AN ABSTRACT OF THE DISSERTATION OF

Estefania Elorriaga for the degree of Doctor of Philosophy in Molecular and Cellular
Biology presented on March 17, 2020.

Title: Functional Characterization and Classification of Genes Essential to Flower
Induction, Flower Development, and Seed Development in Populus and Eucalyptus

Abstract approved:

Steven H. Strauss

This dissertation consists of four studies of Populus and Eucalyptus biotechnology and
genomic science: 1) induction of floral sterility by tapetal expression of the ribonuclease
Barnase in Populus; 2) CRISPR Cas9-mediated gene editing targeting LEAFY (LFY) and
AGAMOUS (AG) homologs in Populus; 3) induction of floral sterility by CRISPR Cas9
mutagenesis of the LEAFY (LFY) gene homolog in hybrid Eucalyptus; and 4) Gene
expression analysis using RNASeq during flowering and seed capsule development in

Eucalyptus grandis (E. grandis).

The Populus genus includes species and hybrids that are favored in commercial and
research settings because of their fast growth and their relative ease of transformation and
regeneration. The Eucalyptus genus is the most planted genus of hardwood trees in the
world. Eucalyptus species and hybrids are grown for wood, pulp, essential oils, and
honey. Regardless of their value, the genes and genomes of trees are not as well-studied
as those of other plant and crop species, including Arabidopsis, Antirrhinum, maize, and
tobacco. We conducted four studies to address research needs associated with tree floral

biology and genetic containment.



In study 1, we performed a four-year field trial of transgenic male poplars that expressed
the ribonuclease Barnase in the tapetal layer of their anthers. The purpose was to test the
efficiency of this RNAse at disrupting pollen development and determine whether growth
was affected. During the trial, 17 of 18 transgenic barnase-expressing trees grew on
average 40% slower than the WT control trees (i.e., no transformation). The 18 Barnase-

expressing trees did not have detectable production of viable pollen

In study 2, we evaluated the mutation efficiency and mutation spectra induced by four
CRISPR Cas9 nucleases targeting two different sites in three essential flowering genes,
LFY and the two AG homologs in Populus. The average mutation rate was 77.5%; a
higher mutation rate than observed before the advent of CRISPR. No undesirable
mutations were seen in 310 potential “off-target” loci, and no mutations were seen at any

of the target sites in the empty-vector (“Cas9-only” plus markers) control population.

In study 3, we analyzed the mutation efficiency and efficacy of CRISPR Cas9 nucleases
at inducing knockout mutations in the LFY ortholog in Eucalyptus. In 68 transgenic
lines, the average mutation rate was 98.5%. After evaluating the floral morphology of 32
lines in the greenhouse, we calculated the average loss-of-function (LOF) rate to be 91%.
Lines with LOF mutations failed to produce flowers and viable gametes. Meanwhile, the
LOF mutations did not affect growth. The expression of genes upstream and downstream
of LFY in the floral development pathway suggest that the mutant flowers were not
transitioning adequately between inflorescences and flowers. However, occasional sterile
and underdeveloped floral organs were seen. Further long-term research is necessary to

determine whether mutation of LFY is a fully reliable containment technology.

In study 4, we examined the gene expression of 20 samples corresponding to seven
different floral and vegetative tissues during late flowering and early seed capsule
development in E. grandis. Expression libraries were created for flowers and seed
capsules at five time points between anthesis and early seed development. Libraries were
also constructed for mature pollen and mature leaf (i.e., the vegetative control). We
identified differentially expressed genes by comparing the expression of all reproductive

tissues to mature flower and also by comparing expression among reproductive tissues.



In total we identified 27,450 unique transcripts, and identified 11,438 differentially
expressed transcripts (false discovery rate of 0.05, filtered to genes with at least double
the expression if positive change, or half the expression if negative change). We found
that genes involved in the biosynthesis of phenylpropanoids were important and
differentially expressed during anther and seed capsule maturation. Flower development
genes were expressed in tissues homologous to those of other flowers previously
characterized, e.g. Arabidopsis and Anthirihum. The transcriptome data provides a rich
resource to support studies of floral evolution in the Myrtales, and will inform efforts to

breed or genetically engineer sexual development in Eucalyptus.
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1 Introduction

Humans have selected, crossed, and grown plants for millennia. Many of the plants we
consume today have been drastically changed compared to their wild ancestors (e.qg.,
broccoli, tomato, corn, etc.). As humans, we have done the same selective breeding to
our companion animals and the animals we raise for food (e.g., dogs, pigs, cows, etc.).
Traditional selective breeding takes a long time and requires multiple generations.
Introgression followed by backcrossing is a critical method, yet is unavailable in many
types of plants, including forest trees, due to the time required and intolerance of
inbreeding. Genetic engineering is a modern breeding technique that allows a
biotechnologist to insert or modify a specific locus in the DNA with modest effects on
the rest of the genome compared to sexual breeding. Genetic engineering however
requires a delivery system to add the new piece of DNA and a culture system to

regenerate an organism.

1.1 The origin of genetic engineering

Genetic engineering involves the addition of DNA from evolutionary unrelated or related
sources, resulting in the generation of a genetically modified organism (GMO), which is
either transgenic or cisgenic, respectively. In 1944, Avery et al. (1944) made the first
GMO by inserting the DNA of encapsulated type Il Pneumococcus to the unencapsulated
type 1l Pneumococcus. The transformed type Il Pneumococcus became encapsulated.
During the following three decades, the ability of bacteria to uptake and integrate
chromosomal DNA fragments from other bacteria was recognized as a natural
mechanism of genetic recombination. Around that time, Cohen et al. (1973) constructed
synthetic plasmids using restriction enzymes and transformed them into Escherichia coli
(E. coli).

The first transgenic animals, mice expressing thymidine kinase from the herpes virus,
were created in 1981 (Brinster et al., 1981). The first transgenic rabbits and pigs
expressing human growth hormone (hGH) were produced soon after using the same

technique, direct microinjection into eggs cells (Hammer et al., 1985). The first



transgenic plants were antibiotic resistant tobacco lines generated using Agrobaterium-
mediated transformation in 1984 by the collaboration between the Schell and van
Montagu labs (De Block et al., 1984). Today, there are more than twenty five different
transgenic crops grown in 24 countries, and additional 43 countries import GM foods for
food, feed, and processing (ISAAA, 2017). Based on a literature meta-analysis done by
Klimper and Matin (2014), transgenic crops had on average increased yield by 22%,
decreased pesticide usage by 37%, decreased pesticide cost by 39%, and increased profits

for GM farmers by an average of 68%.

1.2 The generation of transgenic plants

The first transgenic plants were antibiotic resistant tobacco generated using
Agrobacterium-mediated transformation (De Block et al., 1984). The first field trials
took place in 1986 in both France and the USA with herbicide resistant tobacco (James &
Krattiger, 1996). In 1987, the Belgian company founded by Marc Van Montagu and Jeff
Schell, Plant Genetic Systems, was the first company to engineer insect resistant plants
(Vaeck et al., 1987). Golden Rice, the first food product engineering with increased

nutrient value, was first developed in 2000 (Ye et al., 2000).

1.2.1 Agrobacterium-mediated transformation

Agrobacterium-mediated plant transformation was the first transformation method
developed. The work necessary to transform plants using dis-armed Agrobacteria took
almost a century. In the late 19" century, “crown gall” was the term coined to describe
the outgrowths that were appearing in the roots of fruit trees (Smith, 1894). By the early
1900s, large numbers of fruit trees in nurseries were getting infected with crown gall
disease. Smith and Townsend (1907) proved that crown gall was caused by a bacterium;
a controversial hypothesis for the time since plants were not believed to be hosts to

bacterial diseases.

Based on the fact that plants infected with Agrobacteria would not die or wilt (instead
they grow crown galls), in 1947 Braun introduced the idea that the Agrobacterium

transferred the ability of cell-proliferation and tumor-formation to the plant (Braun,



1947). He called this transferred ability the tumor-inducing principle (TIP). In the
1960s, DNA from the bacteria was found in DNA isolated from sterile cultures of crown-
gall Nicotiana cells and bacterial genes were identified in crown-gall tissues using
bacterial antigens (Schilperoort et al., 1967). These findings provided evidence that
DNA was being transferred from the bacteria to the plant. In 1974, Zaenen et al. (1974)
published work showing that the pathogenicity of Agrobacterium was caused by a large

supercoiled plasmid. They named the plasmid the Ti (i.e., tumor-inducing) plasmid.

In the 1980s, the T-DNA border sequences were identified and shown to define the
section of the plasmid that would be inserted into the nuclear (not the mitochondrial or
chloroplastic) genome of the plant (i.e., the T-DNA) (Chilton et al., 1980; Zambryski et
al., 1980; Willmitzer et al., 1980; Lemmers et al., 1980). During the same year, the
functional genetic organization of two Ti plasmids (i.e., nopaline plasmid pTiC58 and
octopine plasmid pTiB6S3) was deciphered using transposon-insertion mutagenesis
(Holsters et al., 1980; De Greve et al., 1981). Mutations that eliminated the plasmid’s
oncogenicity mapped to T-DNA sections homologous to both plasmids indicating that
these regions are essential for tumor induction. Other regions non-essential to
oncogenicity also mapped to the T-DNA, including segments involved in nopaline
biosynthesis and octopine biosynthesis. Transposon-mediated mutations in the Ti
plasmid that did not map to the T-DNA helped map the virulence (vir) genes
(Hernalsteens et al., 1978; Dhaese et al., 1979; Holsters et al., 1980). The vir genes were
determined to be responsible for the processing, delivery, and insertion of the T-DNA.
The first non-oncogenic plasmid (pGV3850) was created by Zambryski et al. (1982).

For transfer of DNA to happen, both the T-DNA border repeat sequences and the vir
genes are needed, and as long as the vir genes are present in the same Agrobacterium cell
as the T-DNA, the T-DNA will be delivered to the host’s genome. This finding was
published by two labs in May 1983: Framond et al. (1983) and Hoekema et al. (1983).
They transformed Agrobacteria with two separate plasmids: a shuttle plasmid containing

the T-DNA flanked by the borders, and a helper plasmid containing the vir genes.



1.2.2 Biolistics or the gene gun

In biolistics, DNA-coated metal (usually gold or tungsten) beads are propelled into cells.
This technique was first used in 1987 to transiently transform onion cells (Klein et al.,
1987). At the time, Agrobacteria was thought to only infect dicots, making biolistics an
important method for transforming monocots. The first biolistics-mediated stably
transformed plants were generated from meristems of immature soybean seeds (McCabe
et al., 1988) and from leaf tissue and suspension cultures of tobacco (Klein et al., 1988).
Since then, biolistics has also been used to transform bacteria (Smith et al., 1992), fungi
(Toffaletti et al., 1993) and animal cells (Johnston et al., 1991). In the past, biolistics was
broadly used to transform cereal crops, including economically-important crops such as

rice, maize, and wheat.

1.2.3 Other techniques

There are other methods available for generating transgenic plants. However, they tend
to be more laborious and less efficient. In 1984, the first cauliflower mosaic virus
(CaMV) mediated-transformed plants were generated (Brisson et al., 1984). However,
the CaMV transformation system has an upper limit of 250bp for transgene size. This
size limitation effectively ended scientific research in this system. Protoplast isolation
followed by plant regeneration were methods established in the 1970s (Takebe et al.,
1971). Protoplasts are plant cells that have had their cell wall removed enzymatically.
Methods available to bacteria and animal cells can be used with protoplasts.
Microinjection of protoplasts was established in 1985 by using a glass capillary to insert
DNA into the protoplasts (Lawrence & Davies, 1985). Between 1985 and 1986,
electroporation of protoplasts was also established as a plant transformation method
(Fromm et al., 1985, 1986).

1.3 Plant tissue culture

Plant tissue culture involves the in vitro aseptic growth of cells, tissues, organs, and
whole plants under controlled environmental and nutritional conditions. Tissues, organs,

and whole plants are kept in artificial media with growth regulators. Henri Louis-



Duhumel du Monceau, while studying wound-healing in plants, noticed the formation of
callus (Monceau, 1758). After multiple microscopic studies on calli, independently
Schleiden (1838) and Schwann (1839) formulated the theory that cells are the smallest

unit of an organism and they are autonomous.

In 1902, physiologist Gottlieb Haberlandt wanted to prove that plants cells remained
totipotent even after differentiation. Thus he attempted to induce cell division of fully
differentiated cells with the goal of generating whole plants. He isolated palisade cells
from the leaves of Lamium purpureum, the petioles of Eichhornia crassipes, the
glandular hairs of Pulmonaria mollissima, and the stamen hairs of Tradescantia, and
suspended them in a Knop’s salt solution with sucrose. The cells accumulated starch,
increased in size, and were alive for a month (Haberlandt, 1902). However, they failed to
divide (Haberlandt, 1902). Haberlandt also believed that embryos could be formed from
vegetative tissues. In other words, plant cells could be reprogrammed if given the correct
stimulus. Despite his lack of success in the lab, he is considered the father of plant tissue

culture because of his revolutionary thinking.

Molliard (1921) in France, Kotte (1922) in Germany, and Robbins (1922) in the USA,
successfully cultured meristematic cells from embryos, root tips , and shoot tips
respectively. Between 1932 and 1934, White started root tips cultures from tomato that
were maintained until his death in 1968 (White, 1934b). White’s media contained
inorganic salts, yeast extract, and sucrose. White replaced yeast extract with B vitamins
in his media recipe a short time (White, 1937a,b).Went (1926) isolated indole acetic acid,
a form of auxin, In 1939, Gautheret added indoleacetic acid and B vitamins into his
media, and was successful at establishing continuous carrot root cambium cell cultures
(Gautheret, 1934, 1939). In the same year, following Gautheret’s recipe, White (1939)
and Nobecourt (1939) established continuous cultures from tumor tissue in Nicotiana and
carrot, respectively. The recipes used today in tissue culture of differentiated tissue are

all based on the work of Gautheret, White, and Nobecourt.

Embryo culture began in the early 1900’s. In 1904, Hannig (1904a,b) cultured embryos

from Brassica and in 1906 Brown (1906) cultured embryos from barley. Hannig and



Brown both removed nearly mature embryos and developed them to maturity on simple
media. In 1925, Laibach (1925) was successful at obtaining whole plants of rare lily
hybrids after rescuing embryos that would be aborted in nature. In 1934, Tukey (1934)
succeeded at implementing embryo rescue on cherry plants high rates of underdeveloped
embryos. Since then embryo rescue has become a useful tool for breeders, especially for
hybrid crosses with post-zygotic sexual incompatibility.

White (1934a), Limasset, and Cornuet (1949) observed that root and shoot cultures
derived from virus-infected tissues would sometimes become free of viruses.. However,
it was Morel who realized the potential of rapid propagation using this method. He
revolutionized the orchid industry when he realized that using shoot cell culture would
allow for the virus-free propagation of plants. In 1960, he was able to generate almost
four million orchids from one single bud in one year (1960). Since then, shoot tip culture
with/without chemotherapy or thermotherapy has become the primary means to generate

virus-free plants.

Miller et al. (1955b,a) isolated the first cell division hormone, kinetin. In 1957, they
deciphered that auxin and cytokinin interplay was needed for organ development (Skoog
& Miller, 1957). Relative higher concentrations of cytokinin lead to shoot formation

while relative higher concentrations of auxin induce root formation.

Today, there are well established tissue culture systems for many plant species, including
many woody plants (Raghavan, 1986; Krishnaraj & Vasil, 1995; Lakshmanan & Taji,
2000; Jain et al., 2013). The main component in media are inorganic salts, plant growth
regulators, vitamins, and a source of carbon. The main minerals found in the inorganic
salts used in tissue culture are boron, calcium, cobalt, copper, iron, magnesium,
molybdenum, nitrogen, potassium, sodium, and zinc. The main plant growth regulators
are abscisic acid, auxins, cytokinins, and giberellins. The most common vitamins used
are thiamine (B1), nicotinic acid (Bz), and pyroxidine (Bs). The most commonly used
carbon source is sucrose, however different carbon sources (i.e., carbohydrates) can have

distinct effects on the morphogenesis of different tissues and/or different plant species



(Yaseen et al., 2013). For example, sorbitol seems to be a better carbon source for some

genotypes of different species of the Rosaceae family.

1.4 Regulation of genetically modified plants

1.4.1 History

The Cartagena Protocol on Biosafety to the Convention on Biological Diversity is an
international agreement drafted and signed by the United Nations in 2000. This
agreement took effect on September 11 2003. This agreement specifies that products
from new technologies must follow the precautionary principle before becoming
available to the public. The precautionary principle was one of 27 principles in the Rio
Declaration on Environment and Development, a short document produced by the United
Nations during the 1992 Earth Summit. The precautionary principle (i.e., principle 15)
states that "In order to protect the environment, the precautionary approach shall be
widely applied by States according to their capabilities. Where there are threats of serious
or irreversible damage, lack of full scientific certainty shall not be used as a reason for

postponing cost-effective measures to prevent environmental degradation.”

1.4.2 USA

GMO plants are regulated by three different government agencies in the USA; the US
Environmental Protection Agency (EPA), the US Food and Drug Administration (FDA),
and the US Department of Agriculture (USDA). The EPA protects the environment and
the health of the American public following the Federal Insecticide, Fungicide, and
Rodenticide Act (National Academies of Sciences et al., 2016). The FDA is responsible
for the safety of the food and feed for human and animal consumption respectively under
the Federal Food, Drug, and Cosmetic Act. The USDA has the responsibility of keep the
American agriculture safe from pest and diseases through the Biotechnology Regulatory
Services of the Animal and Plant Health Inspection Service (APHIS). Thus, APHIS must
decide when a GMO plant poses such a risk (National Academies of Sciences et al.,
2016).



It is expected that varieties of plants generated with new breeding techniques including
zinc finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENS),
and clustered regularly interspaced short palindromic repeats (CRISPR) Cas nucleases
that do not contain the transgene (i.e., null segregants) will not be regulated by USDA in
the USA as traditional GMOs (Waltz, 2018). Already, multiple food products have been
exempted from regulation by USDA including high-oil producing camelina, herbicide-
resistant canola, high-amylopectin starch content corn, leaf blight resistant corn, low-
phytate corn, non-browning button mushroom, non-browning potato, delayed-flowering
Setaria viridis, drought- and salt-tolerant soybean, high oleic acid soybean, and powdery
mildew resistant wheat (Waltz, 2016, 2018; Kumar et al., 2020). EPA regulation of gene

edited crops with plant pest tolerance traits remains unclear (Friedrichs et al., 2019).

1.4.3 Canada

Two agencies from the Canadian governments regulate all novel agricultural plant
products. The Canadian Food Inspection Agency (CFIA) is in charge of regulating plants
and feed with novel traits and Health Canada is responsible for regulating food products
for human consumption. Following both the Seeds Act and the Feeds Act, CFIA and
Health Canada must assess the safety of crops with novel traits (“novelty” being the

trigger) in agriculture and human consumption, respectively.

1.4.4 European Union

The regulatory framework of the EU differentiates GM plants that will be released into
the environment (i.e., deliberate release) from plants being used for food and feed. New
GM plants intended for human consumption or animal feed submit application for
regulatory approval to the respective authority of the member state. The authority
forwards the application to the European Food Safety Authority (EFSA) which evaluated
the product for safety. If the product is to be cultivated, the EFSA



1.4.5 Other countries

In Argentina, the National Service of Agricultural and Food Health and Quality
(SENASA), the National Advisory Commission on Agricultural Biotechnology
(CONABIA), the National Direction of Agricultural Food Markets (DNMA), and the
National Institute of Seeds (INASE) are the four regulatory agencies under the Secretariat
of Agriculture, Livestock, Fisheries and Food (SAGPYA) that are responsible of
regulating GM plants. SENASA assesses the safety of GM plants for human and animal
consumption. CONABIA and DNMA appraise the impacts of GMOs in the country’s
agriculture and the economy respectively. INASE regulates the registration and
commercialization of GM seeds. In Brazil, all evaluations on the safety of GM plants in
the environment, human food, and feed are conducted by the National Technical
Commission of Biosafety (CTNBio) under the Brazilian National Biosafety Council
(CNBS). In India, two governmental agencies, the Ministry of Environment, Forests and
Climate Change and the Department of Biotechnology, are responsible for implementing
the 1989 Biosafety Rules. These rules regulate all of genetic engineering, from
application of GM plants to derivative products. The Genetic Engineering Appraisal
Committee is the main authority that regulates the manufacture, sale, import, and export
of all GMOs in the country.

1.5 Commercial applications of genetically modified plants

In 1992 China introduced virus-resistant tobacco, the first GM plant for public use. The
first GM crop approved for commercial sale in the USA was the FlavrSavr tomato
introduced in 1994 (Kramer & Redenbaugh, 1994). This tomato had a longer shelf-life
than conventional tomato. In 1994 Europe also approved its first GM crop, herbicide-
resistant tobacco. Many products were approved for human consumption in 1995:
Bacillus thuringiensis (Bt) Potato, canola oil (Calgene), Bt maize (Ciba-Geigy),
herbicide-resistant cotton (Calgene), Bt cotton (Monsanto) herbicide-resistant soybeans
(Monsanto), virus-resistant squash (Asgrow), and other tomatoes with long shelf-life
(DNAP, Zeneca/Peto, and Monsanto). Among other transgenic plants available

commercially at some point, are non-browning apples (Okanagan Specialty Fruits),
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purple and lavender carnations (Florigene Ltd. and Suntory Lrd.), improved-vase life
carnations (Florigene Ltd.), virus-resistant common bean (Embrapa), Bt eggplant
(Mahyco, Monsanto, and Cornell University), delayed-ripening melon (Agritope Inc.),
virus-resistant papaya (University of Hawaii and Cornell University), orange petunia
(Planck Institute for Plant Breeding Research), extra sweet pink flesh pineapple (Del
Monte Fresh Produce Company), virus-resistant plum (USDA), Bt potato (Centre
Bioengineering, Russian Academy of Science), non-browning potato (Simplot), Bt rice
(Agricultural Biotechnology Research Institute, Huazhong Agricultural University),
hypoallergenic rice (National Institute of Agrobiological Sciences), purple rose
(Florigene Ltd. and Suntory Lrd.), drought-resistant sugar cane (Persero), and virus-
resistant sweet pepper (Beijing University) (reviewed in Hallerman & Grabau, 2016;
Baranski et al., 2019).

For the most planted biotech crops, i.e., canola, cotton, maize, and soybean, countries
where farmers can choose between conventional and transgenic seeds, GM plants have
superseded conventional ones for the last two decades. GM varieties are more likely to
be planted 93 to 100% of the time in Argentina (soybean), Brazil (soybean), Canada
(oilseed rape), China (cotton), India (cotton), and the USA (cotton, maize, and soybean)
(ISAAA, 2017). Transgenic varieties are preferred because they reduce pesticide use,
ease weed control, and in consequence reduce labor and increase profits (Klimper &
Matin, 2014). As an added bonus, Bt varieties have reduced the amount of pesticide used
by farmers. In 2017, 189.8 million hectares of GM crops were planted in 24 countries by
17 million farmers (ISAAA, 2017).

1.5.1 Forest tree applications

Forest tree plantations provide timber, pulp, food, shade, and shelter, among others to
humans and other animals in the area. Pinus and Eucalyptus are the most planted
gymnosperm and angiosperm genera in the world, respectively. Eucalypts have been an
important wood crop and ornamental species since the early nineteenth century (Turnbull,
2000). Genetically engineered forest trees have showned improved wood quality,

improved biotic or/and abiotic stress tolerance, higher photosynthetic efficiency, higher
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biomass production efficiency, among others (Harfouche et al., 2011; Porth, 2014;
Etchells et al., 2015; Ault et al., 2016; Zhou et al., 2017). However, there are only three
deregulated GMO forest trees in production— two lines of transgenic poplar expressing
the Bt toxin in China (James, 2015) and one line of transgenic Eucalyptus with 15-20%
faster growth in Brazil (Anonymous, 2015).

1.6 Risks of genetically modified plants

The benefits provided since their advent by glyphosate-resistant and Bt crops are being
threatened by lack of weed- and insect-resistance management. Weeds and target insects
have evolved resistance to glyphosate and Bt toxin respectively. Glyphosate has become
one of the most popular herbicides since the appearance of glyphosate-resistant crops in
1996 (Duke & Powles, 2008). A total of 38 glyphosate-resistant weed species have been
discovered in 37 countries (Heap & Duke, 2018). Weeds have become resistant by one
or w combination of target gene mutation, target gene duplication, enhanced metabolism,
decreased absorption, decreased translocation to other tissues, and sequestration of the
active ingreditent (Heap & Duke, 2018). Glyphosate will remain sustainable if effective
weed management pratices are applied. Other herbicide resistance traits have been
developed in the industry. Also, RNAI technology holds promise for herbicide-resistant
weed control. However, if weed management practices are not followed, weeds resistant
to these new herbicidal traits and to RNAI will also evolve. Weed managements must
involve: applying the recommended dose level to avoid low-level resistant weeds to
survive and reproduce, herbicide mixtures and rotations, and mechanical deweeding
(Duke & Powles, 2008; Heap & Duke, 2018). Techniques including weed identification
by image analysis, precision herbicide application, and robotic de-weeding are expected

to replace chemical herbicides in the future (Heap & Duke, 2018).

Five lines of Bt cotton were introduced in the USA between 1996 and 2015: Bollgard,
Bollgard Il, WideStrike, TwinLink, and WideStrike 3 (Fleming et al., 2018). Bollgard
has one Bt transgene, while Bollgard I, WideStrike, and TwinLink have two and
WideStrike 3 has three. Between the years 2010 and 2015, cotton yield benefits and
efficacy of Bollgard Il and WideStrike decline over time and declined over time. Insect



12

resistance to Bt cotton has also surged in India, and resistance to Bt corn has been noted
in Argentina, Brazil, South Africa, and the USA (Tabashnik & Carriére, 2017). Target
insects evolve resistance to Bt crops by avoiding toxin activation in their gut, by
mautating the genes involved in Bt toxin receptor development genes, or by modulating
their immune system (Xiao & Wu, 2019). Resistance can be delayed by having abundant
refuges of non-Bt plants, planting Bt varieties with one toxin gene separate from varieties
with two or three genes, and by pyramiding RNAI and Bt toxin genes (Carriére et al.,
2004; Tabashnik et al., 2013; Tabashnik & Carriére, 2017)

1.7 Society’s perception of GMOs

According to recent polls, the large majority of the non-scientific community is
concerned about the use of GMOs in agriculture and food production (Inc, 2007) and
supports stringent labeling (‘Strong Support for Labeling Modified Foods - The New
York Times”). According to a decade worth of safety research, the scientific record
shows tha GMOs consumed by humans and animals are no more harmful for health than
other kinds of foods (Nicolia et al., 2014). However, creating proactive measures to
mitigate gene flow might help relieve some of society’s concerns with GMOS. A way to
avoid most unwanted gene flow is to completely remove the plant’s ability to reproduce
sexual offspring; i.e., genetic containment. This is a greater issue for crops with extensive
wild or feral relatives, such as many forest trees (Strauss et al., 2009a, 2009b). Where
eucalypt gene flow is a social or ecological concern, engineering desired varieties to be
sterile may allow for easier adaptation and acceptability in industry. However, as shown
by Terminator technology (discussed below), social acceptance may not be simple.

1.8 Genetic use restriction technologies or terminator technology

Genetic use restriction technologies (GURTS) were envisioned as intellectual property
protection technology (IPP) (Van Acker et al., 2007). GURTS can be either trait-based
GURTSs (T-GURTS) or variety-based GURTSs (V-GURTSs). T-GURTSs control the

expression of the trait of choice by means of an inducible promoter. V-GURTS control

the use of a specific crop variety by hampering its reproductive ability. One of the first



13

GURTSs proposed was a V-GURT known as ‘Technology Protection System’ or
‘GeneSafe Technologies’(Oliver et al., 1998, 1999). When this technology is
transformed to plants, the seeds lose the ability to germinate (Oliver & Hake, 2012). The
critics, who referred to the technology as ‘Terminator technology’, were successful in
pressuring Monsanto to abandon plans of creating GeneSafe seeds (Niiler, 1999) and the
technology has not been used commercially to date. The critics argued that conventional
varieties open-pollinated with the GeneSafe crops would have reduced viable seed rates.
In addition to the protection of intellectual property, V-GURTs would by default reduce
the chances of transgene flow (Sang et al., 2013). However, one important difference
between designing a GURT that guarantees farmers buy seed every year and a GURT for
reliable and full genetic containment is the difference between the high rates of inviable
seeds that may be adequate for industrial purposes, and the 100% rate that may be

required for stringent containment (Sang et al., 2013).

1.9 Genetic containment techniques

The main categories of genetic containment technologies are: (1) tissue ablation, where
reproductive tissues are destroyed during development by a cytotoxin; (2) transgene
excision, where the transgene is removed prior to commercial release; (3) delayed
flowering, where the onset of flowering is delayed; (4) gene suppression, when gene
expression of an essential flowering or reproductive gene is significantly reduced; (5)
gene knockout, when the DNA sequence of one or more essential flowering or
reproductive genes is mutated, rendering the gene non-functional (reviewed in Brunner et
al., 2007).

For ablation, the cytotoxins used in ablation techniques are one of the following:
RNAses, protein synthesis inhibitors, DNAses, proteases, glucanases, or lipases, usually
under the expression of a tissue-specific floral promoter (Mariani et al., 1990; Kuvshinov
et al., 2001; Cho et al., 2001; Guerineau et al., 2003; Skinner et al., 2003; Lee et al.,
2003; Chrimes et al., 2005; Luo et al., 2005; Hofig et al., 2006). One of the most
common ways to avoid unwanted gene flow is to create male sterile plants via tissue

ablation. The lack of loose pollen ensures that these varieties must be hand pollinated.
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Excision of the transgenes usually involves the use of a recombinase such as Cre/lox from
bacteriophage P1 or FLP/FRT from Saccharomyces cerevisiae. The T-DNA is designed
such that it is flanked by the recombinase’s recognition sites and the recombinases in

expressed only in floral tissues or during induction by an external stimulus.

The constitutive or selective expressive of floral repressor genes can delay the onset of
flowering significantly among and within trees (Borner et al., 2000; Scortecci et al.,
2001; Kotoda & Wada, 2005; Danilevskaya et al., 2010).

Gene suppression can be achieved using either RNA interference (i.e., RNAI), where the
stable transformation of transgenes containing inverted repeat or hairpin sequences that
match transcripts of endogenous floral genes result in the cleavage and reduce translation
of such transcripts (Zhang et al., 2001; Goetz et al., 2001; Mou et al., 2002; Yui et al.,
2003; Klocko et al., 2016a; Lu et al., 2018a); or dominant negative proteins, where a
dominant non-functional form of an endogenous transcription factor or signal
transduction protein reduces WT gene dosage enough to eliminate fertility. The
dominant negative protein can be a translational fusion of a transcriptional factor and a

repression motif (Mamun, 2007).

Last, gene knockout involves the use of site-directed nucleases such as CRISPR
nucleases or TALENS to induce mutations in gene of interest that render them non-
functional after incorrect DNA repair (Zou et al., 2017; Chen et al., 2018b; Okada et al.,
2019).

1.10 CRISPR technology and applications

The potential of site-directed mutagenesis in plants has advanced significantly in the past
seven years thanks to the arrival of site-specific nucleases (SSNs) (Chen and Gao, 2014).
Mutagenesis in specific chromosomal sections has not been readily available in plants —
only random mutagenesis by chance using gamma rays and ethyl methanesulfonate
(EMS)— mostly due to their repair mechanisms (Voytas, 2013; Weinthal et al., 2010).
After the advent of the first SSN technology, Zinc Finger Nucleases (ZFNs), we have

witnessed the emergence of two other nuclease technologies that show much promise in
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genetic mutation, genetic therapeutics, and also crop improvement (Chen and Gao, 2014;
Gaj et al., 2013). These technologies are transcription activator-like effector nucleases
(TALENS) and clustered regularly interspaced short palindromic repeats (CRISPR)/Cas-
mediated RNA-guided DNA endonucleases (CRISPR Cas nucleases for short). Using
CRISPR Cas nucleases for directed mutagenesis of multiple genes is easier, more
affordable, and usually much more efficient than using ZFNs or TALENSs (Sander and
Joung, 2014). And, unlike ZFNs and TALENSs, CRISPR Cas nucleases are not sensitive
to DNA methylation (Hsu et al., 2013).

1.10.1 CRISPR Cas9 nucleases

The first synthetic CRISPR Cas nuclease system developed (i.e., the CRISPR Cas9
system) was based on the type Il CRISPR Cas RNA-guided system naturally found in
Streptococcus pyogenes, which the bacterium uses as adaptive immunity against invading
phages and plasmids (Barrangou, 2013). In S. pyogenes, the association of Cas9 enzyme
with a short guide sequence (~20 nucleotides), known as CRISPR RNA (crRNA), and a
trans-activating CRISPR RNA (tracrRNA), allows the system to find and cleave foreign
invading DNA. The complex, formed by Cas9, tracrRNA, and crRNA, finds the
sequence complementary to that of the crRNA and induces a double stranded break
(DSB). Cas9 will only cleave the target DNA when followed by the sequence 5’-NRG
(Hsu et al., 2013) which is known as the protospacer adjacent motif (PAM). DSBs are
typically induced three to four nucleotides upstream of the PAM site (Cong et al., 2013;
Jinek et al., 2012; Mali et al., 2013). This system is considered adaptive because it
allows the bacterium to acquire and store short sequences from invading phages and
plasmids in its CRISPR locus (or loci). The bacterium is protected during future
infections because the stored plasmid or phage sequences are processed into crRNAs
during CRISPR Cas activated immunity (Barrangou, 2013). The acquired DNA
sequences located in the locus are known as ‘spacers,” while the matching DNA
sequences in the phages or plasmids are known as ‘proto-spacers.’ In the locus, the

spacers are separated by palindromic (for forming hairpins) repeat sequences known
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simply as ‘repeats.” CRISPR loci have been found in approximately 45% of bacterial and
90% of archaeal genomes (Barrangou, 2013).

CRISPR Cas9 nucleases became a popular synthetic biology tool after Jinek et al. (2012)
demonstrated that a chimeric tracrRNA-crRNA synthetic fusion, known as “single guide
RNA” (sgRNA), can be as effective as the wildtype crRNA and tracrRNA dimer in
interacting with Cas9 and inducing Cas9-directed cleavage of target DNA. Since 2013,
genes of more than 26 different plant species have been modified with CRISPR Cas9
nucleases (Bewg et al., 2018a; Xu et al., 2019; Ghogare et al., 2019; Manghwar et al.,
2019). Mutation efficiencies of endogenous genes vary between 0.1% and 100%.
Mutation efficiencies of 100% have been reported in cassava (Odipio et al., 2017),
eucalypts (Elorriaga et al., under review), grapevine (Ren et al., 2016), maize (Lee et al.,
2019), poplar (Zhou et al., 2015; Wang et al., 2017), rice (Shen et al., 2017), tomato
(Ueta et al., 2017), and Wanjincheng orange (Peng et al., 2017). Inheritable mutations
have been reported in Arabidopsis, maize, potato, rice, and wheat (Feng et al., 2014;
Zhang et al., 2014; Wang et al., 2014; Zhou et al., 2014a; Ma et al., 2015; Butler et al.,
2015; Zhu et al., 2016).

1.10.2 Modified Cas9 systems

Cas9 has had one or both (i.e., dead Cas9 or dCas9) of its nuclease domains (i.e., RuvC

and HNH domain) inactivated to generate Cas9 nickases (i.e., only one strand is cleaved),

cytosine and adenine deaminases, repressor domains, activator domains, fluorescent
protein sequences, and histone demethyling domains to create more specific nucleases,
site-directed base editors, transcription repressors (i.e., CRISPRIi), transcription
activators, site-directed visual markers, and epigenetic repressors respectively
(Mitsunobu et al., 2017; Schindele et al., 2019). Last, split and inducible Cas9 variants

have been engineered for viral-vector delivery and spatiotemporal- or dosage-controlled
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1.10.3 Other CRISR Cas systems

Other Cas enzymes have recently been characterized. Casl12 and Cas13 are Class 2 Cas
enzymes as Cas9 but with major differences (Shmakov et al., 2017). For starters, neither
of them requires a tracrRNA to interact with the crRNA (Fonfara et al., 2016; Swarts et
al., 2017; Abudayyeh et al., 2017). Cas12 is an RNA-guide DNA-targeting nucleases as
Cas9. However, Cas12 enzymes have 5'-TTTN-3" or 5'-TTN-3’ as their PAM sequences,
the PAM sites must be on the 5’ end of the protospacer, they cleave DNA staggerly, and
they don’t, yet they cleave on the 3" as Cas9 (Zetsche et al., 2015; Gao et al., 2016).
Meanwhile, Cas13 is an RNA-guided RNA targeting enzyme. Casl3 appears to cleave
RNAs in-vitro in a non-specific manner (Liu et al., 2017b,a), however this promiscuous
cleaving activity has not been seen with human cells (Abudayyeh et al., 2017; Cox et al.,
2017). Both Cas12 and Cas13 with likely be engineered just like Cas9 for other functions

including gene repression, gene activation, and site-directed visual localization.

1.11 Floral molecular biology

Because plants are stationary their reproductive success and survival depends mostly on
them gauging their environment correctly when transitioning into critical stages in their
life cycle. One of the most critical stages is the transition to flowering. Flowering must
happen just at the right time to guarantee the species and specimen’s genes live on
(Andrés & Coupland, 2012). Inductive conditions for flowering vary between and within
species. Plants can be either long- or short-day, and they might or not require prolonged
exposure to cold. Annual, biennial, and perennial plants differ in the number of growing
sessions required to complete a life cycle.

The onset of flowering can have effects on phyllotaxis, meristem fate, and meristem
identity. Plants can have monopodial or sympodial growth (reviewed by Reinhardt &
Kuhlemeier, 2002). Monopodial growth happens when the shoot apical meristem (SAM)
remains indeterminate for the entire life of the plant. Sympodial growth occurs when the
SAM is determine and development continues from lateral meristems. During the

transition to flowering in plants with monopodial architecture like Arabidopsis, the shoot
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apical meristem (SAM) transitions into an inflorescence meristem (IM). Then, floral
meristems (FM) develop from each IM and begin the formation of floral organ primordia.
Arabidopsis and Antirrhinum, two of the model plants, exhibit monopodial growth

patterns. Meanwhile, tobacco and petunia, exhibit sympodial growth patterns.

Because of the importance of flowerings to plant fitness, its onset is subject to several
interacting layers of control. Flowering in Arabidopsis is dependent on the integration of
six pathways: age, ambient temperature, autonomous, gibberellin, photoperiod, and
vernalization pathways (Wellmer & Riechmann, 2010; Leijten et al., 2018). The age
pathway involves several SQUAMOSA PROMOTER BINDING LIKE (SPL)
transcription factors. Over time, the concentrations of SPLs increase, and in turn, SPLs
induce expression of other transcription factors, including FRUITFULL (FUL), LEAFY
(LFY), and SURPRESSOR OF CONSTANS 1 (SOC1). SPLs are regulated by microRNA
miR-156. Concentration of miR-156 is higher in younger plants, and it decreases as the
plants grow.

The ambient temperature pathway involves the activity of many transcription factors
including the MADS-box transcription factor SHORT VEGETATIVE PHASE (SVP).
Mutations in SVP lead to early flowering and insensitivity to ambient temperature in
Arabidopsis. SVP regulates expression of FLOWERING LOCUS T (FT). The
concentration of gibberellin (GA) increases substantially in the flower meristem right
before induction of flowering. Arabidopsis flowers after prolonged exposure to long
days (the photoperiod pathway). The exposure to long days initiates a regulatory network
involving GIGANTEA (GI) and CONSTANS (CO). CO is another MADS-box
transcription factor that induces expression of FT and TWIN SISTER OF FT (TSF). CO
is degraded during both light and dark. During the day, a pathway started by
photoreceptor Phytochrome B (PHYB) degrades CO, and in the dark, the ubiquitin ligase
CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) degrades CO. Gl interacts with
F-box ubiquitin ligases, and the interaction stabilizes the ubiquitin ligation, which go on a

degrade repressors of CO.
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In both the autonomous and vernalization pathways, flowering induction happens by
repression of FLOWERING LOCUS C (FLC), a MADS-box transcription factor and
strong repressor of flowering. FLC represses flowering by directly binding to the
promoters and obstructing transcription of FT, SOC1, and SPL15. The absence of warmth
for a prolonged period of time induces repression of FLC by histone modification of its
chromatin. VERNALIZATION INSENSITIVE 3 (VIN3) and VERNALIZATION 2

(VRNZ2) are among the proteins involved in the long-term repression of FLC.

All of these pathways converge with three flowering pathway integrator (FPI) genes, FT,
SOC1 and LFY. FT is a member of the phosphatidylethanolamine-binding protein
(PEBP). FT protein moves from the leaves to the SAM with help of FT-INTERACTING
PROTEIN 1 (FTIP1). When FT reaches the SAM, it interacts with FLOWERING
LOCUS D (FD) with help of the 14-3-3 protein, to induce expression of SOC1. SOCL1 is
a MADS-box transcription factor that induces expression of LFY and AGAMOUS-LIKE
24 (AGL24).

LEAFY (LFY) was one of the first ever identified flowering genes (Coen et al., 1990a;
Weigel et al., 1992). It encodes a highly conserved plant-specific transcription factor
found in all land plants (Moyroud et al., 2009; Silva et al., 2016) and stretophyte algae
(Gao et al., 2019b). LFY is an FPI gene but also a floral meristem identity (FMI) gene.
FPI1 genes initiate transition into reproductive growth when the plant is ready and FMI
genes convert inflorescence meristems to floral meristems by promoting flower initiation.
In Arabidopsis, the main FMI genes are APETALAL (AP1), CAULIFLOWER (CAL),
FRUITFUL (FUL), and LFY. In Arabidopsis, the four FMI genes commit the meristem
to a floral fate by regulating the expression and function of TERMINAL FLOWER1
(TFL1), a floral meristem repressor (Bowman et al., 1993; Ratcliffe et al., 1999;
Liljegren et al., 1999; Kobayashi et al., 1999; Ferrandiz et al., 2000; Parcy et al., 2002;
Jaeger et al., 2013; Serrano-Mislata et al., 2016, 2017; Goslin et al., 2017). During
flowering LFY activates many floral organ identity (FOI, or homeotic) genes including
APETALAL (AP1), which then itself induces more LFY expression, generating a feed-
forward loop for controlling flowering (Gramzow & Theissen, 2010; Liu & Mara, 2010).
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The original homeotic model, the ABC model, was proposed because the initial homeotic
mutants in Arabidopsis and Antirrhinum majus (Bowman et al., 1991; Coen &
Meyerowitz, 1991) were of one of three possible classes. In “A” class mutants, the sepals
and petals were replaced by carpels and stamens respectively. In “B” class mutants, the
petals were replaced by sepals, and the stamens are substituted by carpels. And in “C”
class mutants, the stamens and carpels are replaced by petals and sepals respectively.
However, after several years of research, other homeotic genes were identified in petunia
and in Arabidopsis, the “D” class for ovule-specific identity genes (Angenent &
Colombo, 1996; Pinyopich et al., 2003; Favaro et al., 2003), and the “E” class for the
more redundant flower-specific SEPALLATA genes (Pelaz et al., 2000; Ditta et al., 2004).
Flower development seems to depend on a five-class homeotic model, the ABCDE
model. In this model, the first four classes of floral homeotic transcription factors (ABC
and D) interact with a fifth class (E) as tetrameric protein complexes (i.e., the floral
quartet model (FQM), (TheiRBen & Saedler, 2001)). These tretamers induce transcription
by binding to the DNA of their target genes. The ABCDE model has been thoroughly
studied in Arabidopsis, Antirrhinum, petunia, and tomato (reviewed in Causier, Schwarz-
Sommer, and Davies 2010; Immink, Kaufmann, and Angenent 2010; O’Maoiléidigh,
Graciet, and Wellmer 2014; Pajoro et al. 2014; Rijpkema et al. 2010).

The ABCDE model has also recently been simplified to the (A)B(C) model were class
“A” is made up of the previous class “A” and class “E” genes, and likewise, class “C” is

made up of the previous class “C” and class “D” genes because of gene function

redundancy (TheiRen et al., 2016).

Most of the FOI, FPI, and FMI genes in Arabidopsis are MIKC® MADS-box
transcription factors. Plant MADS box genes are divided into two groups, MIKC® and
MIKC". MIKCE genes have a MADS DNA binding domain, an intervening (I) domain,
and keratin-like (K) domain, and a C-terminal domain. These highly conserved genes are
found in all land plants (Gramzow & Theissen, 2010; Thangavel & Nayar, 2018) and
appear to have evolved ~700 MYA (Thangavel & Nayar, 2018).
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Genes in the ABCDE flowering model were identified in the most recent common
ancestor (MRCA\) of all seed plants.(Chen et al., 2017). Both Populus (Chen et al.,
2018a) and Eucalyptus (Vining et al., 2015a) have homologs to the homeotic genes in
Arabidopsis with comparable function and expression. It seems reasonable to assume
that most gymnosperms and angiosperms have homeotic genes that follow a model
similar to Arabidopsis” ABCDE model.
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Abstract

The field performance of genetic containment technologies—considered important for
certain uses of transgenic trees in forestry—are poorly known. We tested the efficiency of
a BARNASE gene driven by the TA29 tapetum-dominant promoter for influencing growth
rate and inducing male-sterility in a field trial of transgenic hybrid poplar (Populus
tremula x P. tremuloides). When the growth of 18 transgenic insertion events with the
sterility transgene were compared to non-transgenic controls after two growing seasons,
they grew 40 % more slowly in stem volume, and all but one transgenic event grew
significantly more slowly than the control. In contrast, when we compared the growth of
transgenic trees containing four kinds of GUS reporter-gene constructs to non-transgenic
trees—all of which had been produced using the same transformation method and poplar
clone and grown at the same field site—there were no statistically significant differences
in growth after three growing seasons. In two years where gross pollen release from
catkins was monitored and found to be abundant in the control, no pollen was visible in
the transgenic trees; microscopy suggested the cause was tapetal collapse, and revealed
the presence of a very few normal sized pollen grains of unknown viability. In two
additional years when viable, well-formed pollen was microscopically documented in
controls, no pollen could be observed in any transgenic trees. We conclude that this
construct resulted in robust and possibly complete male sterility that was stable over four

years in the field.

Keywords Populus, BARNASE, TA29 promoter, pollen, risk assessment, forest
biotechnology, genetic containment, genetic engineering
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2.1 Introduction

Genetically engineered (GE) trees in field trials have shown improved wood quality;
faster growth; and markedly improved insect, disease, herbicide, and abiotic-stress
resistance (Harfouche et al. 2011; Hinchee et al. 2011). However, regulations and
substantial market barriers hinder research progress and commercial applications. A
major obstacle to application of GE trees is concern over transgene dispersal in the
environment (Strauss et al. 2009a, b). Although most pollen from wind-pollinated woody
plants falls close to its point of release, a minority can travel from hundreds of meters to
several kilometers. For example, paternity analyses done in two northwestern Populus
trichocarpa populations, one in western Oregon and another in eastern Oregon, revealed
that one-third to one-half of the fertilizing pollen originated from beyond 1km and 10 km
, respectively (DiFazio et al. 2012; Slavov et al. 2009). When sexually compatible,
pollen can fertilize the abundant wild and feral populations of poplars that are common in
many temperate-zone regions (James et al. 1998). A minority of seed—abetted by
animal-, water-, or storm-associated dispersal-—can also travel large distances and
establish in the wild. Due to this potential for wide dispersal, and because the possible
ecological effects of novel genes in the wild are difficult to predict with confidence, there
has been long-term interest in the development of containment methods to prevent or

strongly mitigate transgene dispersal.

There are several major genetic containment strategies that have been discussed for forest
trees (reviewed in Brunner et al. 2007, Vining et al. 2012). These include fitness
reduction, ablation, transgene excision, and floral gene suppression at the RNA or protein
levels. Ablation methods have been most widely studied, and in the case of floral
sterility rely on cell- or tissue-dominant promoters to drive expression of a cytotoxin gene
to destroy tissues essential for gamete development. Previous studies using the
pTA29::BARNASE construct in alfalfa (Medicago sativa, Rosellini et al. 2001), oilseed
mustard (Brassica juncea, Jagannath et al. 2001), oilseed rape (Brassica napus, Mariani et
al. 1990), tobacco (Nicotiana tabacum, Mariani et al. 1990), and wheat (Triticum

aestivum, De Block et al. 1997) demonstrated this construct is effective in inducing male-
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sterility by disrupting the development of tapetal cells. Jagannath et al. (2001) also found
that the Arabidopsis tapetal promoter A9 was highly effective; 94 % of the transformants
with the tobacco TA29 promoter and 87 % of the transformants with the A9 promoter
showed stable male sterility, and none of the plants produced seed by selfing (i.e.,
reverted to being fertile). Mariani et al. (1990) found that 106 out of 115 transformed
tobacco events showed stable male sterility. The 14 transgenic lines of wheat studied by
De Block et al. (1997) had one to three copies of the barnase gene and all but one showed
stable and complete male sterility that was inherited in offspring of a varietal hybrid. The
constructs BPbMADS1::BARNASE (Lemmetyinen et al. 2001, 2004) and
BpFULL1::BARNASE (Lannenpéa et al. 2005) produced male sterility in Arabidopsis,
tobacco (Nicotiana tabacum) (L&nnenpaa et al. 2005; Lemmetyinen et al. 2001), and
silver birch (Betula pendula) (Lannenpéa et al. 2005; Lemmetyinen et al. 2004). The
employed promoters were derived from the birch BpMADS1 gene (homologous to the
Arabidopsis gene SEPALLATAZ, previously known as AGL19), and the birch
BpFRUITFULL-LIKEL gene. Zhang et al. (2012) showed that a male cone-dominant
promoter from Monterey pine (Pinus radiata), PrMC2, fused to an attenuated version of
barnase gave complete and stable male sterility in multi-year field trials of a pine hybrid
(Pinus rigida x P. taeda) and a eucalypt hybrid (Eucalyptus grandis x E. urophylla).

There have been several reports of vegetative abnormalities when the barnase gene was
employed for sterility. In the greenhouse studies of silver birch (Lannenpéa et al. 2005;
Lemmetyinen et al. 2004), transformants were bushy, short, and grew more weakly than
the control. Jagannath et al. (2001), studying Brassica, found that constructs with the
strong constitutive cauliflower mosaic virus (CaMV) 35S promoter driving the
selectable-marker gene showed more vegetative abnormalities than transformants with a
weaker promoter driving the selectable-marker gene. They inferred this to be a result of
35S enhancer effects causing vegetative expression of barnase. Thus, it is important to
carefully evaluate vegetative growth in transgenic plants containing barnase-based

ablation transgenes.
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We report that a TA29::BARNASE transgene was highly effective at inducing male
sterility in poplar, and did so in the field over several years, but it also caused significant
growth retardation. These results show that sterility transgenes can be highly effective at
mitigating transgene dispersal in poplar, but that further technology development and
testing is required to establish methods for imparting female sterility and reducing
undesired effects on growth.

2.2 Materials and Methods

2.2.1 Gene constructs

2.2.1.1 Sterility

Hybrid poplars were transformed with the binary plasmid pTTM8 provided by Plant
Genetic Systems (Gent, Belgium). The vector (described in Li et al. 2007) contained
three transgenes within its T-DNA, including BARNASE; neomycin phosphotransferase Il
(NPTII), which provides resistance to kanamycin; and bar (selectable marker for
glufosinate ammonium herbicide resistance). The BARNASE gene was derived from

Bacillus amyloliquefaciens (Mariani et al. 1990) and encodes a ribonuclease.

2.2.1.2 Reporter

To evaluate whether transformation affected growth rate, we produced a number of
transgenic trees that lacked the BARNASE gene, and contained only the S-glucuronidase
(GUS) reporter gene and the selectable marker gene for kanamycin resistance. Between
1998 and 1999, 10 transgenic events were produced via the same Agrobacterium
tumefaciens transformation methods for each of the four GUS transgene

constructs: PTD::GUS (abbreviated 3PG), EnNACT11::GUS (3A11G), EnACT2::GUS
(BA2G), and En35S::GUS (3SG) (Supporting Information Table S2.1). The promoter
from the PTD gene is expressed in a floral predominant manner (Sheppard et al. 2000;
Skinner et al. 2003), while the other three promoters (EnACT11, EnACT2, and En35S)
allow for approximately constitutive expression (An et al. 1996, Huang et al. 1997). In
brief, constructs En35S::GUS::E9, EnACT11::GUS::E9, and EnNACT2::GUS::E9 were
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generated using pPMON10547 as the binary vector backbone (Supporting Information
Table S2.1). The vector pPMON10547 contains two copies of the 35S promoter enhancer
region, the 35S promoter basal region, a multicloning site (MCS), and the E9
transcriptional terminator. Construct En35S::GUS::E9 was generated by adding the GUS
reporter gene behind the constitutive 35S promoter. Both actin promoters, ENACT11 and
EnACT2, were amplified from Arabidopsis thaliana ecotype Columbia based on the
corresponding actin2 (AT3G18780) and actin1l (AT3G12110) gene sequences, using
primers with flanking restriction enzyme adaptor sites. The ACT2 promoter region was
amplified using primers ACT2.001 (ESM, Table S2) and ACT2.002 (ESM, Table S2),
and the ACT11 promoter region using primers ACT11.001 (ESM, Table S2) and
ACT11.002 (ESM, Table S2). Amplicons were subcloned into the PCR cloning vector
pCR-TOPO2.1 and confirmed by Sanger sequencing. The cloned promoters were excised
and subcloned into the binary vector to replace the 35S basal promoter region (i.e. the -90
fragment of Benfey and Chua 1990) while retaining the upstream double 35S promoter
enhancer regions to generate constructs EnACT2::GUS::E9 and

EnACT11::GUS::E9. The tandem 35S promoter enhancer regions were thus fused
upstream of the respective actin promoter to augment the endogenous constitutive actin
regulatory and basal promoter regions. Sanger sequencing was performed to confirm the
correct assembly of the respective promoter GUS reporter gene fusion constructs
EnACT2::GUS::E9 and EnACT11::GUS::E9.

2.2.2 Micropropagation

Sterile in vitro young micro-cuttings (shoot tips and micro-nodes) of male hybrid aspen
genotype (INRA 353-38, P. tremula x P. tremuloides) were propagated on hormone-free,
half-strength Murashige and Skoog medium (MS). Plants grew on these media for 4-6
weeks and then micropropagation was repeated three to five times until enough plants for
field tests were produced. They were then were transplanted to soil and acclimated in the

greenhouse and field prior to planting in field trials.
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2.2.3 Transformation

Sterile in vitro cultures of genotype 353-38 were used for all transformations. Internodes
and leaf discs, in admixture, were used as explants for cocultivation. All transformation
and regeneration was essentially as described in Filichkin et al. (2006), using
Agrobacterium tumefaciens strain C58/pMP90 (GV3101). For the sterility construct, 18
independent transgenic events were generated and each transgenic event was
micropropagated to produce three ramets for field testing (except for event 2, which had
four). There were nine non-transgenic wild-type controls propagated in the same way.
For the reporter gene field study, 10 events were produced using each construct and
multiplied and readied for the field essentially the same as for the sterility field study.

