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Abstract 13 
Course-based Undergraduate Research Experiences (CUREs) have emerged as a 14 
transformative approach to science education, expanding access to authentic research 15 
opportunities beyond the traditional undergraduate research assistant (URA) training. By 16 
embedding research into a curriculum, CUREs engage a broad and diverse population of 17 
students in a classroom environment that emphasizes experimental design, data analysis, 18 
and scientific communication. However, this has been difficult to develop for fields such as 19 
plant synthetic biology due to the long timescales of plant transformation. One avenue 20 
around this problem is to utilize a recent innovation that enables high throughput and rapid 21 
screening of gRNA efficacy by leveraging viral-based delivery of guide RNAs (gRNAs). In this 22 
work, we develop and validate a CURE with undergraduate students at Colorado State 23 
University (CSU). Students worked in teams to design and test efficacy of gRNAs targeting a 24 
Cas9-based transcriptional repressor to different regions of the promoters of the three 25 
GIBBERELLIN INSENSITIVE 1 genes (GID1a, GID1b, and GID1c) in Arabidopsis thaliana. Over 26 
the semester, students generated and analyzed gene expression data to understand the 27 
efficiency of twelve new gRNAs. We further validated CURE student-identified gRNAs with 28 
an undergraduate research assistant (URA) that assessed target gene expression and 29 
phenotypic outcomes in stable transgenic lines expressing SynTF constructs with the 30 
strongest gRNAs from the class. We further describe the curriculum structure to facilitate 31 
adoption at other institutions and present student-generated datasets demonstrating the 32 
utility of ViN-based screening for identifying effective SynTF gRNAs for plant functional 33 
genomics and engineering. 34 
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1. Introduction 39 
Many studies have shown that course-based undergraduate research experiences 40 

(CUREs) are a powerful means to improve students’ engagement with and understanding of 41 
Science, Technology, Engineering, and Math (STEM) concepts (1–4). Specifically, CUREs 42 
that are embedded into upper-division STEM courses enable students to gain authentic 43 
research experiences that may otherwise not be available. However, the experimental 44 
realities of certain fields of bioengineering make them challenging to implement as CUREs. 45 
This is especially true for plant synthetic biology where the long timescales associated with 46 
the generation of transgenic plants often puts such bioengineering outside the scope of a 47 
semester long course.  48 

One avenue around this issue is to leverage recent innovations that enable rapid 49 
virus-based prototyping of synthetic transcription factor (SynTF)-based gene expression 50 
modulation. This system, called Viparinama (ViN), utilizes a positive, single strand plant 51 
RNA virus, tobacco rattle virus (TRV), to systemically deliver a guide RNA (gRNA) to a 52 
transgenic plant line that is pre-engineered to express a host of SynTF components (5). 53 
These synthetic components include a constitutively expressed nuclease active Cas9 and 54 
the RNA binding protein, PCP, fused to a truncation of the TOPLESS repressor (PCP-55 
TPLN300) (5, 6). TRV-based delivery of the gRNAs, which contains a 3’ modification aiding in 56 
the recruitment of the PCP-TPL repressor, into the transgenic lines enables complete 57 
assembly of a Cas9-based SynTF at a gene of interest. This allows for modulation of gene 58 
expression across plant tissues in a matter of weeks, which contrasts with the months-to-59 
years that it would take to achieve a similar outcome via traditional plant transformation 60 
approaches. Such rapid and scalable screening of gRNAs is essential, as SynTFs are known 61 
to have variable regulation efficacy based on the binding location of the gRNA target 62 
sequence in the promoter (7, 8). Crucially, this approach allows for the study of gRNA 63 
efficacy for the regulation of endogenous gene expression in the target tissue, which is not 64 
possible with alternative transient approaches such as protoplast transfection. Prior work 65 
has validated the utility of ViN for rapidly prototyping SynTF-based expression modulation 66 
for functional genetics and plant bioengineering (5).  67 

In this work, we outline a CURE that we designed and validated with a cohort of 19 68 
undergraduate students at Colorado State University (CSU) using ViN as a platform to 69 
introduce core concepts in plant synthetic biology. Teams of students, many with no prior 70 
lab experience, used ViN to rapidly prototype gRNAs designed to recruit repressors across 71 
different regions of the promoters of the three GIBBERELLIN INSENSITIVE 1 (GID1a, GID1b, 72 
and GID1c) in Arabidopsis thaliana. The goal was to identify gRNAs that implement efficient 73 
repression of gene expression.  From prior work we would expect repression of these genes 74 
to generate a dwarfing phenotype (5, 6, 9–11), providing a tractable and informative readout.  75 

