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ABSTRACT
Rhododendron canescens (Michaux) Sweet (Piedmont azalea) is a native azalea

with potential in landscaping because of its adaptability, early flowering, and lace bug
resistance. But use of R. canescens in urban settings is limited, however, because of its
sparse branching and other architectural traits. The goal of this project was to determine
whether genetic variation can be identified for the development of a more compact
phenotype. Genotyping-by-sequencing was used to examine the genetic diversity and
population structure of a R. canescens collection from across Georgia. Single nucleotide
polymorphisms (SNPs) were identified. The SNP data supported the presence of three
populations. Statistical results indicated that there was low genetic differentiation
between the populations, but relatively high genetic diversity within populations. Next,
the transcriptome of vegetative and reproductive tissues was sequenced to identify
orthologs of genes known to control height and branching in multiple plant species.
Long-read sequencing using PacBio Iso-Seq methods generated 24,244 full-length
isoform sequences, of which 16,825 were annotated. We successfully identified orthologs

of thirteen genes regulating plant architecture through regulatory factors and



phytohormone biosynthesis and signaling. Sequence data for these genes enabled RNA
probes to be designed to capture the coding sequences from 216 R. canescens genotypes
including one dwarf genotype. Variation in these genes among individuals was identified
using capture sequencing. The structural and functional effect of these variants in protein
function were predicted. Of the 69 variants, 16 SNPs were predicted to lead to deleterious
missense mutations. These genetic variations could potentially be used to breed R.
canescens with shorter stature or increased branching. The data analyzed using
Discriminant Analysis of Principle Component (DAPC) helped us group azalea
genotypes based on the variants. We found that for genes MAX2, PHOR1 and FLC, the
dwarf genotype was significantly different from the other genotypes. Our findings further
support that the suspected dwarf genotype has unique mutations in the plant architecture
related genes. In addition, transcriptome analysis identified 2,871 long non-coding RNA
and 13,116 simple sequence repeats. The genetic resources developed in this study have

applications in molecular breeding, comparative genomics, and evolutionary studies.
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CHAPTER 1
INTRODUCTION
Piedmont azalea

Rhododendron canescens (Michaux) Sweet (Piedmont azalea) is native to the eastern
United States from Texas to North Carolina. It flowers in spring with subsequent vegetative
growth in the summer. Exotic azaleas are popular in landscape settings, but native azaleas are
less common. Azaleas are believed to have migrated from Asia through the Bering Strait land
bridge about 5-65 million years ago (Scharff, 1912). Because of this migration, very little
variation is seen in chromosome number and morphology in Asian and North American
populations. Therefore, any genetic variation present in the native azalea population must be due
to geographical isolation and habitat preference (Kron et al., 1993).

Kron et al. (1993) used chloroplast DNA markers to distinguish R. canescens from the
sympatric species R. flammeum. Population studies have also been carried out in azalea using
RAPD (Random Amplification of Polymorphic DNA) and AFLP (Amplified Fragment Length
Polymorphism) markers. These studies looked at the relatedness between R. canescens and other
members of the subgenus Pentathera and found that interspecific hybridization and introgression
exist between these species (Chappell et al., 2008). These studies helped us understand the
evolutionary pedigree of native azalea. Introgression is the mixture of the genomes of two
populations that phenotypically might look different but genotypically might be similar. If that is
the case in R. canescens, it could complicate population studies based on DNA as we might get

admixtures. This phenomenon would lead to significant bias when estimating inter- and



intraspecific diversity. GBS analysis of R. canescens will help us better understand how
introgression has affected the population structure and diversity of R. canescens. Previously, the
level of genetic diversity has been studied only interspecifically in azalea (Chappell et al., 2008;
Scheiber et al., 2000). In this study | will use GBS to uncover the genetic diversity and
population structure of naturally occurring native R. canescens in Georgia.

R. canescens is a hardy plant. It is one of the first to bloom in spring. R. canescens along
with R. flammeum and R. austrinum blooms at least two weeks earlier than other azaleas and has
very vibrant colors. This early blooming can be an advantage for pollinators early in the season.
R. canescens also has resistance to lace bug, one of the major pests faced by azaleas (Braman et
al., 1992). All of these characteristics make R. canescens a very good landscape and garden
plant. However, R. canescenss are not widely used in gardening and landscape, in part due to
their size and shape. R. canescens has indeterminate growth and a lanky appearance (Figure 1-1).
Consumers desire more compact plants for their gardens as they are easier to manage and take
less space to grow, but R. canescens lacks this characteristic. Here, we aim to understand the
architectural complexity of the R. canescens through population analysis and exome capture
through both horticultural and genetic approaches. Dwarf R. canescens was found by chance in
the wild and this study aims to develop suitable vegetative propagation techniques to multiply
these plants successfully for field trials. Natural variation in plant architecture exists in the wild
population of R. canescens. | will also explore the plant architecture at the genetic level. I will try
to find natural variation present in the wild that can be exploited to give R. canescens a
determinate growth and bushy appearance. To exploit this natural variation, we first need to
understand the genetic diversity and population structure. Population structure analysis will give

us probable areas where we can collect samples to study gene diversity. Once equipped with this



information, we can analyze the genetic diversity present in the genes regulating plant
architecture and use this knowledge to develop desirable R. canescens. Hence this study will lay
the foundation on the basis of which other projects can be designed to develop R. canescens

cultivars that are better suited for landscapes and gardens.



Figure 1-1: Typical architecture of R. canescens



CHAPTER 2

LITERATURE REVIEW

Genetic diversity and genotyping

Genetic diversity is one of the major tools for plant breeders and evolutionary biologists
to help understand plant growth and development. Identification of genetic diversity heavily
depends on genetic markers such as SSRs (Simple Sequence Repeats) and SNPs (Single
Nucleotide Polymorphisms)(Kumar et al., 2012) . Genotyping-by-sequencing (GBS)(Brautigam
& Gowik, 2010; Metzker, 2010) is a cost-effective method used to identify a large number of
SNP markers in the absence of a reference genome. This method was used in Piedmont azalea.
GBS includes the following major steps: DNA extraction and digestion with one or two
restriction enzymes, adapter ligation, PCR amplification, fragment size selection, library pooling,
sequencing, data processing and SNP calling. GBS requires no prior sequencing information and
is able to provide information about SNP discovery and genetic diversity following downstream
analysis (Fu et al., 2014). In spite of these advantages, GBS studies are not devoid of limitations.
GBS may have a large amount of missing data due to low coverage of the sequencing.

GBS provides a large amount of sequence data that needs further processing. Several
bioinformatics tools are available to process this data. Depending on the resources available, the
proper method needs to be selected. Some of the bioinformatics approaches available are:
TASSEL (Glaubitz et al., 2014), UNEAK pipeline (Lu et al., 2013), STACKS (Catchen et al.,

2013), GBS-SNP-CROP (Melo et al., 2016), etc. Some of the pipelines require a reference



genome. Although these pipelines are different, the final output of all the approaches tends to be
similar. STRUCTURE analysis (Falush et al., 2003, 2007; Hubisz et al., 2009; Pritchard et al.,
2000), principal component analysis (PCA), and phylogenetic trees are used as the common
method to analyze GBS data. Genetic diversity and F statistics are calculated to better understand
the genetic diversity and population structure of the plant under study. GBS is an easy method to
extract high throughput information from any plant species for SNP discovery and genetic
diversity analysis. GBS has allowed for the study of non-conventional crops and provides us
with a plethora of data using restriction-based sequencing. This method does not bias any plant
species depending upon the availability of reference genomes and helps us understand complex
plant genomes. This technique serves as a major tool for marker assisted selection and GWAS
(Genome Wide Association Studies), which are important techniques of crop development in the

21st century.

Genetic Control of Plant Architecture

Genes controlling two major components of architecture, height and branching was
studied. Genes for regulatory factors and phytohormone biosynthesis and signaling play a major
role in shaping plants. For example, an important gene regulating plant height is TFL1
(TERMINAL FLOWER 1). TFL1 inhibits the transition from vegetative to reproductive growth
and TFL1 mutants have determinate growth (Shannon & Meeks-Wagner, 1991). TFL1 regulates
a number of genes like LEAFY (LFY) and APETALAL (AP1) (Ratcliffe et al., 1999). These genes
initiate flowering and TFL1 negatively regulates their expression, hence promoting vegetative
growth. Plant architecture and reproductive phase are controlled by two genes, TFL1 and

FLOWERING LOCUS T (FT) (Wickland & Hanzawa, 2015). These two genes control the



growth and differentiation of plants across species. Both genes are similar in sequence (60%
similarity) and have homology to phosphatidylethanolamine-binding proteins (PEBPs) (Karlgren
etal., 2011). FT favors the shift of the plant from the vegetative phase to the reproductive phase
whereas TFL1 hinders this shift. The SELF PRUNING (SP) gene in tomato is a homolog of
TFL1 and regulates stem growth and development (Pnueli et al., 1998). In plants like rose and
strawberry, the recessive allele of the TFL1 homolog (RoKSN and FVKSN, respectively) when
expressed, gives a short and determinate look to the plants (lwata et al., 2012). This appearance
is more appealing to consumers. In soybean, the null allele of the TFL1 homolog, Dt1, promotes
determinate growth and early flowering (Liu et al., 2010). This shows that TFL1 is a major gene
regulating plant architecture.

The gibberellin (GA) biosynthesis gene GA20 oxidase is of prime importance to plants as
it regulates the level of GA in plants. GA200x regulates activity like stem/petiole elongation, a
more vertical growth habit, and flowering in plants (Rieu et al., 2008). In Arabidopsis there are
five members in GA200x family. Reverse genetic analysis of these genes showed that they
express during vegetative and early reproductive development (Rieu et al., 2008). GA200x1 and
GA200x2 are the genes that are most highly expressed during the vegetative state among the five
in plant tissues (Phillips et al., 1995). Over expression studies of GA200x genes have shown a
decrease in the production of GA in plant tissue (Hisamatsu et al., 2005). GA200x1 is expressed
in the stem. Mutant studies have shown reduced plant height in the Arabidopsis plant (Rieu et al.,
2008). Other GA200x gene family members are expressed in flowers, seeds, siliques etc. Overall,
the GA200x gene family members regulate the GA concentration in the tissues. They regulate a

variety of plant growth and development activities like internode elongation, root growth and



leaf expansion, etc. (Rieu et al., 2008). This gene family is crucial in regulating plant growth and
development which ultimately determines the architecture of any plant.

Deleterious alleles of Gibberellin insensitive dwarf 1 (GID1c) gene cause dwarfism in
plants. Due to the two SNPs present in peach coding sequence, it produces a faulty gibberellic
acid (Cantin et al., 2018b) that results in stunting of the plant. PHORL is a transcription factor
that regulates the growth of the plant. Knockout of PHORL1 gives a semi-dwarf appearance to
tomato plants and its overexpression shows prolific growth (Busov et al., 2008). Hence, PHOR1
and GID1c will be ideal candidates to study for variation through capture sequencing.

Brassinosteroids (BR) are natural plant growth hormones that are very similar to animal
steroids. They were first discovered in Brassica napus and are found across plants from
monocots to dicots (Wang & Li, 2008). BRI1 has a role in internode elongation. It helps in the
promotion of cell expansion and elongation. It also has a significant role in BR signaling. A
membrane-localized LRR receptor-like kinase (RLK) is regulated by BR1 which plays a key role
in BR signaling (Clouse, 2002). When BR1 was knocked out, it resulted in dwarfism in rice
(Fujioka & Yokota, 2003). Some evidence also suggests that BR has a role in chilling and
drought resistance (Clouse & Sasse, 1998). Hence, it is an ideal candidate to study architecture of
azalea.

Branching is defined as the process of producing auxiliary shoots (Falush et al., 2007).
Depending on the plant species, branching can be a desirable or undesirable trait. For example,
branching is desired in rice as it produces a higher number of tillers, but in sugarcane, single
stalks are desired to improve juice quality. Plant architecture is dependent upon several factors.

In addition to genetic make-up, sunlight and nutrient levels may influence the architecture of the



plant (Falush et al., 2007). Due to advancements in modern genomics and gene mapping
technologies, understanding plant architecture at the genetic level has become feasible.

BRANCHED1 (BRC1), a TCP transcription factor, is a negative regulator of axillary bud
development in plants (Aguilar-Martinez et al., 2007). This transcription factor is closely related
to teosinte branched1 (tb1) from maize (Zea mays) (Aguilar-Martinez et al., 2007). When BRC1
is upregulated, the axillary bud remains dormant, preventing branching. It works similarly to thl
which promotes single stalk in maize (Doebley et al., 1997). When BRC1 is down-regulated,
axillary bud development can be seen. BRC1 plays a crucial role in regulating apical dominance
in plants (Aguilar-Martinez et al., 2007). They are expressed in the apical meristems where they
promote bud arrest (Kosugi & Ohashi, 1997, 2002). Mutants of these genes have shown
enhanced shoot branching (Doebley et al., 1997; Takeda et al., 2003). BRC1 is also
transcriptionally regulated by environmental factors such as planting density. In high planting
density, BRC1 is upregulated, promoting apical dominance (Casal et al., 1986).

