primer contains an XbaI restriction enzyme site.  The PCR fragment was 

digested with EcoRI and XbaI and cloned into EcoRI- and XbaI-digested pCR Blunt II TOPO 

(Invitrogen).  The resulting plasmid was sequenced.  Primer sequences are listed in Table 5-1.
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Plant Transformation. 

Tobacco (Nicotiana tabacum cv SR1) plants were used for generating transformants.  Tobacco 

plants were transformed and regenerated by using the leaf disk procedure (Horsch et al., 1985).  

Each individual transformant was checked for T-DNA insertion by PCR analysis.  The promoter/

GUS region of each tobacco line was sequenced to ensure no rearrangements.

GUS Histochemical Assay. 

Transgenic tobacco seeds were harvested at early stages of development (DAP 7-10).  Embryos 

were hand-dissected from seeds and assayed for GUS activity at 10 minutes, 1 h, 2 h, 4 h and 24 

h at 37 °C as described previously  (Jefferson et al., 1987).  Embryos were photographed under 

bright-field illumination with a compound microscope (LEICA 5000 B; Leica).

Full Promoter/GUS Construct 

Previously, we isolated a ~14-kb genomic clone containing GA 20-oxidae from a SRB "DASHII 

(Stratagene) genomic library  by screening with a 32P-labeled GA 20-oxidase (accession no. 

CA9148223) cDNA clone (Kawashima et al., 2009).  This genomic clone was digested with 

EcoRI and HindIII, and a 5.5 kb fragment containing the upstream sequence and the first exon 

was cloned into EcoRI-and HindIII-digested pBlueScriptII (Stratagene), generating plasmid 

pBSII PCS336 EH 5.5kb.  To isolate the upstream sequence of GA 20-oxidase, PCR was 

performed using the pBSII PCS336 EH 5.5kb plasmid as a template. The forward primer was 

designed with AatII and SmaI sites and a reverse primer was designed with a PciI site, which 

causes a mutation of C!A at nucleotide +236 relative to the transcription start site.  To clone the 

upstream region next to the !-glucuronidase (GUS) reporter gene, the amplified fragment was 
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digested with PciI and AatII and ligated to NcoI- and AatII-digested pGEM5GUS to make 

pGEM5GUSPCS336.  pGEM5GUSPCS336 was digested with SmaI and NotI and the promoter/

GUS fusion gene fragment was ligated to the pGV1501AN T-DNA vector to make 

pTGA20-4509/+238GUS.  The upstream region was sequenced.  Primer sequences are listed in 

Table 5-1.

Full Gene and Flanking Sequence Construct

The GA 20-Oxidase gene region -1903/+3099 was amplified from SRB genomic by  PCR.  This 

fragment was digested with BamHI and XbaI, and a 4298 bp fragment was cloned into the 

BamHI- and XbaI-digested pTGA20-4509/+238GUS plasmid, generating the plasmid 

pTGA20-4509/+2762.  The GA 20-oxidase gene and flanking sequences were sequenced.  

Primer sequences are listed in Table 5-1.

5’ Deletion Constructs

Fragments containing part of the GA 20-oxidase upstream region and part of the GUS gene were 

amplified by PCR using the pTGA20-4509/+238GUS plasmid as a PCR template. The forward 

primers contain an EcoRI restriction enzyme site.  The reverse primer is GUSSR1.  The PCR 

fragments were digested with EcoRI and PshAI, and cloned into the EcoRI- and PshAI-digested 

pTGA20-4509/+238GUS plasmid, generating the 5’ deletion constructs.  The promoters were 

sequenced.  Primer sequences are listed in Table 5-1.

Gain-of-Function (GOF) and 3’ Deletion Constructs
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Fragments containing part of the GA 20-oxidase upstream region were amplified by  PCR using 

the pTGA20-4509/+2762 plasmid as a PCR template.  The forward primers contain an EcoRI 

restriction enzyme site.  The reverse primers contain an XmaI restriction enzyme site.  The PCR 

fragments were digested with EcoRI and XmaI.  These GOF fragments were inserted into 

pX46GV, a !-glucuronidase (GUS) reporter gene vector that  carries the CaMV 35S minimal 

promoter (Koltunow et al., 1990).  Note that the pXGA20-4509/+23835SGUS plasmid was made 

using a reverse primer with an XbaI restriction enzyme site. The promoters were sequenced. 

Primer sequences are listed in Table 5-1.