The CURE students received training in paired lab and lecture sections. The lectures 76 
focused on the underlying molecular biology, plant developmental biology, viral 77 
engineering, and synthetic biology used during the lab section to build a robust theoretical 78 
framework necessary to design the experiments and interpret their results. Here, we 79 
describe the curriculum of the CURE to facilitate its easy recreation at other institutions. We 80 
also describe the data collected by the CURE students to highlight the utility of combining 81 
undergraduate education with rapid identification of optimal SynTF gRNAs for functional 82 
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genetics and plant engineering. Finally, to validate the efficacy of the gRNAs tested by the 83 
students, we characterize the expression of the target genes and the resulting phenotypes 84 
in transgenic lines stably expressing the SynTFs and an array of the strongest gRNAs 85 
identified. The latter work was carried out by a traditionally mentored undergraduate 86 
researcher assistant (URA), enabling us to compare the relative strengths of these two 87 
approaches to integrating undergraduate training into the research enterprise.  88 
 89 
2. Materials and methods 90 
 91 
2.1 CURE outline, materials, and methods 92 
 93 
Intended students and prerequisite knowledge 94 
This CURE was designed for undergraduate students (sophomores through seniors) that are 95 
enrolled in biology-focused programs. This course convers concepts from molecular and 96 
cellular biology, genetics, plant biology, virology, and synthetic biology. However, the 97 
lecture materials were designed to make it accessible to students with a minimal pre-98 
requisite of a general biology course. While not required, as topics pertaining to the targeted 99 
gene family are discussed in detail in the lab and lecture portion, previous or concurrent 100 
enrollment in courses that dive more deeply into the underlying biology of the genes being 101 
targeted for modulation with SynTFs would likely enhance the students’ experience.  102 
 103 
Learning Objectives 104 
The learning objectives for this CURE and their respective assessments are outlined in 105 
Supplemental Table S1. The CURE was designed to introduce and develop students’ 106 
understanding of plant synthetic biology and viral engineering, wet lab skills, data analysis, 107 
analytical reasoning, and science communication. The following sections describe the 108 
CURE lab curriculum. In addition, the lecture materials are included in the supplemental 109 
information, although the specifics covered will change based on the gene family being 110 
targeted in future iterations of this course. 111 
 112 
Course Outline: Design, Build, Test, Learn 113 
The CURE was developed as a semester long course (16 weeks) during the Fall semester of 114 
2024. The lecture section met once a week for 50 minutes and met a total of 14 times over 115 
the course of the semester. The lab section met twice a week for 1 hour and 50 minutes and 116 
met a total of 28 times over the course of the semester. This course followed the structure 117 
of the design, build, test, learn cycle common to synthetic biology research (Fig. 1). The 118 
semester concluded with teams of students practicing their science communication skills 119 
via an oral presentation of their workflow, data, and conclusions. 120 
 121 
Design: In silico design of viral vectors (week 1) 122 
The CURE used a previously published technology, called ViN, that utilizes TRV to deliver 123 
gRNA sequences into a plant that stably expresses SynTF components including a nuclease 124 
active Cas9 and the RNA binding protein, PCP, fused to the transcriptional repressor, 125 
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TPLN300 (5). The students were divided into teams of two or three and each team was 126 
assigned two gRNA sequences that were pre-designed using CHOPCHOP v3 (12) . Each 127 
gRNA sequence contained a unique target site and a 3’ recruitment motif (PP7), that were 128 
designed to assemble a repressor at the promoter of one of the three GID1 genes in 129 
Arabidopsis thaliana (GID1A, GID1B, or GID1c). Students were given their predetermined 130 
gRNA sequences and a previously published TRV2 vector (5) as a template. After one 131 