Plant architecture depends upon a number of factors. Environmental factors, nutritional
availability and physiological response all act to shape plant architecture. All these factors
together create a hormonal effect that regulates developmental response in plant shoots. Some of
the major hormones playing a role in this phenomenon, such as cytokinins and strigolactone
(SL), are produced in roots. SL inhibits shoot branching and controls the shoot via roots
(Teichmann & Mubhr, 2015). SL in the plant is regulated by MAX genes. These genes are
expressed in roots and have been fully characterized in Arabadopsis (Booker et al., 2004).
Mutagenized populations in Arabidopsis for MAX1, MAX2 and MAX3 have shown inhibited
branching (Sorefan et al., 2003). MAX1 gene activates P450 cytochrome and MAX2 regulates F-

box protein to synthesize SL (Booker et al., 2004; Sorefan et al., 2003). MAX3 produces CCD7



carotenoid cleavage dioxygenase to complete the cycle in the production of SL (Booker et al.,
2004). Rootstocks with mutations in these genes have been shown to lack SL in plants like
poplar and willow (Ward et al., 2013). The orthologs of MAX genes are also present in a wide
variety of plant species from rice to poplar, which makes it an ideal candidate to study in azalea.
There is evidence that these genes play major roles in governing the architecture of many plant

species.

Identification of Candidate Mutations

Discovering gene variants at a large scale and designing breeding pipelines has been a
major challenge in crop improvement. Methods like TILLING (Henikoff et al., 2004) and
EcoTilling (Gilchrist & Haughn, 2005) have been used in the past to detect these rare variants in
large populations (Marroni et al., 2011; Raja et al., 2017). This technology, though cheap and
useful in many plant species, comes with several drawbacks. Previous knowledge of DNA
sequence is a must while employing these techniques for variant detection. Also, the efficiency
of these technigques decreases when variation is high (Barkley & Wang, 2008), which is mostly
the case when dealing with woody ornamentals. Next-generation sequencing (NGS) has given
researchers access to large amounts of genomic data that can be used to screen a variety of
populations and detect rare variants. There are both de novo and reference-based methods to
detect these variants with great accuracy (Druley et al., 2009; Out et al., 2009). R. canescens
does not have a reference genome; hence, a de novo based approach has to be employed to
identify genetic variations in genes regulating plant architecture.

Transcriptome analysis-based next-generation sequencing (NGS) technology is a

powerful and economical way to obtain genetic information on a large scale and has been widely

10



used to uncover genes involved in various functions. Although NGS technology like RNA-seq
(Wang et al., 2009) is widely used for this approach, short sequence reads generated by this
method create assembly and annotation problems (Sharmaé et al., 2018). Pacbio Isoform
sequencing (Iso-seq) solves this problem and yields longer reads, thus providing more full-length
transcripts and direct evidence of the structural variation of isoforms (Rhoads & Au, 2015). It is
a proven technology which helps create transcriptome databases and has been successfully used
in plant species, such as Zea mays (Wang et al., 2016), Sorghum bicolor (Abdel-Ghany et al.,
2016), Arabidopsis thaliana (Zhu et al., 2017), and Fragaria x ananassa (Li et al., 2017) for
various downstream analyses.

Detection of polymorphisms can aid in a variety of projects from genotyping to trait
development. The recent breakthroughs in NGS have made possible the development of a
sequence-based approach for variant detection. But the cost and time for whole-genome
sequencing is still high, which has created room for hybridization-based approaches in unison
with high-throughput sequencing that focus on targeted capture sequencing. Capture-Seq is a
technology that allows us to target a specific part of the genome and study its sequence. Exome
capture sequencing is designed to enrich exons of genes using hybridization probes present in the
genome. Targeted capture sequencing is cost-effective and provides higher sequencing depth
over whole-genome sequencing. This helps us detect the rare functional mutations present in the
genic region that directly affect a trait in a plant. Plants with a high level of genetic diversity can
be sequenced and have their variants called with high confidence. Capture sequencing is a cost-
effective method to identify natural genetic variations in genes of species with large genomes or
no reference genome (Grover et al., 2012; Muller et al., 2015). However, It is not clear what

challenges it may pose in sequencing a small fraction of the genome and how intronic sequences

11



may affect this targeted sequencing (Gnirke et al., 2009; Zhou & Holliday, 2012). Exon capture
has yielded promising results in species like poplar, eucalyptus and loblolly pine (Pavy et al.,
2016). SNP markers identified in targeted regions can be of interest in breeding programs and
could be developed as significant genetic markers. Targeted capture sequencing has also
successfully identified variation among flowering-time regulatory genes in Brassica napus
(Schiessl et al., 2014) and candidate mutations for cuticle wax in rice (Kim & Tai, 2019).
Targeted exon sequencing also helps to study the speciation and evolution of targeted genes
associated with genotypic and phenotypic variations (McNally et al., 2009).

In this study, we selected a total of fifteen genes regulating plant architecture for exome
enrichment and sequencing. The hybridization probes were designed on the sequences identified
by Iso-seq study. This enrichment helped us study these genes across 216 azalea genotypes and
uncover any genetic variation present. It also helped us identify rare mutants present in our gene

of interest that can further be used in breeding pipelines.
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CHAPTER 3
GENETIC DIVERSITY AND POPULATION STRUCTURE OF RHODODENDRON

CANESCENS, A NATIVE AZALEA FOR URBAN LANDSCAPING!

LL. K. Yaday, E. V. McAssey, and H. D. Wilde. 2019. HortScience. 54.4: 647-651.
Reprinted here with permission of publisher.
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Abstract
Rhododendron canescens is a deciduous azalea native to the southeastern United States that is
used in landscaping due to its ornamental qualities. A genotyping-by-sequencing approach was
taken to characterize the genetic structure and diversity of a R. canescens germplasm collection.
Single nucleotide polymorphisms (SNPs) were identified by two software platforms, STACKS
and GBS-SNP-CROP. Three distinct R. canescens populations were detected by STRUCTURE
analysis with GBS-SNP-CROP data, while two populations were distinguished using STACKS
data. Principal component analysis with data from both SNP pipelines supported the presence of
three populations. Statistical results indicated that there was low genetic differentiation between
the populations, but relatively high genetic diversity within populations. The inbreeding
coefficient of the R. canescens accessions was low, which would be expected with an
outcrossing species. These results suggest that there may be a significant level of gene flow

between populations of R. canescens.

Keywords: genotyping-by-sequencing, ornamental plant, Piedmont azalea, single nucleotide

polymorphism
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Introduction

Rhododendron canescens (Michaux) Sweet is a deciduous shrub commonly known as
Piedmont azalea or sweet azalea. It is a diploid species (2n=26) that has a native range in the
southern US from Texas to North Carolina. R. canescens is a member of the Rhododendron
section Pentanthera, a group of interfertile species that generally maintain species identity
through habitat preference and flowering time. Twelve species of section Pentanthera are native
to regions of the southern US. Where R. canescens populations overlap with other native azalea
species, hybridization and introgression have been demonstrated (King et al. 1977; Kron et al.
1993).

R. canescens is of value as an ornamental landscaping plant due to its showy, scented
flowers, wide geographic distribution, and lace bug resistance (Galle et al. 1967; Wang et al.
1998). It is one of the first native azaleas to bloom and it could benefit native pollinators in urban
landscapes in early spring (Mader et al. 2011). Cultivars of R. canescens and R. canescens
hybrids are available currently for a niche market. R. canescens has architectural characteristics
that may limit more widespread use in urban settings, namely an open growth habit and height
up to five meters. We are interested in looking for genetic variation in wild germplasm that could
be used to develop a more compact phenotype for landscaping.

Genetic analysis of species in Rhododendron section Pentanthera has been conducted
using DNA sequences of the internal transcribed spacer (ITS) region of rRNA genes (Scheiber et
al. 2000) and the chloroplast matK and trnK intron region (Kurashige et al. 2001). These studies
found little sequence variation among species of the section Pentanthera, suggesting that they
are a closely related group. Low genetic diversity among section Pentanthera species was further

observed in a study with several hundred AFLP (amplified fragment length polymorphism)
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markers (Chappell et al. 2008). In that study, AFLP analysis was also used to investigate
variation between and within populations of individual azalea species, including R. canescens. In
contrast to the low level of variation found between populations and species, a high level of
variation was observed within populations. Variation within R. canescens populations may be
due in part to hybridization and introgression from other native azalea species (Chappell et al.
2008).

We obtained leaf samples from 290 R. canescens genotypes, with a long-term objective
of screening for variation in genes known to control plant height and branching. We first
investigated the genetic diversity of a representative subset of this collection using genotyping-
by-sequencing (GBS). Through GBS analysis, thousands of SNP (single nucleotide
polymorphism) markers can be generated and used to examine genetic diversity in non-model
species (Peterson et al. 2014). We used SNP genotypes to characterize the genetic structure and

diversity of the R. canescens germplasm collection.

Materials and Methods

Plant material collection

Young leaves were collected from 247 R. canescens plants from 18 sites across Georgia,
primarily within the Piedmont ecoregion (Omernik and Griffith 2014). Plants sampled at each site
were at least 10 m apart and the species was confirmed based on floral characteristics as described
by Kron (1993). The GPS coordinates of the plants were recorded, and the samples were frozen
and stored at -80°C until further use. In addition, silica-dried leaves from 43 R. canescens plants
were received from collaborators in Georgia and northern Florida. The locations of the accessions

used for GBS analysis are shown in Supplemental Table 1.
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GBS library preparation and sequencing

Approximately 150 mg of frozen leaf tissue was ground using a TissueLyser bead mill
(Qiagen) and DNA was isolated using an E.Z.N.A. HP Plant DNA kit (Omega Bio-Tek), following
the manufacturers’ protocols. The DNA quantity was measured with a Qubit 2.0 (Invitrogen) using
a Qubit dsDNA HS assay kit. DNA quality was determined by analysis with a NanoDrop 8000
(Thermo Scientific) and electrophoresis through 0.8% agarose. A subset of 96 samples were
chosen for GBS that were of high DNA quality and representative of 16 collection sites in Georgia
and acquisitions from two collaborators.

DNA samples (250 ng) were digested with Msp1 and Pst1 at 37°C for 2 hours in a 96-
well plate. Barcoded Pstl adapters and Mspl Y-adapters were ligated to the digested DNA
fragments, as described in Qi et al. (2018). Small DNA fragments (<400bp) were eliminated
using a Mag-Bind RxnPure Plus kit (Omega Bio-Tek). PCR was conducted with each sample
individually using a barcode-specific forward primer and a common adapter-specific reverse
primer using the following conditions: 95°C for 30s, then 16 cycles of 95°C for 30s, 62°C for
20s, 68°C for 15s, followed by 68°C for 5 min. Following cleanup with a Mag-Bind RxnPure
Plus kit, PCR products were quantified by SYBR green fluorometry on a plate reader. The PCR
products of the 96 samples were pooled (5 ng each) and the library was quantified using a Qubit
2.0. The GBS library was sequenced with an Illumina Nextseq 500 mid output flow cell by the
Georgia Genomics Facility (Athens, GA), generating single-end reads of 150 bp in length.
Sequence data processing

FastQC (Leggett et al., 2013) was used to determine the quality of the sequence data. The

sequence data were then processed using two software packages, STACKS v.1.44 (Catchen et
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al., 2013) and GBS-SNP-CROP (Melo et al., 2016). For STACKS, the raw sequence reads were
filtered and trimmed to the length of 115 bp. STACKS analyses were performed using the
following pipeline: process_radtags — ustacks — cstacks — sstack - populations for diploid species,
with 0.05 minor allele frequency. This generated a VCF file of the SNP matrix and initial
population statistics.

