
ABSTRACT 

SUPPA, ROBERT WILLIAM. Chloroplast Genome Sequencing in Cercis canadensis and 

Ploidy Manipulation in Wild Peanut Species. (Under the direction of Dr. Hsuan Chen) 

 

The eastern redbud, Cercis canadensis L., is a small tree with various ornamental traits. 

Two cultivars, ‘Floating Clouds’ and ‘Silver Cloud’, display visually appealing green and white 

variegated leaves. Variegated leaf is a pattern of leaf color variation that can be genetically 

inherited by mutations in the nuclear, mitochondrial, or chloroplast genome. These mutations 

have been discovered to lead to a variegated leaf phenotype by interfering with a variety of 

pathways including chloroplast biogenesis, photosynthetic machinery, or pigment synthesis 

pathways. Previous research has indicated that ‘Silver Cloud’ inherits variegation through a 

nuclear recessive gene, while ‘Floating Clouds’ inherits variegation maternally. This maternal 

inheritance pattern suggests that the mutation causing the variegated leaf in ‘Floating Clouds’ 

should be present in either the chloroplast or mitochondrial genome. This study aimed to identify 

candidate genes that could be involved in maternally inherited variegation in the chloroplast 

genome. Chloroplast DNA of the two variegated cultivars was extracted and sequenced by the 

PacBio Sequel IIe System and compared to a published chloroplast genome of a non-variegated 

cultivar C. canadensis ‘Forest Pansy’ to identify candidate genes. Polymorphisms were 

identified using the variant discovery software FreeBayes and visualized with the Integrative 

Genomics Viewer to determine their location in the genome. One single nucleotide 

polymorphism leading to an amino acid change was found at amino acid position 236 of the 

NADH dehydrogenase subunit H (NCBI: YP_009734414.1). Because of this gene’s involvement 

with photosystem I, this mutation was determined to be the best potential candidate gene for the 

‘Floating Clouds’ variegated leaf trait. 



Peanut, Arachis hypogaea L., is a widely cultivated crop in the US, and wild species, 

Arachis spp., have been known to contain a wide diversity of functional genes. However, the 

major obstacle preventing the introgression of those genes into cultivar germplasm is their 

difference in ploidy. Many of the wild peanut species are diploids with various genome types (A, 

B, D, F, G, or K), while the commonly cultivated species is an allotetraploid (AABB). Doubling 

the diploid wild species genome is the first step to overcoming the hybridization barriers. In this 

study, four wild species, A. cardenasii (AA), A. correntina (AA), A. diogoi (AA), and A. magna 

(BB), were used for developing genome doubling methods. In the first part of this research, three 

mitotic inhibitors, colchicine, Oryzalin, or trifluralin, were applied to the shoots of young 

seedlings by solid agar treatment. The results of this methodology showed that Arachis seedlings 

are extremely sensitive to colchicine, mildly responsive to Oryzalin, and there was no observed 

response to trifluralin. Oryzalin, a selective pre-emergent herbicide, was determined to be the 

optimal chemical for solid agar treatment producing two tetraploid and many mixoploid 

individuals; however, all tested tetraploid individuals reverted to the diploid state after three 

months. In the second part of this research, seeds were immersed in liquid solutions containing 

colchicine or oryzalin for various periods: six hours, 12 hours, and 24 hours. As a result, the six-

hour colchicine treatment demonstrated the most success in generating tetraploids, with 4.3% of 

treated individuals converting to tetraploid. This protocol is recommended as an optimal protocol 

for A genome wild peanut species genome doubling.  
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CHAPTER 1: Chloroplast Genome Sequencing in Cercis canadensis to Identify Variegated 

Leaf Candidate Genes 

Abstract 

The eastern redbud, Cercis canadensis L., is a small tree with various ornamental traits. 

Two cultivars, ‘Floating Clouds’ and ‘Silver Cloud’, display visually appealing green and white 

variegated leaves. Variegated leaf is a pattern of leaf color variation that can be genetically 

inherited by mutations in the nuclear, mitochondrial, or chloroplast genome. These mutations 

have been discovered to lead to a variegated leaf phenotype by interfering with a variety of 

pathways including chloroplast biogenesis, photosynthetic machinery, or pigment synthesis 

pathways. Previous research has indicated that ‘Silver Cloud’ inherits variegation through a 

nuclear recessive gene, while ‘Floating Clouds’ inherits variegation maternally. This maternal 

inheritance pattern suggests that the mutation causing the variegated leaf in ‘Floating Clouds’ 

should be present in either the chloroplast or mitochondrial genome. This study aimed to identify 

candidate genes that could be involved in maternally inherited variegation in the chloroplast 

genome. Chloroplast DNA of the two variegated cultivars was extracted and sequenced by the 

PacBio Sequel IIe System and compared to a published chloroplast genome of a non-variegated 

cultivar C. canadensis ‘Forest Pansy’ to identify candidate genes. Polymorphisms were 

identified using the variant discovery software FreeBayes and visualized with the Integrative 

Genomics Viewer to determine their location in the genome. One single nucleotide 

polymorphism leading to an amino acid change was found at amino acid position 236 of the 

NADH dehydrogenase subunit H (NCBI: YP_009734414.1). Because of this gene’s involvement 

with photosystem I, this mutation was determined to be the best potential candidate gene for the 

‘Floating Clouds’ variegated leaf trait. Further studies are needed to confirm this hypothesis.  
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Introduction 

Biology and Ornamental Value of C. canadensis 

Cercis canadensis L., commonly known as eastern redbud, is a North American native 

member of the genus Cercis, a diverse group of trees that grow across the globe in northern 

temperate climates (Fritsch et al., 2009; Kidwell-Slak and Pooler, 2018). C. canadensis is a 

popular ornamental tree due to its heart-shaped leaves and early spring bloom, selling over 

700,000 plants annually valued at $28.4 million (Kidwell-Slak and Pooler, 2018). Contributing 

to this popularity has been the development of dozens of cultivars being released in the last 40 

years  (Kidwell-Slak and Pooler, 2018). C. canadensis cultivars demonstrate a wide variety of 

sizes, architecture, and colors (Roberts et al., 2015). While there are previous studies 

documenting patterns of inheritance, there is no research identifying functional genes associated 

with these phenotypes (Roberts et al., 2015). Two cultivars, ‘Floating Clouds’ and ‘Silver 

Cloud’, have white variegated leaves (Roberts et al., 2015). There are some differences in the 

variegation pattern, with ‘Silver Cloud’ having variegated white tissue around the edge of leaves 

while ‘Floating Clouds’ has white and green sectors in a seemingly random pattern (Fig. 1.1). An 

inheritance study determined that ‘Silver Cloud’ variegation is inherited via a recessive nuclear 

gene, while ‘Floating Clouds’ variegation is inherited maternally (Roberts et al., 2015). To 

identify candidate genes that could potentially be involved in creating this maternally inherited 

variegated leaf phenotype, an understanding of the underlying mechanisms can help narrow the 

search. 

Causes of Variegated Leaf Phenotypes 

Variegated leaves come in many patterns and can be caused by a variety of factors. Non-

genetic variegation, such as chlorosis, can result from external factors such as pathogens or 
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nutrient deficiencies (Yu et al., 2007). Genetic variegation is the result of mutations in any of the 

nuclear, mitochondrial, or plastid genomes (plastome) (Birky et al., 1975). Mutations in genes 

involved in pathways for pigment accumulation or synthesis can result in tissue discoloration 

(Birky et al., 1975). Genetic variegated leaf phenotypes fall into two major types: (1) a single 

uniform mutant genotype that is only partially expressed, resulting in white sectors, or (2) 

chimeric tissue where cells in green and white sectors have different genotypes (Yu et al., 2007). 

Uniform mutant genotypes lead to variegation when the mutant phenotype is only expressed in 

some sections of tissue  (Yu et al., 2007). The second type of variegated leaf, resulting from 

having both wild type and mutant genotypes, can appear as chimerism – caused by different 

sections of a meristem having cells with different genotypes (Yu et al., 2007). Transposable 

elements can also cause this type of genotype, causing a variegated leaf phenotype by resulting 

in insertions in genes related to chloroplast development (Yu et al., 2007). 

Arabidopsis mutants are a commonly used source for understanding plant biology, and 

multiple mutants related to variegated leaf phenotypes have been discovered and researched. One 

example of this is the im mutation in Arabidopsis (Rédei, 1963). The im mutation is a nuclear 

recessive allele, a uniform mutant genotype, that results in white and green sectors (Rédei, 1963). 

This mutation interferes with phytoene desaturase, a key enzyme in carotenoid synthesis, which 

results in tissues accumulating the noncolored phytoene instead of carotenoids and appearing 

white (Yu et al., 2007). Another Arabidopsis mutation that leads to a variegated leaf phenotype is 

var2, a nuclear gene coding for a thylakoid membrane protein (Chen et al., 2000). All cells 

contain structurally normal mitochondria, but not all cells contain chloroplasts with the same 

structure. In green sectors the cells contain structurally normal chloroplasts and in white sectors 

the cells contain chloroplasts with abnormal structures (Chen et al., 2000). Additional research 
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has shown that this protein is involved in repairing photosystem II (PSII) photooxidative 

damage, and its inhibition leads to the up-regulation of other genes involved in reducing 

oxidative stress (Miura et al., 2010). This stress response is hypothesized to be necessary for 

maintaining the viability of the cells in these white sectors (Miura et al., 2010; Sun et al., 2017).  

Plastome Mutations 

The plastome is referred to as the genome of the chloroplast. The plastome codes for 

some aspects of photosynthetic machinery and other related proteins that can lead to variegated 

phenotypes when their normal activity is disrupted (Birky et al., 1975). The plastome can mutate 

spontaneously, via mutagen treatment or transformation, or by interference from plastome 

mutators: nuclear genes that cause indels in plastid genes (Birky et al., 1975). Plastome 

mutations lead to variegated phenotypes when cells containing both mutant and plastid genomes 

sort out into homoplasmic cells – containing either all mutant or all wild-type chloroplasts (Yu et 

al., 2007). These mutations are typically inherited in non-Mendelian patterns such as maternal, 

paternal, or bi-parental means (Tang et al., 2018). Plastome mutants causing variegated leaves 

can occur in genes that code for tRNAs, rRNAs, or ribosomal proteins, genes related to 

photosynthesis, or other conserved genes (Kahlau et al., 2006; Tang et al., 2018). Genetic system 

genes carry out many essential functions in chloroplast development, and their disruption can 

lead to phenotypes such as chlorophyll deficiency (Tang et al., 2018). In Brassica campestris, a 

mutant generated through EMS mutagenesis was found to have a chlorophyll-deficient 

phenotype that was maternally inherited (Tang et al., 2018). Further analysis determined that the 

cause of the variegated phenotype was a substitution leading to a missense mutation in plastid 

ribosomal protein rps4 (Tang et al., 2018). The plastome contains many other genes that are 
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essential for chloroplast development and protein synthesis, and mutants can result in phenotypes 

such as variegated leaves. 