demonstration of how to execute in silico design using Benchling 132 
(https://www.benchling.com/), they were tasked with designing primers to PCR-amplify 133 
DNA fragments capable of being assembled into a TRV2 vector carrying their unique gRNA 134 
sequence via Golden Gate assembly. The pre-designed gRNA target sequences are listed in 135 
Supplemental Table S2, primer sequences that the class generated are listed in 136 
Supplemental Table S3, and the viral vectors are listed with links to their annotated plasmid 137 
maps in Supplemental Table S4.  138 
 139 
Build: Golden Gate assembly of viral vectors (weeks 2 through 5) 140 
After designing their viral vectors, the students spent the following three weeks focused on 141 
building the viral vectors via Golden Gate assembly (13, 14). Specifically, they used their 142 
designed primers to PCR amplify DNA fragments using the NEB Q5® High Fidelity DNA 143 
Polymerase Master Mix. Amplified products were analyzed using gel electrophoresis and 144 
purified using the Qiagen Qiaquick Gel Extraction Kit. The students then performed a Level 145 
2 Golden Gate assembly (14), transformed their assemblies into NEB® 10-beta chemically 146 
competent Escherichia coli, and screened for positive colonies using colony PCR. Colony 147 
PCR was performed using a pre-designed set of primers universal to all of the viral vectors 148 
being assembled. Positive colonies were grown overnight, and plasmid DNA was isolated 149 
using the Qiagen QIAprep Spin Miniprep Kit. For each assembly, purified plasmid DNA from 150 
two isolated colonies was sent for Sanger sequencing. The students analyzed their 151 
sequencing results using the multiple sequence alignment tool in Benchling. Sequence 152 
verified plasmids were transformed into Agrobacterium tumefaciens strain GV3101 and 153 
used for further downstream analysis to test the efficiency of the gRNAs in plants. 154 
 155 
Test: Viral-based screening of gRNA target sequences (weeks 6 through 12) 156 
The CURE students tested the efficacy of their unique gRNA sequences at repressing 157 
expression of one of the three GID1 genes via viral delivery into A. thaliana. Viral delivery was 158 
implemented using the previously described protocol (5). Here, students conducted 159 
Agrobacterium-mediated co-infiltration of TRV1 and their unique TRV2 vector into mature 160 
leaves of A. thaliana. Three plants per gRNA target sequence were infiltrated and one plant 161 
per team was co-infiltrated with TRV1 and a no gRNA TRV2 as a control. Plants were grown 162 
on a grow rack in the classroom, under fluorescent light set to long day conditions (16hr 163 
light/8hr dark). After two weeks, students collected rosette leaf tissue from leaves above the 164 
infiltration sites and flash froze them in liquid nitrogen. During the following two classes, 165 
students extracted RNA from these tissue samples using the Qiagen RNeasy Plant Mini Kit. 166 
The student’s treated the RNA samples with the Invitrogen Turbo DNA-free™ Kit and 167 
synthesized cDNA using the LunaScript® RT SuperMix Kit. The students measured the 168 
relative concentrations of the housekeeping gene, PP2A, and the targets genes, GID1a, 169 
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GID1b, and GID1c, by performing RT-qPCR using the Luna® Universal qPCR Master Mix. Two 170 
technical replicates were performed for each cDNA sample. Primers used for qPCR are 171 
listed in Supplemental Table S5. 172 
 173 
Learn: Data analysis and presentation (weeks 13 through 16) 174 
During the two-week period of plant growth, students learned the conceptual basis of qPCR 175 
and how the resulting data is analyzed to measure gene expression levels. After collecting 176 
the qPCR data, students calculated the relative GID1 expression levels of each of their 177 
samples by normalizing to the housekeeping control gene, PP2A. The measurements of 178 
GID1 expression were then compared to the expression in plants treated with the no gRNA 179 
control TRV vectors. Students were given two weeks for data analysis and were instructed 180 
on various data interpretation strategies implemented in python using Jupyter Lab including 181 
statistical tests such as the t-test, ANOVA, and correlation analysis. During the last week of 182 
the lab course, teams of students presented their findings and conclusions about their gRNA 183 
