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ABSTRACT 

 

Discovery, Validation, and Deployment of WAPO1 in Wheat (Triticum ssp.) and 

Characterization of Mentorship-Based Education in Plant Breeding  

 

Plant breeding is the art and science of developing new crops and plant products that 

serve an immense range of industries. The scientific training for plant breeders often involves 

making discoveries in plant genetics to develop new tools for plant breeders. The first part of this 

Thesis describes the discovery, validation, and deployment of WHEAT ORTHOLOG OF APO1 

(WAPO1), a gene that increases the spikelet number per spike (SNS) and yield potential in 

wheat. The path from discovery to deployment of WAPO1 was a three-step, forward genetics 

approach that first involved construction of a high‑resolution genetic map, followed by candidate 

gene evaluation and functional validation experiments to demonstrate that WAPO-A1, the A 

genome homeolog of WAPO1, is a causal gene for SNS. With causality established, an extensive 

germplasm screen was performed to discover and characterize novel alleles for WAPO-A1. To 

raise durum yield potential, a WAPO-A1 allele associated with higher SNS was deployed into 

durum wheat and raised SNS significantly. If this increase in SNS translates into higher yield, 

plant breeders could make targeted introgressions of WAPO-A1 alleles into widely grown durum 

varieties to improve durum yield.  

Beyond scientific training and crop-specific knowledge, plant breeders also need to be 

competent in a wide variety of technical and soft skills. The second part of this Thesis is an 

assessment of students’ learning and skill development in the Student Collaborative Organic 

Plant-breeding Education (SCOPE) program: a student-led collective that uses technical training, 
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social learning, and mentorship to prepare students for a career in plant breeding. Two 

educational theories – Experiential Learning and Situated Learning – served as the conceptual 

basis for this study’s design, implementation, and interpretation of results. To determine how 

well students were acquiring new technical and soft skills, I conducted a mixed methods study of 

anonymous surveys and analysis of student writing pieces from the SCOPE program. This study 

found that most students participated in all plant breeding activities and were building new 

knowledge and skills accordingly. SCOPE staff were the primary mentors to all students, while 

graduate students played dual roles as mentors to undergraduate students and mentees to staff 

and faculty advisors. However, undergraduate students rarely achieved proficiency in advanced 

skills, and few mastered more basic skills despite frequent practice and training. I suspect the 

unclear leadership role of undergraduate participants in the SCOPE community hampered 

learning and skills acquisition. If given a clear role and more responsibility, students would 

likely gain confidence in their training and take greater initiative and responsibility for their own 

learning. To make these suggestions a reality, this study concludes with recommendations for 

feasible undergraduate-led projects that would hopefully improve undergraduate skills 

development and benefit the SCOPE community. 
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INTRODUCTION 

 

Wheat Origins and Genetic Diversity 

Since the advent of agriculture, wheat and wheat progenitors (genus Triticum L. and 

Aegilops L.) have served as essential elements of our culture, cuisine, and economy (Shewry & 

Hey, 2015). Domestication of wheat began approximately 10,000 years ago, when wild einkorn 

and emmer were domesticated into their cultivated counterparts and dispersed by early Neolithic 

farmers across Asia, Europe, and Africa (Dubcovsky & Dvorak, 2007). During this widespread 

migration, a few species and subspecies of wheat were incorporated into different cultures and 

adapted for many different culinary and other uses, such as forage for animals, fiber for building 

materials, and even fuel (Cooper, 2015). Today, components of wheat chaff – a largely 

unutilized byproduct – are formed into pellets and used as a second-generation biofuel 

(Bergonzoli et al., 2020). For food, we grow two major types of wheat: pasta wheat (T. turgidum 

subsp. durum) and bread wheat (T. aestivum). Worldwide, over 95% of wheat produced is bread 

wheat and approximately 2.3% is durum wheat (International Pasta Organisation, 2020). And, 

although we mainly grow highly productive modern wheats, smaller amounts of wild and 

cultivated wheat ancestors are still grown and persist in the contemporary human diet under the 

umbrella term ancient grains (Cooper, 2015). As a result, wheat is now an essential staple crop 

worldwide, highly adapted to a wide variety of climates, production systems, market classes, and 

provides more than 20% of human-consumed calories and protein intake (FAO, 2016). 
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Strategies to Improve Wheat Yield 

Given its widespread use and international importance, genetic advances in wheat yield have 

the potential to make a global impact. At present, one of the greatest challenges wheat breeders face 

is breeding for higher yields without compromising grain quality. According to Slafer (Slafer, 2005; 

Slafer & Andrade, 1993), identifying the genetic basis of grain yield is exceptionally challenging 

because heritability for yield per se is low. This is because wheat yield is the product of growth over 

the course of the entire growing season and is highly affected by crop production practices and 

variations in growing conditions. Hence, breeding for higher wheat yields often requires an 

improvement of overall resilience of wheat to environmental stress and optimizing sink-source 

balance within the plant. “Sink” organs are reservoirs of photosynthate, while “source” organs are 

sites of photosynthesis – the production of sugar and energy. Optimizing this source-sink 

relationship is a delicate process that involves maximizing total photosynthate production in the 

leaves, transport and spike grain-number and grain-fill. For example, increases in the number of 

grains per plant is usually associated with a decrease in grain weight (Slafer & Savin, 1994).  

While balancing source-sink traits makes breeding for yield difficult, this challenge can be 

partially overcome by identifying genes underpinning specific yield components. Thus, instead of 

studying yield per se as a single complex trait, we dissect yield into yield components – discrete 

traits, which develop at specific growth stages throughout the season. Examples of yield component 

traits include tillers per square meter, spikelet number per spike (SNS), grain number per spike, and 

grain weight (Slafer, 2005). Unlike yield per se, yield component SNS has higher heritability and is 

determined early in crop development; and, therefore, less affected by variation in growing 

conditions through the season (Zhang et al., 2018).  
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Raising Yield, Gene by Gene 

At present, our ability to manipulate these yield components is hindered by our limited 

knowledge of the genes and gene networks controlling wheat yield (Simmonds et al., 2016). 

Discovering and characterizing these quantitative trait loci (QTL) and genes responsible for yield 

components will be the first step to revealing this gene network (Simmonds et al., 2016; Reynolds 

et al. 2005). The traditional forward-genetics approach to gene discovery is a three-step process. 

First, conducting a QTL mapping study to identify a candidate region; second, creating a high-

resolution genetic map of the QTL candidate region; and third, performing the functional validation 

of the candidate gene to demonstrate causality (Salvi & Tuberosa, 2005).  

Before the development of publicly available resources for wheat genetics, the path to gene 

discovery and deployment in wheat was slow and tedious. Today, however, we have access to many 

tools that allow us to accelerate the gene-discovery process and improve precision of causal gene 

identification. Such resources include annotated whole-genome sequences (IWGSC, 2014), 

genotyping by sequencing (GBS) and exome capture platforms and sequenced mutant populations 

(Krasileva et al., 2017). To efficiently identify and validate causal genes, a wheat-optimized 

CRISPR-Cas9 protocol (Doudna et al., 2014; Debernardi et al., 2020) can now be used to introduce 

mutations by genome-editing.  

Once the causal gene is identified, genetic markers for the gene’s beneficial allele(s) serve as 

diagnostic markers for deployment into wheat breeding programs (Miedaner & Korzun, 

2003). Herein lies the true benefit of Mendelizing a QTL down to its causal gene. With our current 

genomic resources, we can conduct extensive germplasm screening of wheat varieties, landraces, 

and near-wheat relatives to identify novel forms of gene variation in the causal gene 

(https://triticeaetoolbox.org/wheat/). In doing so, we can identify and create genetic markers for the 
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unique polymorphisms that distinguish the different alleles. With these high-precision markers, 

breeders can directly screen their germplasm base for allele type instead of relying on 

polymorphisms closely linked to causal genes which may or may not inform true allele type.  

The work presented in this Thesis documents my gene-discovery journey to identify and 

deploy a single causal gene regulating SNS in wheat called WHEAT ORTHOLOG OF 

ABERRANT PANICLE ORGANIZATION 1 (WAPO1). Before starting this project, the 7AL QTL 

for SNS was identified with several association and linkage mapping studies (Zhang et al., 

2018). In Chapter 1, presented in the original published format, I describe the development of the 

high-resolution genetic maps of this 7AL SNS QTL. Using a variety of evidence, we identified 

WAPO-A1 as the leading candidate gene for this QTL. We also used haplotype analysis to 

identify allele types and frequency across wheat domestication (Kuzay et al., 2019). In Chapter 

2, I present the functional validation of WAPO1 for SNS using knock-out mutants and transgenic 

validation, as well as deployment of the higher SNS allele into durum wheat. In addition to these 

publications, we also published the diagnostic WAPO-A1 genetic markers to the MAS Wheat 

website (https://maswheat.ucdavis.edu/protocols/WAPO1). These markers serve as publicly 

available resources for research groups and breeding programs interested in using WAPO-A1 in 

their work. 

 

Using Educational Theory to Inform Plant Breeding Training 

The third chapter of this dissertation documents a parallel journey – the journey of 

becoming a researcher and a plant breeder – recounted through the language and framework of 

education theory. This work is not a scientific explanation of what plant breeders and scientists 

do in practice, but an analysis and interpretation of how we prepare for an occupation in research 

https://maswheat.ucdavis.edu/protocols/WAPO1
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and plant breeding through technical training, social interaction, and mentorship. The 

introduction to this work is informed and inspired by the publications of Jamie Shattuck (nee 

Miller) (Miller et al. 2011), Heather Thiry (Thiry et al. 2016), and my own personal experiences. 

Plant breeding is a science-driven, creative process dedicated to the development of new 

crops and crop cultivars. To become a plant breeder, it is necessary to acquire an M.S. or Ph.D. 

in plant genetics or closely related field. In pursuit of this advanced academic degree, plant 

breeding students undergo the rigorous academic and practical training necessary for research. 

The academic training involves coursework, examinations, and extensive academic writing. 

During this instruction, the learner demonstrates his or her knowledge and is challenged to define 

the boundaries of what can be inferred. This process is intended to challenge a person’s working 

knowledge, assumptions, and established thought patterns – challenge and change what was 

thought to be known. 

The practical training is the art and science of conducting research and communicating 

with other scientists. This learning is inherently social – it involves learning from other scientists 

through conversations, reading and writing articles, giving presentations, and engaging in hands-

on technical training. From these interactions, graduate students learn how to work with different 

experts, design and run experiments, collect and analyze data, and ultimately “learn how to be a 

learner.” In the end, all this rigor and training is necessary for one purpose. So, that scientists can 

be concise, confident, and critical when using what they know to discover something new. 

Creating new knowledge through discovery is what academic scientists do, and this training 

creates individuals capable of infinite creativity driven by questions and the desire to learn more. 

Overall, this process is excellent for training students to be academic researchers, but this is not 

enough or sufficient for training plant breeders. 
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Again, a plant breeder is someone who uses science and creativity to breed new crops and 

develop crop products. An academic researcher carries out original, high-level research that 

generates new knowledge and advances current understanding. There are many parallels between 

work as a plant breeder and work as a researcher. Both work and collaborate with experts who 

occupy specialized niches. Both develop, adapt, and borrow tools created for one purpose and 

apply it to new situations. Both have a deep respect and understanding of the plants they study – 

learning as much from the organisms of study as they do from the communities they work in. 

Most importantly, both researchers and plant breeders create something meaningful and new for 

the benefit of others. 

And yet, this is not enough. Today, a plant breeder is one leader within a team of experts who 

together deliver tangible, marketable products. To be effective in these teams, plant breeders 

need to be strong communicators and collaborators who can influence others and lead a group. 

Throughout their careers, plant breeders may work on many different crops. They rely on 

knowledge and skills to help them work on various crops with novel challenges and advantages. 

These skills are not crop specific but transferrable between crops. 

So, how do we create plant breeders from academic researchers? We round up a group of 

academic researchers and researchers in-training and have them work together to develop new 

varieties of crops. The only condition for participation is that everyone helps everyone; 

otherwise, the real work that is learning cannot be done. This program is called SCOPE, the 

Student Collaborative Organic Plant breeding and Education program. In true academic fashion, 

I used two education theories – Experiential Learning and Situated Learning – to show how we 

train, learn, and advise each other in the art and science of plant breeding. Situated Learning is 

the social experience of learning and how we use community culture as the vehicle for 
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transferring knowledge (Lave & Wenger, 1991). The Experiential Learning theory provides a 

context for understanding and appreciating different learning styles and the mechanics of hands-

on learning (Kolb, 1984). Through the lens of learning theory, I designed a mixed methods study 

consisting of anonymous surveys and analysis of student writing pieces from the SCOPE 

program. Data from both studies was used to assess the quality of students’ learning experiences 

and characterize the mentoring relationships between participants. Integrating this information 

allowed me to determine how students were learning and if they were acquiring new skills in the 

process. 
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CHAPTER 1 

Identification of a candidate gene for a QTL for spikelet number per spike on wheat 

chromosome arm 7AL by high-resolution genetic mapping 

Theoretical and Applied Genetics (2019) Vol 132,  p. 2689-2705 

 

 

Erratum to: Theoretical and Applied Genetics (2019) 132: 2689-2705  

DOI: 10.1007/s00122-019-03382-5 

Two typos occurred on p. 2691 of the published manuscript where we mischaracterized the 

components of the ANOVA performed, using the term “treatment” instead of “environment.” 

The sentence should read: “ANOVAs were performed separately for each of the 

four environments and also in a combined analysis using environments as blocks.” The analysis 

presented in the original paper is correct and reflects the description in this corrected sentence. 

All conclusions of the paper remain unaltered. 
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2.1 ABSTRACT 

Improving our understanding of the genes regulating grain yield can contribute to the 

development of more productive wheat varieties. Previously, a highly significant QTL affecting 

spikelet number per spike (SNS), grain number and grain yield was detected on chromosome 

arm 7AL in multiple genome-wide association studies. Using a high‑resolution genetic map, we 

established that the A-genome homeolog of WHEAT ORTHOLOG OF APO1 (WAPO-A1) was a 

leading candidate gene for this QTL. In this study, we demonstrate that WAPO-A1 is the causal 

gene underpinning this SNS QTL using mutants and transgenic plants. CRISPR loss-of-function 

mutants wapo-A1 and wapo-B1 showed reduced SNS in tetraploid wheat, and the effect was 

exacerbated in the wapo1 double mutant. By contrast, transgenic wheat plants carrying extra 

copies of WAPO-A1 driven by its native promoter had higher SNS, delayed heading date. Both 

mutants and transgenic plants showed a wide range of floral abnormalities. In the transgenic 

plants, the distal part of the spike was more compact and ended in a smaller terminal spikelet 

than the wild type. Taken together, our results indicate that WAPO1 affects SNS by regulating 

the timing of terminal spikelet formation. In both transgenic and natural variants, we show that 

WAPO1 alleles with higher transcript levels are associated with higher SNS. WAPO-A1 derived 

haplotype H1 with a promoter deletion, lower expression, and reduced SNS than the ancestral 

haplotype H3 is now predominant in modern durum wheat. We hypothesize that selection for 

larger grains resulted in indirect selection for reduced grain number due to the negative 

correlation between these two traits, contributing to the increase in H1. The rapid replacement of 

H1 and H3 by the higher-SNS haplotype H2 in modern hexaploid wheat suggests that H2, which 

is nearly absent in durum wheat, may contribute to increases in total grain yield in durum wheat. 
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2.2 INTRODUCTION 

Wheat is an essential staple crop for global food security. It is highly adapted to a wide 

variety of climates and production systems, and provides more than 20% of the calories and 

protein consumed by the human population (FAO, 2016). Although further increases in grain 

yield are required to feed a continuously growing population, historical yield trend studies have 

shown a decrease in the relative rates of grain yield in some wheat growing regions (Grassini et 

al., 2013). This has prompted new efforts to understand and improve the productivity of both 

hexaploid (Triticum aestivum, genomes AABBDD) and tetraploid wheat (T. turgidum ssp. 

durum, genomes AABB). 

Identifying genes controlling total grain yield is exceptionally challenging due to the low 

heritability of this trait (Slafer, 2005; Slafer, 1993). However, grain yield can be dissected into 

more discrete yield components with higher heritability. Total grain yield can be partitioned into 

the number of spikes per unit of area, spikelet number per spike (SNS), number of fertile florets 

per spikelet, and average grain weight. Among these traits, SNS usually exhibits high heritability 

because total spikelet number is established shortly after the initiation of the reproductive phase 

when the terminal spikelet is formed (Zhang et al., 2018). Hence, variation in environmental 

conditions throughout the growing season has little effect on SNS.  

A highly significant and stable QTL for SNS was identified on chromosome arm 7AL in 

multiple genome wide association studies (GWAS) including a panel of soft red winter wheats in 

the US (Ward et al., 2019), panels of European winter wheats (Boeven et al., 2016; Voss-Fels et 

al., 2019; Wurschum et al., 2018), a panel of US and CIMMYT photoperiod-insensitive spring 

wheats, and six biparental populations which comprised different wheat market classes (Kuzay et 

al., 2019). In our previous study (Kuzay et al., 2019), we generated two high-resolution genetic 
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maps to delimit this SNS QTL to an 87-kb region (674,019,191 – 674,106,327 bp, RefSeq v1.0) 

containing four candidate genes. Among these genes, we identified TraesCS7A02G481600 as the 

most promising candidate gene, based on the presence of a non-synonymous polymorphism that 

co-segregated with SNS in biparental populations segregating for different haplotypes in the 

candidate region (Kuzay et al., 2019).  