For GBS-SNP-CROP analysis, raw GBS data were parsed to remove barcode sequences
and cut sites and then trimmed using Trimmomatic (Bolger et al., 2014) to a uniform length (115
bp). The minimum phred score was set to 20 and the sliding window to 4 bp. Sequence reads
were aligned using the Burrows-Wheeler Alignment tool (Li & Durbin, 2009) to a mock
reference developed from R. canescens accession DAQ9. The binary matrix was generated and
parsed using SAMtools (H. Li et al., 2009) in the downstream steps. Using the default settings
for the diploid crop, SNP master matrix was generated followed by SNP calling.
Analysis of SNP Data

The ancestral population clusters of R. canescens were established with the admixture
model of STRUCTURE (Falush et al., 2003, 2007; Hubisz et al., 2009; Pritchard et al., 2000)
three to ten parallel Markov chains with a burn-in of 100,000 iterations and a run length of
1,000,000 iterations following the burn-in. The STRUCTURE Harvester program was used to
determine natural logarithms of probability data (LnP(K)) and the AK. STRUCTURE PLOT
version 2.0 was used to create visual structure charts (Ramasamy et al., 2014). Principal
component analysis (PCA) was conducted in R version 3.5.1 using the PCAdapt package
(Duforet-Frebourg et al., 2014; Duforet-Frebourg et al., 2015; Luu et al., 2017) with 87

accessions that met threshold requirements. A weighted neighbor-joining tree was created in
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DARwin v6.0 using the default settings and data imported from the Genepop output file of
STACKS.

The variant call file was used to manually make a numeric file with 0, 1, and 2
representing, respectively, homozygous reference alleles, heterozygous alleles, and
homozygous alternate alleles. Nei statistics (Nei & Roychoudhury, 1974) were calculated
using R software (version 3.5.1; 2018-07-02) to estimate the genetic distance among the 87
accessions and the three population clusters determined by the PCA analysis. R was used to
calculate all the population statistics using HierFstat (De Meels & Goudet, 2007) and
adegenet (Jombart, 2008a) function. This included gene diversity (Dst) and corrected gene
diversity (Dstp) among individuals, the overall gene diversity (Ht) and corrected gene
diversity (Hte) among populations, the fixation index (Fst) and corrected (Fstp) based on
population, and the inbreeding coefficient (Fis). The overall observed heterozygosity (Ho) and
genetic diversity (Hs) within population was estimated based on mean allele frequency. Gsr,
the proportion of species genetic diversity in relation to among-population variation, was
calculated as 1-(Hs/Hr).

Results
GBS sequence data

Genetic analysis was conducted with R. canescens samples collected from 16 sites in
Georgia (Fig. 3-1). Single-end sequencing of a GBS library of 96 R. canescens accessions
yielded 167,783,620 sequence reads. FastQC analysis indicated that the raw sequences were of
good quality, with an average length ranging from 120-135 bp and an average GC content of
46%. The read depth count (Fig. 3-2) indicated an even coverage of the R. canescens genome.

After filtering, 57% of the sequences were retained as high-quality reads.
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SNP identification and analysis

SNPs were identified and analyzed from R. canescens accessions with high quality
sequences and no missing data using STACKS and GBS-SNP-CROP software tools. A total of
3955 high quality SNPs were called by STACKS from 91 accessions. These polymorphic sites
comprised 0.85% of the total loci examined. The observed heterozygosity and homozygosity
present in our GBS data were 0.1958 and 0.8042, respectively. This matched the expected
heterozygosity and homozygosity of 0.2557 and 0.7443 respectively. The inbreeding coefficient
Fis of the R. canescens lines was 0.2437, indicative of an outcrossing population. All the
statistics were calculated for variant sites.

In contrast to the de novo analysis of GBS data using STACKS, a reference-based
analysis was conducted with GBS-SNP-CROP software. Because the R. canescens genome has
not been sequenced, a mock reference was developed using GBS data of one of the accessions
(DA09) and all other sample reads were aligned to this reference. After filtering, 3185 high
quality SNPs were called by GBS-SNP-CROP from 96 accessions.

Population structure analysis

The genetic structure of the R. canescens collection was examined through a
STRUCTURE analysis of SNP data. Using GBS-SNP-CROP data, three populations (P1-P3)
were identified based on LnP(K) variance and delta K value (Figs. 3-3 A and B). When
STRUCTURE was conducted with STACKS data, two R. canescens populations were identified
(Fig. 3-3C). The larger group consisted of 52 azalea genotypes and a smaller group had 39
genotypes. In light of PCA results below, the smaller group was re-examined by STRUCTURE,

but there was no further differentiation (data not shown).
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Principle component analysis

Genetic relationships within the R. canescens collection were further examined by PCA
of SNP data. Three major clusters were observed among the 87 accessions using SNPs identified
by STACKS analysis (Fig. 3-4) or GBS-SNP-CROP analysis (not shown). The first and second
principal components explained approximately 12% of variance. The largest cluster contained
samples from the central Georgia Piedmont, with the second largest containing samples from the
western Georgia Piedmont region (Fig. 3-1). The third cluster was composed of samples from
southern Georgia, northern Florida, and R. canescens samples of unspecified provenance from
collaborators.
Population statistics

Genetic diversity was analyzed within and between the R. canescens populations (Table
3-1). The average heterozygosity within the species (Ht) was 0.25 and the average
heterozygosity within populations (Hs) was 0.24. The proportion of species genetic diversity
attributed to variation among populations (Gst) was calculated to be 4.0%, a low value indicating
significant gene flow within the species. Relatively low values were also observed for gene
diversity among individuals (Dst) and the fixation index (Fst). The low Fst indicates that there
was no significant differentiation between the populations and is consistent with Gst results.

The inbreeding coefficient (Fis) of the population under study is 0.2163, a low value that
would be expected with an outcrossing species. Fis was positive, indicating that individuals
within the population are more related than expected under a random mating model. Nei genetic
diversity and genetic gain was also estimated among the 87 R. canescens accessions and between

the population clusters identified by PCA. This analysis found more variation among the
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individuals than between the three population clusters (Supplemental Table 3-2), in agreement
with previous results.
Conclusions

A genotyping-by-sequencing approach was taken to characterize the genetic structure and
diversity of a Rhododendron canescens germplasm collection. SNPs were identified by two
software platforms, STACKS and GBS-SNP-CROP, and a genome-wide genetic variant file was
developed. The genetic variation present in the germplasm collection was examined by
STRUCTURE, a model-based Bayesian analysis, and PCA, a distance-based method. Taken
together, these analyses indicated that there three population clusters present among the
accessions analyzed.

The STRUCTURE results varied depending on whether SNP data from the GBS-SNP-
CROP or the STACKS pipeline were used. STRUCTURE with GBS-SNP-CROP and STACKS
data identified three and two population clusters, respectively. These different outcomes may be
due to the fact that STACKS analysis involved de novo assembly, whereas GBS-SNP-CROP was
reference genome-based. The largest population cluster of 48 accessions (P1) was the same for
both methods, but the remaining accessions were partitioned by STRUCTURE into two clusters
of 22 accessions (P2) and 17 accessions (P3) when using GBS-SNP-CROP data. PCA of SNP

data from GBS-SNP-CROP or STACKS supported the presence of three population clusters.

An analysis of R. canescens genetic diversity was included in a prior study (Chappell et
al. 2008) that examined four R. canescens populations (6 accessions each) with AFLP markers.
Similar to that study, our investigation found a low Gst value, indicating that the proportion of

diversity between populations was low, while the proportion of diversity within populations was
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high. Minimal differentiation between R. canescens populations was also indicated by the low
Fst value. Chappell et al. (2008) suggested that this may be the result of gene flow between
populations due to insect pollination. R. canescens is known to be pollinated by bumblebees,
adrenid bees, butterflies, and hummingbirds. Populations P1 and P2 are geographically close,
whereas accessions of P3 had more diverse origins. Introgression from other species of section
Pentanthera may also have played a role in similarity found between populations.

Genetic markers, including SNPs and cpDNA loci, have been used to examine the
genetic structure of a Japanese evergreen azalea species, R. indicum (Yoichi et al. 2018). SNPs
were identified by multiplexed ISSR genotyping-by-sequencing (MIG-seq). Two genetically
distinct lineages were detected, both of which had DNA introgressed from geographically close
populations of R. kaempferi. MIG-seq was also used to investigate rhododendron plants in a
hybrid zone between two natural varieties of R. japonoheptamerum (Tamaki et al. 2016). SNP
analysis distinguished the varieties and their hybrids and provided the basis for estimating that
hybridization occurred 0.4 million years ago. In our investigation, GBS provided a cost-efficient
means of generating SNP markers for genetic characterization an R. canescens germplasm
collection. The high level of genetic diversity found within this collection indicates that
screening for allelic variation in genes controlling architecture could be a viable approach to

accelerate the breeding of plants with improved form.
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Table 3-1. Genetic diversity statistics of STACKS data

Ho Hs Ht Dst Htp Dstp Fst Fstp Fis Dest

0.1933 0.2452 0.2572 0.0120 0.2631 0.0180 0.0465 0.0682 0.2117 0.0238
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Figure 3-2. Read depth of sequencing data
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Figure 3-3. STRUCTURE analysis. A. Support for 3 optimal clusters based on delta K estimates

from GBS-SNP-CROP data. B. STRUCTURE results with GBS-SNP-CROP data. C.

STRUCTURE results with STACKS data
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Figure 3-4. Principal component analysis. A. PCA with SNP data from STACKS pipeline.
Populations P1, P2, and P3 as defined by STACKS analysis. B. Proportion of variance explained

by principal components
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Supplementary Figure 3-1. Phylogenetic relationships of R. canescens accessions. A weighted

neighbor-joining phylogenetic tree created in DARwin v6.0.
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CHAPTER 4
LONG READ ISOFORM SEQUENCING OF RHODODENDRON CANESCENS
AND DE NOVO ASSEMBLY OF FULL-LENGTH TRANSCRIPTOME TO

IDENTIFY GENES REGULATING PLANT ARCHITECTURE!

1L. K. Yadav, and H. D. Wilde. To be submitted to Tree Genetics & Genomes.
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Abstract

Rhododendron canescens (Michaux) Sweet is a deciduous azalea from the southeastern
United States that is used as an ornamental landscaping plant. The transcriptome of R. canescens
vegetative and reproductive tissues was characterized as part of an investigation into the control
of its architecture. Transcriptome data were obtained by long-read sequencing and analysis using
PacBio Iso-Seq methods. The analysis generated 24,244 full-length isoform sequences, of which
16,825 were annotated. Gene ontology classification grouped these unigenes into three clusters:
cellular component (12,826), molecular function (13,685), and biological processes (13,102). We
identified orthologs of 13 genes that have been shown to control height or branching across
multiple plant species. These included genes for regulatory factors and components of
phytohormone biosynthesis and signaling pathways. Sequence data from R. canescens orthologs
of these architecture genes will enable their genetic variation to be investigated within a large R.
canescens population by exon capture and sequencing. In addition to gene sequence data,
bioinformatic analysis of long read sequences identified 2871 long non-coding RNA (IncRNA)
sequences and13,116 simple sequence repeats (SSRs). This data adds to the genetic resources
available for Rhododendron, which include at least fourteen species with sequenced genomes or
transcriptomes. This information has potential applications in Rhododendron comparative

genomics, evolutionary studies, and molecular breeding.

Key words: azalea, transcriptome, architecture, long non-coding RNA
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Introduction

Rhododendron canescens (Michaux) Sweet is a deciduous azalea and one of over 1000
species of Rhododendron (Chamberlain et al. 1996). It is a diploid species (2n = 26) with a
native range across the southern United States from Texas to North Carolina. R. canescens is
used as an ornamental landscaping plant due to its showy, scented flowers that bloom in early
spring. In addition to its wide adaptability and floral display, it has greater resistance to the
azalea lace bug (Stephanitis pyrioides) than other deciduous azaleas (Wang et al. 1998). The use
of R. canescens in urban settings, however, may be limited by architectural characteristics such
as an open growth habit and height up to five meters. We are interested in identifying genes
involved in determining R. canescens architecture, as the first step towards developing a more
compact phenotype for landscaping.

Significant progress has been made towards understanding the genetic control of plant
stature and form (Wang and Li 2008; Busov et al 2011, Teichmann and Muir 2015, Hill and
Hollender 2019). Our objective was to identify R. canescens orthologs of genes that have been
shown to control height or branching across multiple plant species. Genes that encode
components of phytohormone biosynthesis and signaling pathways, together with regulatory
genes, play a major role in determining plant architecture. For example, the “Green Revolution”
genes GA20 OXIDASE (GA200x) and GA INSENSITIVE (GAl) are involved in gibberellin
biosynthesis and signaling, respectively (Hedden 2002), and they have been found to have
similar roles regulating height in different plant species. The gibberellin biosynthesis gene GA2
OXIDASE (GA20x; Biemelt et al. 2004; Braun et al. 2019) and signaling genes GA-

INSENSITIVE DWARF1 (GID1; Liang et al. 2014, Cantin et al. 2018) and PHOTOPERIOD
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RESPONSIVE1 (PHOR1; Amador et al. 2001; Zawaski et al. 2012) have also been shown to
control plant height.