Mitochondrial Genome Mutations 

Mutations in mitochondrial genomes can also lead to variegated leaf phenotypes. 

Defective mitochondria can disrupt metabolite flux in pathways necessary for chloroplast 

development or maintenance (Yu et al., 2007). Mutants display abnormal growth habits and 

variegation, commonly appearing as a stripe after homoplasmic tissues have developed (Birky et 

al., 1975). These stripe mutants, called non-chromosomal stripe (NCS) mutants, have been 

observed in maize and involve both wild-type and mutant mitochondrial genomes, and these 

heteroplasmic cells eventually sort out into the stripe phenotype (Newton and Coe, 1986). 

Mitochondrial mutants are also typically accompanied by abnormal growth and yield phenotypes 

which can be used to differentiate them from plastome mutants (Birky et al., 1975; Newton and 

Coe, 1986). Mutants in the mitochondrial genome can cause many issues in normal cell 

development and metabolism that can result in variegated leaves.  

C. canadensis Plastome & Research Objective 

The maternal inheritance of the ‘Floating Clouds’ variegated leaf phenotype suggests that 

the causal mutation is present in either the chloroplast or the mitochondria. The vigorous growth 

habit of ‘Floating Clouds’ (Roberts et al., 2015) indicates that it is more likely that there is a 

plastome mutation contributing to the variegated leaf phenotype rather than a mitochondrial 

mutation. Plastomes are often used for phylogenetic research because they are generally more 

conserved than the nuclear or mitochondrial genomes  (Cheng et al., 2020). C. canadensis 

‘Forest Pansy’ is a purple-leaf, non-variegated cultivar with a complete, published plastome 

(Feng et al., 2019). The objective of this research was to identify candidate genes involved in the 
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‘Floating Clouds’ variegated leaf phenotype by extracting and sequencing plastome DNA. Using 

‘Forest Pansy’ as a reference because of its non-variegated phenotype and a close relative to the 

other C. canadensis cultivars, sequence information from the two variegated cultivars were 

compared to identify candidate genes that may be involved in the inheritance of ‘Floating 

Clouds’ variegation. Variegated leaves in ‘Silver Cloud’ are induced by a recessive nuclear gene, 

so the heritable aspect of its phenotype is likely not present in the plastome (Roberts et al., 2015). 

This means that a polymorphism detected in both ‘Floating Clouds’ and ‘Silver Cloud’ would 

not be a heritable factor in ‘Floating Clouds’ variegated leaves. Green and variegated tissue 

samples were used for chloroplast extraction in each cultivar because a mutation that appears 

only in mutated chloroplasts would appear as a heterozygous mutation, only present in reads 

coming from the DNA of a mutated chloroplast. We hypothesize that there is a polymorphism in 

the ‘Floating Clouds’ plastome that is not present in either ‘Silver Cloud’ or ‘Forest Pansy’ that 

contributes to the observed phenotype. 

Materials & Methods 

Chloroplast Extraction  

To extract chloroplasts from leaf tissue, a plastid extraction protocol from Barsan et al. 

2017 was adapted to be used for C. canadensis tissue. Leaves were collected and blended using a 

KitchenSmith Personal Blender before being centrifuged through a sucrose gradient to yield 

purified chloroplasts. Sucrose gradients were designed to contain five concentrations in layers of 

2 mL each in a 15 mL falcon tube. Based on an established plastid protocol, the range of 

concentrations was chosen to be 1.75 M to .75 M sucrose, decreasing by increments of 0.25 M 

(Barsan et al., 2017). Gradients were fine-tuned for C. canadensis, using a different set of 

concentrations, starting at 1.75 M and decreasing by increments of 0.125 M as follows. The 1.75 
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M solution was prepared by dissolving 599 g/L sucrose in the chloroplast extraction buffer (1.65 

M sorbitol, 2.5 mM Ethylenediaminetetraacetic acid (EDTA), 5 mM β-mercaptoethanol). 

Dissolution was required using a hot plate stirrer set at 100 °C and 200 RPM (AccuPlate Analog 

Hot Plate Stirrer, Labnet International, Edison, NJ) to ensure that all the sucrose was dissolved 

and was carefully observed to avoid caramelization. The other gradient concentrations were 

prepared by diluting volumes of the 1.75 M solution in the chloroplast extraction buffer. After all 

gradient concentrations were prepared, 2 mL of 1.75M solution was added to the tube, and the 

tube was placed in liquid nitrogen for 30 seconds to 1 minute to freeze.  

After the first layer was frozen, the tubes needed to be kept on ice while adding the next 

layers in between liquid N freezing so that the previously added layer would not thaw. In 

addition to keeping tubes on ice in between liquid N freezing, tubes were prepared in batches of 

five because 10 mL of solution could be quickly dispensed from a serological pipet. Tubes were 

left in liquid N for 30 seconds to 1 minute until the layer was completely frozen. After freezing, 

tubes were removed from liquid N and placed on ice so that the next 2 mL layer could be added. 

Once all five layers were added and frozen, tubes were stored in a -80 °C freezer.  

Fresh leaf tissue from younger, fully developed leaves was collected from the JC 

Raulston Arboretum (JCRA) 72 hours before the chloroplast extraction and stored in a 4 °C 

fridge to reduce starch content (Shi et al., 2012). When extracting from variegated cultivars, fully 

green tissue was separated from variegated green and white tissue after the incubation period. 

This separation was done by hand-selecting leaves that were completely or almost entirely green 

and using scissors to remove any white tissues for the green group and using scissors to remove 

as much green tissue as possible from variegated leaves to have a higher proportion of white 

tissue in the mixed tissue group. On the day of extraction, 20 g of tissue was placed into a 
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blender (KitchenSmith Personal Blender) and homogenized with 150 mL of chilled chloroplast 

extraction buffer. Samples were blended until liquid and then filtered through cheesecloth to 

remove larger tissue particles. Liquid leaf homogenate was kept on ice or in a 4 °C fridge until 

loaded onto sucrose gradients.  

Gradient tubes were removed from the -80 °C freezer three hours before executing the 

extraction protocol and thawed on ice. Tissue preparation was typically done during this thawing 

period. A total of 5 mL of tissue homogenate was loaded onto the top of the gradient using a 10 

mL serological pipet. This step needed to be performed slowly and carefully so that the gradient 

was undisturbed, and the homogenate would stay at the top (Fig. 2A). Tubes were kept on ice 

before being loaded into the refrigerated centrifuge kept at 4 °C. Tubes were centrifuged at 3000 

gn for 60 minutes at 4C (Sorval Legend X1R). After centrifugation, the darkest green band was 

removed using a 2 mL dropper or pipette with a bulb and transferred to a 1.5 mL Eppendorf tube 

before being stored in a -80 °C freezer. ‘Forest Pansy’ was used to test the chloroplast extraction 

protocol because tissue from variegated cultivars was limited. ‘Forest Pansy’ chloroplast 

extraction resulted in a dark band being observed at the 1.375-1.25 M interface (Fig. 2B). The 

extracted sample was observed under the microscope (Zeiss Axio Imager.A2), and intact 

chloroplasts were present (Fig. 2C). There was a penetration of the gradient observed in the 1.00 

M level in the adjusted gradients trial and was determined to be a functional gradient and was 

used for the final extraction (Fig. 2D). 

DNA Extraction  

Chloroplast samples were thawed on ice and transferred to a 15 mL falcon tube. The 

chloroplast lysing buffer (100 mM NaCl, 100 mM Tris-HCl (pH 8.0), 25 mM EDTA, 1 mM 

Dithiothreitol (DTT)) was prepared according to Shi et al. 2012 and was added directly to the 
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sample. Falcon tubes containing the lysing mix and sample were incubated at 55 °C. The source 

protocol noted that lysing could be done for at least 4 hours or overnight, both periods were 

tested, and no difference was noticed, so the overnight period was chosen because it allowed for 

better timing for the rest of the protocol.  

After lysing, tubes were placed on ice for 5 minutes to start chilling. After this period, 1.5 

mL of 5 M potassium acetate (KAc), stored at -20 °C, was added, and tubes were vortexed to 

mix. Tubes were left on ice for an additional 30 minutes to chill on ice to precipitate the proteins. 

During this stage, a white pellet begins to form, which is a sign of proteins’ precipitation. After 

the chill period, tubes were centrifuged at 5000 RPM for 15 minutes at 4 °C (Sorval Legend 

X1R). The supernatant appeared slightly yellow and was transferred to a new 15 mL falcon tube, 

and an equal volume of phenol:chloroform:isoamyl alcohol 25:24:1 was added by slowly 

pipetting onto the top of the supernatant. Tubes were centrifuged for 20 minutes at 5000 RPM 

and 4 °C.  Subsequently, the supernatant was removed and transferred to a new falcon tube. An 

equal volume of isopropyl alcohol, stored at -20 °C, was added, and tubes were placed in the -20 

°C freezer overnight. Tubes were centrifuged at 5000 RPM for 20 minutes at 4 °C and then the 

isopropyl was slowly poured off to avoid disturbing the DNA pellet. The pellet was resuspended 

in 250 µL of 70% ethanol by stirring with a pipet tip and then transferred to a new 1.5 mL 

Eppendorf tube. Samples were centrifuged at 13000 RPM in a microcentrifuge (Thermo 

Scientific Pico 17) for 10 minutes at room temperature, and the ethanol was removed. The 

ethanol wash was repeated twice with 70% ethanol and three times with 95% ethanol. After the 

final wash, tubes were allowed to air dry before being resuspended in 20 µL of nuclease-free 

water. To verify the DNA quantity and quality with a nanodrop (Thermo Fisher Scientific, 
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Wilmington, DE) 0.5 µL was removed and diluted with 1.5 µL of molecular-grade water to 

create a 4x dilution.  

DNA Sequencing  

Extracted DNA was sent to the USDA Genomics and Bioinformatics Research Unit in 

Stoneville, MS. High molecular weight DNA was sheared using Covaris G-tubes targeting 20 kb 

fragments. Sheared DNA was prepared for PacBio sequencing using the SMRTbell Prep Kit 3.0, 

samples were barcoded, and libraries were size selected with AMpure PB beads to remove 

fragments less than 3 kb. Sequencing was performed on a Sequel IIe System (Pacific 

Biosciences, Menlo Park, CA) using Binding Kit 3.2, Sequel II Sequencing Kit 2.0, and 

SMRTCell 8M. To target HiFi reads, the library was sequenced using a 30-hour movie time 

using Instrument Control Software Version 11. Raw subreads were converted to HiFi data by 

processing circular consensus sequences (CCS) to call a single high-quality consensus sequence 

for each molecule, using a 99.5% consensus accuracy cutoff. The program HiFiAdapterFilt was 

run to remove any adapter sequences that could contaminate the assembly (Sim et al., 2022). 