TraesCS7A02G481600 is orthologous to the rice gene ABERRANT PANICLE 

ORGANIZATION1 (APO1), hence the wheat gene was designated as WHEAT ORTHOLOG of 

APO1 (WAPO1). Mutants in the rice APO1 gene affect panicle branching and spikelet number, 

supporting WAPO-A1 as a promising candidate gene for the 7AL SNS QTL (Kuzay et al., 2019). 

Rapid changes in WAPO-A1 allele frequencies during wheat domestication and breeding also 

suggested that this region was relevant to wheat improvement. Three major haplotypes were 

identified in the 87-kb candidate region – H1, H2, and H3 – each of which associated with 

different WAPO-A1 alleles. Haplotype H3 includes the ancestral alleles Wapo1-A1c and Wapo1-

A1d, which differ from each other by two synonymous substitutions, 2 SNPs in the intron and 1 

SNP in the promoter (Kuzay et al., 2019). The H3 haplotype is present in the diploid donor of the 

A genome (T. urartu), cultivated emmer (T. turgidum subsp. dicoccon) and wild emmer (T. 

turgidum subsp. dicoccoides), and at low frequency in modern tetraploid and hexaploid wheats. 

Haplotype H1, present in over 99% of modern durum wheat lines, has the Wapo-A1a allele and 

is characterized by a 115-bp deletion in the promoter and a change from aspartic acid to 

asparagine at position 384 (D384N) relative to H3. Haplotype H2, most frequent in modern 

common wheat varieties, carries the Wapo-A1b allele and differs from the H3 haplotype in a 

cysteine to a phenylalanine polymorphism at amino acid position 47 (C47F). Linkage analysis in 
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six different biparental populations established that the H2 haplotype was associated with higher 

SNS phenotype than both the H1 and H3 haplotypes. 

Our previous study established WAPO-A1 as the best candidate gene for the 7AL SNS 

QTL (Kuzay et al., 2019), but functional validation was missing. The main objective of this 

study was to demonstrate that WAPO1 is the gene underpinning the SNS QTL by providing the 

missing functional validation using loss-of function mutants and transgenic plants. Additional 

objectives included the evaluation of the effects of H1 and H3 haplotypes on SNS and WAPO-A1 

expression, and the effects of loss-of-function mutants and WAPO-A1 transgenic plants on spike 

and floral development. Finally, we discuss a potential mechanism for WAPO1 regulation of 

SNS and the value of the different WAPO-A1 alleles to obtain different breeding outcomes. 

 

2.3 RESULTS 

 

A loss-of-function EMS mutation in WAPO-A1 reduces spikelet number per spike (SNS) 

The EMS induced mutation W216* identified in the Kronos mutant line K4222 results in 

the truncation of 51% of the WAPO-A1 protein. The lost part of the protein includes regions 

highly conserved among grasses, suggesting that the truncated WAPO-A1 protein is either non-

functional or has reduced activity. A significant reduction in SNS was observed in the wapo-A1 

mutant in three different experiments, confirming this hypothesis (Fig. 1). 
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Figure 1. Differences in spikelet number per spike (SNS) between sister lines homozygous for the wapo-A1 loss-of-
function mutant and the wild type allele. A) F3 sister lines evaluated in the greenhouse. B) F4 sister lines evaluated in 
the field. C) BC1F2 sister lines evaluated in the field. Error bars are standard errors of the means (s.e.m.). Numbers 
inside the bars indicate the number of replications. **= P < 0.01, *** P < 0.001 (t-test for equal variances). 

 

In a greenhouse experiment, average SNS of F3 lines homozygous for wapo-A1 was 1.7 

spikelets lower (14% reduction) than the wild type sister lines (Fig. 1A). When grown under field 

conditions, average SNS of F4 lines homozygous for the wapo-A1 mutation was 1.4 spikelets lower 

(7.3% reduction) than their wild type sister lines (Fig. 1B). In both the field and greenhouse 

experiments, the differences in SNS were highly significant (P < 0.0001).  

To assess the effect of wapo-A1 in a background with lower mutation load, an additional field 

experiment was performed using 11 BC1F3 plants homozygous for the wapo-A1 allele and 8 sister 

BC1F3 plants homozygous for the wild type allele. Here, the wapo-A1 spikes had an average of 1.1 

fewer spikelets per spike compared to wild type sister line (Fig. 1C). The 6.0% reduction in average 
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SNS was smaller compared to the previous experiments but highly significant (P = 0.0035) (Fig. 

1C). Taken together, these three experiments demonstrate that loss-of-function of the A-genome 

homeolog of WAPO1 is sufficient to significantly reduce SNS. 

 

Combined loss-of-function CRISPR mutations wapo-A1 and wapo-B1 were associated with 

greater reductions in SNS than single mutants 

Among the three independent T0 CRISPR transgenic Kronos plants, one line heterozygous 

for a “T” insertion at position 510 (from the ATG) in both WAPO-A1 and WAPO-B1 was selected 

for further characterization. This frameshift insertion alters 61.4% of the protein sequence (starting 

from amino acid 171), likely resulting in loss-of-function mutations in both WAPO1 homeologs. 

We genotyped 113 T1 plants derived from the selected transgenic event using the WAPO-A1 and 

WAPO-B1 CAPS markers (Appendix A.1, S1 table), and grouped them into seven genotype classes 

(Fig. 2). 
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Figure 2. Effect of loss-of-function CRISPR mutants in wapo-A1 and wapo-B1 in tetraploid wheat Kronos. 
A) SNS in 110 T1 plants segregating for wapo-A1 and wapo-B1. Bars are average SNS and error bars are 
s.e.m. The numbers inside the bars indicate the number of plants evaluated and the asterisks indicate 
Dunnett test P values versus the double mutant. * = P<0.05, ** = P<0.01 and *** = P<0.001. B) Interaction 
graph for homozygous mutant combinations in F2 plants without the CRISPR transgene (data used in the 
factorial ANOVA S3A Table). C) Degree of dominance (Falconer, 1964) for WAPO-A1 (in wapo-B1 
background) and WAPO-B1 (in wapo-A1 background).  The heterozygous lines were grown in the same 
experiment as the four homozygous classes in B.  

 

The frequency of T1 plants homozygous for the WT alleles at the WAPO-A1 and WAPO-

B1 loci, was exceptionally low relative to the 29 plants expected from a normal segregation. We 

only detected five and six plants homozygous for the WT allele at the WAPO-A1 and WAPO-B1 

loci respectively. We interpreted this segregation distortion as a product of continuous CRISPR 

editing. Among the T1 plants, we identified 14 wapo-A1 wapo-B1 homozygous plants 
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(henceforth, wapo1), which had significantly lower SNS compared with genotypes with at least 

one functional WAPO1 copy (Dunnett test P < 0.05, Fig. 2, Appendix A.2, S2 Table A). When 

comparing plants heterozygous at one of the WAPO1 loci and homozygous mutant at the other, 

plants homozygous for wapo-B1 and heterozygous for WAPO-A1 showed a greater reduction in 

SNS (0.9 spikelets, P = 0.006) than plants homozygous for wapo-A1 and heterozygous for 

WAPO-B1 (0.3 spikelets, P = 0.23, Fig. 2). Although no significant differences were detected 

among genotypes for heading date (Appendix A.2, S2 Table B) or number of tillers (Appendix 

A.3, S2 Table C), the wapo1 double mutant had the earliest heading date and the lowest number 

of tillers (Appendix A.2, S2 Table B and C). 

To eliminate the continuous editing by the CRISPR-Cas9 vector, we created loss-of-

function lines without the CRISPR transgene by backcrossing a T1 line carrying both frameshift 

mutations with Kronos. We then identified an F1 plant heterozygous for both mutations and 

without the CRISPR-Cas9 vector. In the subsequent F2 progeny we identified lines homozygous 

for both wild type alleles, wapo-A1 and wapo-B1 single mutants, and wapo1 double mutants, and 

evaluated in a growth chamber. 

Using a 2x2 factorial ANOVA with homeologs as factors and alleles as levels, we found 

highly significant differences for SNS (Appendix A.3, S3 Table) but no significant differences 

for heading date (S3B Table) or leaf number (S3C Table). While both wapo-A1 and wapo-B1 

single mutants had significantly lower SNS (P < 0.0001, Fig. 2B, Appendix A.3, S3 Table A) 

than the WT, a larger reduction in average SNS was observed in the wapo-B1 mutant (3.68 fewer 

spikelets) compared to the wapo-A1 mutant (1.33 fewer spikelets). The two homeologs also 

differed in their transcript levels, with WAPO-B1 showing higher transcript levels than WAPO-

A1 at different stages of spike development (Appendix A.5, S1 Figure). 
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The effect of wapo-A1 allele on SNS was magnified when the B-genome homeolog was 

homozygous for the mutant allele, wapo-B1, and vice versa, resulting in a highly significant 

interaction (P = 0.0096, S3A Table) between the two genes (Fig. 2B). Partial dominance at the 

WAPO-A1 (D = 0.61) and WAPO-B1 (D = 0.58) loci (Fig, 2C) also indicates partial functional 

redundancy between the two copies within each of the WAPO1 homeologs. 

 

Transgenic plants with additional WAPO1 copies headed later and had more SNS 

Multiple independent events were generated for each transgene construct carrying the 

genomic region including the WAPO-A1 gene and regulatory regions (see Materials and 

Methods). The T1 progeny of the four events generated for T. monococcum DV92 (TmDV92), 

three for Langdon (LDN-C47) and five for its derived allele (LDN-F47) were evaluated for 

heading date and SNS in a greenhouse experiment (Fig. 3). We detected significant correlations 

between SNS and heading date among the T1 lines segregating for the TmDV92 construct (R = 

0.49, P = 0.0016, n=38), the LDN-C47 construct (R = 0.89, P < 0.0001, n = 29), and the LDN-

F47 construct (R = 0.69, P <0.0001, n=116). This correlation is also apparent when the SNS and 

heading date averages are compared within the three different groups (Fig. 3).     

Comparisons of transgenic plants from each event with pooled non-transgenic sister lines 

with the same construct showed significant increases in SNS for two TmDV92 events, one LDN-

C47 event (Fig. 3A) and four LDN-F47 events (Fig. 3C). The relative increases in SNS were 

similar across constructs: LDN-C47 (13.4 %), TmDV92 (15.1%) and LDN-F47 (15.5 %) (Fig. 

3). 
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Figure 3. Effect of the WAPO-A1 alleles from TmDV92 and tetraploid LDN on spikelet number per spike 
(SNS) and heading date.  A-B) Greenhouse experiment comparing four independent TmDV92 transgenic 
lines and three independent LDN transgenic lines carrying the wild type LDN-C47 allele with their 
respective non-transgenic sister lines (pooled from the different events). C-D) Separate greenhouse 
experiment comparing five independent transgenic lines carrying the LDN-F47 allele with the pool of non-
transgenic sister lines. (A and C) Spikelet number per spike. (B and D) Heading date. Bars are averages and 
error bars are s.e.m. Numbers inside the bars are the number of plants and the asterisks indicate Dunnett 
test P values versus the respective pool of non-transgenic sister lines. * = P<0.05, ** = P<0.01 and *** = 
P<0.001. 
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For heading date, a 7.0% delay was observed in transgenic plants with the LDN-C47 

construct, 5.4% delay for TmDV92, and 6.3% delay for LDN-F47 (Fig. 3B and D). The relative 

effects on heading date were smaller and slightly less significant than those described above for 

SNS, but both traits showed a similar number of events with significant results. Taken together, 

these results demonstrate that additional copies of WAPO1 increase SNS and delay heading date, 

the opposite of what we observed in the loss-of-function EMS and CRISPR mutations.  

We also evaluated constitutively expressed the WAPO1 coding regions driven by the 

maize UBIQUITIN promoter for SNS and heading date. We obtained 11 independent events for 

UBI::C47:MYC and 14 events for UBI::F47:MYC and measured WAPO-A1 transcript levels in 

the leaves using qRT-PCR (Appendix A.6, S2 Figure A). The transgenic lines for all events 

showed higher WAPO-A1 transcript levels than non-transgenic Kronos, where expression was 

not detected in the leaves. We selected events E35 for UBI::C47:MYC (11.5 fold ACTIN) and 

E53 for UBI::F47:MYC (12.3 fold ACTIN) for further evaluation because they displayed the 

highest transcript levels for each construct. The T2 transgenic progeny of these lines headed 

significantly later than the non-transgenic sister lines (Appendix A.6, S2 Figure B) and showed 

no significant differences for SNS (Appendix A.6, S2 Figure C).   

 

Loss-of-function wapo1 double mutants showed altered floral morphology 

In addition to producing fewer SNS, wapo1 double mutants displayed a great diversity of 

floral abnormalities and produced a limited number of seeds. To establish the frequency of the 

different floral abnormalities, we dissected 91 florets from 32 spikelets located at different 

positions along the spike from 14 different wapo1 mutants. While glumes, lemmas and paleas 

were normal, multiple abnormalities were observed in other floral organs. The number of 
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lodicules per floret, which is normally two in WT plants, varied from zero to four (average 1.95, 

Fig. 3A) and they were frequently fused with stamens (19.1 %), leafy tissue (22.5 %) or both (5.6 

%, Fig. 3B-D). The number of stamens per floret was less than the normal three stamens in 42 % 

of the florets (Fig. 4 A-D), resulting in an average of 2.15 stamens per floret. Several stamens 

were fused with other stamens or ovaries (6.6 %), lodicules (18.9 %), leafy tissue (9.2 %) or 

combinations of two of the previous three categories (4.6%) (Fig. 4B and C). While the majority 

florets had one pistil with one ovary, 43% of florets had multiple fused pistils or pistils with 

multiple ovaries and 28.4% of ovaries were fused with leafy tissue (Fig. 4D). 
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Figure 4. Floral abnormalities in Kronos wapo1 loss-of-function mutant (wapo-A1 wapo-B1). A) Mutant 
#101, floret one from basal spikelet. 3 lodicules, 1 stamen and two fused pistils. B) Mutant #101, 2nd floret 
from 3rd most distal spikelet. Lodicules fused with stamens and leafy tissue. Two pistils one fused with 
leafy tissue. C) Mutant #13, 2nd floret of basal spikelet. One lodicule fused with leafy tissue, and an 
intermediate organ fused with leafy tissue, and two fused pistils one with leafy tissue. D) Mutant #13, 3rd 
floret of basal spikelet. Lodicules with elongated leafy tissue, intermediate organ and multiple fused pistils. 
Lm = lemma, Pa = palea, Ld = lodicule, St = stamen, Pi = pistil, ov = ovary, Lf = fused leafy tissue, + = 
fused organs. 

 

Transgenic WAPO1 plants exhibit abnormal spike and floral phenotypes 

Among T1 plants segregating for the three WAPO1 transgenes, events showing significant 

differences in SNS also displayed other spike abnormalities (Fig. 3). One unusual phenotype was 

the presence of naked pistils at the base of spikelets located at basal positions of the spike (Fig. 

5A-C). This abnormality was observed in some plants from events TmDV92-1, LDN-C47-3, 
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LDN-F47-2 and LDN-F47-6 (Fig. 5A-C). A more common spike abnormality was the presence 

of smaller, densely packed spikelets in the distal region of the spike, ending in a small terminal 

spikelet (Fig. 5A red arrows and D, referred to hereafter as small terminal spikelet for 

simplicity). For LDN-F47, for which we had a larger number of plants, the proportion of spikes 

showing small terminal spikelets and highly correlated with the percent increase in SNS (R= 

0.85, n=5). For event LDN-F47-3, which showed no significant differences in SNS, none of the 

T1 plants had small terminal spikelets, whereas this was observed in 91.6% of the T1 plants of 

LDN-F47-5, the event with the largest increase in SNS (26 %). The other three LDN-47 events, 

showed significant but smaller increases in SNS (9 to 24 %) than the non-transgenic sister lines, 

and had small terminal spikelets in approximately half of the T1 lines (47 to 50 %). These results 

suggest that increases in SNS in the transgenic plant were associated with the addition of smaller 

distal spikelets. 
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Figure 5. Floral abnormalities in Kronos plants transformed with genomic regions of WAPO-A1. A) Spikes 
of a non-transgenic control (WT) and transgenic lines TmDV92-1 and LDN-C47-3. B) Detail of the naked 
pistil below the basal spikelet in TmDV92-1 (yellow arrows in A). C) naked pistil below 2nd spikelet in 
LDN-F47. D) Detail of the abnormal distal end of the spike of TmDV92-1 (red arrows in A). E and F) 
LDN-C47-3. E) 5th spikelet from the base, first floret: reduced palea, one stamen and no pistil. F) 11th 
spikelet from the base, second floret: no lodicules and extra pistils fused with small palea. G and H) 
TmDV92-1. G) Basal spikelet, first floret: small palea and normal flower. H) Spikelet 17th from the base, 
one lodicule, no stamens and multiple pistils. I and J) LDN-F47-2. I) Basal spikelet floret 3, 4 lodicules 
one fused to palea. J)  Spikelet 19th, 2 small stamens and three pistils (one fused to the palea and the other 
to the lemma. Lm = lemma, Pa = palea, Ld = lodicule, St = stamen, Pi = pistil, ov = ovary, Lf = fused leafy 
tissue, + = fused organs.  

