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ABSTRACT 

 

 

Starch is an important contributor to plant growth as excess photosynthate is 

stored in leaves as starch during the day to be mobilized at night and re-synthesized in 

sink tissues. Starch is also the principal constituent of cereal seeds and its variation 

greatly influence crop yields.  The starch pathway is complex and its regulation is not 

fully understood. Transcription Factors (TFs) are known to act as master regulators of 

whole biosynthetic pathways and the work presented here was aimed at gaining a better 

understanding of starch production in leaves by identifying a TF which specifically 

regulates the leaf starch biosynthetic pathway. Leaf starch levels are regulated in part by 

ADP-glucose pyrophosphorylase (AGPase), the rate limiting step of starch biosynthesis.   

Transgenic rice event (NR16+) with increased leaf AGPase activity (due to 

overexpression of the AGPase large and small subunit transgenes Sh2r6hs and Bt2) was 

subjected to RNA-sequencing.   The results indicated that the leaf specific AGP 

transgene, which increased leaf starch, also had upregulation of the WRKY76 TF. 

Another regulatory protein, F-Box, was chosen as a candidate due to the F-box family’s 

involvement in plant development. The current study examines the potential of these 

gene products for increasing starch biosynthesis in leaves via leaf specific 

overexpression.   Results indicate that overexpression of WRKY76 increases leaf starch 

an average of 39% at both the one month and anthesis growth stages in comparison to the 

Varietal Control Nipponbare. WRKY76 transgenic lines have enhanced phenotype with 

an improved harvest index due to biomass and immature panicles trending down by 4% 

and 21% respectively, while seed weight trended 12% higher. Events overexpressing 

WRKY76 were also found to upregulate important starch biosynthetic and carbon 

metabolism genes including AGPL1, AGPS2, SSIIIb, GBSII, Rbcs, PRK, and GS2 as well 

as leading to a general upregulation of leaf tissue carbohydrates. Events 1, 2, and 12 

additionally had on average 13% increased photosynthetic rate at the one month growth 

stage. The findings of this study support WRKY76 as a dynamic regulator of the starch 

biosynthetic pathway conferring more efficient carbon assimilation leading to an 

increased harvest index.
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CHAPTER 1 

 

INTRODUCTION 

 

Overview 

 

Starch plays an important role in agronomic yield both as the primary component 

of seed weight in cereals and as a storage product of photosynthate in leaves.  Leaf starch 

is transitory, stored in leaves during the day, and re-mobilized at night to be re-

synthesized in sink tissues (reviewed in Stitt and Zeeman (2012)). Starch production in 

seeds directly impacts yield comprising ~70% of seed dry weight in cereals (Hannah and 

James 2008).  Endosperm starch biosynthesis has therefore received much attention while 

leaf starch has received less. Studies of the starch pathway in both leaf (Lee et al. 2009, 

Gibson et al. 2011, Schlosser et al. 2014), and seed (Smidansky et al. 2003, Meyer et al. 

2004, Smidansky et al. 2007) often focus on the enzyme controlling the rate limiting step, 

ADP-glucose pyrophosphorylase (AGPase), reviewed in (Hannah and James 2008). The 

starch pathway is highly complex and though AGPase activity correlates with both starch 

biosynthesis and plant growth, both processes are likely still limited by lack of optimized 

regulation for all carbon metabolism genes (Zhu et al. 2007). In this study we identified 

WRKY76 which shows promise for regulation of the entire leaf starch biosynthetic 

pathway. We additionally explore the effect of another candidate regulatory protein, F-

Box, which is from a regulatory family having potential for control of plant development 

and starch synthesis.  
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AGPase and Starch Biosynthesis 

 

AGPase plays a major role in starch production as it catalyzes the synthesis of 

ADP-glucose and pyrophosphate from glucose-1-phosphate and ATP (Hannah and James 

2008).  The formation of ADP-glucose is the rate limiting step in plant starch 

biosynthesis since ADP-glucose serves as the donor of glucose for starch synthases 

(reviewed in Saripalli and Gupta (2015).  Both the leaf and seed isoforms of rice AGPase 

are active as heterotetramers consisting of two large and two small subunits. AGPase is 

allosterically activated by 3-phosphoglyceric acid (3-PGA) and inhibited by inorganic 

phosphate (Pi) (Sikka et al. 2001). Both the large and small subunits of AGPase serve 

regulatory and catalytic roles (Cross et al. 2004, Ventriglia et al. 2008). Cross et al. 

(2004) demonstrated that potato (Solanum tuberosum) and maize (Zea mays) AGPase 

subunits maintain the ability to form active mosaic complexes and have equal roles in 3-

PGA activation, 3-PGA affinity, and phosphate inhibition. Within the AGPase genes are 

domains which confer allosteric and/or catalytic control and include ATP-binding, 

catalytic, glucose-1-phosphate, and activator sites. These domains are conserved in all six 

of the AGPases present in rice (Akihiro et al. 2005). 

Rice has two small and four large AGPase genes.  These genes are referred to as 

AGP or AP genes, depending on the publication, with L and S signifying large or small 

subunit, respectively (Table 1.1). Akihiro et al. (2005) performed detailed expression 

analysis of the six AGPase genes via Northern blot analysis and found that they have 

tissue and growth stage specific expression patterns. All six genes were expressed in 

seeds, however APS1 and APL2 transcripts are present 10-20 days after flowering (DAF)  
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Table 1.1. Rice AGPase isoforms   

a Data obtained from (Akihiro et al. 2005) and (Hirose et al. 2006). 
b Relative expression levels obtained from Expression Atlas (European Bioinformatics Institute 2016) and 

represent expression in primary expressed tissue. 
c AGPS2a data obtained from NCBI, (National Center of Biotechnology Information 2016). 
d AGPS2a and AGPS2b were once considered separate but are now reported as a singular gene. 

 

 

while the other four are present from the early to late stages of seed development. APL1 

and APL4 were expressed in seeds, leaves, and stems, but not in roots. APL2 was 

expressed only in developing seeds, APS1 and 2 were expressed in both seeds and leaves 

and APL3 was expressed in both seeds and stems.  

ADP-glucose is synthesized in the plastids of all plants.. However, in the 

developing endosperm cells of cereals, it is also synthesized in the cytosol. It has been 

proposed that the cytosolic AGPase genes, which are unique to grasses, arose from a 

whole-genome-duplication event in an early ancestor (Wu et al. 2008). Different isoforms 

of AGPase are found in the cytosolic and plastidial compartments. AGPS1, AGPL1, 

AGPL3, and AGPL4 are considered to be plastidial, AGPL2 is cytosolic, and AGPS2 can 

be found in both, reviewed in (Comparot-Moss and Denyer 2009). 

RAPdb Locus 

Takashi 

et al., 

2005 

Hirose et 

al,. 2006 

Amino 

Acidsa 

Mol. 

Wt. 

(kDa)a 

Primary 

Expressed 

Tissue 

Cellular 

local-

ization 

Relative 

Expression 

Levelb 

Os09g0298200 APS1 AGPS1 500 54.8 
Seed, but 

everywhere 
Plastid 225 

Os08g0345800 APS2 AGPS2bd 479 52.9 Endosperm Both 1965 

Os03g0735000 APL1 AGPL3 511 55.4 Leaves Plastid 84 

Os01g0633100 APL2 AGPL2 518 57.5 Seed Cytosol 2406 

Os05g0580000 APL3 AGPL1 519 57.6 Embryo Plastid 727 

Os07g0243200 APL4 AGPL4 509 55.8 Anther Plastid 356 

Os08g0345800  AGPS2ac,d 514 56.1 Seed/leaves Both 1965 
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AGPase works upstream of several other classes of genes in producing starch, 

which consists of two types of glucose polymers: amylopectin and amylose. The two 

starch types occur in approximately a 3:1 ratio respectively (Smith et al. 1997). ADP-

glucose (the product of AGPase) serves as the glucose donor to Starch Synthases (SS) 

which build growing glucose chains forming amylose, and to Starch Branching Enzymes 

(SBE) forming branched amylopectin. Starch Synthase exists as soluble and granule 

bound isoforms while nine soluble (SS1, SSIIa-c, SSIIIa-b, SSIVa-b, SSV) and two 

granule bound (GBSSI & GBSSII) forms are reported in rice. There are also three 

isoforms of SBE (BEI, BEIIa, BEIIb) in rice. SS and SBE isoforms each have varying 

tissue specificity and expression profiles (Ohdan et al. 2005). Other genes involved in the 

starch pathway include starch debranching enzyme (DBE), disproportioning enzyme 

(DPE) and phosphorylase (PHO) which play roles in starch degradation and cycling 

(reviewed in Smith et al. (2003)). Additional genes playing an important role in sugar 

translocation include the ADP-glucose transporter Brittle1 (BT1), Sucrose Transporters 

(SUT1-5), and Glucose 6-phosphate/phosphate translocators (GPT1 and GPT2).  

 

AGPase Mutations 

Mutations in various AGPase genes have been utilized to demonstrate the 

importance of AGPase to starch biosynthesis. A barley AGPase small subunit mutation, 

caused by a deletion within the coding region of Hv.AGP.S.1 (risø16), fully knocked out 

seed-specific expression of the cytosolic isoform while reducing overall endosperm 

AGPase activity to 15-25%. This reduced seed starch content to 44% of the Wild Type 

level (39.1 mg/grain) and demonstrated that both the cytosolic and plastidial small 
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subunit isoforms are important for normal endosperm starch synthesis (Tester et al. 1993, 

Johnson et al. 2003). Rice lacking expression of the AGPase large subunit APL1 in leaves 

due to a Tos17 insertion had AGPase activity and leaf starch content reduced to < 1 and 

<5% respectively to that of the Wild Type.  However, this mutation did not affect 

sucrose, glucose, and fructose content of the leaves or AGPase activity and starch 

production in seeds and lead to no reduction in seed yield of plants grown in controlled 

conditions at ~450 Photosynthetic Active Radiation (PAR) (Rösti et al. 2007).  Field 

grown maize plants lacking leaf AGPase activity due to a transposon insertion in an 

AGPase small subunit, agps-m1(Slewinski et al. 2008) were 5cm shorter, flowered 2 days 

later, and had 30% lower grain yield than Wild Type isolines (Schlosser et al. 2012).  

Collectively these studies show the negative impacts of AGPase mutations on plant yield. 

As described below, various other studies have examined the impact of increased 

AGPase on plant growth.   

 

Overexpression of AGPase in Seeds 

AGPase has been overexpressed in both seeds and leaves in attempts to increase 

yield.  Research focusing on the AGPase seed isoform has found that yield increases are 

conferred in several ways.  In wheat and rice overexpression of the maize AGPase large 

subunit (Sh2r6hs) under the control of the maize endosperm AGPase large subunit 

promoter Sh2 increased both plant biomass and seed yield (Smidansky et al. 2002, 2003). 

Sh2r6hs is modified relative to the Wild Type maize endosperm large AGPase by having 

the Rev6 (r6) and HS33: (hs), alterations. The r6 mutation is 6-bp insertion resulting in 

the addition of tyrosine and serine between amino acid position 495 and 496 rendering 
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AGPase less sensitive to Pi inhibition (Giroux et al. 1996) while hs is a point mutation 

resulting in a tyrosine to histidine amino acid substitution resulting in more stable 

large/small subunit interactions (Greene and Hannah 1998). Meyer et al. (2004) reported 

transgenic wheat in which the Sh2r6hs transgene was driven by an endosperm specific 

glutenin promoter (Glu).  Despite producing ~20 times higher levels of Sh2r6hs 

expression than that observed with the Sh2 promoter, yield increases were not observed. 

The study however did observe that r6 and hs alterations act independently and 

synergistically to reduce AGPase allosteric inhibition, increase heat stability, and confer 

yield increases. Smidansky et al. (2007) showed that Sh2r6hs seed specific expression 

increased leaf photosynthetic rates 3-7% at 7 DAF under 650 PAR and increased leaf 

fructose, glucose, and sucrose at 7 and 14 DAF. Another report in maize found that 

expression of Sh2hsr6 under the control of the Sh2 promoter increased yield up to 64%. 

This increase was due to an increase in seed number via expression of the transgene in 

maternal tissue rather than in the seed. Improved probability that a seed will develop lead 

to increased mature seed number (Hannah et al. 2012), similar to results found in 

Smidansky et al. (2002), (2003). A fourth project considered the intracellular location of 

AGPase overexpression and its relationship to starch synthesis. The Esherichia coli glgC 

triple mutant gene (which encodes an allosterically insensitive AGPase) was introduced 

into rice and expressed during endosperm development with targeting to either the 

amyloplast or cytoplasm. Transgenes were under the control of the rice endosperm-

specific glutelin GT1 promoter and targeting to the amyloplast was accomplished using a 

maize Brittle-1 (BT1) transit peptide. The lines having the triple mutant targeted to the 
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cytoplasm showed increased incorporation of 14C labeled sucrose into starch (11-18% at 

16 h incubation) and in turn increases of up to 11% in individual seed weight, whereas 

the amyloplast targeted plants had greater variability of 14C incorporation and no change 

in seed weight. These results demonstrate the importance of intracellular location of 

AGPase and how this effects the capacity for increased starch synthesis (Sakulsingharoj 

et al. 2004). Yet a more recent study made use of the glutenin promoter (Glu) and 

overexpressed the native wheat large AGPase subunit TaLSU1. This overexpression of 

the cytosolic isoform was able to increase AGPase activity and endosperm starch weight 

leading to individual grain weight increases of 7-9%, and increased grain number per 

spike under 500 PAR (Kang et al. 2013). The relationship between AGPase and sink 

strength has been well documented while less focus has been put toward testing AGPase 

as a yield limiting factor in overall plant growth and development via overexpression in 

leaves. 

 

Overexpression of AGPase in Leaves 

Increasing leaf AGPase activity has been shown to increase leaf starch and 

enhance plant growth under controlled environment conditions.  Lee et al. (2009) 

demonstrated that a modified potato AGPase large subunit, upreg1, increased lettuce leaf 

fresh weight 8-27% plus starch content 20-60% eight weeks after germination via greater 

3-PGA activation and lower Pi inhibition than the Wild Type (Lee et al. 2009).  Another 

project using upreg1 in rice reported higher starch turnover levels during the diurnal 

cycle leading to 39% increased seed yield in comparison to the varietal control under 

1000 PAR conditions (Gibson et al. 2011). Additionally, Schlosser et al. (2014) found 
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that rice plants over-expressing the modified maize endosperm large and small AGPase 

subunits Sh2r6hs and Bt2 (under control of the native rice RuBisCO (RBC) promoter and 

having the rice leaf AGPase chloroplast transit peptide) increased panicles, biomass, and 

tiller number (25-30%) leading to seed weight trending 9% higher. Further, Oiestad et al. 

(2016 in prep) evaluated the effect of overexpressing AGPase in the leaf and seed 

individually as well as simultaneously and found that expression in both leaves and seeds 

conferred the greatest productivity advantages. Additionally, leaf specific RNA and 

metabolite analysis demonstrated that carbon metabolism was upregulated to the greatest 

extent when both leaf and seed AGPase were upregulated. This meant substantial plant 

growth and productivity increases from 54-69% for tillers, biomass, and overall seed 

weight, whereas the leaf population had a significant increase only for tiller number and 

an 8% increase in seed weight, and the seed population had no significant increases.  

 

Other Approaches to 

Improving Starch Production 

 

Other approaches to improving starch production have looked at the ADP-glucose 

transporter and starch synthase genes. Recently, Cakir et al. (2016) investigated the role 

of the maize endosperm ADP-glucose transporter Brittle1 (BT1), which controls ADP-

glucose flux into starch. Rice lines having a BT1 mutation had a 10-fold increase in ADP-

glucose levels due to lack of transport into amyloplasts and incorporation into starch. 

This produced small, shriveled grains with an 80% reduction of seed starch. This research 

also demonstrated undefined rate limiting factors by simultaneously overexpressing BT1 

and AGPase (via maize ZmBt1 and E. coli glgC (Sakulsingharoj et al. 2004)) and found 
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that a roughly 2-fold increase in transport rates still did not lead to greater seed weight. 

The study concluded that ADP-glucose transport by BT1 is essential for normal starch 

biosynthesis but is not itself rate limiting. This suggests one or more plastid stroma-

localized processes limit maximum carbon flow into starch in rice endosperm. Starch 

synthases are downstream of AGPase in the starch pathway and may play a role in the 

limitation of starch production. Gamez-Arjona et al. (2011) overexpressed Starch 

Synthase IV (SSIV) in Arabidopsis and potato via a constitutive 35S promoter and found 

starch accumulation in Arabidopsis leaves to be increased by 30-40%, while potato tuber 

starch content and dry weight were increased in both greenhouse (30-45%) and field 

conditions (15-30%). These studies suggest an approach regulating multiple genes along 

the starch biosynthetic pathway may be the best method to achieve maximum starch 

production. 

 

AGPase Regulation 

Three mechanisms are known to regulate AGPase activity (i) transcriptional 

regulation (ii) allosteric regulation via 3-PGA and Pi (Sowokinos and Preiss 1982) and 

(iii) post-translational re-dox modification in response to sugars (Tiessen et al. 2002, 

Hendriks et al. 2003, Michalska et al. 2009). Transcriptional regulation is the focus of 

this thesis. The importance of transcriptional regulation upon AGPase leaf and seed 

activity is supported by the enzymes response to altered levels of various conditions 

outlined in Table 1.2. The mixture of physical, temporal, and hormonal elements suggests 

a complex system of starch biosynthetic regulation. 
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Table 1.2. AGPase response to physical, temporal, and physical elements  

Condition 
Gene(s)a Regulation 

(transcripts) 
Tissue Species Author 

Sucrose AGP Si Increased Leaves Potato, Solanum 

tuberosum 

Muller-Rober et al. 