Raw reads were assembled using Organelle_PBA (version 1.0.8) (Soorni et al., 2017) 

using ‘Forest Pansy’ as a reference, on the NC State Bioinformatic Research Center Computer 

Cluster. Reference-aided assembly was done by supplying the FASTQ file and the ‘Forest 

Pansy’ FASTA file as a reference, all parameters were left as the default settings. Each 

assembled genome was annotated with the web app GeSeq (Tillich et al., 2017), by inputting the 

FASTA file for the assembled genome and the published, annotated FASTA for ‘Forest Pansy’ 

as a reference, all other settings were left as default. Minimap2 (Li, 2018) was used to map the 

raw reads of samples back to the ‘Forest Pansy’ reference using the parameter ‘-ax map-pb’ 

which was recommended by the guide for PacBio long reads, all other parameters were left as 
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default. Each set of mapped reads was run through the variant discovery software FreeBayes 

(version 1.3.7) (Garrison and Marth, 2012) to identify polymorphisms using the FASTA file for 

‘Forest Pansy’ as a reference and the BAM alignment file with default parameters. FreeBayes 

outputs from the two cultivar’s outputs were manually compared to identify polymorphisms that 

appeared in the same position and consisted of the same base pair change. The polymorphisms 

that were unique to a cultivar were visualized using the Integrative Genomics Viewer (IGV) 

(Robinson et al., 2011) to confirm the polymorphism and determine its location in the plastome 

and whether it was in a known coding sequence.  

Results 

DNA Extraction and Sequencing 

The estimated yield of the ‘Silver Cloud’ DNA extraction was 6.75 µg from the green 

tissue and 12.92 µg from the mixed tissue sample. The estimated yield of the ‘Floating Clouds’ 

DNA extraction was 78.98 µg from the green tissue and 72.95 µg from the mixed tissue sample. 

The ‘Silver Cloud’ green tissue resulted in 23,092 ≥Q20 reads yielding 200,832,752 bp and a 

mean read length of 8,697 bp. The ‘Silver Cloud’ mixed tissue resulted in 15,749 ≥Q20 reads 

yielding 118,918,766 bp and a mean read length of 7,550 bp. ‘Floating Clouds’ green tissue 

resulted in 3,388 ≥Q20 reads yielding 26,867,995 bp and a mean read length of 7,930 bp. 

‘Floating Clouds’ mixed tissue resulted in 16,578 ≥Q20 reads yielding 115,971,098 bp and a 

mean read length of 6,995 bp (Table 1). The Organelle_PBA output statistics showed detailed 

information on how many reads were input and used for assembly. The ‘Floating Clouds’ green 

tissue sample had 3,388 input reads with 219 selected, resulting in 1,912,723 bp and an estimated 

depth of 12 X. During the final DNA extraction, there was an equipment failure which resulted 

in the loss and possible contamination of some ‘Floating Clouds’ green tissue DNA, which could 
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explain the low quantity of ≥Q20 reads. ‘Floating Clouds’ mixed tissue had 16,578 input reads 

and 2,552 selected, resulting in 19,556,876 bp and an estimated depth of 123 X coverage. ‘Silver 

Cloud’ green tissue had 23,902 input reads with 2,125 selected, resulting in 19,071,833 bp with 

an estimated depth of 120 X coverage. ‘Silver Cloud’ mixed tissue had 15,749 input reads with 

1,746 selected, resulting in 12,405,100 bp with an estimated depth of 78 X coverage. The initial 

scaffolding step resulted in one scaffold created for each sample except for ‘Floating Clouds’ 

mixed tissue, which had three. After the circularity check step, all samples had one scaffold. In 

the final assembly, ‘Floating Clouds’ mixed tissue had one scaffold of 158,966 bp with no gaps 

and was 6 bp larger than the reference. ‘Floating Clouds’ mixed tissue had a max coverage of 

244 X and a min coverage of 60 X for an average chloroplast genome coverage of 105.54 X. 

‘Floating Clouds’ green tissue had one scaffold of 150,605 bp with no gaps and was 8,355 

smaller than the reference. ‘Floating Clouds’ green tissue had a max coverage of 43 X and a min 

coverage of 1 X for an average coverage of 9.57 X. ‘Silver Cloud’ green tissue had one scaffold 

of 158,999 bp with no gaps and was 39 bp larger than the reference. This group had a max 

coverage of 345 X and a min coverage of 51 X for an average coverage of 102.50 X. ‘Silver 

Cloud’ mixed tissue had one scaffold of 158,999 bp with no gaps and was 39 bp larger than the 

reference. This group had a max coverage of 264 X and a min coverage of 31 X for an average 

coverage of 68.28 X. GeSeq output consisted of a circular map which could be used for visual 

analysis of sequencing results, and annotated FASTA files which could be used for IGV analysis.  

Candidate Gene Discovery 

The FreeBayes variant discovery program identified 50 polymorphisms in the ‘Floating 

Clouds’ mixed tissue and 57 polymorphisms in ‘Silver Cloud’ mixed tissue (Appendix A). All 

polymorphisms in the ‘Floating Clouds’ and ‘Silver Cloud’ vcf file were identified by their 
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position on the ‘Forest Pansy’ reference genome. In the ‘Floating Clouds’ sample, there were 20 

insertion/deletions (indels), 25 single nucleotide polymorphisms (SNPs), and five multiple 

nucleotide polymorphisms (MNPs). In ‘Silver Cloud’, 23 indels, 29 SNPs, and 5 MNPs were 

identified. After identifying polymorphisms that appeared in both cultivars, causing the same 

change at the same position, 36 polymorphisms were removed from the analysis. Using IGV to 

determine the location of the remaining polymorphisms, 14 in ‘Floating Clouds’ and 19 in 

‘Silver Cloud’, one SNP in ‘Floating Clouds’ and 4 SNPs in ‘Silver Cloud’ were in annotated 

coding sequences. The base at the SNP positon in ‘Floating Clouds’ is a C to T substitution in 

the ndhH gene. This results in a missense mutation, changing valine 236 to isoleucine. In ‘Silver 

Cloud’, there are three SNPs resulting in silent mutations, a G to A in accD, a G to T in ndhI, 

and a T to G in ycf1 genes. One SNP also results in a missense mutation, a G to A in rps2, which 

changes alanine 51 to valine. 

Discussion 

No published protocols for C. canadensis chloroplast extraction were available when this 

research was conducted, so one of the major obstacles in this research was having to adapt 

chloroplast extraction and DNA extraction protocols to work with the C. canadensis tissue. In 

one of the first attempts at chloroplast extraction using ‘Forest Pansy’ tissue, using the same 

molarity sucrose gradients as the protocol established for tomato and bell pepper (Barsan et al., 

2017), there were no bands observed and only a pellet at the bottom of the tube. The next 

gradient was designed to be heavier, and the 1.5 M level was observed to be darker than the other 

layers. While this was considered a step in the right direction, the gradient needed to be further 

adjusted to result in distinct bands. The hypothesized solution was to use a gradient with 0.125 M 

increments instead of 0.25 M to further resolve bands. This gradient resulted in a distinct band at 



  14 

14 

 

the 1.625-1.5 M interface instead of a whole layer, which was more in line with the expected 

results. This gradient was expected to function the same in the following extractions; however, 

three weeks later, the chloroplast band was observed at the 1.375-1.25 M interface with a pinker 

supernatant (Fig. 1.2A). These test extractions were carried out using tissue in similar 

development stages from the same tree, but there was likely some additional accumulation of 

metabolites that led to these varied results. Once the chloroplast extraction protocol was 

considered to be reliable with ‘Forest Pansy’, the next step was to extract chloroplasts from 

variegated cultivars. In the first attempt to extract chloroplasts from variegated tissue, there was 

no penetration of the gradient observed. The troubleshooting process of testing different 

gradients had to be repeated with tissues from ‘Floating Clouds’ and ‘Silver Cloud’ until the 

protocol was considered acceptable for the objectives of this study (Fig. 1.2D). 

DNA extractions ended up following a similar path to chloroplast extraction. Previous 

research that involved DNA extraction for sequencing in C. canadensis used a DNeasy Plant 

Mini Kit (Qiagen, Venlo, Netherlands) (Feng et al., 2019), but that kit was not successfully 

applied to the purified chloroplast samples which led to the decision to use a chloroform 

extraction instead. After the successful extraction of ‘Forest Pansy’ DNA using the adapted 

chloroform extraction protocol, the variegated cultivars were then subjected to the same protocol. 

‘Silver Cloud’ samples returned no significant quantities of DNA, perhaps due to the sample 

used, and the ‘Floating Clouds’ samples showed heavy contamination, likely due to 

contamination from metabolites in tissue samples or components of buffers used during 

extraction that have absorbance near 230 nm (ThermoFisher Scientific n.d.). Adjusting the lysing 

buffer appeared to have a mild effect on the contamination levels. While the contamination 

levels were still higher than ideal, TapeStation analysis showed that high molecular weight DNA 
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was present in quantities that could be used for sequencing and analysis. In the final DNA 

extraction, there was an equipment failure that resulted in the loss of sample volume during the 

chloroform extraction. The possible sample contamination with extraction reagents could explain 

why the NanoDrop yield estimates did not correlate with the amount of high molecular weight 

DNA that was used for sequencing. 

This issue with ‘Floating Clouds’ green tissue was visualized with the GeSeq annotated 

maps. Visual inspection comparing ‘Floating Clouds’ mixed tissue and ‘Floating Clouds’ green 

tissue showed that in the middle of the large single copy region, at approximately 50,000 bp (Fig. 

1.3), ‘Floating Clouds’ green tissue is missing annotations for genes psaA and psaB. This was 

further explored through the read mapping of ‘Floating Clouds’ mixed tissue to ‘Forest Pansy’ 

and visualization in IGV. It was discovered that there are reads mapping to this region, but it 

appears to be an area of very low coverage and reads that display polymorphisms that could be 

attributed to error. This could explain why the genome assembly for ‘Floating Clouds’ green 

tissue is approximately 8kb smaller than the other three assemblies, this region may have been 

too low quality for the assembler to build. 