 

Dissection of spikelets at different positions of the spike revealed increasing floral 

abnormalities towards the apical region of the spike than in the basal positions in LDN-C47-3 

(Fig. 5 E-F), TmDV92-1 (Fig. 4 G-H), LDN-F47-2 (Fig. 5 I-J), and LDN-F47-4 (Appendix A.7, 

S3 Figure). The abnormal floral structures included small paleas, variable numbers of lodicules, 
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stamens and pistils per floret, and frequent fusions among these three organs and with lemmas 

and paleas (Fig. 5 E-J). Transgenic line LDN-F47-4 had the most extreme phenotype showing 

multiple naked pistils that that were largest at the basal spikelets and that transitioned to bracts in 

more distal spikelets (Appendix A.7, S3 Figure A-B). Spikelets near the terminal spikelet had 

higher numbers of pistils/ovaries and reduced numbers of other organs (Appendix A.7, S3 Figure 

C). By contrast, basal spikelets of LDN-F47-4 showed larger glumes, and larger lemmas and 

stamens, particularly in the distal florets (Appendix A.7, S3 Figure D-E). 

We also evaluated the effect of the high constitutive expression of UBI::C47:MYC (E35) 

and UBI::F47:MYC (E53) on spike and floral morphology (expression ~12 fold ACTIN). 

Surprisingly, the spike and floral abnormalities observed in these high constitutive expression 

transgenic plants were mild compared to the transgenic plants with the WAPO-A1 copy driven by 

its native promoter. The UBI::C47:MYC and UBI::F47:MYC plants had small terminal spikelets 

(Appendix A.8, S4 Figure A-B) and a few plants had naked pistils on the underside of basal 

spikelets (S4C Figure). While most flowers of the UBI::C47:MYC and UBI::F47:MYC plants 

showed small and sometimes curved paleas, organ numbers were similar to wildtype. Organ 

fusion between palea and lodicule was most common and fusion between stamen was rarely 

observed (Appendix A.8, S4 Figure D-E). No obvious abnormalities were detected in the pistils. 

 

Differences in SNS between haplotypes H1 and H3 are paralleled by differences in WAPO-

A1 transcript levels.  

Determining the relative effect WAPO-A1 alleles on SNS is important for plant breeding 

applications. In a previous study, we established that the WAPO-A1 allele in the H2 haplotype 

was associated with higher SNS than the H1 and H3 haplotypes in common wheat. We did not, 
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however, determine the relative effect of the H1 and H3 haplotypes on SNS. To address this 

question, we performed two RCBD-split plot field experiments in 2020 (Fig. 6A, Appendix A.4, 

S4 Table A) and 2021 (Fig. 6B, Appendix A.4, S4 Tables B and C). Each experiment had 10 

replications, each including eight families as main plots and homozygous H1 and H3 sister lines 

as subplots. These three factors and their interactions explained 93.7% and 96.3% of the 

variation in SNS in 2020 and 2021 respectively (Appendix A.4, S4 Table), indicating that they 

were the main drivers of SNS differences in this population. Average SNS for plants carrying the 

H3-haplotype was 6 % higher than for plants with the H1-haplotype in 2020 (1.3 spikelets) and 

7.6% higher in 2021 (1.8 spikelets). In the overall ANOVAs, differences in SNS were highly 

significant both years (P < 0.0001, Fig. 6A and B, Appendix A.4, S4 Tables A and B). Within 

individual families, differences in SNS between H1 and H3 were significant for six out of the 8 

families in 2020 and for all families in 2021 (Appendix A.4, S4 Tables A and B). In the 2021 

experiment, we also measured heading date but no significant differences were detected between 

haplotypes H1 and H3 in the overall ANOVA (P = 0.4488) and only one of the eight families 

showed a marginal difference for heading date across haplotypes (Appendix A.4, S4 Table C). 
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Figure 6. Effect of WAPO-A1 haplotypes H1 (Kronos) and H3 (Rusty) on SNS and WAPO-A1 transcript 
levels. A) 2020 Split-plot RCBD field experiment. B) Split-plot RCBD field experiment. C - D) 
Independent qRT-PCR experiments comparing H1 and H3 transcript levels of WAPO-A1 relative to ACTIN 
using the 2∆Ct method. C) Pools of developing spikes collected when lemma primordia were present 
(W3.25). D) Pools of developing spikes collected when floret primordia were present (W3.5). Bars 
represent averages and error bars are s.e.m. Numbers inside the bars indicate the number of replications. 
ns= not significant, * = P < 0.05 and *** = P < 0.001. A combined ANOVA for C and D using experiment 
as block showed significant differences in expression between H1 and H3 (P = 0.0128). 

 

To test if the differences in SNS between H1 and H3 haplotypes were associated with 

different levels of expression of WAPO-A1, we performed two independent qRT-PCR 

experiments comparing homozygous H1 and H3 sister lines derived from HIF #120. Developing 

spikes from the main tiller were collected at the lemma primordia stage (W3.25) for the first 

experiment and at the floret primordia stage (W3.5) for the second experiment (Fig. 6C and D). 

In the first experiment, transcript levels in H3 were 80% higher than in H1, but the difference 
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was not significant (P = 0.07, Fig. 6C). In the second experiment, transcript levels in H3 were 

197% higher than in H1 and the differences were highly significant (P = 0.0003, Fig. 6D). Since 

the two experiments showed the same trend, we performed a combined ANOVA using 

experiment as block. This analysis confirmed the significantly higher WAPO-A1 transcript levels 

in H3 than in H1 (P = 0.0128). 

 

Effects of the H2 haplotype from hexaploid wheat introgressed into tetraploid wheat  

Adjacent to the H3 x H1 population described above, we planted an additional 

experiment to study the effect of the H2 haplotype from common wheat introgressed into durum 

wheat Kronos by three backcrosses. Comparison of BC3F3 homozygous sister lines for the H2 

and H1 haplotype showed that the average SNS in plants carrying the H2 haplotype was 17.6 % 

higher than in sister plants carrying the H1 haplotype (3.6 more spikelets, P < 0.0001, Fig. 7A). 

No significant differences were detected between the two haplotypes for heading date (Fig. 7B). 

 

 

Figure 7. Effect of WAPO-A1 haplotypes H2 from hexaploid wheat introgressed into Kronos on SNS and 
heading time. Homozygous BC3F3 sister lines were compared in the field in a CRD with 9 replications and 
1 m rows as experimental units). A) Spikelet number per spike. B) Heading date. Columns represent 
averages of nine rows and error bars are s.e.m. ns = not significant, *** = P < 0.0001.  
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2.4  DISCUSSION 

 In our previous study, we identified WAPO-A1 as the leading candidate gene 

underpinning the 7AL QTL for SNS. Using high resolution genetic maps, we delimited the 7AL 

SNS QTL to an 87-kb region containing four candidate genes. Among these four genes, only 

WAPO-A1 had a polymorphism (C47F) linked with SNS in both H2 x H1 and H2 x H3 

segregating populations (Kuzay et al., 2019). This genetic evidence, together with WAPO1 

expression in the wheat developing spike, and the known function of its rice ortholog on number 

of spikelets per panicle, all pointed to WAPO-A1 as the most likely candidate gene. In this study, 

we demonstrate that this gene is both necessary and sufficient to increase SNS in wheat. Loss-of-

function wapo1 mutants showed reduced SNS whereas transgenic wheat plants with additional 

genomic copies of WAPO-A1 showed increased SNS. Taken together, these results complete the 

functional validation of this gene and demonstrate that WAPO-A1 is the causal gene of the 7AL 

QTL for SNS.  

 

Potential mechanisms for WAPO1 effect on SNS 

The increases in SNS in transgenic plants with additional copies of WAPO-A1 suggest 

that increased transcript levels of WAPO1 are associated with increased SNS. We found a similar 

association between the relative transcript levels of the two WAPO1 homeologs and their relative 

effects on SNS: higher transcript levels of WAPO-B1 relative to WAPO-A1 in all stages of spike 

development, were associated with stronger effects on SNS in the wapo-B1 mutants than in the 

wapo-A1 mutants (Fig. 2B). The Wapo-A1a allele from Kronos carries a 115-bp deletion in the 

promoter that may explain the reduced expression of this allele relative to the B-genome 

homeolog and to Wapo-A1b (H2) (Kuzay et al., 2019) and Wapo-A1d (H3) alleles (Fig. 6). The 
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reduced expression of Wapo-A1a likely contributes to the reduced SNS associated with this 

allele, but we cannot rule out a contribution of the D384N polymorphism, which is linked with 

the promoter deletion and differentiate H1 from all other haplotypes.  

The association between WAPO1 transcript levels and SNS, suggests that increased 

transcript levels of this gene can cause a delay in the transition of the inflorescence meristem into 

a terminal spikelet, resulting in a longer spikelet development phase. Three lines of evidence 

indicate that WAPO1 is expressed in the distal region of the spike, required for this predicted 

function. First, in situ hybridization results for the rice homeolog APO1 have shown expression 

of this gene in the inflorescence meristem (Ikeda et al., 2007). Second, we previously showed by 

qRT-PCR that WAPO-A1 was expressed at higher levels in the distal third region than in the rest 

of the developing spike (Kuzay et al., 2019). Finally, transgenic plants with additional copies of 

WAPO-A1 driven by its natural promoter exhibited compact spike tips and small terminal 

spikelet, confirming an effect of this gene in the distal part of the spike.  

Although, we currently do not know the mechanism by which WAPO1 delays the 

transition of the IM to a terminal spike, we propose the following working model based on our 

current knowledge of other wheat genes affecting this transition and on known interactions 

among homologs of these wheat genes in well studied model species. The wheat SQUAMOSA 

MADS-box genes VRN1 and FUL2 (homologs of Arabidopsis AP1/CAL/FUL) have been 

previously shown to play critical and redundant roles in the transition of the inflorescence 

meristem into a terminal spikelet (Li et al., 2019). Single vrn1-null and ful2-null mutants have 

higher SNS than wild type Kronos, and combined vrn1 ful2 mutants are sufficient to revert the 

determinate growth of the wheat inflorescence meristem into indeterminate growth (Li et al., 
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2019). These results indicate that WAPO1 and the wheat SQUAMOSA genes overlap in their 

regulation of SNS.  

A connection has been previously shown among the Arabidopsis and rice homologs of 

the wheat WAPO1 and SQUAMOSA genes. In Arabidopsis, UFO protein interacts in vitro and in 

vivo with the LEAFY (LFY) protein (Lee et al., 1997; Chae et al., 2008), an interaction that has 

been also confirmed in rice between APO1 and LFY (Ikeda-Kawakatsu et al., 2012). Rice 

mutants apo1 and lfy have similar reductions in spikelet number per panicle to the double 

mutant, suggesting that these two genes act cooperatively to control spikelet number. In 

Arabidopsis LFY has been shown to transcriptionally regulate SQUAMOSA MADS-box gene 

AP1 (Wagner et al., 1999), a function that has been confirmed in other eudicot species and that 

suggests a conserved role for the LFY (Chae et al., 2008). Based on these observations, we 

hypothesize that the effect of WAPO1 on SNS can be mediated by a physical interaction with 

LFY, and by a role of this protein complex in the transcriptional regulation of meristem identity 

genes VRN1 and/or FUL2.  

 

Comparison of floral abnormalities in loss-of-function mutants in Arabidopsis, rice and 

wheat  

In addition to its binding to the AP1 promoter, LFY has been shown to bind to regulatory 

regions of APETALA3 (AP3, a class-B floral gene) and AGAMOUS (AG, a class-C floral genes) 

in Arabidopsis (Chae et al., 2008; Lamb et al., 2002; Bush et al., 1999; Lohmann et al., 2001). 

These interactions explain the stronger abnormalities detected in the three inner whorls regulated 

by class-B and class-C genes (petals, stamens and pistil), and the limited effects in the outermost 

whorl (sepals) in the lfy and ufo mutants in Arabidopsis. Similar to Arabidopsis, the wheat 
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wapo1 double mutant shows abnormalities in lodicules (homologous to petals), stamens and 

pistils but normal glumes, lemmas and paleas. The rice apo1 mutants also show stronger floral 

defects in the inner floret whorls than in glumes, lemmas and paleas (Ikeda et al., 2005). 

The ufo (Arabidopsis), apo1 (rice) and wapo1 (wheat) mutants share common floral 

abnormalities including variable number of organs, fusion of different organs, organs with 

intermediate morphology, and fused pistils (with ovaries from one or more carpels not always 

extending the full length of the gynoecium). Both wapo1 and rice apo1 mutants show florets 

with extra lodicules and a general reduction in the number of stamens. Similar floral defects in 

the three mutants suggest functional conservation of the mutated genes across the monocot 

eudicot divide. It would be interesting to investigate if floral defects in wheat are also associated 

with alterations of the expression profiles of class-B and class-C floral gene as has been 

suggested in Arabidopsis and rice (Levin & Meyerowitz, 1995; Ikeda et al., 2007).  

 

Floral and spike abnormalities in transgenic WAPO-A1 plants  

Transgenic wheat plants with additional WAPO1 genomic copies shared some floral 

aberrations with the wapo1 mutant, including differences in the number of lodicules, stamens 

and pistils and fusion among organs. These results suggest that decreases or increases in WAPO1 

expression can lead to abnormal development in the three inner whorls of the floret. Transgenic 

WAPO-A1 plants, both with native and UBI promoter, showed reduced and sometimes curved 

paleas (homologous to sepals), an abnormality that was not observed in the wapo1 mutant. In 

Arabidopsis, ectopic expression of UFO under the 35S promoter also affected the number of 

sepals and resulted in conversions between sepals and petals (Lee et al., 1997). Transgenic plants 

carrying the different WAPO-A1 constructs also showed delayed heading dates, a trait that was 
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not affected in the wapo1 mutant or in the different natural allelic variants. We currently do not 

know if the palea defects and the delayed heading of the transgenic plants were an indirect effect 

of elevated expression of WAPO1 or the result of ectopic expression of this gene due to missed 

regulatory elements in the cloned promoter region.  

The WAPO1 transgenic plants also exhibited spike abnormalities that were not observed 

in the wapo1 mutant. A frequent phenotype was the presence of a compact spike tip with a small 

terminal spikelet, likely associated with the delayed formation of the terminal spikelet. A less 

frequent but unusual phenotype was the presence of naked pistils. A similar phenotype was 

described in Arabidopsis ufo mutants, where structures resembling normal pistils were formed at 

the end of primary and coflorescence shoots (Levin & Meyerowitz, 1995). The naked pistils in 

the transgenic wheat plants were more frequent in basal positions of the spike, and appeared 

adjacent to the base of the spikelet, a position where paired spikelets or branches are formed in 

some mutants such as Branched head AP2/ERF transcription factor (Poursarebani et al., 2015; 

Wolde et al., 2019) and ppd1 mutants (Boden et al., 2015). Based on the terminal position of the 

naked pistils in Arabidopsis ufo mutants, we hypothesize that the naked pistils in the transgenic 

wheat plants may be located at the end of a short branch including one lateral spikelet.  

Naked pistils were less frequent in the UBI::C47:MYC and UBI::F47:MYC transgenic 

plants than in those with the WAPO-A1 genomic clones. The constitutive transgenic plants did 

not show significant increases in SNS or pistil defects, and the floral defects seemed milder than 

those in the plants transformed with the genomic constructs. We speculate that the presence of 

the MYC tag may reduce the activity of the protein encoded by the transgene, but we do not rule 

out alternative explanations. Another factor that may limit the effect of the constitutively 

expressed WAPO-A1 transgenes in some tissues is the absence of LFY expression in those 
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tissues. If wheat WAPO1 function depends on LFY, the effects of the WAPO1 transgene will be 

limited to those tissues and developmental levels where LFY is expressed. Even though the 

effects were reduced, the WAPO1:MYC proteins affected floral development, spike tips and 

heading time, suggesting that this tagged protein might be useful to test protein-protein and 

protein-DNA interactions in planta in future experiments (using MYC antibodies). 

The WAPO-A1 genomic regions tested in this study included three different alleles 

encoding different proteins – LDN-C47, LDN-F47 and T. monococcum (Table 1) – to test if they 

differ in their effects. In general, the effects of all three alleles were similar, but the strongest 

changes were found in LDN-F47 transgenic plants. Unfortunately, the great variability observed 

among transgenic events limited our ability to determine if these differences are real or just 

represent random variation among individual transformation events. Editing the C47 to F47 by 

CRISPR would be the ideal experiment, but the required mutation is a transversion, which is not 

simple to generate by current gene editors. New improvements in prime editing (Anzalone et al., 

2019) may overcome these limitations in the future. 

 

Effects of different WAPO-A1 natural alleles and their potential applications to wheat 

breeding  

Our previous study showed consistent increases in SNS associated with the H2 haplotype 

in segregating populations of tetraploid and hexaploid wheat. This result was consistent in spring 

and winter wheats and in different wheat market classes. However, the increases in SNS were 

not always correlated with increases in grain yield. Comparison of different genotypes showed 

that only well adapted and productive genotypes had sufficient resources to fill the extra grains 

associated with the H2 haplotype. Unfavorable environmental conditions also limited the 
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proportion of the variation in SNS that was translated into total grain yield increases (Kuzay et 

al., 2019). In suboptimal environments or in genotypes with limited biomass, increases in grain 

number associated with the H2 haplotype were partially or completely offset by reductions in 

individual grain weight, resulting in a negative correlation between these two traits. 