(1990)c 

APS1, APL3, APL4 Increased Callus cells Rice, Oryza sativa Akihiro et al. (2005)d 

 ApS, ApL2, ApL3 Increased Leaves Arabidopsis thaliana Sokolov et al. (1998)e 

ApL1 Decreased    

 AGPLI-1 Increased Leaves Sweet potato, 

Ipomoea batatas 

Nagata (2009)f 

Sucrose and ABA APL3 Synergistically 

increased 

Callus cells Rice, Oryza sativa Akihiro et al. (2005) 

 AGPLI-1 Increased vs. water, 

decreased vs. Sucrose 

alone 

Leaves Sweet potato, 

Ipomoea batatas 

Nagata (2009) 

Sucrose and 

cytokinin 

AGPLI-1 Increased vs. water, 

decreased vs. Sucrose 

alone 

Leaves Sweet potato, 

Ipomoea batatas 

Nagata (2009) 

Sucrose and light ApS, ApL3 Synergistically 

increased 

Leaves Arabidopsis thaliana Sokolov et al. (1998) 

 ApL1 Synergistically 

decreased 

  

Glucose APS1, APL3, APL4 Increased Callus cells Rice, Oryza sativa Akihiro et al. (2005) 

 ApS, ApL2, ApL3 Increased Leaves Arabidopsis thaliana Sokolov et al. (1998) 

 ApL1 Decreased    

Nitrate AGP S2i Decreased transcripts 

and activity 

Leaves Tobacco, Nicotiana 

tabacum 

Scheible et al. (1997)g 

Osmotic effectb ApL1 Decreased Leaves Arabidopsis thaliana Sokolov et al. (1998) 
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Table 1.2 Continued 
Light exposure ApS, ApL2, ApL3 Increased Leaves Arabidopsis thaliana  Sokolov et al. (1998) 

 ApL1 Decreased    

 
Auxin AGP Si Decreased Cell culture Tobacco, Nicotiana 

tabacum 

Miyazawa et al. 

(1999)h 

ABA APS1, APL3 Increased Callus cells Rice, Oryza sativa Akihiro et al. (2005) 

Cytokinin AGP Si Increased Cell culture Tobacco, Nicotiana 

tabacum 

Miyazawa et al. 

(1999) 

 AGPLI-1 Decreased Leaves Sweet potato, 

Ipomoea batatas 

Nagata (2009) 

a Bolded genes are major forms of AGPase 
b Osmotic agents: PEG (non-penetrating osmoticum) and sorbitol (penetrating osmoticum) 
c AGP S (large) and AGP B (small) subunits reviewed  
d All known rice AGPase genes, APS1, APS2, APL1, APL2, APL3, and APL4 were reviewed 
e All known Arabidopsis AGPase genes: ApS, ApL1, ApL2, and ApL3 were reviewed 
f Only AGPSI-1 was reviewed along with non-AGPase genes 
g AgpS2 was reviewed along with non-AGPase/Organic acid metabolism genes 
h AgpS was reviewed along with   non-AGPase genes related to starch 
I AGPase large subunit  
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Although AGPase expression correlates with starch production and seed yield, yield and 

starch increases are likely still limited by lack of upregulation of the entire starch 

biosynthetic pathway. The overexpression of starch biosynthetic pathway specific 

transcription factors (TFs) has potential to upregulate the entire starch biosynthetic 

pathway. Identifying and testing such TF candidates is the goal of the research presented 

here. 

 

Transcription Factors (TFs) 

 

Transcription Factors are DNA binding proteins that work in multiple ways to 

accomplish gene regulation: i) as gene activators and/or repressors, ii) autonomously or 

with other TFs iii) working with enhancers (bind to activators promoting transcription), 

insulators (barriers to positive/negative signals), and tethering elements (direct remote 

enhancers to a specific gene) to form transcriptional complexes (reviewed in Spitz and 

Furlong (2012)). Transcriptional mediator complexes are formed by a collection of TFs 

bound to different gene regions and acting in concert to control gene expression and 

trigger cascades of biochemical reactions (Allen and Taatjes 2015). These reactions are 

important as plants are stationary and by necessity have evolved to maintain optimal 

growth by developing elaborate mechanisms of response to changing environments. TFs 

function as the mechanism for these responses, and therefore comprise many large and 

diverse families within the plant genome. TFs are generally classified based on their 

characteristic DNA-binding domains or ‘motifs’ that recognize specific DNA sequences
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in promoters, reviewed in Gonzalez (2016). Japonica rice has 2478 non-redundant 

transcription factors classified into 54 families based on domain composition. The largest 

TF families in rice are AP2-EREBP, bHLH, and NAC having 165, 160, and 144 TFs 

respectively (Priya and Jain 2013). Because TFs are frequently involved in regulating 

expression of multiple genes for a metabolic pathway, modulating biological processes 

including numerous enzymatic reactions such as starch biosynthesis may be possible 

using a single transcription factor. 

 

Transcription Factors Previously  

Identified as Involved with Starch Biosynthesis 

 

Several studies have identified transcription factors involved in starch 

biosynthesis. AtWRKY20 was identified in vitro as a direct transcriptional activator of 

the leaf AGPase large subunit ApL3 promoter in Arabidopsis. ApL3 and AtWRKY20 also 

had matching expression patterns in cut leaves treated in water as well as in the presence 

of sucrose and mannitol, suggesting these genes are functionally related and that 

AtWRKY20 is a regulator of ApL3 (Nagata et al. 2012).   Onodera et al. (2001) and 

Wang et al. (2013) showed that rice OsbZIP58 (RISBZ1), a basic leucine zipper (LZ) TF, 

plays a regulatory role in seed endosperm starch biosynthesis. This LZ TF binds to the 

GCN4 motif, a cis-element highly conserved in the promoters of cereal seed storage 

product genes, suggesting broad binding specificity of OsbZIP58 for genes related to 

seed maturation (Onodera et al. 2001).   Wang et al. (2013) additionally found that 

osbzip58 null mutants displayed abnormal seed morphology with decreased seed starch 

and amylose plus showed OsbZIP58 bound to the promoters of six starch synthesizing 
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genes including AGPase, starch branching and starch synthase genes (Wang et al. 2013). 

A third example TF is Rice Starch Regulator1 (RSR1), a rice AP2/EREBP family TF 

found to negatively regulate the expression of seed starch genes. Key starch biosynthetic 

genes are upregulated in rsr1 mutants (AGPL2, BEI, and ISA1 – isoamylase 1) in addition 

to increased amylose content, seed size and yield. Overexpression of RSR1 suppressed 

starch synthesis genes resulting in decreased individual seed weight and altered 

amylopectin structure (Fu and Xue 2010). Constitutive overexpression of a fourth TF, 

AP2/ERF HIGHER YIELD RICE (HYR), increased photosynthetic carbon metabolism 

in rice increasing the number of starch granules in flag-leaf parenchyma, chlorophyll 

levels, and conferring up to 29% increased grain yield as well as increasing drought and 

high temperature tolerance. HYR directly activates multiple photosynthetic-related 

processes causing a regulatory cascade involving auxin response, drought avoidance, and 

regulation of root growth through repression of the TF OsWRKY72 which is orthologous 

to AtWRKY75 (Ambavaram et al. 2014), involved in regulating root growth and 

architecture (Devaiah et al. 2007).  

 

Methods of Identifying Transcription  

Factors Important in a Pathway of Interest 

 

There are multiple methods of identifying transcription factors involved in 

specific pathways of interest including online computational tools, experimental 

techniques, and expression profiling. Online computational tools are available for de 

novo prediction of regulatory elements. These tools require a user entered collection of 

regulatory regions for genes believed to be co-regulated.  The program identifies motifs 
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that are statistically over-represented, but can be problematic as sequence variability 

occurs among transcription factor binding sites. An assessment of 13 different 

computational tools found accuracy of these programs to be low (Tompa et al. 2005). 

Experimental techniques include analysis of alterations of chromatin structure and 

experimental manipulation of defined DNA segments. Both methods work to locate 

functional elements when defined regulatory proteins are unknown, and can range in 

scope from site specific analysis to broad conclusions of regulation (Elnitski et al. 2006). 

One popular experimental technique is ChIP-seq, which combines chromatin 

immunoprecipitation and next generation sequencing. In this method DNA bound by a 

TF is isolated and microarrays are used to identify binding sites of the protein via 

sequence specific probe molecules which are fluorescently labeled. The advantage to this 

approach is the high resolution data that it is able to produce, however cost and access to 

equipment can be prohibitive. ChIP-seq can also be challenging since identified regions 

are larger than actual motifs, and discovery algorithms require advanced knowledge of 

bioinformatic techniques (Park 2009). 

Genome-wide gene expression profiling is becoming an effective approach to 

identify genes involved in plant development. This approach assumes that genes of 

unknown function having highly similar response to specific conditions may be 

functionally related (Tohge and Fernie 2012). In fact, the work described earlier 

identifying RSR1 as a transcriptional regulator of starch biosynthesis is one successful 

example of this approach. Fu and Xue (2010) used 27 rice starch synthesis genes 

(including AGPase, SS, GBSS, BE and others) as controls to identify co-expressed genes 
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across 171 GeneChip microarrays encompassing whole genome profiles from various 

tissues and conditions. They looked at genes co-expressed with source and sink starch 

genes and ultimately identified a single TF important in seed starch synthesis. Another 

approach described by Furutani et al. (2006) combined global transcriptome analysis with 

in situ hybridization to identify genes important for a process of interest. Global 

transcriptome profiling was done using a cDNA microarray to obtain a comprehensive 

view of gene expression during the early stages of panicle development, including 6 

stages from phase transition to panicle branch differentiation. Expression values were 

compared to several control genes important to panicle development (including LAX – 

major regulator of panicle branching, FZP – spikelet meristem identity, and OsMADS3 – 

stamen and carpel primordia) and 56 genes expressed at very early stages of panicle 

development were identified. Seventeen of these genes encoded transcription factors and 

in situ hybridization was used to further reveal the spatial expression patterns of the 

genes, allowing a single TF important in rice panicle development to be identified 

(Furutani et al. 2006).   

The study presented here was conducted under the same principle of co-

expression and global expression analysis. RNA-seq was performed on rice lines 

overexpressing the maize endosperm AGPase genes Sh2r6hs and Bt2 in leaves (described 

in Schlosser et al. (2014)) and global analysis identified WRKY76 as having promise for 

regulation of the entire leaf starch biosynthetic pathway. We additionally explore the 

effect of another candidate regulatory protein, F-Box, which comes from a regulatory 

family indicating potential for control of plant development and starch synthesis.  
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Short Review of WRKY Transcription 

Factor and F-Box Protein Families 

 

 

WRKY. WRKY TFs are a large family of plant proteins that contribute to plant 

specific processes such as responses to biotic and abiotic stresses, trichome development, 

biosynthesis of secondary metabolites and general plant growth (reviewed in Eulgem et 

al. (2000)).  The WRKY proteins have been categorized into seven subfamilies, and 

despite their diversity all recognize the TTGACC/T W-box promoter sequence. These 

proteins are named for their WRKY domain, a roughly 60 amino acid region of which 

each WRKY TF has either one or two. The WRKY domain contains the WRKYGZK 

sequence at the N-terminus followed by a Cx4-5Cx22-23HxH (C2H2)  or  Cx7Cx23HxC 

(C2HC) zinc-finger motif. The WRKY TFs bind to a W-box sequence in the promoters 

of genes regulated by the protein (Gonzalez 2016). Additionally, WRKY transcription 

factors interact with a wide variety of proteins which work in regulating signaling, 

transcription, and chromatin remodeling. It is believed that there are roughly 100 WRKY 

TFs in the rice genome (Wu et al. 2005, Chi et al. 2013). The specific protein identified 

in this study, WRKY76 (Os09g0417600), is a group IIa factor, previously identified as a 

transcriptional repressor playing a negative role in rice blast disease and a positive role in 

cold stress tolerance (Yokotani et al. 2013). Screening of the Expression atlas database: 

https://www.ebi.ac.uk/gxa/home, identified WRKY76 as having low native expression 

levels (9-11 reads) with primary tissues being leaf and seed. 

 

F-Box. F-Box is one of the largest groups of regulatory proteins found in 

eukaryotes and plays a role in many important biological functions. F-box encoding 
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genes are expressed during various stages of panicle and seed development in rice and are 

involved in plant growth and development (Jain et al. 2007). F-box proteins were first 

described as components of SCF ubiquitin-ligase (E3) complexes which perform 

regulated protein degradation. SCFs facilitate covalent transfer of ubiquitin onto 

substrates via ubiquitin-conjugating enzymes, promoting degradation of the substrate. 

Within the complex, F-box proteins bind specific substrates in addition to centrally 

linking some of the complexes main components. Outside of SCS complexes F-box 

proteins act as regulators of protein-protein interaction (Kipreos and Pagano 2000). In 

rice, ~730 potential F-box proteins have been identified, each having a conserved F-box 

motif of approximately 40 amino acids (Xu et al. 2009). Based on domain architecture 

the proteins have been categorized into ~13 subfamilies depending on which publication. 

The largest subfamily, classified as FBX, has a single F-box domain, while remaining 

subfamilies have additional functional domains including DUF, LRR, kelch repeats, 

FBD, TUB domains, WD40 repeats, and others (Jain et al. 2007). The Cyclin-like F-box 

protein used in this study (Os04g0208400) has a single, 37 amino acid long F-box 

domain near the N-terminus, placing it in the FBX subfamily. Expression Atlas reports 

this gene to have very low native expression levels (2 reads) with primary tissues being 

carpel and pistil.  

Since starch production is a major contributor to plant yield, much research has 

been focused on its production, yet the mechanisms regulating this complex pathway are 

still not well understood. The research presented here is thus of great importance in order 

to gain a better understanding of leaf starch biosynthetic regulation. Here we have 
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identified genes upregulated likely in response to increased AGPase with a goal of 

narrowing this to a single regulatory protein which confers increases in leaf starch. 

Preliminary data on plants transformed with the individual proteins ultimately led to a 

focus on WRKY76 as having the greatest involvement in starch biosynthesis. A more 

detailed understanding of the rice WRKY family and WRKY76 in particular is presented 

here.  

 

The WRKY Transcription Factor Family 

 

WRKY transcription factors have ancient origins and WRKY-like genes have 

been identified in protists (Giardia lamblia and Dictyostelium discoideum) and green 

algae Chlamydomonas reinhardtii through database research (Wu et al. 2005, Zhang and 

Wang 2005). Evolution has brought about a lineage specific expansion of the WRKY 

gene family, with species having as few as 1 WRKY gene (protists) to nearly 200 

(soybean). WRKY transcription factors are now known in rice as well as a wide array of 

other species, Table 1.3. Rinerson et al. (2015) phylogenetically aligned the WRKY 

domains from WRKY gene families of 30 diverse species and found that WRKY families 

consistently cluster into three main groups (I, II, and III) with several sub-groups. 

Some generalizations can be made of WRKY groups, which are characterized by 

the number of WRKY domains they contain as well as the structure of their zinc finger 

domains. Group I has two WRKY domains while II and III each have singular domains. 

Groups I and II contain a C2H2 zinc finger motif whereas group III contains a C2HC 

motif (Rinerson et al. 2015). Group II genes are further divided into subgroups IIa, IIb,  
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Table 1.3. WRKY gene families in various species 

Species 
Identified 

WRKYs 
Reference 

Giardia lamblia 1 Wu et al. (2005), Zhang and Wang (2005) 

Dictyostelium discoideum 1 Wu et al. (2005), Zhang and Wang (2005) 

Chlamydomonas reinhardtii 1 Rinerson et al. (2015) 

Brassica napus 43 Yang et al. (2009) 

Hordeum vulgare 45 Mangelsen et al. (2008) 

Cucumis sativus 55 Ling et al. (2011) 

Arabidopsis thaliana 74 Ulker (2004) 

Solanum lycopersicum 81 Huang et al. (2012) 

Brachypodium distachyon 86 Tripathi et al. (2012) 

Oryza sativa 102 (Wu et al. 2005) 

Populus trichocarpa 104 He et al. (2012) 

Triticum aestivum 160 Okay et al. (2014) 

Glycine max 197 Schmutz et al. (2010) 

 

 

IIc, IId and IIe. Group 1 is the apparent ancestral group, being the only one present in 

Chlamydomonas, while group IIa and IIe appear to be most recently evolved as they are 

the only two groups absent from the moss Physcomitrella patens (Rushton et al. 2010). 

Group IIa has the fewest members and likely evolved in the roughly 40 million year 

period after mosses appeared as they are the only group not present in Selaginella 

moellendofii (Rinerson et al. 2015), the first non-seed vascular plant genome reported 

(Banks et al. 2011).  

Phylogenetic and comparative gene expression analysis of WRKY TFs supports 

putatively retained function between monocot and dicot species, suggesting that WRKY 

specialization occurred prior to diversification of the two major plant groups. Mangelsen 

et al. (2008) uses phylogenetic comparisons of Arabidopsis (dicot), rice (monocot) and 

barley (monocot) to assign putative orthologues between species and further 

demonstrates their correlative expression patterns during plant development, signifying 
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that determination of WRKY orthology is not restricted to sequence similarities alone. 

Proietti et al. (2011) investigated interactions of orthologous WRKY TFs and their 

respective pathogenesis related (PR) proteins. The study found 90% sequence identity 

between rice OsWRKY78 and wheat TaWRKY78 but only 50% sequence identity 

between monocot and dicot orthologues of TaWRKY78 and Arabidopsis AtWRKY20. 

Despite the variation in sequence the study was able to demonstrate in vitro and in vivo 

that the wheat and Arabidopsis WRKYs could bind and thus regulate their respective PR 

orthologues, wPR4e and AtHEL, plus show both WRKYs activate the orthologous 

cognate promoters, suggesting the mechanism is essentially conserved across monocot 

and dicot species (Proietti et al. 2010). A third study identified sets of co-expressed 

WRKY genes in both rice and Arabidopsis that are functionally likely to cooperate in the 

same signal transduction pathways and are conserved between the two model species 

(Berri et al. 2009). 

  Conserved function among model species and agricultural crops lends 

understanding to complex transcriptional regulation and aiding plant improvement. This 

study brings to question what knowledge is available regarding orthologues of WRKY76 

and its subgroup, Group IIa. Before this can be addressed it is important to discuss 

discrepancies in nomenclature of the WRKY family, a particular issue in rice. The rice 

genome was made public in 2004 allowing independent research and publication of 

findings regarding major gene families such as WRKY. This inadvertently led to ten 

publications over a six-year period with varied numbering of the roughly 100+ rice 

WRKY TFs. Seven of the ten publications accurately referred to the gene of interest in 
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this paper as WRKY76, while two papers (Zhang and Wang 2005, Berri et al. 2009) 

referenced OsWRKY58, and Wu et al. (2005) referenced OsWRKY81. The Committee 

on Gene Symbolization, Nomenclature and Linkage, Rice Genetics Cooperative 

(CGSNL) subsequently published the “Gene Nomenclature System for Rice” in 2008 

encouraging researchers to follow the nomenclature rules outlined in the document before 

publishing results. The WRKY TFs were systematically re-named based on date of first 

description and a detailed document of publications with their respective WRKY 

numbering, and the newly designated CGSNL number is available at: http://www.ncbi.nl 

m.nih.gov/pmc/articles/PMC3834489/bin/1939-8433-5-3-S1.DOC. Nomenclature 

Report on Rice WRKYs, (Rice 2012).  