After running the variant discovery software FreeBayes, the only polymorphism detected 

in the ‘Floating Clouds’ mixed tissue genome was present in the gene ndhH. The C to T 

substitution results in a missense mutation, changing valine 236 to an isoleucine (Fig. 1.3A, 

1.3B). This gene is located in the small single copy (SSC) region of the plastome near other ndh 

genes (Fig. 1.3C). These genes make up the NADH dehydrogenase-like complex and ndhH is 

one of the four subunits encoded only in the chloroplast  (Peng et al., 2012). The NADH 

dehydrogenase-like complex, also known as NDH, is in the thylakoid membrane and is involved 

in the electron transport for photosystem I (Peng et al., 2012). The ndhH gene is involved in the 
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early steps in the pathway for forming the NDH complex (Peng et al., 2012). Mutation studies in 

Arabidopsis indicate that ndhH is involved in regulating photosynthesis (Peng et al., 2012), but 

there is no literature linking this mutation to the variegated leaf phenotype observed in ‘Floating 

Clouds’. Using the blastp feature of NCBI BLAST (Altschul et al., 1997), the ndhH sequence of 

‘Floating Clouds’ containing isoleucine 236 was submitted as a query sequence. This query 

returned over 30 hits across multiple species that were all annotated as being a part of NADH 

subunit 7, which is also known as ndhH. This suggests that the specific observed mutation is not 

uncommon and may not be contributing to the observed phenotype. To determine whether this 

polymorphism is related to ‘Floating Clouds’ variegated leaf phenotype, further research is 

required.  

With the sequence data from both ‘Floating Clouds’ and ‘Silver Cloud’, there are many 

possibilities for further research. RNA sequencing (RNA-Seq) is a tool for sequencing the 

transcriptome of an organism to determine the expression level of genes (Michel et al., 2018). 

RNA-Seq could be used to verify if suspected candidate genes contribute to the variegated 

phenotype by comparing their expression level in green and white tissues. This methodology 

could also be used to explore other polymorphisms that were identified but could not be fully 

evaluated with the analysis techniques used in this study. Another possible method for 

determining the effect of this polymorphism would be an experiment involving a CRISPR-Cas9 

system targeting the ndhH gene. Using a non-variegated cultivar, if a mutation in this gene 

causes mutated individuals to display a variegated leaf phenotype, the causal effect of this 

candidate gene could be confirmed. There is no available literature involving CRISPR-Cas9 

methodology in C. canadensis, so this is likely not viable as a short-term candidate gene 

verification experiment.  
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Tables & Figures 

 

Figure 1.1: Leaves from Cercis canadensis ‘Floating Clouds’ (left) and ‘Silver Cloud’ (right). 
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Figure 1.2: Chloroplast extraction images. A) ‘Forest Pansy’ tissue homogenate loaded on top of 

sucrose gradient. B) ‘Forest Pansy’ sample after centrifugation. C) Intact chloroplasts observed 

under the microscope after extraction. D) Variegated sample after centrifugation 
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Table 1.1: PacBio Sequel IIe sequencing results summary. 

 

Sequencing Results Summary 

Tissue  
‘Floating Clouds’ 

Green 

‘Floating Clouds’ 

Mixed 

‘Silver Cloud’ 

Green 

‘Silver Cloud’ 

Mixed 

≥Q20 Reads  3,388 16,578 23,092 15,749 

≥Q20 bp 26,867,995  115,971,098  200,832,752  118,918,766  

≥Q20 Mean 

Read Length 
7,930  6,995  8,697  7,550  
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Figure 1.3: Candidate gene verification and location in plastome. A) Plastome sequence from 

‘Forest Pansy’ reference, valine 236 highlighted. B) Plastome sequence from ‘Floating Clouds’ 

mixed tissue sample, amino acid position 236 highlighted. C) ndhH location and direction in the 

plastome.  
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CHAPTER 2: Ploidy Manipulation in Wild Peanut Species 

Abstract 

Peanut, Arachis hypogaea L., is a widely cultivated crop in the US, and wild species, 

Arachis spp., have been known to contain a wide diversity of functional genes. However, the 

major obstacle preventing the introgression of those genes into cultivar germplasm is their 

difference in ploidy. Many of the wild peanut species are diploids with various genome types (A, 

B, D, F, G, or K), while the commonly cultivated species is an allotetraploid (AABB). Doubling 

the diploid wild species genome is the first step to overcoming the hybridization barriers. In this 

study, four wild species, A. cardenasii (AA), A. correntina (AA), A. diogoi (AA), and A. magna 

(BB), were used for developing genome doubling methods. In the first part of this research, three 

mitotic inhibitors, colchicine, Oryzalin, or trifluralin, were applied to the shoots of young 

seedlings by solid agar treatment. The results of this methodology showed that Arachis seedlings 

are extremely sensitive to colchicine, mildly responsive to Oryzalin, and there was no observed 

response to trifluralin. Oryzalin, a selective pre-emergent herbicide, was determined to be the 

optimal chemical for solid agar treatment producing two tetraploid and many mixoploid 

individuals; however, all tested tetraploid individuals reverted to the diploid state after three 

months. In the second part of this research, seeds were immersed in liquid solutions containing 

colchicine or oryzalin for various periods: six hours, 12 hours, and 24 hours. As a result, the six-

hour colchicine treatment demonstrated the most success in generating tetraploids, with 4.3% of 

treated individuals converting to tetraploid. This protocol is recommended as an optimal protocol 

for A genome wild peanut species genome doubling. 
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Introduction 

 Peanut Agriculture 

Peanuts, Arachis hypogaea L., are an important row crop covering hundreds of thousands 

of hectares and yielding nearly three million tons per year in the US, and over 50 million tons per 

year worldwide (AMRC, 2022; USDA, 2023) Peanuts can be consumed as either whole nut or 

can be processed into peanut butter, oil, or meal (AMRC, 2022). In the US, over half of peanut 

production is in Georgia and the southeast. The other main peanut production states are Texas, 

Oklahoma, New Mexico, North Carolina, and Virginia (AMRC, 2022).   

Understanding the growth habits of Arachis species can be a valuable tool when 

conducting research where normal growth may be altered. A. hypogaea has been extensively 

studied, and its growth habits are well-defined, enabling the collection of detailed phenotypic 

data in studies of it and other Arachis species. The vegetative stage of growth for A. hypogaea 

begins at V0, at emergence, when cotyledons push through the soil and open (Boote, 1982). The 

V1 stage is when one developed node with a tetrafoliate leaf has unfolded and continues to V(N) 

as more tetrafoliates develop. Once the first flower is open, at which point the plant enters its 

reproductive stage (Boote, 1982). Reproductive stages involve pegging, when the fertilized ovary 

begins to elongate toward the soil, pod development, and then seed development (Boote, 1982). 

Once pods have reached maturity, as determined by sampling pods to observe the coloration of 

the mesocarp, they are ready for harvest (Boote, 1982). Research involving chemical treatment, 

such as mitotic inhibitors, can affect the growth habit of treated plants, so having an understood 

normal growth habit can be a useful tool for analyzing treatment effects. 

A. hypogaea could potentially be improved by introducing beneficial traits from wild 

Arachis species if a successful cross can be made. Peanut production can be hindered by 
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parasites and pathogens such as nematodes, sclerotinia blight, or tospoviruses, causing hundreds 

of millions of dollars of loss per year (Cason et al., 2023). Wild species have a much broader 

genetic base that could contain resistance traits; however, the hybridization event that led to the 

origin of A. hypogaea also resulted in a difference in ploidy between A. hypogaea and its wild 

counterparts (Cason et al., 2023). Differences between other Arachis species and A. hypogaea 

make successful hybridization a complex process requiring a good understanding of the genomes 

in the genus. 

Arachis Genomes & Introgression Strategies 

Arachis species contain a variety of different genome types and ploidies. Most Arachis 

species are diploids (2n = 2x = 20) that can be categorized into subgenomes A, B, D, F, G, or K 

(Stalker, 2017). Direct hybrids of diploid Arachis species from different subgenomes are 

typically sterile or have low fertility (Stalker, 2017). The genus Arachis originates from South 

America, and A. hypogaea (2n = 4x = 40, AABB) is an allotetraploid hypothesized to be derived 

from a hybrid of two species A. ipaënsis (2n = 2x = 20, BB) and A. duranensis (2n = 2x = 20, 

AA) (Fávero et al., 2006). The hypothesized hybridization of A. duranensis and A. ipaënsis 

which created the ancestor of A. hypogaea is the result of either a hybridization of unreduced 

gametes or a hybridization followed by a genome doubling event (Stalker, 2017). The ancestry of 

A. hypogaea has been further explored through genome sequencing, chromosome structure, and 

geographic analysis to provide more evidence in favor of the A. duranensis and A. ipaënsis 

hybridization theory (Bertioli et al., 2016, Bertioli et al., 2019).  Allotetraploidy and cultivation 

of A. hypogaea have resulted in it being genetically isolated from its wild counterparts, which 

has led breeders to develop introgression strategies designed to introduce traits from wild 

germplasm (Cason et al., 2023; Stalker, 2017). These strategies have been developed with 
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multiple goals in mind. The wild species contain many resistance genes which are beneficial to 

A. hypogaea, but they also possess morphological traits that may be unique to the species that 

may be desirable or undesirable depending on the effect. An introgression strategy must 

accommodate for these traits and determine the optimal method for creating the ideal 

introgression parent.  

Multiple pathways have been established to accomplish this goal, and they typically 

involve ploidy manipulation steps (Simpson, 1991). One method involves directly crossing the 

diploid and tetraploid parents resulting in triploid progeny, doubling the triploid genome to a 

hexaploid state, and then backcrossing these hexaploids with the tetraploid parent to eventually 

return a tetraploid progeny (Cason et al., 2023; Simpson, 1991). The second pathway creates a 

diploid AB hybrid by hybridizing A genome and B genome parents and using genome doubling 

methods to create an AABB amphidiploid that is compatible with A. hypogaea (Cason et al., 

2023; Simpson, 1991). A third pathway uses genome doubling to create an autotetraploid from 

the two wild species, AAAA and BBBB, before crossing to make the compatible AABB hybrid 

(Cason et al., 2023) These introgression strategies have demonstrated that methods using genome 

doubling can overcome the ploidy barriers to create hybrids between A. hypogaea and the other 

Arachis species. 

Methods of Ploidy Manipulation  

The critical step in most introgression strategies is genome doubling. Chemicals known 

as mitotic inhibitors are applied to either meiotic or mitotic cells to create unreduced gametes or 

4n cells (Eng and Ho, 2019; Manzoor et al., 2019). Mitotic inhibitors are chemicals that break 

down microtubules in cells, which lead to the cell not being able to separate chromosomes into 

daughter cells during mitosis (Eng and Ho, 2019; Manzoor et al., 2019). The cell does not 
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complete mitosis and is instead left with a doubled genome (Eng and Ho, 2019; Manzoor et al., 

2019). After a recovery period, the cell can redo mitosis and divide, but since it had a tetraploid 

genome when starting this second round of mitosis, it will double the genome again to divide 

into two tetraploid cells. To apply this method to plants, seeds or apical meristems can be treated 

with mitotic inhibitors, and when the seed germinates or seedling recovers, the resulting plant 

will occasionally result in a fully tetraploid plant, a mix of diploid and tetraploid tissue known as 

a mixoploid, or remain a diploid (Eng and Ho, 2019). Methods of application and concentrations 

have been known to have varying effectiveness between species, and enhancements to treatment, 

such as using surfactants or wetting agents, can improve treatments  (Manzoor et al., 2019) 

Chemicals such as colchicine, oryzalin, and trifluralin have been known to induce polyploidy 

(Eng and Ho, 2019). Different methods of applying mitotic inhibitors could lead to different 

results due to physiological differences, therefore optimizing an established protocol may be 

necessary.  