Assuming that the negative correlation between grain size and number is frequent in 

wheat breeding programs, selection for large grain size would result in indirect selection for 

reduced grain number, and vice versa. This may explain the different frequencies of WAPO-A1 

alleles in durum and common wheat. In common wheat, the frequency of H2 increased from 

45% in landraces, to 62% in a worldwide collection of mostly old cultivars, to 83% in a modern 

panel of spring wheat varieties (Kuzay et al., 2019). This suggests that selection for higher SNS, 

number of grains per spike, or total grain yield may have driven the increases in H2 haplotype 

frequencies in common wheat. 

By contrast, the H1 haplotype is almost fixed in modern durum wheats (99%), a separate 

species with much larger grains than common wheat. The frequency of this haplotype was 52 % 

in wild emmer and 77 % in cultivated emmer, suggesting a rapid increase in the modern durum 

varieties (Kuzay et al., 2019). Since the H2 allele is rare in tetraploid wheat, most of the 

increases in H1 were at the expense of reductions in the frequency of the ancestral H3 haplotype 

(Kuzay et al., 2019). Since we demonstrated in this study that plants carrying H3 have 

significantly higher SNS than those carrying H1, selection for increased grain number should 

have favored H3. To explain this inconsistency, we speculate that selection for larger grains may 

have resulted in indirect selection for reduced grain number, driving the replacement of H3 by 

H1. Without more evidence, we cannot rule out the alternative hypothesis that the changes in H1 

frequency were driven by an unknown linked gene. 
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In durum wheat, the H2 haplotype is exceptionally rare. Allele frequency of H2 was 4% 

in cultivated emmer (the ancestor to durum wheat) and only 0.2% in commercial durum 

varieties. Therefore, it is possible that the H2 haplotype was not yet properly evaluated in 

modern durum wheat breeding programs. Previously, in a field trial performed in Fargo (ND) 

under spring planting, the H2 haplotype was associated with an 8.2 % increase in SNS relative to 

H1 in a segregating population generated from a cross between cultivated emmer (H2) and 

durum wheat (H1) (Kuzay et al., 2019). In this study, we transferred the H2 haplotype from 

common wheat into a durum background and it showed an even higher percent in SNS (17.6%) 

than H1 than in the previous experiment. Although, we currently do not know if the larger effect 

on SNS in this last experiment was due to location, fall planting or different source of H2, this is 

a very promising result. It shows that potential gains in SNS from the H2 introgression in durum 

are much higher than potential gains from selecting for the H3 haplotype.  Furthermore, no 

differences in heading time were observed between durum lines with the different WAPO-A1 

alleles indicating that natural variation in WAPO-A1 can be used to increase SNS without 

affecting heading time. Currently, we are introgressing the H2 haplotype from common wheat 

into different durum wheat varieties to evaluate its effect on total grain yield and grain size in 

modern durum wheat varieties. 

In summary, the functional validation of WAPO1 as the causal gene of the 7AL SNS QTL and 

the evaluation of major WAPO-A1 alleles on SNS, provides wheat breeders a new tool to 

improve grain size or grain number, depending on the objectives of the program. In addition, the 

ability to increase the number of grains per spike of varieties with the H1 or H3 haplotypes, can 

be used to test if the yield potential of these varieties is limited by sink or source traits. We 
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hypothesize that the combination of beneficial alleles for sink traits with favorable alleles for 

increased biomass, will result in increases in total grain yield in high yielding environments.  

 

2.5 MATERIALS AND METHODS 

 

Ethyl methanesulfonate (EMS) induced mutations in WAPO-A1 

We screened a database of sequenced EMS induced mutations in the tetraploid wheat 

variety Kronos (Krasileva et al., 2017) using the sequence of WAPO-A1 

(TraesCS7A02G481600). For the A-genome homeolog (WAPO-A1), we identified line K4222 

carrying a mutation that results in the replacement of a tryptophan by a premature stop codon at 

position 216 of the protein (W216*). For the B-genome homeolog (WAPO-B1), we identified 

five mutations that resulted in amino acid changes but none generated premature stop codons or 

altered splicing sites; hence, our subsequent studies only included the WAPO-A1 mutant. We 

crossed the K4222 mutant to the non-mutagenized Kronos, self-pollinated the F1, and from the 

segregating F2 plants we selected sister lines homozygous for the mutant (wapo-A1) and the wild 

type alleles (Wapo-A1). The derived F3 plants were evaluated in the greenhouse and the F4 plants 

in the field. To further reduce background mutations, we also generated BC1F2 homozygous 

sister lines by backcrossing the F1 with Kronos, self-pollinating the BC1, and selecting 

homozygous plants in the next generation. The derived BC1F3 seeds were divided and planted in 

a separate field experiment. 

For the greenhouse experiment, we planted two plants per pot (3.8 L) and measured 

average SNS per plant. In the first field experiment, we planted homozygous mutant and wild 

type F4 sister lines in a complete randomized design (CRD) with 10 replicates per genotype. 
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Each replicate included a row of 2-5 plants spaced 0.3 meters apart. Average SNS per row was 

calculated by measuring SNS from 3 spikes per plant. In the second field experiment, we planted 

BC1F3 plants 0.3 m apart segregating for the WAPO-A1 alleles. Genotyping of these plants 

revealed 11 homozygous wapo-A1 and 8 homozygous wild type within the same BC1 family 

#54. For each plant, we determined the average SNS from four spikes. Both field experiments 

were conducted at the University of California Experimental Field Station in Davis, referred to 

hereafter as Davis, during the months of October 2019 and June 2020. 

 

Generation of wapo-A1 wapo-B1 double mutants using CRISPR-Cas9  

To characterize better the function of WAPO1, we edited both homeologs of the 

tetraploid variety Kronos using CRISPR-Cas9 (Jinek et al., 2012). We designed one guide RNA 

between positions 494 and 512 from the starting ATG of the coding region (S1 Table) to induce 

double-strand breaks in the first exon of both WAPO-A1 and WAPO-B1. This guide RNA was 

then cloned into a vector which included the Cas9 gene and a GRF4-GIF1 chimera that increases 

wheat regeneration efficiency for Agrobacterium-mediated transformation (Debernardi et al., 

2020). Three independent T0 transgenic Kronos plants were obtained from the UCD Plant 

Transformation facility and were screened for mutations by next generation sequencing (NGS) 

and restriction enzyme digestion. For the NGS screen, we used primers g641-NGS-F and R that 

amplify both genomes (Appendix A.1, S1 Table) and analyzed the data using the CRISgo 

(https://github.com/pinbo/CRISgo) method published before (Connelly & Pruett-Miller, 2019). 

For the restriction enzyme screen, we used A-genome specific primer pair CAPS-WAPO-A1-F 

and R1 and B-genome specific primer pair CAPS-WAPO-B1-F and R2 (Appendix A.1, S1 

Table) followed by digestion with restriction enzyme XcmI. The same primers and restriction 

https://github.com/pinbo/CRISgo
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enzyme digestion were used as Cleavage Amplified Polymorphism Sequence (CAPS) markers 

for subsequent generations.   

 

Table 1. WAPO-A1 promoter deletion and non-synonymous SNPs in different haplotypes. 

WAPO-A1 haplotype     H1 H3 H2 

RefSeq v1.0 DNA 
change 

Protein 
effect 

BLOSUM 
62 score Kronos TmDV92 LDN-C47 LDN-F47 a 

Promoter             

674,080,862 115 bp del none n/a present absent absent absent 
Coding Region            

674,081,601 G140T C47F -2 C C C F 
674,081,843 C382G P128A -1 P A P P 
674,082,413 A952G Q273R  1 Q R Q Q 
674,082,673/674 G1212A, C1213T A360M -1 A M A A 
674,082,745 A1284G N384D  1 N D D D 
a This construct includes the F47 changes but not additional promoter SNPs present in the real haplotype 2 (Kuzay et 
al., 2019). 

 
Relative effects of WAPO-A1 alleles on SNS   

In our previous study, the WAPO-A1b H2 haplotype was associated with significantly 

higher SNS than the H1 and H3 haplotypes in a common wheat background; however, the 

relative effect of H3 and H1 on SNS was not tested (Kuzay et al., 2019). To compare the effect 

of the H1 and H3 haplotypes on SNS, we developed a population segregating for the H1 

haplotype from Kronos and the H3 haplotype from the durum wheat variety Rusty (Table 1), 

which carried the same Wapo-A1d allele as Langdon (Kuzay et al., 2019). From the Kronos x 

Rusty cross (Simons et al. 2011), 75 F2 plants were advanced to F4 by single seed descent (SDS) 

and genotyped for the WAPO-A1 haplotype using a molecular marker previously developed for 

the WAPO-A1 promoter deletion (Kuzay et al., 2019). We selected eight heterozygous F4 plants 

(IDs = 12, 19, 51, 55, 69, 113, 120, 128) to generate eight Heterozygous Inbreed Families 
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(HIFs). For each F4:5 HIF, we selected two homozygous sister lines (F4:6) – one fixed for H1 and 

the other fixed for H3.  

The F4:6 seeds were used for two field trials. The first one was planted at the UC Davis 

experimental field in October 2019 and harvested in June 2020, and the second one was planted 

in 2020 and harvested in 2021 in the same field and with similar planting and harvesting times. 

Both field experiments were organized in a split plot, randomized complete block design 

(RCBD) with 10 replications, using the eight HIFs as main plots, and sister lines fixed for H1 

and H3 haplotypes as subplots. We measured average SNS from each row by sampling three 

spikes from five separate plants within each row. In 2021, we also measured heading date as the 

time from the first rain after sowing to the time when half of the plants in the plot have headed.  

To compare the effect of the H2 relative to H1 in tetraploid wheat, we developed isogenic 

lines segregating for these haplotypes. These lines were developed by introgressing the H2 

haplotype from UCD common wheat breeding line UC1110 (CAP1) into tetraploid wheat variety 

Kronos using marker assisted backcrossing. After three backcrosses with Kronos, we self-

pollinated the BC3, and selected BC3F2 plants homozygous for the H1 and H2 haplotypes. The 

derived BC3F3 seed was planted in Davis in November 2020 in a completely randomized design 

(CRD) with nine replications and 1 m rows as experimental units. 

 

Differences in WAPO-A1 expression in H3 and H1 haplotypes 

To test if the differences in SNS between H3 and H1 were associated with different levels 

of WAPO-A1 expression, we compared the transcript levels of this gene in developing spikes of 

homozygous H1 and H3 sister lines derived from HIF #120. WAPO-A1 transcript levels were 

determined by qRT-PCR using A-genome-specific primers UFO-A-RT-F2 and UFO-A-RT-R2 
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and PCR conditions described in our previous study (Kuzay et al., 2019). Reactions were 

performed on an ABI 7500 Fast Real-Time PCR System (Applied Biosystems) using Fast SYBR 

GREEN Master Mix. Transcript levels were expressed as fold-ACTIN levels using the 2ΔCT 

method.  

Plants were grown in CONVIRON growth chambers in 1.4 L cones under 16 h light at 22 

°C (330 mol intensity) and 8 h darkness at 17 °C for 25-30 days. For each replicate, we pooled 3-

8 developing spikes from the main tiller when the lemma primordia were visible (W3.25) in the 

first experiment and when the floret primordia were present (W3.5) in the second experiment. 

The spike developmental stages are based on the Waddington scale (Waddington et al., 1983). 

We analyzed the two experiments separately and in a combined ANOVA using experiments as 

block. 

 

Statistical analyses 

For the CRISPR mutant experiment in the T1 generation, we used a Dunnett test to 

compare the average SNS in the wapo1 double mutant with the different genotype combinations 

carrying at least one functional copy of WAPO1. We crossed the wapo1 double mutant with 

Kronos and selected F1 plants without the CRISPR-Cas9 transgene.  In the F2 progeny, we used 

the four possible homozygous classes – WT, wapo-A1, wapo-B1, and wapo1 double mutant – to 

test the interactions between WAPO-A1 and WAPO-B1 in a 2x2 factorial analysis using 

homeologs as factors and alleles as levels.  

For the transgenic lines TmDV92, LND-C47, and LDN-F47, we received three to five 

different transgenic events. Since the number of T1 non-transgenic sister lines was small for each 

event, we pooled the non-transgenic sister lines from the different events generated with the 
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same construct for comparison with the different transgenic events using Dunnett tests. All 

statistical analyses were performed with SAS version 9.4. Homogeneity of variance was tested 

using the Levene’s test and normality of residual using the Shapiro-Wilks test as implemented in 

SAS v9.4. If necessary, data was transformed to restore the assumptions of the ANOVA.  
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3.1 ABSTRACT 

Plant breeding is the art and science of developing new crops and plant products that 

serve an immense range of industries. To be successful throughout their careers, plant breeders 

receive extensive scientific training and need to achieve competence in a variety of technical and 

soft skills. To prepare for this career path, many UC Davis students participate in the Student 

Collaborative of Organic Plant-breeding and Education (SCOPE) program: a student-led 

collective that relies on technical training, social learning, and mentorship to prepare students for 

a career in plant breeding. This study is an assessment of students’ learning and skill 

development this program. Two educational theories – Experiential Learning and Situated 

Learning – served as the conceptual basis for this study’s design, implementation, and 

interpretation of results. To determine how well students were acquiring new technical and soft 

skills, I conducted a mixed methods study of anonymous surveys and analysis of student writing 

pieces from the SCOPE program. Data from both studies were used to assess the quality of 

student learning and characterize mentoring relationships between students, staff, and faculty. 

This study found that most students participated in all plant breeding activities and were building 

new knowledge and skills accordingly. SCOPE staff were the primary mentors to all students, 

while graduate students played dual roles as mentors to undergraduate students and mentees to 

staff and faculty advisors. However, undergraduate students rarely achieved proficiency in 

advanced skills, and few mastered more basic skills despite frequent practice and training. I 

suspect the unclear leadership role of undergraduate participants in the SCOPE community 

hampered learning and skill acquisition. If given a clear role and more responsibility, students 

would likely gain confidence in their training and take greater initiative and responsibility for 

their own learning. To make these suggestions a reality, this study concludes with 
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recommendations for feasible undergraduate-led projects that would hopefully improve 

undergraduate skills development and benefit the SCOPE community. 

 

3.2 INTRODUCTION 

Plant breeding is a science-driven, creative process dedicated to the development of new 

crops and crop cultivars. Ultimately, persons working in this field of study develop and engineer 

agricultural crops to meet different societal needs, including the production of food, fibers, feed, 

fuel, and pharmaceuticals, among others (Dudley & Lee, 2006). Historically, plant breeding 

programs were housed in public institutes, and plant breeders received their education and formal 

training in universities. Even today, one needs an M.S. or Ph.D. in plant genetics or closely 

related field to serve as a plant breeder in a public university or private seed company (Gepts & 

Hancock, 2006; Dudley & Lee, 2006).  

However, funding for public sector agricultural research and training has waned, and 

rising agribusinesses giants occupy more of the international plant breeding sector (Morris et al., 

2006). According to USA federal funding statistics, 40% of federal research and development 

funding was allocated to agricultural research in 1940 (Mowery & Rosenberg, 1989) and 

dropped to 2% in 1991 (Fugile et al., 1996). This decrease in federal support was reflected in the 

university education systems, where only 4% of federal research funds were allocated to the 

agricultural sciences (Guner & Wehner, 2003; Fugile et al, 1996). Since the 1990s, there have 

been minor fluctuations in federal and state support for agricultural research but a drastic 

increase in research and development investment by the private companies in food and 

agriculture industries (Morris et al., 2006). In 2007, the private sector invested $19.7 billion in 

food and agricultural research, accounting for about half of the total public and private spending 
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on food and agricultural research and development. More importantly, 44% of the private sector 

investment was spent on agricultural input sectors, which includes plant breeding technology 

(Fugile et al., 2011; Economic Research Service, 2019).  

As a result, there has been increasing demand for trained plant breeders, especially in the 

private sector (Gepts & Hancock, 2006; Repinski et al., 2011), but the skillset and training 

required for this profession have changed considerably (Bliss, 2006). Traditionally, public sector 

plant breeders are housed in universities and often manage the entire plant breeding pipeline with 

limited staff, technical, or research support. These breeding programs are usually small and 

separate from the university research groups that train plant breeding students (Gepts & 

Hancock, 2006). Students usually focus on upstream research in the plant breeding pipeline – 

creating resources for a plant breeding program, instead of participating in a breeding program 

(Morris et al., 2006). By contrast, private sector plant breeders manage programs on a global 

scale and operate within teams of technical experts who support their work. Private sector 

breeders are collaborators on these teams and often work on many different crops throughout 

their careers. Consequently, private sector breeders rely on the following skills to manage their 

programs: strong communication and collaboration, as well as skills and knowledge that are 

transferrable to different crop-types and technology (Bliss, 2006; Repinski et al., 2011; Dudley & 

Lee, 2006). The disconnection between student training in public plant breeding programs versus 

skills needed for a private breeder role results in students having weak preparation for a career in 

this field (Gepts & Hancock, 2006).  

To address this concern, the Student Collaborative Organic Plant-breeding Education 

(SCOPE) was developed. The SCOPE program is an experiential learning and mentorship-based 

training program that complements the plant breeding academic coursework and research at the 
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University of California, Davis. It is a student-led collaborative of faculty, staff, and students 

who work with local organic growers to breed new crop cultivars for California organic farming 

systems. SCOPE serves two purposes: (1) to develop new cultivars locally adapted to organic 

farming systems and (2) to provide graduate and undergraduate students program management 

opportunities and hands-on training in principles of sustainable agriculture and plant breeding. 