Deficiencies in the biosynthesis or signaling pathways of the brassinosteroid
phytohormones have been shown to reduce plant stature (Wang and Li 2008). DWARF4 (DWF4)
encodes an enzyme for a rate-limiting step in brassinosteroid biosynthesis and its loss-of-
function results in a dwarf phenotype (Choe et al. 2001; Sakamoto et al. 2006). Mutations in
BRASSINOSTEROID INSENSITIVEL (BRI1), a gene involved in signal transduction, can lead to
dwarfing in dicots and monocots (Yamamuro et al. 2000; Clouse 2002). Alternatively, plant
stature can be modified by changes in genes that regulate shoot meristem determination,
including TERMINAL FLOWER 1 (TFL1), FLOWERING LOCUS T (FT), and FLOWERING
LOCUS C (FLC) (Schiessl et al. 2014; Moraes et al. 2019).

Branching patterns are another major component of plant architecture. Axillary bud
development is inhibited by a transcription factor encoded by BRANCHED1 (BRC1), mutations
of which can alter branch density (Teichmann and Muhr 2015). The phytohormone strigolactone
(SL) plays a major role in the control of branching in dicots and monocots (Gomez-Roldan et al.
2008; Umehara et al. 2008). Plant architecture is altered by variants of SL biosynthesis genes
MORE AXILLARY BRANCHING1 (MAX1), MAX3, and MAX4 and the SL signaling gene MAX2
(Teichmann and Muhr 2015). Sequence data from R. canescens orthologs of these architecture
genes would enable their genetic variation to be investigated within a large R. canescens
population by exon capture and sequencing (e.g. Schiessl et al. 2014; Kim and Tai 2019).

Genetic and genomic resources for Rhododendron species have increased significantly
since the publication of the draft genome of R. delavayi (Zhang et al. 2017). Sequencing and

analysis of the genomes of R. williamsianum and R. simsii have identified two whole-genome
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duplications that are shared with other members of the Ericaceae (Sosa et al. 2019; Yang et al.
2020). These are the only genomes in the genus that have been sequenced to date, due in part to
the genome size of diploid Rhododendron species, which have an estimated 2C value of 1.2-1.9
pg (Jones et al. 2007). Transcriptomes, however, have been sequenced from ten Rhododendron
species representing the subgenera Pentathera, Tsutsusi, Hymenanthes, Rhododendron, and
Azaleastrum. These studies involved the characterization of gene expression across the whole
plant (Xing et al. 2017; Cheng et al. 2018; Jia et al. 2020), as well as more focused research to
identify molecular markers (Zhang et al. 2017; Xing et al. 2017; Choudhary et al. 2018; Li et al.
2018) and genes expressed during heat stress (Fang et al. 2017; Zhao et al. 2018), drought stress
(Wang et al. 2020), flower development (Wang et al. 2018), flower color (Xiao et al. 2018), and
secondary metabolism (Zhao and Zhu 2020).

Molecular studies of R. canescens to date have used genetic markers to examine
relationships within the subgenus Pentathera (Kron et al. 1993; Scheiber et al. 2000; Kurashige
et al. 2001) and genetic diversity within R. canescens populations (Chappell et al. 2008; Yadav
et al. 2019). We have expanded the genetic resources for R. canescens by sequencing the
transcriptome of vegetative (leaf, internode, terminal and lateral bud) and reproductive (flower,
fruit) tissues. PacBio single-molecule real-time (SMRT) sequencing and analysis was used to
assemble the full-length transcriptome without a reference genome. The R. canescens
transcriptome was characterized and putative orthologs of 13 of the 15 targeted genes were
identified. In addition to gene sequence data, bioinformatic analysis of long read sequences
generated other genomic resources including simple sequence repeat (SSR) and long non-coding

RNA (IncRNA) sequences.
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Materials and Methods

Collection of tissue samples and RNA extraction

Young leaves, mature leaves, internodes, terminal buds, axillary buds, flowers, and
siliques were collected from a single R. canescens plant located in Athens, Georgia (33.95° N,
83.36° W). Plant tissues were flash frozen in liquid nitrogen and stored in -80°C for future
analysis. Total RNA was isolated from the six tissues individually using the CTAB
(cetyltrimethyl ammonium bromide) extraction procedure of Vashisth et al. (2011). After
treatment with RNase-free DNase (New England Biolabs Inc.), the quantity and quality of the
RNA was determined using a NanoDrop 8000 (Thermo Scientific, Rockford, IL). RNA from the
different tissues was pooled in equal quantity in a 50 pl volume. The RIN (RNA Integrity
Number) and concentration of the pooled RNA sample were determined with an Agilent 2100
Bioanalyzer.
cDNA library preparation and PacBio sequencing

cDNA synthesis and isoform sequencing (IsoSeq) were conducted at the Georgia
Genomic Bioinformatics Core facility in Athens, Georgia. The SMARTer PCR cDNA Synthesis
kit (Clontech) was used to generate full-length cDNA and add adapters (Gonzalez-Garay 2016).
The cDNA transcripts were divided into four groups based on size: 1-2 Kb, 2-3 Kb, 3-6 Kb, and
6-10 Kb. Each group was PCR-amplified using KAPA HiFi DNA polymerase (Roche) following
the manufacturer’s protocol. After PCR, the cDNA was circularized using PacBio reagents and
sequenced on a PacBio Sequel 11 platform.
Iso-Seq data polish and full length iso-form identification

Reads were extracted with the read of inserts (ROI) component of the RS IsoSeq protocol

(SMRT Analysis 3.0). Full-length and non-full length reads were distinguished and only the full-

39



length, non-chimeric reads were used in downstream analysis. The full-length reads were
clustered using the isoform-level clustering (ICE) and the clustered reads were further processed
into high and low quality polished reads. Both high and low quality polished reads were merged
and used in ‘cd-hit-est’ from the Cd-HITv4.6 package with the following parameters: -c 0.99 -G
0 —-aL 0.00 -aS 0.99 -AS 30 -M 0 —d 0 — (Li & Godzik, 2006). Non-redundant transcripts were
then analyzed using the COding GENome reconstruction Tool (Cogent v6.0,

https://github.com/Magdoll/Cogent). Cogent utilizes K-mer values of the transcripts to calculate

pairwise distances and cluster the transcripts using similarity. These clusters were further
dissolved into one or multiple unique transcripts. The error-corrected non-redundant transcripts
from cd-hit were used by Cogent to partition the iso-forms into gene families and provide
additional filtering to increase the quality of the transcript sequences.
Iso-forms functional annotation

Non-redundant isoforms were subjected to BLASTX against the NR database (Altschul
et al., 1997). All the six reading frames were blasted against the protein database to identify
orthologues in other plants. The significant threshold set for a BLAST hit was E-value < 1e-5.
The results from BLASTX were annotated using BLAST2GO v5.0 (Conesa et al., 2005) and
were further used for GO term identification. The isoforms were clustered into three classes,
namely: molecular function, cellular component and biological processes (Gotz et al., 2008). The

GO terms identified were classified using WEGO software (http://wego.genomics.org.cn/cgi-

bin/wego/index.pl). The assembled unigenes were further annotated using KEGG pathways

platform KEGG Automatic Annotation Server (KAAS) (http://www.genome.jp/tools/kaas/)

(Moriya et al., 2007). The Bi-directional Best Hit (BBH) method was used to obtain KEGG

Orthology (KO) assignment.
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Identification of target genes, INCRNA, and SSR markers

Transcriptome data were used to query the NCBI database to identify putative
architectural genes based on amino acid similarity. The isoforms annotation was done and, based
on the annotation results, isoforms were filtered to retain sequences related to genes regulating
plant architecture. Based on our filtered results, fifteen genes were targeted: GA200x, GA20x,
GAl, GID1c, PHOR1, DWF4, BRI1, TFL1, FT, FLC, BRC1, MAX1, MAX2, MAX3 and MAXA4.
The unigene sequences of the selected genes were converted into amino acid sequences and

analyzed using the ORFfinder program of NCBI (https://www.ncbi.nlm.nih.gov/orffinder/). The

protein sequence was further analyzed for its structure and compared to known domains of the

gene of interest using the SMART mode (http://smart.emblheidelbergde/index2.cqgi). These

analyses helped us to narrow down transcriptome sequences to be used for Capture-Seq.
LncRNAs were detected using CNIT software (Guo et al., 2019; Sun et al., 2013) and PLEK VM
software (Li et al., 2014). CNIT identifies IncCRNA using sequence similarity of protein database
from plants including rice, arabidopsis, and soybean. PLEK uses the k-mer value of the sequence
and predicts INcRNA. PLEK is more sensitive then CNIT in IncRNA identification. Simple
Sequence Repeat (SSR) loci were identified using MISA software (http://pgrc.ipk-
gatersleben.de/misa/; version: 1.0) (Beier et al. 2017). The parameters set to identify SSRs were
as follows: di-nucleotide repeats of more than 6 repeats, tri-nucleotide, tetra-nucleotide, penta-

nucleotide and hexa-nucleotide of more than 5 repeats.
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Results

R. canescens transcriptome analysis using PacBio Iso-seq

The full-length transcriptome of six R. canescens tissues was sequenced using PacBio
Iso-seq, yielding 16 Gb of data. The raw data were deposited in the NCBI database and can be
accessed in the BioSample accession SAMN17098567. The SMRT Iso-Seq pipeline was used to
analyze the raw data, producing 47,289 high quality (HQ) and 519 low quality (LQ) transcript
sequences (Fig. 4-1). The total length of these sequences was 65,500,237 bp, with a mean length
of 1386 bp and an N50 length of 1746 bp (Table 4-1). Although PacBio yields longer sequence,
it has a higher error rate and does not account for redundant sequences. Therefore, Cogent and
Cd-hit were employed to polish and collapse the HQ transcript sequences. A total of 24,244
unigenes were obtained with a total length of 36,290,184 bp and a mean length of 1497 bp and
N50 of 1851 bp. The length distribution of unigenes is shown in Fig. 4-2. The results
demonstrate that PacBio Iso-Seq is an efficient way to generate a high-quality, full-length
transcriptome for a species without a reference genome.
Functional annotation and classification

The unigenes were aligned to public gene and protein databases. The isoforms were
compared to the NR database with BLASTX (E-value < 1e —5), which identified 22,580
unigenes. With blast2go, 16,825 genes were annotated and 39,613 GO terms were assigned (Fig.
4-3). The GO term annotations were further classified into three categories: biological processes
(13,102), molecular function (13,685), and cellular components (12,826). Cellular and metabolic
processes were the most abundant sub-categories in biological processes. Within molecular
functions, catalyzing and binding activity were the major sub-categories. Cell and cell parts were

the major sub-categories identified by GO terms in the cellular component.
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KEGG pathway analysis was conducted as an alternative approach to identify unigenes.
The unigenes were annotated using KAAS and categorized into different functional groups based
on their Enzyme Commission (EC) numbers (Fig. 4-4). A total of 3,666 unigenes were annotated
using this method. Forty-two percent of the annotated sequences (1466 unigenes) belonged to the
Metabolism category, with Carbohydrate (314 unigenes) and Amino acid metabolism (267
unigenes) being major sub-groups. Signal transduction (404 unigenes) and Translation (336
unigenes) were the largest sub-groups overall. The percentage of unigenes in other categories
were Genetic Information Processing (23%), Environmental Information Processing (12%),
Cellular Processes (14%), and Organismal Systems (8%).
SSR Discovery

The unigenes were mined for SSRs using MISA software and 13,116 SSRs were
identified (Table 4-2). The most common repeats were di-nucleotide (80%) and tri-nucleotide
(19%) motifs. Tetra-nucleotide (0.81%), penta-nucleotide (0.30%), and hexa-nucleotide (0.34%)
repeats were also found, as well as other SSRs in a very low number. The di-nucleotide AG/CT
was the motif found at the highest frequency (73.6 %), followed by the tri-nucleotide AAG/CCT
at 4.7 % (Fig. 4-5).
LncRNA identification in full-length transcriptome

LncRNA is a type of RNA of more than 200 bp that is not translated into protein. The
unigenes identified by PacBio 1so-Seq were subjected to CNIT and PLEK, which are sequence-
based and k-mer-based identification tools, respectively. CNIT identified 2871 IncRNAs (Fig. 4-
6) and PLEK identified 11,084 IncRNAs (Fig. 4-7). Most of the sequences identified by CNIT
and PLEK were between 200-700 bp and 500-1400 bp, respectively. The difference between the

two outcomes is due to the methodology of the two programs. CNIT uses sequence comparison
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to genomes such as rice, arabidopsis, and soybean, whereas PLEK uses the K-mer value of the
sequence and predicts INCRNA. These results are consistent with the annotation results by
blast2go. While most of the identified INcRNA have unknown function, some of them are
annotated, but need further characterization.