 

Group IIa WRKYs 

 

WRKYs are generally known for the role they play in stress response and this is 

also true for group IIa. Several studies document IIa interaction in various crops 

modulating abiotic stress response. In rice, Peng et al. (2010), attempted to 

simultaneously knock down all four IIa family members (OsWRKY28, 62, 71, and 76) 

with a “super” long inverted repeat (SIR) construct and instead overexpressed all four 

genes. This resulted in disease resistance in some of the lines, and upregulated expression 

of PR10, a pathogenesis related gene. The researchers posited that the mechanism 

causing the unexpected overexpression of all IIa genes may be self-regulation by WRKY 

genes or regulation via other TFs and proteins. Group IIa subfamily members also play 

individual roles in both positive and negative regulation of plant innate immunity. 

Overexpression of OsWRKY62 compromises rice basal defense and Xa21-mediated 
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resistance to the bacterium Xanthomonas oryzae pv. oryzae (Xoo) (Peng et al. 2008). 

Conversely, overexpression of OsWRKY71 elevates expression of defense related genes 

and enhanced resistance to Xoo (Liu et al. 2007).  

Proietti et al. (2011) demonstrated that orthology is not wholly dependent on 

sequence similarity. Almost all WRKY TFs bind preferentially to the same core 

sequence, yet binding selectivity exists between related sequences. A detailed study of 

the binding selectivity of five AtWRKY proteins using gel shift experiments showed that 

although the W-box core is required, adjacent sequences also partly determine binding 

site preference (Ciolkowski et al. 2008). This may partially explain the occurrences of 

shared function of orthologous genes between rice and Arabidopsis. Comparison of 

sequence similarity between rice WRKY76 and Arabidopsis group IIa is presented in 

Table 1.4. OsWRKY76 appears to have equal sequence resemblance to AtWRKY40 and 

60 with 36% similarity, where there is only 34% similarity to AtWRKY18. Similarity 

within the Arabidopsis WRKYs falls at a comparable value of 39% between AtWRKY40 

and 60, while greatest similarity overall is between AtWRKY18 and 40. All four 

sequences have the conserved WRKY domain, Figure 1.1, and phylogenetic mapping of 

the Arabidopsis group IIa WRKYs and a wide array of rice WRKYs including the group 

IIa demonstrates the high degree of similarity amongst these TF proteins, Figure 1.2. As 

shared function has been demonstrated between select orthologous WRKYs from distant 

species, clues from knowledge available on the Arabidopsis group IIa WRKYs may be 

useful. 
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Table 1.4. Amino acid sequence similarity of OsWRKY76 to Arabidopsis IIa WRKYs 
GenBank Protein 

Accession 
WRKY AtWRKY18 AtWRKY40 AtWRKY60 

Size 

(aa) 

AEC07648 AtWRKY18 --- --- --- 310 

AEE36457 AtWRKY40 66% --- --- 302 

AEC07648 AtWRKY60 43% 39% --- 271 

AK068337/ABC02813 OsWRKY76 34% 36% 36% 327 
Sequence comparisons made in Biology Workbench: workbench.sdsc.edu/, (San Diego Supercomputer 

Center 2016) 

 

 

Figure 1.1. Amino acid sequence alignment of OsWRKY76 and Arabidopsis IIa WRKYs 

 

Consensus key 

* - single, fully conserved residue : - conservation of strong groups 

. - conservation of weak groups     - no consensus 

 

AtWRKY18      MDGSSFLDISLDLNTNPFSAKLP-KKEVSVLASTHLKRKWLEQD--ESASELREELNRVN 

AtWRKY60      MD----YDPNTNPFDLHFSGKLP-KREVSASASKVVEKKWLVKD--EKRNMLQDEINRVN 

AtWRKY40      MD--------------QYSSSLV-DTSLDLTIG--VTRMRVEED--PPTSALVEELNRVS 

WRKY76        MDAAWRGGVGCSPVCLDLCVGLSPVREPSAARHELLDRPAGCRGGGDSKSMTNDEAKIVE 

              **                .  *    . .      : :    ..     .   :* : *. 

 

AtWRKY18      SENKKLTEMLARVCESYNELHN-HLEKLQSRQSPE-IEQTDIPIK-KRKQD--PDEFLGF 

AtWRKY60      SENKKLTEMLARVCEKYYALNN-LMEELQSRKSPESVNFQNKQLTGKRKQE--LDEFVSS 

AtWRKY40      AENKKLSEMLTLMCDNYNVLRK-QLMEYVNKSNITERDQISPPKKRKSPAR--EDAFSCA 

WRKY76        AKVTQMSEENRRLTEVIARLYGGQIPRLGLDGSASPPRPVSPLSGKKRSRESMETANSCD 

              :: .:::*    : :    *    : .     .       .     *              

 

AtWRKY18      PIG-LSSGKTENSSSNEDHHHHHQQHEQKNQLLSCKRPVTDSFNKAKVSTVYVPTETSDT 

AtWRKY60      PIG-LSLGPIEN--------------------------ITN--DKATVSTAYFAAEKSDT 

AtWRKY40      VIGGVSESSSTDQDE-----------------YLCKKQREETVVKEKVSRVYYKTEASDT 

WRKY76        ANSNRHQGGDADHAES-------------------FAADDGTCRRIKVSRVCRRIDPSDT 

                .    .   :                                : .** .    : *** 

 

AtWRKY18      SLTVKDGFQWRKYGQKVTRDNPSPRAYFRCSFAPSCPVKKKVQRSAEDPSLLVATYEGTH 

AtWRKY60      SLTVKDGYQWRKYGQKITRDNPSPRAYFRCSFSPSCLVKKKVQRSAEDPSFLVATYEGTH 

AtWRKY40      TLVVKDGYQWRKYGQKVTRDNPSPRAYFKCACAPSCSVKKKVQRSVEDQSVLVATYEGEH 

WRKY76        SLVVKDGYQWRKYGQKVTRDNPSPRAYFRCAFAPSCPVKKKVQRSAEDSSLLVATYEGEH 

              :*.****:********:***********:*: :*** ********.** *.******* * 

 

AtWRKY18      NHLGP-----------------NASEGDATSQGGS-------STV---TLDLVNGCHRLA 

AtWRKY60      NHTGP-----------------HAS--------VS-------RTV---KLDLVQGGLEPV 

AtWRKY40      NHPMPSQIDSNNGLNRHISHGGSASTPVAANRRSS-------LTVPVTTVDMIESKKVTS 

WRKY76        NHPHPS---PRAGELPAAAGGAGGSLPCSISINSSGPTITLDLTKNGGAVQVVEAAHPPP 

              **  *                  .*         *        *     :::::.      

 

AtWRKY18      LE------KNERDNTMQEVLIQQMASSLTKDSKFTAALAAAISGRLMEQSRT-- 

AtWRKY60      EE------KKER-GTIQEVLVQQMASSLTKDPKFTAALATAISGRLIEHSRT-- 

AtWRKY40      PT------SRIDFPQVQKLLVEQMASSLTKDPNFTAALAAAVTGKLYQQNHTEK 

WRKY76        PPDLKEVCREVASPEFRTALVEQMASALTSDPKFTGALAAAILQKLPEF----- 

                       .     .:  *::****:**.*.:**.***:*:  :* :       
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Arabidopsis group IIa WRKYs (AtWRKY18, 40 and 60) demonstrate physical 

and functional interactions. These WRKYs form both homocomplexes and 

heterocomplexes, and association of different WRKY IIa members can alter their  

sequence specific DNA binding activities. Similar to rice, overexpression of AtWRKY18 

increases resistance to Pseudomonas syringae - a bacterial pathogen, while simultaneous  

 

Figure 1.2. Phylogenetic map of Arabidopsis group IIa WRKYs and a wide selection of 

rice WRKYs 

Phylogeny made in DNASTAR (DNASTAR, Madison, WI). Boxed area highlights the branch in which 

rice and Arabidopsis group IIa WRKYs cluster. 

 

 

overexpression of AtWRKY18 with either AtWRKY40 or AtWRKY60 increases 

susceptibility (Xu et al. 2006).  
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Shang et al. (2010) demonstrated that the Arabidopsis group IIa WRKYs play 

interactive roles in ABA signaling with AtWRKY40 in the central role. Individual, 

double, and triple knockout mutants of the three IIa TFs demonstrate varying levels of 

ABA hypersensitive phenotypes in ABA-induced inhibition of seed germination and 

ABA-induced post germination growth arrest.  The double mutant wrky40/wrky18 shows 

the strongest hypersensitivity, followed by the wrky40 single mutant and the triple mutant 

wrky40/wrky18/wrky60, indicating that WRKY40 plays a more important role than the 

other two in ABA signaling. The three TFs negatively control ABA signaling 

downstream of the ABA receptor ABAR via directly regulating a set of ABA-responsive 

transcription factors including AB14, AB15, ABF4, and MYB2. These TFs in turn regulate 

many key genes involved in ABA-induced physiological responses (Shang et al. 2010).  

 Specifically, WRKY76 is identified as a repressor playing varying roles in blast 

disease resistance and cold stress tolerance. Yokotani et al. (2013) demonstrated that 

OsWRKY76 is: i) induced under both biotic (Magnaporthe oryzae) and abiotic stress 

(wounding and cold treatment) conditions ii) targeted to the nucleus iii) able to bind in a 

sequence-specific manner to the W-box element iv) and can act as a transcriptional 

repressor. OsWRKY76 overexpression caused increased susceptibility to blast fungus, 

suppressed activation of defense associated genes (PR1, PR10b, and PR15), upregulated 

stress associated genes including peroxidases and glutathione S-transferase, and 

improved tolerance to cold stress. Yokotani’s results implicate OsWRKY76 in biotic and 

abiotic stress response but do not elucidate signaling pathways nor interactions that may 

occur with other group IIa TFs. In an effort to duplicate the results Yokotani et al. (2013) 
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found in regards to cold stress tolerance we replicated their study with our own over 

expressed WRKY76 events and found opposing results (data not shown). 

 

Conclusion 

 

Since starch production is a major contributor to plant yield, much research has 

been focused on its production in plants, yet mechanisms regulating this complex 

pathway are not well understood. Several TFs have been identified as playing a role in 

starch biosynthesis including AtWRKY20 in the leaf, OsbZIP58 and RSR1 in the 

endosperm, and constitutive expression of HYR. Complex transcription factors and our 

incomplete understanding of starch biosynthesis suggests that more TFs are likely 

involved. Our results identify WRKY76 as being upregulated in response to increased 

AGPase activity in leaves and we further explore the effect its overexpression has on 

starch production and plant productivity.   
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CHAPTER 2 

 

IDENTIFICATION OF LEAF STARCH SPECIFIC  

BIOSYNTHETIC TRANSCRIPTION FACTORS 

 

Introduction 

 

Starch production is an important aspect of crop yield and a more complete 

understanding of its regulation may lead to greater plant productivity. The rate limiting 

enzyme, ADP-glucose pyrophosphorylase (AGPase), is the focus of many studies, 

particularly the endosperm isoform. In this study RNA-sequencing analysis of rice lines 

overexpressing AGPase in leaves identified a set of upregulated genes. Among the 

upregulated genes were transcription factors (TFs) and regulatory proteins. Transcription 

factors play an important role in regulating plant function. Here we transformed the rice 

variety Nipponbare with WRKY76, found to be implemented with leaf starch 

biosynthesis, along with a candidate F-box protein, chosen for the family’s involvement 

in plant growth and development. Two additional genes upregulated in leaf AGPase 

overexpressing events were also selected. WRKY76 was found to upregulate carbon 

metabolism in that its overexpression resulted in a 45% increase in leaf starch at the one-

month growth stage.    
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Materials and Methods 

 

Identification of Candidate Starch Specific TFs 

Global RNA sequencing was performed on increased leaf AGPase events 

overexpressing the maize endosperm AGPase genes Sh2r6hs and Bt2 in leaves as 

described in Schlosser et al. (2014) Sh2r6hs, a modified form of the maize endosperm 

AGPase large subunit gene, and Bt2, the maize small subunit gene, were over expressed 

in rice variety Nipponbare via Agrobacterium transformation under control of a rice 

RuBisCo small subunit promoter. Resulting transgenic lines expressed Sh2r6hs and Bt2 

transcript levels at 20 times that of the native genes and increased AGPase activity was 

correlated with higher leaf starch. Expression analysis was performed on these lines as in 

Schlosser et al. (2014) to determine transcription factors upregulated in response to 

increased AGPase using Ubiquitin-Conjugating Enzyme E2 (UBC)(AK059694) for 

normalization of reads. Expression of six AGPase + lines were compared to six negative 

control sister lines.  Of the 29,373 recognized genes 671 had increased expression as 

compared to AGPase negative sister lines. Two major protein families were selected 

(WRKY76 and F-Box), each having association with plant development and potential for 

involvement in the starch pathway. Each protein family is represented by the specific 

member (WRKY76, and F-Box (Os04g0208400)) which had the greatest increases in 

expression fold and most significant P-values of their respective families. Additionally, 

two upregulated non-regulatory genes were included (Protein phosphatase 2C and Nitrate 

Transporter), Table 2.1.  
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Table 2.1. Expression of selected genes upregulated in response to increased AGPase  

Locus ID a 

GenBank 

mRNA 

Accession Product 

Wild 

Typeb 

AGPase 

Transgene 

Positiveb 

Fold 

Ratio 

P/Nc 

Os09g0417600 XM_015755209 WRKY TF 76 2008 (582) 12538 (10742)  6.24* 

Os04g0208400 XM_015779617 F-box domain 47 (3) 53 (10) 1.13 

      

Os01g0583100 XM_015766182 Protein phosphatase 2C 138 (20) 445 (32) 3.24*** 

Os02g0716800 XM_015768025 Nitrate transporter 21 (7) 82 (24) 3.83* 
a Genes were identified via RNA-seq as upregulated in rice plants overexpressing AGPase genes Sh2r6hs 

and Bt2 in leaves under a rice RuBisCo small subunit promoter normalized to UBC 
b Counts are RPKM normalization values (Standard Error) 
c One-tailed, paired t-test, *, *** Differences between Positive and Negative sister lines significantly 

different at P < 0.05 and P < 0.001 respectively using a paired t test. 

 

 

Transgene Constructs and Transformation 

Transformation was performed using Agrobacterium strain EHA101 (Hood et al. 

1986) and as in Schlosser et al. (2014) the constructs made use of the pTF101.1 binary 

vector (Paz et al. 2004), Figure 2.1. The base vector is a derivative of the pPZP binary 

vector (Hajdukiewicz et al., 1994) which contains a nopaline synthase (NOS) terminator 

and a spectinomycin-resistant marker gene (aadA) for bacterial selection. The plant 

selectable marker gene cassette consists of the double 35S promoter (2x P35S) of 

cauliflower mosaic virus (CaMV) (Odell et al. 1985), tobacco etch virus translational 

enhancer (Carrington and Freed 1990), and the phosphinothricin acetyl transferase (Bar) 

 

Figure 2.1 Structure of the Transcription Factor transgenes 

Structure of the transgene inserts along with selectable marker, Bar. Each GOI coding sequence was 

independently combined into the pTF101.1 binary vector under control of the rice RuBisCO small subunit 

(RBC) promoter and the NOS terminator.  The tobacco RB7 matrix attachment region sequence (MARS) 

was also included.  The pTF101.1 vector contains the Bar gene selectable marker, conferring resistance to 

the herbicide glufosinate, under control of the cauliflower mosaic virus 35S promoter (2 x P35S).   
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gene from Streptomyces hygroscopicus that confers resistance to glufosinate (Bayer 

CropScience, Kansas City, MO). pTF101.1 contains a multiple cloning site (MCS) for 

facilitating sub-cloning of a gene of interest in between the right border region and the 

plant selectable marker cassette. The soybean vegetative storage protein terminator, Tvsp 

(Mason et al. 1993), was added to the 3’ end of the Bar gene.  Each gene is under control 

of the native rice RuBisCo small subunit (RBC) promoter (Bakhsh et al. 2011). A tobacco 

RB7 matrix attachment region sequence (MARS) (reviewed in Allen et al. (2000) was 

positioned between the NOS terminator of the transgene coding sequence and the 2x 

CaMV 35S promoter. Cloning sites are denoted on either side of the gene of interest 

(GOI).  The 3’ cloning site used for all GOIs was SbfI. Each construct is described in 

Table 2.2.  Construct pWRKY76 contains a 1,355 bp WRKY TF 76 sequence, pFBox has 

a 1,881 bp sequence for a cyclin-like F-Box family protein; pP2C contains a 1,575 bp 

protein phosphatase 2C sequence and pNT has a 2,451 bp sequence for a nitrate 

transporter 1.5-like gene. Constructs were introduced into rice japonica variety 

Nipponbare calli at the Iowa State University Plant Transformation Facility via 

Agrobacterium-mediated transformation (Toki 1997).   

 

Table 2.2. Constructs used in transformation 

Vector Product Accession cDNA insert (bp) 

pWRKY WRKY TF 76 AK068337 1,355 

pFbox F-box domain AK069629 1,881 

    

pP2C Protein phosphatase 2C AK242616 1,575 

pNT Nitrate transporter  AK287911 2,451 
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Plant Growth Conditions 

T0 regenerated plantlets were transplanted from 7.5 x 7.5 x 8cm GA-7 Magentas 

(Magenta LLC, Chicago, IL) with MS media (Smidansky et al. 2003) when 

approximately 10 cm tall at a rate of two plants per pot. Square pots were 13 cm tall, 7 

cm wide at the bottom, 10 cm wide at the top and lined with permeable landscape cloth. 