During this program, students engage in three forms of training: Practical Training, 

Applied Knowledge, and Soft Skills development. Practical Training involved hands-on 

activities in breeding program management, crop production, plant propagation, and product 

testing and development. Applied Knowledge is the application of plant breeding specialized 

knowledge, including plant breeding theory, experimental design, plant genetics, and program 

management (Repinski et al., 2011; Gepts & Hancock, 2006; Miller et al., 2011). Finally, Soft 

Skills training involved development of the collaboration and communication skills necessary to 

coach individuals and navigate within the plant breeding community (Miller et al., 2011). 

SCOPE was structured around students acquiring experiences in these three forms of 

training. In practice, each SCOPE breeding project was led by a graduate student who managed a 

team of students and worked closely with research staff. Faculty advised graduate students on 

project management and applying principles of plant breeding theory to their SCOPE breeding 

projects. These graduate student-led teams performed all the activities necessary to run a plant 

breeding program. Depending on the crop and time of year, these activities took place weekly or 

every two weeks and usually involved the same cohort of students interacting with staff on a 

regular basis. During these work sessions, graduate students played a double role as: mentor to 

undergraduate students and mentee to project staff. As such, graduate students led the student 

group in activities but would also regularly consult staff on crop management and crop-specific 
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issues requiring immediate attention. During these recurring work sessions, undergraduate 

students assisted with multiple tasks, taking cues from both staff and graduate students.  

To determine if SCOPE students were learning and acquiring new skills, we conducted a 

mixed methods study consisting of anonymous surveys and analysis of undergraduate student 

writing pieces. Data from both studies were used to assess the quality of students’ learning 

experiences and characterize the mentoring relationships between participants. The framework 

and methodology of this study was informed by two educational theories: Experiential Learning 

and Situated Learning.  

 

3.3 THEORETICAL FRAMEWORK 

Experiential Learning and Situated Learning are education theories that claim true 

learning is based on experience: the “ability to learn from the experiences [one has]” using 

“common sense and power of judgement” (Dewey, 1938, pp. 48-49). Experiential Learning is a 

holistic learning process, where the development of new skills and ideas are anchored in the first-

hand experience of discovery or first-hand experience of testing acquired knowledge (Dewey, 

1938; Kolb, 1984). According to David Kolb’s Experiential Learning Theory (Kolb, 1984), 

learners move through a four-part cycle: concrete experience, reflective observation, abstract 

conceptualization, and active experimentation. In this learning cycle, the learner undergoes a 

“concrete experience” (CE) – the act of making or engaging in a new experience. Thereafter, the 

learner replays and reflects on his or her experience (reflective observation, RO) and either 

develops a new idea or adjusts his or her thinking based on the experience (abstract 

conceptualization, AC). Then, the learner applies and tests the new idea(s) when the opportunity 

arises (active experimentation, AE). During this cycle, the learner actively constructs and 
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reconstructs preexisting mental frameworks or schema, and in doing so creates personally 

meaningful insights (Kolb, 1984; Parr et al., 2007; Parr & Trexler, 2011). With this growing 

knowledge, learners make new connections and apply this learning to future contexts in an 

iterative, socially constructed model of learning (Piaget, 1980; Driver et al., 1994).  

According to Kolb (1984), this four-step process can happen over a short or long period 

of time, and people will experience this cycle differently depending on their learning 

preference(s) (Parr & Trexler, 2011). These four of learning preferences are: Diverging, 

Assimilating, Converging, and Accommodating. Diverging learners are dominant in CE and RO 

stages of the cycle and tend to be creative and perceptive, considering ideas from different 

perspectives before coming to a decision. Assimilating learners are most dominant in the AC and 

RO phases. These learners are analytical thinkers and appreciate clear explanations, often 

developing a working model or theory to explain what they observe. Converging learners are 

dominant in the AC and AE stages and tend to be problem solvers. This type of learner enjoys 

experimenting with new ideas and developing practical solutions. Finally, Accommodating 

learners are dominant in the CE and AE stages. They seek out experiences to generate new ideas 

and rely on intuition to navigate new experiences and challenges (Kolb, 1984). However, even in 

a program utilizing experience-based learning, learning outcomes from experiences are not 

reproducible across learners. In other words, even if two persons encounter the same experience, 

one learner may gain different knowledge and insights from the experience than the other (Kolb, 

1984; Dewey, 1938). 

Therefore, instead of expecting students to take full responsibility of their learning, the 

students’ experiential learning can be facilitated within a guided and structured framework. The 

Situated Learning theory, developed by Jean Lave and Etienne Wenger (1991), posits that 
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experiential learning is inherently social and participatory. Situated Learning proposes that 

learning takes place within a Community of Practice: a group of people engaged in collective 

learning through a common purpose and joint enterprise (Thiry & Laursen, 2011a). Within 

Communities of Practice, learners or “novices” are brought into a larger cultural framework in 

which they develop new skills, language, and ideas. In a successful Community of Practice, the 

novice gains membership by making meaningful contributions to the community and eventually 

advances to mentoring and recruiting others into the community. This integration process is 

called Legitimate Peripheral Participation. Mentors foster community culture by facilitating the 

novice’s adoption of specialized language, portable knowledge (skills), and helping him or her 

build interpersonal relationships across different levels of the community. Within this 

framework, the role of the learner is dynamic and changes with different people in different 

situations – a student can be a mentee to one individual, a mentor to another, or simply a peer or 

fellow team member. In such communities, collaborative learning is fostered in these mentor-

mentee and peer-to-peer relationships. As a result, some emergent properties of Communities of 

Practice are development of community-specific skills, specialized language, and a strong sense 

of community identity.   

Internship programs are a common way in which novices are introduced into scientific 

Communities of Practice. Multiple studies have demonstrated the value of internships in 

developing a broad array of skills and technical knowledge for undergraduate students across 

disciplines, not just research. Prior research has demonstrated that students benefit the most from 

experiential learning when they are given tasks that are within their intellectual abilities and 

skills and are not given tasks that are too repetitive or too difficult (Thiry & Laursen, 2011a; 

Thiry et al., 2011b). There is also evidence that experiential learning through internships helps 

https://paperpile.com/c/pTzYUb/quf4J
https://paperpile.com/c/pTzYUb/quf4J
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undergraduate students develop skills like oral communication, critical thinking, and self-

confidence, which prepare them to tackle a variety of future challenges in different career paths 

(Thiry et al., 2011b; Scholz et al., 2003; Williams et al., 2016; Binder et al., 2015). In this mixed 

methods study, we treated SCOPE as a Community of Practice and investigated the student 

participants’ acquisition of skills and how the program’s sociocultural network influenced 

student learning. 

 

3.4 PURPOSE AND OBJECTIVES 

The purpose of this study was twofold: to describe the learning experiences of SCOPE 

students and to characterize the mentoring relationships between participants in SCOPE. Using 

data collected from anonymous surveys and analysis of student writing pieces, we pursued the 

following objectives: 

 

1. Determine the type and frequency of activities students participated in; 

 

2. Identify activities where undergraduate students demonstrated a high level of 

comprehension and understanding; 

 

3. Determine which person(s) students turned to for support, guidance, and training during 

their internship;  

 

4. Identify activities students carried out or led themselves vs. sought support from other 

SCOPE members. 

https://paperpile.com/c/pTzYUb/quf4J
https://paperpile.com/c/pTzYUb/quf4J
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3.5 METHODS 

 

Overview of Program Objectives and Participants 

The following surveys and journal analyses are an assessment designed to estimate the 

number of participants in each breeding project or crop team from 2016-2019. During this time, 

a total of 56 undergraduate students and 27 graduate students participated in SCOPE. The 

number of student participants for each crop team is summarized in Table 1. Not included in 

Table 1 are the 13 undergraduate students and one graduate student, who worked on multiple 

crop teams. The survey was designed to capture feedback from a wide range of experiences 

across crop types, breeding methodologies, and team management systems. Separate Google 

Form surveys were developed to assess undergraduate and graduate students’ learning 

experience in the SCOPE program. These anonymous surveys were distributed via email to the 

52 undergraduate and 26 graduate students for whom we had working email addresses. The 22 

undergraduate student journals were a convenience sample of the 56 interns who participated in 

the program. The other 34 students either submitted physical copies of the journals, produced a 

science outreach piece, or did not have an internship with a required written component.  

 

Table 1. Total number of student participants in each breeding program from Sept. 2016-Dec. 
2019 

Breeding Program Undergraduate 
Students 

Graduate 
Students 

Common Bean       6               1 
Pepper      14               7 
Fresh Tomato       9        13 
Wheat       4         2 
Lima Bean      10         3 
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Graduate and Undergraduate Surveys 

All survey questions were formatted and worded to encompass the multidisciplinary 

experiences the students may have had in SCOPE. Overall, the survey questions assessed four 

areas: (1) how long students participated in the program, (2) frequency and competency in 

carrying out agricultural, plant breeding, and non-technical activities, (3) interaction frequency 

with other students, staff, and faculty mentors, and (4) if students’ knowledge of plant breeding 

increased upon joining SCOPE. Question formats included open-ended free response, multiple 

choice, and rating scales.  

For the Practical Assessment portion of the survey, students self-assessed their 

proficiency in carrying out activities across four categories: Crop Management, Plant Breeding 

Basics, Advanced Plant Breeding Tasks, and Soft Skills. Crop Management included technical 

agricultural tasks related to field and greenhouse management. The Plant Breeding Basics and 

Advanced Plant Breeding categories only covered tasks and skills unique to plant breeding 

programs. Lastly, Soft Skills included non-technical activities related to the development of 

interpersonal and professional communication and applying knowledge learned during the 

internship. Each listed activity was ranked on a scale of 1 to 5, where a score of 1 indicated the 

student did not carry out this activity during their internship, and a score of 5 indicated the 

student had carried out the activity often and mastered the activity.  

In the Knowledge Gained portion of the survey, students were asked to estimate how 

much they learned about specific plant breeding and genetics topics during their SCOPE 

internship. On a scale of 1 to 3, a score of 1 indicated that the student did not gain any 

meaningful experience in this area, while a score of 3 indicated that the student learned a great 

deal about this concept during the internship.  
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For the Interaction Assessment part of the survey, students ranked their interpersonal 

interaction frequency with fellow students, staff, and faculty. Adapted from the Student-Advisor 

Interaction Frequency method (Thiry & Laursen, 2011a), the measure of interaction between 

students and other members of the organization was a means of identifying persons driving 

student training and teaching. On a scale of 0 to 5, a score of 0 indicated that the student had not 

met the SCOPE participant, while a score of 5 indicated the highest level of interaction and 

frequency. Lastly, students were also asked a series of optional, open-ended questions about 

what they gained from SCOPE and how the program might be improved in the future. 

While the undergraduate and graduate student surveys were similar in format and 

structure, the response criteria differed for the sections on Practical Assessment and Knowledge 

Gained. As part of their internship requirements, undergraduate interns would assist graduate 

students and staff with various tasks on a weekly basis. Interns generally had the freedom to 

choose which crop programs and tasks they would participate in. For this reason, the 

undergraduate survey responses were largely focused on if and how frequently they participated 

in an activity. By comparison, SCOPE graduate students worked closely with SCOPE staff to 

plan, lead, and participate in the decision-making process for managing the breeding programs. 

This was possible because SCOPE graduate students had prior knowledge and training in plant 

genetics and breeding, and work in SCOPE often complemented their ongoing graduate research 

and training. Hence, graduate students were asked more questions about breeding program 

management and how often they would mentor or work with others on certain activities.  
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Evaluation of Undergraduate Journals  

To assess undergraduate student participation and learning, we reviewed and scored 

journal entries from 22 undergraduate students. Journals used for this study were student-

produced writing pieces. To receive internship credits for SCOPE, undergraduate students wrote 

weekly journal entries describing the work activities they completed, as well as reflections on 

how these experiences connected to coursework or other aspects of their life.  

 

Rubric Criteria and Rationale 

To assess each student’s learning over the internship experience, journals were evaluated 

using a rubric adapted from the UC Davis Student Farm’s journal assessment rubric. The Student 

Farm journal rubric was developed in coordination with the UC Davis Center for Educational 

Effectiveness and will be published upon completion of their research studies. To help us 

compare the feedback from SCOPE surveys and the student journals, the journal rubric was 

organized into the same four categories listed in the surveys (Appendix B, Table 1). For the 

journal scoring criteria, the “Beyond Basics” category was intended to capture student 

experiences that showed deeper knowledge and reflection of their learning. Examples of journal 

entries meeting “Beyond Basics” criteria included concepts explained in scientific detail, 

internship activities connected to other aspects of the student’s life experience or education, 

explanations of plant breeding terminology, and pondered implications of concepts learned.  

The rubric’s multicomponent, comprehension scoring system was designed to minimize 

reviewer bias. Recall Kolb’s four different learning styles, each of which combined two modes 

of engagement: doing, thinking, feeling, and watching (Kolb, 1984). For example, if we assume 

the reviewer was an Assimilating learner, he or she would likely approach challenges by first 

https://cee.ucdavis.edu/
https://cee.ucdavis.edu/
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observing, thinking, and then acting. In the absence of specific guidelines, this reviewer may 

assign lower comprehension scores to Accommodating learners, who often take a less systematic 

“learn-as-I-go” approach to problem solving. For this reason, reviewers quantified student 

comprehension across four different criteria – depth of understanding, reflected, applied, 

connected – to minimize their own learning bias and better evaluate students with different 

learning styles. 

The journal rubric scoring system was adapted from Thiry and Laursen’s qualitative 

method used for scoring student interviews (2011a). For each student’s collection of journal 

entries, the reviewer first recorded the number of times the activity was mentioned throughout 

the journal and then scored the student’s comprehension of the activity. Comprehension was 

parsed into four components: “depth of understanding” assessed how well a student understood 

the activity; “reflected” indicated how well the student understood the purpose of the activity 

and/or how the activity fit into the context of the breeding program; “applied” determined if and 

to what extent the student carried out the activity; and “connected” scored if and how well the 

student connected their internship experience to other aspects of their education, career goals, or 

life experience. For each Comprehension component, the reviewer assigned a score of 1 to 4, 

with higher scores indicating a greater degree of critical thinking or reflection. A score of 1 was 

defined as “preliminary experience,” where the activity was mentioned but not elaborated on; 2 

showed “growing understanding” often accompanied by a description of the activity; 3 

demonstrated “questioning of assumptions and developing the bigger picture” where the student 

questioned why or for what purpose an activity was carried out; and 4 showed the student 

“applying knowledge” or making connections to his or her academic course work, prior 

experience, or life experience. If a student did not mention an activity, the activity was scored 
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“not applicable” and omitted from the analysis. Failure to mention an activity may indicate one 

of two things – either the student did not have the opportunity to complete those activities, or the 

activity did not leave a lasting impression and was therefore not discussed in the journal entries 

(Thiry & Laursen, 2011a).    

 

Data Collection and Summary  

To limit reviewer bias, each student’s journal was scored independently by two reviewers 

– one person who interacted frequently with the student and another who did not work closely 

with the student during the internship. Both reviewers then convened and agreed upon a 

consensus score for each activity. For each comprehension component for each activity, averages 

were taken for all 22 journals. The mean comprehension score was calculated as the average of 

all 4 comprehension component scores. To estimate how many students performed specific 

activities, we counted the number of journals which mentioned the activity and reported that 

value as a percent of the total journal entries. Given the small and inconsistent sample size, 

frequencies of individual comprehension components were not subjected to statistical tests and 

only non-statistical comparisons were made.  

 

Data Storage, Collection, Confidentiality 

In accordance with the University of California Institutional Review Board, we followed 

the recommended practices for proper data storage, collection methods, and participant 

confidentiality. To maximize data integrity and security, all original documents, recordings, 

analyses, and keys for coded data were digitally stored. All documents were located in a 

password-protected, encrypted folder in the UC Davis BOX domain, with access limited to the 
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authors of this study: Saarah Kuzay, Laura Roser, Antonia Palkovic, Jorge Berny, and E. Charles 

Brummer. Amanda Saichaie, Program Manager of the UC Davis Plant Breeding Center, had 

administrative privileges to this folder and would supervise access privileges as needed.  

The following measures were taken to maintain participant confidentiality and to 

minimize researcher bias. All surveys were anonymous and did not involve collection of 

personal identifying information that would allow researchers to directly link responses to 

participants. For student journal data, journals were first assigned to two different journal 

reviewers – one reviewer, who worked closely with the student, and the other reviewer, who had 

limited engagement with the student. After all journals were scored and consensus scores 

determined, the raw scored data were summarized into a single file where the student names 

coded with 4-character unique letter-number identification.  

Data was collected over a four-year time period for this study. All student journal entries 

were collected between September 2016 through December 2019. Surveys were distributed and 

responses collected between July and November 2019. The development of rubrics, scoring 

methods, and analyses of results were conducted between January and July 2020. Writing of this 

manuscript began in July 2020 and concluded in May 2021. 
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3.6 FINDINGS 

 

Survey Results 

Overall, survey response rates were high, and the feedback likely reflected the 

experiences of long-term SCOPE students. Of the 52 undergraduates who received the survey, 

17 responded (33% response rate) and 10 of the 27 participating graduate students also 

completed the survey (37% response rate). All respondents indicated that they were pursuing a 

major or research topic in agricultural or plant science. Unsurprisingly, students who answered 

the survey worked longer in SCOPE than those who did not answer. Among undergraduate 

survey respondents, the average internship duration was 4.4 quarters, compared to the overall 

average of 2 quarters for all undergraduates in the program. Similarly, graduate students who 

answered the survey participated an average of 10 quarters, approximately 4 quarters more than 

the graduate student average. Of the 10 graduate student respondents, 5 served as crop project 

leads for at least one plant breeding project in SCOPE. The remaining five graduate student 

respondents reported that they assisted with weekly project tasks but did not necessarily 

participate in decision-making and program management. Among all graduate student 

respondents, 60% worked on a different crop from their thesis research.  