2.2.4 Transgene confirmation

Genomic DNA was isolated from leaf tissue using the DNeasy Plant Mini Kit (Qiagen,
Valencia, CA) following the manufacturer’s instructions. All transgenic plants were
confirmed by polymerase chain reaction (PCR) against one or more target genes within
the T-DNA. We used non-transgenic, in vitro grown trees produced at the same time as
negative PCR controls. The NPTII and BARNASE genes were amplified from the male-
sterile trees (Supporting Information Table S2.2) and the GUS gene was amplified in the
reporter trees (Supporting Information Table S2.2); negative controls, using template
from a non-transgenic control, were also included during all PCR analyses. For
simplicity, genotype designations have been recorded in this manuscript as follows
(format is: “original code/manuscript code”): 7/1, 43/2, 15/3, 102/4, 2/5, P/6, 58/7, 29/8,
39/9, 8/10, 38/11, 28/12, 16/13, 40/14, 9/15, 30/16, 41/17, and 63/18.

2.2.5 Field layout

The reporter and sterility field trials were planted adjacent to one another in a field site
near the Willamette River in Benton County, OR. The sterility trial was planted in
September 1995 and the reporter trial in September 2000; both trials were irrigated in the

first and second growing season after planting.
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The sterility trial was planted in a randomized block design with three blocks; each block
contained a single ramet of each transgenic event (except for block 1 which had two
ramets for event 2), and each block had three ramets for each control type. The reporter
trial was planted in a completely randomized design with 10 transgenic events for each
construct (except 3PG, which had 3 ramets) and two wild-type controls for each construct
(except for the 3PG construct, which had 4), for a total 10 control trees. The spacing was
3 m between rows and 1.5 m within rows. As described above, for the reporter trial all
transgenic events started with two ramets (except for event 3PG96, which had three).
However, by 2003, one event each in 3A2G, 3PG, and 3SG, and one control ramet (out
of the 10), was lost due to animal damage or unknown causes. We conducted a one-way
ANOVA with constructs (including control as a “construct”) as the main effect to test if
mean volume index varied among constructs for the years 2001 and 2003. The volume
index of the different construct-associated control groups was not significantly different
(Supporting Information Tables S2.3 and S2.4), so all controls were pooled for analysis.

2.2.6 Tree growth measurements

Tree height and/or stem diameter at 1.5 m above ground were measured for both trials.
Where height and diameter were both available, they were used to calculate a volume
index (height*diameter?) for each tree. Volume index data for the sterility trial is
presented after two growing seasons, approximately at the onset of visible inter-tree
competition. Data for the reporter trial is presented for growth after one and three

growing seasons; the latter was at the onset of inter-tree competition.

2.2.7 Catkin collection and measurements

Flowering was studied only in the sterility trial, where catkins were collected every year
from 2006 to 2009 starting just prior to the onset of pollen release, and then additional
catkins were collected for approximately one month or until no new catkins could be seen
opening on trees. Prior to the onset of flowering, two out of the three original blocks had
to be removed due to other demands for that land. Catkins were placed in coolers with

ice immediately after collection. Because the branches bearing catkins were
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approximately 10 to 30 m above the ground, pole pruners and hydraulic lifts were used to
facilitate sampling (Fig. 2.1). During the collection period in 2009, we also took data on
catkin morphology (length, weight, and curvature). To quantify a visible difference in
catkin curvature, we measured six visibly representative catkins, one from the control and
one from five different transgenic events, during the March 17" collection, using ImageJ
freeware (Schneider et al. 2012). The angle made by a line projected from the catkin

base with that from the catkin tip was used to approximate curvature.

2.2.8 Pollen dehiscence and assessment

After catkin length and weight were measured, they were placed in a refrigerator until
they completed development and began to release pollen. Full pollen release was
observed after transfer to Petri dishes kept at room temperature (~20 °C). Catkins were
shaken to aid in release of pollen, and the pollen then diluted in water for microscopic
quantification. The numbers of well-formed (i.e., normal and uniform size and shape)
grains were counted under a dissecting microscope with a hemocytometer (Supporting
Information Figs. S2.1 and S2.2). For each sample, seven hemocytometer squares were
counted. To estimate pollen viability in 2008 and 2009, we used 2,2,5-triphenyl
tetrazolium chloride (TTC) (Cook and Stanley 1960); only control pollen was stained
because the transgenic trees did not produce any detectable pollen. Photos of catkins in
Petri dishes were taken with an Axio camera model AxioCam ICc 1 and a ZEISS Stemi
SV11 Apo stereomicroscope, and the photos were examined using Carl Zeiss
Vision/Axiovision software (release 4.8.1, November 2009). Images of catkins from
transgenic events and controls releasing pollen in Petri dishes were taken for all the years
of study (2006-2009). Images of some catkins were previously published in review

papers by Brunner et al. (2007) and Vining et al. (2012), and thus not shown here.
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Fig. 2.1 Field trial during early growth and catkin collection. a, Photographed in July
1997, two growing seasons after planting. Note the person (~1.8 m) just visible within
the trees (center bottom). b, the trees in November 1998, after the third growing season
after planting. c, collecting catkins with a lift while using a pole pruner during March

2009. d, collecting catkins by hand with a Swedish ladder and a pole pruner in February
2007.

2.2.9 Anther microscopy

To observe anther structure, catkins were placed in a formalin—acetic acid—-alcohol (FAA)
fixative solution and vacuum infiltrated for 1-2 h, then stored at 4 °C in the dark. For the
histological images taken for anthers collected in 2006 and 2009, samples were fixed,
dehydrated, embedded in glycol GMA methacrylate plastic, sectioned, and mounted on
slides. Sections were stained in 0.5 % Toluidine Blue O in citrate buffer. Photographs
were taken using a DFC 290 camera with a Leica DM5000 microscope at both 10X and
25X magnifications, and analyzed using the Leica Application Suite software on the
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camera. Histology images from 2006 were published previously and not presented here
(Brunner et al. 2007; Dalton et al. 2013).

2.2.10 Quantitative analyses

Statistical analyses were conducted using the R statistical computer language and
environment version 3.0.1 (R Core Team, 2013) using the R packages Ismeans (Lenth
2013), multcomp (Hothorn et al. 2008), and nlme (Pinheiro et al. 2013). Because of
heteroscedasticity observed after inspection of residuals, all models were fit using
generalized least squares (Hothorn et al. 2008; Lenth 2013; Pinheiro et al. 2012) with
variances allowed to differ among constructs or events. Graphical checks of the residuals
then showed that variances were approximately uniform and normal in distribution. For
the sterility trial, we conducted a two-way ANOVA with blocks and events (including
controls) as main effects to test if mean volume index varied significantly. Following
ANOVA, a Dunnett’s multiple comparison test was used to compare the mean volume
index of each transgenic event against the control. For the reporter trial, we carried out a
one-way ANOVA to test if mean volume index varied among constructs or controls for
the years 2001 and 2003 separately. We also conducted a one-way ANOVA for each
construct to test if mean volume index varied among events within a construct.
Following ANOVA, a Dunnett’s multiple-comparison test was used to compare the mean

volume index of lines from each construct against the control.

In 2009, catkins were collected from events 7, 9, 12, 14, 17, and control trees on March
10" and March 17" to measure their length and weight (no catkins were collected from
event 17 on March 10™). During the first collection, the number of catkins collected were
47, 37, 54, 36, and 60, corresponding to events 7, 9, 12, 14, and control, respectively. On
the second collection, the number collected were 6, 31, 14, 13, 9, and 35, corresponding
to events 7, 9, 12, 14, 17, and control, respectively. Mean length was calculated by
averaging the length of all the catkins from a single event or control. A Dunnett’s
multiple-comparison test was used to compare the mean catkin length of each transgenic
event against that of the control for each collection date. Mean weight was determined

by averaging the total weight of all the catkins belonging to an event by the number of
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catkins. A single-sample Student’s t-test was used to compare the mean catkin weight of
each transgenic event against that of the control for each collection date.

2.3 Results

2.3.1 Slowed early growth of transformants with a BARNASE transgene

Statistical analysis of early growth in the sterility trial showed that blocks and events
were significant sources of variance (F2,46 = 52, p < 0.0001; Supporting Information
Table S2.5). All of the transgenic events showed lower mean volume indexes than the
control (Fig. 2.2), and all but one of the 18 events was statistically different (smaller) than
the control based on Dunnett’s test (Fig. 2.2; Supporting Information Table S2.6). On
average, the sterility transgenic events cumulatively grew 40 % more slowly than the

control trees over the two seasons of the growth trial.

2.3.2 Absence of evidence for growth impairment due to transformation

Because expression of the GUS reporter gene in transgenic plants is widely known to be
essentially free of pleiotropic effects on plant phenotypes (e.g., Gilissen et al. 1998), we
employed a population of these plants for helping to assess whether the growth loss we
observed in our sterility trial could have been due to transformation itself. In the reporter
trial, the mean volume indexes of the transgenic constructs were not significantly
different from each other or the controls in 2001 (one year of growth) (Fs3s=0.212, p =
0.930; Fig. 2.3; Supporting Information Table S2.7) or in 2003 (three years of growth)
(Fa36=0.263, p = 0.900; Supporting Information Table S2.8). The lack of differences
among constructs was also revealed by Dunnett’s test for both 2001 and 2003

(Supporting Information Tables S2.9 and S2.10). Nonetheless, events within construct
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type were a statistically significantly source of variance (ESM, Tables S11 and S12),
likely due to an unusually fast- or slow-growing event (data not shown).
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Fig. 2.2 Transgenic trees showed reduced growth when compared to non-transgenic
control. The heights and diameters of all the trees were measured in fall 1997, two
growing seasons after planting. Each bar identifies an individual gene insertion event or
control. The brackets represent 95 % confidence intervals. The asterisks indicate
whether the volume index of the specific event was significantly different than the
control based on a Dunnett’s test (three asterisks: P<0.001, two asterisks: P<0.01, and
one asterisk: P<0.05; all rounded up). The events with darker bars were also studied for
their pollen sterility; cc, cubic centimeters.
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2.3.3 Transgenic catkins showed distinct size and morphology

Measurements of catkin length from two collections in 2009 showed that transgenic
catkins were often significantly shorter than control catkins (Supporting Information Fig.
S2.3; Tables S2.13 and S2.14). Measurements of weight on the same catkins showed
that, for the first collection, weight was similar between transgenic and control catkins (p
= 0.116); however, for the second collection, when catkins were more fully mature, the
weight of the control catkins was significantly lower than that of the transgenic catkins (p

=0.009) (Supporting Information Fig. S2.4). When we measured the angle projected
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from the two tips of the catkin toward one another, the transgenic catkins were distinctly
curved (91°+10.3), whereas control catkins all appeared perfectly straight (180°)
(Supporting Information Fig. S2.5; Table S2.15).
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Fig. 2.3 Reporter and non-transgenic trees grew at similar rate. The volume index of each
transgenic construct was not significantly different from the controls (all P > 0.60, see
Supporting Information Tables S2.7 and S2.8). Brackets represent 95 % confidence
intervals. Darker bars show data from 2001 and lighter bars show data from 2003; cc,
cubic centimeters.

2.3.4 Absence of pollen during visual inspection of transgenic catkins

Based on visual inspection of whole Petri dishes after manual agitation, we found that
none of the transgenic trees released significant amounts of pollen during any of the years
of study (Fig. 2.4). After microscopic inspection, control trees released an average of
73,000 and 85,000 pollen grains per catkin in years 2006 and 2007, respectively, whereas
only a few possible pollen grains (based on similarity in size and shape to wild type
pollen) were observed from transgenic trees in 2006 (Brunner et al. 2007) and 2007
(Supporting Information Fig. S2.1). In 2008 and 2009, no pollen, viable or otherwise,
was macro- or microscopically detected from the transgenic trees, though it was
abundantly produced by the control trees (Supporting Information Fig. S2.2). For the
years 2008 and 2009, the control trees released approximately 775,000 and 2,700,000
pollen grains per catkin, respectively. The abundant pollen that was produced on the
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control catkins were also highly visible when whole catkins with mature anthers were
examined; the control catkins had swollen anthers, but the anthers of transgenics were
shrunken (Fig. 2.5).

Fig. 2.4 Absence of visible pollen release from transgenic catkins. a and ¢, show control
catkins with released pollen. b and d, show transgenic catkins without visible released
pollen. b, catkins correspond to event 17. d, catkins correspond to event 14. a and b,
catkins were collected in 2007. c and d, catkins were collected in 2009. Images of catkins
from 2006 and 2008 were previously published in Brunner et al. (2007) and Vining et al.
(2012).

2.3.5 Transgenic anthers showed a collapsed tapetum and absence of pollen

In 2009, we selected catkins from one of the sterile lines (event 12) to study in further
detail the structure and morphology of the anther sacs, including the tapetum.
Microscopic analyses showed that transgenic anthers had significant developmental
abnormalities compared to control anthers (Fig. 2.6). The tapetum of the transgenic
anthers appears to have collapsed and no pollen grains were observed inside the pollen
sacs. It was difficult to differentiate the tapetum from the endothecium, but it appears
that the tapetum was completely ablated and the endothecium appeared thicker than in

wildtype.
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Fig. 2.5 Transgenic catkins lacked visible pollen. aand b, catkin and stamens are from a
control tree. ¢ and d, catkin and stamens are from transgenic event 12. e and f, event 9. g

and h, event 14. i and j, transgenic event 7. The black bar in the catkin image i
corresponds to 1 cm and the black bar in the stamen image j corresponds to 1 mm.
Photos were taken during March 2009. Histology photos from 2006 can be found in

Brunner et al. 2007 and Dalton et al. 2013.
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Fig. 2.6 Transgenic catkins lacked visible pollen. a and b, catkin and stamens are from a
control tree. ¢ and d, catkin and stamens are from transgenic event 12. e and f, event 9. g
and h, event 14. i and j, transgenic event 7. The black bar in the catkin image i
corresponds to 1 cm and the black bar in the stamen image j corresponds to 1 mm.

Photos were taken during March 2009. Histology photos from 2006 can be found in
Brunner et al. 2007 and Dalton et al. 2013.

2.4 Discussion

Based on macroscopic inspection of dehiscing catkins, all of the flowering transgenic
trees were male-sterile in all four years of study. In the two years where pollen viability
was also determined and analyzed microscopically, only the control produced viable
pollen; no pollen was detected from the transgenics. In the review paper by Brunner et
al. (2007), preliminary data based on hemocytometer counts were presented that showed
extremely little pollen production in 2006; of six events studied, two produced no
detectable pollen, and the other four events produced a mean of six pollen grains per
catkin, consistent with the very rare grains we observed in 2007 (Supporting Information
Fig. S2.2). However, viability was not determined in either 2006 or 2007. Thus, it
remains unclear if transgenic trees in this study could produce any viable pollen.
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Our results showed strong and consistent, but possibly not absolute, male sterility. This
finding is similar to several other studies. Lemmetyinen et al. (2004) saw no pollen in
transgenic birch. Similarly, no pollen was observed on any transformed tobacco plants
(Mariani et al. 1990) nor on transgenic wheat (De Block et al. 1997). Moreover, none of
the wheat produced seed from selfing; seed was only produced when cross-pollination
was performed. Studying Brasssica, Jagannath et al. (2001) found that all of the
transformed lines lacked pollen, and none of the plants produced seed by selfing or
reverted to being fertile. However, Jagannath et al. (2001) also produced semi-sterile
plants and they noted that many of them had both sterile and fertile anthers, the former of
which eventually reverted to being fully fertile. Rosellini et al. (2001) noted “traces” of
pollen in three out of five transformed alfalfa lines, while two lines showed no pollen at
all. The three transgenic pollinating lines were selfed and produced just a few seeds;

however, the control produced greater than six-fold more seed than the transgenic lines.

In addition to pollen sterility, we found alterations in catkin morphology in the transgenic
trees. The catkins from the transformants were smaller and curved when compared to the
control catkins (Supporting Information Figs. S2.3 and S2.5). In one collection, we were
surprised to find that the transgenic catkins were heavier than the control catkins
(Supporting Information Fig. S2.4). We hypothesize that this is because the control
catkins were weighed after most of their pollen had been released. The control catkins
were significantly longer than the transgenic catkins (Supporting Information Fig. S2.3);
it is unlikely that pre-dehiscence catkins would also be lighter. Male-sterile Brassica
transformants also had smaller flowers than controls (Jagannath et al. 2001).

The pollen sacs in our transformants were collapsed, with the tapetum and pollen grains
absent. Similar results were reported by Mariani et al. (1990), De Block et al. (1997), and
Rosselini et al. (2001) in tobacco, wheat, and alfalfa, respectively. In transgenic alfalfa
deterioration of the tapetum was evident during premiotic development (Rosselini et al.
2001).

Because of its potent and nearly indiscriminant degradation of cellular RNA, barnase is

toxic in both prokaryotes and eukaryotes (Ulyanova et al. 2011). All of the transgenic
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trees we studied had inferior growth to the control trees. This growth difference had also
been briefly reported earlier in a preliminary report from our laboratory (Skinner et al.
2000). The GUS enzyme is one of the most widely used reporter genes in transgenic
plants, partly because it is not toxic to transformed cells (Gilissen et al. 1998, Miki and
McHugh 2004). Transgenic GUS plants have shown no growth effects (Gilissen et al.
1998) or pleiotropic changes in gene expression (Ouakfaoui and Miki 2005) when
compared to non-transgenic control plants. Moreover, in a randomized greenhouse study
Lemmetyinen et al. (2001) saw no significant difference in growth between their non-

transgenic control line and a transgenic line containing BpMADS5::GUS.

Based on the lack of evidence for growth effects of GUS reporter constructs in the
literature, and the current results where GUS transgenic trees did not differ from non-
transgenic trees in volumetric growth, the data implicate the barnase cytotoxin transgene
as the probable cause of the slowed early tree growth seen in the male-sterile transgenic
poplars. Reduced growth associated with barnase expression was also seen in
greenhouse studies of silver birch (Lannenpaa et al. 2005; Lemmetyinen et al. 2004). In
the study with the BpFULL1 promoter, one third of their 12 non-flowering lines showed
severely reduced growth and small narrow leaves (Lannenpéé et al. 2005), and in the
study with the BpMADSL1 promoter 38 of the 45 non-flowering transformants studied
were weaker, shorter, and showed abnormal dichotomous branching. Vegetative
impairment was seen in all Brassica transformants (Jagannath et al. 2001) where the
CaMV 35S promoter drove expression of the bar selectable marker gene in a construct
containing the TA29 promoter driving expression of the barnase gene. The authors
attributed the morphological abnormalities in their transformants to the unintended
expression of barnase in vegetative tissues associated with 35S enhancers, as has been
reported in other studies (Yoo et al. 2005). Interestingly, in the Jagannath et al. (2001)
study no morphological abnormalities were seen in transformants with a 5-kb spacer
between the 35S promoter and the barnase gene driven by the TA29 promoter. Our
barnase construct, however, did not include the 35S promoter. Instead, the nopaline
synthase gene promoter (NOSp) drove the NPTII gene and the promoter from the
ribulose-1,5-bisphosphate carboxylase small subunit (rbcS) gene from Arabidopsis,
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atS1A, drove the bar gene. Both of these promoters are generally considered to be
expressed in numerous tissue types, however, the NOS promoter has shown significantly
less expression (at least 30-fold) of marker genes compared to the 35S promoter in both
petunia and moss (Horstmann et al. 2004; Sander et al. 1987). The alfalfa rbcS promoter
also showed much weaker activity than the 35S promoter in young leaves, old leaves,
shoot tips, and nodules of alfalfa (Samac et al. 2004). Nonetheless, we believe that the
NOSp, together with the effects of “random” transgene integration, were a likely cause of
unintended barnase expression in vegetative tissues, and thus growth inhibition. It is also
likely that the TA29 promoter has imperfect tissue fidelity, especially in the
taxonomically distant dicot Populus (it was isolated from tobacco).

The deleterious effects of barnase observed in this study may have been exacerbated by
growth in a field environment. No adverse effects on growth were observed in the
greenhouse studies of oilseed rape (Mariani et al. 1990), tobacco (Mariani et al. 1990), or
wheat (De Block et al. 1997). These plants showed normal height, leaf size, tillering,
and/or high vigor based on causal observation. They also found no abnormalities in any
of the flowering organs except for the tapetum. In the randomized greenhouse study on
Arabidopsis and tobacco by Lemmetyinen et al. (2001), there were no differences in
growth of transgenic vs. control lines until flowering began. Likewise, Wei et al. (2006)
reported normal growth and morphology of greenhouse-grown trees expressing barnase
under the poplar LEAFY promoter, whereas their field-grown transgenic trees had highly
abnormal morphology and reduced growth. Surprisingly, this occurred in spite of co-
expression of the barnase inhibitor barstar (Wei et al. 2006). In contrast, Zhang et al.
(2012) did not observe any growth impairment in their field-grown, male-sterile pines
and eucalypts, possibly because of the reduced toxicity of the barnase variant employed.
They did not, however, present any data or statistical analysis in support of this
observation. These results suggest that barnase toxicity can vary widely depending on
species and growth environment, and the need for steps to reduce barnase toxicity due to
mis-expression. These could include the use of spacers (Jagannath et al. 2001),
separation of subunits among plants following crossing (Burgess et al. 2002; Bihao et al.
2012), or attenuated versions of the protein (Zhang et al. 2012).
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The male sterility we observed was expressed over four years in the field. Similarly,
Zhang et al. (2012) reported complete male sterility over four years in pine and over two
years in eucalypts. Tobacco and silver birch transformed with the BpbMADS1::BARNASE
and the BpFULL1::BARNASE constructs were highly sterile for three and two
consecutive years, respectively (L&nnenpéd et al. 2005). Commercial male-sterile
Brassica has been authorized for use since 1996 in the USA and Canada (CERA 2013).
Thus, it appears that barnase expression can be a highly reliable means for generating

male sterility.

There remain a number of research needs if barnase technology is to become a general
tool for transgene containment in forest trees. These include statistically robust and long-
term field tests evaluating the level of sterility and impacts on vegetative growth, and the
development of new promoters that are more specific in their expression patterns and/or
employ less toxic forms of cytotoxin genes. Female sterility will also be needed for
many forest trees due to animal, wind, and water dispersal of seeds. This is particularly
true for poplars, which have seeds that are very small and can “float” in air and on water
over large distances. To our knowledge, no genes that cause bisexual or female sterility

appear to have been field-tested in any plant species.

Field tests are essential for determining the efficacy and stability of transgenic sterility.
Unfortunately, the stringent regulation of all forms of direct genetic modification that are
in place around the world make even small field trials very difficult, and in many cases
impossible, to carry out (Viswanath et al. 2012). The development of robust containment
technology would therefore benefit not only from additional laboratory research, but from
more discriminating regulatory systems that are based on trait risks and benefits, not on a
presumed hazard due to use of recombinant DNA methods (Strauss et al. 2010; Meilan et
al. 2012).
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Abstract

In an effort to produce reliably contained transgenic trees, we used the CRISPR Cas9
system to alter three genes expected to be required for normal flowering in poplar (genus
Populus). We designed synthetic guide RNAs (sgRNAS) to target the poplar homolog of
the floral meristem identity gene, LEAFY (LFY), and the two poplar orthologs of the
floral organ identity gene AGAMOUS (AG). We generated 557 transgenic events with
SgRNA(s) and the Cas9 transgene and 49 events with Cas9 but no sgRNA, and analyzed
all events by Sanger sequencing of both alleles. Out of the 684 amplicons from events
with sgRNAs, 474 had mutations in both alleles (77.5%). We sequenced both AG
paralogs for 71 events in INRA clone 717-1B4 and 22 events in INRA clone 353-53, and
found that 67 (94.4%) and 21 (95.5%) were double locus knockouts. Due partly to a
single nucleotide polymorphism (SNP) present in the target region, one sgRNA targeting
the AG paralogs was found to be completely inactive by itself (0%) but showed some
activity in generating deletions when used in a construct with a second sgRNA (10.3% to
24.5%). Small insertion/deletion (indel) mutations were prevalent among mutated alleles
of events with only one sgRNA (ranging from 94.3% to 99.1%), while large deletions
were prevalent among alleles with two active sgRNAs (mean proportion of mutated
alleles was 22.6% for small indels vs. 77.4% for large indels). For both LFY and AG,
each individual sgRNA-gene combination had a unique mutation spectrum (p<0.001). An
AG-sgRNA construct with two sgRNASs had similar mutation spectra among two poplar
clones (p>0.05), however, a LFY-sgRNA construct with a single sRNA gave
significantly different mutation spectra among the same two clones (p<0.001). The 49
empty vector control events had no mutations in either allele, and 310 potential “off-
target” sequences also had no mutations in 58 transgenic events studied. CRISPR Cas9 is
a very powerful and precise system for generating loss-of-function mutations in poplars,
and should be effective for generating reliably infertile trees that may promote regulatory,

market, or public acceptance of genetic engineering technology.

Keywords Populus, CRISPR Cas9, site-directed-mutagenesis, LEAFY, AGAMOUS
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3.1 Introduction

Demand for forest products is expected to increase considerably with the projected
population growth in the next few decades (FAO et al., 2012). We harvest forest products
from wild and cultivated forests, yet clearing of wild forests comes at a high cost to
natural ecosystems (Gamfeldt et al., 2013; Pimm et al., 2014). Meanwhile, plantation
forests provide more timber per area than natural forests and provide some of the same
ecosystem services as wild forests (Brockerhoff et al., 2008). Plantation forests only
comprise 5% of the forested land but they provide about 35% of the world’s forest
products (FAO, 2010). Based on numerous field studies, it appears that wood yield from
intensively grown plantation forests could be improved by the use of genetic engineering
(GE) techniques (Strauss et al. 2017), and may be particularly important given the rapid
growth of biotic and abiotic stresses on forests (Strauss et al. 2015). GE may thus lessen
the effects that human demand is causing to wild forests and their ecosystems (Strauss et
al., 2017). Unfortunately, regulatory and market obstacles greatly limit the ability to use
GE methods, even for field research, in many parts of the world, and concerns over gene
flow and resulting adventitious presence are major reasons for these obstacles. A reliable

genetic containment system might be a key, enabling tool for many applications.

Site-directed mutagenesis has not been readily available in vascular plants, as in other
organisms including yeast, Drosophila, mouse and human cells, until the advent of site
specific nucleases (Weinthal et al., 2010; Voytas, 2013; Chen & Gao, 2014). The
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas gene editing
system is revolutionizing reverse genetics studies in all systems including trees (Belhaj et
al., 2015; Queétier, 2016; Montenegro, 2016; Song et al., 2016). It has made site-directed
mutagenesis attractive and attainable in plants because of its relatively low cost, ease of
use compared to other methods such as ZFNs and TALENS, and its high mutagenesis
efficiency (Samanta et al., 2016; Demirci et al., 2017), including in poplar (Populus
species) (Fan et al., 2015; Zhou et al., 2015). It should therefore enable the directed
mutation of genes essential for sexual fertility—many of which are known from studies

in Arabidopsis and other model plant species—potentially enabling the production of
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predictably and reliable sterile trees (reviewed in Brunner et al., 2007; Vining et al.,
2012). Because intensively grown plantation forest trees such as poplar are often
vegetatively propagated, and seed as well as pollen dispersal are of concern in most tree
species, we chose two types of gene targets whose loss of function is expected to give

bisexual sterility.

We targeted the poplar homologs of two genes essential to flower formation and
morphology, LEAFY (LFY) and AGAMOUS (AG). Flowers form on the edge of shoot
apical meristems (SAMs) because of the action of the meristem identity genes LFY,
APETALA 1 (AP1), and CAULIFLOWER (CAL) (Parcy, 2005; Diggle et al., 2011). LFY
encodes a transcription factor that regulates the expression of floral organ identity genes.
The precise spatial and temporal expression of the floral organ identity genes determines
the generation of the flower and is largely explained by the ABCDE model (previously
known as the ABC model) (Coen & Meyerowitz, 1991; Mendoza et al., 1999; Rijpkema
et al., 2010). AG is a class C gene that encodes a MADS box transcription factor essential

for stamen, carpel, and ovule formation (Theissen et al., 2000; Krizek & Fletcher, 2005).

Strong homozygous LFY mutants in Arabidopsis are completely male sterile, and their
female fertility is significantly reduced (Schultz & Haughn, 1991; Weigel et al., 1992).
Homozygous FLORICULA (ortholog of LFY) mutants in snapdragon and homozygous
FALSIFLORA (ortholog of LFY) mutants in tomato show complete sexual sterility (Coen
et al., 1990a; Molinero-Rosales et al., 1999). The LFY homolog in poplar, PLFY, is a
single copy gene that shows strong expression in developing inflorescences and weak
expression in vegetative tissues (Rottmann et al. 2000). Targeting of poplar LFY by RNA
interference (RNAI) led to female trees with completely sterile flowers and apparently
normal growth in the field (Klocko et al., 2016c¢).

Homozygous AG mutants in Arabidopsis completely lose their third and fourth whorl
identities, and also lose determinacy of the floral meristem (Bowman et al., 1989a). Due
to a relatively recent partial genome duplication, there are two AG orthologs in poplar,
PAG1 and PAG2, located on two different chromosomes (Brunner et al. 2000). They both

have a similar expression pattern to that of AG in Arabidopsis and they share 89% amino
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acid identity with each other. Strong RNA suppression of both AG genes and AG-likell

leads to healthy trees with completely sterile flowers in a field trial (Lu et al., 2018b).

We designed four sgRNAS to test the mutagenesis efficiency of the CRISPR Cas9
nuclease system by targeting the poplar orthologs to LFY and AG. We created six plant-
expression plasmids; four expressing the sgRNAs individually and two expressing them
in pairs, and transformed them along with a Cas9-only control vector. We were
successful at generating hundreds of transgenic events with altered gene sequence. We
report that the CRISPR Cas9 system is highly efficient in generating floral gene knock-
outs in poplar, and can be readily used to generate large as well as small deletions that
should stably destroy protein function.

3.2 Materials and methods

3.2.1 Plant Materials

Leaf, stem, and petiole explants from in vitro grown hybrid poplar, INRA clone 717-1B4
(female, Populus tremula x P. alba; hereafter 717) and INRA 353-38 (male, P. tremula x
P. tremuloides; hereafter 353), which have been grown in our lab for numerous
transgenic studies (e.g., Strauss et al. 2004; Zhang et al. 2010b), were used for
Agrobacterium-mediated plant transformation. Both clones, abbreviated as 717 and 353,

were re-established from field grown material into sterile culture in 2012.

3.2.2 Target Gene Sequencing

Partial sequencing of the LFY ortholog, PLFY (GenBank accession number U93196,
Potri.015G106900), and two AG paralogs, PAG1 and PAG2 (GenBank accession
numbers AF052570 and AF052571, Potri.004G064300 and Potri.011G075800)
(Rottmann et al., 2000; Brunner et al., 2000), in 717 and 353 was done previously (Lu et
al., 2016). For this study, further sequencing of all genes was done to find natural allelic
variants outside of the target region (gene sequence between both target sites) to certify
that both alleles for each gene were amplified by PCR (Supporting Information Table

S3.1). Several amplicons covering the promoter region, the first exon, the first intron, and
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part of the second exon in PLFY were sequenced with various pairs of primers
(Supporting Information Table S3.2). Most of the first exon in both PAG genes was
amplified with several PCR reactions (Supporting Information Tables S3.1 and S3.2).

3.2.3 CRISPR Cas9 Target Site Selection

We chose two different target sites for each gene (Fig. 3.1), PLFY, PAG1, and PAG2,
with the help of the sgRNA design online tool ZiFit ((Sander et al., 2007, 2010; Mali et
al., 2013; Hwang et al., 2013), http://zifit.partners.org/ZiFiT/). The same target sites were
selected for PAG1 and PAG2 to allow for dual gene targeting. Based on the partial
sequence we had for each gene (Lu et al., 2016), we selected highly conserved sites that
had no known sequence variants. However, we renewed plant material before this study
in 2012 and discovered a SNP in the PAG2 gene that was not detected there in previous

work.

-> < PLFY locus

PAGI and PAG2 loci

i

e GEGGAAAGGTGGAGATCAAGCGGATCOAGAACACCACCAAATCGCCAAGTCACTTTCTGCAAAAGG. ..

Fig. 3.1 CRISPR Cas9 sgRNA design and mutation detection in LFY and AG paralogs.
Schematic representations of the target sites and the PCR assay for Sanger Sequencing.
Exons and introns are represented by blue boxes and blue lines, respectively. The scissors
indicate the target sites for each Ca9 nuclease. The purple arrows indicate the
approximate location of the primers for sequencing. The target sites are colored in green
inside the partial gene sequence. The underlined ATG in LFY indicates the location of the
translation start codon.

For each target gene, we chose one target site either in the promoter region or at the
beginning of the coding region, and the second target site tens to hundreds of bases 3’ in

the first exon (Fig. 3.1). The purpose was to choose targets far enough from each other to
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create a large deletion when both sgRNAS were present. The target sites selected had a
‘G’ as their first base to function as the RNA polymerase start site and where followed by
‘NRG’ given Streptococcus pyogenes Cas9 preference for that sequence as the
Protospacer Adjacent Motif (PAM).

3.2.4 CRISPR Cas9 Construct Assembly

To implement the CRISPR Cas9 system in Populus, we selected vectors (AtU6-26SK
and 35S-Cas9-SK) that had previously been proven highly active in Arabidopsis (Feng et
al., 2013). We chose a double 35S promoter to drive the Cas9 to guarantee high
expression and a human-codon optimized Cas9 because it is shown to be highly efficient
in plants (Belhaj et al., 2013). We assembled seven CRISPR Cas9 constructs; three to
target PLFY, three to target both PAGs genes, and an empty-vector control for expression
of Cas9 in the absence of sgRNAs (Fig. 3.2). Out of each three constructs targeting a
specific gene or genes, two constructs contained only one sgRNA and the last construct
had both sgRNAs together. The AtU6-26SK and 35S-Cas9-SK intermediary vectors were
used to assemble all the CRISPR Cas9 constructs (Feng et al., 2013). Final constructs
were assembled as previously described (Feng et al., 2013). In brief, two single-stranded
24 bp oligos were purchased from IDT (Coralville, IA, USA) for each sgRNA, where
oligo 1 was of the form: bps “GATT” followed by 20 bps matching the target site and
oligo 2 was of the form: bases “AAAC” followed by 20 bps matching the reverse
complement of the target site). Each pair of oligos corresponding to a sgRNA was
phosphorylated and annealed together in a reaction using T4 Polynucleotide Kinase (T4
PNK, NEB BioLabs, Beverly, MA) and an oligo concentration of 1200uM (thermocycler
parameters: 37°C for 30 min, 95°C for 5 min, then ramp down to 25°C by decreasing 5°C
every minute). The AtU6-26SK was then digested with Bbsl (NEB). Each pair of
annealed oligos was ligated into the digested AtU6-26SK vector using T4 ligase (NEB).
For the construct with two sgRNAs, the AtU6-26SK vector with the second sgRNA was
used as template in a PCR reaction (Mullis et al., 1986) and the section containing the
promoter, the SgRNA, and the terminator was amplified with primers (IDT) containing
5-Kpnl and 3'-EcoRl sites. The PCR amplicon and the AtU6-26SK vector with the first
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SsgRNA were digested with Kpnl-HF (NEB) and EcoRI-HF (NEB) and ligated together
using T4 ligase (NEB). Next, the promoter, SgRNA, and terminator cassettes (with one or
two sgRNAS) in the modified AtU6-26SK vectors and the 35S-Cas9-SK vector were
digested with Hindlll (NEB) and ligated together using T4 ligase (NEB). Then, the plant
expression vector pK2GW?7 was digested with Kpnl-HF (NEB) and Zral (NEB). The
entire piece containing the sgRNA expression cassette(s) and the Cas9 expression
cassette in the modified 35S-Cas9-SK vector was digested with Kpnl-HF (NEB) and
Smal (NEB) and ligated into the Kpnl and Zral sites in the alredy digested pK2GW7
using T4 ligase (NEB). For the empty-vector control construct, the Cas9 cassette was
digested using Kpnl-HF (NEB) and Smal (NEB) from the 35S-Cas9-SK vector and
ligated into the pK2GW?7 already digested with Kpnl and Zral with T4 ligase (NEB). All
restriction enzyme digestions were incubated for one hour at 37°C. After incubation each
digestion reaction was run on a 1% agarose gel, extracted, and purified using the
Zymoclean Gel DNA Recovery kit (Zymo Research). All ligation reactions were
incubated at 16°C for 12 hours. After each ligation, in house-made DH50 Escheria coli
cells were transformed, plated in antibiotic solid Luria-Bertani media with agar (Bertani,

1951), and grown overnight for further cloning.

3.2.5 Agrobacterium-mediated transformation

pK2GW?7 constructs with CRISPR Cas9 cassettes (one or two sgRNAs and the Cas9
enzyme sequence) were transformed into Agrobacterium tumefaciens AGL1 using the
freeze and thaw method (Weigel and Glazebrook, 2006). Each CRISPR Cas9 construct
was transformed into hybrid poplar using standard methods (Filichkin et al., 2006). In
brief, leaf, petiole, and stem explants from 353 and 717 in-vitro grown plants were
cocultivated with each strain of AGL1 (containing one CRISPR Cas9 construct) for 48
hours in callus induction media (CIM) in the dark. Following this, the explants were
washed and then moved to CIM with antibiotic for 3 weeks of culture in the dark. After
significant calli could be seen with the naked eye, the explants were moved to shoot
induction media with antibiotic for six to eight weeks, subculturing at 3- to 4-week

intervals. After shoots became visible, explants were moved to shoot elongation media
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with antibiotic for two to three weeks. Last, shoots were moved to rooting media with
antibiotic for three to four weeks. Individual transgenic events were confirmed at this

point and further micropropagated.

-
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Fig. 3.2 Experimental constructs targeting one or two loci simultaneously. The construct
at the top was used to target a single site in the target gene(s). The table below shows the
specific sequence of each sgRNA. The plasmid on the middle was used to target two loci
in same the gene(s). The plasmid on bottom was the Cas9 control plasmid with no
sgRNA. The arrows indicate the primers used to verify the genetic sequence of the
plasmids and to determine if the independent insertion events were transgenic. 2X35S,
double Cauliflower mosaic virus (CaMV) 35S gene promoter; AtU6-26 or A,
Arabidopsis thaliana U6-26 gene promoter; hCas9, human codon-optimized Cas9 gene
sequence from Streptococcus pyogenes; LB, left T-DNA border; nptll, neomycin
phosphotransferase 11 gene sequence for kanamycin resistance; RB, right T-DNA border;
SgRNA, gene-specific SgRNA sequence; Spec, spectinomycin resistance gene sequence;
tnos, termination region of the nopalene synthetase gene from Agrobacterium
tumefaciens.

3.2.6 DNA Isolation and Transgene Confirmation

Shoot tip and leaf tissue from in vitro propagated 717 and 353 individual shoots were
harvested for genomic DNA extraction according to Crowley et al. (Crowley et al.,

2003). Genomic DNA concentration and purity for some of the events was determined
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using a Nanodrop 2000 spectrophotometer (www.nanodrop.com). The presence of the
transgene was verified using PCR (Mullis et al., 1986) with Econotag DNA Polymerase
(Lucigen, Middleton, Wisconsin, USA) and two sets of primers (IDT); one set near the
left T-DNA border (AtU626_F1 and sgRNA_R1, Supporting Information Table S3.2),
and another set near the right T-DNA border (Cas9_end_F2 and tnos_R?2) (Fig. 3.2,
Supporting Information Table S3.2).

3.2.7 Mutation ldentification

We used PCR (Mullis et al., 1986) to amplify the genomic region flanking all of the
target sites. We amplified the promoter and the entire first exon in PLFY in order to
identify as many mutation types as possible. The farthest forward and reverse primer
were 229 bp upstream of LFY-sg2 and 333 bp downstream of LFY-sgl respectively
(LFY_seq_F7 and LFY_R2; product size 702 bp). For PAG1 and PAG2, we amplified
most of the first exon from both genes. In PAG1, our forward primer was 73 bp upstream
of AG-sgl and 138 bp downstream of AG-sg2 (AG1_seq_F1 and AG1_seq_R4; product
size 323 bp). In PAG2, our forward primer was 81 bp upstream of AG-sgl and 344 bp
downstream of AG-sg2 (AG2_seq_F1 and AG2_seq_R5; product size 529 bp). Individual
amplicons from each transgenic event were run on agarose gels. Bands were excised
using a clean razor and DNA extracted using the QIAEX 11 Gel Extraction kit (Qiagen,
Hilden, Germany) or the Zymoclean Gel DNA Recovery kit (Zymo Research) following
the manufacturer’s instructions. The pairs of primers used for sequencing PLFY were
LFY_seq_F1 or LFY_seq_F7 and LFY_R2 (Supporting Information Table S3.2). The
primers used for sequencing PAG1 were AG_seq_F1 or AG1_seq_F1 and AG1_seq_R4
(Supporting Information Table S3.2). The primers used for sequencing PAG2 were
AG2_seq_F1 and AG2_seq_R5. The primers used for allelic-specific PCR when
sequencing PAG1 in clone 717 were AG11_F1 (allele one) or AG1Il_F2 (allele two) and
AGL1 seq_R4. The primers used for allelic-specific PCR when sequencing PAG2 in clone
717 were AG2_seq_F1 and AG2l_R4 (allele one) or AG2I1_R4 (allele two). The primers
used for allelic-specific PCR when sequencing PAGL1 in clone 353 were AG1l 353 F1
(allele one) or AG1I1_353 F1 (allele two) and AG1_seq_R4. The primers used for
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allelic-specific PCR when sequencing PAG2 in clone 353 were AG2_seq_F1 and
AG21_353 _R2 (allele one) or AG2I11_353 R2 (allele two). The sequence of each purified
PCR product was defined using Sanger Sequencing by the Center for Genome Research
and Biocomputing (CGRB) at Oregon State University. Individual sequences were
aligned to the wild type (WT) sequences using MEGAG6 (Tamura et al., 2013). Partial
amino acid sequences were translated using MEGAG to determine the severity of the

mutation on the predicted final peptide sequence (Supporting Information Fig. S3.1).

3.2.8 Haplotype Validation

We identified six natural SNP variants in PLFY in 717, two in PAGL, and eight in PAG2
(Supporting Information Table S3.1). The two haplotypes are CGCTTG and TATCGA
for PLFY, AG and GA for PAG1, and AATGCCCT and GCCATTTC for PAG2. For
clone 353, we identified five SNP variants in PLFY, one in PAG1, and five in PAG2
(Supporting Information Table S3.1). In clone 353, the two haplotypes are ATTCC and
GCCTT for PLFY, A and C for PAG1, and CATGT and AGCTA for PAG2. We used
these SNP variants and the haplotypes they defined to ensure that both alleles had been

amplified for each target gene.

3.2.9 Allele Characterization

We started our analysis of mutations by simultaneously amplifying both alleles of our
insertion events in each PCR product. Given that most of the events with guide RNAs
had different genotypes on each allele, our trace files showed double peaks. Initially to
obtain an approximate ratio between biallelic (two altered alleles) and heterozygous (one
altered allele and one WT allele) events, we amplified the promoter and first exon of
PLFY for a randomly selected group of events, subcloned the allele-specific amplicons
into pCR4-TOPO vector (www.invitrogen.com), and transformed DH5alpha E. coli cells.
We included a few of randomly selected homozygous mutants to certify that both alleles
indeed had the same mutation. The separation of alleles allowed us to determine the
specific natural haplotypes of WT 717. We also used TOPO cloning to determine the

sequences of the alleles of PAG2 for a selected group of events that were homozygous
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mutants in PAG1. We amplified both alleles simultaneously for all of our empty-vector
control events because we did not expect to have different genotypes at each allele.

As we found that many events had different alleles, we utilized the online tool DSDecode
(Liu et al., 2015) to genotype events with chromatograms that showed heterozygous
sequences. The abl file with the sequence information for each event and the WT
sequence of the corresponding gene were uploaded to the DSDecode online tool. Last,
results were manually confirmed by locating the double peaks in the abl files and by

ensuring that the cleavage sites were in the target regions of the sgRNAs.

For a quarter (27.9%) of our transgenic events, we used allele-specific PCR (Newton et
al., 1989; Cha et al., 1992) to identify the mutations in both alleles in both PAG1 and
PAG2. Allele-specific primers were designed based on the natural allelic variants in each

allele (Supporting Information Table S3.1).

3.2.10 Characterization of mutation spectra

We compared mutation types with a prevalence higher or equal to 4.5% in most gene-
SgRNA combinations (i.e. LFY-sgl, LFY-sg2, AG1-sgl, and AG2-sg2) using Pearson’s
Chi Square Test of Independence to test for equality of proportions (Supporting
Information Table S3.6). We also employed the same test to determine if the same gene-
double sgRNA combination (i.e. LFY-sg1sg2, AG1-sglsg2, and AG2-sg1sg2) had the
same profile in both hybrid clones (Supporting Information Tables S3.6, S3.7, and S3.8).
All analyses were performed in R 3.4.1 (R Core Team, 2017) using the chisg.test function
from the MASS package (Venables & Ripley, 2002). Monte Carlo simulation of 2,000
replicates were done when the sample sizes were less than 100. When referring to small

indel mutation, we summed the number of small deletions and small insertions.

We used the Probe Search from the sPta717 Genome (Xue et al., 2015; Zhou et al., 2015)
and the Cas-OFFinder online algorithm (Bae et al., 2014) to identify genes that contained
putative off-target sites in their coding region and had two or less mismatches when
compared to the ‘seed section’ of the target site (last 12 bps of the sgRNA sequence)
(Sternberg et al., 2015) (Supporting Information Table S3.12). We selected two genes
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with off-target sites that matched 17 and 16 of the 20 bases in LFY-sgl and three genes
with sites that all matched 17 out of the 20 bases in AG-sg2. The genes that partly match
LFY-sgl were Potri.001G254500 and Potri.009G049600 and matched all but 2bp in the
seed sequence and all but 3 and 4bp in the entire SgRNA sequence respectively. The three
genes that partly matched AG-sg2 were Potri.005G156900, Potri.013G104900, and
Potri.019G077200, and they had only two mismatches in the seed region and three

mismatches in the entire 20bp sequence.

Potri.001G25450/Potri.009G049600 and Potri.013G104900/ Potri.019G077200 are pairs
of paralogs and share 88.8% and 93.8% of amino acid similarity with each other
respectively. Potri.001G254500 and Potri.009G049600 encode proteins similar to
Arabidopsis UBIQUITIN-CONJUGATING ENZYME 19 (UBC19) and UBIQUITIN-
CONJUGATING ENZYME 20 (UBC20). Potri.013G104900 and Potri.019G077200
encode a MADS box transcription factor homologous to SEEDSTICK (STK, also known
as AGL11, gene id AT4G09960) in Arabidopsis. Potri.005G156900 encodes for
UBIQUITIN CARBOXYL-TERMINAL HYDROLASE 36/42 (USP36) similar to
UBIQUITIN-SPECIFIC PROTEASE 16 in Arabidopsis. None of the off-target sites had
allelic variants in the sgRNA target sites (i.e., natural SNPs).We sequenced 19 events that
had mutations in PLFY and 39 events that had mutations in PAG1 and PAG2; plants were
sampled for DNA extraction after 4 to 10 months of in vitro propagation. Between three
to five PCR products were isolated together from gel using either the QIAEX 1l Gel
Extraction kit (Qiagen) or the Zymoclean Gel DNA Recovery kit (Zymo Research).
Sequences were defined by the Sanger Sequencing service at the CGRB. To estimate
maximum off-target rates, we calculated the rates as 1/(N-alleles), and then the standard

error using binomial expectation of: square root[(pqg)/(2N)].

3.3 Results

3.3.1 High knockout rates in PLFY

For LFY-sgl, out of 114 independent events, 103 had mutations in at least one allele and
90 events had both alleles defined by sequencing (Table 3.1). Out of the 90 defined
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events, 15 had the same mutations in both alleles (homozygous mutants), 54 had a
different mutation in each allele (biallelic mutants), two were chimeric with three mutant
alleles observed, eight had one mutated allele and one WT allele (heterozygous mutants),
and the remaining 11 had two WT alleles (Table 3.1). In summary, 71 of 114 independent

events had all alleles altered making the potential total knockout rate 62.3%.

For LFY-sg2, out of the 45 independent events, 42 had mutations in at least one allele and
38 had both alleles defined (Table 3.1). Out of the 38 defined events, twelve were
homozygous mutants, 22 were biallelic mutants, one was a heterozygous mutant, and
three had no mutations on both alleles (Table 3.1). Given the location of LFY-sg2 in the
promoter region and all of the mutations being small indels, we did not expect to get any
knockout phenotypes in this group.

We generated transgenic independent events with two sgRNAS in both 717 and 353
hybrid clones. For LFY-sglsg2 in 717, we generated 87 independent events and found 84
had mutations in at least one allele and 73 that had both alleles defined by sequencing
(Table 3.1). Out of the 73 defined events, six were homozygotes, 58 were bi-allelic
mutants, three were chimeric with all altered alleles, three were WT chimeras (two
mutated alleles and a third WT allele), one was a heterozygote, and three had two WT
alleles (Table 3.1). Thus, there were 67 of 87 independent events with both alleles altered

and the putative knockout rate was 77.0%.

For LFY-sglsg2 in 353, we sequenced 33 transgenic events, 30 had at least one allele
mutated and 26 had both alleles defined by sequencing (Table 3.1). Out of the 26 events,
seven were homozygous mutants, 15 were biallelic mutants, one was a chimera with all
altered alleles, and three had two WT alleles (Table 3.1), summing to 23 of 33

independent events with altered alleles and a putative knockout rate of 69.7%.

3.3.2 High double knockout rates in PAG genes

Poplars have two orthologous genes to Arabidopsis’ AG gene. The second PAG gene was
generated during a recent partial genome duplication that happened between 35 and 18

million years ago (MYA) (Tuskan et al., 2006). Thus, we were simultaneously targeting
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four gene copies with two sgRNASs. For analysis of the first guide RNA in AG1, (AG1-
sgl), we sequenced 64 independent transgenic events and none of them had any
mutations (Table 3.1). For analysis of the same guide RNA in the AG2 gene (AG2-sg1l),
we sequenced eight of the 64 independent transgenic events from the AG1-sgl group and
saw no mutations (Table 3.1). In summary, analysis of the sg1 guide RNA in both AG
genes (AG1-sgl and AG2-sgl), there were no events with altered alleles and the putative

knockout rate was 0.0%.

For analysis of the second AG guide RNA in the AG1 gene (AG1-sg2), we sequenced 61
events, and 58 had mutations in at least one allele and 59 had both alleles defined by
sequencing (Table 3.1). Out of the 59 events, six were homozygous mutants, 48 were
biallelic mutants, two were heterozygous mutants, and three had no mutations in either
allele (Table 3.1), equating to 54 of 61 independent events with altered alleles and a
putative knockout rate of 88.5%. For AG2-sg2, we sequenced 64 events (61 events with
PAG1 sequenced plus three more); 61 had mutations in at least one allele and 59 had both
alleles defined (Table 3.1). Out of the 59 events, six were homozygous mutants, 47 were
biallelic mutants, one was a chimera with all altered alleles, one was a heterozygous
mutant, and four had no mutations in either allele (Table 3.1), equating to 54 events with
altered alleles and a putative knockout rate of 84.4%. Out of the 64 events with AG-sg2
for which we sequenced PAG2, two had only one allele defined (both mutations) and 52
had both alleles altered in PAGL. Thus, 52 (81.3%) of 64 events were putative double
knockouts in PAG1 and PAG2.

For the AG construct with two guide RNAs, we started with analysis of the AG1 gene
(AG1-sglsg2) in clone 717. We generated 118 independent events and found that 103 of
them appeared to have mutations in at least one allele; in 89 of these both alleles were
defined by sequencing (Table 3.1). Out of the 89 defined events, eight were
homozygotes, 67 were bi-alleles, one was a WT chimera, three were heterozygotes, and
ten had two WT alleles (Table 3.1), totaling 75 of 118 independent events with altered
alleles and a putative knockout rate of 63.6%. For AG2-sg1sg2 in 717, we sequenced 24

(out of the 118 we sequenced for AG1-sg1sg2) transgenic events; 22 had mutations in at
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Table 3.1. Numbers of mutants and rates of mutagenesis according to target gene, sgRNA, and clone. The events with both alleles
defined were used to calculate mutation rates and to separate events according to putative phenotype (knock-out or WT). We
described an event as a “knock-out” in none of its alleles had WT sequence and “WT” if one or more of its alleles had WT
sequence. A “chimeric” knock-out had three mutated alleles. A chimeric WT had two mutated alleles and one WT allele. A, altered
allele; Heteroz., heterozygote; Homoz., homozygote; W, WT allele. Different numbers in the subscript of the alleles stand for
different alleles.

Events with all alleles altered Events with one or more WT alleles
Total Events w/both
Gene-sgRNA Clone N alleles defined
events (N) (N) Homoz. Bi-allele Chimera Chimera Heteroz. WT (WW)
(A/A1) (A/A2) (A/AIAS) (A/AUIW) | (A/W)

LFY-sgl 54 2 0 8
114 90 | 15(13.2%) 11 (9.6%)

(47.4%) (1.8%) (0.0%) (7.0%)
LFY-sg2 22 0 0 1 3

45 38 | 12 (26.7%)
(48.9%0) (0.0%) (0.0%) (2.2%) (6.7%)
LFY-sglsg2 6 58 3 3 1 2
717 87 73
(6.9%) (66.7%0) (3.4%) (3.4%) (1.1%) (2.3%)
AG1-sgl 0 0 0 0 0 64
64 64 o

(0.0%) (0.0%) (0.0%) (0.0%) (0.0%) | (100.0%)

AG2-sgl 0 0 0 0 0
8 8 8 (100.0%0)

(0.0%) (0.0%) (0.0%) (0.0%) (0.0%)




Table 3.1. Numbers of mutants and rates of mutagenesis according to target gene, sgRNA, and clone (continued).

AG1-sg2 6 0 0 2 3
61 59 48 (78.7%)
. 0 . 0 . 0 . 0 . 0
(9.8%) (0.0%) (0.0%) (3.3%) (4.9%)
AG2-5g2 6 1 0 1 3
64 59 47 (73.4%)
. 0 . 0 . 0 . 0 . 0
(9.4%) (1.6%) (0.0%) (1.6%) (4.7%)
AG1-sglsg2 8 0 1 3
118 89 67 (56.8%) 10 (8.5%)
(6.8%) (0.0%) (0.8%) (2.5%)
AG2-sg1sg2 2 2 0 1 2
24 20 13 (54.29%)
. 0 . 0 . 0 . 0 . 0
(8.3%) (8.3%) (0.0%) (4.2%) (8.3%)
LFY-sglsg2 1 0 0 3
33 26 | 7(21.2%) | 15 (45.5%)
(3.0%) (0.0%) (0.0%) (9.1%)
AG1-sglsg2 1 0 0 0
353 31 30 25 (80.6%) 4 (12.9%)
(3.2%) (0.0%) (0.0%) (0.0%)
AG2-sg1sg2 0 0 1
35 35| 4(L1.4%) | 26 (74.3%) 4 (11.4%)
(0.0%) (0.0%) (2.9%)
Total 684 591 | 67 (9.8%) 375 ° 118w 117
(54.8%) (1.3%) (0.6%) (17.1%)
Total (w/out AG-sgl) 612 519 | 67 (10.9%) (61'3?)25)’ 9 4l 1809%) | 45(7.4%)
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least one allele and 20 had both alleles defined (Table 3.1). Out of the 20 defined events,
two were homozygotes, thirteen were bi-alleles, two were chimera with all altered alleles,
one was a heterozygote, and two had no mutation in either allele (Table 3.1), summing to
17 of 24 events with alleles altered and a putative knockout rate of 70.8%. Out of the 24
events with AG-sg1sg2 for which we sequenced PAG2, one had only one allele amplified
in PAGL, one had both WT alleles, and 15 were putative knockouts. Therefore, 15
(62.5%) of 24 events were putative double knockouts in PAG1 and PAG2.