In Arachis species, there are three primary methods of mitotic inhibitor treatment using 

colchicine (Cason et al., 2023). The first is cutting treatment, where the apex of a cutting is 

submerged in a liquid solution containing the dissolved chemical (Cason et al., 2023; Fávero et 

al., 2006). Shoot treatment involves exposing the shoot, particularly the meristem, of a young 

plant to the mitotic inhibitor (Cason et al., 2023). The third method is to immerse seeds that have 

just germinated in a liquid solution with the chemical (Cason et al., 2023; Simpson, 1991). 

Genome doubling methods in Arachis species have been reported to be challenging to repeat 

(Cason et al., 2023), and improving genome doubling methods would make introgression easier 

and more consistent. The variety of methods reported successful for genome doubling in Arachis 

species suggests that these species are generally susceptible to mitotic inhibitors. While there 
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may be some level of a species-specific response, a single chosen protocol should be effective 

for multiple selected species. 

Previous Research in Wild Species 

Arachis species belonging to the A and B subgenomes have been used to introgress genes 

into A. hypogaea. The A genome species A. cardenasii, known for its resistance to root-knot 

nematode, was used to attempt to develop a root-knot nematode-resistant breeding line of A. 

hypogea (Simpson and Starr, 2001; Stalker, 2017). Using the amphidiploid pathway, A. 

cardenasii (AA) was crossed first with A. diogoi (AA) to stack desirable traits, and the resulting 

hybrid was crossed to A. batizocoi (BB) before genome doubling via colchicine treatment 

(AABB) before being successfully hybridized with A. hypogaea (Simpson and Starr, 2001). This 

hybrid was backcrossed with A. hypogaea for additional selection, resulting in the ‘COAN’ 

cultivar (Simpson and Starr, 2001). The yield of ‘COAN’ was determined to have similar yield 

compared to check cultivars, and when tested against checks with no nematicide application 

resulted in 225% more yield, successfully demonstrating its nematode resistance (Simpson and 

Starr, 2001). This hybridization was one of the early successful introgression attempts and laid 

the foundation for attempting these methods with other wild Arachis species. 

Another A genome species, A. correntina, was also reported to have resistance to a 

variety of diseases (Stalker, 2017). To introgress leaf spot disease and tomato spotted wilt 

resistances into cultivated peanuts, A. correntina was used as the A genome parent in a hybrid 

with A. ipaënsis (BB) (Chu et al., 2021; Stalker, 2017). The sterile diploid hybrid (AB) had 

fertility restored through colchicine genome doubling to a tetraploid state (AABB), which was 

able to hybridize into cultivated lines (Chu et al., 2021) Seeds harvested from these new 

allotetraploids were evaluated for their disease-resistance potential (Chu et al., 2021). This A. 
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correntina hybrid was determined to be resistant to both late leaf spot disease and tomato spotted 

wilt virus, making it a potentially valuable genetic resource for introgression into cultivated lines 

(Chu et al., 2021). 

In addition to being used in interspecific hybrids for nematode resistance, A. diogoi (A) 

has been used to develop introgression lines because of its resistance to leaf spot, tomato spotted 

wilt virus, and root-knot nematode (Stalker, 2017). This species also possesses a variety of other 

disease and pest resistances, making it a species with a useful genetic background for 

introgression lines (Stalker, 2017). In previous research, A. diogoi has been directly crossed to A. 

hypogaea, and the triploid hybrid was doubled via colchicine treatment to create hexaploids 

before being backcrossed and selfed until a tetraploid was recovered (Anderson et al., 2004). 

This hybridization led to the development of a population with root-knot nematode resistance has 

proven this species is useful germplasm for peanut breeding (Anderson et al., 2004).  

Parents representing both A and B genomes have been examined to identify their 

usefulness in developing introgression lines. B genome species A. magna and A genome species 

A. kempff-mercadoi have been reported to have tolerance to pests such as rednecked peanutworm 

and thrips, making them potential candidates for peanut breeding (de Paula et al., 2017; Stalker, 

2017). Diploid hybrids (AB) of these parents had a demonstrated resistance to thrips and 

rednecked peanutworm, useful traits to introgress into cultivated peanuts (de Paula et al., 2017). 

After colchicine doubling, amphidiploids were successfully crossed to A. hypogaea and found to 

be fertile and morphologically similar to the A. hypogaea parent, indicating that this could be a 

valuable hybrid for introgression (de Paula et al., 2017). A. cardenasii, A. correntina, A. diogoi, 

and A. magna have demonstrated their viability as introgression parents, making them good 

candidates for testing genome doubling methods. 
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Research Objective 

The goal of this study is to establish optimal protocols for genome doubling in Arachis 

species to produce autotetraploid (AAAA and/or BBBB) individuals. Three species of the A 

genome, A. cardenasii (PI 262141), A. correntina (PI 262808), and A. diogoi (PI 276235), and 

one species of the B genome, A. magna (PI 468337), were used. Seeds from all species were 

obtained from Dr. Jeffrey Dunne’s research group at North Carolina State University. The first 

method tested was a solid agar tube treatment, where treatment tubes containing varying 

concentrations of either colchicine, oryzalin, or trifluralin were placed on a young seedling 

meristem for three days. The first trial involved all three chemicals to make initial observations 

about their effectiveness. Additional trials using the solid agar treatment method were focused on 

optimizing a single mitotic inhibitor. The second trial was designed to optimize the colchicine 

treatment to improve the survival rate, and the third trial was designed to improve the oryzalin 

conversion rate through higher treatment concentrations. The second method tested was seed 

treatment, which was done by immersing germinating seeds in a liquid solution containing either 

colchicine or oryzalin. After determining that colchicine seed treatment was the most effective, a 

second seed treatment trial was conducted to generate more autotetraploids and document the 

putative tetraploid phenotype. 

Materials & Methods 

Solid Agar Treatment  

The agar solution was prepared by dissolving 500 mg of powdered agar in sterile distilled 

water to create a 0.5% agar liquid solution. The agar solution was microwaved to boiling and 

then left to cool. Since the mitotic inhibitor chemicals are typically sensitive to high temperatures 

and light, they were not added until the agar solution had cooled off to around 35 °C. Once the 
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chemical had been added to the solution and thoroughly mixed, 1.5 mL was added to fill 

Eppendorf tubes using a 5 mL pipet. This step needed to be done quickly because if the agar was 

allowed to cool, remelting it would break down the mitotic inhibitor added. The filled tubes were 

placed in a rack in a 4 °C refrigerator to allow the gel to be fully set and to keep for storage. 

Tubes were usually prepared one to three days prior to the first day of treatment.  

Seed from each species were placed in paper towels dampened with 100 ppm gibberellic 

acid in a container kept in a dark room at room temperature. Seeds were left in the container for 

72 hours, at which point they were removed from the container, rinsed with water, and planted 

into trays containing potting mix to grow. The number of seeds germinated for each trial varied 

due to the goals of the trial and resources available for caring for the plants to not unnecessarily 

waste seed. 

Seedlings were checked in the morning and evening every day during the treatment 

window to identify new individuals for treatment and remove completed treatments. Individuals 

were considered ready for treatment when the meristem was approximately 1 cm above the 

cotyledons. The first two tetrafoliates were removed to ensure that the tube would fit on the 

meristem and that the meristem could be fully exposed to the mitotic inhibitor gel for the entire 

72-hour period (Fig. 2.1). In the first and second trials, we noticed that the tubes sometimes were 

falling off the meristem, so in the third trial a toothpick was placed next to the meristem and the 

tubes were secured to the toothpick with a twist tie. When tubes fell off during the treatment 

time, it was placed back on top of the meristem. Occasionally the gel also would fall out of a 

tube while it was on the meristem, leaving an empty tube with a small amount of gel left on the 

seedling. When either of these events was observed the tube was removed, and a new one was 

placed on the seedling, but the treatment time did not restart. The new tube was left on for 
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whatever was left of the original treatment duration. At the end of the 72-hour treatment time, the 

tube was removed, and the plant was thoroughly rinsed with water to ensure that all the gel was 

removed.  

Once the treated individuals had recovered, typically 5 to 10 weeks after treatment, and 

produced at least two tetrafoliates with normal morphology, one leaflet each from the two 

youngest fully developed tetrafoliates was sampled for flow cytometry. Samples were run on the 

Quantum P Flow Cytometer using the DAPI stain. To harvest intact nuclei, samples were cut 

into small pieces using a razor blade for 10 to 15 seconds with 250 µL of CyStain UV Precise P 

extraction buffer and filtered with (pore size) before being stained with 1000 µL of CyStain UV 

Precise P stain buffer (CyStain UV Precise P, Sysmex). Using untreated plants as a diploid 

control, the gain was set to place the 2x peak at 200 units. This allowed for visualization of any 

4x and 8x peaks that would be observed in putative tetraploids.  

Individual plants that were found to have either two tetraploid samples or strong 

mixoploidy were selected for transplanting. Four-inch-deep trays containing equal parts sterile 

soil, sterile sand, and potting mix were prepared, one for each individual. Plants were fertilized 

with controlled-release fertilizer at the time of transplanting and were monitored daily to ensure 

adequate moisture. Transplanted individuals were kept in the same ambient greenhouse 

conditions as during treatment. 

Seed Treatment  

Solutions were prepared by dissolving liquid oryzalin or solid colchicine in distilled 

water. Based on the results from previous experiments, the concentration for oryzalin was chosen 

to be 100 µM. The concentration for colchicine was 0.2%, equal to the 5 mM used in the agar 

treatment protocol. 



  31 

31 

 

Seeds were treated by placing seeds in a beaker containing the liquid solution treatment 

for the chosen treatment period. Beakers were placed on a shaker set at 100 RPM to keep the 

solution mixed. At the end of the treatment period, seeds were removed and rinsed with water 

before immediately planting in the soil tray. Seeds were grown for five to seven weeks to allow 

treated plants to fully recover before sampling for flow cytometry. The flow cytometry protocol 

was performed as described previously. Individuals that were found to have two tetraploid 

samples were transplanted into larger flats with the soil mix reported previously.  