Pots were filled with Profile Greens Grade calcified clay (Profile Products LLC, Buffalo 

Grove, IL) with 4.93 cc of 1:0:1 Ironite (4.5% Fe) Mineral Supplement (Ironite, Walnut 

Creek, CA) mixed into the bottom half of the pot. Growth conditions consisted of a 

26.5°C day/24.5°C night temperature regime and a 12 hr photoperiod.  Artificial lighting 

provided 800 μE m-2 s-1 PAR at canopy height.  Once plants reached 15 cm in height, 

they were bottom flood irrigated in tubs keeping water 1-2cm below media surface. 

Every other day water/nutrient replenishments were performed with 100 ppm N prepared 

using Peter’s Excel 15-5-15 Cal-Mag (Everris, Marysville, OH) according to Eddy and 

Hahn (2008). Data collection time points were one month (30 days after transplanting), 

anthesis (average flowering date for each event), grain fill (14 days post anthesis), and 

maturity (60 days post anthesis). T2 and T3 generation plants were grown in the same 

fashion.  

T2:3 seed was germinated from two heterozygous seed sources. Seedlings were 

transplanted to pots 10 days after germination and grown at a density of three plants per 

pot until 15cm tall, at which point they were thinned to a single plant. Plants were grown 

to maturity under 1000 PAR at canopy height. Seedlings were used for 1-month starch 

quantification. 
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PCR Testing for Transgene Presence 

PCR screening was performed on DNA isolated from T1:2 glufosinate resistant 

and susceptible plants to ensure the Bar transgene co-segregated with glufosinate 

resistance. PCR reactions were conducted using Bar primers (Kang and Yang 2004) with 

upstream PCR primer 5’-GAGACAAGCACGGTCAACTTC-3’ and downstream primer  

5’-AAACCCACGTCATGCCAGTTC-3’ to give a 550 bp product using GoTaq DNA 

polymerase (Promega, Madison, WI, USA). PCR parameters were as follows: 94˚C for 5 

min, 35 cycles of 94˚C for 30 sec, 58˚C for 30 sec, 72˚C for 45 sec, followed by 72˚ for 7 

min. Co-segregation of the Bar transgene and glufosinate resistance was confirmed for all 

events. Events segregated according to the expected 3:1 ratio. PCR results and Chi square 

values are presented in Table 2.3. 

 

Table 2.3. PCR screening results and Chi-Squared values of T1:2 lines segregating for Bar 

transgene 

  Event  Positive Negative Chi Square P-value 

WRKY76 1 19 11 2.18 0.14 

 2 26 5 1.30 0.25 

 5 16 10 2.51 0.25 

 12 25 6 0.53 0.47 

      

Fbox 17 18 8 0.46 0.50 

 19 19 8 0.31 0.58 

 28 26 5 1.30 0.25 

 20 20 8 0.19 0.66 
Progeny tests consist of PCR screening for presence of the Bar transgene. Chi-square analysis is consistent 

with the integration of the transgenes at a single locus in each of the eight events. 

 

 

Transgene Expression Analysis 

Transcript expression levels for each of the transgenes was determined using 

RNA-sequencing. Tissue from hemizygous T0 source leaves segregating for transgene 
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expression was collected at 1 hr pre-lights out at anthesis. Entire source leaves were 

collected from ten individual plants representing ten random events for each construct.  

The source leaf was defined as located two leaves below the uppermost leaf of the tallest 

panicle. Tissue was ground in liquid N2 and total RNA was extracted using an RNeasy 

Mini Kit (Qiagen, Valencia, CA) according to the manufacturer’s instructions.  Total 

RNA was quantified then integrity was determined using a Bioanalyzer (Agilent 

Technologies, Santa Clara, CA). A single replicate for each genotype was selected for 

analysis. 1 μg of total RNA was used for cDNA library construction using TruSeq RNA-

SEQ library kits (Illumina Inc., San Diego, CA) with 6 bp molecular identification tags 

added for multiplexing. Amplicons from cDNA libraries were sequenced with 50 bp 

reads using an Illumina High Scan-SQ platform. RNA-seq analysis was carried out with 

QSeq and ArrayStar (DNASTAR, Madison, WI). Sequence data were imported and 

genes of interest selected for analysis with the match settings set to 100% for at least 45 

bp and all other settings left at default with reads per kilobase of exon model per million 

mapped reads (RPKM) normalization (Mortazavi et al. 2008). Resultant expression data 

were converted to linear counts and normalized to Ubiquitin-Conjugating Enzyme E2 

(UBC) (AK059694). Two-tailed t-tests were performed to determine if significant 

changes in expression existed between the pRBCSh2Bt2 negative AGPase control (Wild 

Type) and individual events.  

 

Leaf Starch Quantification 

Preliminary leaf starch levels were examined in T0 events. Two plantlets were 

sampled from each event. Control genotypes included AGPase transgene positive 
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(NR16+) and its AGPase negative sister line (Wild Type) from Schlosser et al. (2014), as 

well as the apl1 mutant and its wild type sister line Apl1 from Rösti et al. (2007).  At 

anthesis the leaf two leaves below the uppermost leaf was located and 5 cm of leaf tissue 

was collected, central to the widest area of the leaf at 1 hr pre-lights out.  Starch was 

extracted from 10 mg DW samples as in Smith and Zeeman (2006).  Free glucose was 

removed by three incubations consisting of mixing ground leaf powder in 80% EtOH at 

80°C for 3 minutes followed by 5 minute centrifugation at 13,000 rpm and removal of 

supernatant. Extracted starch pellets were suspended in 100 mM sodium acetate (pH 4.8) 

and digested with 0.05 U α-amylase and 0.15 U amyloglucosidase mg-1 DW. Starch 

quantification was completed as in Rösti et al. (2006), using NADP.  Absolute starch 

values were determined relative to a standard curve prepared with known amounts of 

wheat starch (Azure Farm, Dufur, OR).  Starch levels were compared to control 

genotypes and the Wild Type and Apl1 starch levels (5.01 and 5.03 μg starch mg-1 DW) 

were used as a threshold for advancement. Constructs P2C and NT fell below the 

threshold and were not continued. WRKY76 and F-Box had increased starch levels in 

comparison to the Wild Type and were advanced. 

T3 plants from two heterozygous seed sources were grown as described above.  

Tissue was collected from nine plants identified as transgene positive (Bar transgene 

present) at one month after planting.  Entire source leaves (one leaf below the uppermost, 

expanding leaf) were harvested two hours prior to the dark period and starch was 

quantified as described above with additional comparison to Nipponbare (VC). 

Comparison to the VC is a more stringent comparison as this genotype has not undergone 
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Agrobacterium transformation and is more vigorous than the AGPase negative sister line 

(Wild Type) which has undergone the transformation process without receiving 

overexpression of AGPase. 

 

Analysis of Results 

Mean values were compared using a two-tailed, independent variable t-test or a 

one-tailed, independent t-test with the hypothesis that transformed events would have 

greater starch values than the VC control.  

 

Results 

 

Transgene Expression Analysis 

RNA-seq resulted in over 125 million reads for 6 samples (1 biological rep each 

for WRKY76, F-Box, P2C, NT and the controls NR16+ and Wild Type). Each sample 

yielded an average of 1,044 Mb of sequence with approx. 20,884,000 total 50 bp reads in 

each library. 97.7% of reads had quality scores above Q30, exceeding Illumina’s 

specification of 85%. Linear counts were normalized to Ubiquitin-conjugating enzyme 

E2 (UBC) and correlation of RNA-seq expression (for 29,370 recognized genes) between 

the Wild Type and each event were as follows: WRKY76 r2 .0.84, F-box r2 > 0.83, P2C 

r2 >0.86, NT r2 > 0.86, and NR16+ r2 > 0.89. These values represent the overall change 

that has taken place in each genotype in comparison to the Wild Type. A r2 = 1 would 

imply no change between genotypes. These values are lower than expected and may be 

due to testing the T0 population after Agrobacterium transformation. This process has 

been found to produce fewer genomic changes than plants produced via protoplast 
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treatment, however it produces far more genetic changes than observed in transgenic 

plants produced with particle bombardment or cell electroporation (Labra 2001).  

Table 2.4 presents expression ratios, representative of each transgene in 

comparison to native gene transcript levels in the Wild Type. NT is expressed at over 

500x fold while WRKY76, and F-Box transgenes expressed at ~200x greater fold. P2C is 

expressed at roughly 20,000 reads, typical of the RuBisCO promoter, and is increased at 

20 fold greater than the Wild Type.  This data confirms successful transformation with 

each construct. 

 
Table 2.4. Transgene expression analysis in T0 plants at anthesisa 

Construct Accession No. Transgene WTb,d  Transgenicb  

Over 

Expression 

ratioc  

pWRKY AK068337 WRKY TF 76 121 27,164 224 

pFbox AK069629 F-box domain  30 7,973 265 

      

pP2C 
AK242616 Protein phosphatase 2C 1,118 22,458 20 

pNT 
AK287911 Nitrate transporter 32 17,317 541 

a Data represents a single bulk sample of ten randomly selected events for each construct.  Values have 

been normalized to housekeeping gene UBC 
b Counts are RPKM normalization values, standard error is not reported due to singe replications 
c Values represent the transgene value over the native gene value in pRBCSh2Bt2 negative AGPase control.   
d WT represents the Wild Type, AGPase negative sister line 

 

 

Expression Analysis of 

Carbon Metabolism Genes 

 

RNA-sequencing data used for expression analysis was also used to evaluate the 

effect of transgene expression on various leaf genes important in starch biosynthesis, 

photosynthesis, carbon fixation, and nitrogen metabolism (Table 2.5).  The leaf tissue 

used was a single bulk sample of 10 random events from each construct, collected from 

T0 plants at anthesis. All values are given as a ratio compared to the Wilt Type control.
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Table 2.5. T0 leaf RNA-expression values for carbon and nitrogen metabolism genes of interest at anthesis 

    Genes of Interest Controls 

Accession No. Protein Gene Expressed 

Tissue 

WRKY

76 

F-box P2C NT NR16+ WT 

Relative 

Expression 

(RKPM) 

Starch Biosynthesis         

Os01g063310 AGPase large subunit AGPL2 Seed 0.58 0.63 0.88 0.60 0.75 2,561 

Os03g0735000  AGPL3 Leaves 1.70 0.89 0.61 1.24 0.89 5,578 

Os09g0298200 AGPase small subunit AGPS1 Seed, but 

everywhere 

1.46 0.63 0.51 1.27 0.17 1,573 

Os08g0345800  AGPS2 Seed/leaves 1.92 1.64 1.17 1.48 0.21 2,088 

Os02g0744700 Starch synthase (soluble) SSIIb Leaves 0.95 0.59 0.72 0.91 0.94 2,998 

Os04g062400  SSIIIb Leaves 1.94 1.14 0.78 1.50 1.17 1,517 

Os05g0533600  SSIVb Low 

everywhere 

0.72 0.58 0.71 0.72 0.95 2,061 

Os07g0412100 Starch  synthase (granule 

bound) 

GBSSII Leaves 5.96 2.59 0.89 1.00 1.90 1,336 

Os06g0726400 Branching enzyme BEI Seed 0.89 0.91 0.91 1.00 1.00 5,976 

Os02g0528200  BEIIa Leaves 1.40 1.00 0.66 1.31 1.12 8,217 

Os07g0523600 Glucose 6-

phosphate/phosphate 

translocator 

GPT2 Green tissue 0.64 0.57 0.14 0.76 0.61 9,524 

  Starch 

Average 

1.65 1.01 0.73 1.07 0.88  

Photosynthesis and Carbon Fixation         

Os12g0291100 RuBisCO small subunit RbcS Leaves 1.28 0.74 0.60 0.83 0.67 536,092 

RICBCE3 RuBisCO large subunit RbcL Leaves 1.39 0.92 0.88 1.19 0.48 2,222 
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Table 2.5 Continued 
Os04g0486600 Glyceraldehyde-3-

phosphate dehydrogenase 

 GAPDH Green tissue 1.72 1.46 1.08 1.64 1.22 12,379 

Os09g0535000 Triose-phosphate 

isomerase 

TIM Leaves 2.19 1.46 0.66 1.59 0.84 12,126 

Os02g0698000 Phosphoribulokinase PRK Leaves 1.61 0.83 0.73 0.94 0.97 49,985 

Os03g0170900 Sucrose Transporter SUT1 Everywhere 3.29 1.78 1.94 2.22 1.09 363 

Os12g0641400  SUT2 Leaves 1.95 1.55 0.92 1.95 1.37 1,181 

Os10g0404500  SUT3 Anther 1.35 0.85 0.73 1.00 0.83 1 

Os02g0827200  SUT4 Everywhere 1.02 1.03 1.11 1.06 0.83 693 

Os02g0576600  SUT5 Pistil 1.35 0.85 0.73 1.00 0.83 1 

  Carbon 

Average 

1.71 1.15 0.94 1.34 0.91  

Nitrogen Metabolism         

Os04g0659100 Glutamine synthetase GS2  1.76 0.86 0.69 1.01 0.81 35,390 

Os07g0658400 Ferredoxin-dependent 

glutamate synthase 

Fd-

GOGAT 

 0.78 0.68 0.64 0.85 0.93 36,736 

Os04g0543900 Glutamate dehydrogenase2 GDH2  1.29 1.53 1.05 2.03 1.19 626 

   Nitrogen 

Average 

1.27 1.03 0.80 1.30 0.97  

   Overall 

Average 

1.63 1.07 0.82 1.21 0.91  

Os02g0634800 Ubiquitin- conjugating 

enzyme 

UBC  1.00 1.00 1.00 1.00 1.00 2,904 

a Data represents a single bulk sample of ten randomly selected events for each construct, collected 1 hr pre-lights out at anthesis. Values have been normalized 

to housekeeping gene UBC.   
b Expression ratio values represent the construct value over the Wild Type (WT) AGPase negative sister line control value.   
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The NR16+ plants overexpressing the maize endosperm AGPase genes Sh2r6hs and Bt2 

genes had about a third of the selected starch, carbon and nitrogen metabolism genes with 

increased trends compared to native levels in the Wild Type. This is similar to the 

findings of Schlosser et al. (2014) where replicates (n=6) of events overexpressing 

Sh2r6hs and Bt2 compared to negative sister lines had only two genes (SSIIb and GPT1) 

significantly upregulated. The control gene protein P2C has a fairly consistent downward 

trend of the genes of interest with an overall ratio of 0.82. F-box has essentially no 

change compared to the Wild Type. WRKY76 and showed the most promise for 

positively effecting the expression of the selected genes of interest, having an average 

overall expression fold increases of 63%. WRKY76 additionally shows a 71% elevated 

trend for genes important to photosynthesis and carbon fixation and a 27% increase for 

nitrogen metabolism genes. This evidence further supports WRKY76 as broadly 

regulating expression of genes important to carbon metabolism. 

 

Quantification of Leaf 

Starch in T0 and T2:3 Generations 

 

Two of the four selected constructs (WRKY76 and F-Box) conferred mean 

increases in leaf starch in comparison to the Wild Type in T0 plants at grain fill end of 

day, Figure 2.2. Controls included are the AGPase mutant apl1 and its AGPase wild type 

sister line Apl1 (described by Rösti et al. (2007), and plants from the original AGPase 

study, NR16+ and its wild type sister line (Wild Type), described in Schlosser et al. 

(2014). The sister lines individually resulting from these two studies (Apl1 and Wild 

Type) had similar starch values at 5.03 and 5.01 starch mg-1 DW tissue indicating the 
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similarities between the two genotypes. Both WRKY76 and F-Box were increased as 

compared to the Wild Type controls with values of 8.87 and 9.20 starch mg-1 DW tissue, 

similar to the level observed in NR16+ at 9.21 starch mg-1 DW tissue. P2C and NT had 

reduced starch levels at 2.15 ± 0.27 and 1.11 ± 0.10 starch mg-1 DW tissue respectively. 

The average starch value observed in the Apl1 and Wild Type (5.02 starch mg-1 DW 

tissue) was chosen as the threshold for advancement and the most vigorous 3-4 events 

each from WRKY76 and F-box were chosen for further study. 

 

Figure 2.2. Leaf starch levels of T0 transgene plants at grain fill 

Leaf starch was quantified from T0 source leaves collected at 2 hours prior to end of the photoperiod during 

grain fill.  Tissue from each event was quantified individually.  Data is the average of all events within each 

construct genotype.  WRKY76 n = 13, Fbox n = 13, P2C n = 11, NT n = 14, Apl1, apl1, NR16+, and (WT) 

n = 7. *, **, ***Indicates significant difference at P-value < 0.05, 0.01 and 0.001 using a 2-tailed t-test. 

Additional controls included in the figure are the original pRBCsh2Bt2 AGPase plus line (NR16+) and its 

Wild Type sister line (WT) from Schlosser et al. 2014, and the mutant genotype (apl1) and its wild type 

sister line (Apl1) as described in Rosti et al., 2007. 

 

Starch was evaluated for lines demonstrating PCR presence of the bar transgene at 

one month in the T2:3 generation. Starch values in leaves at one month are generally 

higher than at anthesis, consistent with the concept that sink strength (sink’s ability to 
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influence assimilate import) is increased at anthesis as seed grains begin to form 

(Marcelis 1996). Events were compared to the apl1 mutant and the Wild Type as in the 

T0 starch evaluation. As a more stringent comparison varietal control Nipponbare (VC) 

was also included. This evaluation was conducted with a one-tailed t-test with the 

hypothesis that transgenic lines would have higher starch values than the VC. These data 

are presented in Figure 2.3. All but one of the F-box selected events were flat in 

comparison to the VC with event 19 being increased. Alternatively, WRKY76 selected 

events consistently had considerable increases in starch as compared to the VC. Starch 

values for the four WRKY76 events had a combined average of 49.6 µg starch mg-1 DW 

tissue across the events. This was a 45% increase over the VC mean of 34.2 µg starch 

mg-1 DW.  The F-Box event mean was 35.8 µg starch mg-1 DW.  

 

Figure 2.3. WRKY76 and F-box leaf starch levels at one month in the T2:3 generation. 
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Figure 2.3 Continued 

 

 

 

 

 

 

 

 

 

 

 

 

 
Plants were grown in high light, ~1100 PAR at canopy height. Entire source leaves, 1 below the uppermost, 

expanding leaf, were harvested two hours prior to end of the photoperiod at one month. Starch was 

extracted and quantified using a standard curve. *, **, *** indicate significant differences of P-value < 

0.05, 0.01, and 0.001 respectively using 1-tailed t-tests with the hypothesis that transgene positive lines 

would have increased leaf starch compared to the VC. Additional controls are the AGPase mutant line apl1 

and the AGPase negative sister line, Wild Type (WT). 