Site-Directed Mutagenesis Constructs

Predicted motifs were mutated by  transversional mutagenesis (A to C, C to A, G to T, T to G)  

unless this created a new predicted motif, in which case adenine substitution (C, G, T to A, A to 

T) was used to mutate the predicted motif.  For pXGA20-360/+238m10bp-2, primers were 

designed with mutations in the predicted motifs. The pX-360/+23835SGUS plasmid was used as 

a PCR template. The amplified fragment was digested with EcoRI and XmaI, and ligated to the 

E c o R I - a n d X m a I - d i g e s t e d p X - 3 6 0 / + 2 3 8 3 5 S G U S p l a s m i d t o c r e a t e 

pXGA20-360/+238m10bp-2.  For pXGA20-360/+238m10bp-6 and pXGA20-360/+238mR2-1 

SOEing PCR (Horton, 1997) was used to generate fragments containing the mutated motifs using 

the pX-360/+23835SGUS plasmid as a template.  The amplified fragments were digested with 

EcoRI and XmaI, and ligated to the EcoRI- and XmaI-digested pX-360/+23835SGUS plasmid to 

create the mutagenesis constructs. The mutated promoters were sequenced.  Primer sequences 

are listed in Table 5-1.
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Figure 5-1. Localization of mRNAs encoding enzymes in the gibberellic acid biosynthesis 

pathway in young SRB seeds.  Seeds containing pre-globular (3-4 DAP) and globular-stage (5-6 

DAP) embryos were fixed, embedded in paraffin, sliced into 8-µm sections, and hybridized with 

33P-labeled sense and antisense probes as described in Materials and Methods.  (A - P) 

Hybridization of seeds containing pre-globular stage and globular-stage embryos with antisense 

probes of ent-kaurene synthase A (A, B), ent-kaurene synthase B (C, D), ent-kaurene oxidase (E, 

F), ent-kaurenoic acid hydroxylase (G, H), GA 20-oxidase (I, J), GA 3-oxidase (K, L), and GA 2-

oxidase (M, N), and with sense probes of GA 3-oxidase as the negative control (O, P).  (Q - T) 

Hybridization of seeds containing pre-globular embryo (Q), globular embryo (R), late heart (S), 

and cotyledon embryo (T) with the antisense probe of GA 3-oxidase.  The same pictures are 

shown in panels K and Q, and L and R.  ep, embryo proper; s, suspensor.  (Scale bar: 50 µm.)
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Figure 5-2.  GA 20-oxidase mRNA localization pattern in SRB and analysis of transgenic 

tobacco embryos containing either a PcGA 20-oxidase or PcGA 20-oxidase/GUS gene.  (A) SRB 

flower, conceptual representation of the GA 20-oxidase gene, and mRNA localization of GA 20-

oxidase in SRB.  Dark blue boxes represent exons.  Light blue boxes represent introns and 

UTRs.  Numbers indicate positions relative to the transcription start site (+1).  SRB seeds 

containing preglobular, globular and heart stage embryos were fixed, embedded in paraffin, 

sliced into 6-µm sections, and hybridized with 33P-labeled antisense probes as described in 

Materials and Methods.  (B) Tobacco flower, conceptual representation of the GA 20-oxidase 

gene, and mRNA localization of PcGA 20-oxidase in a transgenic tobacco embryo at globular 

stage. Tobacco flower image was taken from Kawashima and Goldberg et al. (2010).  Tobacco 

seeds containing globular embryos were fixed, embedded in paraffin, sliced into 6-µm sections, 

and hybridized with digoxigenin-labeled riboprobes complementary  to PcGA 20-oxidase as 

described in Materials and Methods.  (C) Conceptual representation of the GA 20-oxidase/GUS 

transgene and GUS activity in two-cell, preglobular and globular stage transgenic tobacco 

embryos. Photographs were taken after 24-h GUS incubation.  a, apical cell; b, basal cell; ep, 

embryo proper; s, suspensor.
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Figure 5-3.  5’ deletion analysis of the GA 20-oxidase upstream region.  GUS activity in globular 

stage transgenic tobacco embryos containing different 5’ deletions of GA 20-oxidase promoter-

GUS constructs.  Conceptual representations of the constructs are to the left of each embryo.  

Dark blue boxes represent the GUS gene.  Light blue boxes represent the GA 20-oxidase 5’ UTR.  