Genes associated with Plant Architecture and Branching

Plant height and branching are quantitative traits regulated by number of genes. We selected 15
target genes that play a role in shaping plant architecture across multiple species. BLASTX
comparison of the R. canescens 1s0-Seq database with the NCBI database identified 237
potential transcripts from 13 of the 15 targeted genes. Multiple unigenes were found for each of
the following target genes: GA20x, GAI, GID1c, PHOR1, FLC, DWF4, BRI1, BRC1, MAX2,
MAX3 and MAX4 (Table 4-3). One unigene each was identified for GA20o0x and TFL1 and no
unigenes were found for FT or MAX1. The open reading frames and amino acid sequence of
these transcripts were determined. The degree of sequence similarity of these genes was above
90% at the protein level compared to the ORF sequences of unigenes. Furthermore, SMART
analysis showed that the protein domains and structure of these unigenes were similar to the

known orthologs of these genes.

Discussion
Through long-read sequencing and analysis using PacBio 1so-Seq methods, we developed
a R. canescens transcriptome database with annotation. This analysis generated 24,244 full-
length isoform sequences, of which 16,825 were annotated. This information adds to the genetic
resources available for Rhododendron, which includes at least fourteen species with sequenced

genomes or transcriptomes. The R. lapponicum transcriptome (roots, stems, leaves, flower) was
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also analyzed by PacBio Iso-Seq (Jia et al. 2020), while the other Rhododendron transcriptomes
were shot-gun sequenced on Illumina platforms. Errors in assembly of R. canescens and R.
lapponicum transcripts were minimized by the long-read sequencing of full-length transcripts. In
the R. lapponicum study, of the 75,002 isoform sequences obtained, 71,386 were annotated. The
difference in the number of transcripts identified in R. canescens and R. lapponicum is likely due
to the inclusion of root tissue in the R. lapponicum study, as well as different transcript filtering
stringencies. In the sequenced genomes of R. williamsianum and R. simsii, there were 23,559 and
34,170 genes predicted, respectively (Sosa et al. 2019; Yang et al. 2020).

The full-length sequence of transcripts facilitated their annotation in the absence of
reference genome. Transcriptome data from six R. canescens tissues (leaves, internodes, terminal
buds, axillary buds, flowers, siliques) were analyzed by BLASTX and Blast2GO. Blast2GO
identified 39,613 GO terms in the R. canescens database, which is approximately the same
number of GO terms (33,653) assigned in the R. lapponicum transcriptome study (Jia et al.
2020). There were a number of R. canescens isoforms (5755) that could not be annotated,
potentially indicating genes that are unique to R. canescens. The characterization of the R.
canescens transcriptome enabled the identification of 13 of our target genes.

Transcriptome studies of Rhododendron species have led to a better understanding of the
genetic control of flower color and development (Xiao et al. 2018; Wang et al. 2018), secondary
metabolism (Zhao and Zhu 2020), and abiotic stress response (Fang et al. 2017; Zhao et al. 2018;
Wang et al. 2020). The R. canescens study presented here is the first to focus on genes involved
in the control of plant height and branching patterns. We identified 237 transcripts for specific
regulatory proteins, phytohormone biosynthesis enzymes, and signal transduction proteins. The

number of transcripts per gene ranged from one for TFL1 to 78 transcripts for PHOR1. BLASTP
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analysis revealed that the sequences had high similarity (E-value < 1le-111) to orthologs of
several plant species in NCBI database. The identity of the transcript sequences was further
confirmed at the protein domain level using ORF and SMART analysis.

R. canescens-specific sequence information is needed to examine variation in architecture
genes within a large R. canescens population (216 genotypes). R. canescens transcript data
enables the design of tiled RNA probes to capture exons of these genes for sequencing and
analysis. A similar capture/sequence strategy identified variation in orthologs of 29 regulatory
flowering-time genes among four diverse Brassica napus accessions (Schiessl et al. 2014). The
Brassica study detected non-synonymous SNPs, copy number variation, and presence-absence
variation in the target genes. More recently, a mutation underlying a rice wax mutant was
identified through capture/sequence analysis of exons from 321 genes in 12 rice genotypes (Kim
and Tai 2019).

In addition to the characterization of protein-encoding transcripts, the analysis of the R.
canescens transcriptome identified SSRs and INcRNAs. SSRs are polymorphic loci of 1-6 bp
DNA repeats that are used as molecular markers in applications such as population genetics,
genetic mapping and genome-wide association studies ((Bruni et al., 2012; Varshney et al.,
2005). Analysis of R. canescens transcripts found 13,116 genic SSRs, with the di-nucleotide
motif AG/TC being the most prevalent (74%). Previous transcriptome analyses have identified
genic SSRs in R. latoucheae, R. rex, R. molle, R. longipedicellatum, R. arboretum, R. hybridum,
and R. lapponicum (Xing et al. 2017, Zhang et al. 2017, Xiao et al. 2018, Li et al. 2018,
Choudhary et al. 2018, Cheng et al. 2018, Zhao and Zhu 2020, Jia et al. 2020). Genic SSR
markers have been found that are transferable from one Rhododendron species to others in

different subgenera (Zhang et al. 2017; Xing et al. 2017; Li et al. 2018).
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LncRNAs have been found to regulate transcription patterns and protein activity at the
transcriptional, post-transcriptional, and epigenetic levels (Wu et al. 2020, Sanchita et al. 2020).
Sequence similarity and k-mer techniques were used to identify IncCRNA in the R. canescens
transcriptome. A sequence similarity screen using CNIT software ((Guo et al., 2019; Sun et al.,
2013) detected 2871 IncRNA. In contrast, the k-mer based technique PLEK found a much larger
number of INcRNA (11,084). Within other Rhododendron species, InCcRNAs were identified in a
screen of the R. lapponicum transcriptome, which found 2,011 IncRNAs (Jia et al. 2020). This
suggests that the number of R. canescens INcRNAs detected by sequence similarity may be more
accurate. LncRNA is a relatively new field of study in plant genomics and the availability of
these sequences could be useful in the characterization of their role in Rhododendron.

In conclusion, we have expanded the genetic resources for R. canescens to include a full-
length transcriptome, gene annotation, SSR information, and a list of potential INCRNAs. This
data has potential applications in Rhododendron comparative genomics, evolutionary studies,
and molecular breeding. For R. canescens, it enabled the identification of orthologs of genes

involved in determining plant architecture.

Data Archiving Statement: All sequence data supporting this work are available in the NCBI

SRA database under the project ID: PRINA685847
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Table 4-1. Metrics of assembled transcripts and unigenes

Nucleotide Properties Transcripts Unigenes
Number of Sequences 47,289 24,244

Largest Sequence 7,713 7713

Shortest Sequence 53 81

No. of Sequences > 500 nt 41,574 (87.9%) 22,078 (91.1%)

No. of Sequences > 1000 nt

30,301 (64.1%)

16,752 (69.1%)

Mean Sequence Size 1,385 1,497
N50 Length 1,746 1,851
Sequence %A 26.80 26.97
Sequence %T 28.05 28.12
Sequence %G 24.08 23.76
Sequence %C 21.07 21.16
Total Nucleotides 65,500,237 36,290,184
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Table 4-2. Composition of SSRs identified through MISA

Repeats 5 6 7 8 9 10 11 12 13 14 15 16 17 18 >18 Total %

Di- - 1794 1313 1145 976 790 655 545 502 420 415 380 302 297 922 10456 79.72
Tri- 1364 600 241 115 57 29 19 14 8 9 5 1 - 3 3 2468 18.82
Teta- 82 16 3 5 1 - - - - - - - - - - 107 082
Penta- 31 7 2 - - - = - = - - - - - - 40 030
Hexa- 35 4 6 - - - - - - - - - - - - 45 0.34
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Table 4-3. Identification of R. canescens architecture genes

Target Unigenes Length? Conserved brotein domain® BLASTp: greatest similarity
gene identified (nt) P E-value GenBank accession (species)
GA200x 1 1606  gibberellin 20 oxidase 2 0 PSR93386.1 [Actinidia chinensit
1324 gibberellin 2-beta- 0 NP_001313008.1 [Nicotiana
GA20x 5 .
dioxygenase 2 tabacum]
GAI 93 3048 GRAS family TF 0 52310(:;{()2]4632.1 [Theobroma
3003  alpha/beta-hydrolases 0 EOY30167.1 [Theobroma
GIDl1c 48 X
superfamily cacao]
PHORL 78 6557 RINQ/U-box superfamily 0 EOY34643.1 [Theobroma
protein cacao]
DWF4 5 2414 cytochrome P450 78A5 0 E;Z()l]%%i [Theobroma
4442  serine/threonine-protein 0 PSR85447.1 [Actinidia
BRI1 9 . .
phosphatase chinensis]
TEL1 1 914 PEBP family protein 2.53e- ART91289.1 [Vaccinium
111 corymbosum]
FT 0 - - - -
FLC 26 1128  K-box region/MADS-box TF  6.04e-157 XP_027096723.1 [Coffea arabic
BRC1 39 2297  TCP family TF 0 GA_\/6384_18.1 [Cephalotus
follicularis]
MAX1 0 - - - -
MAX2 17 4129  F-box/LRR-repeat protein 0 PSR936_22.1 [Actinidia
chinensis]
2152  carotenoid oxygenase family 0 APO15143.1[Camellia
MAX . -
3/4 8 sinensis]

#ongest unigene with lowest E-value

PSMART Domain Analysis
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Figure 4-1. Size distribution of Iso-Seq transcripts. Sequence length in base pairs
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CHAPTER 5
IDENTIFICATION AND BIOINFORMATIC CHARACTERIZATION OF NATURAL

VARIANTS IN ARCHITECTURE GENES OF RHODODENDRON CANESCENS!

1L. K. Yadav, and H. D. Wilde. To be submitted to Tree Genetics & Genomes.
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Abstract

Piedmont azalea (Rhododendron canescens) is the most common native azalea in the
southeast US, ranging from Texas to North Carolina. It is of interest as a landscaping plant
because of its adaptability, lace bug resistance, and early flowering. The use of R. canescens in
urban settings, however, may be limited by architectural characteristics such as an open growth
habit and height up to five meters. The goal of this project was to determine whether genetic
variation can be identified for the development of a more compact phenotype. Sequence data
from R. canescens orthologs of 13 architecture genes were investigated for genetic variation
within a large R. canescens population (216 genotypes) by exon capture and sequencing. The
216 genotypes also included one suspected dwarf genotype. Variants were called on these genes
using Iso-seq database as a reference. We were able to identify 69 high-quality SNPs in 7 plant
architecture related genes namely: BRC1, BRI1, Max2, G1D1c, PHOR1, GAl and FLC. The SNP
dataset had nucleotide diversity (xr) ranging from 0.0002 to 0.2. Tajima’s D value ranged from
4.2 to -0.2, indicating low levels of both low and high-frequency polymorphisms. The impact of
the SNPs on protein function was examined using sequence- and structure-based models and 12
missense mutations were identified as deleterious. The 216 genotypes were then geographically
divided into three groups based on our previous GBS study. Further, the discriminant analysis of
216 genotypes was able to separate the dwarf genotype from the other 215 genotypes. Based on
the SNPs, we found some genotypes similar to the dwarf for the PHOR1 and FLC genes. The
biggest separation was seen for MAX2 gene, for which the dwarf genotype was clearly separated
from all three clusters. The MAX2 gene regulates growth and branching, and the variants
identified here might be responsible for dwarfing of this genotype, but further functional analysis

is warranted. The mutations “F268S”, “P203L” and “P203L” in the MAX2 gene are supported by
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both sequence and structure-based approaches to have deleterious effects. The identification of
R. canescens accessions with architecture gene mutations can be used to choose potential parents

for breeding more compact plants.

Keywords: plant architecture, exon capture, dwarf, 1so-seq, Tajima’s D, compact phenotype.
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Introduction

Azaleas are diverse ornamental species that are known for their cultural and economic
importance around the world. Rhododendron canescens (Piedmont Azalea) is a deciduous
diploid (2n = 26) that is native to the southeastern USA. R. canescens is less popular as a
landscaping plant than exotic azalea cultivars that, among other things, have a more compact
phenotype. Breeding and development of landscaping plants has been mainly focused on exotic
species; hence native azaleas are lagging behind. The development of new azalea cultivars has
been carried out by classical breeding approaches that involve long timelines. Molecular
breeding provides an opportunity to accelerate the production of native azalea cultivars by
identifying genotypes with novel alleles in genes for traits such as height and branching patterns.