For AG1-sglsg2 in 353, we sequenced 31 transgenic events, 27 had at least one allele
mutated and 30 had both alleles defined by sequencing (Table 3.1). Out of the 30 events,
one was a homozygote, 25 were biallelic mutants, and four had two WT alleles (Table
3.1), totaling 26 of 31 events with both copies altered and a putative knockout rate of
83.9%. For AG2-sglsg2 in 353, we sequenced 35 transgenic events and all of them had
both alleles defined (Table 3.1). Out of the 35 events, four were homozygous mutants, 26
were biallelic mutants, one was a WT chimera, and four had two WT alleles (Table 3.1),
summing to 30 of 35 events with altered alleles and a putative knockout rate of 85.7%.
Out of the 30 events with both alleles altered in PAG2, 22 were sequenced in PAGL, of
which one had only one allele defined and 21 had all four gene copies altered making the

putative double knockout rate 95.5%.

3.3.3 No mutations detected in Cas9-only transgenic controls

A total of 49 empty vector control events that had only the Cas9 gene sequence had no
mutations in both alleles of PLFY, PAG1, and PAG2 (totaling 294 different gene
amplicons) (Table S3.3). Out of the 49 independent events, 32 were in 717-1B4 and 17
were in 353-53 (Table S3.3).

3.3.4 Mutation types correspond to activity and number of sQRNAS

Events generated with one active sgRNA had mostly small deletions (60.9% to 79.5%,
Table 3.2) and secondly small insertions (17.0% to 33.3%, Table 3.2). Meanwhile, events
with two active sgRNAs targeting the same gene (i.e. LFY-sglsg2) had mainly large
deletions (64.1% to 90.7% in 717 and 353 respectively, Table 3.2, Fig. 3.3A) and
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Table 3.2. Mutation types. Rates of major classes of mutations from each gene-sgRNA combination. Undefined refers to insertion
lines whose alleles were difficult to define by DSDecode. The most prevalent mutation type is highlighted in green and bold and

the second most prevalent type in yellow and italics. Small refers to mutations of 15bp or less. Invers., inversion; N, number; subs.,
substitution; Undef., undefined.

Mutation in each allele

Alleles
Gene-sgRNA | Clone | defined
N
N) Smal_l _Small_ Small Large Large Invers. | Large subs. | Undef.
deletion | insertion | subs. | deletion insertion
LFY-sgl 174 oo S O 2 (1.10%) *1000% | 0(00%) ]| 3@7%)
(60.9%) | (33.3%) | (0.0%) ' (2.9%) ' ' '
53 20 1 . 0 . . )
LFY-sg2 76 60.7%) | (26.3%) | (1.3%) 1 (1.3%) 0.0%) 0(0.0%) | 0(0.0%) | 1(1.3%)
31 15 0 98 0 6 0 0
LFY-sglsg2 717 153 (20.3%) (9.8%) | (0.0%) (64.1%) (0.0%) 8 (5.2%) 0 (0.0%) | 1 (0.7%)
AG1-sgl 64 0 (0.0%) 0 0 0 (0.0%) 0 0(0.0%) | 0(0.0%) | 0 (0.0%)
' (0.0%) | (0.0%) ' (0.0%) ' ' '
AG2-sg1 8 0 (0.0%) 0 0 0 (0.0%) 0 0(0.0%) | 0 (0.0%) | 0 (0.0%)
' (0.0%) | (0.0%) ' (0.0%) ' ' '




Table 3.2. Mutation types (continued).
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92 23 0 . 1 . . .
AG2-5g2 16 | (90| (98%) | ooy | OCOB | 0 oo [000%) | 000.0%) | 00.0%)
121 15 4 30 1 . . .
AG1-sglsg2 177 (68.4%) (8.5%) | (2.3%) (16.9%) (0.6%) 0 (0.0%) 0 (0.0%) | 6 (3.4%)
27 4 0 4 0 . . 4
AG2-sglsg2 ¥ 1 (6929%) | (103%) | 0.0%) | (103%) | (0% | OO | PO (1039
LFY-sglsg2 54 | 1(1.9%) 2 0 y Ul 1wow | 1o | 0.0%)
9% ' (3.7%) | (0.0%) | (90.7%) |  (0.0%) ' ' '
AGl-sglsg2 | 353 | 53 20 3 0 e 100w | 0@.0%) | 000%)
959 (69.8%) |  (5.7%) | (0.0%) | (245%) | (0.0%) | | |
AG2-sglsg2 61 o > 0 ! Y o00%) | 00.0%) | 000%)
95 (721%) | (14.8%) | (0.0%) | (11.5%) | (16%) | S Bkt
Total 1159
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Fig. 3.3 Transformation event genotyping of LFY and AG paralogs.
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Genotype | N° alleles | 0
WT 7 8
+1bp 18 22
-1 hp 16 19
2 bp 33 a0
Genotype | N°adleles | ™
WT 31 15
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-1bp 33 16
2hp 31 15
-4bp 18 9
ALbp 15 7
Genotype | N°alleles | Yu
WT 5 11
“1bp 4 9
-1bp 12 27
-4bp 5 11
-Shp 3 7
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Fig. 3.3 Transformation event genotyping of LFY and AG paralogs. (A) Example of gels
of PLFY and PAG1 PCR for insertion events with two sgRNAs. Symbols above each
lane indicate the sequencing results of the DNA band(s). (+), positive control (-),
negative control D, large deletion (16 or more base pairs); I, indel (insertion or deletion
of 14 or fewer base pairs); V, inversion; W, wildtype. (B) Examples of the mutation types
seen in alleles from mutants with one sgRNA in PLFY and two sgRNAs in PAG1 and
PAG2. The top alignment shows the partial sequence of PLFY flanking LFY-sgl in the
coding region. The second from the top alignment shows the partial sequence of PLFY
flanking LFY-sg2 in the promoter region. The third from the top alignment shows the
partial sequence of PAG1 between AG-sg2 and AG-sgl. The bottom alignment shows the
partial sequence of PAG2 between AG-sg2 and AG-sgl. The protospacer sequence (i.e.
target site) is surrounded by a black box. The PAM sites are surrounded by a yellow box.
The dashes indicate deleted base pairs. The tables on the right indicate the mutation seen
in each row, the number of alleles with that mutation, and the percentage that the number
represents in each group.

secondly small indel mutations (5.6% to 30.1% in 353 and 717 respectively, Table 3.2).
Events with both sgRNAs targeting PAGs had mostly small indels (75.5% to 86.9%,
Table 3.2) but large deletions were also seen (10.3% to 24.5%, Table 3.2). Events with a
SNP in their target did not have any mutations (i.e. AG1-sgl and AG2-sgl, Table 3.2).

3.3.5 Mutation spectra varies among sQRNA targets

After defining 1,159 alleles in 561 events (Table 3.2), we suspected that there might be
distinct mutation spectra for each gene-sgRNA combination (Supporting Information
Table S3.4). The combinations LFY-sgl, LFY-sg2, AG1-sg2, and AG2-sg2 in 717 all had
significantly different mutation spectra (x%: 105.05, 15 degrees of freedom (df), p<0.001;
Supporting Information Table S3.5). Among the 171 separate mutated alleles belonging
to LFY-sgl, 33.9% had a 1bp insertion, 31.6% had a 1bp deletion, 13.6% had 2bp
deletion, 9.9% had a three bp deletion, 2.3% had a 4bp deletion, and 8.8% had one of
nine other possible mutations (Fig. 3.3B, Supporting Information Table S3.4).
Meanwhile, from the 75 alleles sequenced belonging to LFY-sg2, 44.0% had 2bp
deletion, 24.0% had 1bp insertions, and 21.3% had 1bp deletions (Fig. 3.3B, Supporting
Information Table S3.4). Among the 112 alleles belonging to AG1-sg2 and the 116
alleles belonging to AG2-sg2, most alleles had a 1bp deletion (20.5% for in PAG1 and
35.3% in PAG2) (Fig. 3.3B, Supporting Information Table S3.4). Yet, for the rest of the
alleles in AG1-sg2, 18.8% had a 4bp deletion, 16.1% had a 1bp insertion, and 12.5% had
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a 2bp deletion (Supporting Information Table S3.4). Meanwhile, for the remaining alleles
in AG2-sg2, 18.1% had a 1bp insertion, 14.7% had a 4bp deletion, and 8.6% had a 3bp
deletion (Supporting Information Table S3.4). Nonetheless, the spectrum from AG1-sg2
is not significantly different from that of AG2-sg2 (y*: 8.15, 5 df, p>0.05) (Supporting
Information Table S3.5). All other pair comparisons of mutation spectra differed

significantly (p<0.001, Supporting Information Table S3.5).

Given the difference in activity between LFY-sg1sg2 and either AG1-sg1sg2 or AG2-
sglsg2, we did not consider it meaningful to compare their mutation spectra.
Nonetheless, we decided to compare the mutation spectrum of LFY-sglsg2 in 717 and in
353 (Supporting Information Tables S3.6) and the mutation spectrum of both AG1-
sglsg2 and AG2-sglsg2 in 717 and 353 (Supporting Information Tables S3.8 and S3.10).
Events with LFY-sg1sg2 in 717 and in 353 had a significantly different mutation
spectrum (p<0.001, Supporting Information Table S3.7). Meanwhile, 717 and 353 events
with either AG1-sg1sg2 or AG2-sglsg2 did not have significantly different mutation
spectra (p>>0.05, Supporting Information Tables S3.9 and S3.11).

3.3.6 Absence of mutations detected in off-target sites

A concern in using site-directed mutagenesis is the possibility of off-target mutations.
We identified two potential off-site target sites that were similar to the target sites of
PLFY, and three that were similar to the target sites of the PAG genes (Table S12). We
selected events for analysis in which the desired target sites were mutated, indicative of a
functional CRISPR Cas9 locus. In total, we genotyped 310 alleles for off-target
mutations, but saw no mutations in any of these sequences. Specifically, we found no
mutations in either allele of 19 transgenic events with mutations in PLFY in both of the
selected genes, and also saw no mutations in either allele of the 39 transgenic events with
mutation in the selected PAGL1 off-target genes (Table S12). Thus, the off-target mutation
rate is expected to be less than about 5% for the PLFY off-targets (2.6+1.8%) and less
than about 2% for the PAG1 off-targets (1.3+0.9%).
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3.4 Discussion

The purpose of this work was to examine the mutagenesis efficiency and pattern
produced by CRISPR Cas9 nucleases directed at endogenous floral genes of poplar.
Because poplars are naturally outcrossing species with high levels of heterozygosity, it
was essential to characterize both alleles at each locus using allele-specific primers or by
cloning and sequencing PCR products using conserved, primer sites. Initially, we
amplified both alleles together, and used the DSDecode software to analyze difficult
heterozygous samples (Ma et al., 2016). However, for 717 events with AG-sg2 and the
353 events with AG-sglsg2, we amplified and sequenced separate alleles using allele-
specific primers for both PAG1 and PAG2. A few mutated lines had both alleles
amplified together that were difficult to genotype with certainty by DSDecode, and we
labeled them as “undefined” (Table 2).

A minor goal of this research work was to determine the prevalence of off-target
mutations. We did not detect any mutations in 155 amplicons from specific loci (total of
310 alleles), corresponding to five off-target sites. These potential targets were similar to
either of our PLFY or PAG target sites, differing in only three or four bases out of 20 base
pairs of the sgRNA. The events surveyed, which included the entire CRISPR Cas9 locus,
had been growing in Magenta boxes for 6-12 months, and subcultured every 2-3 months,
before tissue was sampled for DNA isolation, providing ample time for mutagenesis. A
lack of off-target mutagenesis has been reported in many CRISPR Cas studies in plants
(A. thaliana, N. benthamiana, hybrid poplar, rice, soybean, sweet orange, and wheat)
with up to 7 mismatches (Lawrenson et al., 2015; Schiml & Puchta, 2016; Sauer et al.,
2016; Wolt et al., 2016). They have also not been detected in three genome scale studies
(Feng et al., 2013; Peterson et al., 2016). However, off-target mutagenesis has been
detected in a few plant studies, with rates ranging from 1.6% to 13.0% with one or two
mismatches in the last 12bp of the sgRNA (Xie & Yang, 2013; Jacobs et al., 2015;
Lawrenson et al., 2015; Sauer et al., 2016) and with rates ranging between 1.6% and
9.7% with one to three mismatches in the first eight bp (Upadhyay et al., 2013; Zhang et
al., 2014; Xu et al., 2015). One case that is of interest found mutations in T1 rice plants

that had constitutive Cas9 and sgRNA expression, similar to our own studies (Xu et al.
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2015). Clearly, off-target rates appear to be low, but additional studies are needed,
especially in systems such as trees where CRISPR Cas expression may continue for many

months or even years.

No mutations were seen in either allele of the three target genes, PLFY, PAG1, and
PAG2, in 49 empty vector control events that were transformed with the Cas9 gene
sequence but no sgRNA. Thus, as expected the CRISPR Cas9 system requires both a
nuclease and fully functional RNA components for specific mutagenesis, and shows that
somaclonal varation associated with in vitro culture and Agrobacterium transformation
had a negligible influence by comparison. Given our large sample size, we were able to
characterize mutations according to type for each sgRNA. The specific class of mutation
seen depended on the number of sgRNAS present in the binary vector. As in other plant
studies, most of the events with one active sgRNA had small deletions or single base
insertions (reviewed by (Bortesi et al., 2016). Meanwhile, lines with two active sgRNAS
targeting the same gene, i.e. LFY-sglsg2, had mainly large deletions (between 64.1% and
90.7%) removing the DNA between the sites, many indels (between 5.6% and 30.1%),
and some inversions (between 1.9% and 5.2%). This is the third study on plants that
reports inversions. Large deletions and inversions have also been reported in Arabidopsis
(Zhang et al., 2017) and rice (Zhou et al., 2014b; Liang et al., 2016) when using two
SgRNAs separated between 200bp or 245 kb. However, our independent events
transformed with two sgRNAs that were not of comparable activity, i.e. AG-sg1sg2, had

mainly small deletions like those lines transformed with only one sgRNA.

The most common peptide modifications expected from translating the altered alleles
with only one sgRNA (i.e. LFY-sgl and AG-sg2) or two sgRNAs with one inactive (i.e.
AG-sgl1sg?) included removal of essential amino acids (see -3bp deletion with LFY-sg1 in
Supporting Information Fig. S3.1), early stop codons, and frame-shifted proteins
(Supporting Information Fig. S3.1). We occasionally saw insertions leading to predicted
peptides with extra amino acids (data not shown). We did not translate the peptide
sequence for LFY-sg2 because this SgRNA targeted the promoter, so we do not expect it
to modify the PLFY protein sequence. With two active sgRNAs, we mainly predicted

truncated or frame-shift proteins.
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In this study, we characterized a large number of events (684) and alleles (1,159) by
direct Sanger Sequencing. From this data, we noticed that most of the gene-sgRNA
combinations had a unique mutation spectrum, suggesting that their distinct sequences or
the adjacent chromosome region affect the character of the resulting mutations.

Van Overbeek et al. (2016) first described such an effect in a study done on 223 CRISPR
Cas9 target sites within human cells. They found that the specific mutation seen for each
target sequence were likely due to the local adjacent sequence and not due to the guide

RNA sequence per se or the genomic region.

Another goal was to select sgRNAs that would be able to induce mutations in more than
one gene to get a complete loss-of-function mutant. For PAG we needed to alter four
gene copies, the two alleles of PAG1 and the two alleles of PAG2, as these two AG-like
genes appear to share protein function (Brunner et al., 2000). Successful multi-gene
targeting has been previously documented in pig, mouse, and moss (Wang et al., 2013;
Yang et al., 2015; Lopez-Obando et al., 2016). The sgRNA AG-sg2 had high mutation
rates in both PAG1 and PAG2, generating several potential complete PAG loss-of-
function (i.e., double putative knockout) mutants. Out of 54 events transformed with AG-
sg2 with both PAG1 and PAG2 defined, 52 of 64 (81.3%) events were confirmed putative
double knockouts in both AG genes. The AG-sg1sg2 sgRNA was also highly active. Out
of the 24 events transformed with AG-sg1sg2 in clone 717 with both PAG1 and PAG2
defined, 15 (62.5%) were double putative knockouts. In addition, out of the 22 events
transformed with AG-sg1sg2 in clone 353 with both PAG1 and PAG2 defined, 21

(95.5%) were double putative knockouts.

A major goal was to study the rate at which the system produced complete knockouts (i.e.
loss-of-function) events for each of our target genes. The AG-sgl nuclease however,
induced no mutations in either PAG1 or PAG2. This lack of mutation was likely in part
due to the presence of a SNP in PAG2 in our new 717 stock (Zhou et al. 2015), and
possibly also low activity by the sgRNA. Nonetheless, when this guide RNA was present
in a construct with a second, active guide RNA, we observed several deletions with an
endpoint at the target of this otherwise inactive sgRNA, indicating it may have retained

some level of Cas9 guide activity.
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Three of the four CRISPR Cas9 nucleases, i.e. LFY-sgl, LFY-sg2, and AG-sg2, generated
high rates of mutagenesis in their corresponding target gene(s) when acting individually,
creating many putative loss-of-function lines. Of all the events with either LFY-sgl or
LFY-sglsg2 in 717, 62.3% and 77.0% respectively, are putative proteins knockouts. In
353, 69.7% of the events are also putative protein knockouts, and like in 717, they had
mainly truncated and/or frame-shifted proteins. Clearly, CRISPR Cas9 is a very powerful
technology that, for the first time, can readily generate loss of function mutations at
single loci as well as at the paralogous gene families that are so prevalent in poplar
(Tuskan et al. 2006) and many other plant species.
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Summary

Eucalyptus is among the most widely planted taxa of forest trees worldwide.
However, its spread as an exotic or genetically engineered form can create

ecological and social problems.

To mitigate the risk of gene flow via pollen and seeds, we mutated the Eucalyptus
ortholog of LEAFY (LFY) by transforming a wild type Eucalyptus grandis x
urophylla hybrid and two Flowering Locus T (FT) overexpressing (i.e., early
flowering) lines of the same genotype with CRISPR Cas9 constructs targeting
LFY.

We achieved high rates of Ify biallelic knock-outs, often approaching 100% of
transgenic insertion events. Frameshift mutations in early-flowering, AtFT-
overexpression backgrounds had strong floral alterations including indeterminacy
in floral development and an absence of viable male or female gametes, and did
not differ statistically in vegetative growth rate or leaf morphology from
transgenic controls in greenhouse trials. Genes upstream or near to LFY in the
floral development pathway were hyperexpressed, whereas floral organ identity
genes downstream of LFY were severely depressed, showing an inability to

progress towards floral organ differentiation.

We conclude that disruption of LFY function appears to be capable of efficient
genetic containment while exhibiting no detectable effects on vegetative growth

rate or morphology.

Keywords: LEAFY, Eucalyptus, flowering, CRISPR, containment.
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4.1 Introduction

Forest plantations cover about 7% of the world’s forests and one quarter of these are
comprised of non-native species and interspecific hybrids (FAO, 2010). Although non-
native trees are often preferred because of their high productivity (Richardson, 1998;
Dodet & Collet, 2012), their success also results from extensive genetic improvement
programs and intensive silvicultural practices (Goncalves et al., 2013; Crous et al., 2019).
Plantation forestry often introduces exotic trees over vast areas, which in some cases can
lead to encroachment and/or genetic admixture into native ecosystems (Wilson et al.,
2009; Donaldson et al., 2014).

Eucalyptus (family Myrtaceae) is among the most widely planted genera of forest trees,
with the largest areas of plantation occurring in Brazil (5.7 million ha), China (4.5 million
ha), and India (3.9 million ha) (FRA et al. 2018). Although large commercial plantations
are often established using vegetative propagules (Nakhooda & Jain, 2016), “feral”
eucalypts spread mostly by seed, and then once “naturalized,” pollen flow can enable
larger scale movement. As a means for containment of exotic or genetically engineered
trees, elimination of sexual reproduction would greatly reduce the potential for spread
and invasiveness, while retaining desirable vegetative growth and adaptability traits

inherent to the modified genotypes, including their ability to be clonally propagated.

A flower is an angiosperm structure that often has sterile showy organs (usually a
perianth, the combination of sepals and petals) to attract pollinators, and stamens and/or
carpels to enable sexual reproduction. While floral development involves many highly
conserved gene families and key regulators, there are important differences among
families, genera, and species. For example, Eucalyptus trees (family Myrtaceae) have
distinctive bisexual flowers with a modified perianth. The word Eucalyptus comes from
the Greek words ‘eu’ meaning ‘well’ and ‘calyptos’ meaning ‘covered’ (gvkdAvatog),
referring to the opercula that covers the flower. Eucalyptus flowers do not have a
traditional perianth. Instead, their whorls of sepals and petals are replaced by two

opercula, the calicine (outer) operculum and the coroline (inner) operculum.
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Flowers can be single or compound (i.e., a cluster or group of flowers). The cluster of
flowers is known as an inflorescence. How, when, and where flowers are found in the
plant also depends on the family, genus, and species. When Arabidopsis (a model
herbaceous plant) transitions to flowering, the apical indeterminate meristem transforms
to an inflorescence meristem and eventually to a determinate floral meristem. In most
eucalypts, the apical meristem remains vegetative (indeterminate) throughout the life of
the plant, whereas axillary meristems may become shoots or (in mature trees)
inflorescences. Each inflorescence consists of a single flower bud or a cluster (i.e.
umbel) of three to 15 flower buds. Early in development, the flower cluster is covered by
one or two bracts, and each bud is usually covered by a pair of bracteoles. Understanding
the genetic mechanisms controlling the transition to reproductive competency, flower
initiation, and flower development in Eucalyptus would both shed light on floral

evolution, and identify targets for reproductive containment.

The molecular mechanisms that regulate flowering in Arabidopsis have received much
attention. The floral pathway integrator (FPI) genes perceive environmental and
endogenous signals and initiate the transition into reproductive growth, the floral
meristem identity (FMI) genes convert inflorescence meristems to floral meristems, and
the floral organ identity (FOI) genes regulate expression of genes that produce floral
organs (reviewed in Pajoro et al., 2014). The key floral regulator LEAFY (LFY) is an FPI
and an FMI gene and was one of the first flowering genes identified (Coen et al., 1990b;
Weigel et al., 1992). It encodes a highly conserved plant-specific transcription factor
found in all land plants, including non-flowering plants (Moyroud et al., 2009; Silva et
al., 2016), and stretophyte algae (Gao et al., 2019a).

LFY has high expression in floral meristems in both Arabidopsis and Antirrhinum (Coen
et al., 1990b; Weigel et al., 1992). In other angiosperms, LFY is mainly expressed in
floral meristematic and primordial organs, yet some vegetative expression has also been
seen (Hofer et al., 1997; Molinero-Rosales et al., 1999; Rottmann et al., 2000; Ahearn et
al., 2001). ELFY, the homolog in Eucalyptus, in particular has high expression in the tips
of leaf primordia and in flower meristems (Dornelas et al., 2004). Pinus radiata and
other gymnosperms have two LFY homologs; PRFLL and NEEDLY (NLY) (Mouradov et
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al., 1998; Mellerowicz et al., 1998). Both PRFLL and NLY are expressed in cone
primordia, but also in vegetative meristems (Mouradov et al., 1998; Mellerowicz et al.,
1998; Vazquez-Lobo et al., 2007). Likewise, the two LFY homologs in the lycophyte
Isoetes L. are expressed in both vegetative and reproductive tissues (Yang et al., 2017).
In contrast, the two LFY homologs in moss, fern, and stretophytic algae are expressed
solely in embryonic and meristematic tissues (Tanahashi et al., 2005; Plackett et al.,
2018; Gao et al., 2019a).

The orthologs of LFY are present as single-copy genes in most land plants, except
gymnosperms (Vazquez-Lobo et al., 2007; Moyroud et al., 2010). Loss-of-function
mutations in both LFY (or its orthologs) alleles lead to sterile, late flowering plants in
Arabidopsis and tomato, and flowerless plants in Antirrhinum (Coen et al., 1990b;
Weigel et al., 1992; Molinero-Rosales et al., 1999). Because of the high level of
conservation in plants, LFY is a good target for genetic containment of exotic and weedy
species. However, loss-of-function mutations in LFY have only been characterized in the
herbaceous plants Arabidopsis, Antirrhinum, and tomato, and LFY function and
expression differ among angiosperms. In addition, apart from the partial loss-of-function
field studies using RNA interference against the LFY homolog in poplar (Klocko et al.,
2016b), we are aware of no in depth studies of vegetative development, nor randomized
experiments, to estimate impacts on biomass growth rate and vegetative morphology.
Thus, it remains unclear whether LFY indeed has significant vegetative functions in the

species were it shows vegetative expression.

The multiple year delay of flowering in trees presents a great logistical challenge to
genetic studies of floral development. Fortunately, this can be overcome by precocious
floral induction using chemical or genetic treatments, including overexpression of
FLOWERING LOCUS T (FT). FT is an FPI gene whose encoded protein (“florigen”) is
transported from the leaves to the shoot apical meristems where it acts as a flowering
hormone (Shim & Imaizumi, 2015). Constitutive or inducible overexpression of FT
elicits early flowering in many herbaceous and woody species, including Eucalyptus
(Endo et al., 2005; Bohlenius et al., 2006; Lifschitz & Eshed, 2006; Yamagishi et al.,
2011; Hsu et al., 2011; Lee et al., 2013; Klocko et al., 2016d). In this study, to
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understand the effects of CRISPR mutation of LFY on floral structure and function, we
retransformed two previously-characterized early-flowering Eucalyptus lines that were
shown to produce viable pollen and germinable seeds (Klocko et al., 2016d). We
generated three CRISPR Cas9 nuclease constructs and used them to target the
dimerization domain of the LFY homolog in Eucalyptus, ELFY. Because overexpression
of FT also adversely affects tree form, we conducted a second greenhouse study in a
CRISPR-mutated wild type (non-FT) background to determine if mutation of LFY would
affect vegetative traits and/or growth. We report that sterile, floral-like indeterminate
organs, or an absence of flowers, were produced in all CRISPR mutant events, but there

were no detectable effects on vegetative growth rate or leaf morphology.

4.2 Materials and Methods

4.2.1 Plant materials and growth conditions

Sterile in-vitro shoot cultures of wild type (WT) hybrid Eucalyptus clone SP7
(Eucalyptus grandis x urophylla) were kindly provided by FuturaGene
(http://lwww.futuragene.com/pt/). The two AtFT overexpressing lines (lines 4-2 and 30-3
transformed with pCAM:409S:AtFT under Hygromycin selection, AtFT hereafter) were
previously generated in our laboratory (Klocko et al., 2016d) and grown at 25°C under a

16-h day (photon flux density of 40 umol m2s™) in shoot multiplication medium (SMM).

4.2.2 Target gene sequencing and CRISPR Cas9 target site selection

We determined the first exon’s sequence of the LFY (GenBank accession number
NM_125579, AT5G61850) ortholog, ELFY (GenBank accession number KK198763,
Eucgr.K02192), in SP7 by amplifying both alleles separately in E. coli cells using pCR4-
TOPO vectors (www.invitrogen.com) following the manufacturer’s instructions. AS in
our study in poplar (Elorriaga et al., 2018), we used the sgRNA design online tool ZiFit
(Sander et al., 2007, 2010) to identify two different target sites in ELFY; one downstream
of the translation start site (from bp 52 to bp 72; Fig. 4.1a,b) and one at the end of the
first exon (from bp 290 to bp 310; Fig. 4.1a,b).


http://www.futuragene.com/pt/
http://www.invitrogen.com/
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Fig. 4.1 Examples of nucleotide sequence alignments of gene-edited ELFY alleles. (a)
Schematic of the ELFY gene with the two sgRNA:Cas9 targets (stars) and the sequencing
primers (red arrows). (b) Nucleotide sequence proximal to the two target sites. The three
periods correspond to the 213 bases (216 in E. urophylla) between target sites. The
sequences matching the sgRNAs are surrounded by a black square and the protospacer
adjacent motif (PAM) sequences by a black oval. (c) Common mutations seen among
transgenic events modified with ELFY-sg1 (top left), ELFY-sg2 (top right), and ELFY-
sglsg2 (bottom).

4.2.3 CRISPR Cas9 vector construction

We created three CRISPR Cas9 constructs to target ELFY. Two of the constructs
contained only one sgRNA (i.e., ELFY-sgl and ELFY-sg2) and the third construct
contained both sgRNASs together (i.e., ELFY-sglsg2). Two intermediary vectors, AtU6-
26SK and 35S-Cas9-SK, were used to assemble the three CRISPR Cas9 cassettes (Feng
etal., 2013). Final constructs were assembled as in our previous study (Elorriaga et al.,
2018) with some modifications. In brief, we phosphorylated, annealed, and cloned
single-stranded 24 bp oligos (www.idtdna.com) into the Bbsl sites on AtU6-26SK. Next,
for the constructs with one sgRNA, we amplified and digested the PCR product that
included each sgRNA transgene with Kpnl and Clal before ligating it into the Kpnl and
Clal sites on the 35S-Cas9-SK vector. For the construct with both sgRNAs, we amplified
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and digested the PCR product containing the second sgRNA with Sall and Clal and
ligated it into the same restriction sites on the AtU6-26SK vector already containing the
first sgRNA transgene. The AtU6-26SK vector containing the two sgRNA transgenes
was digested with Kpnl and Clal and the two transgenes were ligated into the Kpnl and
Clal sites in the 35S-Cas9-SK vector. Last, we linearized the plant expression vector
pK2GW?7 using the restrictions enzymes Kpnl and Zral and ligated in the Cas9
expression cassette plus either a single sgRNA transcriptional unit or both sgRNA
transcriptional units after digesting with Kpnl and Smal. We used the same empty vector

control as in our poplar study (Elorriaga et al., 2018).

4.2.4 Plant transformation and regeneration

The three CRISPR Cas9 constructs and the empty vector control construct were
transformed into WT and AtFT SP7 using Agrobacterium-mediated transformation
methods (Chauhan et al., 2014). In brief, we wounded and cocultivated sterile WT and
AtFT SP7 leaf tissue with Agrobacterium tumefaciens AGL1 cells previously transformed
with the constructs of interest (Weigel & Glazebrook, 2006). After 48 hours of
coculativation, we transferred the explants to callus induction medium (CIM). After one
week on CIM, explants were moved to shoot induction medium (SIM) for several
months. Individual shoots were collected and placed in shoot elongation medium (SEM)
for several weeks. Then, shoots were sampled for DNA isolation and transgene
genotyping. PCR-confirmed transgenic events were propagated in SMM. Last,
individual ramets for each PCR-confirmed transgenic event were transferred to rooting
media (RM). All the media contained kanamycin (75 mg/L) as the selective agent except
for SMM and RM.

4.2.5 DNA isolation and transgene genotyping

DNA was isolated from shoot tip and leaf tissue of in-vitro propagated WT and AtFT SP7
rooted shoots (Keb-Llanes et al., 2002). We used a Nanodrop 2000 spectrophotometer
(www.nanodrop.com) to determine yield and purity of individual genomic DNA samples.
We verified that individual shoots were transgenic by amplifying with PCR sections of
both ends of the T-DNA; a section near the left T-DNA border (AtU626_F1 and
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sgRNA _R1, Supporting Information Table S4.1), and a section near the right T-DNA
border (Cas9_end_F2 and RB_R2, Supporting Information Table S4.1). Events that had
both T-DNA sections amplified with PCR were considered transgenic.

4.2.6 Haplotype validation and allele-specific PCR

We discovered natural allelic variants when we sequenced each ELFY allele separately in
E. coli. We learned that there were three SNPs at positions 20, 339, and 346 starting
from the translational start site (e.g. ATG correspond to positions 1, 2, and 3). We also
found that one amino acid, H92, was present only in the allele from E. urophylla. We
used the SNPs to design allele-specific primers. We used allele-specific PCR (Newton et
al., 1989; Cha et al., 1992) to amplify the genomic region flanking both target sites
(Egrandis_F3/Egrandis_R1 and Euro_F3/Euro_R1, product lengths 357 and 360
respectively; Supporting Information Table S4.1) and to determine the genotype of each

allele for all events.

4.2.7 Mutation identification

We amplified sections of genomic DNA flanking both target sites using allele-specific
PCR to determine the mutations in each allele for all events. PCR amplicons were run
and excised from 1.5% agarose gels with a clean razor blade. DNA from PCR products
was isolated using the Zymoclean Gel DNA Recovery kit (www.zymoresearch.com)
following the manufacturer’s instructions. The pairs of primers used for sequencing
ELFY were the same used for PCR amplification (for E. grandis allele: Egrandis_F3 and
Egrandis_R1; for the E. urophylla allele: Euro_F3 and Euro_R1; Supporting Information
Table S4.1). Each amplicon was sequenced using the Sanger Sequencing service
provided by the Center for Genome Research and Biocomputing
(cgrb.oregonstate.edu/core/sanger-sequencing) at Oregon State University. Individual
allele sequences were aligned to the WT allele sequences using MEGAG6 (Tamura et al.,
2013). We used the MEGAG translation feature to determine the partial peptide sequence
to predict the severity of each mutation on the final ELFY protein.
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4.2.8 Rooting and greenhouse conditions

Events with predicted loss-of-function mutations in both ELFY alleles were selected and
propagated. These events were propagated to generate multiple identical ramets (trees)
per independent transgenic event. Individual ramets were rooted and transferred to soil in
two-inch square pots. While acclimating to soil, we kept the ramets in humid conditions
in a glasshouse. After a month of acclimation, we moved the ramets to a greenhouse and
transplanted each one to an eight-inch circular pot. All the AtFT CRISPR Cas9, AtFT
Cas9, and AtFT-only events were randomized in one block with nontransgenic SP7

control ramets that were grown and propagated in tissue culture.

4.2.9 Vegetative data measurements and statistical analysis

We measured two wood yield-related traits, height and trunk diameter (or the diameter of
the tallest stem for ramets with more than one stem). We also measured four leaf traits
including relative SPAD value (a proxy of chlorophyll density), area, perimeter, and leaf
weight. We assessed tree height from soil level to the apex of the main stem (or the
highest stem, in cases where there were more than one) for each ramet. Trunk diameter
was measured at four inches from soil-level with digital calipers. Height and trunk
diameter were recorded a month after moving to the greenhouse, before any plants started
competing for light. We used a SPAD meter (Konica Minolta) to measure relative leaf
chlorophyll content. Relative leaf chlorophyll content was recorded two months after
moving the plants to the greenhouse. We took three readings from two separate leaves
for each ramet. The three readings from each leaf were averaged together. Three
different leaves from each ramet were scanned using an HP Scanjet 8200. The leaf area
and leaf perimeter of each scanned leaf were calculated using ImageJ (Schneider et al.,
2012). Dry leaf weight was recorded after desiccating the scanned leaves at 65°C for five
days. A weight measurement was taken for each leaf, and the average of the three
weights was used for the analysis. We also calculated two derived traits, stem volume
index (= tree height*(trunk diameter?)) and specific leaf weight (= dry leaf weight for
each leaf/leaf area for each leaf, also called leaf density). Stem volume index and
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specific leaf weight are considered non-destructive proxies to biomass yield (Zianis et al.,
2005) and leaf photosynthesis (Criswell and Shibles 1971; Dornhoff and Shibles 1970).

We used general linear mixed effects model to determine if loss-of-function mutations
had an effect on any of the vegetative traits measured. The model included genotype
(FM for flowering mutant, escape, Cas9, and WT) as fixed effect, event as random effect,
and residual error. Residual plots were used to check the equal variance and normality
assumptions. We performed all of our statistical analyzes using R v3.6.1 (R Core Team,
2019). We used the R package nmle (Pinheiro et al., 2018) to fit our data to our model.
Means were estimated using the R package emmeans (https://CRAN.R-

project.org/package=emmeans).

4.2.10 Analysis of floral morphology in FT trial

Flowering was first recorded when the ramets were moved to the greenhouse. Flower
morphology was evaluated and recorded every month for twelve months. Flower buds
and flowers were imaged whole and dissected using a Keyence VHX-1000 digital
microscope for WT and FM plants. Buds and flowers were dissected to determine if any

developing or underdeveloped reproductive organs were present.

4.2.11 RNA isolation and cDNA synthesis

We collected developing flower buds in the early afternoon of October 4", 2018. We
sampled buds from six FM events; two events were transformed with ELFY-sg1: 30-10
and 30-11, two with ELFY-sg2: 30-31 and 30-45, and the last two with ELFY-sg1sg2: 30-
2 and 30-40. We also sampled buds from two Cas9 events, Cas9-30-14 and Cas9-30-5,
and from two ramets of the AtFT-only insertion line 30. Two to three buds were
collected from two ramets (approximately one gram of tissue in total) of the same event.
The buds were sampled, frozen immediately in liquid N, and kept at -80°C until RNA
isolation. RNA was extracted according to Howe et al. (2013). The RNA samples were
treated with DNasel (New England Biolabs) to remove any remaining genomic DNA.

DNase-treated RNAs were submitted for analysis by the Agilent Bioanalyzer 2100 at the
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CGRB to determine their integrity. The SuperScript 111 First-Strand Synthesis system
(Invitrogen) was used to synthesize cDNA from the DNAse-treated RNAs.

4.2.12 Gene expression and statistical analysis

Real-time quantitative PCR (qPCR) analysis was performed in a StepOnePlus Real-Time
PCR system (Applied Biosystems). Each 20 pl reaction contained 10 pl of PowerUp
SYBR Green Master Mix (ThermoFisher Scientifc), 1.0 pl (10 ng) of cDNA, 1.2 pl of
forward and reverse primers, and 7.8 pl of water. Gene amplification was conducted
under the following thermocycler conditions: 95°C for 10 min, followed by 40 cycles of
95°C for 15 s and 60°C for 60 s. Right after gene product amplification was completed,
melt-curve analysis was performed by increasing the temperature by 0.3°C s—1 between
60 and 95°C. We recorded the expression of ELFY and other genes in the flower
development pathway (Smaczniak et al., 2012; Bouché et al., 2016; Theil3en et al., 2016;
Wils & Kaufmann, 2017) that were upstream, downstream, or at the same developmental
stage as LFY in Arabidopsis (Fig. 7). The specific genes were the orthologs in
Eucalyptus of: FLOWERING LOCUS T (FT), SQUAMOSA PROMOTER BINDING
PROTEIN-LIKE 3 (SPL3), SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 9
(SPL9), CAULIFLOWER (CAL), FRUITFULL (FUL, there are two in Eucalypstus),
APETALAS (AP3), PISTILLATA (PIl), AGAMOUS (AG), SHATTERPROOF 2 (SHP2),
and SEEDSTICK (STK) (Table S2). The relative gene expression of each gene was
determined using the delta-delta-Ct (ddCt) method. All reactions were done in triplicate.
Expression was normalized using the GLYCERALDEHYDE-3-PHOSPHATE
DEHYDROGENASE (GAPDH) gene as the housekeeping gene. We designed gene-
specific primers by first using the PrimerQuest online tool (Integrated DNA
Technologies) and then checking each pair’s specificity in E. grandis by using Primer-
BLAST (Yeetal., 2012). The primer specificity was further tested using standard curve
analysis by serial dilutions of cDNA (five 1:2 dilutions) for each gene in triplicate. All
primers pairs had amplification efficiencies (E) between 90 and 110% and correlation
coefficients (R?) higher than 98%. The DataAssist v3.01 software (Applied Biosystems)
conducted a two-sample two-tailed Student’s t-test to determine if expression of the

control group was different to that of the FM group for each gene.
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4.2.13 Peptide alignment

We used the UniProt protein database (‘UniProt’, 2019) to collect 19 sequences of
homologs of LFY corresponding to 13 eudicots, two monocots, one tracheophyte, one
conifer, one ginkgo, and one embryophyte. We used Clustal Omega (Madeira et al.,
2019) to align the peptide sequences and ESPript 3.0 (Robert & Gouet, 2014) to create
the graphic.

4.3 Results

4.3.1 Mutation and knock-out rates among transgenic events were high

We generated nine and 59 transgenic insertion events with our three CRISPR Cas9
constructs for the WT trial and FT trial, respectively. For the WT trial, we were
interested in determining if knocking out ELFY would have an effect on growth or
morphology. For the FT (early flowering) trial our intent was to understand ELFY’s
function in relation to flowering in eucalypts and thus to determine if it would be an
effective target for containment. In the WT trial, all nine insertion events had mutations
in both ELFY alleles (100% biallelic mutation rate, Table 4.1). The two empty vector
controls (i.e., Cas9 only) did not have mutations on either allele of ELFY. In the FT trial,
58 out of 59 transgenic events had mutations in both ELFY alleles (98.3% biallelic
mutation rate, Table 4.1) and the last transgenic event had a mutation only in the E.
urophylla allele. The nine empty vector control events did not have mutations in either
ELFY allele. Last, the mean mutation rate among all confirmed transgenic events was
98.5% (Table 4.1).

Based on their translated peptide sequence, 9 of 9 (100%, Supporting Information Table
S4.3) and 53 of 59 (90%, Supporting Information Table S4.3) events in the WT trial and
FT trial respectively, had knock-out mutations in both alleles, thus we expected they
would have a flowering mutant (FM) phenotype. In the FT trial, we expected the
remaining six of the 59 (10%, Supporting Information Table S4.3) events, including the

monoallelic mutant, to have WT flowers.
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Table 4.1 CRISPR mutation rates on a per-event and per-allele basis.

Population Total events (alleles) | Alleles modified | N° events
Both alleles 9 (100%)
WT LFY-
9 (18) One allele 0 (0%)
CRISPR
None 0 (0%)

Both alleles 58 (98%)

AtFT LFY-
59 (118) One allele 1 (2%)
CRISPR
None 0 (0%)
Both alleles 67 (99%)
All eucalypt 68 (136) One allele 1 (1%)

None 0 (0%)

4.3.2 No consistent differences between ELFY knock-outs and transgenic controls in

vegetative traits

The purpose of the greenhouse WT trial was to determine if ELFY had any vegetative
function that would affect growth or morphology. For this trial, we had nine CRISPR
Cas9 (with ELFY-sgl, ELFY-sg2, or ELFY-sglsg2) insertion events, two escapes (i.e.,
not detectably transgenic by PCR but were cocultivated with Agrobacterium and then
regenerated with antibiotic selection), three Cas9 (i.e., empty vector) insertion events, and
WT (i.e., not cocultivated). The nine CRISPR Cas9 insertion events had a total of 41
ramets. The escapes had 12 ramets (i.e., six ramets for each event). The three Cas9
events had 18 ramets. Last, there were seven WT ramets. In total, we monitored 78
ramets, and each insertion event had between three and six ramets. When analyzing the
different traits measured, we found no significant differences in any comparisons

between FM plants, escapes, empty vector controls, and WT controls in volume index,
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leaf perimeter, leaf dry weight, and specific leaf weight (P > 0.05; Fig. 4.2, Supporting
Information Fig. S2). However, leaf area varied among groups at the 5% significance
level. The estimated mean leaf area was 27.18% lower in FM plants than in WT controls
(P =0.049; Fig. S2), but the FM group did not differ significantly from any of the

transgenic control groups (Fig. S2).

Yolume index (cm?)
-
i

FM Escapp WT CAS9

a Genotype
Contrast Estimate |P-values
Cas9 - escape 7.946 0.567
Cas9-FM 6.926 0.439
Cas9-WT 1.137 0.999 /
Escape - FM -1.020 0.997 = ' 2 N '
Escape-WT -6.809 0.824 = w
L Flowering mutant event 167
b FM-WT -5.78% 0.829

Fig. 4.2 Stem volume growth and plant form appear to be unaffected by knock-out of
ELFY. (a) Mean stem volume index (height x diameter?) for the flowering mutants and
the three control groups. Error bars represent + SE of means. Cas9, transgenic lines that
do not contain sgRNAs. Escape, non-transgenic but Agrobacterium cocultivated and
regenerated lines. FM, flowering mutant. WT, wild type, not cocultivated or regenerated
but micropropagated. (b) Table of estimated mean differences and p-values
corresponding to a Student’s t-test. (c) Image of potted reference WT ramet and the six
ramets corresponding to Cas9 event 42. (d) Image of potted reference WT ramet and
eight ramets of mutant event 167. The yellow lines in both photographs are at 54 cm
height.

4.3.3 Most trees flowered in the FT greenhouse trial

The purpose of the FT (early flowering) trial was to determine the effect that modifying
ELFY would have on floral morphology and reproductive viability in our hybrid
eucalypts. For this trial, we had 42 CRISPR Cas9 insertion events (with ELFY-sg1,
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ELFY-sg2, or ELFY-sglsg2 and also AtFT), six Cas9 AtFT insertion events, and two
different AtFT insertion events. Each one of the 42 CRISPR Cas9 insertion events had
between one and seven ramets, totaling 166 ramets. There were 25 ramets that
corresponded to the six Cas9 AtFT insertion events, 23 ramets that corresponded to the
two different AtFT insertion events, and five WT ramets. In total, we monitored 219
ramets. All 42 CRISPR Cas9 insertion events produced biallelic mutants (Table S4).
However, four events were predicted to have WT flowers based on their translated
peptide sequences. The remaining 38 events were predicted to have alterations in their
floral morphology (i.e., they were FM plants). None of the ramets of six of the 38
(15.8%) predicted FM events flowered during the study. Most ramets of the remaining
events (i.e., 32 FM events, six Cas9 events, and two AtFT-only events) transitioned to
reproductive stage. Two FM events, 4-7 and 4-65, had ramets that did not flower (Table
S4).

4.3.4 Lack of differences between ELFY knock-out and controls in vegetative traits

within flowering trees

We recorded and compared vegetative traits among the trees that flowered. The
overexpression of AtFT eliminated the apical dominance in all these trees and as a results
they had a bush-like form. After analyzing yield, SPAD values, and the four leaf traits
(i.e., leaf perimeter, leaf area, leaf dry weight, and specific leaf weight), we found no
significant differences after contrasting the means of all the genotype categories (i.e.,
Cas9, escape, FM, AtFT-only, and NM; Supporting Information Fig. S4.3, S4.5).
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Fig. 4.3 Wildtype E. grandis flower images. (a) Opened flower showing anthers (a),
style (s), hypanthium wall (hw), and nectary ring (nr). (b) Diagram of flower showing
style (s), ovary (ov), and hypanthium wall (hw), as well as the position of the images
shown in panels ¢ and d. (c) and (d) Scanning electron microscopy (SEM) micrographs
of hypanthium wall (hw) showing nectary pores at 1,150X and 7,480X magnification,
respectively.

iy

Fig. 4.4 Flower development stages in control and ELFY knock-outs. (a - d) Correspond
to flowering tissues from AtFT-only (control) flowering-induced events. (a) Umbel with
three flowering buds at the earliest recognizable stage. The buds have both calicine and
coroline opercula. (b) Umbel with three flowering buds with bracts and calicine opercula
shed. (c) Opened flower at anthesis. (d) One seedpod harvested about four months after
anthesis. (e - h) Correspond to flowering tissues from knock-out events. (e) Umbel with
three flowering buds at the earliest recognizable stage. At this stage, the flower buds
from mutant events are indistinguishable from the flowering buds of flowering controls.
(f) Umbel with four flowering buds with bracts shed. At this stage, flowering buds from
mutant events are recognizably different from those of flowering controls. (g) Umbel
with five mature buds generating and shedding layers of pedicels and bracts. (h) Umbel
with three stacked floral-like organs showing indeterminacy and retention of senescent
bracts eight to ten months after buds were discernible as in (f).
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4.3.5 Knock-out mutants had either underdeveloped or no floral organs

We monitored flowering in the AtFT ramets for approximately 18 months. We re-
sequenced the ELFY alleles of ten FM events to test whether the mutations seen early in
development had changed because of the overexpression of Cas9 (more than three years
elapsed from the first DNA extraction from tissue culture plants to resampling in the
greenhouse). For this analysis, we sampled leaves from four different axillary stems. No
changes in DNA sequence at the target sites were observed. Also, a greenhouse trial in
University of Pretoria in South Africa with several of our AtFT-only, Cas9, and FM
events showed floral phenotypes that were consistent with those seen in Oregon
(Supporting Information Fig. S4.4, S4.6), providing further evidence that the mutations
and phenotypic effects were stable.

The ramets from the four CRISPR Cas9 events predicted to have WT flowers produced
flowers identical to those found in the six AtFT Cas9 events and the two AtFT-only
events (Fig. 4.3, Fig. 4.4c; Supporting Information Fig. S4.4a). These flowers had a
central pistil and a staminal ring at the base of the hypanthium (Fig. 4.3a, Fig. 4.4c,
Supporting Information Fig. S4.4a). All the flowers appeared capable of secreting nectar
through their nectary pores located on the hypanthium wall (e.g., Fig. 4.3b, ¢, d). We
classified our 32 CRISPR Cas9 insertion events with non-WT reproductive organs as
FM, even though we saw a range of sterile flower-like phenotypes. All the FM plants
had “flowers” with repeated bract-like and pedicel-like organs (Fig. 4.4g, h, Supporting
Information Fig. S4.4b), and the range in phenotypes went from flowers with two to three
repeated layers of bract-like and pedicel-like organs with sterile underdeveloped anthers
and/or underdeveloped ovules (Fig. 4.5i) to flowers with many repeated layers with no
reproductive organs at all (Fig. 4.4h, Fig. 4.6, Supporting Information Fig. S4.4Db).

Based solely on the phenotypes, we classified our FM plants into three categories
(Supporting Information Table S4.4): “early organs,” if a few sterile underdeveloped
ovules and/or underdeveloped stamens were present after only two or three layered
pedicels (Fig. 4.5i); “late organs,” if a few sterile underdeveloped ovules were present
after three to five layered pedicels (Fig. 4.5a thru h); and “organless,” if no reproductive

organs were seen after more than five layered pedicels (Fig. 4.6, Supporting Information
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Fig. S4.7b). On occasion, long-lived flowers (>5 months) of organless FM events would
eventually produce underdeveloped sterile reproductive-like organs (Supporting
Information Fig. S 4.8c,d) while most of the rest of the long-lived flowers never
produced any reproductive organs (Supporting Information Fig. S4.8a,b). By contrast,
wild type flowers usually developed over three to four months, with the seed capsules

requiring an additional four to five months to mature and dehisce.

b c

a

Fig. 4.5 Sterile floral-like buds with underdeveloped ovules belonging to mutant event
30-6. (a) Early bud and (b) its cross-section with no sign of reproductive organs. (c)
Umbel with more developed buds than (a) and (b). (d) Cross-section of bud in (c) with
no reproductive organs. (e) Late bud with four layered pedicels surrounded by many
bract-like organs. (f) Cross-section of bud in (e) with no reproductive organs. (g) Late
bud with four layered pedicels. (h) Cross-section of bud in (g) with underdeveloped
ovules. (i) Sterile bud from FM event 30-30 with four underdeveloped stamen-like
organs surrounding the hypanthium. One single stamen-like organ in photo insert. SGL,
stigma-like. UOL, underdeveloped ovules. UOV, underdeveloped ovary.
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Fig. 4.6 Sterile floral-like buds from mutant event 30-10 with many repeated bract-like
and pedicel-like organs, and no underdeveloped ovules or anthers. (a) Umbel surrounded
by many bract-like organs. (b) Umbel with bracts removed showing three pedicel-like
repeated layers before splitting and generating more pedicel-like organs. (c) thru (i)
cross-sections of the buds showing the lack of discernable ovules or stamens.

4.3.6 Changes in expression of flowering genes

We selected buds from the AtFT-only and AtFT Cas9 events that had just shed or were
shedding their calicine operculum and were about a month away from anthesis (Fig.
4.7b). We selected buds from the FM events that were shedding or had just shed their
first layer of bract-like organs (Fig. 4.7b). Differences in gene expression of twelve
flowering genes including ELFY were analyzed for six FM events (two for each ELFY-
sgl, ELFY-sg2, and ELFY-sg1sg2) and three flowering control events (one AtFT-only
and two AtFT Cas9 events). ELFY expression was significantly higher in the FM events
than in the control events (mean of 636% higher expression than controls, P = 0.02; Fig.
4.7¢). Expression of six genes (i.e., EFT, ESPL3, ESPL9, ECAL, EFUL1, and EFUL2)
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upstream or at the same developmental time as ELFY was higher in the FM events than in
the control events (Fig. 4.8). When comparing the expression between the control events
and the FM events, the FM events had a mean fold-change in gene expression of 3.0 for
EFT (P = 0.003), 4.4 for ESPL3 (P = 1.0E-4), 2.9 for ESPL9 (P = 0), 1.9 for ECAL (P =
0.004), 2.1 for EFUL1 (P = 0.002), 2.6 for EFUL2 (P = 0). Meanwhile, expression of
five FOI genes that are induced by ELFY, directly or indirectly, (i.e., EAP3, EPI, EAG,
ESHP2, and ESTK) was significantly lower in the FM events than in the control events
(Fig. 4.9). When comparing the expression levels in the control events to the FM events,
the control events had a mean fold difference in gene expression of 2,500.0 for EAP3 (P
=0.006), 2.8 for EPI (P = 3.0E-4), 5.6 for EAG (P = 0.009), 6.6 for ESHP2 (P = 0.01),
and 178.6 for ESTK (P = 0.01).
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Fig. 4.7 Transcriptional network related to ELFY, and its expression from qPCR, in floral
or floral-like buds. (a) Simplified genetic pathway from Arabidopsis (described in
Methods). We performed gene expression analysis on genes with an orange (LFY) or
yellow fill (Figs. 8 and 9). (b) Images of buds from AtFT-only event 4 and FM (floral
mutant) event 30-2 showing the developmental stage at which tissues were sampled for
gene expression analysis. (c) Gene expression seen in independent ELFY-FM and non-
mutant flowering control events. The average fold-change in expression was calculated as
a ratio to the AtFT-only control, which was set to 1. Error bars represent £ SE of means.
Gene expression was significantly different when comparing mean expression for the FM
events to control events (P = 0.02, two-tailed Student’s t-test).
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Fig. 4.8 Gene expression of floral development genes at the same level or upstream of
ELFY in the flowering induction pathway for ELFY-FM and non-mutant flowering
control events. The average fold change in expression was calculated as a ratio to the
AtFT-only control, which was set to 1. Error bars represent £ SE of means. Mean gene
expression for FM vs. control groups was significantly different for all genes (P < 0.006
for all contrasts, two-tailed Student’s t-test).