Results 

Solid Agar Treatment 

The initial trial using all three chemicals had a low germination rate for all species. A 

total of 72 seeds from each species were used for the germination protocol. This trial did not use 

the gibberellic acid treatment during germination, it was introduced in previous trials A. magna 

had the highest germination rate of 54%, followed by A. correntina at 40%, A. diogoi at 28% and 

A. cardenasii with 22%. The germination protocol using gibberellic acid improved the 

germination rate for the 5 mM colchicine trial. The seeds were germinated in a small set of 10 

seeds per species, and germination rates varied between 70% and 90%. The improved 

germination protocol was used for the third trial of three concentrations of oryzalin. The total 

number of seeds used in the protocol varied because some of the pods did not contain any viable 

seeds that could be used. A. diogoi had the lowest number of seeds planted at 149 and showed a 

germination rate of 48%. A.magna and A. cardenasii had similar germination rates, 180 and 156 

seeds planted resulted in germination rates of 47% and 48% respectively. Arachis correntina did 

not respond well to the germination protocol, 162 seeds planted resulted in a germination rate of 

30%. 
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The first trial demonstrated that the three chosen chemicals had different survival rates 

when compared to each other. For the 23 individuals across four species treated with colchicine, 

there were only two survivors at the 10 mM concentration. There was a less severe response to 

oryzalin; 29 treated individuals yielded 24 survivors (83%). Trifluralin had the highest 

survivorship ratio; 49 treated individuals yielded 46 survivors (94%). The second trial of 5mM 

colchicine was designed to test if a lower concentration would increase the survival rate for this 

chemical. For 14 treated individuals of A. magna and 14 treated A. correntina individuals, there 

were no survivors. Fifteen treated individuals from A. diogoi yielded one survivor, and for 12 

treated individuals from A. cardenasii there was also one survivor. This low survival rate was the 

main factor for deciding not to test colchicine further and test only oryzalin in the third trial. The 

oryzalin survival rates were similar to that of the first trial and did not show much variation 

between concentrations. For 68 total A. magna plants treated, there was a 76% survival rate. 

Arachis correntina showed the second lowest survival rate; for 36 individuals treated, there was 

a 92% survival rate. A. cardenasii showed a 93% survival rate across 59 individuals treated, and 

A. diogoi showed a 95% survival rate for the 60 individuals treated.  

Few mixoploid or tetraploid individuals were identified in the first trial - for A. magna 

there were no colchicine survivors, two individuals with a mixoploid and diploid sample, and 

one with a mixoploid and tetraploid sample from the oryzalin treatments, and one individual with 

a diploid and mixoploid sample from the trifluralin treatments. A. diogoi also had no survivors 

from the colchicine treatment and three individuals with a diploid and mixoploid result: one from 

the oryzalin treatments and two from the trifluralin treatments. A.correntina had one survivor 

from the colchicine treatments, which had two mixoploid samples, one individual from the 

oryzalin treatments with a mixoploid and tetraploid sample, and one individual from the 
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trifluralin treatments with a diploid and mixoploid sample. A. cardenasii had one colchicine 

survivor that had a mixoploid sample and what appeared to be a tetraploid/octoploid mixoploid 

sample (Table 2.1).  

The final survivors of the colchicine trial were three A. diogoi and three A. cardenasii 

individuals. After 12 weeks, one of the A. diogoi plants had two tetraploid results, and one of the 

A. cardenasii individuals had two mixoploid samples. One observation from this trial was that 

individuals that had mixoploid or tetraploid samples in earlier sampling eventually reverted to 

diploids, and samples from new tissue would only be diploid (Table 2.2).  

In the third trial, few samples displayed tetraploid results, but there were many mixoploid 

samples identified. A. magna had 29 individuals that had at least one mixoploid sample, but no 

tetraploid samples were observed. For A. diogoi, eight individuals with at least one mixoploid 

result and a single individual with one tetraploid result were observed (Table 2.3).  

Seed Treatment 

Emergence was recorded 21 days after planting (DAP). A. magna had 5 of 20 individuals 

emerge from the 6-hour colchicine treatment, 6 of 20 from the 6-hour oryzalin treatment, 3 of 20 

from the 12-hour oryzalin treatment, 5 of 20 from the 24-hour oryzalin treatment and 0 of 12 

from the 24-hour water control. A. diogoi had 9 of 16 emerge from the 6-hour colchicine 

treatment, 3 of 16 from the 6-hour oryzalin treatment, 2 of 16 from the 12-hour oryzalin 

treatment, 2 of 16 from the 24-hour oryzalin treatment, and 0 of 13 from the 24-hour water 

control. A. correntina had 7 of 18 emerge from the 6-hour colchicine treatment, 4 of 18 from the 

6-hour oryzalin treatment, 6 of 18 from the 12-hour oryzalin treatment, 0 of 18 from both the 24-

hour oryzalin treatment, and 0 of 14 from the water control. Arachis cardenasii had 8 of 15 

emerge from the 6-hour colchicine treatment, 10 of 15 from the 6-hour oryzalin treatment, 5 of 
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15 from the 12-hour oryzalin treatment, 0 of 15 from both the 24-hour oryzalin treatment and 0 

of 10 from the water control. Emergence ratios were visualized as a stacked bar graph with 

conversion ratios (Table 2.4, Fig. 2.2). 

Emergence for the second seed treatment was recorded 31 days after treatment. The A. 

cardenasii 6-hour water control had 8 out of 18 compared to the 6-hour colchicine group having 

8 out of 36. The A. correntina 6-hour water control had 4 out of 18 compared to the 6-hour 

colchicine group having 4 of 36. The A. diogoi 6-hour water control had 6 out of 18 compared to 

the 6-hour colchicine group having 5 of 36. The A. magna 6-hour water control had 6 out of 18 

compared to the 6-hour colchicine group having 15 of 36. Emergence ratios were visualized as a 

stacked bar graph with conversion ratios (Table 2.5, Fig 2.3).  

Based on flow cytometry results five weeks after treatment, all surviving A. magna 

individuals were diploid. One A. diogoi individual from the 6-hour colchicine treatment had a 

tetraploid and mixoploid sample. One A. correntina individual from the 6-hour colchicine 

treatment had two tetraploid samples, and one from the 12-hour oryzalin treatment had a 

tetraploid and diploid sample. Two A. cardenasii individuals from the 6-hour colchicine 

treatment had two tetraploid samples, and one had a tetraploid and diploid sample. One A. 

cardenasii individual from the 6-hour oryzalin treatment had a mixoploid and diploid sample, 

and three individuals from the 12-hour oryzalin treatment had a diploid and tetraploid sample 

(Table 2.4, Fig. 2.2). 

Flow cytometry results from the second seed treatment were recorded at seven weeks, 49 

days after treatment. None of the A. cardenasii individuals tested as tetraploid or mixoploid. One 

A. correntina individual tested as having one tetraploid and one mixoploid sample, and the other 

three tested as diploid. In the A. diogoi group there were two diploid and three mixoploid 
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individuals. The species with the most emergence, A. magna, had two tetraploid individuals, four 

mixoploid individuals, and eight diploid individuals. One A. cardenasii individual was too small 

for tissue collection when data was collected, and one A. magna individual died after emergence, 

so no flow cytometry data could be collected from those individuals (Table 2.5, Fig 2.3). 

Individuals that were tetraploid or highly mixoploid were transplanted and resampled at 

68 days after treatment. One highly mixoploid A. diogoi individual was transplanted tested as 

tetraploid when resampled. Of five tetraploid and mixoploid A. magna individuals transplanted, 

two tested as mixoploid and three as diploid when resampled. One mixoploid A. cardenasii and 

one mixoploid A. correntina individual tested as diploid and mixoploid respectively when 

resampled. For the 6-hour colchicine treatment across both seed treatment trials, 2 out of 51 A. 

cardenasii individuals were stably tetraploid. For A. correntina, 1 out of 54 individuals were 

stably tetraploid. For A. diogoi, 1 out of 52 individuals were stably tetraploid. For A. magna, 0 

out of 56 individuals were stably tetraploid (Table 2.6). 

Discussion 

Previous genome doubling work in Arachis species does not provide much information 

about the success rates of different treatments since most of that research was focused on the 

hybridization using amphidiploids, but it is suggested that the conversion rate is generally low 

and variable. This study shows that conversion rate across all species is very low, varies 

depending on treatment parameters, and is likely species dependent. The first trial was a proof of 

concept to test the three different mitotic inhibitors to determine if another chemical could 

perform similarly to colchicine. One of the issues with this trial was that there was some 

unexpected variation in the germination window, with some plants emerging 7 to 10 days after 

the first. This led to the differences in sample size between the three chemicals, as they were 
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prepared and applied one at a time to avoid excessive waste. The trifluralin groups had the most 

individuals, followed by oryzalin and colchicine. The flow cytometry results from this trial 

indicated that trifluralin was the least effective, colchicine was the most effective, and oryzalin 

demonstrated effectiveness at a level between the two. Future trials involved a gibberellic acid 

treatment in the germination period to shorten the germination and treatment window. The lack 

of survivability of the colchicine treatments was noted, and the goal of the next trial was to 

improve that by lowering the concentration.  

The goal of the 5,000 µM colchicine trial was to test if a lower concentration of 

colchicine would allow for improved survivability of treated individuals while retaining the 

effectiveness observed. Even though the concentration was halved, there were still very few 

individuals that recovered from the treatment. This finding ruled out colchicine as a viable 

mitotic inhibitor for solid agar treatments, so the third trial was planned to revisit oryzalin. 

The initial trial tested only two concentrations of oryzalin, 100 µM and 300 µM. The 

objective for the third trial was to test oryzalin with those two concentrations again but also with 

a higher concentration of 500 µM. Since there was only one mitotic inhibitor used, each group 

was able to have a larger sample size to get a more accurate picture of the response from each 

species. Arachis magna had the most mixoploids observed, but A. diogoi and A. cardenasii were 

the only species to have an observed tetraploid result. The plants that had tetraploid results were 

tested again after transplanting, but the newer tissue was observed to have diploid results. This 

reversion was what led to the pivot away from the solid agar treatment method, since one of the 

goals of the research was to produce a stably tetraploid individual.  

The first seed treatment was a proof-of-concept experiment and tested some different 

conditions to determine the most effective seed treatments. Colchicine and oryzalin 
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concentrations were kept at the lowest concentrations tested because, for colchicine, higher 

concentrations were almost completely lethal, and for oryzalin, it did not appear that higher 

concentrations had a noticeable effect on effectiveness. While the oryzalin concentration was 

unchanged, this trial was planned around having different lengths of time for oryzalin treatment. 