Significant progress has been made towards understanding the genetic control of plant
stature and form (Busov et al., 2008; Hill Jr & Hollender, 2019; Teichmann & Muhr, 2015;
Wang & Li, 2008). Our objective was to identify R. canescens orthologs of genes that have been
shown to control height or branching across multiple plant species. Genes that encode
components of phytohormone biosynthesis and signaling pathways, together with regulatory
genes, play a major role in determining plant architecture. For example, the “Green Revolution”
genes GA20 OXIDASE (GA200x) and GA INSENSITIVE (GAl) are involved in gibberellin
biosynthesis and signaling, respectively (Hedden et al., 2002), and they have been found to have
similar roles regulating height in different plant species. The gibberellin biosynthesis gene GA2
OXIDASE (GA20x) (Biemelt et al., 2004; Braun et al., 2019) and signaling genes GA-
INSENSITIVE DWARF1 (GID1) (Cantin et al., 2018a; Liang et al., 2014) and PHOTOPERIOD
RESPONSIVEL1 (PHOR1) (Amador et al., 2001; Zawaski et al., 2012) have also been shown to

independently control plant height.
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Deficiencies in the biosynthesis or signaling pathways of the brassinosteroid
phytohormones have been shown to reduce plant stature (Wang & Li, 2008). DWARF4 (DWF4)
encodes an enzyme for a rate-limiting step in brassinosteroid biosynthesis and its loss-of-
function results in a dwarf phenotype (Choe et al., 2001; Sakamoto et al., 2006). Mutations in
BRASSINOSTEROID INSENSITIVEL (BRI1), a gene involved in signal transduction, can lead to
dwarfing in dicots and monocots (Clouse, 2002; Yamamuro et al., 2000). Alternatively, plant
stature can be modified by changes in genes that regulate shoot meristem determination,
including TERMINAL FLOWER 1 (TFL1), FLOWERING LOCUS T (FT), and FLOWERING
LOCUS C (FLC) (Moraes et al., 2019; Schiessl et al., 2014). Branching patterns are another
major component of plant architecture. Axillary bud development is inhibited by a transcription
factor encoded by BRANCHED1 (BRC1), mutations of which can alter branch density
(Teichmann & Muhr, 2015). The phytohormone strigolactone (SL) plays a major role in the
control of branching in dicots and monocots (Gomez-Roldan et al., 2008; Umehara et al., 2008).
Plant architecture is altered by variants of SL biosynthesis genes MORE AXILLARY
BRANCHING1 (MAX1), MAX3, and MAX4 and the SL signaling gene MAX2 (Hedden et al.,
2002; Teichmann & Mubhr, 2015).

Next generation sequencing-based approaches enable the large-scale screening of
populations for rare functional variants in specific genes. For example, ECOTILLING-by
sequencing of 768 Populus nigra accessions identified non-synonymous single nucleotide
polymorphisms (nsSNPs) in five lignin biosynthesis genes (Marroni et al., 2011). A natural
mutation in HCT1 (hydroxycinnamoyl-CoA:shikimate hydroxycinnamoyl transferasel) was
subsequently used for the breeding of poplars with altered lignin composition (Vanholme et al.,

2013). Exon capture and sequencing (Capture-Seq) is an alternative approach for high-
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throughput discovery of variation in target genes. Whereas EcCoTILLING-by-sequencing uses
PCR products from target genes, Capture-Seq examines genomic DNA fragments that bind to
specific RNA probes. Capture-Seq was used, for example, to screen for nsSSNPs in 29 regulatory
flowering-time genes of diverse Brassica napus accessions (Schiessl et al., 2014). We
investigated Capture-Seq as a means to find variation in genes involved in the control of the
architecture of R. canescens.

To design RNA probes for Capture-Seq, sequence data from R. canescens orthologs of
these architecture genes was needed. Because the R. canescens genome (2C=1.7 pg;(Jones et al.,
2007) has not been sequenced, we obtained this information by sequencing the transcriptome
(Chapter 3). We have also used genotyping-by-sequencing to examine the genetic diversity and
population structure of R. canescens genotypes collected across Georgia (Yadav et al., 2019).
This study distinguished three subpopulations based on their SNP profiles.

SNPs identified by Capture-Seq in R. canescens architecture genes can affect protein
function if they are located in coding regions and result in an amino acid change. The number of
nsSNPs (non-synonymous) present in a population is low compared to synonymous SNPs. It is
therefore critical to identify these SNPs in genes regulating economically important traits. A
small subset of these nsSNPs are deleterious and only 20-30% of these substitutions cause a
changes in function (Ng & Henikoff, 2006). Therefore, identified SNPs must be filtered for
neutral SNPs. The nsSNPs create loss of function of the protein, either by changing the active
residue (sequence-based) or by destabilizing the structure of the protein (structure-based)
(Bromberg & Rost, 2009). Structural changes of nsSNPs can be evaluated by calculating Gibbs
unfolding free energy difference between the wild type and mutant protein, i.e., 44G =

AGwildtype — AGmutant (Compiani & Capriotti, 2013). Sequence based methods are less
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accurate then structural based methods but are better at providing functional disruption and
evolutionary information (Fariselli et al., 2015).

To our knowledge, this study is the first use of targeted capture sequencing in a woody
ornamental species to access genetic variation. Here, we present an exome capture study for R.
canescens. Thirteen genes regulating plant architecture were selected for probe design and
hybridization. The genic database was created by Isoform sequencing of R. canescens through
long read sequencing. We detected the SNPs present in the exons of these genes and further
classified them based on their ability to disrupt protein function. We were able to study the
genetic diversity present in the wild population of R. canescens and compare it to a suspected
naturally existing dwarf. Furthermore, we were able to establish the usefulness of targeted
capture sequencing technology for studying natural variants in woody ornamentals. The
availability of this NGS resource and nsSNPs information will help design breeding pipelines to
develop a compact R. canescens cultivar. Hence, the objective of this study was: 1) to access the
genetic polymorphism present in plant architecture genes of Piedmont azalea genotypes; and 2)

to identify genetic variants associated with disruption of protein structure and function.

Materials and Methods
Plant Material and DNA Extraction
Young leaf samples were collected from 216 R. canescens genotypes for the capture
sequencing study. R. canescens samples were collected from 14 counties in Georgia namely:
Lamar, Jasper Douglas, Oglethorpe, Morgan, Carrol, Cobb, Oconee, Clarke, Madison, Spalding,
Fulton, Dawson and Cook. Some samples were obtained from Callaway Gardens and private

collectors. The suspected dwarf genotype sample was from Santa Rosa County, Florida. All the
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plant tissues collected were frozen in liquid nitrogen and stored at -80°C. DNA extraction was
performed on frozen tissue using the OMEGA E.Z.N.A. HP Plant DNA Kit following the
manufacturer’s protocol. DNA quality was checked in a NanoDrop spectrophotometer, and a
260/280 ratio of 1.8-2.0 with a minimum concentration of 50 ng/ul were applied as cutoffs for
acceptable extractions. The extracted DNA (minimum quantity: 1000 ng) was sent to RAPiD
Genomics (Gainesville, FL) for capture sequencing.
Probe design and Capture-Seq

Orthologs of 11 genes (GA200x, GA20x, GAI, GID1c, PHOR1, DWF4, BRI1, FLC,
BRC1, MAX2, MAX4) were identified from a transcriptome assembly developed from young
leaves, mature leaves, internodes, terminal buds, axillary buds, flowers, and siliques of a single
R. canescens plant. RNA probes of approximately 120 bases were designed by RAPiD Genomics
to complement the coding regions of the target genes. Probe coverage of exonic regions was over
96% for all target genes, except for RcFLC, which was 86% covered. DNA libraries from the
216 R. canescens genomic samples were constructed by RAPID Genomics. Capture-Seq was
carried out by hybridizing DNA libraries with biotinylated probes and the DNA-probe hybrids
were isolated by binding to magnetic streptavidin-coated beads. The captured DNA fragments
were then eluted from the beads and sequenced with an Illumina HiSeq 2000 DNA analyzer.
Variant Calling

The dataset generated by capture sequencing is pair-end sequencing library. These
samples are 2 x 250 nt paired-end libraries. The sequenced Illumina data was filtered and
demultiplexed using Trimmomatic (Bolger et al., 2014) program. The FASTA sequences were
trimmed and then split into their respective groups of pair end using this program. The next step

was to align these filtered reads. The pair-end sequences were matched with their corresponding
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pairs. The sequences which lost their partners during the filtering step were treated as single-end
reads. Once grouping the sequences was completed, these sequences were aligned to the
sequences used to design the probes. BWA-MEM v0.7.17 (Li, 2013) was used to align these raw
reads. SAMtools v.1.8 (H. Li et al., 2009) was deployed for sorting of the BAM files. All
mapping results were subjected to variant calling via BCFtools (Danecek et al., 2016). The
variants generated were further filtered with VCFtools using default settings. Variants with more
than 30% missing data were excluded from the study.
Genetic Diversity Analysis and Discriminant analysis of principal components (DAPC)

Variant data was used to study the genetic diversity and relationship between the
genotypes. The nucleotide diversity (n) and heterozygosity were estimated using VCFtools
(Danecek et al., 2011). The normalized measure of the difference between the observed and
expected nucleotide diversity, known as Tajima’s D, was also computed in VCFtools. Next, the
population cluster based on STRUCTURE (Pritchard et al., 2010) was used perform DAPC
analysis on the SNP dataset. DAPC was performed on each gene for 216 genotypes. Three
eigenvalues were retained for each DAPC analysis. The DAPC analysis was done in R using
Tydalverse (Wickham et al., 2019) and Adegenet (Jombart, 2008b; Jombart & Ahmed, 2011)
packages.
Effect of Mutation on Protein

SNPs identified by variant analysis leading to non-synonymous amino acid substitution
were further analyzed in two ways. Firstly, sequence-based analysis was done to evaluate the
effect of substitution on protein function. The effect of mutations was evaluated using the
computational tools PROVEAN (Choi & Chan, 2015), SIFT (Ng & Henikoff, 2003), PredictSNP

(Bendl et al., 2014), Polyphen-2 (Adzhubei et al., 2010), Panther (Thomas et al., 2003), MutPred
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(B. Li et al., 2009) and MUpro (Cheng et al., 2006) using default parameters (Table 5-1). Based
on the majority of the results predicted by these programs, mutation effect was determined.
Secondly, protein structure was analyzed for its stability using Folding Energy Analysis.
Gibbs free energy of unfolding (AAG) between wild type and variant proteins, using structure
information helped to determine its stability. It can be calculated using the following equation:
AAGstability = [G(folded:WT)—G(folded:AAS)] (Teng et al., 2010). Stabilizing mutants were
classified in the range: -0.5 < AAG > 0.5. Any mutation with a AAG value beyond this range was
considered unstable. INPS-MD (Savojardo et al., 2016) and I-MUTANT (Capriotti et al., 2005)

were used to predict AAG value for protein structures.

Results

Variant Analysis and Nucleotide Diversity

R. canescens orthologs were identified in the Iso-seq transcriptome database for 10 of the
13 architecture-related genes. Orthologs of TFL1, Max1, and Max3 were not found, perhaps
because they were not expressed at sufficient levels in the tissues or time points sampled. Probes
for the remaining ten genes captured corresponding DNA fragments from 216 R. canescens
genotypes. Sequence capture was used to characterize genetic variation in the exon regions.
Illumina sequencing generated short sequence reads that were then aligned to Iso-seq database
and variants were called. Out of the 10 genes, we were successfully able to call variants in 7
genes. Variants that were genotyped in 50% of individuals, a minimum quality score of 30, and a
minor allele count of 3 were kept for further analysis. Minor allele frequency (MAF) ranged
from 0.05 to 0.50, with a mean of 0.4 (Figure 5-1). In total, we were able to identify 69 high

quality SNPs in 7 plant architecture related genes, namely: BRC1, BRI1, Max2, G1D1c, PHOR1,
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GAl and FLC. Single-nucleotide polymorphisms were considerably more frequent than indels.
We estimated the nucleotide diversity (n) of the data set and the diversity ranged from 0.0002 to
0.2 (Table 5-2). BRI1 gene had the highest nucleotide diversity at 0.2. Next, we estimated
statistical test for neutrality (Tajima’s D test) on the variants. Tajima’s D estimates the
normalized measure of the difference between the observed (n) and expected (0) nucleotide
diversity. The result showed significant variation from neutrality, with most values being
positive. Tajima’s D value ranged from 4.2 to -0.2. The fact that the majority of the values were
positive indicated low levels of both low and high-frequency polymorphisms. We also calculated
the ratio of non-synonymous to synonymous nucleotide diversity of SNPs. For the BRC1 and
G1D1c genes, no synonymous SNPs were identified. Hence, we could not calculate a ratio of
non-synonymous to synonymous nucleotide diversity for them.
Amino Acid Substitution and Protein Stability Analysis

Analysis of the SNPs was done on the exon regions of the seven genes. We successfully
identified 69 SNPs in 216 genotypes. Most of the SNPs resulted in synonymous substitutions. Of
the nsSNPs, a large percentage had a neutral effect on protein function and structure. The effect
of amino acid substitution was analyzed by approaches based on either protein sequence or
structure (Table 5-3). Sequence-based analysis compared our sequence to protein databases to
predict the effect of amino acid substitution. The consequence of substitution was assessed by
the software programs PROVEAN, MuPro, MuPred and PredictSNP, using a combination of
tools including SIFT, Polyphen and Panther. The structure based approach utilizes Gibbs free
energy (AAG) to determine protein stability. The range of DDG values for a Neutral mutation
classification is: -0.5=<DDG=<0.5. Any value outside this range makes the protein structure

unstable and may create loss of function for the protein sequence.
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For the RcGAI gene we identified a “R218K” substitution which is predicted to have a
neutral effect but seems to have a structural stability issue, as the AAG value was -1.22. The two
mutations identified for RcG1D1c gene have deleterious effects and this is further supported by
stability analysis. In the RcBRC1 gene, all the mutations had neutral effects and the RcBRI1 gene
mutations were predicted to have deleterious effects. The two genes (RcFLC and RcMAX2) that
had interesting results for DPCA analysis had a majority of deleterious effects. We identified 8
deleterious mutations in these genes which might be responsible for dwarfing of the genotype
(Table 5-2). The mutations “F268S”, “P203L” and “P233L” in the RCMAX2 gene are supported
by both sequence and structure based approaches to have deleterious effects. “A204F “mutation
in the RcPHOR1 gene and three mutations in the FLC gene (T166R, G44E and G113E) have
deleterious effects. This finding creates a useful starting point for functional analysis of these

genes and validates their role in natural dwarfing of R. canescens.