4.4 Discussion

All three vectors were highly (nearly 100%) efficient at inducing mutations on the
endogenous target sites. Since the first CRISPR Cas9 gene editing studies published in
tobacco, Arabidopsis, rice, and wheat (Li et al., 2013; Nekrasov et al., 2013; Shan et al.,
2013), the genomes of more than 25 plant species have been modified (Bewg et al.,
2018b; Xu et al., 2019; Ghogare et al., 2019). Mutation efficiencies of endogenous genes
vary between 0.1% and 100%. Similar to our results, editing rates of 100% were seen in
stably-transformed cassava (Odipio et al., 2017), grapevine (Ren et al., 2016), maize (Lee
et al., 2019), poplar (Zhou et al., 2015; Wang et al., 2017), rice (Shen et al., 2017),
tomato (Ueta et al., 2017), and Wanjincheng orange (Peng et al., 2017).
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Fig. 4.9 Gene expression of organ identity genes downstream of ELFY. The average fold
change in expression was calculated as a ratio to the lowest expressing event for each
gene, which was set to 1. Error bars represent £ SE of means. Gene expression was
significantly different among FM and control groups for all the genes (P < 0.02 for all
contrasts, two-tailed Student’s t-test).

There were no consistent differences in any of the vegetative traits that suggested that the
disruption of ELFY function had vegetative consequences. The only trait with any
statistically significant differences among groups was leaf area in the non-flowering
greenhouse plants, however, the FM group only differed from WT and not from the Cas9
transgenic (i.e., empty vector) or escape control groups. The WT group also tended to be
larger in other traits, though not statistically significantly so. This suggests that the
process of genetic modification and/or regeneration may have caused some impairment in

vegetative development.

After a year and a half in the greenhouse, six predicted FM events did not transition to
flowering, while the remaining 32 FM events produced sterile “flowers”. In general, if
both alleles were mutated and at least one of the two mutated alleles had a frameshift
mutation, the events would mostly have organless flowers (Table S5). Meanwhile if both

alleles had mutations that left the C-terminals intact (e.g., in-frame inversions or in-frame
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large deletions), the plants mostly had flowers with sterile reproductive organs that
appeared early on in development (i.e., early organs in Supporting Information Table
S4.4). Nonetheless, there was a category in between organless and early organs, “late
organs”, where plants would have flowers that in their third to fifth layered pedicel would
have sterile female reproductive organs (i.e., stigma-like and ovule-like but non-
functional organs). In this “late organs” category, there were two events, 30-6 and 4-8,
that were missing between one and three highly conserved amino acids. In 30-6, the E.
grandis allele had a 6 bp deletion that removed a glutamic acid (E22; Supporting
Information Fig. S4.9) and an alanine (A23; Supporting Information Fig. S4.9) and the E.
urophylla allele had a 3 bp deletion that replaced the glutamic acid by an aspartic acid
(E22D) and removed the same alanine (A23). In 4-8, the E. grandis allele had a 9 bp
deletion that removed a phenylalanine, a glutamic acid, and an alanine (F21, E22, A23;
Supporting Information Fig. S4.9), and the E. urophylla allele had a 1 bp insertion that
modified the peptides completely and introduced a stop codon at the 915 AA position.
The phenylalanine and alanine sites are highly conserved among all plant species and
eudicots, respectively, thus they are likely essential to the interaction in ELFY dimers.
These two events had a flowering phenotype similar to many events with frameshifts in

both alleles that completely disturbed the peptide sequence.

We believe that part of the differences in floral phenotypes among our FM plants was due
to partial ELFY function in the events with intact C-terminals compared to FM plants
with completely disturbed ELFY alleles. All LFY homologs in the plant kingdom have
two conserved domains; an N-terminal dimerization domain (Siriwardana & Lamb, 2012;
Sayou et al., 2016) and a C-terminal DNA binding domain (Hamés et al., 2008).
Siriwardana and Lamb (2012) found that LFY alleles with L/A or L69AL76A
modifications in the N-terminal domain were enough to completely eliminate LFY
function in planta. Their allele with only the L69A modification partially complemented
the strong Ify-6 mutant and had reduced activity compared to WT. Their alleles with
LFYwua or LFY esaL7ea modifications could not complement Ify-6 and the plants
produced sterile flowers with sepal-like and ovule-like organs after bolting. Last, their

LFY allele that had the entire N-terminal removed could not complement Ify-6 either and
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the plants produced no reproductive organs. In similar experiments, Sayou and
colleagues (2016) found that monomers of GbLFY17s5e, GOLFYRr112e, and GbLFY 175er112E
(Gb, Ginkgo biloba) were able to partially complement the strong mutant Ify-12 and to
weakly bind to an AP1 DNA probe in EMSA (Sayou et al. 2016). However, they also
learned that eliminating the entire N-terminal significantly disrupted LFY’s DNA binding
ability across the genome, in particular in sites of low-binding affinity (Sayou et al.,
2016). Thus, we hypothesize that removing highly conserved AAs in the N-terminal or
removing the N-terminal domain completely, eliminated ELFY’s oligomerizing ability,
thus rendering the flowers sterile. However, the remaining C-terminal protein may had
been able to weakly bind some of ELFY’s DNA targets inducing the creation of some

reproductive-like organs.

We examined gene expression upstream, near, and downstream of ELFY in the flowering
pathway to help understand the developmental stage of the organless FM plants. Two
patterns were seen in the gene expression analysis of floral genes. For ELFY and six
genes upstream or at the same developmental stage as ELFY (i.e., EFT, ESPL3, ESPL9,
ECAL, EFUL1, and EFUL2; Fig. 4.7 and Fig. 4.8), expression was significantly higher in
the FM events than in the control events (AtFT-only and AtFT Cas9). We did not include
the ELFY expression of FM event 30-11 in the plot (Fig. 4.7¢c) because its expression was
596X higher than that of the AtFT controls making the general pattern difficult to discern.
EFT is a floral pathway integrator (FPI) gene similar to ELFY. ECAL, EFUL1, and
EFUL2 are floral meristem identity (FMI) genes just as ELFY. We selected EFUL1 and
EFUL2 because there is no archetypical APETALAL (AP1) homolog in Eucalyptus
(Vining et al., 2015b). AP1 and FUL are homologous genes created from a gene
duplication predating the diversification of the eudicots. CAL is also a homolog of AP1
and FUL that is believed to have arisen from AP1 during a more recent duplication. AP1
and FUL are not functionally equivalent. They can only partially rescue each other in
Arabidopsis (McCarthy et al., 2015). It is possible that one of the genes that has been
identified as a FUL homolog (i.e., EFUL1 or EFUL2) actually functions as an AP1
homolog in Eucalyptus. However, we do not hypothesize which gene it could be,

because their expression is similar and because they both have the FUL-like C-terminal
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motif (i.e., LPAWML), which is missing in all the AP1 homologs (McCarthy et al.,
2015). Last, the SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) genes are
essential for induction of flowering. SPL3/4/5 are only essential to the transition to
flowering when they assist the FT-FD complex in the activation of the FMI genes, LFY,
AP1, and FUL, by directly binding to their promoter regions (Jung et al. 2016;
Yamaguchi et al. 2009). Yamaguchi et al. (2014) hypothesized that SPL9 recruits
DELLA proteins to directly induce expression of AP1 during transition from
inflorescence meristem to flower meristem. During flowering LFY activates many floral
organ identity (FOI) genes including APETALAL (AP1), which then itself induces more
LFY expression, generating a feed-forward loop for controlling flowering (Gramzow &
Theissen, 2010; Liu & Mara, 2010). With a non-functioning ELFY, the feed-forward
loop cannot keep on cycling and increasing expression, causing flowering to be arrested

in the inflorescence specification stage.

Additionally, for five genes directly or indirectly regulated by ELFY (i.e., EAP3, EPI,
EAG, ESHP2, and ESTK; Fig. 4.9), expression was significantly lower in the FM events
than in the controls. EAP3, EPI, EAG, ESHP2, and ESTK regulate expression of genes
that make floral organs (reviewed in Pajoro et al. 2014). EAP3 and EPI are B-class
genes, EAG is the C-class gene, and ESHP2 and ESTK are D-class genes of the ABCDE
model of flower development. This model has been thoroughly studied in Arabidopsis,
Antirrhinum, petunia, and tomato (reviewed in Causier, Schwarz-Sommer, and Davies
2010; Immink, Kaufmann, and Angenent 2010; O’Maoiléidigh, Graciet, and Wellmer
2014; Pajoro et al. 2014; Rijpkema et al. 2010). ELFY directly regulates expression of
EAP3, EPI, and EAG, and indirectly of ESHP2 and ESTK.

In Arabidopsis, AG regulates the formation of stamens (with the B-class genes, AP3 and
PI) and carpels, and its expression is essential for floral determinacy (Bowman et al.,
1989b; Yanofsky et al., 1990; Mizukami et al., 1996). Flowers become determinate
when AG indirectly represses the stem cell maintenance gene WUSCHEL (WUS) (Sun et
al., 2009; Liu et al., 2011). Our FM events had significantly lower expression of EAG,
which may have been the reason for the repeated pedicel-like and bract-like structures,

and thus the reduction in floral determinacy.
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Because of the two gene expression patterns —where genes expressed upstream or at the
same physiological level as ELFY had higher expression in FM events than in flowering
control events, and genes expressed downstream or regulated directly by ELFY had lower
expression in the FM events than in the flowering control events —one possible
explanation is that the FM events were developmentally trapped in inflorescence
development, but before flower development. The defective ELFY protein was stalling
the process of flower development, causing our constantly-expressing AtFT FM events to
not develop fertile flowers. Unfortunately, obtaining phenotypic data for elfy mutant
flowers in a WT background was beyond the scope of our study as non-AtFT eucalypt

trees typically do not flower for several years after regeneration.

CRISPR Cas9 nucleases appear to provide an efficient method for elimination of ELFY
function, and thus a means for preventing both male and female sexual reproduction
without adverse vegetative impacts. It is also expected to be highly stable over the long
lifespans of trees in the field, especially when compared to previous methods for sterility
induction such as the use of cytotoxins or gene suppression, whose efficacy can vary with
environmental and developmental perturbations (Brunner et al., 2007; Vining et al.,
2012). If sterility persists in the field under natural flowering, it should enable greater
acceptance and regulatory approval of exotic or genetically engineered varieties, and thus
speed the delivery of improved traits such as pest and disease resistance, modified wood
properties, and biomass productivity (Chang et al. 2018).
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5 Flower to seed capsule transcriptome dynamics in Eucalyptus grandis
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Abstract

The genus Eucalyptus includes some of the most important and ecologically dominant
forest trees on the planet because of their great diversity, adaptation to harsh
environments, and fast growth under subtropical plantation conditions. In an effort to
better understand the physiology of Eucalyptus flower and fruit development, we
sequenced RNAs from seven tissues including flowers, capsules, pollen, and fully
expanded leaves. We identified 11,438 genes that were differentially regulated when all
the reproductive tissues were compared to leaves, 6,107 genes when the reproductive
stages were compared to each other, and 3,483 genes when only the flower stages were
compared. The genes in pollen, all the reproductive tissues, and the flower-only tissues
represented 384, 612, and 394 gene ontology categories respectively. As expected genes
known to be involved in flowering, seed development, lignin biosynthesis, pathogen
defense, and nectar production were upregulated compared to leaves. We also found
genes involved in nitrogen allocation and nitrogen starvation to be upregulated in mature
pollen and cell morphogenesis and gravitropism genes to be upregulated in early late
flower and developing capsules. Cell cycle genes went down as reproductive
development proceeded. 7,848 (45%) of the differentially regulated genes had no
functional annotation. Our results provide an atlas of reproductive development in
Eucalyptus that will help inform both studies of eucalypt development and

biotechnologies seeking to modify reproduction and other traits.
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5.1 Introduction

The Myrtaceae family is composed of more than 5,500 species and 142 genera, found
mostly in the tropics and Southern Hemisphere (Wilson, 2011). This family is
taxonomically highly diverse, especially in their reproductive and seed dispersal
strategies. For example, they have flowers with sepals and petals, flowers without any
sepal or petals, or flowers with just sepals or just petals. Their flowers are pollinated by
animals, including insects, birds, and small mammals. They have dry (i.e., nuts and
capsules) and fleshy (i.e., drupes and berries) fruits dispersed by wind and animals
(Wilson, 2011). It appears that dry fruits are more ancestral, and that the succulent

pericarp evolved two or three times (Biffin et al., 2010; Giaretta et al., 2019).

The genus Eucalyptus is among the most researched genera in the Myrtaceae family. It
has over 800 species, endemic to Australia, New Guinea, Indonesia, and the Philippines
(Wilson, 2011). Eucalyptus is the most widely planted genus of broadleaf plants
(CIRAD-FRA et al., 2018), and E. globulus is the most widely cultivated species in the
genus (Wilson, 2011). However, E. grandis is the only species with substantial genomic
and transcriptomic data available (Myburg et al., 2014; Vining et al., 2015a).

Eucalyptus is fast-growing, drought tolerant, and able to grow on poor soils.
Commercially, it is valued for its fast-growth, phytotherapeutics (Goldbeck et al., 2014;
Luis et al., 2016), and ecological support of other biota including bees, birds, and small
mammals. Recently with the advent of modern breeding tools (i.e., genomic selection,
genetic engineering and gene editing), Eucalyptus is also considered a great candidate for

bioenergy (Taylor et al., 2016).

Eucalyptus has umbels as inflorescences. An inflorescence is a compound structure with
more than one flower. All the flowers in an umbel have pedicels (i.e., the stem attached
directly to the flower) of the same length that originate at the same spot on the peduncle
(i.e., stem that attaches the umbel to branch). The term was coined in the late 1500’s
because this inflorescence looks like an “umbrella” (i.e., “umbella” is Latin for parasol or

sunshade). The umbels can be terminal or axillary, with anywhere between 1 and 30



105

flowers, but with mostly seven flowers (Wilson, 2011). The umbels are also enclosed by

several bracts and bracteoles (Carr & Carr, 1959).

Flowers are ornate organs that contain reproductive tissues. Their ornateness is for
attracting pollinators. Eucalyptus flowers are visited by local bees, honeybees, flies,
beetles, birds, and sometimes even mammals (Armstrong, 1979; Ford et al., 1979; Regal,
1982). However, many of these visitors are not effective at pollinating, but they are
benefiting from the pollen or nectar. Most Eucalyptus species are effectively pollinated
by insects, but some are pollinated by birds (Hingston et al., 2004b,c,a; Griffin et al.,
2009).

The flowers in Eucalyptus are hermaphroditic and do not have separate sepals or petals.
Instead, they have a fused calyx and fused corolla, resulting in two opercula, the calycine
operculum and the corolline operculum. The corolline operculum remains right up to
anthesis, whereas the calycine operculum is shed early in flower development. The
stamens are found in several continuous whorls and are the most conspicuous feature of
the flowers. Flowers in the Eucalyptus genus can have up to 300 stamens (Moncur &
Boland, 1989). The stamens dehisce shortly after anthesis.

Woody capsules are an adaptation to the extreme environment in Australia including
frequent fires and droughts (Gill et al., 1992). During a period of five to six months, each
pollinated flower metamorphosizes into a wood capsule after which the locules open and
the seeds are released. The changes include dehiscence of the stamens, senescence of the

style and stigma, enlarging of the ovary, and desiccation and lignification of the capsule.

In this study, we sequenced the RNA from seven tissues including flowers, seed capsules,
mature pollen, and fully-expanded leaves. We aim to supplement the knowledge gained
from the transcriptome of developing flower buds in Eucalyptus grandis (E. grandis)
(Vining et al., 2015b) by completing the picture of Eucalyptus’ flower and seed capsule
development. In addition to reporting large numbers of differentially regulated genes, we
tested several hypotheses related to gene expression changes during floral development.
For example, given the changes that the flowers undergo to become woody capsules, we

suspected that in addition to the expected embryo and seed development genes, the lignin
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biosynthesis pathway will be upregulated during between early flower and late capsule
stages. Based on Rutley & Twell (2015), we expected pollen to be enriched in membrane
transport, vesicle trafficking, and signaling. Also, we expect to find genes involved in
perianth senescence and flower longevity when we compare the bagged flowers to the
unconfined flowers based on the literature (van Doorn, 1997; van Doorn & Woltering,
2008; Jibran et al., 2017). Given Eucalyptus’ unique flower and seed capsules, we expect
to find a number of genes that are not expressed in flowers or fruits in Arabidopsis or
other model plants present. Lastly, this omic resource should inform and improve the

annotated Eucaluptus grandis genome v2.

5.2 Materials and Methods

5.2.1 Plant material

Mature pollen, bagged flowers, unconfined flowers, seed capsules, and leaves were
sampled from three E. grandis trees of clone T1099. The trees were in a single
commercial plantation belonging to SAPPI in Howick, South Africa (S 29° 28 47”, E
30° 10° 527). Starting the week of April 18, 2016 (i.e., week zero), the three trees were
sampled on week zero, week one, week four, and week 12. The hypanthium of flowers
was marked with silver nail polish if they were to be harvested the following week.
Controlled pollination (CP) bags to allow normal air/moisture exchange, were placed
over ripe unopened flowers (they were developmentally about a week from the time of
abundant anthesis in the seed orchard planting). The CP bags were created in-house with
bamboo fiber and were molded with metal wire frames. Bamboo was chosen because of
its high breathability and antibacterial properties (Yao & Zhang, 2011; Imadi et al.,
2014). The flowers were harvested from the bags two weeks after bagging and were
labeled as “late flower bagged” (LFB). Open pollinated flowers at anthesis were sampled
on week zero and labeled “early flower” (EF). Open pollinated flowers were harvested a
week after anthesis (i.e., week one) and labeled “late flower unconfined” (LFU).
Developing seed capsules were harvested from flowers a month and three months after
anthesis (i.e., on week four and week 12) and labeled “early capsule” (EC) and “late

capsule” (LC) respectively. Fully opened leaves were sampled from the three trees at
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week zero (labeled “L”). Mature pollen was harvested from flowers during the first three
weeks (labeled “P”). We had three biological replicates for each tissue except for pollen,
for which we only had two. All samples were immediately frozen with liquid nitrogen on
site, stored at -80C between two and eight months, then shipped to Corvallis, OR with

dry ice. Dry ice was added to the shipping container twice during the two-day transit.

5.2.2 RNA-Seq library preparation and sequencing

Early flower Early capsule Late capsule
(unbagged) (unbagged) (unbagged)

Week 12

Late flower (unbagged)
Late flower (bagged)

Mature leaf Mature pollen

Fig. 5.1 Timeline of tissue sampling in the South African plantation. Trees begin
flowering between February and March. Flower buds develop and begin opening in mid
to late April. Seed capsules mature between May and October. Seed capsules shed seed
between September and October.

About one gram of tissue was used for each RNA isolation. All tissues were first ground
with a coffee grinder in the presence of dry ice. Ground tissue was inserted into 50 ml
Falcon tubes with 15ml of RNA isolation buffer. Total RNA was extracted according to
Howe et al. (2013) and treated with DNasel (New England Biolabs) to remove any
residual genomic DNA. The integrity of the DNase-treated RNAs was determined using
the Agilent Bioanalyzer 2100 at the Center for Genome Research and Biocomputing
(CGRB) at Oregon State University (Corvallis, OR, USA). Library construction and
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sequencing was done at the CGRB. For each sample, 1 ug of high integrity (i.e., with a
RIN value of 7 or higher) total RNA was first subjected to poly(A) enrichment using the
PrepX poly(A) mRNA isolation kit (WaferGen Bio-Systems Inc, Fremont, CA, USA).
Then, cDNA libraries were created by a WaferGen robotic system for each poly(A)-
enriched RNA sample using the PrepX RNA-seq Library Kit for lllumina (WaferGen
Bio-Systems Inc). ). All the libraries were multiplex sequenced on 2.25 lanes of an

Illumina HiSeq 3000 instrument as single-end 150 bp runs.

Fig. 5.2 Eucalyptus grandis mature leaves and flower to capsule sequence. (A) Mature
leaves with petioles removed prior to RNA extraction. (B) Flower opened at anthesis
(i.e., “EF”). (C) Flowers covered with a CP bag (i.e., “LFB”). (D) Open pollinated
flowers one week (i.e., “LFU”) (E) two weeks, (F) three weeks, (G) four weeks (i.e.,
“EC”), (H) eight weeks, (1) twelve weeks (i.e., “LC”), (J) sixteen weeks, (K) twenty
weeks, and (L) twenty four weeks after anthesis (WAA).
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5.2.3 Evaluation of RNA-seq data

We mapped, assembled, and counted our transcripts using the HISAT2-StringTie-
Ballgown pipeline (Frazee et al., 2015; Pertea et al., 2015, 2016; Kim et al., 2019, p. 2;
Kovaka et al., 2019). We used the E. grandis genome v2.0 (Myburg et al., 2014;
downloaded from Phytozome v12.1) as the reference genome. The count tables
generated by Ballgown (Frazee et al., 2015) were imported into the RStudio environment
(RStudio Team, 2015) where we used R version 3.6.1 (R Core Team, 2017) to analyze
the data and the package ggplot2 (Wickham, 2009) to produce the figures. To assess
overall similarity among our different tissues and samples, we created a Poisson distance
plot (Fig. S1) and principal component analysis (PCA) plots (Fig. S2 and S3). We used a
Poisson distance plot instead of a Euclidean distance plot because RNA-seq data
generally follows a Poisson or negative binomial distribution (Witten, 2011). We
calculated the Poisson dissimilarity matrix from the original counts data using the R
package PoiClaClu (Witten, 2011). We executed PCA using the plotPCA function from
the R package DESeq2 (Love et al., 2014).

5.2.4 ldentification of DEGs and GO categories enriched in each tissue compared to

mature leaf

We used DESeq2 (Love et al., 2014) to conduct negative binomial Wald tests for
differential gene expression analysis between the flower/fruit libraries (i.e., EF, LFB,
LFU, EC, LC, and P) versus the leaf library (i.e., L), and to examine gene expression
changes during reproductive development also between LFU vs. EF, LFU vs. LFB, EC
vs. LFU, and LC vs. EC. We used the Ifcshrink function with the approximate posterior
estimation for the generalized linear model option (apeglm) (Zhu et al., 2019) to reduce
the variance among genes with low expression or highly variable levels of expression
among biological replicates. We filtered and created tables of differentially expressed
genes (DEGS) using a p-value adjusted cutoff (i.e., P-values adjusted based on the
Benjamin-Hochberg correction) of 0.05, and a log fold-change (LFC) cutoff of 1 or
higher (i.e., 2X or higher) for upregulated genes and of -1 or lower for downregulated

genes (i.e., -2X or lower). We identified genes unique to each tissue and genes common
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to two or more tissues using the function overLapper from the systemPipeR R package
(Backman & Girke, 2016). We also used this function to create two five-set Venn
diagrams; one of upregulated genes (Fig. S4) and one of downregulated genes (Fig. S5).
Homologs from Arabidopsis of the 20 most upregulated genes based on the log fold-
change in each contrast were identified using Phytomine from Phytozome v12
(Goodstein et al., 2012). DEGs were subjected to GO enrichment analysis using the
online GO database AgriGOv2 (Tian et al., 2017) and/or soft fuzzy c- means cluster
analysis in R using mfuzz (Futschik & Carlisle, 2005; Kumar & E. Futschik, 2007).
Further analyses (i.e., identification of protein domain enrichment, pathway enrichment,
and orthologs in Arabidopsis) of specific GO enriched terms was implemented using
Phytomine from Phytozome v12 (Goodstein et al., 2012).

Prepare library and Map transcripts and

generate counts file

Isolate RNA -> sequence

Execute GO term
enrichment analysis

Generate list of Cluster analysis for
DEGs time-series

Fig. 5.3 Summary of methods for differential expression and gene ontology (GO)
analysis. The transcripts were mapped and assembled to the E. grandis genome using
HISAT2 and StringTie. Ballgown was used to generate the counts file. Lists of
differentially expressed genes (DEG) were generated in R using DESeq2. Fuzzy c-means
clustering was done using the R program mfuzz. GO enrichment analyses were done
with the online GO database AgriGOv2.



111

5.2.5 Expression of homologs in Eucalyptus to genes involved in lignin biosynthesis in
Arabidopsis
We identified the genes and gene families characterized in the metabolism of

phenylpropanoids including lignin in Arabidopsis (Fraser & Chapple, 2011). We created
a heatmap in Microsoft Excell for all of the homologs in Eucalyptus (Table 5.5).
Homologs of all the enzymes needed to generate lignin from chorismate all included in

the heatmap

5.2.6 Gene expression validation using real-time quantitative PCR

We performed real-time quantitative PCR (qPCR) analysis to support the transcript
abundance seen in our DESeq2-normalized count file. We synthesized cDNA from our
DNAse-treated RNAs with the Applied Biosystems™ High-Capacity cDNA Reverse
Transcription Kit with RNase Inhibitor following the manufacturer’s instructions
(ThermoFisher Scientific). All reactions were executed by a StepOnePlus Real-Time
PCR system (ThermoFisher Scientific). For each 20 pl reaction, we mixed 10 pl of
PowerUp SYBR Green Master Mix (ThermoFisher Scientific), 1.0 pl (10 ng) of cDNA,
1.2 pl of forward and reverse primers, and 7.8 pl of water. The thermocycler conditions
were: 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 60 s. Gene
amplification was followed by melt-curve analysis, which was done by increasing the
temperature by 0.3°C s—1 between 60 and 95°C. We selected the following seven genes,
corresponding to the Eucalyptus orthologs of: AGAMOUS (AG), CAULIFLOWER (CAL),
FLOWERING LOCUS T (FT), FRUITFULL (FUL, there are two in Eucalyptus),
SHATTERPROOF 2 (SHP2), and SEEDSTICK (STK). The delta-delta-Ct (ddCt) method
was used to determine the relative gene expression of each gene. All reactions were done
in duplicate. The GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE (GAPDH)
ortholog was selected as the housekeeping gene. Primer design, specificity, and
efficiency were previously determined (Elorriaga et al. 2020, in review). The log2 fold
change (FC) determined in the gPCR experiments was compared side-by-side with the
log2 FC determined during differential expression of the RNA-Seq counts. The log2 fold
changes were also plotted against each other and the Pearson correlation coefficient was
calculated.
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5.3 Results

5.3.1 Overview of RNA-Seq data

We generated 20 RNA-Seq libraries corresponding to seven tissues, with all but pollen
having three biological replicates. On average, we obtained between 41 and 49 million
raw reads per tissue, of which, on average, 63 to 81% aligned one or more times to the E.
grandis v2.0 genome. Out of the 36,349 protein coding loci in E. grandis v2.0 genome,
we identified 27,450 unique transcripts among all the libraries. The different libraries all
had more than 20,000 expressed gene models identified that had more than 10 counts in
all replicates after DESeg2 normalization (EF:23,902, LFB:23,850, LFU:24,459 ,
EC:24,734, LC:24,063, P:21,656, and L:23,731).

5.3.2 Distance between samples

The Poisson distance matrix (Fig. S5.1) illustrates that all replicates are most similar to
their own tissues. The pollen libraries are the most distinct from the rest of the libraries,
with the leaf libraries the second most distinct. The flower and seed capsule libraries are
the most similar to each other with the LFB1 library clustering mostly with the EF1
library. The principal component analysis (PCA) resulted in similar clustering. The PCA
plot with the first and second components, which explained 71 and 15% of the variance
respectively, showed the three leaf libraries, the two pollen libraries, and the rest of the
libraries clustered into three groups (Fig. S2). After removing the leaf and pollen
libraries from the data, the replicates from each flowering tissue (i.e., EF, LFB, LFU, EC,
and LC) clustered together except for the EF1 (i.e., “early flower” from tree one) which

clustered with the LFB replicates.

5.3.3 Identification of differentially expressed genes (DEGs) and GO enriched cateqories

A total of 11,438 unique DEGs were identified from the contrasts of reproductive tissues
to leaf (specifically: EF: 4,464, LFB: 4,165, LFU: 4,335, EC: 4,725, LC: 5,043, P: 7,958;
all are from contrast vs. L). Contrasts were also made between EF and LFU (2,615
DEGs: 1,987 upregulated and 628 downregulated), LFB and LFU (2,136 DEGs: 1,930
upregulated and 446 downregulated), EC and LFU (1,902 DEGs: 1,015 upregulated and
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887 downregulated), and LC and EC (3,870 DEGs: 1,313 upregulated and 2,557

downregulated) to identify genes active during floral senescence, carpel/capsule wall

development, embryo/seed development, and capsule lignification. We, then, submitted

the list of genes of P vs L to AgriGO for gene ontology (GO) enrichment analysis. The

other DEGs were used in fuzzy c-means clustering first, to identify groups of genes

among the reproductive tissues with similar expression patterns throughout development.

Last, each list of genes corresponding to an expression pattern throught developemtn was

subjected to GO enrichment analysis.

Table 5.1 Homologs in Arabidopsis of genes upregulated in flowers, capsules, and pollen
when expression in compared to mature leaf.

Locus in Gene in Function Tissue with
Eucalyptus Arabidopsis overexpression
Eucgr.E00162 | ADF10 Actin filament depolymerization factor P
Eucgr.D01152 | CER1 Aldehyde decarbonylase LFU, EC, LC
Eucgr.K02547 | FUL MADS-box gene All except P
Eucgr.L01734 | LAC4 Laccase in lignin biosynthesis LC
Eucgr.J02217 | MYB21 Jasmonate response during stamen EF, LFB, LFU
development
Eucgr.D01819 | MYB103 Regulation of lignin biosynthesis LC
Eucgr.101300 | PAP26 Acclimation to Pi deprivation P
Eucgr.E00014 | PPal Pyrophosphatase P
Eucgr.102058 | SEP4 MADS box transcription factor All
Eucgr.D01671 | SND1 Secondary wall biosynthesis LC
Eucgr.F02981 | STK Seed development LFU, EC, LC
Eucgr.HO4154 | SWEET9 Sucrose transporter for nectar secretion EF, LFB, LFU

5.3.4 Orthologs in Arabidopsis of highest expressing genes in contrasts with leaf

We used Phytomine to identify homologs in Arabidopsis of the top 20 most upregulated

genes in every tissue compared to leaf, and that were differentially regulated compared to

leaf (Tables S5.1 through S5.6). Of each group of 20 genes, we identified well-

characterized genes in Arabidopsis for further exploration (Table 5.1). We created
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scatterplots of most of the genes in Table 5.1 that show the counts for each sample (Fig.
5.2,5.3,and 5.4).

5.3.5 Clustering of DEGs based on expression

We filtered out 6,107 unique genes among all the upregulated (i.e., double the expression
or higher) and downregulated (i.e., half the expression or lower) DEGs identified from
the contrasts of flowers and developing capsules (excluding late flower bagged) (refered
from her on as “seed capsule development cluster analysis™). After performing clustering
analysis, the 6,107 genes were grouped into four clusters using the R program mfuzz
(Futschik & Carlisle, 2005; Kumar & E. Futschik, 2007) (Fig. 5.5, 5.6, 5.7, and 5.8).
Cluster one had 1,428 genes that were expressed higher in late capsule than in any other
tissues. There were 977 genes in cluster two and they were expressed higher in early
flower and decreased in expression along capsule development Cluster three had 1,482
genes with highest expression in late flower unconfined. Cluster four had 2,220 genes

with highest expression in early capsule.

We identified 3,482 unique genes among all the DEGs in early and late flowers (capsules
excluded) when performing contrasts between each of them (refered from her on as
“flowers-only cluster analysis”). The 3,482 genes were clustered into three groups (Fig.
5.9). Cluster one had 461 genes that were expressed higher in EF, lower in LFB, and
lowest in LFU. Cluster two had 2,644 genes with high expression in LFU and low in EF
and LFB. Cluster three had 377 genes with highest expression in LFB, lower in EF, and
lowest in LFU.

5.3.6 Orthologs in Arabidopsis of highest pairwise differentially expressed genes in

flowers and capsules

Among the hundreds to thousands of genes identified for each cluster (Fig. 5.5 through
5.8) in the seed capsule development cluster analysis, we selected the 20 with the highest
membership score to each cluster (i.e., membership values of 0.999 or higher) and
created tables with short descriptions (Tables S5.7, S5.8, S5.9, and S5.10). From those
tables, we identified genes that also have been studied in depth in Arabidopsis (Table
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5.2), excluding any from the table that did not have a clear Arabidopsis homolog or a
clear function in Arabidopsis. In total, 17 of the 80 genes identified were selected for

further investigation in our transcriptome.

Among the hundreds to thousands of genes identified for each cluster flowers-only
cluster analysis (capsules excluded) (Fig. 5.9), we also generated lists of the top 20 genes
with the highest membership scores (Tables S5.11, S5.12, S5.13, and S5.14). From those
tables, we identified genes that also have been studied in depth in Arabidopsis (Table
5.3). Intotal, 11 of the 60 genes identified were selected for further investigation in our

transcriptome.

5.3.7 GO enriched categories in flowers and capsules

We subjected each of the gene lists corresponding to the capsule development cluster
analysis (excluding late flower bagged), and the flowers-only cluster analysis to gene
ontology (GO) term enrichment analysis (using the online tool AgriGO version 2.0). We
created a table for each GO term enrichment analysis result (Tables S5.14 through
S5.20).

For cluster 1 in the capsule development cluster analysis (i.e., high expression in LC), we
find the following among the GO significant terms (p-value based on chance): cellulose
biosynthetic process, regulation of transcription, nicotamide nucleotide metabolic
process, photosynthesis (light harvesting), glycerol ether metabolic process, cellular ion
homeostasis, cellulose microfibril organization, and amino acid transmembrane transport.
For cluster 2 (i.e., high expression in EF), we find: cell-redox process, terpenoid
biosynthetic process, trehalose biosynthetic process, riboflavin biosynthetic process,
sucros metabolic process, and L-phenylalanine metabolic process. For cluster 3 (i.e.,
high expression in LFU), we find: chitin catabolic process, proteolysis, cellular glucan
metabolic process, DNA replication initiation, fatty acid biosynthetic process, sister
chromatid segregation, defense response to fungus, and defense response to bacterium.
For cluster 4 (i.e., high expression in EC), we find: microtubule-based movement, DNA-
dependent DNA replication, signal transduction, cellulose biosynthetic process,

cytokinesis, and potassium ion transport.
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Fig. 5.4 Genes identified during differential expression analysis with high expression in
pollen compared to leaf. ADF10, PAP26, and PPal had high expression in P compared to
L. SEP4 had high expression in all tissues compared to L. The y-axis has the count
values and x-axis corresponds to the development timeframe of our samples. The colors
of the data points correspond to the different tissues. EC, early capsule; EF, early flower;

L, mature leaf; LC, late capsule; LFB, late flower bagged; LFU, late flower unconfined,;
P, mature pollen.
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Fig. 5.5 Genes identified during differential expression analysis with high expression in
flowers or early capsule compared to leaf. CER1 had high expression in LFU, EC, and
LC compared to L. FUL had high expression in EF, LFB, LFU, EC, and LC compared to
L. MYB21 and SWT9 had high expression in EF, LFB, and LFU compared to L. The y-
axis has the count values and x-axis corresponds to the development timeframe of our
samples. The colors of the data points correspond to the different tissues. EC, early
capsule; EF, early flower; L, mature leaf; LC, late capsule; LFB, late flower bagged:;
LFU, late flower unconfined; P, mature pollen.
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Fig. 5.6 Genes identified during differential expression analysis with high expression in
late capsule compared to leaf. LAC4, MYB103, and SND1 had high expression in LC
compared to L. The y-axis has the count values and x-axis corresponds to the
development timeframe of our samples. The colors of the data points correspond to the
different tissues. EC, early capsule; EF, early flower; L, mature leaf; LC, late capsule;
LFB, late flower bagged; LFU, late flower unconfined; P, mature pollen.



120

Table 5.2 Well-characterized homologs in Arabidopsis of upregulated genes in the seed
capsule development cluster analysis.

Locus in Eucalyptus | Gene in Arabidopsis | Function Cluster
Eucgr.C02284 4CL1 Phenylpropanoid pathway 1
Eucgr.F02557 CSE Phenylpropanoid pathway 1
Eucgr.J01079 PAL1 Phenylpropanoid pathway 1
Eucgr.G03056 PLC2 Auxin-mediated reproductive 1
development
Eucgr.H04617 SEP3 Flower development 1
Eucgr.C03853 ALDH2C4 Phenylpropanoid pathway 2
Eucgr.G02223 CAD9 Cinnamyl alcohol 2
dehydrogenase
Eucgr.K00311 LYS1 Pathogen resistance 2
Eucgr.100449 UGT73B2 Pathogen resistance 2
Eucgr.102438 ERDL6 Vacuolar glucose exporter 3
Eucgr.A02311 GPDHC1 Glycerol metabolism 3
Eucgr.J01662 RBOHD ROS production 3
Eucgr.101041 SNG1 Sinapoylmalate synthesis 3
Eucgr.J00581 1QD5 Pavement cell 4
morphogenesis
Eucgr.100565 RBK1 Auxin-specific cell 4
expansion
Eucgr.E00461 SKU5 Root size and gravitropism 4
Eucgr.101402 SLP2 Germination 4

Table 5.3 Well-characterized homologs in Arabidopsis of upregulated genes the flowers-

only cluster analysis.

Locus in Eucalyptus | Gene in Arabidopsis | Function Cluster

Eucgr.H03170 IAA7 Stem gravitropic growth 1

Eucgr.G01774 MYB4 Regulation of flavonoid 1
synthesis

Eucgr.K02977 RAS1 Salt tolerance and ABA 1
sensitivity

Eucgr.100659 XTH6 Cell wall modifications 1

Eucgr.B03746 GPS1 Stem gravitropic growth 2

Eucgr.102677 LHCB6 PSII minor antenna complex 2

Eucgr.H04498 LOX1 Cell wall-mediated defense 2

Eucgr.C03822 PERK1 Cell wall protection 2

Eucgr.H02748 TOPII Chromosome interlock 2
resolution in meiosis

Eucgr.H04418 HST Flowering inhibition 3
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Fig. 5.7 Expression levels in cluster 1 of the capsule development cluster analysis. The
genes identified as belonging to cluster one had low expression in EF, moderate
expression in LFU and EC, and high expression in LC. 4CL1, CSE, and PAL1 had high
membership scores for cluster 1. EC, early capsule; EF, early flower; LC, late capsule;
and LFU, late flower unconfined.
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Fig. 5.8 Expression levels in cluster 2 of the capsule development cluster analysis. The
genes identified as belonging to cluster 2 had high expression in EF, moderate expression
in LFU, and low expression in EC and LC. ALDH2C4, CAD9, and LYS1 had high
membership scores for cluster 2. EC, early capsule; EF, early flower; LC, late capsule;
and LFU, late flower unconfined.
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Fig. 5.9 Expression levels in cluster 3 of the capsule development cluster analysis. The
genes identified as belonging to cluster 3 had low expression in EF, high expression in
LFU, moderate expression in EC, and low expression in LC. ERDL6, RBOHD, and
SNG1 had high membership scores for cluster 3. EC, early capsule; EF, early flower;
LC, late capsule; and LFU, late flower unconfined.



124

Cluster 4

Expression changes

EF1 EF2 EF3 LFU1 LFLU2 LFU3 EC1 ECZ EC3 LC1 LC2 LC3
Time
QD5
3000 - $
= 2000 -
3
8 1000- ¥ &
U_ 1 1 1 1 1 1
0.0 25 5.0 75 10.0 12 5
SKU5
7500 - X
S 5000-
o
Q2500 -
0- ' L
0.0 25 50 75 10.0 12 5
SLP2
80000 - g
. 60000 -
5
3 40000-
< 20000- ® [
&
0.0 25 5.0 75 10.0 12 5

Fig. 5.10 Expression levels in cluster 4 of the capsule development cluster analysis. The
genes identified as belonging to cluster 4 had low expression in EF, moderate expression
in LFU, high expression in EC, and low expression in LC. 1QD5, SKU5, and SLP2 had
high membership scores for cluster 4. EC, early capsule; EF, early flower; LC, late
capsule; and LFU, late flower unconfined.
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Fig. 5.11 Expression levels in the three clusters of the flowers-only cluster analysis. The
genes in cluster 1 had high expression in EF, moderate expression in LFB, and high
expression in LFU. The genes in cluster 2 had low expression in EF and LFB, and high
expression in LFU. The genes in cluster 3 had moderate expression in EF, high
expression in LFB, and low expression in LFU. EF, early flower; LFB, late flower
bagged; and LFU, late flower unconfined.
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Fig. 5.12 Examples of the expression levels in the three clusters of the flowers-only
cluster analysis. IAA7, MYB4, RAS1, and XTH6 belong to cluster 1. GPS1, LOX1,
PERKZ, and TOPII belong to cluster 2. HST belongs to cluster 3. EF, early flower; LFB,
late flower bagged; and LFU, late flower unconfined.

For cluster 1, in the flowers-only cluster analysis (i.e., high expression in EF), we find

the following GO enriched terms: cell redox homeostasis, regulation of transcription
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(DNA-templated), aromatic amino acid family metabolic process, terpenoid biosynthetic
process, pyruvate metabolic process, small molecule catabolic process, pigment
metabolic process, oxidation-reduction process, defense response, and response to
stimulus. For cluster 2 (i.e., high expression in LFU), we find: oxidation-reduction
process, microtubule-based movement, mitotic nuclear division, mannose metabolic
process, cellulose biosynthetic process, DNA replication initiation, chitin catabolic
process, response to water, response to oxidative stress, sodium ion transport, proteolysis,
cytokinesis, and photosynthesis (light harvesting). For cluster 3 (i.e., high expression in
LFB), we find: coenzyme biosynthetic process, purine ribonucleotide biosynthetic
process, cellular amino acid metabolic process, RNA processing, ribosome biogenesis,

response to auxin, transmembrane transport, and oxidation reduction process.

Table 5.4 Number of associated GO terms and annotated genes in AgriGO

Contrast/ | Category No of No of genes No of significant
cluster genes annotated in AgriGO | GO terms

PvsL N/A 7,958 4,194 384

1 Flower and seed 1,428 764 142

2 development 977 609 161

3 1,482 892 209

4 2,220 1,243 100

1 Flower development | 461 286 78

2 (capsules excluded) | 2 644 1,516 206

3 377 195 110

5.3.8 GO enriched categories in pollen

GO enrichment analysis associated 384 significant terms with the upregulated DEGs
identified in the contrast of pollen vs leaf (Table S5.21). Among the GO significant
terms based on p-value (based on chance), we find actin filament depolarization,
autophagosome assembly, pyridine-containing compound biosynthetic process, chitin
catabolic process, ubiquitin-dependent protein catabolic process, regulation of
transcription from RNA polymerase 1l promoter, protein dephosphorylating, protein
oligomerization, translational frameshifting, translational initiation , positive regulation
of translational elongation, positive regulation of translational termination, ATP

metabolic process, CTP biosynthetic process, GTP biosynthetic process, UTP
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biosynthetic process, ATP hydrolysis coupled transmembrane transport, SRP-dependent
cotranslational protein targeting to membrane, vacuolar transport, mitochondrial
transport, vesicle mediated transport, iron-sulfur cluster assembly, phospholipid
metabolic process, cell redox homeostasis, fatty acid biosynthetic process, water-soluble

vitamin biosynthetic process, and steroid biosynthetic process.

5.3.9 Expression of lignin-biosynthesis specific genes

The large majority of the Eucalyptus’ homologs of the enzymes involved in
phenylpropanoid biosynthesis have higher expression in the capsule stages (Table 5.5).
However, several paralogs of prephenate dehydratase (PDT), arogenate dehydratase
(ADT), cinnamyl alcohol dehydrogenase (CAD), and hydroxycinnamaldehyde
dehydrogenase (HCALDH) have higher expression in the flower tissues compared to the

capsules.

Table 5.5 Heatmap representing expression of lignin-biosynthesis specific homologs in
Eucalyptus. CM, chorismate mutase; PDT, prephenate aminotransferase; PAT,
prephenate aminotransferase; ADT, arogenate dehydratase ; PAL, phenylalanine
ammonia-lyase; C4H, cinnamic acid 4-hydroxylase; 4CL, 4-coumarate:CoA ligase; CCR,
cinnamoyl-CoA reductase; CAD, cinnamyl alcohol dehydrogenase; HCT,
hydroxycinnamoyl-coenzyme A shikimate:quinate hydroxycinnamoyl-transferase; C3'H,
p-coumaroyl shikimate 3'-hydroxylase; CCOAOMT, caffeoyl CoA 3-O-
methyltransferase; F5H, ferulate 5-hydroxylase; COMT, caffeic acid/5-hydroxyferulic
acid O-methyltransferase; HCALDH, hydroxycinnamaldehyde dehydrogenase.

Gene EF LFB | LFU [ EC LC P L
CM1

CM2

PDT1
PDT?2
PAT

ADT1
ADT?2
ADT3
PAL1
PAL2
C4H1
C4H2
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Table 5.5 Heatmap representing expression of lignin-biosynthesis specific homologs in
Eucalyptus (continued)

4CL1
CCR1
CCR2
CCR3
CCR4
CAD1
CAD2
CAD3
CAD4
CAD5
HCT1
HCT2
C3H1
C3H2
C3H3
CCoAOMT1
CCoAOMT2
CCoAOMT3
F5H1

F5H2
COMT1
COMT?2
COMT3
COMT4
HCALDH1
HCALDH2
HCALDH3
HCALDH4
HCALDH5

5.3.10 Correlations between RNA-Seq and gRT-PCR expression levels

We executed quantitative real-time PCR (gPCR) on seven selected DEGs, including
EgAG, EgCAL, EgFT, EgFUL1.1, EgFUL1.2, EQGADPH, EgSHP2, and EgSTK.
EgGAPDP was the housekeeping reference gene. We checked gene expression in three
of the seven tissues, including EF, EC, and LC. The expression levels, high or low, are
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consistent between RNA-seq and qPCR (Fig. 5.5). The trends in gene expression are also
consistent (Fig. 5.5). The Pearson correlation coefficient of the linear regression analysis
was 0.91.
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Fig. 5.13 Validation of RNA-seq expression with gPCR data. Expression levels in g°PCR
and RNA-Seq for seven DEG in early flower, early capsule, and late capsule. AG:
AGAMOUS; CAL: CAULIFLOWER; FT: FLOWERING LOCUS T; FUL1.1:
FRUITFULL1.1; FULL1.2: FRUITFULLL.2; SHP2: SHATTERPROOF 2; STK:
SEEDSTICK. A: early flower; 1M: early capsule; 3M: late capsule.

5.4 Discussion

We have a wealth of information from Arabidopsis, which helps support investigations in
other plants. However, genes can be conserved or co-opted to other functions, depending
on the evolutionary pressures. Omic studies of non-model species provide insights into

distinction, and also add to the wealth of gene function information available.

This study is the second study to publish a transcriptome on flowering tissues of E.
grandis. In the first transcriptome, Vining et al. (2015) had early and late bud as their
flowering tissues. In this RNA-seq database, we have flowers at anthesis, flowers one
week later, developing seed capsules at one and three months after anthesis, and mature
pollen. We also have fully-expanded leaves as comparator for vegetative vs. floral and

fruit tissues. They E. grandis genome was published in 2014 and since it has had two
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updates, and is now version 2.0 (Myburg et al., 2014), which facilitated our

transcriptomic analysis.

According to our gene-expression clustering analyses (Poisson distance plot and PCA),
the transcriptomic profiles of our tissues can be divided into three groups: leaf, pollen,
and flower/seed (Fig. S5.1 and S5.2). When we remove the leaf and pollen libraries, we
find that the replicates (i.e., different trees) of each individual flower or capsule tissue
type generally cluster together (Fig. S5.3). However, we do see that LFB1 clusters with
EF1 in the Poisson distance plot and EF1 clusters with the LFB replicates in the PCA
plot.

In differential expression analysis, we set the FDR cutoff to 0.05 and the LFC cutoff to
0.5 or higher for upregulated genes and -0.5 or lower for downregulated genes. We were
able to identify 11,438 DEGs when contrasting all tissues against leaf. Among the most
highly-expressed ones for every contrast, we identified several homologs in Arabidopsis
that have been well characterized. We also identified DEGs among a simulated flower
development series and implemented fuzzy c-means clustering analysis and gene
ontology (GO) analysis. Below we comment on a number of identified genes and gene
ontology classes that appeared to have biological interest and potential use for eucalypt

biotechnology.

Flowering and fertility

A number of homologs to genes known to be required for carpel and ovule development
were identified during our analyses. FRUITFULL (FUL) and SEPALLATA (SEP1) are
both floral-specific MADS-box transcription factors. FUL and APETALAL (AP1)
originated from a gene duplication that predated the diversification of the eudicots. In
Arabidopsis, AP1 and FUL have divergent functions since they can only partially rescue
each other (McCarthy et al., 2015). There are two FUL paralogs in Eucalyptus that have
the FUL-like C-terminal motifs (i.e., LPAWML) (McCarthy et al., 2015). This motif is
missing from all recognized AP1 homologs. In Arabidopsis, FUL has high expression in
the axis of the inflorescence, the style and carpel of the mature flower, the siliques, and
the pod of the first silique (Mandel & Yanofsky, 1995; Gu et al., 1998). FUL is
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important for valve cell elongation in the silique and cauline leaf development (Mandel &
Yanofsky, 1995; Gu et al., 1998). Similar to what we found in Eucalyptus, tomato has
two FUL homologs, and both are redundantly involved in cell wall modification and fruit

ripening (Bemer et al., 2012).

SEP1 and SEP3 are MADS-box transcription factors of class E in the ABCDE homeotic
model (Krizek & Fletcher, 2005). There are four SEP genes in Arabidopsis, i.e. SEP1,
SEP2, SEP3, and SEP4, all of which are expressed in all four floral whorls. Single and
double sep mutants have weak mutant phenotypes. The sepl sep2 sep3 mutant
phenotype has sepals in all four whorls (Pelaz et al., 2000). In the sepl sep2 sep3 sep4
quadruple mutant, flowers are indeterminate and all whorls are made of vegetative leaves
(Ditta et al., 2004). We found that there were five SEP-like genes in E. grandis based on

expression and sequence homology.

SEEDSTICK (STK) is a MADS-box transcription factor essential for carpel, ovule, and
funiculus development (Pinyopich et al., 2003; Favaro et al., 2003). STK is also involved
in seed abscission (Balanza et al., 2016) and seed development and metabolism (Mizzotti
etal., 2012, 2014; Ezquer et al., 2016). We found that there was one STK-like
homologous gene (89.6% sequence homology) in Eucalyptus, which was expressed, and
at about the same level, in early flower, late flower (i.e., LFU), and early capsule. It had
the highest expression in late capsule (about three times that of EF, LFB, and EC). It had
no expression in leaf and the expression in late flower bagged and pollen was about half
of that in early flower, late flower (i.e., LFU), and early capsule. The Arabidopsis STK
gene has medium expression in the stigma and style, and high expression in the ovules
and seeds. This is comparable to what we saw in our transcriptome, except for the
expression in mature pollen. In Arabidopsis, there is no STK expression in pollen.

However, STK expression was found in rice pollen (Zhang et al., 2019).

ECERIFERUML1 (CER1) and HASTY (HST) were also among the genes identified in the
flowering and seed development and the flower-only development clustering analyses
respectively. They are not flower-identity genes but they are required for flower fertility.

CERL is essential for the conversion of aldehydes to alkanes in the epicuticular wax
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biosynthesis pathway (McNevin et al., 1993; Hannoufa et al., 1993). In Arabidopsis,
cerl mutants have glossy stems and are male sterile under dry conditions (Aarts et al.,
1995). HST encodes an importin/exportin protein involved in miRNA transport.
Mutations in HST lead to reduced fertility because of lower pollen number and reduced

megaspore mother cells number.

We found that there were five CER1 homologous genes of in Eucalyptus according to
Phytozome. However, one of them had no expression in any tissue in our transcriptome
(i.e., Eucgr.D01120). Eucgr.D01144 had low expression in all tissues. Eucgr.D01172
had low expression only in early and late capsule, and no expression in any of the other
tissues. Eucgr.D01149 had high expression in early flower and late flower bagged, and
low expression in the rest of the reproductive tissues. The homolog we identified,
Eucgr.D01152, had high expression in all the reproductive tissues with highest
expression at late capsule followed by early capsule. Arabidopsis CER1 has high
expression in mature flower and lower expression in the rest of the reproductive tissues.
Based on expression, it would seem that Eucgr.D01149 is the true homolog of CER1.
Eucgr.D01152 might have diverged in function towards a more-seed or capsule specific

role. All the Eucalyptus homologs mentioned had at least 75% nucleotide homology.

There is only one HST homolog in Eucalytpus (76% nucleotide homology). HST has
high expression in flowers and other reproductive organs, but it is expressed in all tissues.
The homolog we identified, Eucgr.H04418, had comparable expression: high in early
flower, late flower bagged, and leaf, and medium expression in all the other tissues.

Cell shape modification

ACTIN DEPOLYMERIZING FACTOR 10 (ADF10), ROP BINDING PROTEIN KINASES
1 (RBK1), SKU5, and XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE 6
(XTH®6) are involved in different aspects of cell shape. ADFs are a highly conserved
protein family involved in actin dynamics with the most number of isoforms in plants
(Maciver & Hussey, 2002; Feng et al., 2006; Bamburg & Bernstein, 2008). ADF7 and
ADF10 are expressed exclusively in pollen and pollen tubes (Pina et al., 2005; Ruzicka et

al., 2007; Bou Daher et al., 2011) and they are required for proper pollen tube elongation
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(Bou Daher et al., 2011; Bou Daher & Geitmann, 2012; Zheng et al., 2013). ADF10 is
specifically involved in actin filament reorganization and vesicle trafficking (Jiang et al.,
2017). Actin filament reorganization and vesicle trafficking are processes essential for
proper pollen tube elongation. Actin filament depolarization and vesicle mediated
transport were amongs the most enriched GO categories when we compared expression
in pollen to leaf. We found that there were nine ADF10-like genes in Eucalyptus.

However, there are ten ADF genes in Arabidopsis.

SKUS5 encodes a glycosylphosphatidylinositol-anchored protein (GPI-AP). Single sku5
mutants have shorter roots and the roots have a skew and don’t go straight down
(Sedbrook et al., 2002; Swarbreck et al., 2019). XTH6 is involved in cell wall
modification. Its expression was high in an Arabidopsis silique transcriptome 6 DPA
(days post-anthesis) (Jaradat et al., 2014). Single rbk1 have shorter root cells (Enders et
al., 2017). Based on sequence homology, there are only one RBK1, one SKU5, and one

XTH6 homologous genes in Eucalyptus.