efficacy based on the GID1 expression data they collected. They also described areas of 184 
possible improvement or pitfalls in their experiments.  185 
  186 
2.2 URA materials and methods 187 
 188 
Plasmid construction 189 
The plasmid constructed in this work was built using Golden Gate Assembly and Modular 190 
Cloning (13, 14). A Level 1 assembly (14) was performed to build a gRNA array that consisted 191 
of the GID1 gRNA target sequence from each of the three GID1 genes that resulted in the 192 
strongest repression from the class. This was then assembled into a Level 2 (14)  T-DNA 193 
vector that also contained the SynTF components and transformed into Agrobacterium 194 
tumefaciens strain GV3101. Both the Level 1 and Level 2 plasmids are listed in 195 
Supplemental Table S4 with a link to its annotated plasmid map. 196 
 197 
Transgenic line generation 198 
The A. thaliana GID1 repression transgenic lines described in the work were generated by 199 
introducing the SynTF components and best gRNAs targeting the promoters of the three 200 
GID1 genes into the genome of Col-0 via floral dip (15). Seeds from T0 plants were surface 201 
sterilized in a solution containing 70% Ethanol and 0.05% Triton-X-100 for 20 minutes. Seeds 202 
were immediately rinsed with 95% Ethanol. Seeds were plated on 1/2x MS containing 0.8% 203 
PhytoAgar™ (plantmedia Cat. No. 40100072-1) and Kanamycin (50mg/L). Positively selected 204 
seedlings were transplanted into soil and grown to maturity and seeds were harvested.  205 
Multiple independent T1 lines were used for further experiments. The no gRNA control 206 
transgenic lines were used previously (6).  207 
 208 
Root and hypocotyl phenotyping 209 
Seeds of T1 independent transgenic lines were surface sterilized as described above, plated 210 
on 1/2x MS containing 0.8% PhytoAgar™ (plantmedia Cat. No. 40100072-1) and Kanamycin 211 
(50mg/L), and stratified in the dark at 4⁰C for three days. For root assays, plates were placed 212 
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vertically under short day conditions (9hr light/15hr dark) at 22⁰C in a Percival growth 213 
chamber for eight days. Plates were scanned using an Epson scanner and root length was 214 
measured using ImageJ. For hypocotyl assays, plated seeds were light shocked for six hours 215 
in a Percival growth chamber set to 22⁰C and short-day conditions (9hr light/ 15hr dark) and 216 
then were wrapped in foil and placed vertically in the correct growth chamber to promote 217 
etiolation. After eight days, plates were scanned using an Epson scanner and hypocotyl 218 
length was measured using ImageJ. 219 
 220 
Gene expression analysis 221 
Whole eight-day-old seedlings from the root phenotyping assays of the no gRNA control and 222 
new gRNA populations were collected and flash froze in liquid nitrogen. RNA was extracted 223 
using the QIAGEN RNeasy Plant Mini Kit (Cat No. 74904). The RNA samples were treated with 224 
the TURBO DNA-FreeTM kit (Invitrogen Cat No. AM1907) to remove genomic DNA. 225 
Complementary DNA (cDNA) was synthesized using the LunaScript® RT primer free 226 
MasterMix Kit and gene specific primers (Supplemental Table S5). Proper removal of the 227 
genomic DNA was confirmed with PCR using GoTaq® Green Master Mix (Promega Cat No. 228 
M7122) and primers spanning the first and second intron of GID1a (Supplemental Table 229 
S5). Concentrations of GID1a, GID1b, GID1c, and PP2A were quantified using RT-qPCR 230 
performed with the Luna® Universal qPCR Master Mix on the BioRad CFX Opus qPCR 231 
machine. Cycle threshold values for GID1 were normalized to the housekeeping gene, PP2A. 232 
Two technical replicates were performed for all samples. The gene specific, PCR and RT-233 
qPCR primers used are listed in Supplemental Table S5.  234 
 235 
Data analysis 236 
All data analysis was performed in python using Jupyter Lab (version 3.4.4). The p-values 237 
reported were calculated using either an ANOVA followed by a Tukey HSD test or Welch’s t-238 
test for pairwise comparisons, where appropriate using the scipy package in python. All the 239 
data that is presented was plotted using the seaborn package and functions from the 240 
matplotlib library (16) . All the raw data and code used to analyze the data is available on the 241 
following github repository (https://github.com/arjunkhakhar/ViN_CURE_Manuscript).  242 
 243 