Discriminant Principal Component Analysis of Plant Architecture Genes

Genetic diversity analysis of R. canescens previously identified three population clusters
in our collection zone. We used this information, and based on the geography, we divided our
216 R. canescens genotypes into three clusters. We also had a potential dwarf included in our
study which was not included into any clusters. Discriminant analysis was done on 216
genotypes for all the variants (Figure 5-2). The axes represent the first two linear discriminants
(LD). Circumferences surround each group, and small solid dots represent individual clones.
Linear discriminant (LD1) did not clearly separate the three STRUCTURE clusters but LD2 was

able to separate the dwarf genotype from other 216 genotypes in the study.
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Next, we performed DPCA analysis for the seven genes under study. Variants called for
BRC1, BRI1, GAl and G1D1c genes did not separate the clusters significantly, the reason being
the low level of variants present in the exon regions of these genes. PHOR1 and FLC genes
showed some separation between the clusters (Figure 5-3 and 5-4). LD2 for these genes were
able to separate Cluster 1 and Cluster 2 from Cluster 3 and the Dwarf. Cluster 3 and the Dwarf
separated together. This might be due to geographic similarity as Cluster 3 has genotypes
collected from southern Georgia and Dwarf was collected from northern Florida.

The biggest separation was seen for the MAX2 gene (Figure 5-5). LD2 analysis clearly
separated all three clusters from the dwarf genotype. The MAX2 gene is predominantly involved
in photo-morphogenesis of plants, regulating growth and branching (Shen et al., 2007). The
variants identified here for MAX2 might be responsible for dwarfing of this genotype, but further
functional analysis is warranted to validate this hypothesis. This study also helped us identify
potential genotypes similar to the dwarf for the FLC and PHORL1 genes, which can be used to

develop the breeding pipelines in the future.

Discussion
Capture sequencing of targeted genomic regions serves as a powerful tool to identify
variants, especially in the coding regions. Identification of natural variants and developing
markers that can be used for a breeding pipeline are the major goals of SNP detection. As most
ornamental species do not have a reference genome, variant detection and marker development
poses a challenge. In this study, we used Capture-Seq to identify variants in genes regulating

plant architecture.
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We identified mutations that are predicted to have a significant impact on the function of
proteins encoded by GID1c, PHOR1, BRI1, FLC, and MAX2. Sequence-based and stability-
based models were used to determine the effects of missense mutations. Sequence based
approaches, in which the novel amino acid residue is compared to a database of wildtype
sequences, identified 16 deleterious mutations among the five genes. Next, the stability of these
mutations was analyzed by calculating the AAG stability change, which can change certain
protein functions. The unfolding energy generated by mutation can destabilize the protein, which
ultimately leads to loss of function. A AAG energy outside the range -0.5 > AAG < 0.5, generates
a large amount of energy that can lead to destabilization of the protein (Table 2). It is known that
all functionally disruptive mutations affect structural stability, but not all structurally unstable
proteins have a loss of function (DePristo et al., 2005; Steward et al., 2003). We see this in our
results, as many mutations have high AAG but have neutral affect. For example, the “F242S”
mutation in the MAX2 gene has a neutral effect, but its AAG is on the higher side (-2.89
kcal/mol). The reason for this anomaly may be due to the requirement of higher AAG energy by
some proteins for function disruption. Proteins also have domains; mutations in these domains
are more subjected to loss of stability. Mutation in the inter-domain region result results in a
stable protein but may cause loss of function (Qu et al., 1997). Therefore, functional validation
of these mutations is necessary.

Capture sequencing has been successfully used in plant research (Cronn et al., 2012;
Neves et al., 2013), but the lack of a reference genome for many plant species is a constraint.
Exon capture sequencing is a cost-effective method to identify natural genetic variations in genes
of species with large genomes or no reference genome (Grover et al., 2012; Muller et al., 2015).

Exon capture has yielded promising results in species like poplar, eucalyptus and loblolly pine
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(Pavy et al., 2016). Probe design and lower capture efficiency have been major challenges in
using capture sequencing as a prominent tool for variant calling. Apart from lower efficiency, not
knowing the exon boundaries decreases sequencing depth, which could affect SNP detection
(Bundock et al., 2012; Zhou & Holliday, 2012). Here, we customized our approach and
generated an Iso-seq database containing transcript sequences of our gene of interest. This gave
us the transcript sequences needed to design probes.

This is the first study in R. canescens to investigate the allelic diversity of specific genes.
R. canescens is cross pollinating species, resulting in a homogenizing effect on the population
(Heuertz et al., 2006). Yadav et al. (2019) have previously found that heterozygosity between
populations is lower but higher within the population clusters. This is in line with our findings in
the current study, as nucleotide diversity () for the seven genes is on the lower side. Cross
pollination leads to recombination, but it does not necessarily lead to mutation; hence we detect
low nucleotide diversity even in non-synonymous and synonymous nucleotide diversity. The
observed lower genetic diversity may be mainly due to being a cross pollinating species, but also
might be due to a population bottleneck event in the past (Liu & Burke, 2006).

Out of the seven genes analyzed, we did not detect any synonymous substitution for
BRC1 and G1D1c. For the rest of the genes, the ratio of non-synonymous to synonymous
nucleotide diversity (IIns/ ITs) was estimated. All the genes except PHOR1 had a low IIns/ ITs
ratio. This shows that these genes were undergoing normal purifying selection. PHOR1 had a
significantly higher Ins/ ITs ratio (12.05). The PHOR1 gene regulates shoot and root growth,
starch accumulation, and wood formation in Populus (Zawaski et al., 2012). This significantly
higher ratio suggests that PHOR1 gene may have undergone divergent selection pressure due to

abiotic effects on plant growth and development (Milla et al., 2003). Tajima’s D was calculated
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for the seven genes under study. Most of the values generated were positive, highlighting the fact
that there is low level of rare variants present in the population and these gene have gone through
balancing selection (Simonsen et al., 1995). This is in line with our finding of low nucleotide
diversity, as the R. canescens population is going through a homogenizing or balancing phase.
This result also supports our previous finding that low level of heterozygosity is present in R.
canescens subpopulations.

Our previous genetic diversity study of R. canescens identified three population
clusters in Georgia, USA. This differentiation correlated with geography, with the first cluster
(P1) found in northeastern GA (east of Atlanta, GA), the second cluster (P2) found in
northwestern GA (west of Atlanta, GA) and the third cluster (P3) found in southern Georgia
(YYadav et al., 2019). Using this information, our capture sequencing population (215 genotypes)
was divided into three clusters. A suspected naturally occurring dwarf genotype was also
introduced in the study. DPCA analysis was conducted on the genotypes. Overall, no clear
separation was seen between the three population clusters based on the variants of seven genes.
However, the dwarf genotype had a clear separation from the three clusters. Further analysis
revealed that, for the genes MAX2, PHOR1 and FLC, the dwarf genotype is significantly
different form the rest. The alleles present in the dwarf loci for these genes were majority of
alternate kind. This finding further supports that suspected dwarf genotype has unique mutations

in its plant architecture related genes.

Conclusion
In conclusion, here we present a customized exon capture sequencing technique to

identify rare variants in the targeted genes of a genome. We were successfully able to design
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probes and identify SNPs for seven architecture related genes using our R. canescens 1so-seq
database. In 216 genotypes, we identified 69 high-quality SNPs. SNPs discovered here
highlighted that the R. canescens population is going through a balancing effect. It also helped us
to validate our previous finding that there is low genetic diversity among the population clusters.
It also helped us to establish the fact that the suspected dwarf genotype is indeed different from
the other 215 genotypes and can be potentially used in breeding for compact consumer friendly
plants. The amino acid mutation study also helped us understand the effect of mutations on
protein function and stability. This study helped us establish capture sequencing as a promising
tool for variant detection in species without a reference genome and helped us identify mutations

in seven architecture related genes that can be used in breeding pipelines for R. canescens.
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Table 5-1. Effect of Mutation Analysis.

Genes Mutations | Predict | MAPP | PhD- | PolyPhen-1 | PolyPhen-2 | SIFT | SNAP | PANTHER | PROVEAN
SNP SNP Score
GAI R218K 83% - 83% - - - - - 0.000
GID1C R177K 83% 89% - - - - - -3.000
Q577T 87% 7% - - - - - -6.000
F268S 83% - 58% - - - - - -8.000
S84N 60% 2% - - - 62% - 1.000
T171N 83% 78% - - - T1% - -0.250
F172L 83% 2% - - - T1% - 0.000
R175H 83% 68% - - - 7% - 1.500
H188Q 83% 83% - - - 67% - 0.250
P203L 83% 78% - - - 67% - -3.000
Max2 V209L 83% 83% - - - 61% - 0.500
P210S 83% 83% - - - 61% - -0.500
R213H 83% 2% - - - 50% - 0.000
S226P 83% 89% - - - 58% - -0.250
L2301 83% 89% - - - 67% - -0.250
P233L 83% 58% - - - 58% - -2.500
F242S 83% 55% - - - 58% - -0.750
L244F 61% 83% - - - 56% - 0.750
A204F 51% 76% 58% 74% 60% 53% 50% 87% -2.273
PHOR1 R209S 83% 64% 68% 67% 64% 76% 7% 65% -0.113
D213V 63% 84% 68% 67% 43% 66% 50% 61% -6.122
V257D 87% - 68% - - - 85% - -5.000
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T166R 87% - 68% - - - - - -6.000
FLC G44E 51% - 68% - - - 2% - -8.000
G48R 55% - 83% - - 79% 62% 64% -0.025
G113E 51% - 66% - - - 85% - -8.000
S364Y 83% - 2% - - - - - -6.000
S373T 83% - 2% - - - - - -3.000
1376M 83% - 2% - - - - - -3.000
E395K 87% - 58% - - - - - -4.000
BRI1 L404S 83% - 51% - - - - - -6.000
S409L 87% - 59% - - - - - -6.000
L12F 83% 7% 68% 67% 68% 81% 50% - 0.573
F24L 74% 80% 89% 67% 87% 82% 56% - 1.650
E169G 74% 68% 2% 67% 87% 70% 56% 69% -1.636
A211T 83% - 66% - - - 55% - -0.100
T212S 83% - 83% - - - 7% - -0.317
BRC1 H228Y 60% - 89% - - - 62% - -0.392
F233S 83% - 66% - - - 71% - 1.137
F238S 83% - 68% - - - 71% - 0.783
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Table 5-2: Estimates of nucleotide diversity and Tajima’s D in seven genes involved in Plant

Architecture.