Defense

LIPOXYGENASE 1 (LOX1), LYSOZYME 1 (LYS1), PROLINE EXTENSION RECEPTOR
1 (PERK1), RESPIRATORY BURST OXIDASE HOMOLOGUE D (RBOHD), UDP-
GLUCOSYLTRANSFERASE 73B2 (UGT73B2) are involved in defense against
pathogens. LOX1 encodes a 9-lypoxygenase involved in the beginning of oxylipin
biosynthesis pathway. Oxylipins are involved in cell wall-induced defense (Wasternack
& Feussner, 2018). Single lox1 Arabidopsis mutants were more susceptible to pathogens
(Hwang & Hwang, 2010), in part because they could not close their stomata (Montillet et
al., 2013). LYS1 mutants in Arabidopsis are highly susceptible to bacterial infections
(Liu et al., 2014). Liu et al. (2014) propose that LYS1 is involved in peptidoglycans
breakdown of bacterial structures. In Brassica napus, PERK1 encodes a plasma
membrane-bound putative receptor protein kinase involved in cell wall wound-response
(Silva & Goring, 2002). PERKZ1 transcription is increased after wounding stimuli and
pathogen infection (Silva & Goring, 2002). RBOHD is required for reactive oxygen
species (ROS) production after pathogen attack and cell wall damage (CWD) (Liu & He,
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2016). CWD-induced lignin deposition is reduced in rbohd mutants (Denness et al.,
2011). UGT73B2 has not be well characterized. However, it is expressed in flowers and
roots of Arabidopsis and its expression is double in powdery mildew resistant mutants
compared to WT (Nishimura et al., 2003). We found that there were one homologous
gene to PERK1, six to LOX1, seven to RBOHD, eight to LYS1, and fifteen to UGT73B2.

Light and gravitropism

GRAVITY PERSISTENT SIGNAL 1 (GPS1), INDOLE-3-ACETIC ACID 7 (IAA7), LIGHT
HARVESTING COMPLEX PHOTOSYSTEM Il SUBUNIT 6 (LHCB6) have light-
dependent functions. GPS1 and IAA7 are important for gravitropic growth. GPS1
encodes CYP705A22, a cytochrome P450 monooxygenase. Arabidopsis gpsl and iaa7
mutants have an altered stem curvature (Wilson et al., 1990, Withers et al., 2013) and
i1aa7 mutants are also insensitive to auxin, ethylene, and salicylic acid and (Wilson et al.,
1990). Interestingly, a homolog is tomato, SI-IAAL17, is mostly transcriptionally active
during fruit development. Single si-iaal7 null mutants had larger fruits and higher ploidy
in their pericarp cells compared to WT (Su et al., 2014). LHCB6 encodes a minor
antenna complex of photosystem Il (PSII) important for the formation of PSII-LCH
supercomplexes (Dall’Osto et al., 2020). Single Ihcb6 mutants had slower growth,
reduced photosynthetic rate in light-limiting conditions, and delayed flowering (Kovacs
et al., 2006). We found that there were two homologous genes to LHCB6, three to GPS1,
and three to IAA7 in Eucalyptus.

Lignification of flowers and cell wall modification

Eucalypt capsules get increasingly woody as they develop and mature; we therefore
examined if genes related to cell wall maturation, such as those for lignification, were
differentially regulated. The genes ALDEHYDE DEHYDROGENASE 2C4 (ALDH2C4),
4-COUMARATE: COA LIGASE 1 (4CL1), CAFFEOYL SHIKIMATE ESTERASE (CSE),
LACCASE4 (LAC4), MYB DOMAIN PROTEIN 4 (MYB4), MYB21, MYB103,
PHENYLALANINE AMMONIA-LYASE 1 (PAL1), and SECONDARY WALL
ASSOCIATED NAC DOMAIN PROTEIN 1 (SND1) were strongly involved in capsule

maturation based on their steadily increasing expression from early flower to late capsule.
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ALDH2C4 encodes a sinapaldehyde dehydrogenase that catalyzes the oxidation of
coniferylaldehyde and sinapaldehyde forming ferulic acid and sinapic acid, respectively
(Nair et al., 2004). ALDH2C4 is involved in the phenylpropanoid pathway and aldh2c4
single mutants in Arabidopsis have less cell wall-bound ferulic acid esters (Nair et al.,
2004). 4CL1, CSE, and PALL1 encode three enzymes involved in the lignin biosynthesis
pathway (Raes et al., 2003). There are four isoforms of 4CL and PAL in Arabidopsis
(Huang et al., 2010). Triple 4CL mutants, quadruple PAL mutants, and CSE mutants
have reduced levels of lignin in Arabidopsis, Populus, and Medicago truncatula
respectively (Huang et al., 2010; Vanholme et al., 2013; Li et al., 2015; Ha et al., 2016;
Saleme et al., 2017). We found that there were one homologous gene to 4CL1, one to
CSE, one to MYB21, one to MYB103, two to SND1, five to CAD9, six to ALDH2C4, two
to PALL in Eucalyptus.

LAC4 is one of 17 laccase genes in Arabidopsis (Turlapati et al., 2011). LAC4 is
essential for lignin deposition in tracherary elements (TES) (Schuetz et al., 2014). LAC4
is secreted in secondary cell walls where it remains during secondary cell wall
development (Yi Chou et al., 2018). MYB4, MYB21, and MYB103 are members of the
R2R3-MYB transcription factor family (Marocco et al., 1989; Martin & Paz-Ares, 1997).
MYB transcription factors are involved in biosynthesis of secondary metabolites,
development, and stress response. Plants overexpressing MYB4 have reduced levels of
lignin in Arabidopsis, pine, maize, and switchgrass (Jin et al., 2000; Patzlaff et al., 2003;
Fornalé et al., 2010; Shen et al., 2012). And myb4 Arabidopsis mutants have reduced
levels of flavonols (Jin et al., 2000; Fornalé et al., 2014). In Arabidopsis, MYB21 is
expressed in flower buds and its ectopic expression leads to upregulation of
PHENYLALANINE AMMONIA LYASE (PAL), a gene in the lignin biosynthesis pathway
(Shin et al., 2002). MYB103 belongs to the same TF family as MYB21. SND1 is plant-
specific NAC transcription factor that redundantly regulates secondary wall biosynthesis
in fibers with NAC SECONDARY WALL THICKENING PROMOTING FACTOR 1
(NST1) and NST2 (Mitsuda et al., 2005, 2007; Zhong et al., 2006, 2007; Zhong & Ye,
2015). We found that there were eight LAC4 homologous genes in Eucalyptus.
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Nectar

Most eucalypts are predominantly insect or bird pollinated, for which nectar provides a
significant attraction to pollinators. E. grandis has modified stomata instead of
traditional nectaries in the hypanthiums surface (Davis, 1969). These stomata look
exactly like leaf stomata yet they remain open for most of the flower’s existence, unless
they become occluded, to potentially avoid entry of pathogens (Davis, 1997). SWEET9
encodes a nectary-specific sucrose transporter (Lin et al., 2014) SWEET9 is highly
conserved among angiosperms (Jeena et al., 2019; Xie et al., 2019; Jiang et al., 2020),
including in predominantly wind pollinated species like poplar (Lin et al., 2014). Poplar
extrafloral nectaries secrete nectar with the purpose of repelling herbivores from eating
their flowers (Escalante-Pérez et al., 2012). We found that there was only one gene

homologous to SWEET9 in Eucalyptus.

Phosphate

Phospate metabolism is highly active during pollen metabolism (Rutley & Twell, 2015).
We found that ACTIN-DEPOLYMERIZING FACTOR 10 (ADF10), PURPLE ACID
PHOSPHATASE 26 (PAP26), and PYROPHOSPHORYLASE 3 (PPa3) were among the
most highly expressed genes in pollen compared to leaf. PAP26 is an acid phosphatase
induced by phosphate (Pi) starvation (Veljanovski et al., 2006; Tran et al., 2010; Hurley
etal., 2010). In Arabidopsis, PAP26 is required for Pi scavenging during leaf senescence
and Pi-deprivation (Robinson et al., 2012; Shane et al., 2014). Moreover, there are
several other PAPs that are expressed in pollen and flowers, including PAP15 and PAP23
proposed function is Pi mobilization in germinating pollen. We found that Eucgr.101300
is most homologous to PAP26 and PAP10 (also not pollen specific), however the
expression pattern of Eucgr.101300 is so dramatic compared to the other seven homologs
in Eucalyptus, that makes Eucgr.101300 appear to have the most similar function to
PAP15.

PPa3 is an inorganic pyrophosphatase. PPases catalyze the generation of inorganic

phosphate by cleavage of pyrophosphate (PPi). PPa3 is expressed preferentially in
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pollen, stamens, and flowers, with low expression in roots, and hardly any expression in
other tissues (Navarro-De la Sancha et al., 2007). We found that there were eight and

seven homologous genes to PPa3 and PAP26 in E. grandis respectively.

SLP2 encodes a plant mitochondrial-specific phosphatase. Compared to WT NO seeds,
slp2 mutants exhibit fast germination and 35S::AtSLP2 seeds exhibit delayed germination

(Uhrig et al., 2017). We identified only one gene homologous to SLP2 in Eucalyptus.

Genes that require further exploration

We found a number of differentially regulated genes whose functional homology to
known genes was unclear. For example, often there were multiple eucalpyt homologs to
GPDHC1 (2 homologs), 4-HYDROXY-3-METHYLBUT-2-ENYL DIPHOSPHATE
REDUCTASE (HDR) (2 homologs), 1Q67 DOMAIN5 (IQD5) (2 homologs),
PHOSPHOLIPASE C2 (PLC2) (6 homologs), RESPONSE TO ABA AND SALT 1 (RAS1)
(3 homologs), and TOPOISOMERASE Il (TOPII) (2 homologs) identified during our
analyses but their specific function in flower or capsule development is not clear. Single
gpdhcl mutants have defects in glycerol metabolism (Shen et al., 2006). GPDHCL is
expressed in several tissues but its highest expression is in flowers (Shen et al., 2006). Its
role in flowers is not yet well understood. In plants, HDR synthetizes isopentenyl
diphosphate and dimethylallyl diphosphate in the last step of the methylerythritol
phosphate pathway (MEP)(Hsieh & Hsieh, 2015). The MEP pathway occurs in the
chloroplast and it is the main generator of cytokinins, monoterpenes, tocopherols,
chlorophylls, carotenoids, gibberellins, phytoalexins, and others (Vranova et al., 2013).
IDQ5 is a microtubule-associated protein involved in microtubule organization. Single
iqd5 mutants have misshapen pavement cells (Liang et al., 2018). PLC2 mutants were
sterile and had elevated levels of auxin in flowers (Li et al., 2015). RAS1 is involved in
salt tolerance and ABA sensitivity in Arabidopsis (Ren et al., 2010). TOPII is highly
expressed in flowers of Arabidopsis when compared to leaves (Hu et al., 2003). One of
its function is resolving interlocks between homologs chromosomes undergoing synapsis

during meiosis (Martinez-Garcia et al., 2018).
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Thus, further protein domain and phylogenetic analyses are needed to identify the correct
homologs in Eucalyptus for many of the genes lidentified during our differential-
expression, expression pattern clustering, and gene ontology analyses. Co-expression
analysis of the genes identified should help understand their function better in

Eucalyptus.

Eucalyptus trees are praised for their rapid growth, drought tolerance and pathogen
resistance, and their secondary metabolites. Eucalyptus flowers and seed capsules also
are highly resistant to biotic attack and abiotic pressures. This transcriptome elucidates
genes that play a functional role in producing these phenotypes. Further research is
needed to fully understand the biological processes important to capsule development,

maturation, and defense.
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6 Conclusions

This dissertation documents the first time essential flowering genes have been
mutagenized with CRISPR Cas nucleases in Populus and Eucalyptus. The broad goal
was to study the feasibility of creating robust and complete genetic containment by
destroying the gene function of these essential flowering genes. We had average
mutation rates between 75% and 95% that translated to average loss-of-function rates of
60% to 90% in poplar and eucalypts respectively, with 0% of offtarget mutagenesis
reported in several homologous loci. Most of our knockout mutants were completely
sterile with no reproductive organs at all. However, emergence of underdeveloped
reproductive-like organs occurred in some events of our ELFY eucalypt knockouts, which
is of concern.Field studies of our knockout mutants, in non-early flowering clones, are
essential to determine if the sterile phenotype is permanent and to fully understand the
gross involvement of these genes in flowering on-set, reproductive organ development,

growth, and leaf traits of forest trees.

Ideally, to create a robust genetic containment system, it would be best to target more
than one essential flowering or reproductive gene. Targeting more than one gene would
guarantee that in case of a second site mutation recovering the knocked-out gene
function, viable gametes would not be produced. With CRISPR Cas nucleases, it is
possible to target more than one gene with a single nuclease as long as the genes have
homologous sections. Nonetheless, if there are no homologous sections, one could use a

vector with multiple sgRNAs and have one to two sgRNAS target each gene of interest.

CRISPR Cas technologies have incredible potential in the area of genetic modification.
Once sgRNA design is well understood, it is easy to imagine that mutagenesis rates of
~100% will be the norm. Reverse genetics with CRISPR will likely become as common
and routine as PCR in molecular labs of all kingdoms. Sequence data and tissue culture
systems will likely become the most difficult hurdles for generating knockouts in less

common plants species.

To implement CRISPR Cas techniques, the plants of choice must have enough sequence

data to design highly specific and active sgRNAs. The plants must also have tissue
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culture, transformation, and regeneration systems in place, or at the least, an in-planta
transformation system. Many species have systems but usually its just one or a few
varieties per species (we see this in both Populus and Eucalyptus). While other varieties,
and many times the varieties used commercially, are recalcitrant to tissue culture,
transformation, and/or regeneration techniques. Understanding what makes some
varieties of plants recalcitrant to these techniques is a highly active area of research at the
moment. More and more plants are having their genomes and transcriptomes sequenced

and a lot of related species already have data.

With all the information becoming easily accessible and the tools for implementing
CRISPR mutagenesis becoming easier to implement and more inexpensive, the goal of a
completely sterile forest tree is just around the corner. Our lab is currently testing other
genes that might render our trees sterile, so it is not hard to decide to target two or moth

of those genes simultaneously to get a safeguarded sterile clone.

On the other hand, genetic containment technologies have never been deregulated for
commercial use. All the backlask originated from Monsanto possibly using GeneSafe
Technologies (i.e., GURT with patent) has had a dramatic effect on the public trust on
genetic containment and on genetic engineering in general. Brasil, which grows
thousands of acres of hybrid eucalyptus for pulp, paper, and biocellulos, has a law that
forbids the commercial use of any V-GURTS and the Forest Stewardship Council (FSC)
does not yet endorse paper produced from genetically modified trees

Forest trees plantations not only provide source material for pulp, paper, fuel, and
biocellulose, but they also support other biota that are beneficial including food and
shelter for wildlife, cultural enrichment, carbon sequestration, etc. Thus, completely
removing flowers via genetic means reduces the food sources for birds, insects, and small
mammals. This is why targeting genes more expecific to embryo viability might be less
detrimental to those benefits from the reproducting tissues of trees. This might be even
more relevant now that our climate is changing and the extreme weather patterns will
likely affect the physiology of plants significantly. Trees might have lower flower and

fruit set, not only because of the warmer weather, but because their phenological
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calendars will change. We might have to use CRISPR Cas techniques to modify specific

genes and help crops adapt to their newer environments.

Choosing what gene to target involves not only genomic data and homology analysis to
model plant species (i.e., Arabidopsis or antirrhinum), but also expression data. Given
significant chromosomal events i.e. chromosomal duplication and/or functional
divergence, expression information is necessary to determine which gene is the true
homolog and will likely lead to a similar phenotype seen in Arabidopsis or antirrhinum.
Our seed capsule and pollen transcriptome will help define genes in the Eucalyptus
grandis genome and will also add more understanding to the evolutionary history of the
Myrtaceae.
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Fig. S2.1 Putative pollen observed in 2007. a Although pollen production was
extremely low, some of the debris associated with transgenic pollen from transgenic
event 12 appeared to have normal shape and size. Two examples of normal size pollen
are circled. The bar a corresponds to 1 mm and that in b (an enlargement of A)
corresponds to 0.5 mm.



181

g r < —e . o e o' e 8 3 3
4™ L ‘o & s & a3 a ®a -

Fig. S2.2 Abundant viable pollen from the non-transgenic control in 2009. TTC-
stained pollen from the control is shown (see methods). The bar in a corresponds to 1
mm and the bar in b, an enlargement of a, corresponds to 0.5 mm.
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Fig. S2.3 Non-transgenic control trees had longer catkins than transgenic trees in
2009. The brackets represent 95 % confidence intervals. The asterisks indicate whether
the event was significantly different than the control for the specific collection date based
on a Dunnett’s test (three asterisks: P<0.001, two asterisks: P<0.01, and one asterisk:
P<0.05; all rounded up).
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Fig. S2.4 Transgenic catkins were heavier than control catkins. A single sample t-
test over all transgenic lines compared to the control value showed that catkin weight of
the transgenics was significantly higher than that of the control (P = 0.009) for the May
17 collection date. The difference was not statistically significant for the March 10
collection date.
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Fig. S2.5 Transgenic catkins were curved and dark in tone (less red). Shown are
single representative catkins collected March 171 2009. Event number is shown below
each transgenic catkin.



Table S2.1 Genetic constructs used in this study.
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Name Other Binary vector Reference

name backbone
TA29::BARNASE::NOS - pTTM8 Li et al. (2007)
PTD::GUS::NOS 3PG modified pB1101  Sheppard et al. (2000)
En35S::GUS::E9 3SG pMON10547 Perlak et al. (1993)
EnACT11::GUS::E9 3A11G  pMON10547 Perlak et al. (1993)
EnACT2::GUS::E9 3A2G pMON10547 Perlak et al. (1993)




Table S2.2 Primers used in Polymerase Chain Reaction (PCR).
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Name Sequence (5° 2 3) Size Comment Reference
(bp)

ACT2.001 atggtacctaggcaactatttttatgtatg 1228  Construction of This study

ACT2.002 aggatccagctgcaaacacacaaaaagag ACT2 promoter

ACT11.001 taggtaccgctagcaaatgtcaaatggaatgcatc 1405  Construction of This study

ACT11.002 gagaattctgtacatcctgtcaaaattgatataaa ACT11 promoter

NPTII-F cttcttgacgagttcttc 340 Detection of This study

NPTII-R cgctgectegtectg Kan® gene

TA29-pro-F02 tcctcacactaagtccatgtttge 656 Detection of This study

TA29-term-R03  ggaaagtgaaattgaccgatcagag BARNASE gene

V35F5 aggactattctggcttcctcttac 880 Detection of GUS  Skinner et

GUS003 ccagactgaatgcccacaggcc gene al. (2003)
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Table S2.3 ANOVA table (one-way ANOVA) for the non-transgenic control trees that
were distributed between the four transgenic constructs in the reporter trial for 2001.

Name Degrees of freedom  F-value p-value
Construct 3 2.700 0.139
Error 6

Total 9
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Table S2.4 ANOVA tables (one-way ANOVA) for the non-transgenic control trees that
were distributed between the four transgenic constructs in the reporter trial for 2003.

Name Degrees of freedom  F-value p-value
Construct 3 0.526 0.683
Error 5

Total 8
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Table S2.5 ANOVA table (2-way ANOVA) with “Event” and “Block™ as main effects
for the sterility trial model.

Name  Degrees of freedom F-value  Pr(>F)
Event 18 52 <0.0001
Block 2 8822522  <0.0001
Error 46

Total 66



Table S2.6 Dunnett’s test for the sterility trial.
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Linear Estimate | Standard zvalue | Pr(>|z|) Significance
Hypotheses error

1 - control == -38.214 | 2.226 -17.167 | <0.001 il
2 - control == -36.771 | 2.310 -15.917 | <0.001 faleka
3 - control == -35.636 | 2.347 -15.182 | <0.001 falaled
4 - control == -29.152 | 6.340 -4598 | <0.001 faleka
5 - control == -25.580 |8.004 -3.196 | 0.020 *

6 - control == -24.984 | 6.734 -3.710 | 0.003 **
7 - control == -24.857 | 5.633 -4.412 | <0.001 ikl
8 - control == -22.705 | 3.337 -6.804 | <0.001 faleka
9 - control == -21.313 | 2.949 -7.227 | <0.001 ikl
10 - control == -20.932 | 6.532 -3.204 | 0.020 *
11 - control == -19.960 |4.761 -4.192 | <0.001 ikl
12 - control == -19.490 | 4.933 -3.951 |0.001 **
13 - control == -18.859 | 2.722 -6.929 | <0.001 folalad
14 - control == -17.734 | 4.780 -3.710 | 0.003 **
15 - control == -17.513 | 12.739 -1.375 | 0.900

16 - control == -17.216 | 4.230 -4.070 | <0.001 folekal
17 - control == -16.863 | 2.767 -6.094 | <0.001 folalad
18 - control == -12.241 | 3.797 -3.224 | 0.018 *

***: P<0.001, **: P<0.01, and *: P<0.05
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Table S2.7 ANOVA table (one-way ANOVA) with “Construct” as main event for the
reporter trial model for 2001.

Name Degrees of freedom  F-value p-value
Construct 4 0.212 0.930
Error 36

Total 40
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Table S2.8 ANOVA table (one-way ANOVA) with “Construct” as main event for the
reporter trial model for 2003.

Name Degrees of freedom  F-value p-value
Construct 4 0.263 0.900
Error 36

Total 40



Table S2.9 Dunnett’s test table for the reporter trial data from 2001.
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Linear Hypotheses Estimate | Standard error | zvalue | Pr(>|z|)
3A11G - control == -3.583 127.260 -0.028 1
3A2G - control == -12.603 124.383 -0.101 0.999
3PG - control == -41.193 127.035 -0.324 | 0.935
3SG - control == 0.556 124.768 0.004 1




Table S2.10 Dunnett’s test table for the reporter trial data from 2003.
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Linear Hypotheses Estimate | Standard error | zvalue | Pr(>|z|)
3A11G - control == -1586.1 8020.9 -0.198 | 0.993
3A2G - control == -3041.2 8075.5 -0.377 | 0.937
3PG - control == -4206.2 8054.7 -0.522 0.848
3SG - control == -593.9 8391.2 -0.071 1
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Table S2.11 ANOVA tables (one-way ANOVA) with “Event” as main effect for each
construct in the reporter trial for 2001.

3SG construct

Name Degrees of freedom F-value p-value
Event 9 4.146 0.023
Error 9
Total 18

3PG construct
Name Degrees of freedom F-value p-value
Event 9 7.495 0.001
Error 11
Total 20

3A2G construct
Name Degrees of freedom F-value p-value
Event 9 17.356  1le-04
Error 10
Total 19

3A11G construct
Name Degrees of freedom F-value p-value
Event 9 4.026 0.020
Error 10
Total 19
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Table S2.12 ANOVA tables (one-way ANOVA) with “Event” as main effect for each
construct in the reporter trial for 2003.

3SG construct

Name Degrees of freedom F-value p-value
Event 9 15816  3e-04
Error 8
Total 17

3PG construct

Name Degrees of freedom F-value p-value
Event 9 3.954 0.022
Error 10

Total 19

3A2G construct

Name Degrees of freedom F-value p-value
Event 9 77.816  <0.0001
Error 9

Total 18

3A11G construct

Name Degrees of freedom  F-value  p-value
Event 9 3.464 0.033
Error 10

Total 19
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Table S2.13 Dunnett’s test for the sterility trial data comparing catkin mean length of
control to that of transgenic events for catkin collection from March 10, 2009.

Linear Hypotheses Estimate | Standard error |z value | Pr(>|z|)
Event 7 - control == -3.709 0.308 -12.059 | <2e-16
Event 9 - control == -3.662 0.291 -12.573 | < 2e-16
Event 12 - control == -2.783 0.362 -7.682 | 1.58e-14
Event 14 - control == -4.047 0.281 -14.387 | < 2e-16




Table S2.14 Dunnett’s test for the sterility trial data comparing catkin mean length of
control to that of transgenic events for catkin collection from March 17, 2009.

Linear Hypotheses Estimate | Standard zvalue | Pr(>|z|)
error

Event 7 - control == -2.341 1.049 -2.231 |0.114

Event 9 - control == -2.822 0.459 -6.152 | <0.001

Event 12 - control == -3.079 0.854 -3.605 | 0.002

Event 14 - control == -4.103 0.618 -6.636 | <0.001

Event 17 - control == -5.257 0.295 -17.805 | <0.001
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Table S2.15 Catkin angle per event.

Event Angle
7 72.83
9 90.89
12 77.83
14 130.26
17 83.28
Average 91.02
St.error 10.26
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Appendix B Supplementary material for Chapter 3

Amino acid modifications in PLFY for LFT-sgl Genotype

0N DG ] B N ||||||l|l|-l|II|i| e
TP
VENEAFEAS. FEEBEN~ v EEHENE. - B v-llllLIIL L - BEEEYVE- lll FIL v L EHENE 1bp
WEEE~FE-N.-EENEN~vESNEN. . Bv'ENREERGEE EEN NG~ H-EEVVEL ll VL lll 2bp

-3 bp

Genotype
WT
120 bp inversion
121 bp inversion
-120 bp
-121 bp

Genotype
WT

Genotype
WT
+1bp
-lbp
-4 bp
-3 bp

Fig. S3.1 Diversity in putative amino acid modifications to the WT peptide sequence in 717. These peptide alignments are the
partial translation of the sequence alignment from the most common mutations seen in events with LFY-sgl, LFY-sg1sg2, and AG-
sglsg2. The first line in each alignment shows the WT sequence. Stop codons are shown with a *. The tables to the right identify
the specific mutation that led to the peptide modification in each row.
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Table S3.1 Partial genetic sequence of the target genes and the off-target sites. The 20bp
protospacer sequences (i.e. the target sites), the off-target sites, the transcription-starting

triplet (ATG), and the SNPs are underlined and in bold. SNPs are defined as: K, G or T;

M,AorC;R,AorG;Y,CorT;W,AorT.

Gene-clone Gene sequence
Target Loci
PLFY in 717 CTGTCCAGTTCCGAAGAAACATCAAAACCCTTTAATTCTGTTAGCT

TCCYAATACATACAAAAAAGAAAAAAAGACAARAAACTTGTCCTG
TTAAGGGCAGTTTTGGTATAYAAATAAAACAAGAAGCTCACTTGT
CTTTATATATCTACCAAATCCAAGACATGCACCAGTGAAAGATCA
CAGAGAGAGAGACAAGGGGGCAGATAGATATGGATCCGGAGGC
TTTCACGGCGAGTTTGTTCAAATGGGACACGAGAGCAATGGTGCC
ACATCCTAACCGTCTGCTTGAAATGGTGCCCCCGCCTCAGCAGC
CACCGGCTGCGGCGTTTGCTGTAAGGCCAAGGGAGCTATGTGGGC
TAGAGGAGTTGTTTCAAGCTTATGGTATTAGGTACTACACGGCAGC
GAAAATAGCTGAACTCGGGTTCACAGTGAACACCCTTTTGGACAT
GAAAGAYGAGGAGCTTGATGAAATGATGAATAGTTTGTCTCAGAT
CTTTAGGTGGGATCTTCTTGTTGGTGAGAGGTATGGTATTAAAGCT
GCTGTTAGAGCTGAAAGAAGAAGGCTTGATGAGGAGGATCCTAGG
CGTAGGCAATTGCTCTCTGGTGATAATAATACAAATACTCTTGATG
CTCTCTCCCAAGAAGGTTTGGTTAGCATTGATTCTACCTTTTAGTGT
AATTAAGCTAAGCTCATACTATTACTAGCTATAGGAGKCCATGGC
CGTTTTR

PLFY in 353 CTGTCCAGTTCCGAAGAAACATCAAAACCCTTTAATTCTGTTAGCT
TCCCAATACATACAAAAAAGAAAAAAAGACAARAAACTTGTCCTG
TTAAGGGCAGTTTTGGTATAYAAATAAAACAAGAAGCTCACTTGT

CTTTATATATCTACCAAATCCAAGACATGCACCAGTGAAAGATCA

CAGAGAGAGAGACAAGGGGGCAGATAGATATGGATCCGGAGGC

TTTCACGGCGAGTTTGTTCAAATGGGAYACGAGAGCAATGGTGCC

ACATCCTAACCGYCTGCTTGAAATGGTGCCCCCGCCTCAGCAGC

CACCGGCTGCGGCGTTTGCTGTAAGGCCAAGGGAGCTATGTGGGC
TAGAGGAGTTGTTTCAAGCTTATGGTATTAGGTACTACACGGCAGC
GAAAATAGCTGAACTCGGGTTCACAGTGAACACCCTTTTGGACAT

GAAAGATGAGGAGCTTGATGAAATGATGAATAGTTTGTCTCAGAT

CTTYAGGTGGGATCTTCTTGTTGGTGAGAGGTATGG

PAGL1in 717 GCTAGACTGCAGCTATGGAATATCAAAATGAATCCCTTGAGAGCT
CCCCCCTGAGGAAGCTRGGAAGGGGAAAGGTGGAGATCAAGCG
GATCGAGAACACCACCAATCGCCAAGTCACTTTCTGCAAAAGGC
GCAGTGGTTTGCTCAAGAAAGCCTACGARTTATCTGTTCTTTGCGA
TGCTGAGGTTGCACTCATCGTCTTCTCTACCCGCGGTCGCCTTTAT
GAGTACTCTAACGATAGGTAAATAAATCTAATTTTAGATATATGCT
TCTCTGGATCTTAAATTCTCCATGTTACAAGCCCTCT
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Table S3.1 Partial genetic sequence of the target genes and the off-target sites

(continued).

PAG1 in 353

GCAGCTATGGAATATCAAAATGAATCCCTTGAGAGCTCCCCMCTG
AGGAAGCTGGGAAGGGGAAAGGTGGAGATCAAGCGGATCGAGA
ACACCACCAATCGCCAAGTCACTTTCTGCAAAAGGCGCAGTGGT
TTGCTCAAGAAAGCCTACGAATTATCTGTTCTTTGCGATGCTGAGG
TTGCACTCATCGTCTTCTCTACCCGCGGTCGCCTTTATGAGTACTCT
AACGATAGGTAAATAAATCTAATTTTAGATATATGCTTCTCTGGAT
CTTAAATTCTCC

PAG2in 717

GCTAGCAGCAGCTATGGCATACCAAAATGAATCCCAAGAGAGCTC
TCCCCTGAGGAAGCTGGGRAGGGGAAAGGTGGAGATCAAGCGG
ATCGAGAACACCACMAATCGYCAAGTCACTTTCTGCAAAAGGCG
GAATGGTTTGCTCAAGAAAGCCTATGAATTATCTGTTCTTTGCGAT
GCTGAGGTTGCACTCATCGTCTTCTCCAGCCGTGGACGCCTTTATG
AGTACTCTAACAATAGGTATATACTTAGTTCCTCWGCTCATGAATT
CTCCATGTTGCAARCCCTCTTCAAGTGCTCACAGTTGGTTTTTCTTG
CTTYCTCATYCAAAGGGATTTGTTTTTTYYTTTT

PAG2 in 353

ATGGCATACCAAAATGAATCCCAAGAGAGCTCTCCCCTGAGGAAG
CTGGGGAGGGGAAAGGTGGAGATCAAGCGGATCGAGAACACCA

CMAATCGCCAAGTCACTTTCTGCAAAAGGCGGAATGGTTTGCTC

AAGAAAGCCTATGAATTATCTGTTCTTTGCGATGCTGAGGTTGCAC
TCATCGTCTTCTCCAGCCGTGGACGCCTTTATGAGTACTCTAACAA

TAGGTATATRCTTAGTTCCTYGKCTCATGAATTCTCCATGTTGCAA

GCCCTCTTCAAGTGCTCACAGTTGGTTTTTCTTGCTTTCTCATCCAA
AGGGATTTGWTTTTTCTTTTTGTTTATGCCAGGGTTAATTTTTATGG
TTTTT

Off-target loci

UBC19 in 717
(Potri.001G254500)

AGAGACAATGGCAACTGTTAATGGGTATCAAGGGAATACTCCGGT
GGCTGCTCCGGCGGGGACTACCCCATCAAAACAGACTGTCACW
GCGGCAAAGATTGTCGATACGCAATCCGTGCTTAAACGGTAATTTT
CTTTTCTTTTTGCATYTGATCTGTTCTTTTCATTTGTCAAACCATGT
AATATATMWCRMGWKWTAWMWSKRKWTWTWTTWTRKGKKT
TYTYTTTKYKYRWAWRTGWKWTTKTGWSWYTTTTTTYTYYKTK
WTWWWAWM

UBC20 in 717
(Potri.009G049600)

TATTAATGGGGTATACTCCGGTGGCTGCTCCGGCAGGGACTACC
CCATCAAAACAGACTGTCCCATCGGCAAAGACTGTTGATACACAA
TCCGTGCTTAAACGGTATTWTTTTTTTYT

USP36 in 717
(Potri.005G156900)

TCCGCTGGGCTGTTTTATAATTTAGGTGTAAATGGCGAGGTGCGGT
TGCGAGAAAGGAGGAGATCAAGAGGCTGTTGGTTTTGGCAGCGG
AGGAAGCCGCTAGGGCTGAGTTTGAGGCCGCGGCTTCATACGGCA
CCGTTCCGGTGGTGACAAATAACTATCAATGTGCTGTTTGTTTTTG
CYCGACAACGACACGGTGTGCCCGCTGTAAAGCTGTTAGATATTG
GTATGTKAATTTCGTGTTAATGCTTGATTTTTATCGGGTTTTAGTCC
TTAATTGMGTTGAATTCAGGTTTG
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Table S3.1 Partial genetic sequence of the target genes and the off-target sites
(continued).

STK.1in 717 ACTGTTGCATTGCCTAGCTATTCCATGCTTTTTTTGGTAGACATGA

(Potri.013G104900) AATGTAAAAGTCAGATAAGCTAGCTATTAGGTCAAGAAAATTGCT
TGATAAGAGCATATATAATATAGAAGCTTCTTTGGGTTGTGAAAG

AATTGATCTTTTGTGTAGACATGGGAAGAGGAAAGATTGAGATC
AAGAGGATCGAGAACACTACGAATCGTCAGGTTACTTTCTGCAAG
AGAAGAAATGGGCTGTTGAAGAAAGCCTATGAATTATCTGTCCTT
TGTGATGCTGAAGTCTCCCTCATCGTCTTCTCCAGCCGTGGCCGTC
TCTATGAGTACGCCAACAACAAGTAACTTTACCTTCCCTAAAT

STK.2 in 717 CTTTTTTTTGCTCTTAATTTTGTTCCCATTTTCTA{T,TTTAA}TTTAC
(Potri.019G077200) TCTTTATAAAAAKATTTTTTTACCATTTACTTCTCTACAGTCTTTCT
CAAACTGTTGCRATTACCTTGCTATTCCATGCTTTTTTGGTAGGCAT
GACATGTAAAGGTCAGATCAGCTAGCTATTAGATTAAGAAAACTG
GCGCATATATAAYACATAAGCTTGTATGGGTTATGAAAGAAACRA
TCTTTTGTGTAGACATGGGAAGAGGAAAGATTGAGATCAAGAGG
ATCGAGAACACCACCAATCGTCAGGTTACTTTCTGCAAGAGGAGA
AATGGGCTCTTGAAGAAAGCTTATGAATTATCAGTTCTKTGTGATG
CTGAAGTTGCTCTCATCGTCTTCTCTAGCCGTGGCCGTCTCTATGA
GTACGCCAACAACAAGTAATTTTACCTTCTCCTTRTTGTCTTTTCTT
TTGGATCTTGAWGGRAACCTCCAT,-}TTTCTTT
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Table S3.2 Table of primers, their sequence, and their specific use.

Primer name Primer sequence (5’ to 3”) Use(s)

AtU626 F1 CTTCAAAAGTCCCACATCGC Verifying transgene
sequence; event genotyping

SgRNA_R1 GCCGCCAGTGTGATGGATA Verifying transgene
sequence; event genotyping

Cas9 F1 CACGACGGAGACTACAAGGA Verifying transgene
sequence; event genotyping

Cas9 R1 TCCTTGTAGTCTCCGTCGTG Verifying transgene
sequence; event genotyping

Cas9_mid_F1 | GTGGCCTATTCTGTGCTGGT Verifying transgene
sequence; event genotyping

Cas9_end_F2 | CCTACAACAAGCACCGGGAT Verifying transgene
sequence; event genotyping

tnos_R2 AACGATCGGGGAAATTCGAG Verifying transgene
sequence; event genotyping

RB_F1 GAAGGCGGGAAACGACAATC Verifying transgene
sequence; event genotyping

RB_R1 CGGATAAACCTTTTCACGCCC Verifying transgene
sequence; event genotyping

LFY_seq_F1 CCTGTTAAGGGCAGTTTTGG Sequencing PLFY in both
clones

LFY seq F7 TGCAGGGAACCAAATGTGTG Sequencing PLFY in both
clones

LFY_R2 AACCTTCTTGGGAGAGAGCA Sequencing PLFY in both
clones

AG_seq_F1 AGTTTGTGTTTTGGATCAGC Sequencing PAGL1 in both
clones

AG1_seq_F1 GTTGTCACTCAGTTTGTGTTTTGGA Sequencing PAGL1 in both
clones

AGl seq R4 | GACAGCGACCACATGC Sequencing PAGL in both
clones

AG2_seq_F1 TGCTGTCTTCACCCAGTTTGT Sequencing PAG2 in both
clones

AG2_seq_R5 | AAAACCTTGACACCAGGCTCC Sequencing PAG2 in both
clones

AG1l_F2 TCACTCAGTTTGTGTTTTGGATCAG Sequencing allele one of

PAG1in 717




Table S3.2 Table of primers, their sequence, and their specific use (continued).
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AGlIl_F1 CACTCAGTTTGTGTTTTGGATCATC Sequencing allele two of
PAG1 in 717

AG21_R4 TTTGCAACATGGAGAATTCATGAGCT | Sequencing allele one of
PAG2 in 717

AG2Il_R4 CTTGCAACATGGAGAATTCATGAGCA | Sequencing allele two of
PAG2 in 717

AG1l_353_ F1 | CCCTTGAGAGCTCCCCAC Sequencing allele one of
PAGL1 in 353

AGL1Il_353 F1 | CCTTGAGAGCTCCCCCC Sequencing allele two of
PAGL1 in 353

AG21_353_R2 | TGCAACATGGAGAATTCATGAGC Sequencing allele one of
PAG2 in 353

AG2l1l_353 R2 | TGCAACATGGAGAATTCATGAGA Sequencing allele two of

PAG2 in 353

P1G254500_F

TGTTGGTGCTTTCGATACCCT

Sequencing off-target
Potri.001G254500

P1G254500_R

ACGGTTAGATAAAGAATCAGTCACA

Sequencing off-target
Potri.001G254500

P9G049600_F

TGGGTTTTCTTTCTTTTGGATTCT

Sequencing off-target
Potri.009G049600

P9G049600_R

AGATCACAAACCACATTCATAAACA

Sequencing off-target
Potri.009G049600

OffAG_5F1 TAGGGTTTTCGAGCCTGGTG Sequencing off-target
Potri.005G156900
OffAG_5R1 TCTCCCCAGAACCAAACCTGA Sequencing off-target
Potri.005G156900
OffAG_13F1 TGGAAACAGCTTTGCACTTCC Sequencing off-target
Potri.013G104900
OffAG_13R1 | ATGGTATGAAGATTTAGGGAAGGT Sequencing off-target
Potri.013G104900
OffAG_19F1 AGAAACAGATTTGCACACCCT Sequencing off-target
Potri.019G077200
OffAG_19R1 | AGACCTAGTGATCTGTGAGAAAGA Sequencing off-target

Potri.019G077200
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Table S3.3 Lack of mutations on target sites in empty vector controls. We sequenced the
target sites corresponding to the four guide RNAs of events transformed with only the
Cas9 sequence (i.e. no guide RNA) and found no mutations in both alleles of all target
genes. N; number.

Transgene | Clone | Target gene | Events (N) | Gene amplicons (N) '(\rflalgé)ltions
PLFY 64 0 (0%)
717 PAG1 32 64 0 (0%)
PAG2 64 0 (0%)
Cas9 only
PLFY 34 0 (0%)
353 PAG1 17 34 0 (0%)
PAG2 34 0 (0%)
Total 49 294 0 (0%)
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Table S3.4 Mutation spectra of the different gene-sgRNA combinations with only one
SsgRNA. The most prevalent mutation type for each specific group is in bold. The
“other” mutation type refers to nine, four, ten, and eight types corresponding to LFY-sg1,
LFY-sg2, AG1-sg2, AG2-sg2 respectively with lower than 4.5% prevalence. “Other” is
not bolded for AG1-sg2 because it is made up of more than one type of mutation. bp; base

pairs.

1bp 1bp 2 bp 3bp 4 bp other Total
insertion | deletion | deletion | deletion | deletion
LFY-sgl 58 54 23 17 4 15 171
(33.9%) | (31.6%) | (13.5%) | (9.9%)| (2.3%)| (8.8%)
LFY-sg2 18 16 33 1 3 4 75
24.0%) | (21.3%) | 440%) | 1300y | (4.0%) | (5.3%)
AG1l-sg2 18 23 14 11 21 25 112
0 (205%) 0, 0, 0 0
(16.1%) (12.5%) | (9.8%) | (18.8%) | (22.3%)
AG2-sg2 21 41 8 10 17 19 116
) (353%) [0) 0, 0 0
(18.1%) (6.9%) | (8.6%) | (14.7%) | (16.4%)
Total 115 134 78 39 45 63| 474
(24.3%) | (28.3%) | (1550 | (8.2%) | (9.5%) | (13.3%)




Table S3.5 Results table for the proportion comparison of all mutation spectra.
Pearson’s chi-squared test of independence was used to test if the mutation signature
were different between gene-sgRNA combinations.
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Mutation spectra comparison tested X-squared  Degrees of freedom P-value
All spectra 105.1 15 5.0e-04
LFY-sgl vs. LFY-sg2 31.5 5 5.0e-04
LFY-sgl vs. AG1-sg2 40.5 5 1.2e-07
LFY-sgl vs. AG2-sg2 27.2 5 5.3e-05
LFY-sg2 vs. AG1-sg2 40.2 5 5.0e-04
LFY-sg2 vs. AG2-sg2 46.7 5 5.0e-04
AG1-sg2vs. AG2-sg2 8.2 5 1.5e-01




209

Table S3.6 Mutation spectra generated by the same CRISPR Cas9 nuclease in the PLFY
gene in two different hybrid poplar clones. The most prevalent mutation type for each
specific group is in bold. The “other-large” and the “other-small” mutation types refer to
12 and 22 different mutations types respectively with lower than 4.5% prevalence. Chi-
squared test of independence was used to determine if the mutation spectra are different.

120bp |[121bp |120bp 122 bp other- | other- Total
deletion | deletion | inversion | deletion | large small
LFY-sglsg2 61 8 7 7 23 46 | 152
in 717 401%) | (5.3%) | (4.6%) | (4.6%) | 121%) | (30.3%)
LFY-sglsg2 32 2 1 10 6 3 54
In 353 (59.3%) | (3.7%)| (L.9%)| (185%)|(11.1%)| (5.6%)
Total 03 10 8 17 29 49| 206
@5.1%) | 9| 39%) | (83%) | 141%) | (23.8%)
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Table S3.7 Results table for the proportion comparison of the mutation spectra of LFY-
sglsg2 in two different poplar clones. Pearson’s chi-squared test of independence was
used to test if the mutation spectra were different between the different clones.

Mutation spectra X-squared  Degrees of freedom P-value
comparison tested
LFY-sglsg2 in 717 vs. 24.2 5.0e-04

LFY-sglsg2 in 353




Table S3.8 Mutation spectra generated by the same CRISPR Cas9 nuclease in the PAG1 gene in two different hybrid poplar
clones. The most prevalent mutation type for each specific group is in bold. The “other” mutation type refers to 20 different
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mutation types with lower than 4.5% prevalence. “Other” is not bolded for AG1-sglsg2 in 717 because it is made up of more than
one type of mutation.

1 bp 2 bp 3 bp 4 bp 5 bp 41 bp 44 bp 1 bp other Total
deletion | deletion | deletion | deletion | deletion | deletion | deletion | insertion
AG1-sglsg2 33 31 10 18 13 15 4 13 34 171
in 717 (19.3%) | (18.1%) | (5.8%) | (10.5%) | (7.6%) | (8.8%) | (2.3%) (7.6%) | (19.9%)
AG1-sglsg2 14 7 4 5 3 8 3 3 6 53
in 353 (26.4%) | (13.2%) | (7.5%) | (9.4%) | (5.7%) | (15.1%) | (5.7%) (5.7%) (11.3%)
Total 47 38 14 23 16 23 7 16 40 224
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Table S3.9 Results table for the proportion comparison of the mutation spectra of AG1-
sglsg2 in two different poplar clones. Pearson’s chi-squared test of independence was
used to test if the mutation spectra were different between the different clones.

Mutation spectra X-squared  Degrees of P-value
comparison tested freedom
AG1-sg1sg2 in 717 vs. 6.9 8 0.6

AG1-sglsg2 in 353
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Table S3.10 Mutation spectra generated by the same CRISPR Cas9 nuclease in the PAG2
gene in two different hybrid poplar clones. The most prevalent mutation type for each
specific group is in bold. The “other” mutation type refers to 11 different mutation types
with lower than 4.5% prevalence.

(13.1%) | (4.9%) | (33%) | (4.9%)| (3.3%)

1bp 2 bp 3bp 4 bp 5bp 41 bp 1bp other Total
deletion | deletion | deletion | deletion | deletion | deletion | insertion
AG2-sglsg?2 12 2 2 5 3 2 4 5 35
n 717 (B43%) | 5700 | Gy | (143%) | (86%) | Grw | 140 | (143%)
AG2-sg1sg2 23 8 3 2 3 2 8 12 61
in 353 (37.7%) (13.1%) | (19.7%)

Total 35 10 5 7 6 4 12 17

96
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Table S3.11 Results table for the proportion comparison of the mutation spectra of AG2-
sglsg2 in two different poplar clones. Pearson’s chi-squared test of independence was
used to test if the mutation signatures were different between the different clones.

Mutation spectra
comparison tested

X-squared Degrees of

freedom

P-value

AG2-sg1sg2 in 717 vs.
AG2-sg1sg2 in 353

6.2

0.5
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Table S3.12 Off-target sites studied for rate of mutagenesis. The selected targets differed by three or four bases (the bases that did
not match the target are shown in lowercase). PAM sites shown in lowercase and in bold. N; number.

Target Target Off-target site sequence Gene name  Poplar gene ID Mismatches Events Mutations
SgRNA gene in (N) (N) (N)
Arabidopsis

LFY-sg1 PLFY GtCCCCGCCggAGCAGCCACcgg Ubiquitin-  Potri.001G254500 3 19 0
conjugating
enzyme 19
(UBC19)

GtCCCtGCCggAGCAGCCACcgg Ubiquitin-  Potri.009G049600 4 19 0
conjugating
enzyme 20
(UBC20)

AG-sg2 PAGl1l, cGaGAAAGGaGGAGATCAAGagg Ubiquitin-  Potri.005G156900 3 39 0
PAG2 specific
protease 16
(USP36)

GaGGAAAGaTtGAGATCAAGagg SEEDSTICK Potri.013G104900 3 39 0
(STK)

GaGGAAAGaTIGAGATCAAGagy SEEDSTICK  Potri.019G077200 3 39 0
(STK)
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Appendix C Supplementary material for Chapter 4
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Fig. S4.1 Examples of partial peptide alignment of the N-terminal motif in mutants observed. (a)
Peptide sequence of the first 35 amino acids of the N-terminal motif in WT and FM events
transformed with ELFY-sg1 (i.e., events with mutations on site one) and ELFY-sgl1sg2 (i.e.,
events with a deletion from site one through site two) are shown. The last two peptide sequences
shown have large deletions that reduced their exon size from 109 to 35. Mutations on site one
are expected to have amino acids modifications after the arrow. (b) Peptide sequence of the last
35 amino acids of the N-terminal motif in WT and FM events transformed with ELFY-sg2 (i.e.,
events with mutations on site 2). The black rectangles show the amino acids that remained
unmodified. The black arrows indicate where the modifications to the peptide sequence are
expected to happen for each target. All of these peptide sequences belonged to confirmed FM
events.
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Fig. S4.2 Leaf phenotypes of potted plants in WT trial. (a) Mean leaf perimeter of predicted FM
plants and the three controls (escapes, WT, and Cas9-only). (b) Mean leaf area. (c) Mean leaf
dry weight. (d) Mean specific leaf weight. (e) Table of estimated mean differences and p-values
corresponding to the t-test on the means of each contrast for leaf perimeter, leaf area, leaf dry
weight, and specific leaf weight. Error bars represent + SE of means. Different letters above
bars indicated statistical significance below the 5% level based on Student’s t-test. Cas9,
transgenic but no sgRNAs. Escape, non-transgenic but Agrobacterium cocultivated and
regenerated. FM, flowering mutant. WT, wild type, not cocultivated but micropropagated.
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Genotype
Contrast Estimate |P-values
Cas9 - escape -0.358 1.000
Cas9 - FM -0.576 0.902
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Cas9 - FT 0268 0998 —
Cas9 - NM -1.403 0.749
Escape - FM -0.218 1.000
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FM - NM -0.826 0.933
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Fig. S4.3 Stem growth was reduced in plants that flowered precociously due to AtFT
overexpression, but did not differ due to ELFY mutagenesis. (a) Mean stem volume index
(height x diameter?) and standard error for the flowering mutants, the non-mutated events, and
the three control groups. Error bars represent + SE of means. Cas9, transgenic lines that do not
contain sgRNAs. Escape, non-transgenic but Agrobacterium cocultivated and regenerated lines.
FM, flowering mutant. FT-only, original flowering background (i.e., AtFT-only). NM,
transformed with Cas9 and sgRNA(s) but peptide sequence is similar to WT. (b) Table of
estimated mean differences and p-values corresponding to a Student’s t-test on the means for
each contrast. (c) Image of potted reference WT ramet, AtFT-only flowering reference, and the
four ramets corresponding to Cas9-only event 16. (d) Image of potted reference WT ramet,
AtFT-only flowering reference, and the four ramets of FM event 167. The yellow and blue lines
in both photographs are at 32 and 16 cm height respectively.



219

elfy mutant, Cas9, AtFT

Fig. S4.4 Developmental sequence of flower formation in the greenhouse. (a) Flower buds and flowers of AtFT Cas9 events. The

entire sequence spans approximately four months. (b) Flower buds of FM events. The entire sequence spans approximately seven
months.
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Contrast Perimeter (cm) | P-values | Area (cm?) | P-values | Dry weight (mg) | P-values | Specific weight (g/cm?) | P-values | SPAD | P-values
Cas9 - escape 1.860 0.969 1.347 1.000 -16.738 0.998 0.244 1.000| 0.171 1.000
Cas9 -FM 0.065 1.000 2.644 0.917 8.710 0.993 -0.038 1.000| -1.109 0.968
Cas9 -FT -1.072 0.980 -2.734 0.981 3.667 1.000 0.355 0.987| -5.827 0.281
Cas9 - NM 4.631 0.233 14.435 0.117 51.280 0.654 -0.462 0.986| -0.515 1.000
Escape - FM -1.795 0.967 1.297 1.000 25.448 0.980 -0.283 1.000| -1.280 0.998
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FM - NM 4.565 0.167 11.791 0.187 42.570 0.723 -0.424 0.986| 0.594 0.999
FT -NM 5.703 0.182 17.169 0.099 47.613 0.763 -0.817 0.915] 5.312 0.531
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Fig. S4.5 Leaf phenotypes of potted plants in FT trial.
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Fig. S4.5 Leaf phenotypes of potted plants in FT trial. (a) Mean leaf perimeter of predicted
flowering mutants, the non-mutated events, and the three control groups (escapes, WT, and
Cas9-only). (b) Mean leaf area. (c) Mean leaf dry weight. (d) Mean specific leaf weight. (e)
SPAD, a proxy for chlorophyll content. (f) Table of estimated mean differences and p-values
corresponding to the Student’s t-test on the means of each contrast for leaf perimeter, leaf area,
leaf dry weight, specific leaf weight, and SPAD. Error bars represent + SE of means. Cas9,
transgenic lines that do not contain sgRNAs. Escape, non-transgenic but Agrobacterium
cocultivated and regenerated lines. FM, flowering mutant. FT-only, original flowering
background (i.e., AtFT-only). NM, transformed with Cas9 and sgRNA(S) but peptide sequence
is similar to WT.



222

d R — AW .

Fig. S4.6 Flower buds and flowers of AtFT-only and FM events in a greenhouse trial at the
University of Pretoria in South Africa. The flowering controls (i.e., AtFT-only and AtFT Cas9)
and FM events had essentially the same flowering phenotypes seen in Oregon. (a) Flowers buds
from AtFT-only event with bracts and calicine opercula shed. (b) Developing seed capsules
from AtFT-only event with stamens shed and stigmas dried out. (c) Three umbels early in
development with early buds from FM event. (d) Umbel with four mutant flowering buds from
FM event with layers of pedicel-like and bract-like organs. The bract-like organs dry out and
eventually fall off.
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Fig. S4.7 3D representation of X-ray projections of inflorescences.
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Fig. S4.7 3D representation of X-ray projections of inflorescences. (a) 3D representation of a young WT inflorescence after X-ray
scanning. Arrows point to four locules where carpels were in development. The inflorescence was harvested from AtFT-only event
30-62. (b) 3D representation of a ten-month-old inflorescence from FM event 30-16 after X-ray scanning. Slices show repeated
bract-like organs. Arrow points the outer most bract and arrowheads point to the next bract in the repeated succession. No
reproductive organ development was seen in these or other cross-sections from the image.



Fig. S4.8 Underdeveloped organs appeared occasionally in organless mutant plants. Six-month-
old buds in event 4-66. (a) Long-lived bud with nine visible layered pedicel-like organs. (b) No
reproductive organs seen in cross-section of bud in (a). (c) Long-lived bud with seven visible
layered pedicel-like organs, bract-like organs covering a hypanthium-like structure. (d)
Undeveloped ovary with ovules and a stigma-like organ seen inside dissected bud in (c). No
male reproductive organs were visible. OV, ovary. SGL, stigma-like.
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Fig. S4.9 Peptide alignment of the N-terminal domain in LFY and orthologous transcription factors. The three amino acids removed
in event 4-8 are in bold and inside cyan boxes. The two amino acids removed in event 30-6 are the glutamic acid and alanine missing

from event 4-8. The amino acids modified by Siriwardana and Lamb (2012) and Sayou et al. (2016) are in bold and inside green

boxes. Orange and pink indicate 70 and 100% similarity across all the sequences respectively. Periods indicate no amino acid. The

black arrows point to the location of the target sites where modifications to the peptide sequence would be expected to occur.



Table S4.1 Primers used for genotyping and sequencing.
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sequence; event genotyping

Primer name | Primer sequence (5’ to 3”) Use(s) Reference

AtU626 F1 [CTTCAAAAGTCCCACATCGC Verifying transgene Elorriaga et al.
sequence; event genotyping |2018

SgRNA_R1 |GCCGCCAGTGTGATGGATA Verifying transgene Elorriaga et al.
sequence; event genotyping |2018

Cas9 F1 CACGACGGAGACTACAAGGA | Verifying transgene Elorriaga et al.
sequence; event genotyping |2018

RB_R1 CGGATAAACCTTTTCACGCCC | Verifying transgene Elorriaga et al.