 

 

Discussion 

 

Increasing agronomic yield is a major goal of plant breeding and an understanding 

of the underlying genetic basis of grain yield is becoming increasingly important in 

breeding programs. Grain yield is essentially a product of photosynthesis: the plants 

ability to efficiently assimilate excess photosynthate from daylight hours and translocate 

it to developing storage structures (Van Camp 2005). Leaf starch is an important energy 

source contributing to plant growth and yield (Tuncel and Okita 2013) and is potentially 

yield limiting.  Leaf AGPase controls how much starch accumulates in leaves and the 

loss of AGPase results in reduced maize yield (Schlosser et al. 2012). Conversely, when 

AGPase is overexpressed, leaf starch and above ground plant biomass are increased in 

lettuce and rice (Lee et al. 2009, Schlosser et al. 2014) and seed yield is increased in rice 
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(Gibson et al. 2011). However, focusing on a single gene for the improvement of yield is 

likely to lead to environmental dependence. The study here aims to gain a better 

understanding of source leaf starch production by identifying a transcription factor 

involved in its control. Transcription factors can regulate multiple genes of a pathway and 

regulation of all carbon metabolism genes has the potential to confer greater and or more 

stable yield increases across environments.  

In this study, global RNA-sequencing was performed on T1:3 increased leaf 

AGPase lines NR16+ (overexpressing the maize endosperm AGPase genes Sh2r6hs and 

Bt2 in leaves as described in Schlosser et al. (2014)) to identify TFs with increased 

expression in comparison to negative control sister lines. Co-expression analysis operates 

under a theory of “Guilt-by-association” and genes with strongly correlated mRNA 

expression profiles are more likely to have their promoter regions bound by a common 

transcription factor (Allocco et al. 2004). This study used RNA-sequencing to identify 

four genes (WRKY76, F-box, P2C, and NT) as upregulated, likely in response to high 

expression of AGPase. These genes were used to transform the rice variety Nipponbare. 

Transgenes were under the control of the native rice RBC green tissue-specific promoter.  

After independently transforming rice with each construct RNA-sequencing was 

performed to verify expression data for genes of interest. All constructs were successfully 

overexpressed with expression of transgenes ranging from 8-27,000 reads. High 

expression such as this is common under the control of the RuBisCO small subunit 

promoter (Bakhsh et al. 2011). 
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Many outside factors can influence gene expression levels and TFs identified as 

having high expression may not have been due to overexpression of AGPase. For this 

reason, preliminary starch levels and RNA expression levels of key carbon metabolism 

genes were evaluated in T0 plants in order to gauge correlation of overexpression of the 

selected TFs with starch production.  

The effect of overexpression of the transgenes on various genes important in 

starch biosynthesis, photosynthesis, carbon fixation, and nitrogen metabolism at anthesis 

was evaluated to select the most promising constructs to advance for further study. 

Controls included in this analysis were NR16+ and its Wild Type sister line (WT) from 

Schlosser et al. (2014) NR16+ was the original subject used for global analysis to identify 

candidate TFs and is characterized by overexpression of the maize AGPase large and 

small subunits Sh2r6hs and Bt2. Interestingly, expression analysis (Table 2.5) shows that 

native levels of only a handful of photosynthetic and carbon fixation genes of interest are 

effected in the NR16+ lines, with an overall unchanged average ratio of 0.91 in 

comparison to the Wild Type. The expression data presented here served as preliminary 

data in order to select the best constructs for additional study and thus made use of a 

single rep, preventing determination of significance. More reliable results concerning the 

differences between NR16+ and the Wild Type is presented in Schlosser et al. (2014). 

There, the NR16+ line does not have extensive regulation of any of the native AGPase 

genes with SSIIb and GPT1 being the only genes significantly elevated. Oiestad et al. 

(2016 in prep) however did find events expressing Sh2r6hs and Bt2 in rice leaves to have 

altered expression of several genes, both positively and negatively, at the grain fill 
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growth stage. In that case SSI, SUT2, GPT2, RbcS, and GAPDH were increased in 

expression while AGPL2, AGPS2, SSIVb, PRK, and Fd-GOGAT were all negatively 

regulated. The additional two weeks of growth plants of that study underwent may 

explain the differences in expression. Both studies evaluating overexpression of AGPase, 

however, found only a handful of selected genes important to carbon metabolism to be 

altered, where the current study hopes to identify a TF which demonstrates control of a 

greater proportion of genes important to the starch biosynthetic pathway.  

Expression analysis of the construct lines F-box and P2C finds that both have 

little overall increase of the selected genes, with mean ratios being 1.07, and 0.82 

respectively. P2C has only three genes with expression increased greater than 10% and 

generally this construct is weak for broad upregulation of the genes of interest. F-box 

does have increases of important starch genes, however, including a 64% increase of the 

small subunit AGPS2 and a 159% increase of GBSSII. Some genes were largely 

upregulated across all four constructs including AGPS2, GAPDH, and SUT1 while 

AGPL2 and GPT2 were down-regulated, indicating that these genes may be more 

susceptible to regulation. NT and WRKY76 had mean increases of 21% and 63% for the 

full list of selected genes. NT positively regulated 9 and WRKY76 positively regulated 

17 of the 24 selected genes by greater than 25%. All of the major leaf isoforms are 

elevated by more than 25% for WRKY76. As the transgenes were originally identified as 

upregulated in response to leaf specific overexpression of AGPase it would be reasonable 

to expect consistent upregulation of the leaf isoforms. This trend is true for WRKY76 

with four of the five negatively regulated genes not primarily expressed in the leaf. The 
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observations here make a strong case for WRKY76 as broadly upregulating leaf specific 

genes important to carbon metabolism: i) upregulation of more than 70% of the genes by 

greater than 25% (including all major leaf isoforms); ii) a 63% mean elevation of all 

evaluated genes; and iii) lack of upregulation primarily occurring for non-leaf isoforms. 

The increases in carbon metabolism genes seen in NT did not translate to 

increased starch levels at grain fill. This may be due to outside gene regulation, feedback 

inhibition, or that NTs primary function is as a transporter of nitrate, not as a transcription 

factor. In the case of F-box, where only a handful of genes had increased expression 

trends, starch elevation similar to WRKY76 were observed. Possibly some isoforms play 

a greater role than others in a compensating effect. Fujita et al. (2006) reported a case of 

apparent compensation in mutant lines having varying levels of SSI activity due to a 

Tos17 insertion in the gene. SSI is a major starch synthase isoform in the rice endosperm 

controlling amylopectin polymerization. Despite reduced levels of SSI protein (0-20% of 

the Wild Type) the mutant lines had no effect on size and shape of seeds and starch 

granules, suggesting that other SS enzymes partly compensated for reduced SSI function. 

Another explanation might be that isoforms which were overexpressed in F-box may 

have larger impact on starch production. Of the starch biosynthetic genes selected AGPS2 

(endosperm isoform of AGPase small subunit) and GBSSII (granule bound starch 

synthase) were the two isoforms most highly expressed for F-box. These generally had 

high expression ratios across all the transgenes (ranging from 1.16 to 5.96) excepting 

P2C which showed low ratios across the board. Other interesting observations from the 

expression analysis are that AGPL2 and SSIVb, a large subunit of AGPase and a leaf 
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isoform of soluble starch synthase, trend down fairly consistently across all constructs 

while SUT1, a sucrose transporter, trends up.  

Based on preliminary starch data and expression trends, vigorous events from 

constructs WRKY76 and F-box were advanced. Starch data were evaluated in T2:3 plants 

at the one month stage. Leaf starch levels at one month proved substantially higher than 

at grain fill, consistent with the idea that sink strength is increased at anthesis as seed 

grains begin to form (Marcelis 1996) and consistent with repeated starch evaluations 

done within this lab. Looking at starch between events F-box was found to have no 

increases in starch as compared to the Wild Type, except for event 19. Events 

individually segregate for transgene expression due to random insertion of the transgene 

into the rice genome, which may explain the singular F-box event having elevated starch. 

Combining these findings with the inconsistent increase of carbon metabolism genes at 

anthesis lead to discontinuing the study of F-box. However, consistently observing starch 

increases in all four selected WRKY76 events (1, 2, 5, and 12) provided good evidence 

for this TFs potential as a master regulator of the starch pathway. 

The results of this study lead to the selection of the WRKY76 transcription factor 

as a solid candidate for regulating the leaf starch biosynthetic pathway. Evidence includes 

i) 45% leaf starch increase at grain fill ii) expression increases across a wide selection of 

genes important to starch metabolism, photosynthesis, carbon fixation, and nitrogen 

metabolism in comparison to the Wild Type and iii) and increased leaf starch at one 

month in all four selected events ranging from 28-68% as compared to the VC. 
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Conclusion 

 

Transcription factors play wide and dynamic roles in gene regulation. Global 

RNA-sequencing as a method for identifying TFs important to biosynthetic pathways was 

utilized and identified WRKY76 as a potential positive regulator of multiple starch 

biosynthetic genes of interest, as compared to expression levels of the Wild Type. These 

findings support the studies’ hypothesized outcome that the identified transcription factor 

may be involved in simultaneous regulation of carbon metabolism genes and thus may 

lead to more stable yield increases across environments than upregulating AGPase alone. 

Additional research is needed to determine the identified TFs effect on plant yield, gene 

expression, and photosynthesis.  
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CHAPTER 3 

 
EFFECT OF THE WRKY76 TRANSCRIPTION FACTOR ON LEAF STARCH 

BIOSYNTHESIS AND PLANT GROWTH 

 

Introduction 

 

Yield improvement is the overarching goal of plant breeding. This highly 

complex trait is effected by many factors including plant genetics, environment, and the 

interaction of genes with environment. One major factor impacting grain yield is starch 

production. Starch is the main energy storage compound of vascular plants and the 

principal constituent of harvestable plant organs in cereals. Starch is also the primary 

source of human food calories (Bahaji et al. 2014). Many studies focus on increasing 

starch via the biosynthetic pathways rate limiting enzyme, AGPase. AGPase has isoforms 

in both source and sink tissues as starch is transitory: initially stored in leaves by day and 

undergoing mobilization to be re-synthesized in sink tissues at night. Studies have 

analyzed AGPase knockout mutants (Schlosser et al. 2012) as well as overexpression of 

the enzyme in both leaves (Lee et al. 2009, Gibson et al. 2011, Schlosser et al. 2014) and 

seeds (Smidansky et al. 2003, Meyer et al. 2004, Smidansky et al. 2007) and have found 

that seed weight and biomass correlate with the enzymes’ expression. Additionally 

(Oiestad et al. 2016 in prep) shows that rice plants simultaneously overexpressing 

AGPase in both leaf and seed have greater yield increases than singularly or in the wild 

type. Studies thus far however have failed to show environmentally stable yield increases. 

Meyer et al. (2007) reported that yield advantages conferred due to increased seed 
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AGPase activity occurred only in environments with non-limiting resources. 

Additionally, Schlosser et al. (2014) reported that overexpressing leaf AGPase in rice 

leads to increases in tiller number, panicle number, and biomass when compared to 

negative sister lines, however harvest index is decreased due to inconsistent growth in 

total seed weight. This study aims to explore more stable yield increases by regulating the 

entire leaf starch biosynthetic pathway via transcription factors rather than solely 

focusing on the pathways’ rate-limiting enzyme. 

Transcription Factors are DNA binding proteins that work in multiple ways to 

accomplish gene regulation: i) as gene activators and/or repressors, ii) autonomously or 

with other TFs iii) working with enhancers (bind to activators promoting transcription), 

insulators (barriers to positive/negative signals), and tethering elements (direct remote 

enhancers to a specific gene) to form transcriptional complexes (reviewed in Spitz and 

Furlong (2012)). Transcriptional mediator complexes are formed by a collection of TFs 

bound to different regions of a gene and acting in concert to control gene expression and 

trigger cascades of biochemical reactions (Allen and Taatjes 2015). Plants are stationary 

organisms and by necessity have evolved to maintain optimal growth in changing 

environments by developing elaborate mechanisms of response. TFs function as the 

mechanism for these responses and thus comprise many large, diverse families within the 

plant genome. TFs are generally classified based on their characteristic DNA-binding 

domains or ‘motifs’ that recognize specific DNA sequences in promoters, reviewed in 

Gonzalez (2016). Japonica rice has 2478 non-redundant transcription factors which are 
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classified into 54 families based on domain composition. The largest TF families in rice 

are AP2-EREBP, bHLH, and NAC having 165, 160, and 144 TFs respectively 

(Priya and Jain 2013). Because TFs are frequently involved in expression of multiple 

genes for a metabolic pathway, modulating biological processes including numerous 

enzymatic reactions such as starch biosynthesis may be possible using a single 

transcription factor. 

Research performed in this study, and described earlier in this paper, identified 

the transcription factor WRKY76 as a strong candidate for playing a master role in 

regulating leaf starch biosynthesis in rice. Although well known for their role in biotic 

and abiotic stress response this is not the first WRKY to have been associated with starch 

biosynthesis. Nagata et al. (2012) identified AtWRKY20 in vitro as a direct 

transcriptional activator of the leaf AGPase large subunit ApL3 promoter. Apl3 and 

AtWRKY20 had matching co-expression patterns in leaves in the presence of sucrose and 

mannitol, suggesting that the genes are functionally related and that AtWRKY20 is a 

regulator of ApL3. Evidence of WRKY76s involvement in the leaf starch biosynthetic 

pathway includes i) 45% leaf starch increase at grain fill ii) expression increases across a 

wide selection of genes important to starch metabolism, photosynthesis, carbon fixation, 

and nitrogen metabolism in comparison to the Wild Type and iii) and increased leaf 

starch at one month in all four selected events ranging from 28-68% as compared to the 

VC. 

 WRKY76 has previously been identified as a repressor playing varying roles in 

blast disease resistance and cold stress tolerance. Yokotani et al. (2013) demonstrated that 
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OsWRKY76 is i) induced under both biotic (Magnaporthe oryzae) and abiotic stress 

(wounding and cold treatment) conditions ii) targeted to the nucleus iii) able to bind in a 

sequence-specific manner to the W-box element iv) and can act as a transcriptional 

repressor. OsWRKY76 overexpression caused increased susceptibility to blast fungus, 

suppressed activation of defense associated genes (PR1, PR10b, and PR15), upregulated 

stress associated genes including peroxidases and glutathione S-transferase, and 

improved tolerance to cold stress. Yokotani’s results implicate OsWRKY76 in biotic and 

abiotic stress response but do not elucidate signaling pathways nor interactions that may 

occur with other group IIa TFs. Screening of the Expression Atlas database: 

https://www.ebi.ac.uk/gxa/home, identifies WRKY76 as having low native expression 

levels (9-11 reads) with primary tissues being leaf and seed. 

Conserved function among model species and agricultural crops is important to 

enhance understanding of complex transcriptional regulation and greatly contributes to 

the knowledge bank of plant breeders. Phylogenetic and comparative gene expression 

analysis of WRKY TFs supports putatively retained function between monocot and dicot 

species, suggesting that specialization occurred prior to diversification of these major 

plant groups. Knowledge gained about WRKY function in rice could translate to other 

important crop species such as wheat. As the population grows with demand for starch as 

both a food source and industrial applications breeders need to understand the regulation 

of the starch biosynthetic pathway. While much is known about starch metabolism there 

are still major gaps in our understanding of its synthesis, preventing breeders from 



54 

 

 

increasing starch content in a predictable way and making studies such as this of great 

importance.  

 

Materials and Methods 

 

Generations and Progeny Tests 

 

T0 regenerated plantlets, derived as described in Chapter 2, were transplanted 

from 7.5 x 7.5 x 8cm GA-7 Magentas (Magenta LLC, Chicago, IL) with  MS media (2 g 

phytagel, 4.32g MS salts (Caisson, Smithfield, UT), and 60 g sucrose per 1000mL pH to 

5.8, (Smidansky et al. 2003) when approximately 10 cm tall at a rate of two plants per 

pot. Pots were 13 cm tall square, 7 cm wide at the bottom, 10 cm wide at the top and 

lined with permeable landscape cloth. Pots contained Profile Greens Grade calcified clay 

(Profile Products LLC, Buffalo Grove, IL) with 4.93 cc of 1:0:1 Ironite (4.5% Fe) 

Mineral Supplement (Ironite, Walnut Creek, CA) mixed into the bottom half of the pot. 

Growth conditions consisted of a 26.5°C day/24.5°C night temperature regime and a 12 

hr photoperiod.  Artificial lighting provided 800 μE m-2 s-1 PAR at canopy height.  Once 

plants reached 15 cm in height, they were bottom flood irrigated in tubs keeping water 

level with media surface. Every other day water/nutrient replenishments were performed 

with 100 ppm N prepared using Peter’s Excel 15-5-15 Cal-Mag (Everris, Marysville, 

OH) according to Eddy and Hahn (2008). Data collection time points were one month (30 

days after transplanting), anthesis (average flowering date for each event), grain fill (14 

days post anthesis), and maturity (60 days post anthesis). T2 and T3 generation plants 

were grown in the same fashion.  
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Sixteen T1:2 seeds from selected lines were de-hulled, sterilized, and planted in 

15cm tall x 8cm diameter clear plastic containers with MS media (same as above). There 

were n =12-33 T2 lines per event. Plantlets were grown to 13cm and treated with 0.01% 

glufosinate, (Bayer CropScience, Kansas City, MO). Seven days later plantlets were 

scored as herbicide resistant or susceptible in comparison to herbicide negative and 

positive controls. A minimum of 12 consecutive plantlets recorded as positive or 4 or 

more consecutive negatives for herbicide resistance were required to consider the 

progeny homozygous positive or negative for the transgene. Any questionable plants 

were further tested by PCR to ensure homozygosity. 