Nucleotide Nucleotide Nucleotide

Genes Diversity Tajima’s Diversity Tajima’s  Diversity  Tajima’s  Ilns/ ITs

an D ar) D (IT) sSNP D
nsSNP NnsSNP SSNP
BRC1 2.95E-05 4,01591 2.952E-05 4.01591 na Na na

BRI1 0.00034 6.57639  0.0002207  4.92829 0.000119 4.83833  1.849451
FLC 0.000318 9.226841 5.016E-05 3.366871  0.000268 6.895775 0.187422
G1Dl1lc | 4.19E-05 0.890158 4.185E-05 0.890158 na Na Na
GAI 5.57E-06  -0.03439 5572E-06 -0.03439 1.49851e-05 1.52823 3.72E-01
Max2 0.000391  5.74113 0.0003063  5.24991 8.47E-05 3.12978  3.61731

PHOR1 | 6.35E-05 1.318365 5.868E-05 1.927931  4.87E-06 -0.96034  12.05367
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Table 5-3: Protein Function and Stability Analysis.

Genes Mutations Mutation Effect Protein Stability
(AAG)
GAl R218K Neutral -1.22166
GID1C R177K Neutral Deleterious -1.22166
QS77T -0.611821
F268S Deleterious -2.91933
S84N Neutral -0.590824
T171IN Neutral -0.919964
F172L Neutral -1.70714
R175H Neutral -1.08482
H188Q Neutral -0.877581
P203L Deleterious -1.07188
Max2 V209L Neutral -0.985348
P210S Neutral -1.03979
R213H Neutral -1.08482
S226P Neutral -0.969785
L230I Neutral -0.542999
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P233L Deleterious -1.07188
F242S Neutral -2.88525
L244F Neutral -0.808395
A204F Deleterious -0.447127
PHOR1 R209S Neutral -0.274325
D213V Deleterious -0.0159666
V257D Neutral -2.70332
T166R Deleterious -0.466094
FLC G44E Deleterious -1.04517
G48R Neutral 0.178356
G113E Deleterious -1.09303
S364Y Neutral -0.478397
S373T Neutral -0.221758
1376 M Neutral -0.837455
E395K Deleterious -0.677756
BRI1 L404S Neutral -2.70222
S409L Deleterious -0.900298
L12F Neutral na
F24L Neutral na
E169G Neutral na

94




BRC1

A211T

T212S

H228Y

F233S

F238S

Neutral

Neutral

Neutral

Neutral

Neutral

na

na

na

na

na

95




density

0.5

04

03

0.1 0.2
maf

0.0

Figure 5-1: Distribution of minor allele frequency (MAF) of 216 R. canescens genotypes.
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CHAPTER 6

CONCLUSIONS

R. canescens GBS Analysis

A genotyping-by-sequencing approach was taken to characterize the genetic structure and
diversity of a Rhododendron canescens germplasm collection. SNPs were identified by two
software platforms, STACKS and GBS-SNP-CROP, and a genome-wide genetic variant file was
developed. The genetic variation present in the germplasm collection was examined by
STRUCTURE, a model-based Bayesian analysis, and PCA, a distance-based method. Taken
together, these analyses indicated that there were three population clusters present among the
accessions analyzed.

The STRUCTURE results varied depending on whether SNP data from the GBS-SNP-
CROP or the STACKS pipeline were used. STRUCTURE with GBS-SNP-CROP and STACKS
data identified three and two population clusters, respectively. These different outcomes may be
due to the fact that STACKS analysis involved de novo assembly, whereas GBS-SNP-CROP was
reference genome-based. The largest population cluster of 48 accessions (P1) was the same for
both methods, but the remaining accessions were partitioned by STRUCTURE into two clusters
of 22 accessions (P2) and 17 accessions (P3) when using GBS-SNP-CROP data. PCA of SNP
data from GBS-SNP-CROP or STACKS supported the presence of three population clusters.

An analysis of R. canescens genetic diversity was included in a prior study (Chappell et

al. 2008) that examined four R. canescens populations (6 accessions each) with AFLP markers.
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Similar to that study, our investigation found a low Gsr value, indicating that the proportion of
diversity between populations was low, while the proportion of diversity within populations was
high. Minimal differentiation between R. canescens populations was also indicated by the low
Fst value. Chappell et al. (2008) suggested that this may be the result of gene flow between
populations due to insect pollination. R. canescens is known to be pollinated by bumblebees,
adrenid bees, butterflies, and hummingbirds. Populations P1 and P2 are geographically close,
whereas accessions of P3 had more diverse origins. Introgression from other species of section
Pentanthera may also have played a role in similarity found among populations.

Genetic markers, including SNPs and cpDNA loci, have been used to examine the
genetic structure of a Japanese evergreen azalea species, R. indicum (Yoichi et al. 2018). SNPs
were identified by multiplexed ISSR genotyping-by-sequencing (MI1G-seq). Two genetically
distinct lineages were detected, both of which had DNA introgressed from geographically close
populations of R. kaempferi. MIG-seq was also used to investigate rhododendron plants in a
hybrid zone between two natural varieties of R. japonoheptamerum (Tamaki et al. 2016). SNP
analysis distinguished the varieties and their hybrids and provided the basis for estimating that
hybridization occurred 0.4 million years ago. In our investigation, GBS provided a cost-efficient
means of generating SNP markers for genetic characterization an R. canescens germplasm
collection. The high level of genetic diversity found within this collection indicates that
screening for allelic variation in genes controlling architecture could be a viable approach to

accelerate the breeding of plants with improved form.
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Isoform Sequencing of R. Canescens

In this study, we were able to generate 24,244 full-length isoform sequences, of which we
were able to successfully annotate 16,825 genes. We annotated and characterized these genes
into three major categories using BLASTX and blast2go: biological processes (13,102),
molecular function (13,685) and cellular components (12,826). We were also successfully able to
generate 13,116 SSRs with di-nucleotide motif bring the most abundant (79%). The motif
AG/TC accounted for 74% of the total SSRs found. For our plant architecture study, we were
successfully able to identify 257 transcripts coding for enzymes related to our 13 target genes.
Further analysis of these hits revealed that they were homologues of these genes across several
species in NCBI database. In conclusion, through our work we have developed a publicly
available computational transcriptomic resource for R. canescens containing different data types
including full-length transcriptome, annotation, SSRs information and a list of potential
LncRNA. We were able to identify transcripts regulating plant architecture for probe design,
which was the major objective of this sequencing project. This research will also not only
provide a robust pipeline to analyze the 1so-seq data in the absence of a reference genome but
will also create the genomic resources that can directly be used in the development of

Rhododendron sp. through molecular breeding, capture sequencing and genetic studies.

Capture Sequencing of R. canescens

Here we present a customized exon capture sequencing technique to identify rare variants
in the targeted genes of a genome. We were successfully able to design probes and identify SNPs
for seven architecture related genes using our R. canescens Iso-seq database. In 216 genotypes,

we identified 69 high quality SNPs. SNPs discovered here indicated that the R. canescens
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population is going through balancing effect. It also helped us to validate our previous finding
that there is low genetic diversity among the population clusters. It also helped us to establish the
fact that the suspected dwarf genotype is indeed different from the other 215 genotypes and can
be potentially used in breeding for compact consumer friendly plants. The amino acid mutation
study also helped us understand the effect of mutations on protein function and stability. This
study helped us establish capture sequencing as a promising tool for variant detection in species
without a reference genome and helped us identify mutations in seven architecture related genes

that can be used in breeding pipelines for R. canescens.
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APPENDIX
A. PROPAGATION OF DWARF PIEDMONT AZALEAS THROUGH ROOTED
CUTTINGS AND FIELD TEST ESTABLISHMENT
Introduction

Piedmont azalea (Rhododendron canescens) is the most widespread native azalea in the
southeast US, ranging from Texas to North Carolina. It is of interest as a landscaping plant
because of its adaptability, lace bug resistance, and early flowering. During the course of our
sample collection for GBS, we were contacted by an azalea expert who had discovered some
naturally growing dwarf Piedmont azaleas near Pensacola, Florida. We obtained samples from
Florida in order to do field testing of the suspected dwarf plant through vegetative propagation
techniques (Figure A-1). This plant could be a potential genetic resource and was used in our
plant architecture study through capture sequencing. Depending on the field trial results, these
dwarf plants could be recommended for landscape gardening.

Vegetative propagation is a widely used technique to propagate ornamental plants. It is
fairly easy technique and can be used to clone the mother plant. VVegetative propagation ensures
that the clone will have all the characteristics present in the mother plant. These plants will
flower faster compared to seed plantings. There are various methods for azalea vegetative
propagation, namely cuttings and layering, etc. For our research, we focused on cuttings.
Cuttings are a widely used method to propagate woody or herbaceous plants. They are vegetative
parts cut from the mother plant that can regenerate an entire new plant. They can be derived from

stems, leaves or roots. Azalea is mainly propagated through seeds and rhizomes but cuttings are
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also used as a means of propagation. We used the cutting method of propagation in dwarf
Piedmont azalea because the reason for the dwarf trait is unknown. Also, it is the safest way to

vegetatively propagate without doing harm to the mother plant.

Materials and Methods

Stem cuttings were taken from a dwarf Piedmont azalea that originated in the Black Water
Forest Wildlife Area near Milton, Florida. Our initial attempt to root the cuttings was unsuccessful,
so we obtained a plant propagated from the dwarf at Superior Trees nursery (Lee, FL). An azalea
rooting protocol from Dr. Carol Robacker was followed. Cuttings were taken at a 45° angle at a
leaf node, where the meristematic tissue is present. Cutting at a 45° angle near the meristem
increased the chance of survival (Figure A-2). It was taken in the early hours of the day during the
spring and soaked in mancozeb (Subdue Maxx - fungicide) for 5 min followed by a 24-hour soak
in 50 ppm K-IBA. Cuttings were inserted into a coarse medium,either 50-50% peat perlite or 1/4-
3/8 inch composted bark at a depth of 2 inches and placed on a mist bench with 40% shade. Plants
were misted with water for 10 seconds every six minutes until roots appeared. After roots emerged,
the mist setting was changed to 6 seconds every 10 minutes for about 10 days and then to 6 seconds
every 20 minutes for the next 10 days. The cuttings were then removed from the mist chamber and
placed under 60% shade for the remainder of the season and hand watered as needed. Subdue
Maxx and Heritage (azoxystrobin) were applied at 14-day intervals at the lowest label rate.
Cuttings were grown in the greenhouse for two years, with dormancy induced over the winters. In

March of 2021, the cuttings were planted in a field trial (Figure A-3).
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The cuttings were planted at UGA Horticulture farm, Watkinsville, GA. They were planted in six
blocks (Table A-1). Each block contained six dwarf plants from rooted cuttings and one control

(normal-sizes) Piedmont azalea plant from seelimg.

Results

The height and width of the azaleas planted in the field test were measured three weeks
after planting (Table A-2). The average height and width of the dwarf plants was 10.5 in (26.67
cm) and 7.2 (18.28 cm) in respectively. Compared to dwarfs, the average height and width of
control is 18.5 in (46.99 cm) and 10 in (25.4 cm) respectively. The height and the width of these
dwarf plants will be measured at the end of the growing season for three years in a row and
compared to the control. If the height and width of the dwarf plant is consistently smaller then the

control, this dwarf genotype will be recommended for commercial use.
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Table A-1: Map of the field trial.

Horticulture Farm

Al A2 A3 A4 A5 A6 Conl

B1 B2 B3 B4 B5 B6 Con2

C1C2C3C4C5C6Con3

D1 D2 D3 D4 D5 D6 Con4

E1 E2 E3 E4 E5 E6 ConS

F1F2 F3 F4 F5 F6 Con6

‘py ureyuno\ boH
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Table A-2: height and width of Piedmont azalea plants in field Trial.

Row i—ieight Width Row I_—|eight Width Row i—ieight Width
(inches) (inches) (inches) (inches) (inches)  (inches)
Al 12 8 Bl 12 4 C1 10 6
A2 10 6.5 B2 7 8 C2 11 9
A3 11 9.5 B3 10 8 C3 12 8
A4 10 9 B4 11 6 C4 10 7
A5 10.5 7.5 B5 13.5 9 C5 11 9
A6 13 8.5 B6 8 6 C6 9 8
Control 14 6 Control 24 6 Control 135 12
Row I_—Ieight Width Row I_—Ieight Width Row I_—Ieight Width
(inches) (inches) (inches) (inches) (inches)  (inches)
D1 8.5 8 El 8 5.5 F1 8 7
D2 10 6.5 E2 7 7 F2 11.5 8.5
D3 135 6 E3 10 6 F3 8 6
D4 9.5 7 E4 12 6.5 F4 11.5 55
D5 8.5 6 E5 13 8 F5 10.5 7.5
D6 10 7 E6 12.5 7.5 F6 14 7
Control 20 14 Control 23 12 Control 16.5 10
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Figure A-1: Dwarf Rhododendron canescens
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Figure A-2: Diagram of the cutting
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Figure A-3: Field Trial Outlay (March, 2021)
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