3. Results 244 
 245 
CURE outcomes: Screening gRNAs targeting GID1 using ViN  246 

In the fall of 2024, students (n = 19) enrolled in the Viral Engineering Laboratory 247 
course participated in the CURE described above. Each student was assigned to one of nine 248 
teams. Over the first five weeks the students were given the task of designing and building 249 
two TRV-based viral vectors, where each carried one gRNA targeted to the promoter of one 250 
of the three GID1 genes in A. thaliana (GID1a, GID1b, or GID1c, Fig. 2A). Of the 18 251 
assemblies performed, 15 of them (83%) resulted in isolated bacterial colonies to screen. 252 
Of these 15 assemblies, 14 were sequence verified; therefore, the students demonstrated a 253 
78% success rate using Golden Gate modular cloning, which resulted in 14 gRNAs (2 254 
previously tested gRNAs as controls and 12 new gRNAs) to screen in planta. During weeks 6 255 
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through 8, students were guided through how to deliver their gRNAs into A. thaliana plants 256 
stably expressing a nuclease active Cas9 and the PCP-TPLN300 transcriptional repressor 257 
fusion protein through viral delivery via Agrobacterium-mediated co-infiltrations of TRV1 and 258 
a TRV2 plasmid encoding a single gRNA. All groups successfully delivered their viral vectors 259 
and grew their plants for two weeks until tissue samples were collected and gene expression 260 
was measured. 261 

During weeks 9 through 12, students measured the relative levels of GID1 expression 262 
for each infiltrated plant.  A total of 72 RNA extractions were completed which led to a total 263 
of 304 RT-qPCR reactions. Of these RT-qPCR reactions, 244 (80.3%) of them resulted in 264 
cycle threshold values for house-keeping genes above background, indicating a successful 265 
extraction. Through these reactions, students were able to calculate the GID1 relative 266 
expression levels compared to the housekeeping control, PP2A, of their samples (Fig. 2B, 267 
C, Fig. S1A, S1B). During weeks 13 through 16, students analyzed and visualized their 268 
relative expression data using python. This resulted in characterization of the relative 269 
regulation implemented by five GID1a gRNAs (four new gRNAs and one previously used 270 
control, Fig. 2B), four new GID1b gRNAs (Fig. S1A), and five GID1c gRNAs (four new gRNAs 271 
and one previously used control, Fig. S1B). This analysis revealed gRNAs that span a broad 272 
range of regulation strengths for all three of the GID1 genes targeted. This included a percent 273 
repression compared to the no gRNA controls that ranged from 6.15% to 97.5% for GID1a, 274 
63.8% to 84.7% for GID1b, and 13.8% to 68.0% for GID1c. Crucially, this screen identified 275 
gRNAs that resulted in both stronger and weaker repression than the three GID1 gRNAs used 276 
in previous work (5, 6), which enables future titration of this gene family for functional 277 
genetics or plant engineering (Fig. 2B, S1A, S1B). While most gRNAs generated weaker or 278 
equivalent regulation as previously used gRNAs, the screen identified one GID1a gRNA with 279 
significantly higher regulation strength (97.5% repression compared to the no gRNA control) 280 
compared to the gRNA previously used (32% repression compared to the no gRNA control, 281 
Fig. 2C). This data highlights the utility of using a CURE for rapid prototyping of the relative 282 
efficacy of gRNAs for SynTF based expression modulation in planta.  283 
 284 
Undergraduate research assistant (URA) outcomes: Characterizing novel gRNAs 285 
targeting GID1 in stable transgenic lines. 286 

To further investigate the power of ViN-based screening of gRNA sequences through 287 
a CURE, we built and characterized A. thaliana lines that stably expressed Cas9, PCP-288 
TPLN300, and a gRNA array that consisted of the three strongest guides identified by the 289 
CURE students (Fig. 3A). This work was largely conducted by a single undergraduate 290 
researcher that was more traditionally mentored and trained in our lab group and took 291 
approximately one year to complete. To validate the efficacy of the improved gRNAs 292 
identified by the CURE students, we measured the expression levels of GID1a, GID1b, and 293 
GID1c across multiple independent transformation events. We observed a significant 294 
decrease in expression strength of each gene when compared to the no gRNA population 295 
(Fig. 3C-E). In addition, when we compared the repression strength of the new gRNAs to the 296 
old guides (6), we observed a significant increase in repression strength for GID1a (24% 297 
stronger repression, p < 0.001, Fig. 3C). We also observed stronger repression for GID1b 298 
(16% stronger repression, Fig. 3D) and slightly weaker repression for GID1c (2% weaker 299 
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expression, Fig. 3E), although neither was significant. While each new guide resulted in 300 
stronger or equivalent regulation during the CURE, the increase in regulation strength for 301 
both GID1b and GID1c was minimal across stable lines.  302 