2018

from E. urophylla

Egrandis_F3 [ GCGCGAGAATGGATCCAGAA |Amplifying the LFY allele This study
from E. grandis

Egrandis R1[GAGGCCGAGTTAAGTTACCTTT [Amplifying the LFY allele This study
from E. grandis

Euro_F3 GCGCGAGAATGGATCCAGAG | Amplifying the LFY allele This study
from E. urophylla

Euro_R1 GAGGCCGAGTTAAGGTACCTTG | Amplifying the LFY allele This study
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Table S4.2 Gene names and IDs for qPCR experiments. The orthologs in Eucalyptus were
determined from a previously published floral transcriptome Vining et al. (2015) and an

unpublished RNA-seq database.

Gene name in Arabidopsis

Gene ID in Arabidopsis

Gene ID in Eucalyptus

PROTEIN-LIKE 9 (SPL9)

AGAMOUS (AG) At4G18960 Eucgr.E02863
APETALA 3 (AP3) At3G54340 Eucgr.F01615
CAULIFLOWER (CAL) At1G26310 Eucgr.102059
FLOWERING LOCUS T (FT) At1G65480 Eucgr.B01458
FRUITFULL (FUL) At5G60910 Eucgr.B00634
FRUITFULL (FUL) At5G60910 Eucgr.K02547
glyceraldehyde-3-phosphate dehydrogenase [At1G13440 Eucgr.H04673
(GAPDH)

LEAFY (LFY) At5G61850 Eucgr.K02192
PISTILLATA (PI) At5G20240 Eucgr.E01007
SEEDSTICK (STK) At4G09960 Eucgr.F02981
SHATTERPROOF 2 (SHP2) At2G42830 Eucgr.K01195
SQUAMOSA PROMOTER BINDING At2G33810 Eucgr.D02505
PROTEIN-LIKE 3 (SPL3)

SQUAMOSA PROMOTER BINDING At2G42200 Eucgr.K01828
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Table S4.3 Predicted loss-of-function (LOF) rates based on the number of frame-shifts, large
deletions (i.e. >=222 bp), and deletions of essential amino acids. LOF, loss-of-function (i.e., FM
or flowering mutant). WT, predicted wild-type peptide.

Population Total events (alleles) Predicted phenotype N° events
FT LEY- LOF 53 (90%)
59 (118)
CRISPR WT 6 (10%)
LOF 9 (100 %)
WT LFY- 9 (18)
CRISPR
WT 0 (0%)
LOF 62 (91%)
All eucalypt 68 (136)
WT 6 (9%)
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Table S4.4 Phenotypes seen in FM (flowering mutant) events kept in the GH. Each row corresponds to one FM event. CRISPR
corresponds to the specific CRISPR Cas9 nuclease in the FM event. The mutations seen in each allele and the flower phenotype of the
FM event are also specified. The total number of ramets and the number of ramets that flowered is also recorded. EARLY ORGANS,
sterile underdeveloped ovules and/or stamens present after only two or three layered pedicels. LATE ORGANS, sterile
underdeveloped ovules present after three to five layered pedicels. ORGANLESS, no underdeveloped reproductive organs in five
layered pedicels. NONE, plants did not flower.

N° of ramets that
Event | CRISPR Egrandis site 1 Egrandissite2 |Eurositel |Eurosite2 |N°of ramets |flowered Floral phenotype
5bp deletion, 1bp
4-46 | EgLFY-sglsg2 | insertion + chimera | 1bp deletion 228bp deletion 5 5 (100.0 %) EARLY ORGANS
4-55 | EgLFY-sglsg2 | 225bp deletion 222bp insertion 6 6 (100.0 %) EARLY ORGANS
30-30 | EgLFY-sglsg2 | 7bp deletion 2bp deletion 228bp deletion 3 3 (100.0 %) EARLY ORGANS
30-33 | EgLFY-sglsg2 | 261bp deletion 264bp deletion 5 5 (100.0%) EARLY ORGANS
30-42 | EgLFY-sglsg2 | Inversion (225bp) 228bp deletion 2 2 (100.0 %) EARLY ORGANS
4-8 EgLFY-sgl 9bp deletion NA 1bp insertion| NA 3 3 (100.0 %) LATE ORGANS
4-33 | EgLFY-sgl 1bp insertion NA 7bp deletion | NA 4 4 (100.0 %) LATE ORGANS
4-54 | EgLFY-sgl 4bp deletion NA 1bp deletion | NA 6 6 (100.0 %) LATE ORGANS
4-59 | EgLFY-sgl 32bp deletion NA 1bp insertion| NA 6 6 (100.0 %) LATE ORGANS
10bp
4-60 | EgLFY-sgl 1bp insertion NA deletion NA 4 4 (100.0 %) LATE ORGANS
30-6 | EgLFY-sgl 6bp deletion NA 3bp deletion | NA 1 1 (100.0 %) LATE ORGANS
30-11 | EgLFY-sgl 4bp deletion NA 4bp deletion | NA 6 6 (100.0 %) LATE ORGANS
4-9 EgLFY-sglsg2 | 31bp deletion 3bp deletion 229bp deletion 6 6 (100.0 %) LATE ORGANS
4-66 | EgLFY-sglsg? | 7bp deletion 1bp deletion 8bp deletion | 1bp insertion | 6 6 (100.0 %) LATE ORGANS
10bp
4-10 |EgLFY-sgl 1bp insertion NA deletion NA 4 4 (100.0 %) ORGANLESS
4-12 | EgLFY-sgl 4bp deletion NA 2bp deletion | NA 3 3 (100.0 %) ORGANLESS




Table S4.4 Phenotypes seen in FM (flowering mutant) events kept in the GH (continued).
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4-34 | EgLFY-sgl 1bp insertion NA 7bp deletion | NA 1 1 (100.0 %) ORGANLESS
10bp
30-2 | EgLFY-sgl 1bp insertion NA deletion NA 3 3 (100.0 %) ORGANLESS
30-10 |EgLFY-sgl 8bp deletion NA 5bp deletion | NA 5 5 (100.0 %) ORGANLESS
4-4 EgLFY-sg2 NA 1bp deletion NA 7bp deletion | 2 2 (100.0 %) ORGANLESS
4-74 | EgLFY-sg2 NA 1bp deletion NA 1bp deletion | 3 3(100.0 %) ORGANLESS
30-4 | EgLFY-sg2 NA 2bp deletion NA 5bp deletion | 2 2 (100.0 %) ORGANLESS
11bp
30-5 | EgLFY-sg2 NA 1bp deletion NA deletion 3 3 (100.0 %) ORGANLESS
23bp
30-31 | EgLFY-sg2 NA 1bp insertion NA deletion 2 2 (100.0 %) ORGANLESS
30-45 | EgLFY-sg2 NA 1bp deletion NA 1bp deletion | 3 3 (100.0 %) ORGANLESS
36bp
4-37 | EgLFY-sglsg2 | (261 bp deletion) and (2bp insertion) | insertion 1bp deletion | 3 3(100.0 %) ORGANLESS
4-65 | EgLFY-sglsg2 | 22bp deletion 1bp deletion Inversion (228 bp) 4 2 (50.0 %) ORGANLESS
30-1 | EgLFY-sglsg2 | Inversion (225bp) 8bp deletion | 3bp deletion | 5 5 (100.0 %) ORGANLESS
30-2 | EgLFY-sglsg2 | 2bp deletion 1bp deletion 3bp deletion | 1bp deletion | 5 5(100.0 %) ORGANLESS
30-3 | EgLFY-sglsg2 | 2bp insertion 1bp insertion 7bp deletion | 1bp deletion | 1 1 (100.0 %) ORGANLESS
30-16 | EgLFY-sglsg2 | 226bp deletion 1bp insertion| 1bp deletion | 1 1 (100.0 %) ORGANLESS
30-40 | EgLFY-sglsg2 | 4bp deletion 1bp deletion 228bp deletion 2 2 (100.0 %) ORGANLESS
4-1 EgLFY-sg2 NA 3bp deletion NA 3bp deletion | 7 7 (100.0 %) WT — fertile
16bp
4-7 EgLFY-sg2 NA 15bp insertion NA deletion 3 2 (66.7 %) WT — fertile
4-72 | EgLFY-sg2 NA 3bp deletion NA 5bp deletion | 6 6 (100.0 %) WT — fertile
30-41 |EgLFY-sg2 NA 1bp deletion NA 6bp deletion | 6 6 (100.0 %) WT — fertile




Table S4.4 Phenotypes seen in FM (flowering mutant) events kept in the GH (continued).
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4-17 | EgLFY-sgl1 7bp deletion NA 7bp deletion | NA 6 (100.0 %) NONE

4-18 | EgLFY-sgl1 7bp deletion NA 7bp deletion | NA 6 (100.0 %) NONE

4-88 | EgLFY-sgl 13bp deletion NA 7bp deletion | NA 6 (100.0 %) NONE
12bp 61bp

4-24 | EgLFY-sglsg2 | Inversion (225bp) deletion deletion 4 (100.0 %) NONE

4-41 | EgLFY-sglsg2 | 225bp deletion 1bp insertion| NA 4 (100.0 %) NONE

30-19 | EgLFY-sglsg2 | 226bp deletion 264bp deletion 3 (100.0 %) NONE
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Methods S4.1 Allele-specific PCR recipe and thermocycler program.

Each 20 pl reaction contained 0.15 pl of Econotag (www.lucigen.com), 0.15 pl of bovine
serum albumin (1% BSA), 1 ul of forward and reverse primers (10 uM each), 1 ul of
deoxynucleotide triphosphate (ANTP) mix (2.5 uM each), 2 ul of 10X Econotag Reaction
Buffer, 13.7 pl of water, and 2 pl of DNA template (total between 100 and 200 ng). The
thermocycler program conditions were: 5 min at 95°C; 35 cycles of 30s at 95°C, 30s at
57°C and 30s at 72°C; and 10 min at 72°C.



Appendix D Supplementary material for Chapter 5

Fig. S5.1 Poisson distance clustering of tissues.
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Fig. S5.2 Examination of variation among tissues including pollen and leaf.
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Venn Diagram

Early flower

Late flower-bagged

Late capsule

Late flower-unbagged

Early capsule

Unique objects: All = 7390; S1 = 4464; S2 = 4165, S3 = 4335; S4 = 4725; 55 = 5043

Fig. S5.4 Venn diagram of upregulated genes in flowers and capsules (LFC cutoff > 1,
FDR < 0.05).
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Venn Diagram

Early flower

Late flower-bagged

Late capsule

Late flower-unbagged

Early capsule

Unique objects: All = 6741: S1 = 4298; S2 = 4302; S3 = 3063; S4 = 3054; S5 = 4265

Fig. S5.5 Venn diagram of downregulated genes in flowers and capsules (LFC cutoff < -
1, FDR < 0.05).



Table S5.1 The 20 most upregulated genes in early flower vs leaf.
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EFvsL

brief explanation

Eucgr.A00869

(1 of 4) 5.4.2.12 - Phosphoglycerate mutase (2,3-
diphosphoglycerate-independent) / Phosphoglyceromutase

Eucgr.A01881

(1 of 29) PTHR11746//PTHR11746:SF99 - O-
METHYLTRANSFERASE // SUBFAMILY NOT NAMED

Eucgr.A02619

(1 of 6) 1.1.1.331 - Secoisolariciresinol dehydrogenase

Eucgr.A02978

(1 of 12) 4.2.1.78 - (S)-norcoclaurine synthase / (S)-
norlaudanosoline synthase

Eucgr.B01406

(1 of 7) PTHR31752:SF2 - AUXIN EFFLUX CARRIER
COMPONENT 8-RELATED

Eucgr.B03515

(1 of 1) PTHR11945//PTHR11945:SF216 - MADS BOX
PROTEIN // SUBFAMILY NOT NAMED

Eucgr.C03863

(1 of 3) PTHR11814:SF54 - SULFATE TRANSPORTER 3.5-
RELATED

Eucgr.E01594

(1 0of 1) 1.13.11.68 - 9-cis-beta-carotene 9',10'-cleaving
dioxygenase

Eucgr.F01487

(1 of 230) KOGO0156 - Cytochrome P450 CYP2 subfamily

Eucgr.F03472

(1 of 14) PF04520 - Senescence regulator (Senescence_req)

Eucgr.H01188

(1 of 9) PTHR30540//PTHR30540:SF25 - OSMOTIC STRESS
POTASSIUM TRANSPORTER // SUBFAMILY NOT NAMED

Eucgr.H01456

(1 of 2) PF09253 - Pollen allergen ole e 6 (Ole-e-6)

Eucgr.H04154

(1 of 1) PTHR10791:SF52 - BIDIRECTIONAL SUGAR
TRANSPORTER SWEET9

Eucgr.102058

(1 of 2) PTHR11945//PTHR11945:SF196 - MADS BOX
PROTEIN // SUBFAMILY NOT NAMED

Eucgr.102144

(1 of 15) PTHR22835:SF262 - GDSL ESTERASE/LIPASE 5-
RELATED

Eucgr.J01518

(1 of 230) KOGO0156 - Cytochrome P450 CYP2 subfamily

Eucgr.J02217

(1 of 1) PTHR10641:SF469 - TRANSCRIPTION FACTOR
MYB21-RELATED

Eucgr.K02547

(1 of 2) PTHR11945//PTHR11945:SF166 - MADS BOX
PROTEIN // SUBFAMILY NOT NAMED

Eucgr.K03319

(1 of 1) K17911 - beta-carotene isomerase (DWARF27)

Eucgr.L03070

(1 of 2) 3.2.1.154 - Fructan beta-(2,6)-fructosidase / Levanase




Table S5.2 The 20 most upregulated genes in late flower bagged vs leaf.
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LFB vs L

brief explanation

Eucgr.A00548

(1 of 2) PF00205//PF02776 - Thiamine pyrophosphate enzyme,
central domain (TPP_enzyme_M) // Thiamine pyrophosphate
enzyme, N-terminal TPP binding domain (TPP_enzyme N)

Eucgr.A01881

(1 of 29) PTHR11746//PTHR11746:SF99 - O-
METHYLTRANSFERASE // SUBFAMILY NOT NAMED

Eucgr.A02978

(1 of 12) 4.2.1.78 - (S)-norcoclaurine synthase / (S)-
norlaudanosoline synthase

Eucgr.B01406

(1 of 7) PTHR31752:SF2 - AUXIN EFFLUX CARRIER
COMPONENT 8-RELATED

Eucgr.B03515

(1 of 1) PTHR11945//PTHR11945:SF216 - MADS BOX
PROTEIN // SUBFAMILY NOT NAMED

Eucgr.C03863

(1 of 3) PTHR11814:SF54 - SULFATE TRANSPORTER 3.5-
RELATED

Eucgr.E01594

(1 0of 1) 1.13.11.68 - 9-cis-beta-carotene 9',10'-cleaving
dioxygenase

Eucgr.F01487

(1 of 230) KOGO0156 - Cytochrome P450 CYP2 subfamily

Eucgr.F03472

(1 of 14) PF04520 - Senescence regulator (Senescence_reg)

Eucgr.G01437

(1 0f9)1.14.13.93 - (+)-abscisic acid 8'-hydroxylase / ABA 8'-
hydroxylase

Eucgr.H01188

(1 of 9) PTHR30540//PTHR30540:SF25 - OSMOTIC STRESS
POTASSIUM TRANSPORTER // SUBFAMILY NOT NAMED

Eucgr.H01456

(1 of 2) PF09253 - Pollen allergen ole e 6 (Ole-e-6)

Eucgr.H04154

(1 of 1) PTHR10791:SF52 - BIDIRECTIONAL SUGAR
TRANSPORTER SWEET9

Eucgr.102058

(1 of 2) PTHR11945//PTHR11945:SF196 - MADS BOX
PROTEIN // SUBFAMILY NOT NAMED

Eucgr.102144

(1 of 15) PTHR22835:SF262 - GDSL ESTERASE/LIPASE 5-
RELATED

Eucgr.J01518

(1 of 230) KOGO0156 - Cytochrome P450 CYP2 subfamily

Eucgr.J02217

(1 of 1) PTHR10641:SF469 - TRANSCRIPTION FACTOR
MYB21-RELATED

Eucgr.K02547

(1 of 2) PTHR11945//PTHR11945:SF166 - MADS BOX
PROTEIN // SUBFAMILY NOT NAMED

Eucgr.K03319

(1 of 1) K17911 - beta-carotene isomerase (DWARF27)

Eucgr.L03070

(1 of 2) 3.2.1.154 - Fructan beta-(2,6)-fructosidase / Levanase
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LFU vs L

brief explanation

Eucgr.B03515

(1 of 1) PTHR11945//PTHR11945:SF216 - MADS BOX
PROTEIN // SUBFAMILY NOT NAMED

Eucgr.C03863

(1 of 3) PTHR11814:SF54 - SULFATE TRANSPORTER 3.5-
RELATED

Eucgr.C04253

(1 of 64) PF02298 - Plastocyanin-like domain (Cu_bind_like)

Eucgr.D01152

(1 of 7) K15404 - aldehyde decarbonylase (K15404

Eucgr.F02981

(1 of 2) PTHR11945:SF170 - AGAMOUS-LIKE MADS-BOX
PROTEIN AGL11

Eucgr.F03472

(1 of 14) PF04520 - Senescence regulator (Senescence_reg)

Eucgr.G01685

(1 of 4) PTHR31321:SF10 - PECTINESTERASE 11-RELATED

Eucgr.H00268

(1 of 10) PTHR11926:SF271 - UDP-GLYCOSYLTRANSFERASE

74D1

Eucgr.H01188

(1 of 9) PTHR30540//PTHR30540:SF25 - OSMOTIC STRESS
POTASSIUM TRANSPORTER // SUBFAMILY NOT NAMED

Eucgr.H01456

(1 of 2) PF09253 - Pollen allergen ole e 6 (Ole-e-6)

Eucgr.H04154

(1 of 1) PTHR10791:SF52 - BIDIRECTIONAL SUGAR
TRANSPORTER SWEET9

Eucgr.H04370

(1 of 18) PTHR11732//PTHR11732:SF253 - ALDO/KETO
REDUCTASE // SUBFAMILY NOT NAMED

Eucgr.101800

(1 of 10) K18980 - 2-methylene-furan-3-one reductase (EO)

Eucgr.102058

(1 of 2) PTHR11945//PTHR11945:SF196 - MADS BOX
PROTEIN // SUBFAMILY NOT NAMED

Eucgr.J01446

(1 of 3) 1.1.1.39 - Malate dehydrogenase (decarboxylating) /
Pyruvic-malic carboxylase

Eucgr.J01518

(1 of 230) KOGO0156 - Cytochrome P450 CYP2 subfamily

Eucgr.J02217

(1 of 1) PTHR10641:SF469 - TRANSCRIPTION FACTOR
MYB21-RELATED

Eucgr.J02997

(1 of 5) K17302 - coatomer

Eucgr.K02547

(1 of 2) PTHR11945//PTHR11945:SF166 - MADS BOX
PROTEIN // SUBFAMILY NOT NAMED

Eucgr.K02656

(1 of 3) 1.17.1.3 - Leucoanthocyanidin reductase / Leucocyanidin
reductase
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ECvs L

brief explanation

Eucgr.A01798

(1 0of 1) PTHR12771//PTHR12771:SF17 - ENGULFMENT AND
CELL MOTILITY // SUBFAMILY NOT NAMED

Eucgr.B00628

(1 of 14) PF04833 - COBRA-like protein (COBRA)

Eucgr.B03515

(1 of 1) PTHR11945//PTHR11945:SF216 - MADS BOX
PROTEIN // SUBFAMILY NOT NAMED

Eucgr.C03863

(1 of 3) PTHR11814:SF54 - SULFATE TRANSPORTER 3.5-
RELATED

Eucgr.C03865

(1 of 3) PTHR11814:SF54 - SULFATE TRANSPORTER 3.5-
RELATED

Eucgr.D01152

(1 of 7) K15404 - aldehyde decarbonylase (K15404

Eucgr.E01271

(1 of 24) K13457 - disease resistance protein RPM1 (RPM1

Eucgr.E01616

(1 of 8) PTHR31692:SF3 - BETA EXPANSIN 6-RELATED

Eucgr.FO0501

(1 of 10) PTHR11206:SF102 - MATE EFFLUX FAMILY
PROTEIN

Eucgr.F02981

(1 of 2) PTHR11945:SF170 - AGAMOUS-LIKE MADS-BOX
PROTEIN AGL11

Eucgr.F03472

(1 of 14) PF04520 - Senescence regulator (Senescence_req)

Eucgr.G02639

(1 of 7) PTHR11941//PTHR11941:SF70 - ENOYL-COA
HYDRATASE-RELATED // SUBFAMILY NOT NAMED

Eucgr.G03101

(1 of 2) PF01344//PF10539 - Kelch motif (Kelch_1) //
Development and cell death domain (Dev_Cell Death)

Eucgr.H00717

(1 of 8) PTHR11802:SF96 - SERINE CARBOXYPEPTIDASE-
LIKE 20-RELATED

Eucgr.H01456

(1 of 2) PF09253 - Pollen allergen ole e 6 (Ole-e-6)

Eucgr.H04197

(1 of 5) PTHR22835:SF160 - GDSL ESTERASE/LIPASE LTL1

Eucgr.102058

(1 of 2) PTHR11945//PTHR11945:SF196 - MADS BOX
PROTEIN // SUBFAMILY NOT NAMED

Eucgr.J01446

(1 of 3) 1.1.1.39 - Malate dehydrogenase (decarboxylating) /
Pyruvic-malic carboxylase

Eucgr.K02547

(1 of 2) PTHR11945//PTHR11945:SF166 - MADS BOX
PROTEIN // SUBFAMILY NOT NAMED

Eucgr.L02598

(1 of 16) PF05498 - Rapid ALkalinization Factor (RALF) (RALF)
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LCvsL

brief explanation

Eucgr.B03515

(1 of 1) PTHR11945//PTHR11945:SF216 - MADS BOX
PROTEIN // SUBFAMILY NOT NAMED

Eucgr.C00175

(1 of 1) PTHR31062:SF47 - XYLOGLUCAN
ENDOTRANSGLUCOSYLASE/HYDROLASE PROTEIN 21-
RELATED

Eucgr.C03863

(1 of 3) PTHR11814:SF54 - SULFATE TRANSPORTER 3.5-
RELATED

Eucgr.D01152

(1 of 7) K15404 - aldehyde decarbonylase (K15404

Eucgr.D01671

(1 of 2) PTHR31989:SF39 - NAC DOMAIN-CONTAINING
PROTEIN 12

Eucgr.D01819

(1 of 1) PTHR10641//PTHR10641:SF667 - MYB-LIKE DNA-
BINDING PROTEIN MYB // SUBFAMILY NOT NAMED

Eucgr.D01872

(1 of 18) PF03763 - Remorin

Eucgr.E00023

(1 of 4) PTHR24298:SF46 - CYTOCHROME P450 78A6-
RELATED

Eucgr.E01250

(1 0of 1) 1.23.1.2 - (+)-lariciresinol reductase /
Pinoresinol/lariciresinol reductase

Eucgr.F01583

Eucgr.F02733

(M=2) PF07366 - SnoaL-like polyketide cyclase

Eucgr.F02981

(1 of 2) PTHR11945:SF170 - AGAMOUS-LIKE MADS-BOX
PROTEIN AGL11

Eucgr.G01437

(1 0f9) 1.14.13.93 - (+)-abscisic acid 8'-hydroxylase / ABA 8'-
hydroxylase

Eucgr.G03101

(1 of 2) PF01344//PF10539 - Kelch motif (Kelch_1) //
Development and cell death domain (Dev_Cell Death)

Eucgr.H01456

(1 of 2) PF09253 - Pollen allergen ole e 6 (Ole-e-6)

Eucgr.H03155

(1 of 12) PF06886 - Targeting protein for Xklp2 (TPX2) (TPX2)

Eucgr.100923

(1 of 2) K09838 - zeaxanthin epoxidase (ZEP

Eucgr.102058

(1 of 2) PTHR11945//PTHR11945:SF196 - MADS BOX
PROTEIN // SUBFAMILY NOT NAMED

Eucgr.K02547

(1 of 2) PTHR11945//PTHR11945:SF166 - MADS BOX
PROTEIN // SUBFAMILY NOT NAMED

[ Eucgr.L01734 | (1 of 8) PTHR11709:SF93 - LACCASE-10-RELATED
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PvsL

brief explanation

Eucgr.A01065

(1 of 17) 3.2.1.15//3.2.1.67 - Polygalacturonase / Pectinase //
Galacturan 1

Eucgr.A01967

(1 of 7) 3.2.1.151 - Xyloglucan-specific endo-beta-1

Eucgr.A02403

(1 of 2) PTHR34672:SF2 - ARABINOGALACTAN PEPTIDE 23-
RELATED

Eucgr.C03978

(1 of 17) PF06749 - Protein of unknown function (DUF1218)
(DUF1218)

Eucgr.D02268

(1 of 2) PTHR24206:SF22 - PROTEIN PLIM2A

Eucgr.D02451

(1 of 3) PTHR12290:SF18 - PROTEIN CORNICHON
HOMOLOG 3-RELATED

Eucgr.E00014

(1 of 2) PTHR10286:SF10 - F1104.12

Eucgr.E00162

(1 of 4) PTHR11913:SF30 - ACTIN-DEPOLYMERIZING
FACTOR 10-RELATED

Eucgr.E01763

(1 of 16) PF05498 - Rapid ALkalinization Factor (RALF) (RALF)

Eucgr.E02463

(1 of 1) PTHR38378:SF1 - MYOSIN HEAVY CHAIN-LIKE
PROTEIN

Eucgr.E02748

(1 of 2) PTHR31614:SF2 - F28N24.16 PROTEIN

Eucgr.FO0977

(1 of 17) PF00234 - Protease inhibitor/seed storage/LTP family
(Tryp_alpha_amyl)

Eucgr.F01074

(1 of 2) PF06764 - Protein of unknown function (DUF1223)
(DUF1223)

Eucgr.F03264

(1 of 2) PTHR31614:SF2 - F28N24.16 PROTEIN

Eucgr.H01456

(1 of 2) PF09253 - Pollen allergen ole e 6 (Ole-e-6)

Eucgr.101300

(1 of 5) 3.1.3.2//3.1.3.41//3.1.3.60 - Acid phosphatase /
Phosphomonoesterase // 4-nitrophenylphosphatase //
Phosphoenolpyruvate phosphatase

Eucgr.102095

(1 of 2) PTHR34191:SF2 - STRESS-INDUCED PROTEIN KIN1-
RELATED

Eucgr.J01446

(1 of 3) 1.1.1.39 - Malate dehydrogenase (decarboxylating) /
Pyruvic-malic carboxylase

Eucgr.K00661

(1 of 1) PTHR31375:SF23 - EXOPOLYGALACTURONASE /
GALACTURAN 1

Eucgr.L02598

(1 of 16) PF05498 - Rapid ALkalinization Factor (RALF) (RALF)
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Table S5.7 The 20 most upregulated genes in cluster 1 when comparing amongst the
flower and fruit tissues.

Genes in cluster 1 | brief explanation

Eucgr.A02142 (1 of 1) PTHR12266:SF8 - CATION/CALCIUM EXCHANGER 2

Eucgr.B02783 (1 of 1) PTHR11662:SF235 - ANION TRANSPORTER 3,
CHLOROPLASTIC-RELATED

Eucgr.C00665 (1 of 2) 5.3.99.5 - Thromboxane-A synthase / Thromboxane
synthetase

Eucgr.C00786 (1 of 45) PF12708 - Pectate lyase superfamily protein
(Pectate lyase 3)

Eucgr.C02284 (1 of 1) 6.2.1.34 - Trans-feruloyl-CoA synthase / Trans-feruloyl-
CoA synthetase

Eucgr.FO0374 (1 of 41) PF10250 - GDP-fucose protein O-fucosyltransferase (O-
FucT)

Eucgr.F01595 (1 of 4) PTHR23324:SF43 -
PHOSPHATIDYLINOSITOL/PHOSPHATIDYLCHOLINE
TRANSFER PROTEIN SFH6-RELATED

Eucgr.F02557 (1 of 1) K18368 - caffeoylshikimate esterase (CSE)

Eucgr.G01800 (1 of 5) PTHR31618:SF1 - MECHANOSENSITIVE ION
CHANNEL PROTEIN 6-RELATED

Eucgr.G02924 (1 of 1) PTHR11615//PTHR11615:SF148 - NITRATE,
FROMATE, IRON DEHYDROGENASE // SUBFAMILY NOT
NAMED

Eucgr.G03056 (1 of 7) KO5857 - phosphatidylinositol phospholipase C, delta
(PLCD)

Eucgr.H00442

Eucgr.HO04617 (1 of 2) PTHR11945//PTHR11945:SF196 - MADS BOX
PROTEIN // SUBFAMILY NOT NAMED

Eucgr.H04739 (1 of 3) PTHR14155:SF94 - RING-H2 FINGER PROTEIN

ATL33-RELATED

Eucgr.101397

(1 of 3) PTHR21576:SF17 - MAJOR FACILITATOR FAMILY
PROTEIN

Eucgr.101902

(1 of 21) PTHR23070:SF5 - AAA-TYPE ATPASE FAMILY
PROTEIN-RELATED

Eucgr.101905

(1 of 21) PTHR23070:SF5 - AAA-TYPE ATPASE FAMILY
PROTEIN-RELATED

Eucgr.J01079

(1 of 9) 4.3.1.24 - Phenylalanine ammonia-lyase

Eucgr.K02331

(1 of 2) PTHR11695:SF449 - ALCOHOL DEHYDROGENASE-
LIKE 6

Eucgr.L01848

(1 of 3) K17725 - sulfur dioxygenase (ETHEL)
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Table S5.8 The 20 most upregulated genes in cluster 2 when comparing amongst the
flower and fruit tissues.

Genes in cluster 2 | brief explanation

Eucgr.B02126

(1 of 8) PF04576 - Zein-binding (Zein-binding)

Eucgr.C00150 (1 of 3) KO1602 - ribulose-bisphosphate carboxylase small chain
(rbcS)

Eucgr.C00899 (1 of 3) PTHR10071//PTHR10071:SF191 - TRANSCRIPTION
FACTOR GATA GATA BINDING FACTOR // SUBFAMILY
NOT NAMED

Eucgr.C03853 (1 of 6) K12355 - coniferyl-aldehyde dehydrogenase (REF1)

Eucgr.D00291 (1 of 2) PTHR10543:SF42 - 9-CIS-EPOXYCAROTENOID
DIOXYGENASE NCED2, CHLOROPLASTIC-RELATED

Eucgr.D01384 (1 of 2) PTHR23257//PTHR23257:SF475 - SERINE-THREONINE
PROTEIN KINASE // SUBFAMILY NOT NAMED

Eucgr.E03663 (1 of 17) PFO0954//PFQ7714//PF08276 - S-locus glycoprotein
domain (S_locus_glycop) // Protein tyrosine kinase (Pkinase_Tyr)
// PAN-like domain (PAN_2)

Eucgr.F00458 (1 of 4) PTHR23029:SF40 - PHOSPHOGLYCERATE MUTASE-
LIKE PROTEIN

Eucgr.F02398 (1 of 2) 1.14.13.78 - Ent-kaurene oxidase

Eucgr.F02959 (1 of 26) PF01476 - LysM domain (LysM)

Eucgr.F04466 (1 of 2) PTHR10836//PTHR10836:SF46 - GLYCERALDEHYDE
3-PHOSPHATE DEHYDROGENASE // SUBFAMILY NOT
NAMED

Eucgr.G00854 (1 of 2) PTHR21337//PTHR21337:SF7 - PHOSPHO-2-
DEHYDRO-3-DEOXYHEPTONATE ALDOLASE 1, 2 //
SUBFAMILY NOT NAMED

Eucgr.G02223 (1 of 34) KO0083 - cinnamyl-alcohol dehydrogenase (E1.1.1.195)

Eucgr.H00152 (1 of 1) PTHR22870:SF87 - REGULATOR OF CHROMOSOME
CONDENSATION REPEAT-CONTAINING PROTEIN-
RELATED

Eucgr.H04728 (1 of 5) PTHR22778:SF25 - ALPHA/BETA-HYDROLASES

SUPERFAMILY PROTEIN

Eucgr.100449

(1 of 37) 2.4.1.128 - Scopoletin glucosyltransferase

Eucgr.101002

(1 of 10) PTHR10992:SF820 - METHYLESTERASE 1-RELATED

Eucgr.101803

(1 of 10) K18980 - 2-methylene-furan-3-one reductase (EO)

Eucgr.J00678

(1 of 193) PF00646 - F-box domain (F-box)

Eucgr.K00311

(1 of 6) 3.2.1.17 - Lysozyme / Muramidase




247

Table S5.9 The 20 most upregulated genes in cluster 3 when comparing amongst the
flower and fruit tissues.

Genes in cluster 3

brief explanation

Eucgr.A01633 (1 of 12) K01674 - carbonic anhydrase (cah)

Eucgr.A01877 (1 of 29) PTHR11746//PTHR11746:SF99 - O-
METHYLTRANSFERASE // SUBFAMILY NOT NAMED

Eucgr.A02311 (1 of 4) 1.1.1.8 - Glycerol-3-phosphate dehydrogenase (NAD(+)) /
NADH-dihydroxyacetone phosphate reductase

Eucgr.B00086 (1 of 11) PTHR31642:SF43 - OMEGA-HYDROXYPALMITATE
O-FERULOYL TRANSFERASE

Eucgr.B00724 (1 of 2) PTHR31744:SF3 - GENOMIC DNA, CHROMOSOME 3,

P1 CLONE: MYF24

Eucgr.B03663

(1 of 2) PTHR10024:SF243 - ANTHRANILATE
PHOSPHORIBOSYLTRANSFERASE-LIKE PROTEIN

Eucgr.C02185

(1 of 37) K16296 - serine carboxypeptidase-like clade |
[EC:3.4.16.-] (SCPL-I)

Eucgr.C02352

(1 of 27) PTHR11802:SF29 - SERINE CARBOXYPEPTIDASE-
LIKE 1-RELATED

Eucgr.C04222

(1 of 2) PTHR18896:SF11 - PHOSPHOLIPASE D ALPHA 1-
RELATED

Eucgr.D00325

(1 of 8) PTHR31376:SF17 - PURINE PERMEASE 10-RELATED

Eucgr.F02644

(1 of 1) PF00394//PF04782//PFQ7731//PF07732 - Multicopper
oxidase (Cu-oxidase) // Protein of unknown function (DUF632)
(DUF632) /I Multicopper oxidase (Cu-oxidase_2) // Multicopper
oxidase (Cu-oxida...

Eucgr.G02700

(1 of 1) PTHR22835//PTHR22835:SF224 - ZINC FINGER FYVE
DOMAIN CONTAINING PROTEIN // SUBFAMILY NOT
NAMED

Eucgr.H01970

(1 of 2) PTHR22835//PTHR22835:SF147 - ZINC FINGER FYVE
DOMAIN CONTAINING PROTEIN // SUBFAMILY NOT
NAMED

Eucgr.H04937

(1 of 27) PTHR11709//PTHR11709:SF118 - MULTI-COPPER
OXIDASE // SUBFAMILY NOT NAMED

Eucgr.101041

(1 of 37) K16296 - serine carboxypeptidase-like clade |
[EC:3.4.16.-] (SCPL-I)

Eucgr.102438

(1 of 7) PTHR23500:SF43 - SUGAR TRANSPORTER ERDG6-
LIKE 4-RELATED

Eucgr.102625

Eucgr.J01662

(1 of 1) PTHR11972:SF73 - RESPIRATORY BURST OXIDASE
HOMOLOG PROTEIN D

Eucgr.K01218

(1 of 2) PTHR11003//PTHR11003:SF140 - POTASSIUM
CHANNEL, SUBFAMILY K // SUBFAMILY NOT NAMED

Eucgr.K02656

(1 of 3) 1.17.1.3 - Leucoanthocyanidin reductase / Leucocyanidin
reductase
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Table S5.10 The 20 most upregulated genes in cluster 4 when comparing amongst the
flower and fruit tissues.

Genes in cluster 4

brief explanation

Eucgr.B03975 (1 of 4) PTHR23316:SF22 - ARMADILLO/BETA-CATENIN-LIKE
REPEATS-CONTAINING PROTEIN-RELATED

Eucgr.C00757 (1 of 10) PF04784//PF14389 - Protein of unknown function, DUF547
(DUF547) /I Leucine-zipper of ternary complex factor MIP1 (Lzipper-
MIP1)

Eucgr.C01681 (1 of 2) PTHR27001:SF62 - PROTEIN KINASE FAMILY PROTEIN-
RELATED

Eucgr.D00400 (1 of 109) PF04578//PF13968 - Protein of unknown function, DUF594
(DUF594) // Domain of unknown function (DUF4220) (DUF4220)

Eucgr.D00969 (1 of 1) PTHR10579//PTHR10579:SF47 - CALCIUM-ACTIVATED

CHLORIDE CHANNEL REGULATOR // SUBFAMILY NOT NAMED

Eucgr.D01696

(1 of 1) PTHR13902//PTHR13902:SF63 - SERINE/THREONINE-
PROTEIN KINASE WNK WITH NO LYSINE -RELATED //
SUBFAMILY NOT NAMED

Eucgr.E00461

(1 of 1) PTHR11709:SF82 - MONOCOPPER OXIDASE-LIKE
PROTEIN SKU5

Eucgr.F01987

(1 of 1) PTHR32472:SF12 - P-LOOP CONTAINING NUCLEOSIDE
TRIPHOSPHATE HYDROLASES SUPERFAMILY PROTEIN

Eucgr.F03356

(1 of 2) PTHR13140:SF384 - MYOSIN-2

Eucgr.G00064 (1 of 66) PTHR23155//PTHR23155:SF554 - LEUCINE-RICH REPEAT-
CONTAINING PROTEIN // SUBFAMILY NOT NAMED
Eucgr.G03140 (1 of 1) PTHR27000:SF197 - INFLORESCENCE AND ROOT APICES

RECEPTOR-LIKE KINASE

Eucgr.H03531

(1 of 1) 2.5.1.79 - Thermospermine synthase

Eucgr.H04336

(1 of 4) PTHR31734:SF11 - AUXIN-RESPONSIVE PROTEIN 1AAl-
RELATED

Eucgr.100229

Eucgr.100565

(1 of 2) PTHR27001:SF105 - PROTEIN KINASE FAMILY PROTEIN-
RELATED

Eucgr.101402

(1 of 1) PTHR10795//PTHR10795:SF442 - PROPROTEIN
CONVERTASE SUBTILISIN/KEXIN // SUBFAMILY NOT NAMED

Eucgr.J00581

(1 of 2) PTHR32295:SF12 - PROTEIN 1Q-DOMAIN 15-RELATED

Eucgr.J03181

(1 of 1) PTHR10759//PTHR10759:SF4 - 60S RIBOSOMAL PROTEIN
L34 // SUBFAMILY NOT NAMED

Eucgr.K01221

(1 of 2) PTHR27001:SF221 - PROTEIN KINASE FAMILY PROTEIN

Eucgr.K02134

(1 of 1) PTHR36760:SF1 - GENOMIC DNA, CHROMOSOME 3, P1
CLONE: MJL12
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Table S5.11 The 20 most upregulated genes in cluster 1 when compareing EF, LFB, and

LFU.

Genes in cluster 1

brief explanation

Eucgr.B00366

(1 of 5) PTHR13935//PTHR13935:SF59 - ACHAETE-SCUTE
TRANSCRIPTION FACTOR-RELATED // SUBFAMILY NOT
NAMED

Eucgr.C00426

Eucgr.E00451 (1 of 5) 2.4.2.7 - Adenine phosphoribosyltransferase /
Transphosphoribosidase

Eucgr.FO0131 (1 of 3) PTHR23201:SF10 - GIBBERELLIN-REGULATED
GASA/GAST/SNAKIN FAMILY PROTEIN-RELATED

Eucgr.F00219 (1 of 2) PTHR21493//PTHR21493:SF104 - CGI-141-
RELATED/LIPASE CONTAINING PROTEIN // SUBFAMILY
NOT NAMED

Eucgr.F01487 (1 of 230) KOGO0156 - Cytochrome P450 CYP2 subfamily

Eucgr.G00854 (1 of 2) PTHR21337//PTHR21337:SF7 - PHOSPHO-2-
DEHYDRO-3-DEOXYHEPTONATE ALDOLASE 1, 2 //
SUBFAMILY NOT NAMED

Eucgr.G01774 (1 of 2) PTHR10641:SF588 - TRANSCRIPTION REPRESSOR
MYB4

Eucgr.H01202 (1 of 2) PTHR10168:SF57 - GLUTAREDOXIN-C13-RELATED

Eucgr.H01259 (1 of 2) PTHR12320:SF16 - PROTEIN PHOSPHATASE 2C 80-
RELATED

Eucgr.H03170 (1 of 1) PTHR31734:SF30 - AUXIN-RESPONSIVE PROTEIN
IAA14-RELATED

Eucgr.H04728 (1 of 5) PTHR22778:SF25 - ALPHA/BETA-HYDROLASES

SUPERFAMILY PROTEIN

Eucgr.100582

(1 of 6) PTHR10551//PTHR10551:SF13 - FASCIN //
SUBFAMILY NOT NAMED

Eucgr.100659

(1 of 1) PTHR31062:SF48 - XYLOGLUCAN
ENDOTRANSGLUCOSYLASE/HYDROLASE PROTEIN 6-
RELATED

Eucgr.101241

(1 of 2) 1.17.1.2 - 4-hydroxy-3-methylbut-2-enyl diphosphate
reductase / HMBPP reductase

Eucgr.J00662

(1 0f 1) 2.7.1.148 - 4-(cytidine 5'-diphospho)-2-C-methyl-D-
erythritol kinase / CMK

Eucgr.J02319

Eucgr.K02397

Eucgr.K02977

(1 of 2) PTHR22952//PTHR22952:SF145 - CAMP-RESPONSE
ELEMENT BINDING PROTEIN-RELATED // SUBFAMILY
NOT NAMED

Eucgr.K03319

(1 of 1) K17911 - beta-carotene isomerase (DWARF27)
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Table S5.12 The 20 most upregulated genes in cluster 2 when compareing EF, LFB, and
LFU

Genes in cluster 2

brief explanation

Eucgr.A01002 (1 of 2) PTHR22883:SF53 - PROTEIN S-ACYLTRANSFERASE
18

Eucgr.A01877 (1 of 29) PTHR11746//PTHR11746:SF99 - O-
METHYLTRANSFERASE // SUBFAMILY NOT NAMED

Eucgr.B02627 (1 of 260) PF00249 - Myb-like DNA-binding domain (Myb_DNA-
binding)

Eucgr.B03663 (1 of 2) PTHR10024:SF243 - ANTHRANILATE
PHOSPHORIBOSYLTRANSFERASE-LIKE PROTEIN

Eucgr.B03746 (1 of 3) K13083 - flavonoid 3',5'-hydroxylase (CYP75A)

Eucgr.C03822 (1 of 25) PTHR27001:SF89 - PROLINE-RICH RECEPTOR-LIKE
PROTEIN KINASE PERK1-RELATED

Eucgr.E00104 (1 of 2) PTHR31339:SF12 - POLYGALACTURONASE-LIKE
PROTEIN

Eucgr.F00421 (1 of 2) K10395 - kinesin family member 4/21/27 (KIF4_21_27)

Eucgr.F02227 (1 of 19) PF14309 - Domain of unknown function (DUF4378)
(DUF4378)

Eucgr.F04000 (1 of 2) PF00389//PF01842//PFQ7991 - D-isomer specific 2-
hydroxyacid dehydrogenase, catalytic domain (2-Hacid_dh) // ACT
domain (ACT) // Acetohydroxy acid isomeroreductase, NADPH-
binding domain (llvN...

Eucgr.G03199 (1 of 3) KO9754 - coumaroylquinate(coumaroylshikimate) 3'-
monooxygenase (CYP98A3, C3'H)

Eucgr.H02748 (1 of 2) KO3164 - DNA topoisomerase Il [EC:5.99.1.3] (TOP2)

Eucgr.H03531 (1 of 1) 2.5.1.79 - Thermospermine synthase

Eucgr.H04498 (1 of 7) K15718 - linoleate 9S-lipoxygenase (LOX1_5)

Eucgr.102677

(1 of 2) K08917 - light-harvesting complex Il chlorophyll a/b
binding protein 6 (LHCB6)

Eucgr.J02238

(1 of 1) K11790 - denticleless (DTL, CDT2, DCAF2)

Eucgr.K03381

(1 of 4) PTHR13683:SF379 - ASPARTYL PROTEASE-LIKE
PROTEIN

Eucgr.K03427

(1 of 1) KOG4270 - GTPase-activator protein

Eucgr.L00816

(1 of 4) PTHR22835//PTHR22835:SF189 - ZINC FINGER FYVE
DOMAIN CONTAINING PROTEIN // SUBFAMILY NOT
NAMED

Eucgr.L01962

(1 of 57) PF00314 - Thaumatin family (Thaumatin)




251

Table S5.13 The 20 most upregulated genes in cluster 3 when compareing EF, LFB, and
LFU

Genes in cluster 3 | brief explanation

Eucgr.A00237 (1 of 1) PTHR14233//PTHR14233:SF16 - DUF914-RELATED //
SUBFAMILY NOT NAMED

Eucgr.B00504 (1 of 1) PTHR11062//PTHR11062:SF99 - EXOSTOSIN
HEPARAN SULFATE GLYCOSYLTRANSFERASE -RELATED
/l SUBFAMILY NOT NAMED

Eucgr.B03594 (1 of 1) KOG2049 - Translational repressor MPT5/PUF4 and
related RNA-binding proteins (Puf superfamily)

Eucgr.B04000 (1 of 1) PTHR11668//PTHR11668:SF267 - SERINE/THREONINE
PROTEIN PHOSPHATASE // SUBFAMILY NOT NAMED

Eucgr.C01762 (1 of 2) PF12854//PF13041//PF14432 - PPR repeat (PPR_1) // PPR
repeat family (PPR_2) // DYW family of nucleic acid deaminases
(DYW_deaminase)

Eucgr.C02986 (1 of 7) KO0850 - 6-phosphofructokinase 1 (pfkA, PFK)

Eucgr.C03851

Eucgr.E00626 (1 of 1) 6.3.5.2 - GMP synthase (glutamine-hydrolyzing) / GMP
synthetase (glutamine-hydrolyzing)

Eucgr.E03667 (1 of 73) PF00954//PF01453//PF07714//PF08276 - S-locus
glycoprotein domain (S_locus_glycop) // D-mannose binding lectin
(B_lectin) // Protein tyrosine kinase (Pkinase_Tyr) // PAN-like
domain (PAN_2)

Eucgr.F01480 (1 of 3) 6.3.4.2 - CTP synthase (glutamine hydrolyzing) / UTP--
ammonia ligase

Eucgr.F01642 (1 of 1) KO3256 - tRNA (adenine-N(1)-)-methyltransferase non-
catalytic subunit (TRM6, GCD10)

Eucgr.F03654 (1 of 7) PTHR22950:SF228 - AMINO ACID PERMEASE 7-
RELATED

Eucgr.G02061 (1 of 1) PTHR30540//PTHR30540:SF5 - OSMOTIC STRESS
POTASSIUM TRANSPORTER // SUBFAMILY NOT NAMED

Eucgr.H00216 (1 of 4) PTHR31734:SF11 - AUXIN-RESPONSIVE PROTEIN
IAAL-RELATED

Eucgr.H00650 (1 of 4) 2.2.1.2 - Transaldolase / Glycerone transferase

Eucgr.H01306 (1 of 1) PTHR23429:SF4 - GLUCOSE-6-PHOSPHATE 1-
DEHYDROGENASE 4, CHLOROPLASTIC

Eucgr.H04094 (1 of 2) PTHR11453:SF44 - BORON TRANSPORTER 1-
RELATED

Eucgr.H04418 (1 of 1) K14289 - exportin-5 (XPO5)

Eucgr.J02452 (1 of 27) KO8472 - mlo protein (MLO)

Eucgr.L00778
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Table S5.14 Gene ontology significant terms for cluster one in the seed capsule
development cluster analysis.

GO term Ont | Description Number in | Number in | p-value
input list | BG/Ref
GO0:0055114 | P oxidation-reduction process 127 1849 8.60E-09
GO0:0044710 | P single-organism metabolic process | 169 2807 1.40E-07
G0:0055085 | P transmembrane transport 71 889 1.60E-07
G0:0006810 | P transport 104 1552 7.20E-07
G0:0051234 | P establishment of localization 104 1559 8.80E-07
GO0:0051179 | P localization 104 1566 1.10E-06
G0:0009765 | P photosynthesis, light harvesting 9 22 1.80E-06
GO0:0015979 | P photosynthesis 16 89 3.00E-06
G0:0019684 | P photosynthesis, light reaction 10 34 5.70E-06
G0:0006091 | P generation of precursor 14 90 5.10E-05
metabolites and energy
GO0:0042592 | P homeostatic process 16 130 0.00019
GO0:0019725 | P cellular homeostasis 15 124 0.00035
G0:0006873 | P cellular ion homeostasis 5 12 0.00037
G0:0050801 | P ion homeostasis 5 13 0.0005
GO0:0044699 | P single-organism process 219 4462 0.0011
G0:0065008 | P regulation of biological quality 17 176 0.0015
GO0:0005976 | P polysaccharide metabolic process | 12 105 0.0021
G0:0030243 | P cellulose metabolic process 7 41 0.0024
G0:0030244 | P cellulose biosynthetic process 7 41 0.0024
G0:0055082 | P cellular chemical homeostasis 5 20 0.0025
G0:0006073 | P cellular glucan metabolic process | 11 95 0.0028
GO0:0044042 | P glucan metabolic process 11 95 0.0028
G0:0048878 | P chemical homeostasis 5 21 0.003
GO0:0044264 | P cellular polysaccharide metabolic | 11 96 0.003
process
GO0:2001141 | P regulation of RNA biosynthetic 54 903 0.0042
process
GO0:0006355 | P regulation of transcription, DNA- | 54 903 0.0042
templated
G0:1903506 | P regulation of nucleic acid- 54 903 0.0042
templated transcription
G0:0051252 | P regulation of RNA metabolic 54 905 0.0043
process
G0:0018904 | P ether metabolic process 6 35 0.0048
G0:0006662 | P glycerol ether metabolic process 6 35 0.0048
GO0:0031323 | P regulation of cellular metabolic 55 931 0.0048
process
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Table S5.14 Gene ontology significant terms for cluster one in the seed capsule
development cluster analysis (continued).

GO0:0010556 | P regulation of macromolecule 54 911 0.0049
biosynthetic process

GO0:2000112 | P regulation of cellular 54 911 0.0049
macromolecule biosynthetic
process

G0:0009889 | P regulation of biosynthetic process | 54 913 0.0051

GO0:0031326 | P regulation of cellular biosynthetic | 54 913 0.0051
process

GO0:0019219 | P regulation of nucleobase- 54 913 0.0051
containing compound metabolic
process

G0:0044262 | P cellular carbohydrate metabolic 14 151 0.0053
process

GO0:0005975 | P carbohydrate metabolic process 42 673 0.0056

GO0:0051171 | P regulation of nitrogen compound | 54 919 0.0058
metabolic process

G0:0010468 | P regulation of gene expression 54 924 0.0064

G0:0019222 | P regulation of metabolic process 55 946 0.0065

G0:0080090 | P regulation of primary metabolic 54 927 0.0068
process

G0:0051186 | P cofactor metabolic process 13 143 0.0082

GO0:0060255 | P regulation of macromolecule 54 939 0.0085
metabolic process

G0:0045454 | P cell redox homeostasis 10 103 0.013

G0:0009250 | P glucan biosynthetic process 7 59 0.014

GO0:0051273 | P beta-glucan metabolic process 7 59 0.014

GO0:0051274 | P beta-glucan biosynthetic process | 7 59 0.014

G0:0033692 | P cellular polysaccharide 7 60 0.015
biosynthetic process

GO0:0000271 | P polysaccharide biosynthetic 7 60 0.015
process

GO0:0097659 | P nucleic acid-templated 56 1016 0.016
transcription

G0:0006351 | P transcription, DNA-templated 56 1016 0.016

GO0:0032774 | P RNA biosynthetic process 56 1018 0.016

GO0:0034654 | P nucleobase-containing compound | 59 1093 0.019
biosynthetic process

G0:0019438 | P aromatic compound biosynthetic | 61 1154 0.025
process

GO0:0070726 | P cell wall assembly 3 14 0.027

G0:0030198 | P extracellular matrix organization | 3 14 0.027




254

Table S5.14 Gene ontology significant terms for cluster one in the seed capsule
development cluster analysis (continued).

GO0:0071668 | P plant-type cell wall assembly 3 14 0.027

G0:0009664 | P plant-type cell wall organization 3 14 0.027

GO0:0010215 | P cellulose microfibril organization | 3 14 0.027

G0:0043062 | P extracellular structure 3 14 0.027
organization

GO0:0006732 | P coenzyme metabolic process 10 117 0.027

G0:0008152 | P metabolic process 408 9388 0.029

G0:0006812 | P cation transport 23 363 0.03

G0:0006790 | P sulfur compound metabolic 5 40 0.03
process

GO0:0071669 | P plant-type cell wall organization 3 15 0.031
or biogenesis

G0:0009832 | P plant-type cell wall biogenesis 3 15 0.031

GO0:0006811 | P ion transport 28 469 0.033

GO0:0003333 | P amino acid transmembrane 5 42 0.035
transport

G0:1903825 | P organic acid transmembrane 5 42 0.035
transport

G0:1905039 | P carboxylic acid transmembrane 5 42 3.50E-02
transport

GO0:0015849 | P organic acid transport 5 42 3.50E-02

G0:0046496 | P nicotinamide nucleotide metabolic | 6 57 3.60E-02
process

G0:0019362 | P pyridine nucleotide metabolic 6 57 3.60E-02
process

GO0:0006733 | P oxidoreduction coenzyme 6 58 3.80E-02
metabolic process

G0:1901362 | P organic cyclic compound 62 1207 3.90E-02
biosynthetic process

GO0:0042546 | P cell wall biogenesis 3 17 4.10E-02

GO0:0040007 | P growth 3 17 4.10E-02

G0:0016049 | P cell growth 3 17 0.041

GO0:0072524 | P pyridine-containing compound 6 61 0.046
metabolic process

G0:0044272 | P sulfur compound biosynthetic 3 18 0.047
process

G0:0018130 | P heterocycle biosynthetic process 59 1159 0.049

GO0:0016491 | F oxidoreductase activity 142 2023 2.20E-10

G0:0005215 | F transporter activity 78 1001 9.60E-08

GO0:0046914 | F transition metal ion binding 101 1550 3.40E-06
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Table S5.14 Gene ontology significant terms for cluster one in the seed capsule
development cluster analysis (continued).