Exposure time can affect the effectiveness of the treatment, so it was hypothesized that longer 

oryzalin treatment times could improve the tetraploid conversion rate. Only one treatment time 

was chosen for colchicine because the solid agar treatments indicated that the chemical is highly 

lethal at too much exposure, and literature suggested that a 6-hour treatment window was 

effective without being excessively lethal. The results of this experiment were that colchicine 

was able to produce individuals that had 2 confirmed tetraploid samples. These tetraploids were 

observed to have a unique growth habit where after treatment, the individual produced leaves 

that were much smaller than those observed in the diploid controls until full recovery when a 

normal appearing tetrafoliate emerged. This recovered individual also appeared darker than the 

controls and plants that tested as diploids. Oryzalin was observed to have some highly mixoploid 

samples but did not have the same effectiveness as colchicine. The longer-duration treatments 

did not have any emergence after planting, which suggests that the treatment condition damaged 

the seeds in some way that prevented emergence. With an effective treatment identified, the final 

trial was designed to produce as many tetraploids as possible.  

After collecting samples and receiving flow cytometry results, a phenotypic pattern was 

observed between the diploids and individuals with two tetraploid samples. The putative 

tetraploids were less vigorous at the start of their growth, and early tetrafoliates were very small 

before recovering and developing morphologically normal tetrafoliates (Fig. 2.4A). When these 

normal tetrafoliates were tested via flow cytometry, they were confirmed to be tetraploid, with 
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samples from two separate tetrafoliates testing as tetraploid. Tetraploids were also observed to be 

a darker shade of green in comparison to observed diploids. 

The second seed treatment was designed to collect more detailed treatment response and 

phenotypic data from each species. The tetraploid phenotype observed in the previous trial was 

easy to identify and could be an easy way to identify putative tetraploids. Treated individuals 

were monitored daily to record phenotypic notes, and 21 days after treatment (DAT), a putative 

tetraploid individual was observed to be approximately 1 cm tall with morphologically abnormal 

tetrafoliates. A putative diploid, an individual with a phenotype similar to that of the control 

plants, was approximately 4 cm tall with morphologically normal tetrafoliates (Fig. 2.4B). The 

species with the most tetraploid samples observed in the second treatment, A. magna, had 

multiple individuals that demonstrated this phenotype and tested as tetraploid (Fig 2.5). 

Individuals 9 and 13 were tested as having two tetraploid samples (Fig 2.5A), and individuals 27 

and 34 had one tetraploid sample and either a diploid or mixoploid sample (Fig. 2.5B). The 

images of individual 34 demonstrated the phenotype of having small, deformed tetrafoliates 

before recovering with a morphologically normal tetrafoliate (Fig. 2.5C). This individual appears 

to be a mixoploid, and one sample was collected from the normal tetrafoliate and one from a 

deformed tetrafoliate, but during flow cytometry data collection, it was not recorded which 

sample corresponds to which tetrafoliate. Previous flow cytometry runs have demonstrated that 

samples from morphologically abnormal tissue does not produce clear or consistent results, so 

more accurate results can be obtained once there are more morphologically normal tetrafoliates 

to test with flow cytometry. 

Combining both seed treatment trials, A. correntina and A. diogoi each yielded one 

tetraploid individual and A. cardenasii yielded two. These were all A genome species, and the B 
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genome species, A. manga, yielded zero tetraploids (Table 2.6). This result was surprising 

because there was less reversion observed in the seed treatment trials across the other three 

species, but not in A. magna. One possible cause of this outcome could be the growth trend of 

the species. Observations across all trials, solid agar and seed treatment, indicate that A. magna is 

more vigorous than its A genome counterparts. This could impact the success of genome 

doubling protocols because diploid tissue might be faster growing than tetraploid, so in treated A. 

magna individuals the rapid growth of the diploid cells could overcome the rate of growth of 

tetraploid cells, so plants that appear to be highly mixoploid or tetraploid could revert as the 

plant continues to grow. This could be examined in future research, there could be some 

treatment parameters such as colchicine concentration or treatment time that could result in a 

stable A. magna individual. 

The four plants that have been confirmed via multiple rounds of flow cytometry to be 

stable tetraploids are being maintained and occasionally tested to reconfirm their tetraploid 

status. There are opportunities for future work using these individuals, including propagation and 

use as pollinators. Since these plants are stably tetraploid, propagation is a viable method of 

creating more tetraploid individuals once they are large enough. In addition to propagation, the 

tetraploid plants will be used for pollination as they flower. There are multiple possible pathways 

for crossing available. Parents from A genome species can be crossed together to create A 

genome interspecific hybrids to stack desirable traits for introgression in later generations. Once 

a B genome individual is confirmed to be stably tetraploid, either the A genome parent or hybrid 

can be crossed with it to create an AABB hybrid which could be used to cross with A. hypogaea. 

The third pathway would be to cross a tetraploid individual directly with A. hypogaea, and then 

in subsequent generations backcross to recover an AABB genotype.  
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Tables & Figures 

 

 
 

Figure 2.1: Seedling at the start of treatment. The first pair of tetrafoliates was removed to allow 

the meristem to interact with the mitotic inhibitor dissolved in the agar. 
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Table 2.1: Solid agar treatment of A. cardenasii, A. correntina, A. diogoi, and A. magna, 10,000 

µM colchicine treatment (Trt) (C10), 30,000 µM colchicine (C30), 100 µM oryzalin or trifluralin 

(O/T100), 300 µM oryzalin or trifluralin (O/T300). First solid agar treatment trial results. Ploidy 

was determined by measuring two leaflets via flow cytometry. Combinations of 2x and 2x4x 

results were considered mixoploids. 

 

First Trial: Colchicine, Oryzalin, & Trifluralin Treatment 

Spp. Trt # Treated # Survived 70 DAP Diploid Mixoploid Tetraploid 

A. cardenasii C10 2 1 0 0 1 

A. cardenasii C30 3 0 - - - 

A. cardenasii O100 4 4 2 2 0 

A. cardenasii O300 1 1 1 0 0 

A. cardenasii T100 5 5 5 0 0 

A. cardenasii T300 1 0 0 0 0 

A. correntina C10 3 1 0 1 0 

A. correntina C30 4 0 - - - 

A. correntina O100 4 4 3 0 1 

A. correntina O300 5 2 2 0 0 

A. correntina T100 6 6 6 0 0 

A. correntina T300 7 7 6 1 0 

A. diogoi C10 2 0 - - - 

A. diogoi C30 1 0 - - - 

A. diogoi O100 2 2 2 0 0 

A. diogoi O300 3 2 1 1 0 

A. diogoi T100 6 5 5 0 0 

A. diogoi T300 6 5 3 2 0 

A. magna C10 5 0 - - - 

A. magna C30 3 0 - - - 

A. magna O100 6 5 3 2 0 

A. magna O300 4 4 3 0 1 

A. magna T100 9 9 9 0 0 

A. magna T300 9 9 8 1 0 

 

  



  42 

42 

 

Table 2.2: Solid agar treatment of A. cardenasii, A. correntina, A. diogoi, and A. magna, 5,000 

µM colchicine treatment (Trt) (C5). Results from the 5,000-µM colchicine solid agar treatment. 

The A. cardenasii individual had two mixoploid results, and the A. diogoi individual had two 

tetraploid results. 

 

Second trial: 5,000 µM Colchicine Treatment 

Spp. Trt # Treated # Survived Diploid Mixoploid Tetraploid 

A. cardenasii C5 12 1 0 1 0 

A. correntina C5 14 0 - - - 

A. diogoi C5 15 1 0 0 1 

A. magna C5 14 0 - - - 

 

 

Table 2.3: Solid agar treatment of A. cardenasii, A. correntina, A. diogoi, and A. magna, 100 µM 

oryzalin treatment (Trt) (O100), 300 µM oryzalin (O300), 500 µM oryzalin (O500). Results from 

the oryzalin treatment using an additional, higher concentration. Individuals with at least one 

tetraploid result were considered tetraploid. 

 

Third trial: High Concentration Oryzalin Treatment 

Spp. Trt # Treated # Survived Diploid Mixoploid Tetraploid 

A. cardenasii O100 19 18 13 4 1 

A. cardenasii O300 20 19 17 2 0 

A. cardenasii O500 20 18 14 4 0 

A. correntina O100 12 11 10 1 0 

A. correntina O300 12 10 9 1 0 

A. correntina O500 12 12 11 1 0 

A. diogoi O100 20 20 15 5 0 

A. diogoi O300 20 18 17 1 0 

A. diogoi O500 20 19 17 1 1 

A. magna O100 22 18 4 14 0 

A. magna O300 23 12 2 10 0 

A. magna O500 23 22 14 8 0 
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Table 2.4: Seed treatment of A. cardenasii, A. correntina, A. diogoi, and A. magna, 0.2% 

colchicine, 100 µM oryzalin, or water control treatment. Results from the first seed treatment. 

Emergence percentage was calculated 21 days after treatment, and flow cytometry results were 

collected 5 weeks after treatment. Tetraploids are individuals with 2 tetraploid results. 

Mixoploids are individuals with any combination of 2x, 4x, and 2x4x results. 

 

First Seed Treatment 

Spp. Treatment Emergence % 21 DAT Diploids Mixoploids Tetraploids 

A. cardenasii Colchicine 6hr 33.33% 2 1 2 

A. cardenasii Oryzalin 6hr 46.15% 4 1 0 

A. cardenasii Oryzalin 12hr 20.00% 0 3 0 

A. cardenasii Oryzalin 24hr 0.00% - - - 

A. cardenasii Water 24hr 0.00% - - - 

A. correntina Colchicine 6hr 38.89% 3 0 1 

A. correntina Oryzalin 6hr 22.22% 3 0 0 

A. correntina Oryzalin 12hr 33.33% 3 1 0 

A. correntina Oryzalin 24hr 0.00% - - - 

A. correntina Water 24hr 0.00% - - - 

A. diogoi Colchicine 6hr 56.25% 3 1 0 

A. diogoi Oryzalin 6hr 18.75% 1 0 0 

A. diogoi Oryzalin 12hr 12.50% - - - 

A. diogoi Oryzalin 24hr 12.50% - - - 

A. diogoi Water 24hr 0.00% - - - 

A. magna Colchicine 6hr 25.00% 4 1 0 

A. magna Oryzalin 6hr 30.00% 5 0 0 

A. magna Oryzalin 12hr 15.00% - - - 

A. magna Oryzalin 24hr 25.00% 6 0 0 

A. magna Water 24hr 0.00% - - - 
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Figure 2.2: Seed treatment of A. cardenasii (ca), A. correntina (co), A. diogoi (di), and A. magna 

(ma), 6-hour 0.2% colchicine treatment (C6), 6-hour 100 µM oryzalin treatment (O6), 12-hour 

100 µM oryzalin treatment (O12), 24-hour 100 µM oryzalin treatment (O24), 24-hour water 

control (W24). Emergence percentage and conversion rate for the first seed treatment. 

Emergence was recorded 21 days after treatment, and flow cytometry results were collected 35 

days after treatment. 