Previous work has demonstrated that targeting each of the three GID1 genes in A. 303 
thaliana with a SynTF repressor results in a decrease in organ size across the plant body (6). 304 
Therefore, to investigate the relative efficacy of the improved gRNAs at producing expected 305 
phenotypes, root and hypocotyl lengths were measured for ten independent transgenic 306 
events (Fig. 3F, 3G). As controls, we used the previously reported no gRNA control lines that 307 
retain the SynTF components but lack the gRNAs (6). We observed significant decreases in 308 
size of both tissues across multiple independent lines that were phenotyped (Fig. S2A, S2B). 309 
The GID1 repression lines had reductions in root length that ranged from 2% to 36% and 310 
reduction in hypocotyl lengths that ranged from 12.5% to 28.6% when compared to the no 311 
guide RNA population. Additionally, we observed a strong correlation between the fold 312 
change in hypocotyl length and the fold change in root length, demonstrating consistent 313 
dwarfing across tissues (Fig. 3H), as reported previously (6).  314 
 To investigate whether the new gRNAs identified by the CURE students resulted in 315 
stronger phenotypes, we compared the fold change in organ size across hypocotyl tissue to 316 
previously reported data implementing the same SynTF strategy for repression of GID1s (6). 317 
Stably expressing the improved gRNAs from the CURE resulted in hypocotyls with a larger 318 
reduction in organ size across the population when compared to the gRNAs characterized 319 
previously (5% decrease in hypocotyl length across lines, p = 0.0017, Fig. 3I). The new gRNA 320 
population also shows a more consistent dwarfing effect across the whole population (CV 321 
= 5.4%) when compared to the old gRNA population (CV = 15.2%, Fig. S3A). Additionally, the 322 
variance of hypocotyl length within each independent event is similar across all genotypes 323 
(Fig. S3B). Therefore, the difference in CV between the new and old gRNA populations is 324 
driven by variation in hypocotyl length within the genotype. Taken together, these results 325 
validate the utility of CURE-based screening of gRNAs to enable rapid identification of 326 
gRNAs for functional genetics and plant engineering with SynTFs.  327 
 328 
4. Discussion 329 

One of the biggest challenges to training the next generation of plant synthetic 330 
biologists is the lack of interdisciplinary research opportunities that equip students with 331 
both the theoretical frameworks and experimental skills necessary to pursue plant 332 
bioengineering research in industry or academia. This is in part due to the general lack of 333 
courses that cover topics in both bioengineering and plant biology, and in part due to the 334 
limited number of labs pursuing such research (17). However, there is an urgent need to 335 
expand the number of trainees in this space to generate the agricultural innovations 336 
necessary to secure our food systems and bioindustries from the threat posed by climate 337 
change. CUREs represent one mechanism that can sustainably fill this gap. However, the 338 
nature of experimental timelines associated with plant transformation has often stymied 339 
their creation for plant synthetic biology.  340 

The curriculum we present here offers a relatively low investment approach to 341 
training students on the experimental fundamentals for plant synthetic biology. Students 342 
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leave with proficiency in molecular cloning of plasmids, Agrobacterium-mediated transient 343 
expression, RT-qPCR based expression analysis, and python-based data analysis and 344 
visualization. They also gain an understanding of a range of plant synthetic biology topics 345 
including SynTFs, plant viral vector engineering, strategies for biocontainment, plant 346 
molecular biology, and plant physiology. The team-based learning students engage in 347 
creates peer support networks within the group and thereby lowers the burden on the 348 
course’s instructors, enabling larger class sizes.  349 

We taught this CURE at CSU for the first time in 2024 and chose to focus on the GID1 350 
gene family in A. thaliana, as we had a set of previously validated gRNAs for these genes 351 
which we used as positive controls (5, 6) . We show that over the course of the semester the 352 
students were able to screen multiple gRNAs for the three different genes and identify 353 
gRNAs that implemented robust regulation for each gene. The efficacy of gRNA-directed 354 
SynTFs in gene regulation and dwarfing phenotypes was independently validated the 355 
following year by a traditionally mentored undergraduate research assistant. This student, 356 
who had undergone a year of prior training, took a year to generate this data (Fig. 4). This 357 
highlights the effectiveness of utilizing ViN vectors over traditional prototyping of gRNA 358 
efficacy via generation of stable transgenic lines. It also proves that this CURE was able to 359 
generate useful experimental data about gRNA functionality, while also creating valuable 360 
research experience for the undergraduate students enrolled in the course.  361 