 

Practical Assessment  

For the undergraduate Practical Assessment, students mostly participated in crop 

management activities and less frequently in tasks unique to plant breeding. For crop 

management tasks, participation was highest for weeding, sowing seeds and transplanting, 

greenhouse plant care, harvesting fruit or seeds (Fig. 1). While these technical skills are not 
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unique to plant breeding, knowledge of field and greenhouse management is necessary for 

running a plant breeding program. For basic plant breeding activities, students often used plant 

breeding terminology and assisted with data collection activities (average score range: 2.1-2.9) 

(Fig. 1). Experience with advanced plant breeding tasks varied considerably. Undergraduate 

students more frequently learned how to identify specific varieties, biotic and abiotic stress 

symptoms. Less frequently, students participated in laboratory work, experimental design, and 

data analysis and interpretation. The rarest reported skill was project design – only a subset of 

undergraduates had the opportunity develop their own experiments or provide feedback or 

suggestions for project development (average score of 0.88) (Fig. 1). For Soft Skill development, 

the highest learned skills were communicating with mentoring supervisors (average score 3) 

followed by experience with formal or professional communication with a group (average score 

of 2.4). Opportunities for peer-to-peer training and teaching were limited (average score of 2), 

and fewer students participated in the development of educational or science communication 

tools (average score of 1.6).  
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Figure 1. Undergraduate Practical Assessment. Averages of undergraduate students’ participation scores for 
activities clustered into four categories: Crop Management, Plant Breeding Basics, Advanced Plant Breeding Tasks, 
and Soft Skills. Each listed activity was ranked on a scale of 1 to 5, where a score of 0 = “I didn’t do this activity,” 1 
= “Maybe or not sure if I did this; I only saw a demonstration,” 2 = “I did this a few times,” 3 = “I did this a lot,” and 
4 = “I mastered this activity.” Error bars are standard errors of the means. 

 

For the graduate student Practical Assessment, students reported doing many activities themselves 

and training other students in these activities. These activities included harvesting fruit or seed, 

laying out a field for planting, making cross pollinations, taking plant measurements or notes in 

the field, and managing the greenhouse (average score above 2.5) (Fig. 3). Outside of these 

activities, graduate students tended to rely on assistance and guidance from staff. For field 
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management tasks, graduate students relied on staff to help organize and carry out planting and 

transplanting, weeding, and working on field irrigation systems and schedules (scores range 1 to 

2) (Fig. 2). Graduate students also sought staff guidance in analyzing and interpreting data, 

coordinating collaborations, and managing overall communications with fellow students, growers, 

and faculty on the project (scores <2) (Fig. 2). Since most of SCOPE graduate students were still 

learning how to breed their chosen crop, they often sought specialized knowledge researchers in 

other labs. Advice sought included learning how to run lab tests or diagnose and screen for plant 

diseases (average score below 1.5) (Fig. 2).  

Figure 2. Graduate Practical Assessment. Averages of graduate students’ participation scores for activities clustered 
into four categories: Crop Management, Plant Breeding Basics, Advanced Plant Breeding Tasks, and Soft Skills. Each 
listed activity was ranked on a scale of 1 to 3, where a score of 0 = “I didn’t do this activity,” 1 = “I worked with staff 
on this activity,”  2 = “I frequently did this myself,” 3 = “I mentored other students in this” activity. Error bars are 
standard errors of the means.  
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Knowledge Gained 

In addition to gaining practical experience, undergraduate and graduate students also 

improved their knowledge of plant breeding. For the undergraduate Knowledge Gained 

assessment, 65% of undergraduates said they learned a great deal about plant breeding theory; 

and 71% reported having improved understanding about the principles of data collection, making 

selections, and developing a cross-pollination block. However, the majority felt they only 

learned “a little” about the concepts behind experimental design, data analysis, and data 

visualization during their internship (Fig. 3). 

The graduate student Knowledge Gained assessment showed a wide spread of 

experiences. At least 50% of respondents gained new knowledge and experience in managing 

and developing a breeding program, making selections, and developing and evaluating breeding 

populations (Fig. 3). All participants reported learning more about plant breeding theory during 

their time in SCOPE. For all other areas, we can see a broad range of prior experiences and 

knowledge of the SCOPE graduate students (Fig. 3). Before joining SCOPE, at least 20% of 

respondents claimed to be already knowledgeable in the areas of designing and planning field 

experiments, cross-pollination blocks, and general experimental design. Another 20% of 

respondents learned a great deal about those same topics upon joining SCOPE (Fig. 3). Of 

course, most graduate students did not learn much in the way of molecular breeding since 

SCOPE is largely a field breeding program. In the open-ended survey questions, graduate 

students also identified other skills unique to their experience in SCOPE. Almost all graduate 

student respondents noted that they gained a greater appreciation and knowledge of organic 

management practices and the role the environment plays in agriculture. In addition, 60% of 
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graduate students said they learned how to mentor undergraduates in a variety of areas, not just 

practical training.  

 

 
 

Figure 3. Graduate and Undergraduate Knowledge Gained assessment. Percent of students who responded for 
each knowledge-gained increment. The knowledge-gained increment is a student’s estimate of his or her growth of 
knowledge. Students may have learning nothing new (“Not at all”), “a little,” or “a lot” about specific plant breeding 
and genetics topics during their SCOPE.  

 

Interaction Assessment 

The Interaction Assessment helped determine which person(s) students interacted most 

for receiving feedback and hands-on training. Past studies have suggested that quantity of time 

students spend with their advisors or mentors was significantly correlated with increases in 

student intellectual gains and overall satisfaction with his or her research experience (Thiry and 

Hunter, 2008; Thiry and Laursen, 2011a). Generally, undergraduate students reported higher 

levels of interaction with graduate student leads and the SCOPE staff (score >3) (Fig. 4). Persons 
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with whom students interacted weekly, 88% of undergraduate respondents worked with a 

graduate student lead and 65% interacted with the SCOPE staff. In terms of SCOPE-affiliated 

faculty interaction, undergraduates reported low interaction frequency (score <2) (Fig. 4) and 

only 35% of undergraduate respondents reported interacting with a minimum of one faculty 

member every few weeks. Undergraduates were not asked to report interaction frequency with 

other Student Farm staff. By contrast, graduate students often interacted with the SCOPE staff, 

program director, and the crop specific faculty advisors (score >3) (Fig. 4). In addition, graduate 

students reported moderate interaction with other Student Farm staff (score range between 2 and 

3), but almost no interaction with faculty advising other crop teams (score <1) (Fig. 4).  

Based on these findings, graduate students performed dual roles as mentors to 

undergraduate students and mentees to staff and faculty. However, the persons who served as the 

primary mentor to both graduate and undergraduate were the SCOPE staff. These findings were 

substantiated in the open-response component of the survey. When asked who they approach 

first for advice on project-related challenges, only 3 graduate students listed a SCOPE faculty 

member while 9 listed one or more SCOPE staff. Among undergraduates, 4 out of 11 

undergraduate students reported feeling “welcomed into the learning community” by fellow 

students and staff because of the “supportive work environment,” where much of the teaching 

was a group-learning process.  
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Figure 4. Undergraduate and Graduate Interaction Assessment. Average interaction score of students with 
different potential mentors in the SCOPE program: SCOPE faculty (crop P.I. and SCOPE Director), graduate 
student leads, general Farm staff, and SCOPE staff (SCOPE coordinator) members. Error bars are standard errors of 
the means.  
 

 

Undergraduate Student Journals  

Overall, findings from the student journal data analysis supported results from the 

undergraduate Practical Assessment survey. As reported in both journals and survey, 

undergraduate students participated heavily in Crop Management and Plant Breeding Basics 

activities and less frequently in Advanced Plant Breeding tasks. Similarly, few journal entries 

mentioned laboratory work, irrigation, and applying and analyzing data – activities which also 

scored low in the Undergraduate Practical Assessment. For journal entry analysis, the benchmark 

for a high participation activity was >60% mentioning a certain activity in the journal entries. 

Communication was the only category with high scores in the survey (Fig. 1) but was largely 

unremarked upon in the journals (Fig. 5).  

More importantly, the journal entries demonstrated students’ growing understanding of 

these subjects and activities. The combined mean scores were highest for Making Crosses (2.5) 



 

89 
 

followed by Beyond Basics (2.3) (Fig. 5). According to the journal descriptions, most of the 

students were already familiar many SCOPE activities because they were exposed to them in 

coursework lectures and labs. Yet, as a classroom participant, students rarely learned how to do 

these activities in practice. During their SCOPE internship, many students relished the 

opportunity to transform their classroom or book knowledge into a hands-on skill. This level of 

interest and sense of accomplishment was especially evident in journal entries about cross-

pollinations. In one student’s general protocol for cross-pollinating plants, we see growing 

understanding and mastery of a new skill: “first, we peel off the petals of the mature bud on 

female plants; second, we pick out the anthers; third, we get the mature anthers from male plants; 

fourth, we dip the anther on the stigma left on female flower; finally, we tie a label with the 

name of male and female flowers, student’s name, and date.”  

After learning how to make cross-pollinations between beans – a challenging task that 

requires much patience and dexterity – a student remarked that “learning how to do crosses has 

definitely given me a better understanding of flower anatomy.” While showing a connection 

between prior knowledge and the task at hand, humor and a genuine sense of accomplishment 

was also evident. Lastly, as students progressed through their internship, many showed a 

growing sense of ownership and a desire to see their contributions come to fruition: “I feel 

comfortable doing [tomato] crosses myself [and] now I can come in on my own time and do the 

crosses as I see fit. I am excited to carry on this internship into the winter quarter and see how 

the crosses I personally made turn out in following generations.” 

It should be noted that insights and anecdotes describing certain activities received high 

comprehension scores for their respective categories and were also scored under the Beyond 

Basics category. This is likely why the Making Crosses and Beyond Basics category scored 
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highest and are likely correlated. Nonetheless, these findings suggest that most students made 

meaningful learning experiences throughout their internship. However, despite this, average 

scores for comprehension criteria were low and similar in value across most activities (score 

range 2-2.3) (Fig. 5). However, for any given student, the number of mentions of a category’s 

activities was highly correlated with that student’s overall comprehension score, correlations (R2) 

ranged from 0.62 to 0.72. In general, the more frequently a category was mentioned in a 

student’s journal, the higher the four comprehension scores were. This suggests that students, 

who had multiple experiences with an activity over their internship, had a greater understanding 

or comprehension of the activity. Alternatively, students who had a greater understanding of a 

subject were also more likely to discuss it in greater detail.  
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Figure 5. Summary of Undergraduate Journal Assessment. Average comprehension component scores and percent 
of journals mentioning the activity for undergraduate student journal knowledge categories. Average comprehension 
components are represented as concentric colored lines for “Depth of Understanding,” “Reflected,” “Applied,” and 
“Connected.” Percentages in parentheses represent number of student journal mentioning an activity out of the total 
22 students journals reviewed. Each activity or combination of activities belongs to one of the four major categories: 
Crop Management, Plant Breeding Basics, Advanced Plant Breeding Tasks, and Soft Skills.  
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3.7 DISCUSSION, IMPLICATIONS, AND RECOMMENDATIONS 

 

According to survey and journal data, most students participated in all SCOPE activities 

including general agricultural tasks (Crop Management), plant breeding specialized tasks, and 

Soft Skills development. Participation was highest in Crop Management and Basic Plant 

breeding activities, while Knowledge Gained and skill development varied for Advanced Plant 

breeding and Soft Skills tasks. In addition, survey data revealed a dynamic network of mentors 

which SCOPE students navigated to gain guidance and advice. Drawing on these findings, we 

discuss the quality of student learning and how different members of the SCOPE Community of 

Practice facilitated student learning. 

 

Situated Learning: Using Culture to Transfer Knowledge 

While participating in these crop teams, many students developed transferrable skills by 

transforming their knowledge into practice. Here, we explain this process using a synthesis of 

concepts from Lave and Wenger’s Situated Learning theory (1991) and Kolb’s four-stage 

Experiential Learning Cycle (1984). 

The first step in learning a skill is engaging in a concrete experience – performing the 

task and technique. In SCOPE, students learn to do new tasks and techniques while receiving 

guidance from knowledgeable members of the community, such as graduate students, staff, or 

other research specialists. Over the course of the field season, students perform that task multiple 

times. In having multiple, guided experiences of the same task, students usually master that skill. 

They do so by becoming more efficient and proficient at the task each iteration and gain 

confidence in their ability to apply that skill to a variety of other scenarios. Depending on the 
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skill, gaining proficiency can be quick or slow and tedious. Learning a new skill requires some 

degree of “active experimentation.” This often involves making mistakes, trying out different 

ideas and applying them, and postulating why one method worked and another failed. Not 

surprisingly, the active experimentation stage is a major source of anxiety for most learners. 

Many students are success seekers who practice “failure-avoidance” strategies to avoid making 

mistakes which are seen as proof of suspected incompetence (Martin, 2010). Unfortunately, this 

deeply wired failure-avoidance mechanism prevents many talented students from enjoying their 

learning and can even discourage students from attempting to learn a new skill (Covington, 

1992; Martin, 2012).  

In this study, we argue that the learner’s ability to develop new skills is enhanced by 

participation in collaborative teams. Indeed, during these recurring interactions among SCOPE 

team members, legitimate peripheral participation was probably taking place. Recall situated 

learning relies on social interaction and culture as a means of transferring knowledge (Lave & 

Wenger, 1991; Thiry & Laursen, 2011a). Consequently, development of distinct group identity 

and culture facilitates this type of learning. In SCOPE crop teams, group culture facilitated 

interpersonal communication and collaborative work among members. Like Lave and Wenger’s 

Apprentice Tailors model, many SCOPE teams organize a single task, such as seed saving or 

trait scoring, into an assembly line of multiple subtasks. If a student were new to this task, they 

would first participate in a hands-on demonstration of the entire process and then be assigned the 

“easiest” subtask in the assembly line. As students gained proficiency, they would take turns 

working in more challenging parts of the assembly line to master each subtask. The objective of 

rotating roles was to observe how each step in the process “offers the unstated opportunity to 

consider how the previous one contributes to the present one” (Lave & Wenger, 1991, p. 72). 
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Students with extensive experience would take on quality control subtasks, organize and oversee 

the assembly line, and coach other students on performing each subtask. While this system often 

increased the overall work efficiency, the true benefit was the act of working as a team and 

"minimizing experiences of failure […] especially serious failure” (Lave & Wenger, 1991, p. 72) 

that would negatively affect the project. In this way, an individual’s success was not a measure 

of how well they performed compared to their peers. It was how well they supported the group.  

This shift in mindset from being “individual-centric” to “group-centric” is essential for 

the development of group identity, and, by extension, a student’s ability to learn from and give 

feedback to other group members. Within each crop team, students and staff regularly worked on 

improving methods for taking specialized measurements, such as percent canopy cover, fruit 

color, among others. As is the case with many things, new ideas work well in theory but are 

difficult to put into practice. Developing reliable protocols was often a collaborative and iterative 

troubleshooting process that incorporated input from students and staff. Later, when 

implementing the protocol, team members also held each other accountable for using their 

group-generated protocol properly. This process of setting expectations, guidelines, providing 

scientific conceptual anchors is also crucial for demonstrating how to conduct research (Thiry & 

Laursen, 2011a). During this process, graduate students applied and integrated much of their 

academic knowledge about plant genetics, breeding, and biology in a meaningful context outside 

of their thesis research. As fellow team members, undergraduate students actively contributed to 

these projects and learned how to communicate concepts (Thiry et al., 2011b) using plant 

breeding terminology. This was in part reflected in the Knowledge Gained survey where a high 

percentage of graduate students reported learning a great deal about managing plant breeding 
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programs and most undergraduates reported learning a lot about all plant breeding topics during 

their internship.  

 

Community of Practice: It Takes a Network of Mentors to Facilitate Learning 

Although this study did not directly assess graduate students’ experience, we can 

characterize graduate students’ learning experiences with faculty and staff. For guidance on 

Advanced Plant Breeding tasks to develop the breeding program, graduate students sought 

advice from a variety of persons, including SCOPE staff, their crop-specific faculty advisor, and 

the program director. Examples of these topics and tasks included: breeding program decision-

making, data analysis, data interpretation, and managing collaborations. Unsurprisingly, graduate 

students tended to seek advice from the persons with whom they interacted more frequently. On 

average, graduate students interacted with SCOPE staff most frequently, followed by the 

program director, then crop-specific faculty members. As a result, graduate students often 

consulted the staff members first while working alongside each other in the field or greenhouse. 

These interactions were casual and collaborative in nature where ideas were proposed, weighed, 

and a few solutions identified.  

Thereafter, either students or the staff would present the issue and the series of solutions 

to the program director and crop-specific faculty members. The “presentation” of this 

information was also informal but often took place during regularly scheduled meetings among 

faculty, staff, and graduate students. According to long-answer survey feedback and student 

testimony, graduate students felt listened to and respected during the ensuing discussions; and 

the decision of “what to do” was usually left to the graduate student. Naturally, these 

conversations differed based on the student’s relationship with each faculty member. At first 
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glance, decisions made with this advice-seeking approach were unnecessarily cumbersome. Yet, 

this multiperson process alleviated much of the anxiety associated with decision making. First, it 

gave the graduate students a rare opportunity to make decisions with input from multiple experts. 