G0:0046872 | F metal ion binding 125 2137 3.10E-05

GO0:0043169 | F cation binding 125 2143 3.50E-05

GO0:0043167 | F ion binding 128 2230 5.60E-05

G0:0022857 | F transmembrane transporter activity | 56 783 6.40E-05

G0:0005506 | F iron ion binding 46 611 9.60E-05

GO0:0008194 | F UDP-glycosyltransferase activity 16 135 0.00028

G0:0016705 | F oxidoreductase activity, acting on 43 628 0.001
paired donors, with incorporation or
reduction of molecular oxygen

G0:0015035 | F protein disulfide oxidoreductase 11 83 0.0011
activity

G0:0015036 | F disulfide oxidoreductase activity 11 83 0.0011

G0:0020037 | F heme binding 47 709 0.0011

GO0:0046906 | F tetrapyrrole binding 47 712 0.0012

GO0:0016759 | F cellulose synthase activity 7 37 0.0014

G0:0016760 | F cellulose synthase (UDP-forming) |7 37 0.0014
activity

GO0:0035251 | F UDP-glucosyltransferase activity 10 77 0.002

GO0:0046527 | F glucosyltransferase activity 10 78 0.0022

GO0:0016758 | F transferase activity, transferring 41 629 0.003
hexosyl groups

GO0:0016757 | F transferase activity, transferring 45 727 0.0048
glycosyl groups

G0:0022891 | F substrate-specific transmembrane 30 434 0.0049
transporter activity

G0:0016667 | F oxidoreductase activity, actingona | 12 120 0.0055
sulfur group of donors

G0:0015018 | F galactosylgalactosylxylosylprotein | 3 7 0.0058
3-beta-glucuronosyltransferase
activity

GO0:0004332 | F fructose-bisphosphate aldolase 3 7 0.0058
activity

G0:0022892 | F substrate-specific transporter 32 478 0.0058
activity

G0:0015020 | F glucuronosyltransferase activity 3 8 0.0077

GO0:0005342 | F organic acid transmembrane 5 29 9.70E-03
transporter activity

GO0:0015171 | F amino acid transmembrane 5 29 9.70E-03
transporter activity

GO0:0046943 | F carboxylic acid transmembrane 5 29 9.70E-03
transporter activity
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Table S5.14 Gene ontology significant terms for cluster one in the seed capsule
development cluster analysis (continued).

G0:0003700 | F transcription factor activity, 30 458 9.70E-03
sequence-specific DNA binding
GO0:0001071 | F nucleic acid binding transcription 30 458 0.0097
factor activity
G0:0016832 | F aldehyde-lyase activity 3 9 0.01
GO0:0008171 | F O-methyltransferase activity 11 115 0.01
GO0:0005507 | F copper ion binding 12 137 0.014
GO0:0045735 | F nutrient reservoir activity 5 33 0.015
GO0:0005253 | F anion channel activity 4 23 0.02
G0:0008308 | F voltage-gated anion channel activity | 4 23 0.02
G0:0022832 | F voltage-gated channel activity 4 23 0.02
G0:0005244 | F voltage-gated ion channel activity 4 23 0.02
G0:0008509 | F anion transmembrane transporter 6 49 0.02
activity
GO0:0015075 | F ion transmembrane transporter 25 390 0.021
activity
GO0:0005509 | F calcium ion binding 10 119 0.03
G0:0051087 | F chaperone binding 3 15 0.031
G0:0003824 | F catalytic activity 409 9441 0.035
GO0:0043565 | F sequence-specific DNA binding 16 237 0.04
GO0:0005544 | F calcium-dependent phospholipid 3 17 0.041
binding
G0:0008270 | F zinc ion binding 42 780 0.045
G0:0016798 | F hydrolase activity, acting on 27 463 0.046
glycosyl bonds
G0:0016638 | F oxidoreductase activity, acting on 3 18 0.047
the CH-NH2 group of donors
G0:0016020 | C membrane 159 2184 8.50E-13
G0:0031224 | C intrinsic component of membrane 81 1053 8.90E-08
G0:0016021 | C integral component of membrane 78 1038 3.80E-07
G0:0044425 | C membrane part 88 1243 7.00E-07
GO0:0009523 | C photosystem 11 5 34 0.017
G0:0009521 | C photosystem 6 52 0.025
G0:0009654 | C photosystem Il oxygen evolving 4 26 0.028
complex
GO0:0031225 | C anchored component of membrane 3 15 0.031
GO0:0034357 | C photosynthetic membrane 6 57 0.036
GO0:0009579 | C thylakoid 6 58 0.038
G0:0044436 | C thylakoid part 6 58 0.038
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Table S5.15 Gene ontology significant terms for cluster two in the seed capsule
development cluster analysis.

GO term Ont | Description Number in | Number in | p-value
input list | BG/Ref

GO0:0044710 | P single-organism metabolic 174 2807 2.10E-17
process

GO0:0044699 | P single-organism process 220 4462 9.30E-12

GO0:0055114 | P oxidation-reduction process 107 1849 5.90E-09

G0:0044281 | P small molecule metabolic 50 610 8.10E-09
process

GO0:0006952 | P defense response 20 158 8.30E-07

GO0:0044711 | P single-organism biosynthetic 37 457 9.90E-07
process

G0:0006082 | P organic acid metabolic process 31 366 3.20E-06

G0:0006720 | P isoprenoid metabolic process 9 32 3.90E-06

G0:0008299 | P isoprenoid biosynthetic process | 9 32 3.90E-06

G0:0009607 | P response to biotic stimulus 16 124 8.30E-06

GO0:0019752 | P carboxylic acid metabolic 28 328 8.40E-06
process

G0:0008152 | P metabolic process 357 9388 1.20E-05

GO0:0043436 | P oxoacid metabolic process 28 337 1.30E-05

G0:0006767 | P water-soluble vitamin metabolic | 7 23 3.10E-05
process

G0:0006766 | P vitamin metabolic process 7 23 3.10E-05

G0:0042364 | P water-soluble vitamin 7 23 3.10E-05
biosynthetic process

GO0:0009110 | P vitamin biosynthetic process 7 23 3.10E-05

G0:0051186 | P cofactor metabolic process 16 143 4.10E-05

GO0:1901564 | P organonitrogen compound 50 849 6.30E-05
metabolic process

G0:0009058 | P biosynthetic process 102 2143 6.70E-05

GO0:0044712 | P single-organism catabolic 12 91 9.10E-05
process

G0:0005984 | P disaccharide metabolic process 8 39 9.50E-05

GO0:0016114 | P terpenoid biosynthetic process 5 11 9.70E-05

GO0:0006721 | P terpenoid metabolic process 5 11 9.70E-05

G0:0032787 | P monocarboxylic acid metabolic | 15 143 0.00014
process

G0:0008610 | P lipid biosynthetic process 17 179 0.00015

G0:0006629 | P lipid metabolic process 30 441 0.0002

GO0:0006732 | P coenzyme metabolic process 13 117 0.00023
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Table S5.15 Gene ontology significant terms for cluster two in the seed capsule
development cluster analysis (continued).

GO0:0044262 | P cellular carbohydrate metabolic | 15 151 0.00024
process

GO0:0009311 | P oligosaccharide metabolic 8 46 0.00026
process

G0:0044282 | P small molecule catabolic process | 6 24 0.00029

GO0:0044763 | P single-organism cellular process | 101 2241 0.00049

GO0:0005975 | P carbohydrate metabolic process | 39 673 0.00054

GO0:1901576 | P organic substance biosynthetic 92 2025 0.00071
process

G0:0009063 | P cellular amino acid catabolic 4 10 0.00074
process

G0:0016052 | P carbohydrate catabolic process 8 56 0.00084

GO0:0044249 | P cellular biosynthetic process 90 1984 0.00086

GO0:0006771 | P riboflavin metabolic process 4 11 0.00099

GO0:0042727 | P flavin-containing compound 4 11 0.00099
biosynthetic process

GO0:0042726 | P flavin-containing compound 4 11 0.00099
metabolic process

G0:0009231 | P riboflavin biosynthetic process 4 11 0.00099

G0:0005985 | P sucrose metabolic process 5 21 0.0011

GO0:0044723 | P single-organism carbohydrate 18 238 0.0012
metabolic process

GO0:0044724 | P single-organism carbohydrate 7 47 0.0014
catabolic process

G0:0006090 | P pyruvate metabolic process 7 47 0.0014

GO0:0046395 | P carboxylic acid catabolic process | 4 13 0.0016

GO0:0044255 | P cellular lipid metabolic process | 16 208 0.0019

GO0:0009116 | P nucleoside metabolic process 12 132 0.0019

G0:1901657 | P glycosyl compound metabolic 12 132 0.0019
process

G0:0006558 | P L-phenylalanine metabolic 3 6 0.0022
process

GO0:0016054 | P organic acid catabolic process 4 15 0.0025

G0:0065008 | P regulation of biological quality 14 176 0.0027

G0:0009072 | P aromatic amino acid family 5 27 0.003
metabolic process

G0:0055086 | P nucleobase-containing small 14 181 0.0034
molecule metabolic process

GO0:0019725 | P cellular homeostasis 11 124 0.0035

GO0:1901362 | P organic cyclic compound 57 1207 0.0036
biosynthetic process




259

Table S5.15 Gene ontology significant terms for cluster two in the seed capsule
development cluster analysis.

G0:0006520 | P cellular amino acid metabolic 12 148 0.0046
process

GO0:0042592 | P homeostatic process 11 130 0.0049

G0:0046351 | P disaccharide biosynthetic 4 19 0.0053
process

GO0:0044283 | P small molecule biosynthetic 13 172 0.0056
process

GO0:0051188 | P cofactor biosynthetic process 8 80 0.0063

G0:1901360 | P organic cyclic compound 80 1866 0.0069
metabolic process

G0:0045454 | P cell redox homeostasis 9 103 0.0086

GO0:0033013 | P tetrapyrrole metabolic process 4 23 0.0094

GO0:0009312 | P oligosaccharide biosynthetic 4 23 0.0094
process

G0:0009064 | P glutamine family amino acid 4 25 0.012
metabolic process

G0:0006413 | P translational initiation 4 25 0.012

G0:0006950 | P response to stress 30 590 0.013

G0:0018130 | P heterocycle biosynthetic process | 52 1159 0.013

G0:0006855 | P drug transmembrane transport 8 93 0.014

G0:0015893 | P drug transport 8 93 0.014

G0:0042493 | P response to drug 8 93 0.014

GO0:0046031 | P ADP metabolic process 5 41 0.014

GO0:0009179 | P purine ribonucleoside 5 41 0.014
diphosphate metabolic process

GO0:0006757 | P ATP generation from ADP 5 41 0.014

G0:0009185 | P ribonucleoside diphosphate 5 41 0.014
metabolic process

GO0:0009135 | P purine nucleoside diphosphate 5 41 0.014
metabolic process

G0:0006096 | P glycolytic process 5 41 0.014

G0:0009108 | P coenzyme biosynthetic process 6 58 0.015

G0:0006807 | P nitrogen compound metabolic 96 2383 0.016
process

G0:1901575 | P organic substance catabolic 14 224 0.018
process

G0:0072524 | P pyridine-containing compound 6 61 0.018
metabolic process

G0:0042221 | P response to chemical 14 226 0.019

G0:0006163 | P purine nucleotide metabolic 9 120 0.02
process
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Table S5.15 Gene ontology significant terms for cluster two in the seed capsule
development cluster analysis.

GO0:0042440 | P pigment metabolic process 3 16 0.02

G0:0006165 | P nucleoside diphosphate 5 46 0.021
phosphorylation

GO0:0046939 | P nucleotide phosphorylation 5 46 0.021

G0:0072521 | P purine-containing compound 9 122 0.022
metabolic process

G0:0009605 | P response to external stimulus 4 31 0.023

GO0:0005992 | P trehalose biosynthetic process 3 17 0.023

GO0:0009132 | P nucleoside diphosphate 5 48 0.025
metabolic process

G0:1901605 | P alpha-amino acid metabolic 6 66 0.025
process

G0:0046128 | P purine ribonucleoside metabolic | 8 105 0.026
process

GO0:0042278 | P purine nucleoside metabolic 8 105 0.026
process

GO0:0033014 | P tetrapyrrole biosynthetic process | 3 18 2.70E-02

GO0:0005991 | P trehalose metabolic process 3 18 2.70E-02

GO0:0046483 | P heterocycle metabolic process 74 1823 2.80E-02

GO0:0009117 | P nucleotide metabolic process 10 149 0.028

G0:1901565 | P organonitrogen compound 5 50 0.029
catabolic process

GO0:0009119 | P ribonucleoside metabolic process | 8 108 0.029

GO0:0006725 | P cellular aromatic compound 74 1829 0.03
metabolic process

G0:0009628 | P response to abiotic stimulus 3 19 0.03

GO0:0006753 | P nucleoside phosphate metabolic | 10 151 0.03
process

GO0:0009150 | P purine ribonucleotide metabolic | 8 109 0.031
process

GO0:0009259 | P ribonucleotide metabolic process | 8 109 0.031

GO0:0044271 | P cellular nitrogen compound 64 1559 0.033
biosynthetic process

G0:0009056 | P catabolic process 14 244 0.033

G0:0019438 | P aromatic compound biosynthetic | 49 1154 0.036
process

G0:0009308 | P amine metabolic process 4 37 0.039

GO0:1901135 | P carbohydrate derivative 15 274 0.039
metabolic process

G0:0019693 | P ribose phosphate metabolic 8 116 0.041
process
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Table S5.15 Gene ontology significant terms for cluster two in the seed capsule
development cluster analysis (continued).

G0:0046496 | P nicotinamide nucleotide 5 57 0.045
metabolic process
G0:0019362 | P pyridine nucleotide metabolic 5 57 0.045
process
GO0:0006733 | P oxidoreduction coenzyme 5 58 0.047
metabolic process
GO0:0016491 | F oxidoreductase activity 121 2023 6.30E-11
GO0:0048037 | F cofactor binding 36 469 4.30E-06
G0:0019842 | F vitamin binding 7 27 7.40E-05
GO0:0043167 | F ion binding 104 2230 0.00012
G0:0050662 | F coenzyme binding 26 361 0.00024
GO0:0030976 | F thiamine pyrophosphate binding | 6 23 0.00024
G0:0003824 | F catalytic activity 349 9441 0.00028
G0:0005506 | F iron ion binding 36 611 0.00066
GO0:0046872 | F metal ion binding 96 2137 0.00077
G0:0043169 | F cation binding 96 2143 0.00084
GO0:0015291 | F secondary active transmembrane | 14 154 0.00085
transporter activity
G0:0022804 | F active transmembrane 21 291 0.00089
transporter activity
G0:0016614 | F oxidoreductase activity, acting 13 140 0.0011
on CH-OH group of donors
G0:0016616 | F oxidoreductase activity, acting 12 123 0.0011
on the CH-OH group of donors,
NAD or NADP as acceptor
GO0:0016701 | F oxidoreductase activity, acting 7 45 0.0011
on single donors with
incorporation of molecular
oxygen
G0:0000287 | F magnesium ion binding 14 166 0.0016
G0:0016758 | F transferase activity, transferring | 35 629 0.002
hexosyl groups
GO0:0016705 | F oxidoreductase activity, acting 34 628 0.0034
on paired donors, with
incorporation or reduction of
molecular oxygen
G0:0016829 | F lyase activity 16 229 0.0047
GO0:0016157 | F sucrose synthase activity 4 19 0.0053
G0:0015035 | F protein disulfide oxidoreductase | 8 83 0.0077
activity
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Table S5.15 Gene ontology significant terms for cluster two in the seed capsule
development cluster analysis (continued).

G0:0015036 | F disulfide oxidoreductase activity | 8 83 0.0077
GO0:0030955 | F potassium ion binding 3 11 0.0086
GO0:0031420 | F alkali metal ion binding 3 11 0.0086
GO0:0004743 | F pyruvate kinase activity 3 11 0.0086
GO0:0071949 | F FAD binding 6 51 0.0086
G0:0016702 | F oxidoreductase activity, acting 5 36 0.0088
on single donors with
incorporation of molecular
oxygen, incorporation of two
atoms of oxygen
G0:0019205 | F nucleobase-containing 4 23 0.0094
compound Kinase activity
GO0:0016757 | F transferase activity, transferring | 36 727 0.0098
glycosyl groups
G0:0043168 | F anion binding 8 89 0.011
G0:0020037 | F heme binding 35 709 0.011
GO0:0015297 | F antiporter activity 10 128 0.012
GO0:0051213 | F dioxygenase activity 5 39 0.012
G0:0046906 | F tetrapyrrole binding 35 712 0.012
GO0:0090484 | F drug transporter activity 8 93 0.014
G0:0015238 | F drug transmembrane transporter | 8 93 0.014
activity
GO0:0030170 | F pyridoxal phosphate binding 6 65 0.024
GO0:0003743 | F translation initiation factor 4 36 0.036
activity
G0:0016762 | F xyloglucan:xyloglucosyl 4 36 0.036
transferase activity
G0:0046983 | F protein dimerization activity 17 320 0.037
GO0:0008171 | F O-methyltransferase activity 8 115 0.04
GO0:0050661 | F NADP binding 4 38 0.042
G0:0016830 | F carbon-carbon lyase activity 5 57 0.045
GO0:0015103 | F inorganic anion transmembrane | 4 40 0.048
transporter activity
G0:0016667 | F oxidoreductase activity, acting 8 120 0.048
on a sulfur group of donors
G0:0048046 | C apoplast 4 36 0.036
G0:0016021 | C integral component of membrane | 44 1038 0.046
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Table S5.16 Gene ontology significant terms for cluster three in the seed capsule
development cluster analysis.

GO term Ont | Description Number in | Number in | p-value
input list | BG/Ref

GO0:0007059 | P chromosome segregation 17 31 1.30E-11

G0:0007049 | P cell cycle 26 99 5.30E-11

G0:0000278 | P mitotic cell cycle 18 41 5.90E-11

GO0:0022402 | P cell cycle process 22 71 1.20E-10

GO0:0055114 | P oxidation-reduction process 149 1849 4.00E-10

G0:1903047 | P mitotic cell cycle process 16 39 1.50E-09

G0:0000280 | P nuclear division 15 33 1.60E-09

G0:1901136 | P carbohydrate derivative catabolic | 15 36 4.20E-09
process

G0:0007067 | P mitotic nuclear division 14 31 6.10E-09

G0:0048285 | P organelle fission 15 38 7.50E-09

GO0:0098813 | P nuclear chromosome segregation | 13 27 1.20E-08

GO0:0044699 | P single-organism process 284 4462 4.10E-08

GO0:0046348 | P amino sugar catabolic process 13 31 4.30E-08

GO0:1901072 | P glucosamine-containing 13 31 4.30E-08
compound catabolic process

GO0:1901071 | P glucosamine-containing 13 31 4.30E-08
compound metabolic process

G0:0006026 | P aminoglycan catabolic process 13 31 4.30E-08

G0:0006030 | P chitin metabolic process 13 31 4.30E-08

G0:0006032 | P chitin catabolic process 13 31 4.30E-08

GO0:0006040 | P amino sugar metabolic process 13 31 4.30E-08

GO0:0044710 | P single-organism metabolic 195 2807 4.50E-08
process

G0:0000819 | P sister chromatid segregation 12 26 6.20E-08

G0:0000070 | P mitotic sister chromatid 12 26 6.20E-08
segregation

G0:0006022 | P aminoglycan metabolic process | 13 35 1.30E-07

G0:0006260 | P DNA replication 14 50 7.80E-07

G0:0016998 | P cell wall macromolecule 13 43 9.40E-07
catabolic process

G0:0044036 | P cell wall macromolecule 13 44 1.20E-06
metabolic process

GO0:0005975 | P carbohydrate metabolic process | 62 673 1.80E-06

G0:1901565 | P organonitrogen compound 13 50 3.90E-06
catabolic process

G0:0008152 | P metabolic process 513 9388 4.40E-06
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Table S5.16 Gene ontology significant terms for cluster three in the seed capsule
development cluster analysis (continued).

G0:0007076 | P mitotic chromosome 7 11 7.80E-06
condensation

G0:0030261 | P chromosome condensation 7 11 7.80E-06

GO0:0071554 | P cell wall organization or 17 94 9.90E-06
biogenesis

GO0:0007017 | P microtubule-based process 18 107 1.30E-05

GO0:0051726 | P regulation of cell cycle 11 41 1.70E-05

G0:1902589 | P single-organism organelle 17 102 2.50E-05
organization

G0:0010564 | P regulation of cell cycle process 8 23 5.30E-05

GO0:0051276 | P chromosome organization 15 96 0.00014

G0:0006261 | P DNA-dependent DNA 5 8 0.00018
replication

GO0:0045930 | P negative regulation of mitotic 5 8 0.00018
cell cycle

G0:0007093 | P mitotic cell cycle checkpoint 5 8 0.00018

GO0:0007346 | P regulation of mitotic cell cycle 7 22 0.00025

GO0:0051304 | P chromosome separation 6 15 0.00025

GO0:0071103 | P DNA conformation change 9 39 0.00026

G0:0006928 | P movement of cell or subcellular | 11 59 0.00029
component

GO0:0007018 | P microtubule-based movement 11 59 0.00029

G0:0006508 | P proteolysis 51 634 0.00034

GO0:0000075 | P cell cycle checkpoint 6 18 0.00056

G0:0006323 | P DNA packaging 7 27 0.0007

GO0:0007094 | P mitotic spindle assembly 4 6 0.0007
checkpoint

GO0:0033046 | P negative regulation of sister 4 6 0.0007
chromatid segregation

GO0:0033048 | P negative regulation of mitotic 4 6 0.0007
sister chromatid segregation

GO0:0051784 | P negative regulation of nuclear 4 6 0.0007
division

G0:1902100 | P negative regulation of 4 6 0.0007
metaphase/anaphase transition of
cell cycle

G0:0045841 | P negative regulation of mitotic 4 6 0.0007
metaphase/anaphase transition

G0:2000816 | P negative regulation of mitotic 4 6 0.0007
sister chromatid separation

G0:0071173 | P spindle assembly checkpoint 4 6 0.0007
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Table S5.16 Gene ontology significant terms for cluster three in the seed capsule
development cluster analysis (continued).

GO0:0071174 | P mitotic spindle checkpoint 6 0.0007

GO0:0051985 | P negative regulation of 6 0.0007
chromosome segregation

GO0:0045839 | P negative regulation of mitotic 6 0.0007
nuclear division

GO0:0031577 | P spindle checkpoint 6 0.0007

GO0:2001251 | P negative regulation of 6 0.0007
chromosome organization

G0:0051301 | P cell division 12 0.00073

G0:1901988 | P negative regulation of cell cycle 7 0.0011
phase transition

GO0:1901991 | P negative regulation of mitotic 7 0.0011
cell cycle phase transition

G0:0010948 | P negative regulation of cell cycle 7 0.0011
process

G0:0010965 | P regulation of mitotic sister 14 0.0013
chromatid separation

G0:0045786 | P negative regulation of cell cycle 14 0.0013

G0:1902099 | P regulation of 14 0.0013
metaphase/anaphase transition of
cell cycle

GO0:0051783 | P regulation of nuclear division 14 0.0013

GO0:0044784 | P metaphase/anaphase transition of 14 0.0013
cell cycle

GO0:0033044 | P regulation of chromosome 14 0.0013
organization

GO0:0033045 | P regulation of sister chromatid 14 0.0013
segregation

GO0:0033047 | P regulation of mitotic sister 14 0.0013
chromatid segregation

GO0:0051983 | P regulation of chromosome 14 0.0013
segregation

G0:0007088 | P regulation of mitotic nuclear 14 0.0013
division

GO0:0030071 | P regulation of mitotic 14 0.0013
metaphase/anaphase transition

G0:0051306 | P mitotic sister chromatid 14 0.0013
separation

GO0:0007091 | P metaphase/anaphase transition of 14 0.0013
mitotic cell cycle

GO0:0048523 | P negative regulation of cellular 22 0.0013
process
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Table S5.16 Gene ontology significant terms for cluster three in the seed capsule
development cluster analysis (continued).

G0:0010639 | P negative regulation of organelle | 4 8 0.0015
organization

GO0:0051129 | P negative regulation of cellular 4 8 0.0015
component organization

GO0:0044262 | P cellular carbohydrate metabolic | 17 151 0.0016
process

G0:1901990 | P regulation of mitotic cell cycle 5 15 0.0016
phase transition

G0:1901987 | P regulation of cell cycle phase 5 15 0.0016
transition

GO0:0044770 | P cell cycle phase transition 5 15 0.0016

GO0:0044772 | P mitotic cell cycle phase 5 15 0.0016
transition

G0:0006996 | P organelle organization 23 240 0.002

GO0:0015979 | P photosynthesis 12 89 0.002

G0:0006270 | P DNA replication initiation 3 4 0.0028

G0:0000910 | P cytokinesis 4 10 0.0029

GO:0009765 | P photosynthesis, light harvesting | 5 22 0.0066

GO0:0009057 | P macromolecule catabolic process | 14 134 0.0073

GO0:1901575 | P organic substance catabolic 20 224 0.0077
process

G0:0006073 | P cellular glucan metabolic process | 11 95 0.0085

GO0:0044042 | P glucan metabolic process 11 95 0.0085

GO0:0048519 | P negative regulation of biological | 6 34 0.0087
process

G0:0016043 | P cellular component organization | 29 372 0.009

G0:0000226 | P microtubule cytoskeleton 5 24 0.009
organization

GO0:0044264 | P cellular polysaccharide 11 96 0.0091
metabolic process

GO0:0044248 | P cellular catabolic process 16 168 0.0095

GO0:0033043 | P regulation of organelle 6 38 1.40E-02
organization

G0:0006631 | P fatty acid metabolic process 10 89 1.40E-02

G0:0006633 | P fatty acid biosynthetic process 8 63 1.50E-02

G0:0050832 | P defense response to fungus 3 9 1.50E-02

G0:0009620 | P response to fungus 3 9 1.50E-02

GO0:0005976 | P polysaccharide metabolic 11 105 1.60E-02
process

GO0:0009056 | P catabolic process 20 244 1.70E-02
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Table S5.16 Gene ontology significant terms for cluster three in the seed capsule
development cluster analysis (continued).

GO0:0034637 | P cellular carbohydrate 9 80 1.90E-02
biosynthetic process

GO0:0006979 | P response to oxidative stress 13 138 2.00E-02

G0:0072330 | P monocarboxylic acid 8 67 2.00E-02
biosynthetic process

GO0:0006259 | P DNA metabolic process 18 216 2.00E-02

GO0:0051128 | P regulation of cellular component | 6 43 2.20E-02
organization

GO0:0043207 | P response to external biotic 3 11 2.30E-02
stimulus

GO0:0051707 | P response to other organism 3 11 2.30E-02

GO0:0009617 | P response to bacterium 3 11 2.30E-02

GO0:0042742 | P defense response to bacterium 3 11 2.30E-02

GO0:0098542 | P defense response to other 3 11 0.023
organism

GO0:0044723 | P single-organism carbohydrate 19 238 0.025
metabolic process

GO0:0071840 | P cellular component organization | 29 412 0.029
or biogenesis

G0:0019684 | P photosynthesis, light reaction 5 34 0.03

G0:0008610 | P lipid biosynthetic process 15 179 0.031

G0:0006013 | P mannose metabolic process 3 13 0.033

GO0:0016051 | P carbohydrate biosynthetic 9 90 0.035
process

G0:0006855 | P drug transmembrane transport 9 93 0.041

G0:0015893 | P drug transport 9 93 0.041

GO0:0042493 | P response to drug 9 93 0.041

GO0:1901135 | P carbohydrate derivative 20 274 0.046
metabolic process

G0:0032787 | P monocarboxylic acid metabolic | 12 143 0.049
process

G0:0003824 | F catalytic activity 572 9441 1.30E-16

G0:0016787 | F hydrolase activity 191 2363 4.70E-13

G0:0004185 | F serine-type carboxypeptidase 29 105 1.40E-12
activity

G0:0004180 | F carboxypeptidase activity 29 107 2.10E-12

G0:0070008 | F serine-type exopeptidase activity | 29 110 3.80E-12

GO0:0005507 | F copper ion binding 31 137 2.00E-11

G0:0008238 | F exopeptidase activity 29 128 8.80E-11
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Table S5.16 Gene ontology significant terms for cluster three in the seed capsule
development cluster analysis (continued).

GO0:0004553 | F hydrolase activity, hydrolyzing 57 443 1.30E-10
O-glycosyl compounds
G0:0016798 | F hydrolase activity, acting on 58 463 2.30E-10
glycosyl bonds
GO0:0016491 | F oxidoreductase activity 158 2023 8.90E-10
G0:0004568 | F chitinase activity 13 31 4.30E-08
G0:0008236 | F serine-type peptidase activity 34 244 1.40E-07
GO0:0017171 | F serine hydrolase activity 34 244 1.40E-07
G0:0008061 | F chitin binding 8 12 1.30E-06
G0:0008017 | F microtubule binding 15 69 4.80E-06
G0:0015631 | F tubulin binding 15 70 5.60E-06
GO0:0070011 | F peptidase activity, acting on L- 49 574 0.00012
amino acid peptides
G0:0008233 | F peptidase activity 50 596 0.00016
G0:0008092 | F cytoskeletal protein binding 15 97 0.00016
GO0:0003777 | F microtubule motor activity 11 59 0.00029
G0:0004601 | F peroxidase activity 17 131 0.00039
G0:0016684 | F oxidoreductase activity, acting 17 133 0.00045
on peroxide as acceptor
GO0:0050664 | F oxidoreductase activity, acting 4 7 0.0011
on NAD(P)H, oxygen as
acceptor
GO0:0003774 | F motor activity 11 71 0.0011
G0:0020037 | F heme binding 53 709 1.30E-03
G0:0016209 | F antioxidant activity 17 148 0.0013
G0:0046906 | F tetrapyrrole binding 53 712 0.0014
G0:0048037 | F cofactor binding 37 469 0.0029
GO0:0003993 | F acid phosphatase activity 5 18 0.0032
G0:0016616 | F oxidoreductase activity, acting 13 123 0.0087
on the CH-OH group of donors,
NAD or NADP as acceptor
GO0:0016705 | F oxidoreductase activity, acting 44 628 0.0091
on paired donors, with
incorporation or reduction of
molecular oxygen
G0:0016614 | F oxidoreductase activity, acting 14 140 0.01
on CH-OH group of donors
GO0:0046914 | F transition metal ion binding 94 1550 0.01
G0:0005506 | F iron ion binding 42 611 0.014
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Table S5.16 Gene ontology significant terms for cluster three in the seed capsule
development cluster analysis (continued).

G0:0016788 | F hydrolase activity, acting on 35 498 0.018
ester bonds

G0:0050662 | F coenzyme binding 27 361 0.018

G0:0043565 | F sequence-specific DNA binding | 19 237 0.024

G0:0016757 | F transferase activity, transferring | 47 727 0.025
glycosyl groups

G0:0015297 | F antiporter activity 12 128 0.025

GO0:0016747 | F transferase activity, transferring | 23 306 0.026
acyl groups other than amino-
acyl groups

GO0:0017111 | F nucleoside-triphosphatase 33 481 0.028
activity

GO0:0016844 | F strictosidine synthase activity 3 12 0.028

G0:0016843 | F amine-lyase activity 3 12 0.028

G0:0016462 | F pyrophosphatase activity 34 505 0.032

GO0:0016746 | F transferase activity, transferring | 26 365 0.033
acyl groups

G0:0004190 | F aspartic-type endopeptidase 11 119 0.034
activity

GO0:0070001 | F aspartic-type peptidase activity 11 119 0.034

G0:0016762 | F xyloglucan:xyloglucosyl 5 36 0.036
transferase activity

G0:0016818 | F hydrolase activity, acting on acid | 34 512 0.038
anhydrides, in phosphorus-
containing anhydrides

G0:0016840 | F carbon-nitrogen lyase activity 3 14 0.039

GO0:0016759 | F cellulose synthase activity 5 37 0.04

G0:0016760 | F cellulose synthase (UDP- 5 37 0.04
forming) activity

GO0:0015291 | F secondary active transmembrane | 13 154 0.04
transporter activity

GO0:0090484 | F drug transporter activity 9 93 0.041

G0:0015238 | F drug transmembrane transporter | 9 93 0.041
activity

G0:0016651 | F oxidoreductase activity, acting 5 38 0.044
on NAD(P)H

G0:0005694 | C chromosome 14 80 8.10E-05

GO0:0044427 | C chromosomal part 12 66 0.00019

G0:0015630 | C microtubule cytoskeleton 15 100 0.00021

G0:0005871 | C kinesin complex 11 58 0.00025

G0:0005875 | C microtubule associated complex | 11 73 0.0014
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Table S5.16 Gene ontology significant terms for cluster three in the seed capsule
development cluster analysis (continued).

GO0:0000775 | C chromosome, centromeric region | 4 8 0.0015
G0:0000796 | C condensin complex 3 3 0.0017
G0:0098687 | C chromosomal region 4 9 0.0021
G0:0000793 | C condensed chromosome 5 18 0.0032
G0:0044430 | C cytoskeletal part 15 135 0.0033
G0:0044815 | C DNA packaging complex 6 29 0.0044
G0:0005856 | C cytoskeleton 15 146 0.0064
G0:1990204 | C oxidoreductase complex 6 34 0.0087
GO0:0030312 | C external encapsulating structure | 9 71 0.01
G0:0005618 | C cell wall 9 71 0.01
G0:0005874 | C microtubule 4 19 0.019
G0:0043234 | C protein complex 41 616 0.024
GO0:0099512 | C supramolecular fiber 4 22 0.028
GO0:0099513 | C polymeric cytoskeletal fiber 4 22 0.028
G0:0048046 | C apoplast 5 36 0.036
G0:0071944 | C cell periphery 12 138 0.04
G0:0009654 | C photosystem Il oxygen evolving | 4 26 0.045
complex
G0:0009521 | C photosystem 6 52 0.046
G0:0043232 | C intracellular non-membrane- 33 506 0.049
bounded organelle
G0:0043228 | C non-membrane-bounded 33 506 0.049
organelle
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Table S5.17 Gene ontology significant terms for cluster four in the seed capsule
development cluster analysis.

GO term Ont | Description Number in | Number in | p-value
input list | BG/Ref

G0:0006928 | P movement of cell or subcellular | 24 59 1.10E-10
component

G0:0007018 | P microtubule-based movement 24 59 1.10E-10

GO0:0007017 | P microtubule-based process 29 107 3.60E-09

GO0:0006073 | P cellular glucan metabolic process | 18 95 0.0002

GO0:0044042 | P glucan metabolic process 18 95 0.0002

GO0:0044264 | P cellular polysaccharide 18 96 0.00022
metabolic process

G0:0005976 | P polysaccharide metabolic 18 105 0.00057
process

G0:0006260 | P DNA replication 11 50 0.0012

G0:0023052 | P signaling 64 660 0.0026

GO0:0044700 | P single organism signaling 64 660 0.0026

GO0:0007165 | P signal transduction 64 660 0.0026

G0:0030243 | P cellulose metabolic process 9 41 0.0033

G0:0030244 | P cellulose biosynthetic process 9 41 0.0033

G0:0009250 | P glucan biosynthetic process 11 59 0.0036

GO0:0051273 | P beta-glucan metabolic process 11 59 0.0036

GO0:0051274 | P beta-glucan biosynthetic process | 11 59 0.0036

GO0:0007154 | P cell communication 83 916 0.0037

G0:0033692 | P cellular polysaccharide 11 60 0.0041
biosynthetic process

GO0:0000271 | P polysaccharide biosynthetic 11 60 0.0041
process

GO0:0044262 | P cellular carbohydrate metabolic | 20 151 0.0046
process

GO0:0034637 | P cellular carbohydrate 13 80 0.0047
biosynthetic process

GO0:0005975 | P carbohydrate metabolic process | 63 673 0.0057

G0:0032502 | P developmental process 10 56 0.0071

GO0:0016051 | P carbohydrate biosynthetic 13 90 0.011
process

G0:0006468 | P protein phosphorylation 181 2322 0.013

GO0:0051716 | P cellular response to stimulus 71 819 0.017

G0:0044707 | P single-multicellular organism 8 49 0.023
process

GO0:0007275 | P multicellular organism 8 49 0.023
development
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Table S5.17 Gene ontology significant terms for cluster four in the seed capsule
development cluster analysis (continued).

GO0:0044767 | P single-organism developmental | 8 49 0.023
process
G0:0048856 | P anatomical structure 8 49 0.023
development
G0:0006261 | P DNA-dependent DNA 3 8 0.027
replication
GO0:0006813 | P potassium ion transport 6 33 0.031
GO0:0016310 | P phosphorylation 182 2402 0.032
GO0:0050794 | P regulation of cellular process 135 1741 0.034
GO0:0050789 | P regulation of biological process | 136 1766 4.00E-02
G0:0000910 | P cytokinesis 3 10 4.20E-02
GO0:0032559 | F adeny!l ribonucleotide binding 286 2874 2.90E-12
GO0:0030554 | F adenyl nucleotide binding 286 2878 3.40E-12
GO0:0003774 | F motor activity 28 71 5.60E-12
GO0:0043531 | F ADP binding 96 683 6.50E-11
GO0:0003777 | F microtubule motor activity 24 59 1.10E-10
G0:0001882 | F nucleoside binding 297 3120 1.10E-10
GO0:0032555 | F purine ribonucleotide binding 296 3110 1.20E-10
G0:0032550 | F purine ribonucleoside binding 296 3110 1.20E-10
G0:0001883 | F purine nucleoside binding 296 3110 1.20E-10
GO0:0032549 | F ribonucleoside binding 296 3119 1.60E-10
G0:0017076 | F purine nucleotide binding 296 3124 1.90E-10
GO0:0032553 | F ribonucleotide binding 296 3136 2.80E-10
G0:0008017 | F microtubule binding 25 69 3.20E-10
GO0:0015631 | F tubulin binding 25 70 4.10E-10
GO0:0097367 | F carbohydrate derivative binding | 297 3163 4.40E-10
G0:0000166 | F nucleotide binding 319 3460 5.20E-10
GO0:1901265 | F nucleoside phosphate binding 319 3460 5.20E-10
G0:0036094 | F small molecule binding 320 3495 9.90E-10
G0:0008092 | F cytoskeletal protein binding 27 97 7.70E-09
GO0:0005515 | F protein binding 318 3740 1.30E-06
G0:0016787 | F hydrolase activity 210 2363 1.10E-05
GO0:0016462 | F pyrophosphatase activity 61 505 1.70E-05
G0:0016818 | F hydrolase activity, acting on acid | 61 512 2.50E-05
anhydrides, in phosphorus-
containing anhydrides
GO0:0017111 | F nucleoside-triphosphatase 58 481 2.90E-05
activity
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Table S5.17 Gene ontology significant terms for cluster four in the seed capsule
development cluster analysis (continued).

GO0:0016817 | F hydrolase activity, acting on acid | 62 528 3.20E-05
anhydrides

GO0:0004252 | F serine-type endopeptidase 20 103 6.60E-05
activity

GO0:0005524 | F ATP binding 190 2191 0.00011

G0:0008236 | F serine-type peptidase activity 34 244 0.00012

GO:0017171 | F serine hydrolase activity 34 244 0.00012

G0:0003887 | F DNA-directed DNA polymerase | 6 10 0.00026
activity

G0:0005092 | F GDP-dissociation inhibitor 5 6 0.0003
activity

GO0:0005094 | F Rho GDP-dissociation inhibitor | 5 6 0.0003
activity

G0:0016798 | F hydrolase activity, acting on 52 463 0.00036
glycosyl bonds

G0:0005488 | F binding 718 9943 0.00037

G0:0034061 | F DNA polymerase activity 6 11 0.00038

GO0:0004553 | F hydrolase activity, hydrolyzing 49 443 0.00071
O-glycosyl compounds

G0:0035639 | F purine ribonucleoside 200 2427 0.0009
triphosphate binding

GO0:1901363 | F heterocyclic compound binding | 428 5745 0.0022

GO0:0097159 | F organic cyclic compound 428 5745 0.0022
binding

GO0:0016759 | F cellulose synthase activity 8 37 0.0059

G0:0016760 | F cellulose synthase (UDP- 8 37 0.0059
forming) activity

G0:0004175 | F endopeptidase activity 31 290 0.0095

GO0:0005544 | F calcium-dependent phospholipid | 5 17 0.0098
binding

G0:0004672 | F protein kinase activity 183 2344 0.012

G0:0016762 | F xyloglucan:xyloglucosyl 7 36 0.016
transferase activity

G0:0030695 | F GTPase regulator activity 5 20 0.017

G0:0008289 | F lipid binding 11 77 0.02

GO0:0005507 | F copper ion binding 16 137 0.028

G0:0016614 | F oxidoreductase activity, acting 16 140 0.032
on CH-OH group of donors

G0:0005543 | F phospholipid binding 7 43 0.033

GO0:0016773 | F phosphotransferase activity, 185 2459 0.037
alcohol group as acceptor
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Table S5.17 Gene ontology significant terms for cluster four in the seed capsule
development cluster analysis (continued).

GO0:0016772 | F transferase activity, transferring | 198 2651 0.04
phosphorus-containing groups
G0:0060589 | F nucleoside-triphosphatase 5 26 0.04
regulator activity
G0:0042623 | F ATPase activity, coupled 17 157 0.042
GO0:0035251 | F UDP-glucosyltransferase activity | 10 77 4.20E-02
GO0:0046527 | F glucosyltransferase activity 10 78 4.50E-02
G0:0005871 | C Kinesin complex 23 58 4.00E-10
G0:0005875 | C microtubule associated complex | 23 73 1.50E-08
G0:0044430 | C cytoskeletal part 31 135 2.90E-08
G0:0015630 | C microtubule cytoskeleton 26 100 4.70E-08
G0:0005856 | C cytoskeleton 31 146 1.40E-07
G0:0016459 | C myosin complex 4 12 0.015
G0:0048046 | C apoplast 7 36 0.016
G0:0005576 | C extracellular region 9 55 0.017
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Table S5.18 Gene ontology significant terms for cluster one in the flowers-only cluster
analysis.

GO term Ont | Description Number in | Number in | p-value
input list | BG/Ref

GO0:0044710 | P single-organism metabolic 83 2807 1.20E-09
process

GO0:0006720 | P isoprenoid metabolic process 9 32 7.60E-09

G0:0008299 | P isoprenoid biosynthetic process | 9 32 7.60E-09

G0:0006629 | P lipid metabolic process 22 441 2.00E-06

GO0:0016114 | P terpenoid biosynthetic process 5 11 2.80E-06

GO0:0006721 | P terpenoid metabolic process 5 11 2.80E-06

G0:0008610 | P lipid biosynthetic process 13 179 6.70E-06

GO0:0044255 | P cellular lipid metabolic process | 13 208 3.00E-05

GO0:0044699 | P single-organism process 98 4462 4.00E-05

GO0:0055114 | P oxidation-reduction process 50 1849 5.40E-05

G0:0044711 | P single-organism biosynthetic 19 457 0.00011
process

GO0:0044281 | P small molecule metabolic 22 610 0.00023
process

G0:0006082 | P organic acid metabolic process 15 366 0.00066

G0:0009072 | P aromatic amino acid family 4 27 0.0011
metabolic process

GO0:0019752 | P carboxylic acid metabolic 13 328 0.002
process

G0:0043436 | P oxoacid metabolic process 13 337 0.0025

G0:0009058 | P biosynthetic process 49 2143 0.0026

G0:0042440 | P pigment metabolic process 3 16 0.0027

GO0:1901362 | P organic cyclic compound 31 1207 0.0034
biosynthetic process

GO0:1901576 | P organic substance biosynthetic 46 2025 0.004
process

G0:1901360 | P organic cyclic compound 43 1866 0.0043
metabolic process

GO0:0044249 | P cellular biosynthetic process 45 1984 0.0046

G0:0008152 | P metabolic process 165 9388 0.005

G0:0019438 | P aromatic compound biosynthetic | 29 1154 0.0062
process

G0:2001141 | P regulation of RNA biosynthetic | 24 903 0.0065
process

GO0:0006355 | P regulation of transcription, 24 903 0.0065
DNA-templated

G0:1903506 | P regulation of nucleic acid- 24 903 0.0065
templated transcription
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Table S5.18 Gene ontology significant terms for cluster one in the flowers-only cluster
analysis (continued).

GO0:0051252 | P regulation of RNA metabolic 24 905 0.0067
process

GO0:0010556 | P regulation of macromolecule 24 911 0.0072
biosynthetic process

GO0:2000112 | P regulation of cellular 24 911 0.0072
macromolecule biosynthetic
process

G0:0009889 | P regulation of biosynthetic 24 913 0.0074
process

GO0:0031326 | P regulation of cellular 24 913 0.0074
biosynthetic process

G0:0019219 | P regulation of nucleobase- 24 913 0.0074
containing compound metabolic
process

GO0:0044282 | P small molecule catabolic process | 3 24 0.0074

G0:0032787 | P monocarboxylic acid metabolic | 7 143 0.0075
process

GO0:0051171 | P regulation of nitrogen compound | 24 919 0.008
metabolic process

GO0:0006725 | P cellular aromatic compound 41 1829 0.0083
metabolic process

G0:0010468 | P regulation of gene expression 24 924 0.0085

G0:0080090 | P regulation of primary metabolic | 24 927 0.0088
process

GO0:0031323 | P regulation of cellular metabolic | 24 931 0.0093
process

GO0:0060255 | P regulation of macromolecule 24 939 0.01
metabolic process

G0:0019222 | P regulation of metabolic process | 24 946 0.011

G0:0018130 | P heterocycle biosynthetic process | 28 1159 0.012

GO0:0006952 | P defense response 7 158 0.012

G0:0009607 | P response to biotic stimulus 6 124 0.014

GO0:0097659 | P nucleic acid-templated 25 1016 0.014
transcription

GO0:0006351 | P transcription, DNA-templated 25 1016 0.014

G0:0032774 | P RNA biosynthetic process 25 1018 0.014

GO0:0044712 | P single-organism catabolic 5 91 0.015
process

G0:0034654 | P nucleobase-containing 26 1093 0.017
compound biosynthetic process

GO0:0045454 | P cell redox homeostasis 5 103 0.023
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Table S5.18 Gene ontology significant terms for cluster one in the flowers-only cluster
analysis (continued).

GO0:0046483 | P heterocycle metabolic process 38 1823 3.00E-02
GO:0005975 | P carbohydrate metabolic process | 17 673 3.10E-02
GO0:0006090 | P pyruvate metabolic process 3 47 3.90E-02
GO0:0019725 | P cellular homeostasis 5 124 0.045
G0:1901565 | P organonitrogen compound 3 50 0.045
catabolic process
G0:0016491 | F oxidoreductase activity 58 2023 2.00E-06
G0:0030976 | F thiamine pyrophosphate binding | 5 23 5.40E-05
G0:0000287 | F magnesium ion binding 11 166 7.50E-05
G0:0019842 | F vitamin binding 5 27 0.0001
GO0:0043167 | F ion binding 56 2230 0.00013
G0:0046872 | F metal ion binding 52 2137 0.00049
G0:0043169 | F cation binding 52 2143 0.00052
G0:0019205 | F nucleobase-containing 4 23 0.00066
compound Kinase activity
GO0:0016702 | F oxidoreductase activity, acting 4 36 0.0029
on single donors with
incorporation of molecular
oxygen, incorporation of two
atoms of oxygen
GO0:0051213 | F dioxygenase activity 4 39 0.0038
G0:0046983 | F protein dimerization activity 12 320 0.0044
GO0:0016701 | F oxidoreductase activity, acting 4 45 0.0061
on single donors with
incorporation of molecular
oxygen
GO0:0001071 | F nucleic acid binding 14 458 0.012
transcription factor activity
G0:0003700 | F transcription factor activity, 14 458 0.012
sequence-specific DNA binding
G0:0016835 | F carbon-oxygen lyase activity 6 132 0.018
GO0:0010333 | F terpene synthase activity 5 99 0.02
G0:0016838 | F carbon-oxygen lyase activity, 5 102 0.022
acting on phosphates
G0:0016829 | F lyase activity 8 229 0.027
G0:0015035 | F protein disulfide oxidoreductase | 4 83 0.042
activity
G0:0015036 | F disulfide oxidoreductase activity | 4 83 0.042
G0:0020037 | F heme binding 17 709 0.046
GO0:0046906 | F tetrapyrrole binding 17 712 0.048
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Table S5.19 Gene ontology significant terms for cluster two in the flowers-only cluster
analysis.

GO term Ont | Description Number in | Number in | p-value
input list | BG/Ref
GO0:0007017 | P microtubule-based process 40 107 3.10E-13
GO0:0015979 | P photosynthesis 36 89 7.50E-13
G0:0006928 | P movement of cell or subcellular | 29 59 3.10E-12
component
G0:0007018 | P microtubule-based movement 29 59 3.10E-12
GO0:0009765 | P photosynthesis, light harvesting | 18 22 1.10E-10
G0:0006260 | P DNA replication 24 50 3.30E-10
G0:0019684 | P photosynthesis, light reaction 20 34 6.70E-10
GO0:0005975 | P carbohydrate metabolic process | 104 673 3.10E-09
GO0:0007049 | P cell cycle 30 99 1.60E-08
G0:0022402 | P cell cycle process 25 71 2.20E-08
G0:0000278 | P mitotic cell cycle 19 41 3.50E-08
GO0:0007059 | P chromosome segregation 16 31 1.40E-07
GO0:0055114 | P oxidation-reduction process 213 1849 3.10E-07
G0:1903047 | P mitotic cell cycle process 17 39 3.70E-07
G0:0006091 | P generation of precursor 25 90 9.50E-07
metabolites and energy
G0:0048285 | P organelle fission 15 38 4.70E-06
G0:0000280 | P nuclear division 14 33 5.00E-06
GO0:0044710 | P single-organism metabolic 290 2807 1.10E-05
process
GO0:0007067 | P mitotic nuclear division 13 31 1.20E-05
GO0:0044699 | P single-organism process 434 4462 1.20E-05
GO0:0098813 | P nuclear chromosome segregation | 12 27 1.60E-05
GO0:1901136 | P carbohydrate derivative catabolic | 13 36 4.30E-05
process
G0:0006261 | P DNA-dependent DNA 7 8 4.70E-05
replication
GO0:0046348 | P amino sugar catabolic process 12 31 4.90E-05
G0:0006026 | P aminoglycan catabolic process 12 31 4.90E-05
G0:1901072 | P glucosamine-containing 12 31 4.90E-05
compound catabolic process
G0:1901071 | P glucosamine-containing 12 31 4.90E-05
compound metabolic process
G0:0006030 | P chitin metabolic process 12 31 4.90E-05
G0:0006032 | P chitin catabolic process 12 31 4.90E-05
G0:0006040 | P amino sugar metabolic process 12 31 4.90E-05
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Table S5.19 Gene ontology significant terms for cluster two in the flowers-only cluster
analysis (continued).

G0:0008152 | P metabolic process 835 9388 4.90E-05

G0:0000819 | P sister chromatid segregation 11 26 5.30E-05

G0:0000070 | P mitotic sister chromatid 11 26 5.30E-05
segregation

G0:0006508 | P proteolysis 82 634 6.30E-05

G0:0044042 | P glucan metabolic process 21 95 0.00012

GO0:0006073 | P cellular glucan metabolic process | 21 95 0.00012

G0:0006022 | P aminoglycan metabolic process | 12 35 0.00013

GO0:0044264 | P cellular polysaccharide 21 96 0.00014
metabolic process

G0:0030261 | P chromosome condensation 7 11 0.00019

G0:0007076 | P mitotic chromosome 7 11 0.00019
condensation

GO0:0071554 | P cell wall organization or 20 94 0.00027
biogenesis

GO0:0051301 | P cell division 7 12 0.00028

GO0:0071103 | P DNA conformation change 12 39 0.00029

GO0:0045930 | P negative regulation of mitotic 6 8 0.0003
cell cycle

G0:0007093 | P mitotic cell cycle checkpoint 6 8 0.0003

GO0:0005976 | P polysaccharide metabolic 21 105 0.0004
process

G0:0010564 | P regulation of cell cycle process 9 23 0.0004

GO0:0051726 | P regulation of cell cycle 12 41 0.00042

G0:0016998 | P cell wall macromolecule 12 43 0.00061
catabolic process

G0:1901565 | P organonitrogen compound 13 50 0.00064
catabolic process

GO0:0044262 | P cellular carbohydrate metabolic | 26 151 0.00067
process

GO0:0000910 | P cytokinesis 6 10 0.00071

G0:0044036 | P cell wall macromolecule 12 44 0.00072
metabolic process

G0:0006259 | P DNA metabolic process 33 216 0.0009

GO0:1901991 | P negative regulation of mitotic 5 7 0.0012
cell cycle phase transition

G0:0010948 | P negative regulation of cell cycle |5 7 0.0012
process

G0:1901988 | P negative regulation of cell cycle |5 7 0.0012
phase transition
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Table S5.19 Gene ontology significant terms for cluster two in the flowers-only cluster
analysis (continued).

GO0:0007346 | P regulation of mitotic cell cycle 8 22 0.0012

G0:1902589 | P single-organism organelle 19 102 0.0015
organization

G0:0006270 | P DNA replication initiation 4 4 0.0017

GO0:0000075 | P cell cycle checkpoint 7 18 0.0018

G0:0051276 | P chromosome organization 18 96 0.0019

GO0:0045786 | P negative regulation of cell cycle | 6 14 0.0026

G0:0006323 | P DNA packaging 8 27 0.0036

G0:0006996 | P organelle organization 33 240 0.0041

GO0:0051784 | P negative regulation of nuclear 4 6 0.0045
division

GO0:0051985 | P negative regulation of 4 6 0.0045
chromosome segregation

G0:1902100 | P negative regulation of 4 6 0.0045
metaphase/anaphase transition of
cell cycle

G0:0033046 | P negative regulation of sister 4 6 0.0045
chromatid segregation

GO0:0045841 | P negative regulation of mitotic 4 6 0.0045
metaphase/anaphase transition

G0:2000816 | P negative regulation of mitotic 4 6 0.0045
sister chromatid separation

GO0:0031577 | P spindle checkpoint 4 6 0.0045

GO0:0007094 | P mitotic spindle assembly 4 6 0.0045
checkpoint

GO0:2001251 | P negative regulation of 4 6 0.0045
chromosome organization

GO0:0045839 | P negative regulation of mitotic 4 6 0.0045
nuclear division

GO0:0071174 | P mitotic spindle checkpoint 4 6 0.0045

GO0:0071173 | P spindle assembly checkpoint 4 6 0.0045

GO0:0033048 | P negative regulation of mitotic 4 6 0.0045
sister chromatid segregation

G0:0000226 | P microtubule cytoskeleton 7 24 6.80E-03
organization

G0:0016043 | P cellular component organization | 45 372 7.90E-03

G0:0010639 | P negative regulation of organelle | 4 8 9.30E-03
organization

GO0:0051129 | P negative regulation of cellular 4 8 9.30E-03
component organization
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Table S5.19 Gene ontology significant terms for cluster two in the flowers-only cluster
analysis (continued).