PCR screening was performed on DNA isolated from T2 glufosinate resistant and 

susceptible plants to ensure the WRKY76 transgene co-segregated with glufosinate 

resistance. PCR reactions were conducted using primers designed with the WRKY76 

construct sequence. The upstream PCR primer, 5’- 

TCACGCTCGAACCTCACCAAGAACG-3’, is a 24 bp sequence from within the 

WRKY76 sequence and the downstream primer,  

5’- TGACACCGCGCGCGATAATTTATCCTAG -3’, is a 28 bp sequence from the 

NOS region of the construct, making a unique to the construct product of 727 bp using 

GoTaq DNA polymerase (Promega, Madison, WI). PCR tests for transgene presence 

were duplexed with Actin as a control gene using primers identified in Kim et al. (2003) 

with upstream PCR primer 5’– GAAGATCACTGCCTTGCTCC -3’ and downstream 

PCR primer 5’- CGATAACAGCTCCTCTTGGC -3’ to give a 249 bp product. Twenty 

microliter reactions were prepared with primers diluted to 0.2 μg/μl and incorporated into 
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the master mix at 0.2 μl (Actin) and 0.4 μl (WRKY76) per reaction. PCR parameters 

were as follows: 94˚C for 5 min, 35 cycles of 94˚C for 30 sec, 55˚C for 30 sec, 72˚C for 

45 sec, followed by 72˚ for 7 min. Co-segregation of the WRKY76 transgene and 

glufosinate resistance was confirmed for all events. 

 

Plant Growth Conditions 

T1:2 and T2:3 seeds were de-hulled and surface sterilized with a 17 minute 8% 

sodium hypochlorite wash followed by four rinses with sterile water. Ten to sixteen seeds 

were started per 7.5 x 7.5 x 8cm GA-7 Magenta (Magenta LLC, Chicago, IL) with 40 mL 

MS media (Smidansky et al. 2003). Magentas were placed in an incubator under artificial 

lights delivering 80 PAR for a 12 hour day length and incubated at 25˚C until plants were 

approximately 5-6 cm tall. Seedlings were then transplanted to 13 cm tall square pots 7.5 

cm wide at the base and 10cm wide at the top, all lined with permeable landscape cloth. 

Pots contained Profile Greens Grade calcified clay (Profile Products LLC, Buffalo Grove, 

IL) with 4.93 cc of 1:0:1 Ironite (4.5% Fe) Mineral Supplement (Ironite, Walnut Creek, 

CA) mixed throughout. Seedlings were transplanted at three plants per pot and weaker 

plantlets were subsequently thinned at 4 days and 7 days after transplanting, leaving each 

single most vigorous plant. These were randomized and paired homozygous positive to 

negative for the WRKY76 transgene within each event. Plants were grown to maturity in 

high light intensity growth chambers with initial conditions consisting of 24.5˚C 

day/night temperature with a 12 hr photoperiod. After one week of growth the chambers 

were adjusted to 26.5˚C day/24.5˚C night temperatures. Artificial lighting provided 355 

µE m-2 s-1 PAR, 391 µE m-2 s-1 PAR, 550 µE m-2 s-1 PAR, and 560 µE m-2 s-1 PAR at 
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seedling, 1 month, anthesis, and maturity canopy heights respectively. Plants were top 

irrigated and misted daily until reaching 15cm then they were moved to tubs and flood 

irrigated to a depth level with the media surface, with every other day replenishment of 

100 ppm N mixed using Peter’s Excel 15-5-15 Cal-Mag (Everris, Marysville, OH) 

according to Eddy and Hahn (2008). Data collection time points were one month (30 

days after planting), anthesis (average flowering date for each event), grain fill (14 days 

post anthesis), and plants were harvested at maturity (60 days post anthesis).  

 

Analysis of Yield Phenotype Parameters 

 T2 progeny of T1 heterozygous parents for the WRKY76 transgene were grown to 

maturity, as described above. Plants were allowed to self-pollinate and were maintained 

until 60 DAF. Growth measurements were recorded and source leaf tissue collected at the 

one month, anthesis, grain fill, and maturity stages of growth. Mature plants were 

harvested, and biomass was weighed after one week in a 43˚C drying chamber, and seed 

was weighed after three days in a 37˚C drying chamber. Biomass and all yield 

parameters, including leaf length and width, tiller number, plant height and chlorophyll 

were recorded on a per plant basis. Leaf chlorophyll values were collected as an average 

of three measurements spanning the central 10cm of the uppermost fully expanded leaf at 

one month, and the tallest flag leaf for growth stages after one month, using a SPAD-502 

chlorophyll meter (Minolta Co., Tokyo, Japan). Height was measured to the tallest node 

at one month and to the base of tallest panicle beyond one month. At the completion of 

the yield trial progeny tests were conducted and yield data was sorted to allow 
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comparisons between plants homozygous positive and negative for the WRKY76 

transgene. 

 

Tissue Collection: 

 Bulk tissue samples were collected from T1:2 plants PCR positive for the 

WRKY76 transgene at one month of growth one hour before the end of day. Each event 

is represented by three bulk samples, each bulk being 3-5 plants average for chlorophyll, 

leaf width, leaf length, and tiller number. From each plant a whole fully expanded source 

leaf located one below the uppermost leaf was collected, 10% trimmed from both 

terminal ends, directly frozen in liquid N2, and ground to a powder. These bulk tissue 

samples were used for leaf starch quantification, transgene expression analysis, and 

chlorophyll quantification. 

 

Leaf Starch Quantification  

Leaf starch was quantified from bulk samples of source leaf tissue collected from 

T1:2 plants at one month. Also, to allow comparisons of WRKY76 homozygous positive 

and negative sister lines, tissue from individual source leaves were collected from the 

same population at anthesis, as well as from T2:3 plants at one month. Leaf starch was 

extracted from 7 mg DW bulk tissue samples according to Smith and Zeeman (2006).  

Free glucose was removed by three incubations consisting of mixing ground powder in 

80% EtOH at 80°C for 3 min followed by 5 minute centrifugation at 13,000 rpm and 

removal of supernatant. Extracted starch pellets were suspended in 100 mM sodium 

acetate (pH 4.8) and digested with 0.05 U α-amylase and 0.15 U amyloglucosidase mg-1 
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DW. Starch quantification was completed as in Rösti et al. (2006), using NADP.  

Absolute starch values were determined relative to a standard curve prepared with known 

amounts of wheat starch (Azure Farm, Dufur, OR). All lines were analyzed individually. 

 

Photosynthetic Carbon Fixation Measurements 

 Photosynthetic carbon rates were measured with a CI-340 Photosynthesis System 

(CID, Camas, WA), which was zeroed to ambient CO2 levels: 402 ppm, 

(http://co2now.org, accessed May 20, 2015). Measurements were taken over four days in 

the afternoon. Average plants at the 1 month growth stage were selected for 

measurement, n = 10-15 per event. Photosynthetic fixation was measured at the widest 

section of the uppermost fully expanded leaf. Instrument settings were leaf area 6.25 cm2, 

flow rate 0.3 min-1, added interval of 5 s, and open system. Lighting conditions were held 

constant at 600 μE m -2 s-1 PAR. Temperature and humidity remained constant at 26.5˚C 

and 60%.  

 

Transgene Expression Analysis 

Biological replicates from 5 T1:2 PCR positive lines were pooled into 1 month 

bulk tissue samples, allowing for three bulks per event, which proves to be an adequate 

level of replication to determine significance (Wang et al. 2011, Xu et al. 2012). Tissue 

was collected one hour before the end of day. From each plant a whole fully-expanded 

source leaf located one below the uppermost leaf was collected, 10% of both terminal 

ends trimmed, directly frozen in liquid N2, and ground to a powder. Total RNA was 

extracted using an RNeasy Mini Kit (Qiagen, Valencia, CA) following the  
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manufacturer’s instructions. Sample integrity was determined using a Bioanalyzer 

(Agilent Technologies, Santa Clara, CA). 2 μg of total RNA was used for creation of 

cDNA libraries using TruSeq RNA-SEQ library kits (Illumina Inc., San Diego, CA) with 

6 bp molecular identification tags added for multiplexing. Amplicons from cDNA 

libraries were sequenced as single 50bp reads using an Illumina High Scan-SQ platform. 

RNA-seq analysis was carried out with QSeq and ArrayStar v12 (DNASTAR, Madison 

WI). Sequence data were imported and genes of interest selected for analysis with the 

match settings set to  100% for 50 bp and all other settings left to default with reads per 

kilobase of exon model per million mapped reads (RPKM) normalization (Mortazavi et 

al. 2008). Resultant expression data were converted to linear counts and normalized to 

Actin 1 (ACT1).  

Sequencing data was used to evaluate selected genes of interest pertaining to 

starch synthesis, photosynthesis, carbon fixation, and nitrogen metabolism, as well as 

performing evaluation of whole genome expression levels. Two-tailed t-tests were 

performed to determine if changes in expression between positive and negative WRKY76 

transgene genotypes were significant. Global analysis was also performed with 30,528 

Oryza sativa var. japonica genes downloaded from NCBI. An overall P-value was 

calculated by comparing average expression values for the four WRKY76 events in 

comparison to the Nipponbare varietal control (VC). Up and down regulated genes were 

sorted based on significance and the top 100 most significant genes, having P < 0.01 or 

less across all four events, were selected for functional annotation clustering using the 
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Database for Annotation, Visualization and Integrated Discovery (DAVID) 

Bioinformatics Resources Functional Annotation tool (Huang et al. 2009).  

 

Metabolomics  

The uppermost fully expanded green leaf was collected from WRKY76 

homozygous positive and negative T2:3 one month old plants one hour before the end of 

day. Tissues were bulked in order to make 3 replications representative of one month 

starch levels within each event. Each bulk comprised 5 individual plants.  Metabolites 

were extracted as in Schmidt et al. (2011). Hot methanol (350 μl at 60˚C) was added to 

30mg of homogenized fresh weight (FW) samples and incubated at 60˚C for 10 min. 

Samples were vortexed and placed in a sonicating water bath for 10 min. An equal 

volume of chloroform was added and samples were vortexed again, then centrifuged for 5 

min. at full speed. The polar fraction was transferred to a GC-MS glass vial in a volume 

dependent manner (150μl/30mg FW) and dried in a speed-vac concentrator. Samples 

were analyzed via GC-TOF primary analysis on an Agilent 6890 gas chromatograph 

(Agilent Technologies, Santa Clara, CA). Data acquisition, metabolite identification and 

normalization was performed as in Fiehn et al. (2008). FAME internal standards were 

added and ChromaTOV vs. 2.32 was used for data processing. Raw data was obtained as 

peak heights and normalized to the total average mTIC (mean Total Ion Chromatogram, 

average of identified metabolites). Identified metabolites were clustered by structure into 

carbohydrates, organic acids, amino acids, nitrogen containing, and unnamed. Two tailed 

equal variance t-tests determined significance between homozygous positive WRKY76 

lines vs the VC.  
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Sucrose/ABA/Mannitol Study 

The effect of abscisic acid, sucrose and mannitol on group IIa WRKYs and other 

selected genes of interest was evaluated in accordance to a protocol adapted from those of 

Rook et al. (2001) and Nagata et al. (2012). Whole uppermost leaves were collected at 18 

days growth from varietal control Oryza sativa var. Nipponbare plants and cut ends were 

placed in solutions of distilled water, 100 mM sucrose, 100 mM mannitol, 10 μM ABA, 

100mM sucrose with 10 μM ABA, and 100 mM mannitol with 10 μM ABA. The ABA 

solution was prepared using Phosphate-Buffered Saline (PBS: 8g NaCl, 0.2g KCl, 1.44g 

Na2HPO4, and 0.24 g KH2PO4 pH to 7.4 w/ HCl and brought to 1 l) and each solution not 

receiving ABA also received an equal measure (100 μl) of PBS to maintain uniformity. 

Leaves and solutions were stored in the dark for 19 hrs at 20˚C and then the central 10 cm 

of each leaf was directly frozen in liquid N2 and ground to a powder. Each condition had 

three bulk samples analyzed and each bulk was comprised of leaves from 3 plants. RNA 

extraction was performed and analyzed in the same fashion as transgene expression 

analysis.  

 

Chlorophyll Quantification 

Chlorophyll was extracted from one month bulk tissue samples according to Ni et 

al. (2009). Liquid nitrogen ground samples (30 mg FW) were mixed twice in the dark 

with a solution (80% acetone/20% 0.2 Tris-HCL pH 8) for 20 minutes then centrifuged 

for 5 min at 4˚C/12,000 rpm. Supernatant was removed and stored at 4˚ C. Extracted 

samples were diluted 9:1 in 80% acetone and read on a Spectramax Plus 
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spectrophotometer (Molecular Devices, LLC, Sunnyvale, CA). Calculations were made 

using the modified absorbance equations described by Porra (2002). 

 

Analysis of Results 

 Transgene positive and negative mean values were compared using a two-tailed, 

equal variance or one-tailed paired t statistic with the hypothesis that transgene positive 

plants would have larger mean values than transgene negative plants. Positive/negative 

ratios were calculated for mean values of growth parameters and the standard errors are 

representative of the ratios, for example see Figure 3.1.  

 

Results 

 

Progeny Tests of WRKY76 Events 

Progeny test data on selected events are given in Table 3.1 and demonstrates that 

each event segregates in a roughly 1:2:1 ratio with all Chi-square P-values > 0.05. PCR 

screening using primers specific to our WRKY76 transgene along with herbicide testing 

of T2:3 plants indicate that the Bar transgene and WRKY76 co-integrate. All plants PCR 

positive for WRKY76 also were resistant to 0.01% glufosinate and all WRKY76 PCR 

negative plants were susceptible. Chi-square analysis is consistent with integration of the 

transgenes at a single locus in each of the four events. 
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Table 3.1. Transgene analysis of T1:2 rice lines overexpressing the WRKY76 transgene. 

WRKY event PCRa Progeny Testb Chi Square P-value 

1 + 10/21/5 2.38 0.30 

2 + 7/17/14 3.00 0.22 

5 + 5/19/13 2.18 0.17 

12 + 14/19/8 1.98 0.37 
a+ Presence of WRKY76 construct according to PCR testing 
bNumber of T2 progeny positive/heterozygous/negative for WRKY76. Progeny tests consisted of herbicide 

resistance screening of each line with 0.01% glufosinate. In each event the herbicide resistance marker and 

WRKY76 transgene co-segregated. 

 

 

Phenotypic Yield Evaluation at  

One Month, Anthesis, and Maturity 

 

A randomized yield trial was conducted with T1:2 progeny of four heterozygous 

parental sources for each event (1, 2, 5, and 12) under 600 PAR growth conditions. Yield 

data were collected at maturity and progeny testing was conducted on seed produced 

from this trial. Progeny test results were used to sort the yield data for each stage, 

allowing comparisons between WRKY76 homozygous positive and negative plants. 

Events had similar trends, and the data were averaged over events, and presented as the 

ratio of positive and negative, Figure 3.1. Lines homozygous positive for the WRKY76 

transgene had wider leaves (5%) and a trend of longer leaves (8%) at one month, Figure 

3.1A. Chlorophyll levels at one month were unchanged between the positive and negative 

groups. Similar results were obtained at anthesis and maturity. At anthesis the transgene 

positive lines were taller (4%) while leaf width and length continued to trend up. Number 

of tillers per plant was relatively flat. Figure 3.1B. A large reduction in the number  

of immature panicles (21% trend) combined with an increased seed weight trend (12%) 

with the positive lines having an average of 4.93 g per plant while the negatives have 

4.40 g per plant. These values along with a reduced biomass trend (4%) gave a 
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Figure 3.1. Influence of WRKY76 on T1:2 plant yield parameters at one month (A), 

anthesis (B), and maturity (C). 

-Comparison of transgene positive and negative plants averaged across events 1, 2, 5, and 12, n ~ 66. 

-ISW represents average individual seed weight of 50 seeds. Harvest index is the ratio of seed weight to 

total plant biomass. 

*, ** Indicates homozygote transgene is significantly different from homozygote negative sister-line at P < 

0.05, or 0.01 respectively using a one tailed equal variance t-test with the hypothesis that WRKY76 

positive lines would be more vigorous than their negative sister lines. 
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significant increase (P<0.002) in harvest index for the WRKY76 positive lines at 0.54 vs. 

the negatives at 0.48.  

 

Effect of WRKY76 Upon 

Leaf Starch at One Month 

 T1:2 Bulk leaf tissue samples (described previously) collected at one month, T1:2 

individual leaf tissue samples collected at anthesis, and T2:3 leaf tissue collected at one 

month (all 1 hour before the end of day) were used for starch quantification, Figure 3.2. 

Starch quantification of bulk samples showed that all four events had increased starch in 

comparison to the varietal control, with values increased from 45-59%, Figure 3.2A. 

Starch levels at one month were obtained again in the T2:3 generation allowing 

comparisons of WRKY76 transgene positive and negative lines, Figure 3.2B. The 

transgene positive lines had significantly greater starch than the negatives in three of four 

events, with event 1 trending 26% higher.  Anthesis results were sorted based on progeny 

test results at the end of the T1:2 heterozygous source trial, allowing WRKY76 positive 

and negative comparisons, Figure 3.2C. Leaf starch levels at one month once again vary 

greatly compared to leaf starch observed at anthesis, with average starch at anthesis being 

closer to 4.5 μg starch mg-1 DW across all lines. The trend of increased starch in 

comparison to the VC remained at anthesis for all events. However only WRKY76 

positive lines 1 and 2 had substantially increased starch (55% and 76% respectively)  
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Figure 3.2. Leaf starch at one month (A & B) and anthesis (C) growth stages. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Starch level comparisons between T1:2 PCR positive bulk one month tissue samples between positive 

and negative sister lines within events. *, *** Indicates mean for positive lines is significantly greater 

than mean for negative lines at P < 0.05, and 0.001 respectively from 1-tailed equal variance t-tests (A) 

and 1-tailed paired t-tests (B and C) with the hypothesis that positive lines would have greater mean 

values than their negative counterparts. Tissue collected for A and B: one leaf below uppermost node, 

C: uppermost fully expanded green leaf. A: Comparison to VC, B and C: comparison between 

WRKY76 positive and negative sister lines. 

A. One month T1:2. 3 bulk tissue samples comprised of 5 PCR positive plants each were collected for 

each event at the 40 days of growth. Tissue collected was one leaf below the uppermost node with 

10% trimmed from either end of the leaf.  

B. One month T2:3. Collected at 35 days of growth. n = 10.  

C. Anthesis T1:2, n = 9-11 per event. Collected at average flowering date for each event.  
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compared to the negatives, while event 5 had no difference and event 12 had a 33% 

increased trend.  