Numbers indicate positions relation to the GA 20-oxidase transcription start site (+1).  +++ in the 

Expression column indicates that  suspensor GUS activity was strong and the majority of the 

suspensors with GUS detected at 24-h were GUS-positive at 1-h; -/+ in the Expression column 

indicates that suspensor GUS activity was weak and the majority of the suspensors with GUS 

detected at 24-h were GUS-negative at 1-h.  Numbers in the Lines column indicate the number 

of individual transformants displaying suspensor GUS activity  over the total number of 

individual transformants analyzed.  Numbers in the Suspensors column indicate the number of 

embryos displaying suspensor GUS activity by 24-h incubation over the total number of 

analyzed embryos. Photographs were taken after 1-h and 24-h GUS incubation.  
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Figure 5-4.  5’ deletion analysis of GOF constructs. GUS activity  in globular stage transgenic 

tobacco embryos containing different 5’ deletions of GA 20-oxidase promoter 35S/GUS GOF 

constructs. 35S/GUS indicates the CaMV 35S minimal promoter/GUS gene (Koltunow et al., 

1990).  Yellow arrows, green arrows, purple ovals and blue ovals indicate the predicted 10-bp 

motif with 2 mismatches relative to the consensus 5’-GAAAAGCGAA-3’, the 10-bp motif with 

3 non-adjacent mismatches relative to the consensus, Region 2 allowing 1 mismatch relative to 

the consensus of 5’-TTGRDAAT-3’ where the third position cannot be A, and the Fifth motif 5’-

RAGTTA-3’, respectively.  Only the motifs conserved in the upstream region of PvGA 20-

oxidase are shown.  - in the Expression column indicates no detectable suspensor GUS activity at 

24-h.  Other figure details are the same as those outlined in Figure 5-3.  Photographs were taken 

after 24-h GUS incubation.
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Figure 5-5.  GA 20-oxidase mRNA abundance and nucleotide sequence of the GA 20-oxidase 

upstream region in P. coccineus and P. vulgaris.  (A) GA 20-oxidase mRNA abundance 

determined by RNA-Seq of laser-captured embryo propers and suspensors of P. coccineus and P. 

vulgaris.  The PcGA 20-oxidase homolog in P. vulgaris is Phvul.010G087500.  (B-C) Nucleotide 

sequence of the GA 20-oxidase upstream region the -360 5’ deletion in P. coccineus (B) and P. 

vulgaris (C).  The colors of the predicted suspensor cis-regulatory elements are the same as those 

outlined in Figure 5-4.  The arrows indicate the orientation of each cis-regulatory element.  

Positions of 5’ and 3’ deletions are indicated.  ep, embryo proper; s, suspensor; Pc, P. coccineus; 

Pv, P. vulgaris.
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Figure 5-6.  3’ deletion analysis of GOF constructs. GUS activity  in globular stage transgenic 

tobacco embryos containing different 3’ deletion GA 20-oxidase promoter 35S/GUS GOF 

constructs. Figure details are the same as those outlined in Figures 5-3 and 5-4.  Photographs 

were taken after 24-h GUS incubation.
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Figure 5-7.  Mutagenesis and 3’ deletion analysis of GOF constructs. GUS activity  in globular 

stage transgenic tobacco embryos containing different site directed mutagenesis constructs and 

3’ deletion constructs focusing on the -360/+238 region of GA 20-oxidase in GOF constructs. 

Black crosses indicate mutagenesis of the indicated motifs.  Other figure details are the same as 

those outlined in Figures 5-3 and 5-4.  Photographs were taken after 24-h GUS incubation.
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Figure 5-8.  G564 and GA 20-oxidase mRNA localization patterns in SRB.  SRB ovules (A and 

E), and seeds containing preglobular (B and F), early  globular (C and G) and mid-globular stage 

(D and H) embryos were fixed, embedded in paraffin, sliced into 6-µm sections, and hybridized 

with 33P-labeled antisense probes as described in Materials and Methods.  Panels A-D were taken 

from Weterings et al. (2001).
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Figure 5-9.  A model of GA 20-oxidase suspensor-specific transcription directed by the 

-360/+238 cis-regulatory module.  An unknown transcription factor X (blue triangle) binds to the 

10-bp motif.  An unknown transcription factor Y (orange oval) binds to Region 2.  A MYB 

transcription factor binds to the Fifth motif.  Other figure details are the same as those outlined in 

Figures 5-3 and 5-4.  The X, Y and MYB transcription factors might make a complex to recruit 

the basal transcriptional machinery to activate GA 20-oxidase transcription in the suspensor.  

BTFs, basal transcriptional machinery; TATA, TATA box.
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