Second, students had the time and mental space to think, reflect, and weigh the different options 

and their possible outcomes. Finally, granting students authority and independence to decide the 

next step was a key to their professional training (Thiry et al., 2011b). 

It is interesting to note that this is different from the original mentorship structure 

proposed in the OREI grant funding the program. In the grant proposal, faculty members would 

serve as advisors for specific crops and mentor graduate students leading the crop projects; these 

graduate students in turn would mentor a team of undergraduates, who would assist on the 

project. Project staff serve the entire program year-round by supporting the field and greenhouse 

experiments necessary for a plant breeding program.  

While the SCOPE staff were chiefly responsible for maintaining the field and greenhouse 

experiments, their responsibilities also included managing collaborations with stakeholders such 

as farmers, other research groups, and organizations. In addition, these staff had the most contact 

hours with students overall and served as primary facilitators for student training and learning. In 

doing so, staff served as mentors to students and actively facilitated the introduction of new 

students or “novices” to different members of the SCOPE community. Borrowing an analogy-

metaphor from ecology, staff were the keystone species of the SCOPE community of practice – 

all participating SCOPE members depended heavily on these people to learn, work, and 

communicate effectively. 
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Exploring the Boundaries of Undergraduate Experiential Learning 

In general, undergraduate students worked in all areas of the breeding program and 

increased their knowledge and skills. According to the journal entries, undergraduate students 

were already familiar with crop management terminology or concepts from their coursework, but 

few had first-hand experience with crop management techniques. By Kolb’s definition of 

Experiential Learning (1994), students seldom learn in a classroom environment because they 

are learning about concepts or ideas rather than experiencing them first-hand. However, 

Experiential Learning outside of the classroom helps “activate” the inert knowledge a student 

gains from a classroom lecture, hence improving the depth and efficiency of learning (Repinski 

et al., 2011). Other studies demonstrated that Experiential Learning was effective in helping 

students integrate and synthesize concepts first learned in a classroom setting. As a result, 

Experiential Learning is often more effective when it is integrated with what students are 

learning in the classroom (Repinski et al., 2011; Parr & Trexler, 2011).  

However, while SCOPE’s collaborative learning platform was effective at giving 

students the training in communication and in-field training, students had few experiences with 

advanced plant breeding tasks and seldom achieved mastery of commonly practiced skills. There 

are several reasons for low participation and comprehension of advanced plant breeding tasks: 

laboratory work, project development, and analyzing and interpreting data. First, opportunities 

for laboratory and project experience were rare and relatively uncommon. Laboratory work was 

carried out infrequently by a few crop teams, and only students who committed to a longer 

internship were given the opportunity to design and manage their own experiment within a crop 

team. The lack of opportunity for data analysis and interpretation is more complex. For most 

crop teams, undergraduate students collected and transcribed data throughout the growing 

https://paperpile.com/c/pTzYUb/RPMEG
https://paperpile.com/c/pTzYUb/RPMEG
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season. At the end of growing season, it was the graduate students who organized the data, 

performed the analysis, and shared the results with the whole group. Typically, undergraduate 

students were not invited to participate because it was assumed that these students did not have 

the necessary prior training (basic statistics, Excel, and statistical programming) to perform the 

analysis. While it may be possible undergraduate students lacked this prior knowledge, this is 

unlikely. Elementary statistics part of the plant science, agricultural science, and biological 

science major requirements at UC Davis. Furthermore, undergraduate students’ lack of prior 

knowledge was not a barrier to training in other SCOPE tasks. Most disturbing was the low 

incidence of skill mastery and moderate-to-low comprehension scores in all skill categories, even 

though the average undergraduate survey respondent participated in SCOPE for over a year. 

Denied access to training in more advanced tasks and the underdevelopment of undergraduate 

skill sets were serious concerns.   

 

Recommendations: Helping Students Transition from Novice to Master 

By interpreting our findings through the lens of learning theory, we identified several 

areas of concern: low levels of skill mastery and moderate-to-low comprehension scores among 

undergraduate participants. Although most undergraduate students reported gaining a great deal 

of knowledge and skills and were satisfied with their learning experience in SCOPE, we have the 

potential do better. Using the same learning-theory framework, we can also develop 

recommendations to improve the quality of undergraduate learning in SCOPE. According to 

Situated Learning theory, learners need to “participate in communities of practitioners and that 

mastery of knowledge and skill requires newcomers to move toward full participation in the 

sociocultural practices of community” (Lave & Wenger, 1994, p. 29). Full participation involves 
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having access to “information, resources, and opportunities for participation” (Lave & Wenger, 

1994, p. 101) with members throughout the organization. 

In this case, there are barriers preventing undergraduate students from reaching full 

participation in the SCOPE community and, by consequence, limiting their ability to achieve 

mastery of skills and enhanced comprehension. To help undergraduate students achieve full 

participation, we can increase undergraduate students’ access to SCOPE practices and persons. 

To do so, we need to integrate and make room for these learners in key sociocultural practices: 

taking part in decision-making processes and performing a formal leadership role within the 

community – privileges some graduate students enjoy. The following are some practical 

recommendations for incorporating undergraduate students into the SCOPE sociocultural 

framework: 

 

(1) Invite students to participate in the decisions that affect their internship work. We 

propose undergraduate students take turns facilitating or co-facilitating meetings 

concerned with managing undergraduate work and participation on crop projects.  

 

(2) Reserve field space and mentoring time for undergraduate-led experiments. To 

participate, students or a group of students would commit to a two-quarter internship and 

design and implement their own research project. Students would be advised by graduate 

students, staff, and faculty on experimental design, project management, data collection, 

and analysis and interpretation. Students would be encouraged to present their research 

projects at annual research conferences hosted by the National Association of Plant 

Breeders (NAPB) and the Undergraduate Research Conference (URC) at UC Davis.   
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(3) Create meaningful learning products for our collaborators and organization partners. 

Instead of writing introspective journal entries, undergraduate students would work in 

teams and make learning products for communication with the public and assist our 

collaborators, which include various K-12 schools, growers, Organic Seed Alliance, 

California Wheat Commission, and other companies. Some examples of learning 

products that could be created include summarizing project data for the SCOPE website, 

instructional how-to videos and handouts, and lesson plans among others. 

 

To facilitate the adoption of these changes, a few other adjustments would need to 

happen in parallel. First, request that everyone in the SCOPE community respect the leadership 

roles these undergraduate students are assuming. Without genuine respect, student members 

cannot reap the benefits of full participation. Second, graduate students and staff would need to 

be aware of the purpose of these changes and modify their project management and mentorship 

style accordingly. It should be noted that this change in graduate-undergraduate mentorship 

would likely benefit both the undergraduate and graduate student. Research has demonstrated 

that graduate students who mentor undergraduate students gain experience as a manager, have 

higher self-confidence, improved communication skills, and have a better understanding of their 

role as scientists (Dolan & Johnson, 2009; 2010). Finally, SCOPE may need to invest in hiring 

more staff or ask members of the SCOPE community to help shoulder the responsibilities of 

SCOPE staff. Staff are the keystone species of this Community of Practice and are responsible 

for facilitating all training, collaborations, communications, and baseline work for the whole 
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organization. Preserving the health and well-being of SCOPE staff should remain a top priority 

as it directly affects the success and effectiveness of the entire organization. 
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CONCLUSIONS & FUTURE DIRECTIONS 
 

 

This body of work shows that scientists, educators, and plant breeders can make 

meaningful contributions to society by taking scientific discoveries and applying them to solve 

real-world challenges. Some solutions are tangible and easy to observe, such as raising grain 

yield in wheat, while others are more difficult to detect. The collaborative learning that takes 

place in scientific communities is essential to our own intellectual health and development. 

Creating initiatives that stimulate social learning in our working communities are just as vital to 

scientific advancement as the new discoveries made by scientists. 

The work presented in this dissertation encompasses two projects: (1) the discovery of 

WAPO1 and its practical use for molecular breeding applications and (2) an education model for 

plant breeder leadership development and training. While discoveries presented in these three 

chapters offer practical uses and solutions, this research also represents the beginning of new 

endeavors. With the functional validation of WAPO1 complete and deployment of beneficial 

alleles underway, we have two unique opportunities ahead of us: first, investigating the role of 

WAPO1 within the wheat flowering time pathway and spike development; and second, exploring 

the effect of WAPO-A1 on durum wheat. For the plant breeder education study, I presented three 

recommendations to improve SCOPE undergraduate leadership training, all of which were 

subsequently implemented. I end this work with an update of SCOPE undergraduate training 

program and lessons learned from this endeavor. Key results, findings, and future directions from 

both projects are summarized here. 
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Wheat Genetics Conclusions 

 

WAPO1 is the Causal Gene Underpinning the 7AL SNS QTL 

In Chapters 1 and 2, we used large heterogeneous inbred families, and we developed two 

high-resolution genetic maps to delimit the 7AL SNS QTL to a 87-kb candidate region 

containing 4 genes. Among these candidate genes was the wheat ortholog to the rice gene 

ABERRANT PANICLE ORGANIZATION1 (APO1) that was designated as WHEAT ORTHOLOG 

of APO1 (WAPO1). WAPO1 was the leading candidate gene due two key pieces of evidence. 

First, mutants in the rice APO1 gene affect panicle branching, as well as total spikelet number; 

assuming conserved gene function across species, the wheat ortholog of APO1 would likely 

affect spikelet number as well. Second, within the 7AL QTL region, three haplotypes were 

identified, and each had a unique WAPO-A1 allele with non-synonymous polymorphisms, and 

only WAPO-A1 polymorphisms were associated with differences in SNS in populations 

segregating for the different haplotypes. This suggested that one or more of the non-synonymous 

polymorphisms or a promoter deletion in the WAPO-A1 alleles were likely causal mutations 

modifying SNS. Finally, we performed a series of functional validation experiments to confirm 

WAPO1 as both necessary and sufficient to modify SNS. Loss-of-function wapo1 mutants 

showed reduced SNS, whereas transgenic wheat plants with additional genomic copies of 

WAPO-A1 showed increased SNS. Taken together, these results demonstrate that WAPO-A1 is 

the causal gene underpinning the 7AL QTL for SNS.  
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Applications for WAPO1 in Wheat Breeding 

In Chapter 1, we screened diverse panels of wheat progenitors, landraces, and modern 

cultivars and identified three haplotypes – H1, H2, and H3 – within the 7AL QTL region. Each 

haplotype has a unique fingerprint of polymorphisms across the 7AL QTL region that 

corresponds to different WAPO-A1 alleles. From these allele screens we learned that H3 

represents the ancestral Wapo-A1 allele present in the wild and cultivated progenitors of wheat. 

Overall, frequency of H3 is low in modern durum and common wheats. H1 represents the Wapo-

A1a allele and is present in over 99% of modern durum wheat lines. H2 represents the Wapo-A1b 

allele and is most frequent in common wheats and has an especially high frequency in the 

modern wheat varieties. Diagnostic WAPO-A1 genetic markers distinguishing these three major 

types of WAPO-A1 alleles are now publicly available on the MAS Wheat website 

(https://maswheat.ucdavis.edu/protocols/WAPO1).  

Linkage analysis of six different biparental populations determined the H2 haplotype 

conferred a higher SNS phenotype than the H1 and H3 haplotypes. In Chapter 2, we established 

that the H3 haplotype is associated with higher SNS compared to H1; and H2 is associated with 

higher SNS compared to H1 in a durum background. Taken together, these results indicate that 

the H2 haplotype confers the highest SNS followed by H3 and then H1. Given that Wapo-A1b 

(H2) is a rare allele in durum landraces and modern durum varieties, there is opportunity for 

potentially raising SNS and yields in durum by introgressing Wapo-A1b into modern durum 

wheat varieties. Hence, targeted introgression of WAPO-A1b alleles into widely grown durum 

varieties may improve durum yields, directly benefiting durum growers. Durum wheat accounts 

for 5% of wheat produced worldwide, and domestic US production of durum wheat is 

concentrated in California, Arizona, Montana, and North Dakota 
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(https://www.durumgrowers.com/). In fact, California- and Arizona-grown durum wheat is 

exceptionally high quality and is sold as “identity preserved” grain under the trademark Desert 

Durum® fetching a higher market price (https://www.californiawheatcommission.org/durum). 

 

Wheat Genetics Future Directions 

 

WAPO1 Interactions with LFY and Other Flowering Time and Flower Development Genes 

In Chapter 2, several observations pointed to WAPO1 interacting with other flowering 

time genes. Among these were the inconsistent results for SNS level and heading date across 

UBI:WAPO1 and transgenic lines with extra copies of WAPO-A1. In addition, wapo1 mutants 

showed multiple floral abnormalities. Recall WAPO1 and LFY form a complex in rice and 

Arabidopsis and likely do so in wheat. In Arabidopsis, LFY binds to the SQUAMOSA MADS 

box gene AP1, which in wheat is represented by VRN1 and FUL2. This potential mechanism 

may explain the effect of WAPO1 on SNS as well as some of the observed floral defects. In 

addition to its binding to the AP1 promoter, LFY has been shown to bind to regulatory regions of 

APETALA3 (AP3, a class-B floral gene) and AGAMOUS (AG, a class-C floral genes) in 

Arabidopsis (Chae et al., 2008; Lamb et al., 2002; Busch et al., 1999; Lohmann et al., 2001). 

This may explain the floral abnormalities concentrated in the three inner floral whorls observed 

in the wapo1 mutants, indicating that WAPO1 plays a role in mediating class-B and class-C 

MADS-box genes, AP3 and AG respectively.   

With the Dubcovsky Lab’s library of knock-out mutants for flowering time genes, many 

possible experiments could be performed to test these interactions and ultimately establish where 

WAPO1 fits into the wheat flowering time, spike development, and floral development pathways. 
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Currently, we are measuring the expression levels of AP3 and AG in wapo1 double mutants 

(wapo-A1/ wapo-B1) developing spikes to determine if floral abnormalities are associated with 

changes in MADS-box genes expression profiles. To evaluate the LFY-WAPO1 interaction, lab 

members are also attempting to create wapo1-lfy double and single mutants, as well as crossing 

transgenic plants with tagged UBI:WAPO1 and UBI:LFY transgenes to test for protein-protein 

interactions in planta.  

 

Exploring the Effects of WAPO-A1b on Durum Yield and Pasta Products 

The goal of introducing of WAPO-A1b alleles (H2 haplotype) into durum wheat is to 

raise durum yields and maintain the grain quality parameters necessary for efficient milling, 

processing, and pasta making. Only by satisfying both conditions can the WAPO-A1b 

introgression into durum benefit durum growers. In Chapter 2, durum lines carrying WAPO-A1b 

had significantly higher SNS – a promising result that is being followed up with other yield 

component measurements. We are specifically interested in determining if increased spikelet 

number is associated with increased grain yield and changes in grain size, weight, and protein 

composition. After this year’s preliminary data, a full-scale yield trial will be planted to properly 

evaluate yield and other agronomic traits. 

Considering the sink-source balance within the plant, the increase in SNS may be 

associated with decreases in overall grain size or protein content. From a processing perspective, 

changes in grain size and protein content present a few challenges. For durum wheat processors, 

all milling and semolina extracting equipment is optimized for a particular seed size, density, and 

composition. To qualify as high quality, grain protein content and gluten quality must also meet 

certain grading standards (Kadkol & Sissons, 2016; Sissons et al., 2006). For these reasons, I 
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recommend evaluating the durum lines carrying WAPO-A1b for quality tests that are partially 

predictive of durum quality, including: grain protein, grain size, as well as other small-scale 

rapid screening techniques for durum quality traits (Sissons et al., 2020). For the purposes of 

continuing this study, a preliminary analysis on milling and pasta quality could be performed on 

these experimental lines which have the Kronos genetic background. Once WAPO-A1b is 

introgressed into current productive durum varieties, a detailed evaluation of durum and pasta 

quality would be appropriate and highly relevant to growers, millers, and pasta makers. 

 

Education Conclusions 

 

Characterizing Mentoring Relationships 

In Chapter 3, we used two education theories – Experiential Learning and Situated 

Learning – to inform the design and implementation of a student learning study in the SCOPE 

program. To assess student learning, skill development, and mentoring relationships, we used a 

mixed methods approach to conduct anonymous student surveys and score student writing 

pieces. Evaluation of the survey data revealed dynamic mentorship relationships between the 

faculty, staff, and students. Overall, SCOPE faculty served as high-level advisors and mentors to 

graduate students leading the breeding programs. For hands-on training, SCOPE staff were the 

primary mentors to both graduate and undergraduate students. In addition, staff served as 

community network guides for students and were instrumental in connecting students with 

SCOPE partners and collaborators. By contrast, graduate students played a dual role as mentees 

to faculty and staff and mentors to undergraduate students. This gave graduate students the 
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unique opportunity to lead and train their own student team, while receiving plenty of support 

and guidance in managing their breeding program.  

 

Evaluating Student Learning and Skill Development 

Both graduate and undergraduate students reported gaining knowledge and skills in crop 

management, basic and advanced plant breeding, and soft skills. For soft skill development, all 

students communicated frequently with mentors and group members in SCOPE. In terms of 

hands-on experience, both undergraduate and graduate students gained the most experience in 

crop management and basic plant breeding tasks. Students relied on guidance and advice from 

SCOPE staff to complete the other tasks. Lastly, graduate students learned the most about 

decision-making processes (e.g., breeding program management, selections) while undergraduate 

students learned “a lot” about basic plant breeding concepts (e.g., plant breeding theory, trait 

evaluation). 