While the initial instance of the CURE we taught was focused on GID1 regulation of 362 
organ size, the ViN system could be applied to prototype SynTF-based expression 363 
modulation of any gene in future iterations of this course by altering the target sites in the 364 
gRNAs. Additionally, we have previously shown that this system could be applied to a range 365 
of different plant species (5)  further expanding the scope of functional genetics questions 366 
or bioengineering goals that the CURE could be focused on. We hope to study other genes 367 
in the gibberellin signaling pathway in tomato and sorghum in future iterations of this CURE. 368 
As such, this CURE represents a flexible way for plant science researchers to provide 369 
students with interdisciplinary research opportunities in synthetic biology while also 370 
generating useful functional genetics data for their research programs.  371 
 372 
Material Availability  373 
All course materials are available on github 374 
(https://github.com/arjunkhakhar/ViN_CURE_Manuscript). All plasmids generated in this 375 
work will be available on Addgene. 376 
 377 
Data Availability 378 
Supplementary Data is available at SYNBIO online. All data and the code used for data 379 
analysis and plotting are available at the following github repository: 380 
https://github.com/arjunkhakhar/ViN_CURE_Manuscript 381 
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 444 

 445 
Figure 1. Course outline schematic. A brief summary graphic depicting the structure of the 446 
CURE, which follows the classical design, build, test, learn cycle of synthetic biology 447 
research. 448 
  449 
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 450 
 451 
Figure 2. Screening guide RNA efficacy with a CURE. A) A graphic describing the synthetic 452 
transcription factor design and the relative positioning of gRNAs across the promoters of 453 
GID1a (teal), GID1b (blue), and GID1c (purple). The gRNAs positioned after the 454 
transcriptional start site (black arrow) were located in the 5’ UTR of each of the genes. B) 455 
Boxplots showing the range of regulation strengths of the gRNAs that were targeted to the 456 
promoter of GID1a. Different letters represent statistically significant differences (One-way 457 
ANOVA followed by Tukey HSD test, p < 0.05). C). Boxplots representing the regulation 458 
strength for the strongest gRNA for each GID1a (teal), GID1b (blue), and GID1c (purple). 459 
Statistical significance calculated using Welch’s two sample t-test (p < 0.05), * corresponds 460 
to p < 0.05, ** corresponds to p < 0.01, and *** corresponds to p < 0.001461 
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 462 
Figure 3. Validating gRNA efficacy in stable transgenic lines. A) Schematic of the genetic 463 
circuit designed to implement SynTF-based repression on the three GID1 genes in A. 464 
thaliana. B). Schematic depicting the expected engineered phenotype generated with the 465 
new gRNAs (blue). C-E) Relative expression levels of GID1a (C, n=3), GID1b (D, n=3), and 466 
GID1c (E, n=3) compared to a population of no gRNA controls (gray, n=4). The blacked 467 
dashed line represents the average expression level of each gene across a population of 468 
plants stably expressing the old gRNA targets sequences (6). F, G) Boxplots representing the 469 
fold change in root length (F) or hypocotyl length (G) compared to the no gRNA control 470 
population (gray) from three independent transgenic events stably expressing the new 471 
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gRNAs. H) Pearson’s correlation representing the relationship between the fold change of 472 
hypocotyl and root lengths compared to the no gRNA control population. I) Boxplots 473 
representing the fold change in hypocotyl length compared to the no gRNA control 474 
population (light gray, n=6) of the transgenic populations stably expressing the old gRNAs 475 
(dark gray, n=5), and the new gRNAs (blue, n=10). The red arrow represents the percent 476 
reduction in size between the old (dark gray) and new (blue) gRNAs. Across all boxplots, 477 
each dot of the same color represents an independent biological replicate. Statistical 478 
significance calculated using Welch’s two sample t-test (p < 0.05, * corresponds to p < 0.05, 479 
** corresponds to p < 0.01, and *** corresponds to p < 0.001) or a one-way ANOVA followed 480 
by Tukey HSD test, p < 0.05. 481 
  482 
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 483 

 484 
Figure 4. Timeline of screening gRNAs utilizing ViN implemented into a CURE compared to 485 
screening gRNAs via a URA generating transgenic lines stably expressing a Cas9-based 486 
SynTF and gRNAs.  487 
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