 

 

Table 2.5: Seed treatment of A. cardenasii, A. correntina, A. diogoi, and A. magna, 0.2% 

colchicine, water control (CTRL). Flow cytometry results from 49 days after colchicine seed 

treatment. Tetraploids are individuals with two tetraploid results. Mixoploids are individuals 

with any combination of 2x, 4x, and 2x4x results. 

 

Second Seed Treatment Results 

Spp. Treatment % Emergence 31 DAT Diploid Mixoploid Tetraploid 

A. cardenasii 0.2% Colchicine 22.22% 7 0 0 

A. cardenasii Water CTRL 38.89% - - - 

A. correntina 0.2% Colchicine 11.11% 3 1 0 

A. correntina Water CTRL 22.22% - - - 

A. diogoi 0.2% Colchicine 13.89% 2 3 0 

A. diogoi Water CTRL 33.33% - - - 

A. magna 0.2% Colchicine 41.67% 8 4 2 

A. magna Water CTRL 33.33% - - - 
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Figure 2.3: Seed treatment of A. cardenasii (ca), A. correntina (co), A. diogoi (di), and A. magna 

(ma), 0.2% colchicine (0.2% C), water control (CTRL). Flow cytometry results from 49 days 

after colchicine seed treatment. Tetraploids are individuals with 2 tetraploid results. Mixoploids 

are individuals with any combination of 2x, 4x, and 2x4x results. One emerged A. cardenasii 

individual was too small to collect tissue from and one A. magna individual died after 

emergence. 

 

 

 

 

 

 

0%

5%

10%

15%

20%

25%

30%

35%

40%

45%

%
 E

m
er

g
en

ce
 4

9
 D

A
T

Species & Treatment

6-Hour Colchicine Seed Treatment

No Data

Diploid

Mixoploid

Tetraploid

 

Figure 2.4: Putative tetraploid phenotype images. A) A putative tetraploid recovered with a 

morphologically normal tetrafoliate 35 DAT, first seed treatment. B) A putative tetraploid 

individual (left) next to a putative diploid (right) 21 DAT, second seed treatment.  

(B) (A) 
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Figure 2.5: Tetraploid phenotype observed in A. magna (ma) individuals in the second seed 

treatment confirmed by two samples for flow cytometry, tetraploid (4x) diploid (2x). A) 

Individuals 9 and 13 photographed 39 DAT, flow cytometry results from 49 DAT. B) Individuals 

27 and 34 photographed 39 DAT, flow cytometry results from 49 DAT. C) Individual 27 

photographed 47 DAT, flow cytometry results from 49 DAT, a morphologically normal 

tetrafoliate emerged. 
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Table 2.6: Final conversion rate in 6-hour colchicine seed treatment. The results of the first and 

second seed treatments were combined, and tetraploid count was determined by number of 

individuals that tested as only tetraploid in the second round of sampling for flow cytometry. 

 

6-Hour Colchcine Seed Treatment Results 

Species Number Treated Number Tetraploid Conversion Rate 

A. cardenasii 51 2 3.92% 

A. correntina 54 1 1.85% 

A. diogoi 56 1 1.79% 

A. magna 56 0 - 
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Appendix A 

 

Present in both 'Floating Clouds' and 'Silver 
Cloud' 

 Present in one - no AA change 

 Present in one - AA change 

 

 

2024 
FCM       

POS REF ALT TYPE DP GQ Plastome Region Description 

5021 CTTTTTTTTTTTTA CTTTTTTTTTTTA INDEL 81 72 outside RPS16 

8334 CTTTTTTTTTTA CTTTTTTTTTTTA INDEL 86 29  

8889 G A SNP 85 151 non-coding/not annotated 

11922 
AAAAAATAATGCC

TACA 

AAAAAATAATGC
CTACAAAAATAA

TGCCTACA INDEL 87 160 
between coding regions ATPF & 
ATPA 

13507 C A SNP 85 151  

13869 T A SNP 73 157  

23487 CTTTTTTTTTC CTTTTTTTTTTC INDEL 72 160 inside rpoC1 intron 

29280 G A SNP 92 160 non-coding 

32416 
TAAAAAAAAAAAA

AT 
TAAAAAAAAAAA

AT INDEL 86 141  

33372 A C SNP 87 153 non-coding 

49558 
TAAAAAAAAAAAA

AG 
TAAAAAAAAAAA

AAAAAAG INDEL 79 143  

54324 T C SNP 66 160 intron in tRNA-Val 

57266 ATTTTTTTTTTTTG ATTTTTTTTTTTG INDEL 75 149 before ATPB 

60127 
TATAGTGAAATGA

TAGTGAAATGA 
TATAGTGAAATG

A INDEL 73 160  

63613 TAAAAAAAAAAAC TAAAAAAAAAAC INDEL 74 139 between ycf4 and cemA 

66270 
GATATAAATATAA

TATAAATATAA 
GATATAAATATA

A INDEL 82 155 non-coding 

68290 T C SNP 85 151  

74220 CTTTTTTTTTTTTC CTTTTTTTTTTTC INDEL 93 51 intron in clpP 

75501 C A SNP 82 158  

78410 A G SNP 97 160  

81827 T C SNP 93 160  

84101 T C SNP 92 160  
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112034 T G SNP 46 148  

113783 AATATATATA 
AATATATATATAT

ATA INDEL 72 160 rpS12 intron 

119563 ATTTTTTTTTTTA ATTTTTTTTTTTT MNP 54 154  

122279 
GAAAAAAAAAAAA

G 
GAAAAAAAAAAA

AAG INDEL 90 160 rpS12 intron 

126837 C T SNP 83 160 ndhH val->ile 

135041 A C SNP 56 160  

146661 T C SNP 17 86  

146673 T C SNP 17 86  

146755 TAAATTCCT GAAAT INDEL 17 86  

146764 ACCT AT INDEL 17 86  

146778 T C SNP 17 86  

146834 T C SNP 17 86  

146853 TAACTT GAACTTT INDEL 17 97  

146901 A G SNP 18 90  

146909 C T SNP 18 90  

146927 T C SNP 18 90  

147056 G A SNP 18 73  

147099 ATGG GTGA MNP 18 74  

147118 CA TC MNP 18 61  

147148 
TCGACCTCGGTT

CCGT 
CTGACTTGCTCC

T INDEL 18 75  

147165 GGAGCAAG CGG INDEL 18 77  

147175 AT GA MNP 18 77  

147185 AGA AA INDEL 18 65  

147194 G A SNP 18 60  

147207 CACTGATGAAG CG INDEL 18 89  

147255 A G SNP 18 84  

147315 ACTCA TGGGT MNP 18 90  

147350 C T SNP 18 84  

 

2008 
SCM       

POS REF ALT TYPE DP GQ region description 
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8334 CTTTTTTTTTTA CTTTTTTTTTA INDEL 37 75  

8631 
AAATTAAAATTAA
ATTAAAGA AA INDEL 35 160 non-coding 

13507 C A SNP 45 160  

13869 T A SNP 37 160  

14891 CTTTTTTTTTTTA CTTTTTTTTTTA INDEL 44 0 non-coding 

16655 G A SNP 48 160 rps2 coding (A->V) 

29280 G A SNP 56 160 non-coding 

29773 C T SNP 59 158 non-coding 

29828 T C SNP 59 158 non-coding 

32416 
TAAAAAAAAAAAA
AT 

TAAAAAAAAAAA
AT INDEL 60 62  

45347 

TAATGATATATAA
ATTATCATATATTT
TCATATATGATAA
TGA 

TAATGATATATAA
ATTATCATATATT
TTCATATATGATA
ATGAATGATATA
TAAATTATCATAT
ATTTTCATATATG
ATAATGA INDEL 46 160 ycf3 intron 

45727 GTTTTTTTG GTTTTTTTTG INDEL 46 154 ycf3 intron 

48888 
CTTTTTTTTTTTTT
A 

CTTTTTTTTTTTT
A INDEL 37 24 non-coding 

49558 
TAAAAAAAAAAAA
AG 

TAAAAAAAAAAA
AAAAAG,TAAAAA
AAAAAAAAAAAA
G INDEL 39 45  

60127 
TATAGTGAAATGA
TAGTGAAATGA 

TATAGTGAAATG
A INDEL 49 160  

61609 G A SNP 42 154 accD coding (G-G) 

68290 T C SNP 48 160  

70186 CTTTTTTTTTTTG CTTTTTTTTTTG INDEL 47 141 non-coding 

70606 ATTTTTTTTTTTA ATTTTTTTTTTA INDEL 50 88 non-coding 

75412 GAAAAAAAAAAT GAAAAAAAAAT INDEL 48 149 before clpP 

75501 C A SNP 49 160  

78410 A G SNP 50 153  

81827 T C SNP 49 160  

84101 T C SNP 48 160  

87666 A C SNP 49 160 rps12 intron 

112034 T G SNP 37 160  
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113882 
TTAAATATATATTA
AAT 

TTAAATATATATT
AAATAAATATATA
TTAAAT INDEL 50 152 rps12 intron 

114214 
ATTTTATATTCTAT
TTATG 

ATTTTATATTCTA
TTTATTTTTATAT
TCTATTTATG INDEL 50 160  

119563 ATTTTTTTTTTTA ATTTTTTTTTTTT MNP 37 160  

122323 A C SNP 46 160 rps12 intron 

123273 
GTTATTATTATTAT
TATTAT 

GTTATTATTATTA
T INDEL 41 152 rps12 intron 

123763 G T SNP 45 0 ndhI coding (I-I) 

130853 T G SNP 43 155 ycf1 Coding (I-I) 

135041 A C SNP 35 160  

138763 TCCCCCCCG TCCCCCCG INDEL 12 0 intron in tRNA-ala 

146661 T C SNP 6 50  

146673 T C SNP 6 50  

146755 TAAATTCCT GAAAT INDEL 6 50  

146764 ACCT AT INDEL 6 50  

146778 T C SNP 6 50  

146834 T C SNP 6 50  

146853 TAACTT GAACTTT INDEL 6 53  

146901 A G SNP 6 50  

146909 C T SNP 6 50  

146927 T C SNP 6 50  

147056 G A SNP 6 50  

147099 ATGG GTGA MNP 6 50  

147118 CA TC MNP 5 49  

147148 
TCGACCTCGGTT
CCGT 

CTGACTTGCTCC
T INDEL 5 49  

147165 GGAGCAAG CGG INDEL 5 49  

147175 AT GA MNP 5 49  

147185 AGA AA INDEL 5 49  

147194 G A SNP 5 49  

147207 CACTGATGAAG CG INDEL 5 49  

147255 A G SNP 5 49  

147315 ACTCA TGGGT MNP 5 49  
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147350 C T SNP 5 49  

 

 

 