 

Photosynthetic Carbon  

Fixation of Events at One Month 

 

 Photosynthetic CO2 fixation rates were evaluated on uppermost fully expanded 

leaves at the one month growth stage. Pairs representing average tiller number, 

chlorophyll, and height were used for evaluation (10-15 pairs per event). Measurements 

were taken in the second half of the light period. All events had trending or increased 

photosynthetic rate, transpiration, and conductance. Figure 3.3 presents the percentage  

 

Figure 3.3. Photosynthetic and gas exchange measurements presented as percent increase 

of positive lines compared to negative sister lines. 

aRepresents means of data collected from WRKY76 positive and negative sister lines in the afternoon. 

Measurements were taken on the uppermost fully expanded leaf of T3 plants at 1 month.  
bPhotosynthesis: Rate at which determined area of leaf assimilates CO2 over time - measurement 

comparing the CO2 concentration coming into chamber vs concentration leaving chamber 
cTranspiration: Water vapor before/after it enters the leaf chamber: rate of water vapor flux over a set time 
dStomatal Conductance: Overall water loss of leaf, transpiration rate as a function of leaf temperature. 
e *, *** Indicates difference between positive and negative means are significantly different at P < 0.05 and 

0.001 respectively using a two-tailed paired t-test  
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increases of transgene positive lines over negatives for each event. Event 5 trended higher 

with 4-6% increases while the remaining events all had significant increases ranging from 

10-23% in events 1 and 2 while event 12 had a 25% increase in transpiration and a 36% 

increase in conductance.  

 

Expression Analysis of T1:2 WRKY76  

Transgene Positive Events at One Month 

 

RNA-sequencing was used to analyze the effect of WRKY76 overexpression on 

starch biosynthetic, photosynthetic, carbon fixation, and nitrogen metabolism genes of 

interest, Table 3.2. Sequencing resulted in over 336 million total 50 bp reads for 15 

samples (3 biological replicates each for 4 WRKY76 events and the VC). On average 

each sample yielded approx. 535 Mb of sequence with 97.7% of reads with a quality 

score above Q30, far exceeding Illumina’s specification of 85%. Correlations between 

the biological replicates for each of the events had an r2  > 0.98 for the 30,524 recognized 

genes. Linear counts were normalized to Actin1 (Os03g0718100).  

RNA-sequencing of T1:2 generation plants confirmed heritability of the WRKY76 

transgene with events having an average increased expression fold of 200 in comparison 

to the varietal control. Lines overexpressing WRKY76 also increased the expression of 

large and small AGPase subunits over the varietal control, the latter being significant. 

Other important starch genes including SSIIIb, and GBSSII were also increased 31% and 

96% respectively.  More genes having increased expression include the RuBisCO small 

subunit (RbcS) at 42%, phosphoribulokinase (PRK) at 28%, and glutamine synthetase 
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Table 3.2. RNA-seq expression data for genes of interest in lines overexpressing WRKY76 vs the Varietal Control. 

GenBank 

Accession no. 
Protein Gene 

Predominantly 

expressed tissue 

Varietal Control 

averagea 

WRKY76 event 

averagea 

WRKY7

6/VC 

fold 

P-

valueb 

Transgene 

Os09g0417600 WRKY TF 76 
WRKY7

6 
Seed 107 (21) 21595 (2526) 201.72 0.00 

Starch Biosynthesisc 

Os05g0580000 AGPase large subunit AGPL1 Embryo/panicle 1116 (202) 18362 (11393) 16.45 0.25 

Os01g0633100  AGPL2 Seed 893 (29) 812 (48) 0.91 0.23 

Os03g0735000  AGPL3 Leaves 5008 (398) 5910 (256) 1.18 0.08 

Os07g0243200  AGPL4 Roots 259 (60) 362 (37) 1.10 0.27 

Os09g0298200 AGPase small subunit AGPS1 Seed, everywhere 1378 (123) 3783 (1366) 2.75 0.19 

Os08g0345800  AGPS2 Seed/leaves 3952 (524) 5101 (48) 1.29 0.02 

Os06g0160700 Starch synthase (soluble) SSI Seed, everywhere 6556 (833) 3915 (893) 0.60 0.07 

Os06g0229800  SSIIa Seed 5 (1) 6(1) 1.09 0.77 

Os02g0744700  SSIIb Leaves 6358 (291) 6152 (332) 0.97 0.66 

Os10g0437600  SSIIc Low everywhere 1040 (70) 663 (121) 0.64 0.05 

Os04g0624600  SSIIIb Leaves 5780 (259) 5783 (368) 1.31 0.01 

Os01g0720600  SSIVa Pistil/Carpel 1068 (42) 795 (62) 0.74 0.01 

Os05g0533600  SSIVb Leaves 2603 (107) 2812 (225) 1.08 0.48 

Os02g0807100  SSV Seed 1463(47) 1145 (78) 0.78 0.01 

Os06g0133000 
Starch synthase (granule bound) 

GBSSI Seed 84 (8) 101 (13) 1.21 0.35 

Os07g0412100 GBSSII Leaves 19651 (2020) 38512 (4518) 1.96 0.01 

Os06g0726400 Starch branching enzyme SBE1 Seed 15823 (707) 11439 (1053) 0.72 0.02 

Os02g0528200  SBE3 Seed 362 (35) 259 (64) 0.71 0.25 

Os04g0409200  SBE4 Low everywhere 5 (4) 6 (2) 1.20 0.81 

Photosynthesisd and Carbon Fixatione 

Os03g0170900 Sucrose Transporter SUT1 Everywhere 9245 (1210) 3718 (704) 0.40 0.00 
Os12g0641400  SUT2 Leaves 5011 (170) 4368 (365) 0.87 0.21 

Os10g0404500  SUT3 Anther - - - - 

Os02g0827200  SUT4 Everywhere 1061 (38) 994 (57) 0.94 0.39 

Os02g0576600  SUT5 Pistil - - - - 

Os05g0168700 Glucose 6-phosphate 

translocator 

GPT Green tissue 3437 (43) 2915 (209) 0.85 0.05 

Os08g0187800 GPT1 Green tissue 1454 (71) 1275 (44) 0.88 0.05 
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Table 3.2 Continued 
RICCPRBCL RuBisCO large subunit RbcL Leaves 56396 (11994) 68449 (13444) 1.21 0.53 

Os12g0291100 RuBisCO small subunit RbcS Leaves 
1196277 

(127822) 
1701531 (135855) 1.42 0.04 

Os04g0486600 
Glyceraldehyde-3-phosphate 

dehydrogenase 
GAPDH Green tissue 26100 (1165) 23529 (862) 0.90 0.10 

Os02g069800 Phosphoribulokinase PRK Leaves 159966 (11325) 205453 (9847) 1.28 0.02 

Os09g0535000 
Triose-phosphate isomerase 

TIM Leaves 30398 (3548) 33874 (2692) 1.11 0.43 

Os09g0698000 TPI Inflorescence 80060 (3785) 76668 (5128) 0.96 0.63 

Nitrogen 

Metabolismf 

 
      

Os04g0659100 Glutamine synthetase GS2 Leaves 73923 (5539) 107167 (6583) 1.45 0.01 

Os07g0658400 
Ferradoxin-dependent glutamate 

synthase 

Fd-

GOGAT 
Leaves 38062 (3738) 38205 (3367) 1.00 0.98 

Os03g0794500 Glutamate dehydrogenase GDH1 Everywhere 1228 (76) 1056 (84) 0.86 0.18 

Os04g0543900  GDH2 Everywhere 677 (75) 528 (59) 0.78 0.14 

Housekeeping Genesg 

Os02g0634800 
Ubiquitin-conjugating enzyme 

E2 
UBC  5676 (202) 4569 (447) 0.80 0.09 

Os01g0328400 Ubiquitin 5 UBQ5  9476 (87) 11597 (931) 1.22 0.11 

Os01g0805900 tubulin beta chain (4) β-Tub  23 (11) 13 (8) 0.56 0.46 

Os03g0178000 EF1_alpha eEI-1a  119689 (1582) 122783 (7879) 1.03 0.75 

Os03g0718100 Actin 1 ACT1  5307 (0) 5307 (0) -- -- 
aRPKM values. Data from events 1, 2, 3, 5, and 12 were averaged (n=15) and normalized to ACT1, also reported is (Standard Error) 
bP-value is from a two-tailed t-test comparing varietal control wit hWRKY76 averaged over 4 events 
cExpression profiling of genes related to starch synthesis with tissue specificity as determined previously (Schlosser et al. 2014). 
d,e,fC3 photosynthesis genes (Malkin and Niyogi 2000), rice carbon assimilation SUT genes (Aoki et al. 2003), and nitrogen metabolism genes(Malkin and 

Niyogi 2000).  
gHousekeeping genes represent genes with stable expression across all genotypes and were determined previously (Jain et al. 2006)

Table ___ continued 
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(GS2) at 45%. Genes that were down regulated include SSIIc, SSIVa, SSV, SBE1, 

and glucose-6-phosphate translocator (GPT1).  

 

DAVID Functional Annotation 

Clustering of Expression Data 

 

Functional annotation clustering identified 5 clusters of highly upregulated and 7 

clusters of highly down regulated genes in lines overexpressing the WRKY76 

transcription factor, Table 3.3. Several cluster types had gene members significantly up 

and down regulated, including those associated with phosphorylation/protein kinase 

(clusters 3 and 1), regulation of transcription (clusters 2 and 6), metal ion binding 

(clusters 5 and 5), and proteins associated with membrane-bound and cytoplasmic 

vesicles (clusters 4 and 7). Cluster 1 of the upregulated genes, associated with amino and 

organic acid catabolism, had the greatest increase and did not have members included in 

the downregulated clusters. Downregulated groups included heavy metal detoxification, 

kinase activity, and genes intrinsic to membranes.  

 

Metabolite Analysis of 

One Month WRKY76 Events 

 

Metabolites were evaluated using T2:3 one month plants from events homozygous 

for the WRKY76 transgene and compared to their negative sister lines. A total of 332 

metabolites were reported, with 141 identified as named metabolites. The named 

metabolites were sorted into 10 compound classes including carbohydrates, organic acids, 

amino acids, nitrogen containing, phenolic compounds, inorganic compounds, 

antioxidants, other, and un-named. Metabolites having significant changes of P < 0.05 for  
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Table 3.3. Functional annotation clustering of the top 100 up and down-regulated genes 

in response to overexpression of the WRKY76 transcription factor in leavesa. 

Upregulated by 

WRKY76 transgene 

expression 

No. 

gene

s 

P-

value
b 

Downregulated by 

WRKY76 transgene 

expression 

No. 

gene

s 

P-

value
b 

Cluster 1   Cluster 1   

Cellular amino acid catabolism 3 0.00 Phosphorylation 13 0.00 

Amine catabolic process 3 0.00 Amino acid phosphorylation 12 0.00 

Organic acid catabolic process 3 0.00 Phosphorus metabolic process 13 0.00 

Cluster 2   Protein kinase ATP binding 

site 

9 0.02 

Transcription factor activity 5 0.07 Ribonucleotide binding 14 0.15 

Regulation of transcription 7 0.26 Cluster 2   

DNA binding 7 0.46 Heavy metal detoxification 3 0.02 

Cluster 3   cation transport 3 0.32 

ATPase, AAA+type, core 4 0.04 Cluster 3   

Purine nucleotide binding 12 0.06 Serine/threonine protein kinase 3 0.22 

Ribonucleotide binding 11 0.38 Kinase 5 0.37 

Protein kinase ATP binding 

site 

4 0.60 Cluster 4   

Phosphorylation 4 0.86 Intrinsic to membrane 7 0.18 

Cluster 4   Transmembrane 4 0.72 

Membrane-bound vesicle 4 0.77 Cluster 5   

Cytoplasmic vesicle 4 0.78 Metal ion binding 13 0.39 

Cluster 5   Ion binding 13 0.50 

Metal ion binding 6 0.98 Cluster 6   

metal-binding 3 0.99 Nucleus 5 0.58 

   Regulation of transcription 5 0.70 

   DNA binding 3 0.85 

   Cluster 7   

   Membrane-bound vesicle 3 0.95 

   Cytoplasmic vesicle 3 0.95 
aGene list consisting of top 100 genes significantly up or down regulated, minimum P-value <0.01 with a 

two-tailed, equal variance t-test, were uploaded into the DAVID Functional Annotation Tool where they 

were clustered based on gene similarity.  
bEASE score P-values were generated during DAVID analysis and are a more conservative form of Fisher 

Exact P-values. This value defines significance of the enrichment, or proportion of genes present in 

comparison to the total known genes for a cluster. 

 

 

groups with notable changes are reported in Figure 3.4. Carbohydrates were increased in 

all events with the majority trending up and 9-29% being significantly elevated in each 
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event. The nitrogen containing class had only upregulated changes while differences for 

the 34 organic acids occurred in both directions with three of the four events having  

 

Figure 3.4. Metabolite response to overexpression of WRKY76 

Metabolites from one month leaves harvested at the end of day with significant differences in response to 

overexpression of WRKY76 in leaves. P-value is from a two-tailed t-test comparing WRKY76 transgene 

positive lines to the negative sister lines A total of 141 metabolic compounds were identified via a GC-TOF 

MS-MS untargeted metabolomics study and were sorted into 7 classes. Bars represent the percentage of 

each class significantly up or down regulated for each event. Classes having no differences and not shown 

include: phenolic compounds (8 metabolites), antioxidants (3 metabolites), inorganic compounds (4 

metabolites), Fatty acids and lipids (8 metabolites), and other non-categorized (8 metabolites). 
aClasses and the respective number of metabolites within each 

 

 

greater positive regulation. The 23 amino acids were also regulated in both directions. 

The 34 carbohydrates identified in this study are displayed in Table 3.4. A handful of 

carbohydrates have positive trends across all events, such as erythritol, isoribose, lyxose, 

maltose, raffinose, ribitol, tagatose, threitol, and xylitol, while no carbohydrates have   

consistent negative trends.
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Table 3.4. Carbohydrate levels in response to WRKY76 overexpression. 

  Event 1 Event 2 Event 5 Event 12 

Carbohydrate 
WRKY76 
Negative 

Positive 
Ratio 

WRKY76 
Negative 

Positive 
Ratio 

WRKY76 
Negative 

Positive 
Ratio 

WRKY76 
Negative 

Positive 
Ratio 

1-ketose 1657 (647) 1.41 683 (134) 1.38 421 (173) 1.12 4382 (93) 1.10 

6-deoxyglucitol 9022 (1010)  0.93 10501 (107) 0.71 7649 (2134) 0.85 10839 (828) 1.10 

6-deoxyglucose 3737 (855) 2.09** 5439 (156) 1.36 7692 (900) 1.07 6662 (1095) 1.04 

Arabitol 487 (15) 1.13 503 (63) 0.90 609 (73) 1.01 435 (56) 1.46* 

Erythritol 5737 (448) 2.4*** 9654 (527) 2.43** 7917 (646) 1.44** 7401 (631) 1.30 

Fructose 190278 (42957) 1.21 36507 (6628) 1.42 37393 (7959) 0.64 89332 (16737) 0.81 

Fructose-6-phoshpate 2906 (319) 0.88 3504 (546) 1.10 4354 (716) 0.75 3131 (424) 1.33 

Galactinol 10200 (2454) 1.07 8387 (1589) 1.02 10674 (2171) 1.01 7640 (1166) 1.35 

Galactose 694 (217) 1.89 633 (120) 2.02* 25124 (24429) 0.03 1061 (215) 0.81 

Glucose 170585 (34709) 1.21 40041 (11004) 1.58 62558 (15021) 0.51 112602 (17457) 0.80 

Glucose-1-phosphate 7891 (338) 1.00 8567 (1154) 1.22 8019 (856) 1.53** 7918 (848) 1.30 

Glucose-6-phosphate 4546 (574) 0.82 4810 (887) 0.87 6122 (1394) 0.82 4683 (809) 1.27 

Glycerol 134579 (2312) 1.25*** 141260 (1899) 1.19 178540 (3345) 1.04 160427 (10367) 1.13 

Glyceryol-3-
galactoside 

22729 (8578) 1.10 19669 (4143) 1.43 31572 (10210) 1.02 39445 (10883) 1.77 

Inulotriose 508 (85) 1.02 357 (15) 1.04 236 (22) 1.32 321 (53) 1.14 

Isoribose 1420 (472) 1.64 1388 (173) 2.05* 1688 (670) 1.69 1463 (488) 1.80 

Levoglucosan 546 (94) 1.34 695 (127) 1.03 799 (110) 1.02 637 (6) 1.36* 

Lyxitol 3105 (169) 1.74*** 3998 (12) 1.61** 3746 (688) 0.97 4163 (283) 0.71 

Lyxose 480 (26) 1.58*** 544 (100) 1.64 664 (8) 1.20*** 528 (70) 1.32 

Maltose 5552 (1446) 1.50 6043 (359) 1.13 5139 (745) 1.58 5100 (1109) 1.65 

Mannitol 709 (193) 1.98 2461 (1651) 0.39 2787 (2150) 0.74 1023 (359) 0.85 

Melibiose 800 (87) 2.00** 1111 (33) 1.72** 822 (94) 1.75** 897 (153) 1.09 

Myo-inositol 199286 (11062) 0.64*** 168075 (16299) 0.83 201292 (1829) 1.04 185720 (8088) 1.10 
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Table 3.4 Continued 
Pentitol 2711 (100) 0.95 3746 (152) 0.75 3227 (419) 0.75 4467 (318) 0.50* 

Raffinose 3847 (241) 1.19 653 (78) 1.24 1007 (232) 1.37 1948 (325) 1.70 

Ribitol 35214 (1804) 1.95*** 74625 (5736) 2.01** 82917 (6147) 1.32* 48493 (5223) 1.32 

Ribose 3373 (53) 1.48*** 3298 (293) 1.80*** 3998 (406) 0.59 3253 (342) 0.97 

Sucrose 
524023 

(153696) 
0.95 

534976 
(108362) 

1.20 313879 (18632) 1.90 391515 (139090) 1.35 

Tegatose 700 (72) 1.60 1191 (62) 1.48 780 (63) 1.25* 645 (127) 1.31 

Threitol 1125 (104) 2.42 1922 (198) 3.49** 1560 (24) 1.25 1557 (81) 1.26 

Trehalose 7826 (1437) 0.97 9856 (400) 0.85 7760 (419) 0.93 7061 (221) 1.35* 

Xylitol 710 (35) 1.53 971 (122) 3.47*** 866 (113) 1.35 842 (114) 1.19 

Xylose 3555 (193) 2.17*** 5853 (301) 1.99** 4683 (610) 1.38 3925 (486) 1.09 

Xylulose NISTa 1179 (245) 1.94* 2556 (217) 1.09 2106 (202) 1.36* 1352 (392) 1.25 

 
Carbohydrate levels for each event reported as relative abundance (Standard Error) 

Leaf tissue was collected from T2:3 plants at 1 month 1 hour before the end of the day, (Standard Error). Comparisons are made between WRKY76 transgene 

Positive and Negative sister lines. 