However, despite frequent communication, high participation, and regular training, 

undergraduate students seldom achieved mastery of skills and did not participate in data analysis 

activities. This outcome was not the result of incompetence or lack of initiative on the part of the 

students. Instead, we surmised that undergraduate students were denied full participation in the 

SCOPE Community of Practice. In other words, most undergraduate students performed work as 

assistants instead of apprentices to graduate students and staff. In doing so, undergraduate 

students gained proficiency instead of mastery of skills and were denied access to the advanced 

tasks necessary for making program decision-making. To achieve full participation, 

undergraduate students would need to occupy a clear leadership role in the SCOPE sociocultural 

framework.  
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Education Future Directions and Applications 

To help undergraduate students assume a leadership role, I recommended SCOPE implement 

three undergraduate-led initiatives: (1) undergraduate-led planning meetings, (2) development of 

undergraduate-led research projects, and (3) creation and distribution of undergraduate learning 

products to collaborators. SCOPE has since implemented these initiatives and undergraduate 

interns were generally in favor of these changes as well. To determine if these undergraduate-led 

initiatives improved student learning and skill development, SCOPE plans to re-administer and 

analyze the anonymous student surveys using methods presented in Chapter 3. In addition to 

surveys, one or more studies evaluating graduate and undergraduate student learning would be 

necessary. 

 

Experiential Learning: Learning How to Lead 

Unfortunately, the process of “learning how to lead” is an awkward transition. Many 

undergraduate students did not feel important or knowledgeable enough to lead a meeting, design 

a project, or represent SCOPE in science outreach activities. For these reasons among others, 

graduate students and staff actively coached the undergraduate students into the leadership roles. 

While every individual has his or her own coaching style, SCOPE members generally used 

constructive encouragement instead of constructive criticism to guide the undergraduate student 

learning process. 

In practice, leadership requires that people be authentic by activating their own identity, 

communication style, and learned experience. Leaders activate their own identity when they 

speak with their “natural voices” – a person’s unique way of thinking, acting, and feeling. 
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Communication style is the art of being articulate – instead of imitating others, they use their 

own words and analogies to communicate what they are thinking. Finally, activating learned 

experience is the act of using and sharing the wealth of knowledge that a person carries. It is 

important to note that leading oneself in the learning of new tasks and developing creative 

outputs are also acts of leadership. 

This self-development process closely reflects the principles of Experiential Learning and 

learning in a sociocultural context (Thiry et al., 2011b; Kolb, 1984). Conducting individual and 

small group interviews with undergraduate students would help assess how students are 

“learning how to lead,” as well as the practical skills and content they developed in that process.  

 

Situated Learning: Advancement Within a Community of Practice 

During the implementation of these undergraduate-led initiatives, most graduate students 

and staff went above and beyond to help SCOPE undergraduates into leadership roles. Yet even 

welcome changes required that community members adjust and reconfigure their expectations. 

These unpleasant adjustments may manifest as students not assuming responsibilities that their 

leadership position entails, such as failing to attend meetings or not completing tasks in a timely 

manner. At other times, graduate students and staff felt helpless when advising students who 

either did not accept their guidance or insisted on receiving task-oriented work instead of 

learning. As a result, there were moments when all parties shared feelings of being 

overwhelmed, confused, and frustrated. 

To weather this transition successfully, all students, staff, and faculty need to have the 

vision and perseverance to keep true to the original objective: making room for undergraduate 

students at the proverbial “table” and have them participate in decision-making processes. Using 
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the language of Situated Learning theory (Lave & Wenger, 1991), this will generally involve all 

community members following these guidelines: 

 

1. Identify and learn cultural habits that are essential to the identity of your community. 

Adopting these habits is key to gaining community membership and is the vehicle by 

which knowledge is transferred from member to member. 

 

2. Be a dynamic member of a community by being a novice, peer collaborator, and mentor as the 

situation requires. All members have their own wealth of knowledge to share. This means 

that novices and established members can facilitate learning experiences among other 

members.  

 

3. Actively seek out and acquire concrete experiences in the community. These are the basis of 

the learning process and raw material necessary to develop portable knowledge or skills. 

Every concrete experience is a learning opportunity. It is up to the learners to determine 

how much guidance they require to process that experience. 

 

4. Facilitate learning opportunities for others and invite others in the community to facilitate your 

learning. This is where legitimate peripheral participation takes place – where one 

develops portable knowledge (skills) from knowledge and practice. 

 

Guiding students, staff, and faculty through these four objectives could be a helpful and 

potentially entertaining exercise. Documenting these conversations and through structured, small 
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group interviews would be an effective way to assess quality of mentorship and soft skills 

development across membership in the SCOPE Community of Practice. 
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APPENDIX A.  Supplementary Tables and Figures for Chapter 2 

 

A.1  Chapter 2. Supplementary Table 1 

 

S1 Table. Primers used in this study. 

Function  Primer sequence Comment 

Guide RNA CRISPR F ACTTGAGCGCCTCTCCCCCACCGT (Golden Gate cloning site)a Guide RNA for 
Guide RNA CRISPR R AAACACGGTGGGGGAGAGGCGCTC (Golden Gate cloning site)a CRISPR 

Next Gen. Seq.  g641-NGS-F TCTACACGTTCAGAGTTCTACAGTCCGACGATCGGCCACCTCCTCCTCCTC Screen CRISPR  
Next Gen. Seq.  g641-NGS-R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCGTCGGCGACGAAGGTGTC mutations 

CAPS-WAPO-A1 F ACTCTCACCTCCTCCACTCC Marker for WAPO-A1 
CAPS-WAPO-A1 R1 TCAAAGGACACAGATCAACC mutation 

CAPS-WAPO-B1 F ACTCTCACCTCCTCCACTCG Marker for WAPO-A1 
CAPS-WAPO-B1 R2 CATAATCAGAAATTTGCACAAGAAC mutation 

WAPO1-XhoI-F CACCCTCGAGTCATTGGCTACAACAGTGGTCAG (restriction site) Cloning WAPO1 in  
WAPO1-AvrII-R ATATCCTAGGAGATTTCTGGATGTTCCTTGTCA (restriction site)  binary vector pLC41 

WAPO1-LND-47F-F1 CTGGCGTTCCTCCCGACGCCGTCCTT (mutation site) Generation LDN-47 
WAPO1-LND-47F-R1 AAGGACGGCGTCGGGAGGAACGCCA (mutation site) allele  

WAPO1-Genotyping-F1 TGACAAGGAACATCCAGAAATC Genotyping trans- 
WAPO1-Genotyping-R2 AGCCACCTTCCTTTTCCACT genic genomic copy 

a "G" is added as transcription start site for U6 promoter 
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 A.2  Chapter 2. Supplementary Table 2 

 

A. Spikelet number per spike 
                              Sum of       Mean 
Source                 DF    Squares     Square   F Value   Pr > F         MM    MH    HM    HH        
Genotype                6      67.74      11.29      7.58   <.0001   Mean 8.00  9.78  9.20  10.11  
Error                 103     153.35       1.49                      SE   0.41  0.25  0.31   0.15 
Corrected Total       109     221.10                                 n      14    27    15     46 
R-Square = 0.31       
 

 
B. Heading date 
                              Sum of       Mean 
Source                 DF    Squares     Square   F Value   Pr > F         MM    MH    HM    HH        
Genotype                6      49.01       8.17      1.10   0.3703   Mean 39.64 41.19 40.67 39.83 
Error                 104     775.66       7.46                      SE    0.46  0.65  1.02  0.31 
Corrected Total       110     824.67                                 n       14    27    15    47 
R-Square = 0.06       
 

 
C. Tiller Number 
                              Sum of       Mean 
Source                 DF    Squares     Square   F Value   Pr > F         MM    MH    HM    HH        
Genotype                6      13.87       2.31      1.78   0.1103   Mean  2.64  2.89  3.07  3.11 
Error                 104     135.12       1.30                      SE    0.34  0.20  0.21  0.19 
Corrected Total       110     148.99                                 n       14    27    15    47 
R-Square     0.09       
 

S2 Table. T1 CRISPR loss-of-function mutants one-way ANOVA for spikelet number per spike (SNS), heading date 
and tiller number (7 genotype combinations, see main manuscript Figure 2A for SNS). Averages, s.e.m and number 
of replications for the four genotypes with n>5. MM = wapo-A1 wapo-B1, MH = wapo-A1 heterozygous WAPO-B1, 
HM = heterozygous WAPO-A1wapo-B1, HH = heterozygous for both homeologs. 
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A.3  Chapter 2. Supplementary Table 3 

 

A. Spikelet number per spike 
                              Sum of       Mean 
Source                 DF    Squares     Square    F Value    Pr > F 
Model                   3     115.03      38.34      62.07    <.0001 
Error                  22      13.59       0.62 
Corrected Total        25     128.62 
R-Square = 0.89       
 
                            Type III       Mean 
Source                 DF         SS     Square    F Value    Pr > F 
Wapo-A1                 1      23.33      23.33      37.78    <.0001 
Wapo-B1                 1      90.94      90.94     147.23    <.0001 
Wapo-A1*Wapo-B1         1       4.97       4.97       8.04    0.0096 
 
 

B. Heading date 
                              Sum of       Mean 
Source                 DF    Squares     Square    F Value    Pr > F 
Model                   3       3.18       1.06       0.63    0.6020 
Error                  22      36.97       1.68 
Corrected Total        25      40.15 
R-Square = 0.07       
 
                            Type III       Mean 
Source                 DF         SS     Square    F Value    Pr > F 
Wapo-A1                 1       0.21       0.21       0.12    0.7279 
Wapo-B1                 1       0.21       0.21       0.12    0.7279 
Wapo-A1*Wapo-B1         1       2.90       2.90       1.72    0.2026 

 
 

C. Leaf number on the main tiller 
                              Sum of       Mean 
Source                 DF    Squares     Square    F Value    Pr > F 
Model                   3       1.11       0.37       2.82    0.0625 
Error                  22       2.89       0.13 
Corrected Total        25       4.00 
R-Square     0.28       
 
                            Type III       Mean 
Source                 DF         SS     Square    F Value    Pr > F 
Wapo-A1                 1       0.02       0.02       0.15    0.7062 
Wapo-B1                 1       0.48       0.48       3.65    0.0693 
Wapo-A1*Wapo-B1         1       0.48       0.48       3.65    0.0693 
 
 
S3 Table. F2 CRISPR loss-of-function mutants WAPO-A1 x WAPO-B1 factorial ANOVA for spikelet number per 
spike (SNS), heading date and leaf number of the main tiller at heading. 
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A.4  Chapter 2. Supplementary Table 4 

 

A. Spikelet number per spike. Field Experiment year 2020. 
                              Sum of       Mean 
Source                 DF    Squares     Square    F Value    Pr > F 
Model                  83     424.16       5.11      10.58    <.0001 
Error                  59      28.49       0.48 
Corrected Total       142     452.64 
R-Square = 0.94       
 
                            Type III       Mean 
Source                 DF         SS     Square    F Value    Pr > F    Family   H3    H1    P 
Block                   9      23.91       2.66       5.50    <.0001      12   21.2   20.1   * 
Family                  7     301.34      43.05     101.57    <.0001      19   21.9   21.7   ns 
Block*Family           59      25.01       0.42       0.88    0.6909      51   20.3   19.2   *** 
                55   23.0   21.5   ** 
Allele (H3 vs H1)       1      41.42      41.42      85.79    <.0001       69   21.0   19.6   *** 
Allele*Family           7       8.80       1.26       2.60    0.0207     113   23.1   21.2   ***  
Error                  59      28.49       0.48         120   25.3   23.9   ** 
               128   21.0   20.2   ns 
 

 
B. Spikelet number per spike. Field Experiment year 2021. 
                              Sum of       Mean 
Source                 DF    Squares     Square    F Value    Pr > F 
Model                  87     541.36       6.22      20.84    <.0001 
Error                  70      20.90       0.30 
Corrected Total       157     562.27 
R-Square = 0.96       
 
                            Type III       Mean 
Source                 DF         SS     Square    F Value    Pr > F    Family   H3    H1    P 
Block                   9      12.58       1.40       4.68    <.0001      12   22.9   20.6   *** 
Family                  7     351.01      50.14     108.10    <.0001      19   24.3   23.0   *** 
Block*Family           63      29.22       0.46       1.55    0.0367      51   22.1   21.0   ** 
                55   24.5   22.1   *** 
Allele (H3 vs H1)       1     130.47     130.47     436.91    <.0001       69   23.3   21.7   *** 
Allele*Family           7       8.74       1.25       4.18    0.0007     113   24.6   22.7   ***  
Error                  70      20.90       0.30         120   27.9   25.4   *** 
               128   23.2   21.7   *** 
 

 
C. Heading time. Field Experiment year 2021. 
                              Sum of       Mean 
Source                 DF    Squares     Square    F Value    Pr > F 
Model                  87    3471.51      39.90      34.65    <.0001 
Error                  70      80.60       1.51 
Corrected Total       157    3552.11 
R-Square = 0.98       
 
                            Type III       Mean 
Source                 DF         SS     Square    F Value    Pr > F    Family   H3     H1     P 
Block                   9      37.04       4.11       3.57    0.0011      12   137.1   137.0   ns 
Family                  7    3314.65     473.52     282.52    <.0001      19   142.0   142.3   ns 
Block*Family           63     105.59       1.68       1.46    0.0633      51   142.0   143.0   ns 
                55   142.9   142.6   ns 
Allele (H3 vs H1)       1       0.67       0.67       0.58    0.4488       69   140.9   141.1   ns 
Allele*Family           7      16.81       2.40       2.09    0.0563     113   140.6   139.8   ns  
Error                  70      80.60       1.51         120   153.8   152.7   * 
               128   139.1   138.6   ns 
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S4 Table. ANOVA for 2020 and 2021 experiments to evaluate the effect of the H3 and H1 haplotypes on SNS and 
heading date. Split-plot RCBD with 10 replications, 8 families as main plots, and H1 and H3 haplotypes as sub-plots. 
Comparison between alleles within individual families were done using t-Tests (right part of the table). 
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A.5  Chapter 2. Supplementary Figure 1  
 

 

S1 Figure: Expression of WAPO-A1 and WAPO-B1 homeologs in developing spikes. A) QuantSeq data 
from (Li et al., 2021). B) Unpublished RNAseq from Kronos developing spikes at the same developmental 
stages (4 biological replication per stage). VEG = vegetative stage, DR = double ridge, PDR = post-double 
ridge, and TS = terminal spikelet stage. Transcript per million (TPM) averages are based on four biological 
replications in each experiments and error bars are s.e.m. 
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A.6  Chapter 2. Supplementary Figure 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

S2 Figure. Transgenic Kronos plants expressing WAPO-A1 constitutively under the maize UBIQUITIN promoter. A) 
WAPO-A1 transcript levels from leaves in 11 independent UBI::C47:MYC events and 14 UBI::F47:MYC events (n= 
2-4). B and C) Differences between transgenic plants and their non-transgenic sister plants for selected events E35 
(UBI::C47:MYC) and E53 (UBI::F47:MYC) which showed high-levels of WAPO-A1 transcripts. B) Differences in 
heading date. C) Differences in SNS in the main spike. We used the main spike because E53 transgenic plants showed 
more spikes than the non-transgenic sister lines, and many of these extra spikes showed very low SNS. The number 
at the base of the bar indicates the number of plants evaluated for each genotype. Error bars are s.e.m. ns= not 
significant, ** P < 0.01, *** P < 0.001.  
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A.7  Chapter 2. Supplementary Figure 3 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. Strongest floral abnormalities in Kronos plants transformed with WAPO-A1 genomic regions of LDN-
F47-4. A) Spikes of a transgenic plant with the spikelets removed to show the distribution of naked pistils. B) Detail 
of the naked pistils, showing the gradual transition to bracts when moving to more apical spikelet positions. C) 
Gradation of the changes in spikelet and floret morphology from basal spikelets (1) to the terminal spikelets. Only 
spikelets from one side of the spike are shown (uneven numbers). D-G) Basal spikelets of WT and LDN-F47-4 
showing differences in organ size. D) Glumes. E) Fourth floret of the basal spike. F and G) Lodicules, stamens and 
pistils in the third and fourth floret, respectively. Lm = lemma, Pa = palea, Ld = lodicule, St = stamen, Pi = pistil. 
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A.8  Chapter 3. Supplementary Figure 4 

 

 

 

Figure S4. Floral abnormalities in Kronos plants transformed with UBI::C47:MYC and UBI::F47:MYC. A) Spikes 
of a non-transgenic control (WT) and transgenic line UBI::C47:MYC (event E35) with abnormal distal end of the 
spike (reduced terminal spikelet, yellow arrow). B) Detail of the more dense and smaller spikelets at the tip of the 
spike in UBI::F47:MYC E35 (yellow arrow). C) Detail of naked pistils below basal spikelets in UBI::F47:MYC E53 
(white arrows).  D) First floret of the 5th spikelet from the tip of UBI::C47:MYC E35 with a reduced palea fused with 
one lodicule, the other lodicules and stamens were normal and not fused. E) First floret of the 3rd spikelet from the 
terminal spikelet of UBI::F47:MYC E53 with reduced palea, normal lodicule (one not shown) and two stamens fused 
together. Pa = palea, Ld = lodicule, An = stamen, Pi = pistil, + = fused organs. 
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APPENDIX B.  Supplementary Table for Chapter 2 
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