G0:1901990 | P regulation of mitotic cell cycle 5 15 1.40E-02
phase transition

GO0:0051304 | P chromosome separation 5 15 1.40E-02

G0:1901987 | P regulation of cell cycle phase 5 15 1.40E-02
transition

GO0:0044770 | P cell cycle phase transition 5 15 1.40E-02

GO0:0044772 | P mitotic cell cycle phase 5 15 1.40E-02
transition

GO0:0048523 | P negative regulation of cellular 6 22 1.50E-02
process

GO0:0006979 | P response to oxidative stress 19 138 2.50E-02

G0:0009415 | P response to water 3 6 2.50E-02

G0:0006814 | P sodium ion transport 3 6 2.50E-02

G0:0006265 | P DNA topological change 4 12 2.70E-02

GO0:0030244 | P cellulose biosynthetic process 8 41 2.70E-02

G0:0030243 | P cellulose metabolic process 8 41 2.70E-02

G0:0009628 | P response to abiotic stimulus 5 19 2.90E-02

GO0:0048519 | P negative regulation of biological | 7 34 3.00E-02
process

G0:0006013 | P mannose metabolic process 4 13 3.30E-02

GO0:0071840 | P cellular component organization | 45 412 3.40E-02
or biogenesis

G0:0007088 | P regulation of mitotic nuclear 4 14 4.00E-02
division

GO0:0051783 | P regulation of nuclear division 4 14 4.00E-02

GO0:0030071 | P regulation of mitotic 4 14 4.00E-02
metaphase/anaphase transition

GO0:0051983 | P regulation of chromosome 4 14 4.00E-02
segregation

G0:0051306 | P mitotic sister chromatid 4 14 4.00E-02
separation

GO0:0033044 | P regulation of chromosome 4 14 0.04
organization

G0:0044784 | P metaphase/anaphase transition of | 4 14 0.04
cell cycle

G0:0033045 | P regulation of sister chromatid 4 14 0.04
segregation

G0:0033047 | P regulation of mitotic sister 4 14 0.04
chromatid segregation

G0:0010965 | P regulation of mitotic sister 4 14 0.04
chromatid separation
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Table S5.19 Gene ontology significant terms for cluster two in the flowers-only cluster
analysis (continued).

G0:1902099 | P regulation of 4 14 0.04
metaphase/anaphase transition of
cell cycle

GO0:0007091 | P metaphase/anaphase transition of | 4 14 0.04
mitotic cell cycle

GO0:0001101 | P response to acid chemical 3 8 0.043

G0:0016787 | F hydrolase activity 326 2363 1.20E-20

G0:0003824 | F catalytic activity 936 9441 1.40E-18

G0:0008017 | F microtubule binding 34 69 3.90E-14

G0:0016798 | F hydrolase activity, acting on 94 463 4.40E-14
glycosyl bonds

GO0:0015631 | F tubulin binding 34 70 5.40E-14

GO0:0004553 | F hydrolase activity, hydrolyzing 91 443 6.30E-14
O-glycosyl compounds

GO0:0003777 | F microtubule motor activity 29 59 3.10E-12

G0:0008092 | F cytoskeletal protein binding 35 97 2.10E-11

GO0:0003774 | F motor activity 30 71 2.60E-11

GO0:0005507 | F copper ion binding 40 137 1.70E-10

GO0:0016491 | F oxidoreductase activity 239 2023 7.10E-09

G0:0008236 | F serine-type peptidase activity 48 244 1.70E-07

GO0:0017171 | F serine hydrolase activity 48 244 1.70E-07

G0:0004185 | F serine-type carboxypeptidase 28 105 4.40E-07
activity

G0:0004180 | F carboxypeptidase activity 28 107 6.00E-07

G0:0070008 | F serine-type exopeptidase activity | 28 110 9.60E-07

GO0:0017111 | F nucleoside-triphosphatase 70 481 7.80E-06
activity

G0:0008238 | F exopeptidase activity 28 128 1.20E-05

GO0:0070011 | F peptidase activity, acting on L- 79 574 1.30E-05
amino acid peptides

G0:0008233 | F peptidase activity 81 596 1.50E-05

G0:0016462 | F pyrophosphatase activity 71 505 1.90E-05

GO0:0016818 | F hydrolase activity, acting on acid | 71 512 2.80E-05
anhydrides, in phosphorus-
containing anhydrides

G0:0016762 | F xyloglucan:xyloglucosyl 13 36 4.30E-05
transferase activity

G0:0004568 | F chitinase activity 12 31 4.90E-05

G0:0016817 | F hydrolase activity, acting on acid | 71 528 6.70E-05
anhydrides
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Table S5.19 Gene ontology significant terms for cluster two in the flowers-only cluster
analysis (continued).

G0:0016757 | F transferase activity, transferring | 89 727 1.80E-04
glycosyl groups

G0:0008061 | F chitin binding 7 12 2.80E-04

G0:0004601 | F peroxidase activity 24 131 4.90E-04

G0:0016684 | F oxidoreductase activity, acting 24 133 0.00059
on peroxide as acceptor

GO0:0004252 | F serine-type endopeptidase 20 103 0.00075
activity

G0:0016788 | F hydrolase activity, acting on 62 498 0.0011
ester bonds

GO0:0005544 | F calcium-dependent phospholipid | 7 17 0.0014
binding

G0:0016758 | F transferase activity, transferring | 74 629 0.0016
hexosyl groups

GO0:0003993 | F acid phosphatase activity 7 18 0.0018

G0:0016209 | F antioxidant activity 24 148 0.0022

G0:0004175 | F endopeptidase activity 39 290 0.0027

G0:0048037 | F cofactor binding 55 469 0.0063

G0:0050664 | F oxidoreductase activity, acting 4 7 0.0066
on NAD(P)H, oxygen as
acceptor

G0:0003896 | F DNA primase activity 3 3 0.007

G0:0050662 | F coenzyme binding 44 361 0.0076

G0:0016655 | F oxidoreductase activity, acting 4 9 0.013
on NAD(P)H, quinone or similar
compound as acceptor

GO0:0004190 | F aspartic-type endopeptidase 18 119 0.013
activity

GO0:0070001 | F aspartic-type peptidase activity 18 119 0.013

G0:0003887 | F DNA-directed DNA polymerase | 4 10 0.017
activity

G0:0016760 | F cellulose synthase (UDP- 8 37 0.017
forming) activity

G0:0016759 | F cellulose synthase activity 8 37 0.017

G0:0016651 | F oxidoreductase activity, acting 8 38 0.019
on NAD(P)H

GO0:0034061 | F DNA polymerase activity 4 11 0.022

G0:0016872 | F intramolecular lyase activity 3 6 0.025

G0:0003924 | F GTPase activity 11 66 0.027

G0:0003916 | F DNA topoisomerase activity 4 12 0.027




284

Table S5.19 Gene ontology significant terms for cluster two in the flowers-only cluster
analysis (continued).

G0:0004096 | F catalase activity 3 7 0.033
G0:0004332 | F fructose-bisphosphate aldolase 3 7 0.033
activity
GO0:0005543 | F phospholipid binding 8 43 0.034
G0:0016614 | F oxidoreductase activity, acting 18 140 0.047
on CH-OH group of donors
GO0:0005871 | C kinesin complex 29 58 2.20E-12
G0:0015630 | C microtubule cytoskeleton 36 100 1.20E-11
G0:0005875 | C microtubule associated complex | 29 73 1.80E-10
G0:0044430 | C cytoskeletal part 37 135 3.50E-09
G0:0005856 | C cytoskeleton 38 146 7.20E-09
G0:0034357 | C photosynthetic membrane 19 57 2.10E-06
G0:0044436 | C thylakoid part 19 58 2.60E-06
GO0:0009579 | C thylakoid 19 58 2.60E-06
G0:0009521 | C photosystem 17 52 8.80E-06
G0:0005694 | C chromosome 21 80 1.40E-05
G0:0044815 | C DNA packaging complex 12 29 2.90E-05
G0:0044427 | C chromosomal part 18 66 3.80E-05
G0:0048046 | C apoplast 13 36 4.30E-05
GO0:0030312 | C external encapsulating structure | 18 71 8.40E-05
GO0:0005618 | C cell wall 18 71 8.40E-05
G0:0043234 | C protein complex 77 616 0.00027
GO0:0042651 | C thylakoid membrane 11 33 0.00029
G0:0005576 | C extracellular region 14 55 0.00048
G0:0009522 | C photosystem | 7 15 0.00079
G0:0009654 | C photosystem Il oxygen evolving | 9 26 0.00083
complex
G0:0000786 | C nucleosome 9 26 0.00083
GO0:0032993 | C protein-DNA complex 9 26 0.00083
G0:0043232 | C intracellular non-membrane- 63 506 0.001
bounded organelle
G0:0043228 | C non-membrane-bounded 63 506 0.001
organelle
GO0:0009523 | C photosystem 11 10 34 0.0012
G0:1990204 | C oxidoreductase complex 10 34 0.0012
GO0:0009538 | C photosystem | reaction center 5 8 0.0018
GO0:0071944 | C cell periphery 23 138 0.0019
G0:0005874 | C microtubule 7 19 0.0023
GO0:0044422 | C organelle part 59 496 0.0036
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Table S5.19 Gene ontology significant terms for cluster two in the flowers-only cluster
analysis (continued).

GO0:0044446 | C intracellular organelle part 59 496 0.0036
G0:0000785 | C chromatin 9 34 0.0038
G0:0019898 | C extrinsic component of 8 28 0.0043
membrane
GO0:0099512 | C supramolecular fiber 7 22 0.0046
GO0:0099513 | C polymeric cytoskeletal fiber 7 22 0.0046
GO0:0042555 | C MCM complex 3 3 0.007
G0:0000796 | C condensin complex 3 3 0.007
G0:0000775 | C chromosome, centromeric region | 4 8 0.0093
G0:0098687 | C chromosomal region 4 9 0.013
G0:0000793 | C condensed chromosome 5 18 0.025
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Table S5.20 Gene ontology significant terms for cluster three in the flowers-only cluster
analysis.

GO term Ont | Description Number in | Number in | p-value
input list | BG/Ref

GO0:0044710 | P single-organism metabolic 56 2807 7.00E-07
process

GO0:0044723 | P single-organism carbohydrate 13 238 2.00E-06
metabolic process

G0:0016052 | P carbohydrate catabolic process 7 56 3.60E-06

G0:0044281 | P small molecule metabolic 20 610 7.90E-06
process

GO0:0005975 | P carbohydrate metabolic process | 21 673 9.60E-06

GO0:0009117 | P nucleotide metabolic process 9 149 3.70E-05

G0:0019637 | P organophosphate metabolic 11 230 4.00E-05
process

GO0:0006753 | P nucleoside phosphate metabolic | 9 151 4.10E-05
process

GO0:0006732 | P coenzyme metabolic process 8 117 4.50E-05

G0:0006163 | P purine nucleotide metabolic 8 120 5.30E-05
process

GO0:0072521 | P purine-containing compound 8 122 5.90E-05
metabolic process

G0:0005984 | P disaccharide metabolic process | 5 39 8.40E-05

G0:0055086 | P nucleobase-containing small 9 181 0.00015
molecule metabolic process

G0:0051186 | P cofactor metabolic process 8 143 0.00017

GO0:0044699 | P single-organism process 69 4462 0.00017

GO0:0009311 | P oligosaccharide metabolic 5 46 0.00017
process

GO0:0044724 | P single-organism carbohydrate 5 47 0.00019
catabolic process

GO0:0009150 | P purine ribonucleotide metabolic | 7 109 0.00019
process

GO0:0009259 | P ribonucleotide metabolic process | 7 109 0.00019

GO0:0019752 | P carboxylic acid metabolic 12 328 0.00021
process

GO0:0044262 | P cellular carbohydrate metabolic | 8 151 0.00024
process

G0:0009719 | P response to endogenous stimulus | 7 113 0.00024

G0:0009725 | P response to hormone 7 113 0.00024

G0:0043436 | P oxoacid metabolic process 12 337 0.00027

G0:0019693 | P ribose phosphate metabolic 7 116 0.00028
process
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Table S5.20 Gene ontology significant terms for cluster three in the flowers-only cluster
analysis (continued).

G0:0010033 | P response to organic substance 7 119 0.00032

GO0:0009167 | P purine ribonucleoside 6 87 0.00039
monophosphate metabolic
process

GO0:0009161 | P ribonucleoside monophosphate | 6 87 0.00039
metabolic process

G0:0009126 | P purine nucleoside 6 87 0.00039
monophosphate metabolic
process

GO0:0044763 | P single-organism cellular process | 40 2241 0.00044

G0:0009123 | P nucleoside monophosphate 6 90 0.00046
metabolic process

GO0:0044712 | P single-organism catabolic 6 91 0.00049
process

G0:0009733 | P response to auxin 6 93 0.00055

G0:0006082 | P organic acid metabolic process 12 366 0.00055

GO0:0072524 | P pyridine-containing compound 5 61 0.00058
metabolic process

G0:1901564 | P organonitrogen compound 20 849 0.00063
metabolic process

G0:0009165 | P nucleotide biosynthetic process |5 69 0.00098

GO0:1901293 | P nucleoside phosphate 5 69 0.00098
biosynthetic process

GO0:0046128 | P purine ribonucleoside metabolic | 6 105 0.001
process

GO0:0042278 | P purine nucleoside metabolic 6 105 0.001
process

GO0:0090407 | P organophosphate biosynthetic 6 108 0.0011
process

GO0:0009119 | P ribonucleoside metabolic 6 108 0.0011
process

GO0:0046031 | P ADP metabolic process 4 41 0.0011

GO0:0009179 | P purine ribonucleoside 4 41 0.0011
diphosphate metabolic process

G0:0006757 | P ATP generation from ADP 4 41 0.0011

G0:0009135 | P purine nucleoside diphosphate 4 41 0.0011
metabolic process

G0:0009185 | P ribonucleoside diphosphate 4 41 0.0011
metabolic process

G0:0006096 | P glycolytic process 4 41 0.0011




288

Table S5.20 Gene ontology significant terms for cluster three in the flowers-only cluster
analysis (continued).

GO0:0044711 | P single-organism biosynthetic 13 457 0.0012
process

GO0:0046483 | P heterocycle metabolic process 33 1823 0.0012

GO0:0046351 | P disaccharide biosynthetic 3 19 0.0014
process

G0:0006165 | P nucleoside diphosphate 4 46 0.0017
phosphorylation

GO0:0046939 | P nucleotide phosphorylation 4 46 0.0017

G0:1901360 | P organic cyclic compound 33 1866 0.0018
metabolic process

G0:0005985 | P sucrose metabolic process 3 21 0.0018

G0:0006090 | P pyruvate metabolic process 4 47 0.0018

GO0:0009132 | P nucleoside diphosphate 4 48 0.002
metabolic process

G0:0006164 | P purine nucleotide biosynthetic 4 50 0.0023
process

GO0:0009312 | P oligosaccharide biosynthetic 3 23 0.0023
process

GO0:0072522 | P purine-containing compound 4 52 0.0026
biosynthetic process

GO0:1901135 | P carbohydrate derivative 9 274 0.0026
metabolic process

GO0:1901575 | P organic substance catabolic 8 224 0.0028
process

GO0:0042221 | P response to chemical 8 226 0.0029

GO0:0009116 | P nucleoside metabolic process 6 132 0.003

G0:1901657 | P glycosyl compound metabolic 6 132 0.003
process

G0:0046496 | P nicotinamide nucleotide 4 57 0.0035
metabolic process

G0:0019362 | P pyridine nucleotide metabolic 4 57 0.0035
process

GO0:0006733 | P oxidoreduction coenzyme 4 58 0.0038
metabolic process

G0:0009108 | P coenzyme biosynthetic process | 4 58 0.0038

G0:0032787 | P monocarboxylic acid metabolic | 6 143 0.0044
process

G0:0009056 | P catabolic process 8 244 0.0046

G0:0006725 | P cellular aromatic compound 31 1829 0.0046
metabolic process
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Table S5.20 Gene ontology significant terms for cluster three in the flowers-only cluster
analysis (continued).

G0:0006807 | P nitrogen compound metabolic 38 2383 0.0046
process

GO0:0034641 | P cellular nitrogen compound 35 2183 0.0061
metabolic process

GO0:0042254 | P ribosome biogenesis 3 39 0.0091

GO0:0009152 | P purine ribonucleotide 3 39 0.0091
biosynthetic process

G0:0009260 | P ribonucleotide biosynthetic 3 39 0.0091
process

GO0:0046390 | P ribose phosphate biosynthetic 3 39 0.0091
process

G0:0051188 | P cofactor biosynthetic process 4 80 0.011

G0:0034637 | P cellular carbohydrate 4 80 0.011
biosynthetic process

G0:0046034 | P ATP metabolic process 4 82 0.012

GO0:1901137 | P carbohydrate derivative 5 128 0.012
biosynthetic process

G0:1901566 | P organonitrogen compound 13 618 0.013
biosynthetic process

G0:0006139 | P nucleobase-containing 28 1740 0.014
compound metabolic process

G0:0022613 | P ribonucleoprotein complex 3 47 0.015
biogenesis

GO0:0009199 | P ribonucleoside triphosphate 4 88 0.015
metabolic process

G0:0009205 | P purine ribonucleoside 4 88 0.015
triphosphate metabolic process

GO0:0009144 | P purine nucleoside triphosphate 4 88 0.015
metabolic process

GO0:0016051 | P carbohydrate biosynthetic 4 90 0.016
process

GO0:0009141 | P nucleoside triphosphate 4 90 0.016
metabolic process

G0:0006091 | P generation of precursor 4 90 0.016
metabolites and energy

G0:0006520 | P cellular amino acid metabolic 5 148 0.021
process

G0:0006396 | P RNA processing 6 211 0.025

GO0:1901362 | P organic cyclic compound 20 1207 0.027
biosynthetic process

GO0:0055114 | P oxidation-reduction process 28 1849 0.028
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Table S5.20 Gene ontology significant terms for cluster three in the flowers-only cluster
analysis (continued).

GO0:0071704 | P organic substance metabolic 83 6726 0.029
process

GO0:1901576 | P organic substance biosynthetic 30 2025 0.03
process

G0:0018130 | P heterocycle biosynthetic process | 19 1159 0.034

GO0:0009058 | P biosynthetic process 31 2143 0.036

GO0:0044249 | P cellular biosynthetic process 29 1984 0.037

G0:0065008 | P regulation of biological quality |5 176 0.039

G0:0008152 | P metabolic process 110 9388 0.04

G0:0055085 | P transmembrane transport 15 889 0.046

G0:0016874 | F ligase activity 7 137 0.00072

G0:0016879 | F ligase activity, forming carbon- | 5 66 0.00081
nitrogen bonds

G0:0016616 | F oxidoreductase activity, acting 5 123 0.01
on the CH-OH group of donors,
NAD or NADP as acceptor

G0:0003824 | F catalytic activity 114 9441 0.012

G0:0016614 | F oxidoreductase activity, acting 5 140 0.017
on CH-OH group of donors

GO0:0016491 | F oxidoreductase activity 29 2023 0.046

GO0:0035251 | F UDP-glucosyltransferase activity | 3 77 0.049
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Table S5.21 Gene ontology significant terms for the upregulated genes in the P vs L
contrast.

GO term Ont | Description Number in | Number in | p-value
input list | BG/Ref

GO0:1901564 | P organonitrogen compound 367 849 1.30E-25
metabolic process

G0:0043603 | P cellular amide metabolic process | 210 408 1.70E-21

G0:0006518 | P peptide metabolic process 207 403 3.90E-21

G0:0006412 | P translation 198 383 1.70E-20

GO0:0043043 | P peptide biosynthetic process 199 391 5.10E-20

G0:0043604 | P amide biosynthetic process 199 391 5.10E-20

G0:1901566 | P organonitrogen compound 269 618 2.90E-19
biosynthetic process

G0:0009058 | P biosynthetic process 683 2143 1.30E-17

GO0:0044249 | P cellular biosynthetic process 635 1984 1.20E-16

G0:1901576 | P organic substance biosynthetic 643 2025 2.90E-16
process

G0:0006807 | P nitrogen compound metabolic 728 2383 2.60E-15
process

G0:0044271 | P cellular nitrogen compound 512 1559 5.20E-15
biosynthetic process

GO0:0034641 | P cellular nitrogen compound 664 2183 1.30E-13
metabolic process

GO0:0010467 | P gene expression 515 1634 1.30E-12

GO0:0009059 | P macromolecule biosynthetic 495 1581 8.70E-12
process

G0:0034645 | P cellular macromolecule 494 1580 1.10E-11
biosynthetic process

G0:0044281 | P small molecule metabolic 212 610 2.50E-08
process

G0:0051186 | P cofactor metabolic process 69 143 3.40E-07

GO0:0051179 | P localization 442 1566 3.60E-06

GO0:0044710 | P single-organism metabolic 743 2807 3.90E-06
process

G0:0019637 | P organophosphate metabolic 91 230 5.00E-06
process

GO0:0051234 | P establishment of localization 438 1559 5.80E-06

G0:0019725 | P cellular homeostasis 58 124 5.90E-06

G0:0006810 | P transport 436 1552 6.20E-06

G0:0006732 | P coenzyme metabolic process 55 117 9.10E-06

G0:0042592 | P homeostatic process 59 130 1.00E-05

G0:0065008 | P regulation of biological quality | 72 176 2.00E-05
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Table S5.21 Gene ontology significant terms for the upregulated genes in the P vs L
contrast (continued).

GO0:0045454 | P cell redox homeostasis 49 103 2.20E-05

GO0:1901575 | P organic substance catabolic 86 224 2.20E-05
process

GO0:0051188 | P cofactor biosynthetic process 41 80 2.70E-05

G0:0009056 | P catabolic process 88 244 0.00011

GO0:1901135 | P carbohydrate derivative 95 274 0.00018
metabolic process

G0:0044711 | P single-organism biosynthetic 144 457 0.00021
process

G0:0055086 | P nucleobase-containing small 68 181 0.00025
molecule metabolic process

GO0:1901362 | P organic cyclic compound 331 1207 0.00036
biosynthetic process

GO0:0006753 | P nucleoside phosphate metabolic | 58 151 0.00044
process

GO0:0016192 | P vesicle-mediated transport 50 124 0.00044

G0:0008610 | P lipid biosynthetic process 66 179 0.00045

GO0:0044255 | P cellular lipid metabolic process | 74 208 0.0005

G0:0009108 | P coenzyme biosynthetic process | 29 58 0.00052

GO0:0009117 | P nucleotide metabolic process 57 149 0.00052

GO0:0009057 | P macromolecule catabolic process | 52 134 0.00069

GO0:0070925 | P organelle assembly 14 18 0.00075

G0:0006629 | P lipid metabolic process 135 441 0.00083

G0:0006414 | P translational elongation 13 16 0.00087

G0:0022607 | P cellular component assembly 52 136 0.00091

G0:0019693 | P ribose phosphate metabolic 46 116 0.00096
process

GO0:0043241 | P protein complex disassembly 18 29 0.00096

G0:0043624 | P cellular protein complex 18 29 0.00096
disassembly

GO0:0072524 | P pyridine-containing compound 29 61 0.00097
metabolic process

GO0:0044248 | P cellular catabolic process 61 168 0.00099

G0:0018130 | P heterocycle biosynthetic process | 313 1159 0.0012

G0:1901360 | P organic cyclic compound 483 1866 0.0012
metabolic process

G0:0006082 | P organic acid metabolic process 114 366 0.0012

G0:0032787 | P monocarboxylic acid metabolic | 53 143 0.0014
process
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Table S5.21 Gene ontology significant terms for the upregulated genes in the P vs L
contrast (continued).

GO0:0022411 | P cellular component disassembly | 18 31 0.0017

GO0:0032984 | P macromolecular complex 18 31 0.0017
disassembly

GO0:0019752 | P carboxylic acid metabolic 103 328 0.0017
process

GO0:0006733 | P oxidoreduction coenzyme 27 58 0.0018
metabolic process

GO0:0016043 | P cellular component organization | 114 372 0.002

GO0:0051261 | P protein depolymerization 10 11 0.002

G0:0030042 | P actin filament depolymerization | 10 11 0.002

GO0:0009116 | P nucleoside metabolic process 49 132 0.002

GO0:1901657 | P glycosyl compound metabolic 49 132 0.002
process

GO0:0090407 | P organophosphate biosynthetic 42 108 0.0021
process

GO0:0043436 | P oxoacid metabolic process 104 337 0.0025

G0:0016485 | P protein processing 11 14 0.0026

G0:0051604 | P protein maturation 11 14 0.0026

G0:0046496 | P nicotinamide nucleotide 26 57 0.0027
metabolic process

G0:0019362 | P pyridine nucleotide metabolic 26 57 0.0027
process

GO:0007034 | P vacuolar transport 14 22 0.0029

GO0:0019438 | P aromatic compound biosynthetic | 306 1154 0.0031
process

G0:0006413 | P translational initiation 15 25 0.0032

G0:0071840 | P cellular component organization | 122 412 0.0036
or biogenesis

GO0:0044257 | P cellular protein catabolic process | 31 75 0.0037

G0:0051603 | P proteolysis involved in cellular | 31 75 0.0037
protein catabolic process

GO0:0009259 | P ribonucleotide metabolic process | 41 109 0.0037

GO0:0009150 | P purine ribonucleotide metabolic | 41 109 0.0037
process

G0:0044085 | P cellular component biogenesis 60 177 0.0038

G0:0016052 | P carbohydrate catabolic process 25 56 0.004

G0:0006470 | P protein dephosphorylation 35 89 0.004

GO0:0016311 | P dephosphorylation 35 89 0.004

G0:0006457 | P protein folding 39 103 0.0042
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Table S5.21 Gene ontology significant terms for the upregulated genes in the P vs L
contrast (continued).

G0:0006662 | P glycerol ether metabolic process | 18 35 0.0045

G0:0018904 | P ether metabolic process 18 35 0.0045

G0:0046483 | P heterocycle metabolic process 463 1823 0.0046

GO0:0030163 | P protein catabolic process 32 80 0.0047

GO0:0009132 | P nucleoside diphosphate 22 48 0.0053
metabolic process

G0:0016236 | P macroautophagy 9 11 0.0053

G0:1905037 | P autophagosome organization 9 11 0.0053

G0:0000045 | P autophagosome assembly 9 11 0.0053

GO0:0042278 | P purine nucleoside metabolic 39 105 0.0054
process

GO0:0046128 | P purine ribonucleoside metabolic | 39 105 0.0054
process

G0:0006163 | P purine nucleotide metabolic 43 120 0.0061
process

G0:0006465 | P signal peptide processing 8 9 0.0061

GO0:0007033 | P vacuole organization 10 14 0.0064

G0:0006165 | P nucleoside diphosphate 21 46 0.0065
phosphorylation

G0:0046939 | P nucleotide phosphorylation 21 46 0.0065

G0:0006811 | P ion transport 134 469 0.0066

GO0:0006725 | P cellular aromatic compound 461 1829 0.0071
metabolic process

GO0:0034654 | P nucleobase-containing 286 1093 0.0074
compound biosynthetic process

G0:0009141 | P nucleoside triphosphate 34 90 0.0074
metabolic process

G0:0072521 | P purine-containing compound 43 122 0.0076
metabolic process

GO0:0009119 | P ribonucleoside metabolic 39 108 0.0078
process

GO0:0015991 | P ATP hydrolysis coupled proton | 15 29 0.0088
transport

G0:0015988 | P energy coupled proton 15 29 0.0088
transmembrane transport, against
electrochemical gradient

G0:0090662 | P ATP hydrolysis coupled 15 29 0.0088
transmembrane transport

GO0:0009199 | P ribonucleoside triphosphate 33 88 0.0089
metabolic process
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Table S5.21 Gene ontology significant terms for the upregulated genes in the P vs L
contrast (continued).

GO0:0009144 | P purine nucleoside triphosphate 33 88 0.0089
metabolic process

G0:0009205 | P purine ribonucleoside 33 88 0.0089
triphosphate metabolic process

GO0:0031163 | P metallo-sulfur cluster assembly | 8 10 0.0092

G0:0016226 | P iron-sulfur cluster assembly 8 10 0.0092

G0:0006914 | P autophagy 11 18 0.0099

G0:0006631 | P fatty acid metabolic process 33 89 0.01

G0:0044265 | P cellular macromolecule catabolic | 33 89 0.01
process

GO0:0055114 | P oxidation-reduction process 462 1849 0.011

GO0:0043244 | P regulation of protein complex 6 6 0.012
disassembly

G0:0006417 | P regulation of translation 6 6 0.012

G0:1901070 | P guanosine-containing compound | 6 6 0.012
biosynthetic process

G0:0034248 | P regulation of cellular amide 6 6 0.012
metabolic process

G0:0006448 | P regulation of translational 6 6 0.012
elongation

GO0:0071822 | P protein complex subunit 39 112 0.012
organization

G0:1902600 | P hydrogen ion transmembrane 22 53 0.013
transport

G0:1901565 | P organonitrogen compound 21 50 0.013
catabolic process

GO0:0044724 | P single-organism carbohydrate 20 47 0.014
catabolic process

G0:0006366 | P transcription from RNA 16 35 0.016
polymerase 11 promoter

G0:0006812 | P cation transport 103 363 0.018

GO0:0009167 | P purine ribonucleoside 31 87 0.019
monophosphate metabolic
process

GO0:0009161 | P ribonucleoside monophosphate | 31 87 0.019
metabolic process

G0:0009126 | P purine nucleoside 31 87 0.019
monophosphate metabolic
process

G0:1901068 | P guanosine-containing compound | 8 12 0.019
metabolic process
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Table S5.21 Gene ontology significant terms for the upregulated genes in the P vs L
contrast (continued).

GO0:0009147 | P pyrimidine nucleoside 6 7 0.019
triphosphate metabolic process

G0:0010608 | P posttranscriptional regulation of | 6 7 0.019
gene expression

GO0:1901136 | P carbohydrate derivative 16 36 0.02
catabolic process

GO0:0097659 | P nucleic acid-templated 261 1016 0.02
transcription

GO0:0006351 | P transcription, DNA-templated 261 1016 0.02

G0:1902578 | P single-organism localization 106 377 0.02

GO0:0032774 | P RNA biosynthetic process 261 1018 0.021

GO0:0044262 | P cellular carbohydrate metabolic | 48 151 0.022
process

GO0:0044282 | P small molecule catabolic process | 12 24 0.022

G0:0006790 | P sulfur compound metabolic 17 40 0.022
process

GO0:0046132 | P pyrimidine ribonucleoside 5 5 0.022
biosynthetic process

G0:0006241 | P CTP biosynthetic process 5 5 0.022

G0:0009220 | P pyrimidine ribonucleotide 5 5 0.022
biosynthetic process

G0:0046036 | P CTP metabolic process 5 5 0.022

GO0:0046051 | P UTP metabolic process 5 5 0.022

G0:0009148 | P pyrimidine nucleoside 5 5 0.022
triphosphate biosynthetic
process

G0:0009218 | P pyrimidine ribonucleotide 5 5 0.022
metabolic process

GO0:0046134 | P pyrimidine nucleoside 5 5 0.022
biosynthetic process

G0:0006183 | P GTP biosynthetic process 5 5 0.022

G0:0009209 | P pyrimidine ribonucleoside 5 5 0.022
triphosphate biosynthetic
process

G0:0009208 | P pyrimidine ribonucleoside 5 5 0.022
triphosphate metabolic process

G0:0006228 | P UTP biosynthetic process 5 5 0.022

G0:0006090 | P pyruvate metabolic process 19 47 0.024

G0:0006739 | P NADP metabolic process 8 13 0.026
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Table S5.21 Gene ontology significant terms for the upregulated genes in the P vs L
contrast (continued).

G0:0006662 | P glycerol ether metabolic process | 18 35 0.0045

G0:0018904 | P ether metabolic process 18 35 0.0045

G0:0046483 | P heterocycle metabolic process 463 1823 0.0046

GO0:0030163 | P protein catabolic process 32 80 0.0047

GO0:0009132 | P nucleoside diphosphate 22 48 0.0053
metabolic process

G0:0016236 | P macroautophagy 9 11 0.0053

G0:1905037 | P autophagosome organization 9 11 0.0053

G0:0000045 | P autophagosome assembly 9 11 0.0053

GO0:0042278 | P purine nucleoside metabolic 39 105 0.0054
process

GO0:0046128 | P purine ribonucleoside metabolic | 39 105 0.0054
process

G0:0006163 | P purine nucleotide metabolic 43 120 0.0061
process

G0:0006465 | P signal peptide processing 8 9 0.0061

GO0:0007033 | P vacuole organization 10 14 0.0064

G0:0006165 | P nucleoside diphosphate 21 46 0.0065
phosphorylation

G0:0046939 | P nucleotide phosphorylation 21 46 0.0065

G0:0006811 | P ion transport 134 469 0.0066

GO0:0006725 | P cellular aromatic compound 461 1829 0.0071
metabolic process

GO0:0034654 | P nucleobase-containing 286 1093 0.0074
compound biosynthetic process

G0:0009141 | P nucleoside triphosphate 34 90 0.0074
metabolic process

G0:0072521 | P purine-containing compound 43 122 0.0076
metabolic process

GO0:0009119 | P ribonucleoside metabolic 39 108 0.0078
process

GO0:0015991 | P ATP hydrolysis coupled proton | 15 29 0.0088
transport

G0:0015988 | P energy coupled proton 15 29 0.0088
transmembrane transport, against
electrochemical gradient

G0:0090662 | P ATP hydrolysis coupled 15 29 0.0088
transmembrane transport

GO0:0009199 | P ribonucleoside triphosphate 33 88 0.0089
metabolic process




298

Table S5.21 Gene ontology significant terms for the upregulated genes in the P vs L
contrast (continued).

GO0:0009144 | P purine nucleoside triphosphate 33 88 0.0089
metabolic process

G0:0009205 | P purine ribonucleoside 33 88 0.0089
triphosphate metabolic process

GO0:0031163 | P metallo-sulfur cluster assembly | 8 10 0.0092

G0:0016226 | P iron-sulfur cluster assembly 8 10 0.0092

G0:0006914 | P autophagy 11 18 0.0099

G0:0006631 | P fatty acid metabolic process 33 89 0.01

G0:0044265 | P cellular macromolecule catabolic | 33 89 0.01
process

GO0:0055114 | P oxidation-reduction process 462 1849 0.011

GO0:0043244 | P regulation of protein complex 6 6 0.012
disassembly

G0:0006417 | P regulation of translation 6 6 0.012

G0:1901070 | P guanosine-containing compound | 6 6 0.012
biosynthetic process

G0:0034248 | P regulation of cellular amide 6 6 0.012
metabolic process

G0:0006448 | P regulation of translational 6 6 0.012
elongation

GO0:0071822 | P protein complex subunit 39 112 0.012
organization

G0:1902600 | P hydrogen ion transmembrane 22 53 0.013
transport

G0:1901565 | P organonitrogen compound 21 50 0.013
catabolic process

GO0:0044724 | P single-organism carbohydrate 20 47 0.014
catabolic process

G0:0006366 | P transcription from RNA 16 35 0.016
polymerase 11 promoter

G0:0006812 | P cation transport 103 363 0.018

GO0:0009167 | P purine ribonucleoside 31 87 0.019
monophosphate metabolic
process

GO0:0009161 | P ribonucleoside monophosphate | 31 87 0.019
metabolic process

G0:0009126 | P purine nucleoside 31 87 0.019
monophosphate metabolic
process

G0:1901068 | P guanosine-containing compound | 8 12 0.019
metabolic process
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Table S5.21 Gene ontology significant terms for the upregulated genes in the P vs L
contrast (continued).

GO0:0009147 | P pyrimidine nucleoside 6 7 0.019
triphosphate metabolic process

G0:0010608 | P posttranscriptional regulation of | 6 7 0.019
gene expression

GO0:1901136 | P carbohydrate derivative 16 36 0.02
catabolic process

GO0:0097659 | P nucleic acid-templated 261 1016 0.02
transcription

GO0:0006351 | P transcription, DNA-templated 261 1016 0.02

G0:1902578 | P single-organism localization 106 377 0.02

GO0:0032774 | P RNA biosynthetic process 261 1018 0.021

GO0:0044262 | P cellular carbohydrate metabolic | 48 151 0.022
process

GO0:0044282 | P small molecule catabolic process | 12 24 0.022

G0:0006790 | P sulfur compound metabolic 17 40 0.022
process

GO0:0046132 | P pyrimidine ribonucleoside 5 5 0.022
biosynthetic process

G0:0006241 | P CTP biosynthetic process 5 5 0.022

G0:0009220 | P pyrimidine ribonucleotide 5 5 0.022
biosynthetic process

G0:0046036 | P CTP metabolic process 5 5 0.022

GO0:0046051 | P UTP metabolic process 5 5 0.022

G0:0009148 | P pyrimidine nucleoside 5 5 0.022
triphosphate biosynthetic
process

G0:0009218 | P pyrimidine ribonucleotide 5 5 0.022
metabolic process

GO0:0046134 | P pyrimidine nucleoside 5 5 0.022
biosynthetic process

G0:0006183 | P GTP biosynthetic process 5 5 0.022

G0:0009209 | P pyrimidine ribonucleoside 5 5 0.022
triphosphate biosynthetic
process

G0:0009208 | P pyrimidine ribonucleoside 5 5 0.022
triphosphate metabolic process

G0:0006228 | P UTP biosynthetic process 5 5 0.022

G0:0006090 | P pyruvate metabolic process 19 47 0.024

G0:0006739 | P NADP metabolic process 8 13 0.026
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Table S5.21 Gene ontology significant terms for the upregulated genes in the P vs L
contrast (continued).

GO0:0072525 | P pyridine-containing compound 8 13 0.026
biosynthetic process

GO0:0009123 | P nucleoside monophosphate 31 90 0.026
metabolic process

GO0:0006357 | P regulation of transcription from | 11 22 0.027
RNA polymerase Il promoter

G0:0032268 | P regulation of cellular protein 10 19 0.027
metabolic process

GO0:0006139 | P nucleobase-containing 428 1740 0.029
compound metabolic process

G0:0006694 | P steroid biosynthetic process 14 32 0.031

G0:0008154 | P actin polymerization or 14 32 0.031
depolymerization

G0:0043632 | P modification-dependent 23 63 0.032
macromolecule catabolic process

G0:0019941 | P modification-dependent protein | 23 63 0.032
catabolic process

GO0:0006511 | P ubiquitin-dependent protein 23 63 0.032
catabolic process

G0:0006633 | P fatty acid biosynthetic process 23 63 0.032

GO0:0006767 | P water-soluble vitamin metabolic | 11 23 0.034
process

GO0:0009110 | P vitamin biosynthetic process 11 23 0.034

G0:0006766 | P vitamin metabolic process 11 23 0.034

G0:0042364 | P water-soluble vitamin 11 23 0.034
biosynthetic process

GO0:0044283 | P small molecule biosynthetic 52 172 0.034
process

GO0:0006839 | P mitochondrial transport 8 14 0.034

G0:0006066 | P alcohol metabolic process 8 14 0.034

GO0:0019751 | P polyol metabolic process 8 14 0.034

GO0:0044765 | P single-organism transport 100 363 0.034

G0:0051246 | P regulation of protein metabolic | 10 20 0.035
process

GO0:0046039 | P GTP metabolic process 5 6 0.035

GO0:0046131 | P pyrimidine ribonucleoside 5 6 0.035
metabolic process

GO0:0006213 | P pyrimidine nucleoside metabolic | 5 6 0.035
process

GO0:0046034 | P ATP metabolic process 28 82 0.036
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Table S5.21 Gene ontology significant terms for the upregulated genes in the P vs L
contrast (continued).

G0:0008202 | P steroid metabolic process 14 33 0.036

GO0:0010556 | P regulation of macromolecule 231 911 0.04
biosynthetic process

GO0:2000112 | P regulation of cellular 231 911 0.04
macromolecule biosynthetic
process

G0:0010468 | P regulation of gene expression 234 924 0.04

GO:0072511 | P divalent inorganic cation 6 9 0.041
transport

G0:0070838 | P divalent metal ion transport 6 9 0.041

G0:0015693 | P magnesium ion transport 6 9 0.041

G0:0006452 | P translational frameshifting 4 4 0.041

GO0:0042822 | P pyridoxal phosphate metabolic 4 4 0.041
process

G0:0042823 | P pyridoxal phosphate biosynthetic | 4 4 0.041
process

G0:0034250 | P positive regulation of cellular 4 4 0.041
amide metabolic process

GO0:0043243 | P positive regulation of protein 4 4 0.041
complex disassembly

GO0:0045901 | P positive regulation of 4 4 0.041
translational elongation

GO0:0045727 | P positive regulation of translation | 4 4 0.041

GO0:0051259 | P protein oligomerization 4 4 0.041

GO0:0006449 | P regulation of translational 4 4 0.041
termination

GO0:0045905 | P positive regulation of 4 4 0.041
translational termination

G0:0006122 | P mitochondrial electron transport, | 4 4 0.041
ubiquinol to cytochrome ¢

G0:0042775 | P mitochondrial ATP synthesis 4 4 0.041
coupled electron transport

G0:0009889 | P regulation of biosynthetic 231 913 0.042
process

GO0:0031326 | P regulation of cellular 231 913 0.042
biosynthetic process

GO0:0044712 | P single-organism catabolic 30 91 0.043
process

GO0:0009165 | P nucleotide biosynthetic process | 24 69 0.043

G0:1901293 | P nucleoside phosphate 24 69 0.043
biosynthetic process
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Table S5.21 Gene ontology significant terms for the upregulated genes in the P vs L
contrast (continued).

GO0:0070972 | P protein localization to 10 21 0.043
endoplasmic reticulum

G0:0006613 | P cotranslational protein targeting | 7 12 0.043
to membrane

G0:0006614 | P SRP-dependent cotranslational 7 12 0.043
protein targeting to membrane

G0:0043933 | P macromolecular complex 47 156 0.044
subunit organization

G0:0006644 | P phospholipid metabolic process | 22 62 0.044

G0:0016054 | P organic acid catabolic process 8 15 0.044

GO0:0006757 | P ATP generation from ADP 16 41 0.045

G0:0006096 | P glycolytic process 16 41 0.045

GO0:0046031 | P ADP metabolic process 16 41 0.045

GO0:0009179 | P purine ribonucleoside 16 41 0.045
diphosphate metabolic process

GO0:0009135 | P purine nucleoside diphosphate 16 41 4.50E-02
metabolic process

G0:0009185 | P ribonucleoside diphosphate 16 41 4.50E-02
metabolic process

GO0:0051171 | P regulation of nitrogen compound | 232 919 4.50E-02
metabolic process

GO0:0044699 | P single-organism process 1046 4462 4.60E-02

GO0:0046348 | P amino sugar catabolic process 13 31 4.60E-02

G0:0006026 | P aminoglycan catabolic process 13 31 0.046

G0:1901072 | P glucosamine-containing 13 31 0.046
compound catabolic process

G0:0006030 | P chitin metabolic process 13 31 0.046

G0:0006032 | P chitin catabolic process 13 31 0.046

GO0:0006040 | P amino sugar metabolic process 13 31 0.046

GO0:1901071 | P glucosamine-containing 13 31 0.046
compound metabolic process

G0:0061024 | P membrane organization 12 28 0.048

G0:0003735 | F structural constituent of 158 274 6.50E-20
ribosome

G0:0005198 | F structural molecule activity 163 290 1.10E-19

G0:0008135 | F translation factor activity, RNA | 38 64 4.30E-06
binding

GO0:0003723 | F RNA binding 113 321 2.90E-05
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Table S5.21 Gene ontology significant terms for the upregulated genes in the P vs L
contrast (continued).

G0:0016616 | F oxidoreductase activity, acting 53 123 8.10E-05
on the CH-OH group of donors,
NAD or NADP as acceptor

GO0:0003743 | F translation initiation factor 23 36 0.00015
activity

G0:0015036 | F disulfide oxidoreductase activity | 39 83 0.00017

G0:0015035 | F protein disulfide oxidoreductase | 39 83 0.00017
activity

GO0:0042578 | F phosphoric ester hydrolase 61 155 0.00019
activity

G0:0015078 | F hydrogen ion transmembrane 42 93 0.0002
transporter activity

G0:0019843 | F rRNA binding 18 25 0.00027

G0:0008324 | F cation transmembrane 84 240 0.00033
transporter activity

GO0:0016491 | F oxidoreductase activity 528 2023 0.00037

G0:0016667 | F oxidoreductase activity, acting 49 120 0.0004
on a sulfur group of donors

G0:0016614 | F oxidoreductase activity, acting 54 140 0.00062
on CH-OH group of donors

G0:0005543 | F phospholipid binding 23 43 0.00096

G0:0022890 | F inorganic cation transmembrane | 67 189 0.00096
transporter activity

G0:0030234 | F enzyme regulator activity 51 135 0.0012

G0:0098772 | F molecular function regulator 55 150 0.0014

G0:0022892 | F substrate-specific transporter 142 478 0.0016
activity

G0:0022891 | F substrate-specific 130 434 0.002
transmembrane transporter
activity

GO0:0015077 | F monovalent inorganic cation 46 123 0.0024
transmembrane transporter
activity

G0:0048037 | F cofactor binding 138 469 0.0025

GO0:0070003 | F threonine-type peptidase activity | 13 19 0.0026

G0:0004298 | F threonine-type endopeptidase 13 19 0.0026
activity

G0:0003746 | F translation elongation factor 11 14 0.0026
activity

GO0:0016791 | F phosphatase activity 47 127 0.0026

G0:0008289 | F lipid binding 32 77 0.003
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Table S5.21 Gene ontology significant terms for the upregulated genes in the P vs L
contrast (continued).

GO0:0051540 | F metal cluster binding 26 58 0.0032

GO0:0051536 | F iron-sulfur cluster binding 26 58 0.0032

G0:0019205 | F nucleobase-containing 14 23 0.0039
compound Kinase activity

G0:0043021 | F ribonucleoprotein complex 7 7 0.0068
binding

GO0:0005544 | F calcium-dependent phospholipid | 11 17 0.0073
binding

G0:0004869 | F cysteine-type endopeptidase 9 12 0.0078
inhibitor activity

GO0:0015075 | F ion transmembrane transporter 113 390 0.0085
activity

GO0:0016701 | F oxidoreductase activity, acting 20 45 0.0098

on single donors with
incorporation of molecular
oxygen

G0:0001076 | F transcription factor activity, 11 18 0.0099
RNA polymerase |1 transcription
factor binding

G0:0001104 | F RNA polymerase Il transcription | 11 18 0.0099
cofactor activity

G0:0043168 | F anion binding 33 89 0.01

G0:0016702 | F oxidoreductase activity, acting 17 36 0.011

on single donors with
incorporation of molecular
oxygen, incorporation of two
atoms of oxygen

GO0:0004721 | F phosphoprotein phosphatase 34 93 0.011
activity
GO0:0005452 | F inorganic anion exchanger 6 6 0.012
activity
GO0:0016407 | F acetyltransferase activity 20 47 0.014
GO0:0009055 | F electron carrier activity 49 150 0.014
G0:0016853 | F isomerase activity 46 139 0.014
G0:0008080 | F N-acetyltransferase activity 19 44 0.014
G0:0008270 | F zinc ion binding 206 780 0.016
G0:0016810 | F hydrolase activity, acting on 19 45 0.017
carbon-nitrogen (but not peptide)
bonds
G0:0060589 | F nucleoside-triphosphatase 13 26 0.017

regulator activity
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Table S5.21 Gene ontology significant terms for the upregulated genes in the P vs L
contrast (continued).

G0:0008081 | F phosphoric diester hydrolase 12 23 0.017
activity
GO0:0051213 | F dioxygenase activity 17 39 0.019
G0:1901681 | F sulfur compound binding 6 7 0.019
G0:0050662 | F coenzyme binding 102 361 0.02
GO0:0016811 | F hydrolase activity, acting on 9 15 0.021
carbon-nitrogen (but not peptide)
bonds, in linear amides
G0:0019842 | F vitamin binding 13 27 0.021
G0:0008047 | F enzyme activator activity 10 18 0.021
G0:0043022 | F ribosome binding 5 5 0.022
G0:0008097 | F 5S rRNA binding 5 5 0.022
GO0:0004550 | F nucleoside diphosphate kinase 5 5 0.022
activity
G0:0051287 | F NAD binding 26 71 0.023
G0:0016676 | F oxidoreductase activity, acting 7 10 0.023
on a heme group of donors,
0Xygen as acceptor
G0:0016675 | F oxidoreductase activity, acting 7 10 0.023
on a heme group of donors
G0:0015002 | F heme-copper terminal oxidase 7 10 0.023
activity
GO0:0004129 | F cytochrome-c oxidase activity 7 10 0.023
GO0:0033218 | F amide binding 7 10 0.023
GO0:0016410 | F N-acyltransferase activity 19 47 0.024
GO0:0030170 | F pyridoxal phosphate binding 24 65 0.026
G0:0016679 | F oxidoreductase activity, acting 9 16 0.027
on diphenols and related
substances as donors
GO0:0005215 | F transporter activity 255 1001 0.028
GO0:0016776 | F phosphotransferase activity, 6 8 0.029
phosphate group as acceptor
G0:0004602 | F glutathione peroxidase activity 6 8 0.029
G0:0032561 | F guanyl ribonucleotide binding 69 236 0.029
GO0:0005525 | F GTP binding 69 236 0.029
GO0:0061135 | F endopeptidase regulator activity | 14 32 0.031
G0:0030414 | F peptidase inhibitor activity 14 32 0.031
G0:0004866 | F endopeptidase inhibitor activity | 14 32 0.031
GO0:0061134 | F peptidase regulator activity 14 32 0.031
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Table S5.21 Gene ontology significant terms for the upregulated genes in the P vs L
contrast (continued).

GO0:0004722 | F protein serine/threonine 25 70 0.032
phosphatase activity

G0:0004857 | F enzyme inhibitor activity 29 85 0.034

G0:0016762 | F xyloglucan:xyloglucosyl 15 36 0.035
transferase activity

GO0:0030695 | F GTPase regulator activity 10 20 0.035

G0:0000062 | F fatty-acyl-CoA binding 5 6 0.035

G0:0008889 | F glycerophosphodiester 5 6 0.035
phosphodiesterase activity

GO0:0015291 | F secondary active transmembrane | 47 154 3.80E-02
transporter activity

GO0:0015103 | F inorganic anion transmembrane | 16 40 3.80E-02
transporter activity

GO0:0072509 | F divalent inorganic cation 6 9 4.10E-02
transmembrane transporter
activity

GO0:0015095 | F magnesium ion transmembrane | 6 9 4.10E-02
transporter activity

G0:0008199 | F ferric iron binding 4 4 4.10E-02

G0:0008121 | F ubiquinol-cytochrome-c 4 4 4.10E-02
reductase activity

G0:0016681 | F oxidoreductase activity, acting 4 4 4.10E-02
on diphenols and related
substances as donors,
cytochrome as acceptor

G0:0022857 | F transmembrane transporter 200 783 4.30E-02
activity

G0:0008061 | F chitin binding 7 12 4.30E-02

GO0:0003899 | F DNA-directed RNA polymerase | 18 48 4.50E-02
activity

G0:0004568 | F chitinase activity 13 31 4.60E-02

GO0:0003712 | F transcription cofactor activity 15 38 4.80E-02

GO0:0033764 | F steroid dehydrogenase activity, 12 28 4.80E-02
acting on the CH-OH group of
donors, NAD or NADP as
acceptor

G0:0003854 | F 3-beta-hydroxy-delta5-steroid 12 28 4.80E-02
dehydrogenase activity

G0:0016229 | F steroid dehydrogenase activity 12 28 4.80E-02

GO0:0005737 | C cytoplasm 336 733 7.30E-27

G0:0044444 | C cytoplasmic part 287 596 1.50E-25
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Table S5.21 Gene ontology significant terms for the upregulated genes in the P vs L
contrast (continued).

G0:0005623 | C cell 621 1831 9.30E-21
G0:0044464 | C cell part 621 1831 9.30E-21
GO0:0030529 | C intracellular ribonucleoprotein 173 314 3.80E-20
complex
G0:1990904 | C ribonucleoprotein complex 173 314 3.80E-20
G0:0005622 | C intracellular 588 1726 5.80E-20
G0:0005840 | C ribosome 157 273 1.00E-19
GO0:0044424 | C intracellular part 550 1649 3.60E-17
G0:0032991 | C macromolecular complex 350 929 7.00E-17
G0:0043229 | C intracellular organelle 438 1295 1.70E-14
G0:0043226 | C organelle 438 1295 1.70E-14
G0:0043232 | C intracellular non-membrane- 207 506 5.30E-13
bounded organelle
G0:0043228 | C non-membrane-bounded 207 506 5.30E-13
organelle
G0:0016020 | C membrane 586 2184 1.40E-05
G0:0044425 | C membrane part 353 1243 2.40E-05
G0:0031224 | C intrinsic component of 304 1053 3.30E-05
membrane
G0:0044429 | C mitochondrial part 28 46 5.50E-05
G0:0016021 | C integral component of membrane | 298 1038 5.50E-05
GO0:0005783 | C endoplasmic reticulum 39 80 9.50E-05
GO0:0005740 | C mitochondrial envelope 24 38 0.00012
G0:0043231 | C intracellular membrane-bounded | 240 834 0.00026
organelle
G0:0043227 | C membrane-bounded organelle 240 834 0.00026
G0:0031966 | C mitochondrial membrane 21 35 0.00052
G0:0044422 | C organelle part 150 496 0.00068
GO0:0044446 | C intracellular organelle part 150 496 0.00068
GO0:0005739 | C mitochondrion 40 95 0.00081
G0:0012505 | C endomembrane system 51 133 0.00096
GO0:0005743 | C mitochondrial inner membrane 16 24 0.001
G0:0019866 | C organelle inner membrane 16 25 0.0014
G0:0043234 | C protein complex 177 616 0.0017
GO0:0031090 | C organelle membrane 34 82 0.0023
G0:0005839 | C proteasome core complex 13 19 0.0026
G0:0031975 | C envelope 25 55 0.0033
G0:0031967 | C organelle envelope 25 55 0.0033
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Table S5.21 Gene ontology significant terms for the upregulated genes in the P vs L
contrast (continued).

G0:0042175 | C nuclear outer membrane- 22 46 0.0036
endoplasmic reticulum
membrane network
GO0:0005789 | C endoplasmic reticulum 22 46 0.0036
membrane
G0:0044432 | C endoplasmic reticulum part 22 46 0.0036
G0:0016592 | C mediator complex 13 20 0.0036
GO0:0044455 | C mitochondrial membrane part 13 20 0.0036
G0:0098798 | C mitochondrial protein complex 13 20 0.0036
G0:0098800 | C inner mitochondrial membrane 12 18 0.0044
protein complex
G0:0033177 | C proton-transporting two-sector 12 19 0.0059
ATPase complex, proton-
transporting domain
G0:0000502 | C proteasome complex 15 29 0.0088
G0:0016469 | C proton-transporting two-sector 22 52 0.011
ATPase complex
GO0:0015934 | C large ribosomal subunit 9 14 0.015
G0:0005654 | C nucleoplasm 24 61 0.015
GO0:0044451 | C nucleoplasm part 24 61 0.015
G0:0005801 | C cis-Golgi network 7 9 0.016
G0:0033176 | C proton-transporting V-type 11 20 0.017
ATPase complex
G0:0005829 | C cytosol 6 7 0.019
GO0:0005746 | C mitochondrial respiratory chain | 5 5 0.022
G0:0098803 | C respiratory chain complex 5 5 0.022
GO0:0070469 | C respiratory chain 5 5 0.022
G0:0016272 | C prefoldin complex 8 14 0.034
G0:0048046 | C apoplast 15 36 0.035
G0:0005787 | C signal peptidase complex 6 0.035
GO0:0044445 | C cytosolic part 5 6 0.035
G0:0005576 | C extracellular region 20 55 0.045
G0:0071944 | C cell periphery 42 138 0.049