*, **, *** represents significance at P <0.05, 0.01, 0.001 respectively from a 2 tailed equal variance t-test. Values represent GC-TOF peak heights for the 

quantification ion (mz value) at the specific retention index and are normalized to represent relative concentration values. 
aNIST: National Institute of Standards and Technology
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Effect of ABA/Sucrose/Mannitol on Group  

IIa WRKYs and Select Starch Synthesis Genes 

 

Whole leaves of the varietal control Nipponbare were collected at 18 days of 

growth and cut ends submerged in solutions of ABA, Sucrose, Sucrose and ABA, 

Mannitol, Mannitol and ABA, and an H2O control to determine the effect on group IIa 

WRKYs and other selected genes of interest, Table 3.5.  WRKY76 was severely 

downregulated in the ABA solution with a 99% reduction in expression, however this 

was overcome by mannitol allowing upregulation (29%) of the TF in the mannitol/ABA 

solution. The other group IIa WRKYs had relatively low expression in all solutions 

compared to WRKY76. WRKY28 and 71 were negatively regulated by sucrose with 88% 

and 43% reductions respectively. WRKY71 was positively regulated by mannitol with a 

54% increase in expression. WRKY62 was essentially not expressed in the H20. AGPL1 

and AGPS1 are upregulated by sucrose with a synergistic effect occurring with the 

addition of ABA and causing further elevation of their expression. The native leaf 

AGPase isoforms AGPL3 and AGPS2 showed no change in expression in any of the 

solutions. Starch Branching Enzyme was positively regulated in ABA and Sucrose and a 

synergistic effect also occurred in the solution having both sucrose and ABA. The ABA 

induced control gene (Dehydration Responsive protein - RD22) had a predictable pattern 

of trending up in solutions having ABA. 
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Table 3.5. Effect of ABA, Sucrose, and Mannitol on expression of rice group IIa WRKYs and other genes of interest 

Gene ABA Sucrose Sucrose/ABA Mannitol Mannitol/ABA H2O 

WRKY Group IIa transcription factors 

WRKY76 127*** (31) 21304 (4051) 30577 (5657) 16943 (3588) 22010** (851) 17040 (264) 

WRKY71 1242 (161) 532* (98) 674 (165) 1662* (187) 1447 (268) 938 (70) 

WRKY28 39 (16) 14 (5)* 18* (6) 88 (16) 27 (8) 64 (15) 

WRKY62 36 (15) 27 (15) 7 (4) 1132* (407) 42 (26) 1 (0) 

AGPase genesa 

AGPL1 1163** (131) 35108** (6549) 51557*** (6006) 834 (151) 5980 (2416) 361 (83) 

AGPL3 5176 (442) 3955 (1737) 5750 (171) 4112 (1493) 5898 (694) 6472 (239) 

AGPS1 1377 (108) 6449** (819) 7337* (1686) 1208 (254) 2038 (440) 2181 (436) 

AGPS2 4056 (491) 5368 (569) 5264 (293) 4795 (428) 4997 (629) 4910 (176) 

Starch Branching Enzymeb

SBE1 16215* (823) 9545 (235) 14058 (1737) 9193 (813) 12844 (887) 11444 (1182) 

SBE3 366* (57) 320 (117) 390** (61) 116 (12) 363* (69) 141 (3) 

ABA induced controlc 

RD22 438 (194) 188 (64) 570* (144) 175 (32) 725* (211) 94 (28) 

Housekeeping control 

ACT1 5333 (0) 5333 (0) 5333 (0) 5333 (0) 5333 (0) 5333 (0) 

Data represents 3 bulk samples for each condition. Whole uppermost leaves were collected from Oryza sativa var. Nipponbare at 18 days of growth. Values are 

reported as RPKM and represent average expression (Standard Error) for each gene, normalized to Actin1 

*, **, *** Difference between means is significantly different from H2O at P < 0.05, 0.01, and 0.001 respectively from a two-tailed equal variance t-test. 

Genes of interest chosen based on studies performed by Rook et al. (2001), Akihiro et al. (2005), and Nagata et al. (2012). Genes include alarge and small 

AGPase subunits including the major leaf and seed isoforms, bStarch branching enzyme (investigated in Rook et al., 2001 which found similar regulation of SB 

genes and Arabidopsis AGPase orthologue to AGPL1), and cRD22, Dehydration Responsive protein, which is induced in the presence of ABA and was used as a 

control in Rook et al. (2001). 
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Chlorophyll Quantification of 

WRKY76 Events at One Month 

 

Chlorophyll A and B levels were quantified from T1:2 bulk leaf tissue samples collected 

at the one month growth stage and 1 hour before the end of the day. Chlorophyll levels 

showed no difference between events or in comparison to the varietal control, Figure 3.5.  

Figure 3.5. Chlorophyll levels of T1:2 WRKY76 events at one month 
Three bulk tissue samples comprised of 5 PCR positive plants each were collected for each event at the 40 

days of growth. Tissue collected was one leaf below the uppermost node with 10% trimmed from either 

end of the leaf. Comparisons are made to the varietal control.  

 

 

Discussion 

 

Yield improvement is the overarching goal of plant breeding. Yield is a complex 

trait controlled by plant genetics, environment, and the interaction between genes and the 

environment. This study focuses on starch production as one aspect for yield 

improvement. The starch pathway is controlled by several genes and is not yet fully 

understood. Here we look at the transcription factor WRKY76 as a potential master 

controller of leaf starch production. 
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Overexpression of WRKY76 lead to plants with increased harvest index due to 

reduced trends in biomass and a 12% boost in seed weight Figure 3.1. This is opposite of 

the findings in Schlosser et al. (2014) where increased AGPase activity lead to increased 

tillers, panicles, and biomass with a trend of increased seed weight and decreased harvest 

index (Schlosser et al. 2014). Leaf starch levels in WRKY76 PCR positive transgenic 

events were consistently elevated in comparison to the VC at both the one month and 

anthesis growth stages, Figure 3.2. Comparing positive WRKY76 to negative sister lines 

shows increased starch at anthesis for events 1 and 2 while event 12 positive lines trend 

higher and event 5 is unchanged between sister lines. The general elevation of leaf starch 

in positive lines as compared to the negative sister lines likely contribute to improved 

seed weight at maturity and may be due to improved source strength. Daylight starch 

accumulation is matched to plant growth at night, as shown in Arabidopsis where rate of 

night time starch degradation is essentially linear so that about 95% of leaf starch is used 

by dawn (Graf et al. 2010). The tissue samples collected for the starch studies here were 

collected 1 hour before the end of day and represent available starch for nightly plant 

growth. The WRKY76 positive lines may have this advantage, as a product of larger 

leaves with which to produce photosynthates, rather than via an increase in chlorophyll 

content. 

Increased photosynthetic rate in the afternoon of positive WRKY76 lines 

compared to negatives is further evidence of this TF playing a role in regulating carbon 

metabolism, Figure 3.3. Circadian cues are abundant among eukaryotic organisms and 

regulate a wide range of physiological and behavioral processes including coordination of 
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photosynthesis. Carbon assimilation and stomatal conductance have been shown to be 

closely coupled, reaching maximum levels at mid-light period and minimal levels at mid-

night (Hennessey and Field 1991). Daytime plant growth is directly fueled by 

photosynthesis with excess photosynthates converted to starch and subsequently broken 

down to provide sugars for metabolism and night growth. Measurements show positive 

lines overexpressing the WRKY76 transcription factor to have an important advantage 

over negative lines for afternoon photosynthetic, transpiration, and conductance levels 

(Figure 3.3).  As stomatal conductance and carbon assimilation prove closely coupled, 

these findings support increased starch levels in events having increased photosynthetic 

capacity. Events 1, 2, and 12 each had elevated rates of photosynthesis, transpiration, and 

conductance while event 5 only had minimal increases. This observation is interesting in 

that it matches the starch values at anthesis which showed events 1, 2, and 12 had 

elevated starch levels ranging from 33-76% in comparison to their negative sister lines 

while there was little difference between sister lines of event 5 at anthesis. 

Overexpression of WRKY76 lead to upregulation of multiple genes important in 

the starch pathway, photosynthesis, carbon fixation, and nitrogen metabolism, Table 3.2. 

As WRKY76 can act as a transcriptional repressor (Yokotani et al. 2013), and group IIa 

WRKYs play interactive roles to negatively and positively regulate reactions (Xu et al. 

2006, Liu et al. 2007, Shang et al. 2010), it is not surprising to see this TF involved in 

both positive and negative gene regulation. Genes such as starch synthases play a 

collaborative role in the final product of seed starch, allowing that some isoforms play a 

larger role in overall starch production. Fujita et al. (2006) investigated lines with 



82 
 

 

substantially reduced SSI (0-20% of the wild-type) yet found no resultant effect on the 

size and shape of seeds and starch granules, suggesting a compensating effect of other 

starch synthase genes, or that SSI does nothing (Fujita et al. 2006). In fact, the effect of 

WRKY76 regulation appears to favor leaf specific isoforms with eight of the 13 leaf 

specific genes having expression increases of 11-96% and five of the eight seed specific 

isoforms having decreased expression of 9-40%. Specifically, this study found WRKY76 

to positively regulate SSIIIb in leaves, yet negatively regulate SSIIc (low expression 

everywhere), SSIVa (pistil/carpel), and SSV (seeds). This finding categorically supports 

WRKY76 as a leaf starch specific enhancer. WRKY76 also conferred a near doubling of 

the leaf isoform GBSSII and reduction in the seed specific SBEI. In this study WRKY76 

overexpression either negatively regulated or had little change over 

transporter/translocator genes for both sucrose and Glucose-6-phosphate in leaf tissue 

suggesting these genes are not regulated by WRKY76 and/or not limiting in starch re-

allocation to sink tissues. Similarly, Cakir et al. (2016) found the ADP-glucose 

transporter BT1 in rice was important to starch production, but not itself rate limiting, 

(Cakir et al. 2016).  

RuBisCO, important for the first major step of carbon fixation, had a 20% large 

subunit expression increase and significant 42% increase for the small subunit, Table3.2. 

Stitt and Schulze (1994) used antisense technology to produce tobacco plants with 

decreased expression of RuBisCO and discussed several points which provide insight to 

this study. The level of RuBisCo in the tobacco plants correlated with photosynthetic rate 

and 3-PGA, the immediate product of photosynthesis, as well as increased starch levels in 
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source leaves. This relates to findings of this study where elevated RuBisCo expression 

correlated with elevated photosynthetic rate and starch accumulation in leaves at the end 

of day. Stitt and Schulze (1994) also found a relationship between the level of RuBisCo 

and the ratio of ATP/ADP where ADP was favored as RuBisCo increased. The study 

here also found a 28% increase of phosphoribulokinase, an enzyme catalyzing the 

chemical reaction ATP↔ADP. Additionally, Stitt and Schulze (1994) showed that 

elevated RuBisCO is correlated with increased NO3
- assimilation. This study found 

glutamine synthase, essential in the metabolism of nitrogen, to be increased by 45% and 

elevated nitrogen containing metabolites in WRKY76 positive lines (Figure 3.4). 

Metabolite analysis also revealed 9-29% of the 34 identified carbohydrates were 

significantly elevated in WRKY76 positive lines. Elevated carbohydrates induce enzymes 

for sucrose metabolism and starch synthesis (Muller-Rober et al. 1990), and nitrate 

assimilation (Vincentz et al. 1993), consistent with and supporting results from this study. 

Interestingly, Stitt and Schulze (1994) also found a negative correlation between 

RuBisCo levels and total leaf area. Our study did not calculate total leaf area, but did find 

WRKY76 transgene positive leaves (uppermost and flag at various stages) were wider 

and tended to be longer than negative sister lines, Figure 3.1. Stitt and Schulze (1994) 

posit that increased leaf area is a function of water content, not changes in plant 

root/shoot allocation, and may be a consequence of increased transpirational rate. The 

resulting osmotic potential may cause elevated leaf water content and expanded leaves. 

The increased leaf area may serve to counteract lower levels of RuBisCO and decreased 

photosynthetic efficiency. The results of the present study show plants with larger 
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uppermost leaves combined with elevated transpiration and photosynthetic rate. Here, 

larger upper most leaves may be a mechanism for overcoming the lack of change in 

chlorophyll content in leaves at one month, Figure 3.5. No difference in chlorophyll was 

observed either between events or in comparison to the varietal control. No difference in 

chlorophyll content combined with elevated photosynthetic rate suggests an improved 

efficiency of carbon assimilation in the leaves of plants expressing the WRKY76 

transgene.  

DAVID functional annotation clustering of the most significantly (top 100) up 

and down regulated (all at P < 0.01 or less for all four events) provided insight to the 

processes taking place due to the overexpression of WRKY76, Table 3.3. Genes which 

cluster into regulation of transcription prove both positively and negatively regulated, 

supporting WRKY76 as a master controller of gene expression through the cascading 

effect of further transcriptional control. Amino acid catabolism genes were also 

significantly enriched and may cause high turnover rates of these metabolites as the 23 

identified amino acids had members highly up and down regulated, Figure 3.4. 

Functional annotation clustering also identified genes associated with phosphorylation as 

substantially enriched. Alteration of protein phosphorylation state is a mechanism by 

which plants turn enzyme activity on and off allowing regulatory control of plant 

response and activity, reviewed in Cohen (1988). Alteration of phosphorylation appears 

to be a mechanism by which WRKY76 regulates plant function. 

In addition to up and down regulation of amino acids, metabolite analysis found 

that identified carbohydrates were upregulated, Figure 3.4. Increased photosynthetic rates 
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feeding more carbon into the plant metabolic system would support greater carbohydrate 

levels such as this. Elevated carbohydrates in turn induce enzymes for sucrose 

metabolism, starch synthesis (Muller-Rober et al. 1990), and nitrate assimilation 

(Vincentz et al. 1993). Organic acids and nitrogen containing metabolites also have more 

members positively regulated in response to overexpression of WRKY76. Organic acids 

act as intermediates in carbon fixation and their metabolism is associated with plant 

tolerance to environmental stress (Lopez-Bucio et al. 2000). WRKY genes are 

established as important in plant stress response and the increased occurrence of organic 

acids due to overexpression of WRKY76 may play dual roles allowing for amplified 

starch production via carbon fixation intermediates. Nitrogen also plays an important role 

in plant growth since nitrogen and carbon metabolism are tightly linked in almost every 

biochemical pathway (reviewed in Coruzzi and Bush (2001)) while photosynthetic 

machinery accounts for more than half the nitrogen content of leaves (reviewed in 

Lambers et al. (2008)). Correlation of carbon and nitrogen corroborates the effect of 

increased carbon metabolites being followed by increased nitrogen metabolites, as 

observed here. 

This study found that WRKY76 is strongly downregulated by ABA, having a 

99% reduction of expression in its presence, Table 3.5. This effect was overcome in the 

solution containing both mannitol and ABA, and though not significant the trend also 

held for the solution having sucrose and ABA with a 79% increase of WRKY76 

expression. These results suggest that WRKY76 is responsive to ABA as well as osmotic 

differences. Interestingly, Yokotani et al. (2013) also evaluated the effect of ABA on 
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WRKY76 expression and found relative mRNA levels of the TF showed a substantial 

spike shortly after treatment followed by waning levels nearly reaching the no-treatment 

level at ~13 hours, then slowly rising until 25 hours when the experiment was stopped. 

The WRKY76 levels here were measured at 18 hours and are comparatively much lower 

than reported in Yokotani et al. (2013) for the same time point. 

This study found the reaction of AGPL1 to match that of previous studies, (Rook 

et al. 2001, Akihiro et al. 2005) where expression is enhanced by ABA and sucrose, but a 

synergistic effect caused greater enhancement of the AGPase gene expression still, Table 

3.5. The expression patterns of AGPL1 as well as the small subunit seed isoform (AGPS) 

and the two native large and small leaf AGPases (AGPL3 and AGPS2) do not match the 

observed expression of WRKY76. This prevents support of the TFs involvement with 

AGPase genes based on co-expression, as was done in Nagata et al. (2012). However, it 

does not discount WRKY76 from involvement in the starch pathway. Vandepoele et al. 

(2009) evaluated Arabidopsis gene co-expression across 129 experiments as a predictor 

of gene function and found correlation to occur only 13-34% of the time showing that co-

expression alone does not define biological gene function. The study concluded that 

additional information is necessary to predict gene function and advocated use of cis-

regulatory elements as an alternative approach to co-expression alone. Group IIa WRKYs 

have shown complex interaction to achieve regulation and further study is needed to 

understand the mechanism by which WRKY76 achieves elevated starch levels. 
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CHAPTER 4 

 

CONCLUSIONS 

 

 

WRKY76 was identified as having increased expression likely due to the 

overexpression of AGPase genes Sh2r6hs and Bt2 and the effect of its overexpression 

was subsequently tested. Here we report that WRKY76 transgene lines enhance plant 

yield phenotype with improved harvest index due to a 4% reduction in biomass, 21% 

reduction in immature panicles, and a 12% increase in seed weight trend. WRKY76 

transgene positive events also showed consistent increases in starch at the end of day with 

39% increases on average at both one month and anthesis growth stages in comparison to 

the Varietal Control. WRKY76 overexpression also conferred increased expression of 

several genes important to starch synthesis and carbon metabolism including AGPL1, 

AGPS2, SSIIIb, GBSII, Rbcs, PRK, and GS2 as well as leading to a general upregulation 

of leaf tissue carbohydrates. Group IIa WRKYs regulate plant function through complex 

and interactive means and this study supports regulation via interaction with other TFs, 

hormonal and osmotic control, phosphorylation and amino acid turnover, and improved 

photosynthetic efficiency via the carbon metabolism enzyme RuBisCO. Further study is 

needed to elucidate the direct binding and action of this transcription factor. Starch 

synthesis is an important factor in plant yield and its complex nature is not fully 

understood, this study supports WRKY76 as playing an interactive role for improvement.  
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