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ABSTRACT

Plant cells are encapsulated by cell walls that provide critical surface protection and
cellular structure. Cell walls are dynamically regulated during plant development through the
activity of cell wall modifying enzymes. However, how cell wall composition is modulated in
roots to influence organogenesis is not well understood. In Arabidopsis, the pectin synthesis
enzyme GALACTURONOSYLTRANSFERASE10 (GAUT10) has been shown to be required
for both root elongation and cell division in primary roots, leading to a short root phenotype in
the absence of GAUT10. GAUT proteins can form complexes and may work in concert with one
another to influence cell wall composition. Gene expression mining indicates that GAUT3,
GAUTI10 and GAUT11 are all enriched in root stem cell populations. Through bimolecular
fluorescence complementation (BiFC) assays, it appears that GAUT10 can interact with GAUT3
and GAUT11 in the Golgi apparatus. To test the overlapping function of these GAUT proteins
during root development, mutant combinations of these four GAUT genes have been made.
Phenotypic analysis of combinatorial gaut seedlings indicate that GAUT3, GAUT10, and
GAUT1I have non-redundant and epistatic interactions. Specifically, gautll-3 roots are longer
compared to wild-type (WT) and loss of gaut3 and gautll can suppress the short root phenotype
of gautl0. These results provide new insight into the shared and unique roles of evolutionarily

conserved GAUT family members during Arabidopsis vegetative development.



CHAPTER 1. INTRODUCTION
Thesis Overview

This thesis is divided into five chapters, general introduction (Chapter 1), the results of
my research into the GAUT proteins (Chapter 2), conclusion and next steps (Chapter 3), plant
phenotyping via machine learning (Chapter 4), and what is and the development of a data card
for an image dataset (Chapter 5). Chapter 1 will be a literature review into the plant cell wall,
GAUT proteins, auxin, and Arabidopsis development. Chapter 2 will delve into the results for
how several GAUT genes affect Arabidopsis vegetative development. Finally, Chapter 3 will
involve the conclusion I have gained from my project as well as the next steps for this project.
Chapter 4 will discuss plant phenotyping via machine learning using an Arabidopsis dataset [ am
developing now. The last chapter, Chapter 5, will go over what is a data card, what entails
writing one, and why they are important for datasets.

Literature Review

The Plant Cell Wall

The plant cell wall is vital for external protection, cell-to-cell communication (Jamet and
Dunand, 2020), determines cell shape and expansion (Du et al., 2022), and root growth and
development (Somssich et al., 2016; Jobert et al., 2023). The cell wall is mainly composed of
three polysaccharide classes, which are cellulose, hemicellulose, and pectin (Jobert et al., 2023).
Cellulose, hemicellulose, and pectin are all synthesized within the Golgi apparatus (Somssich et
al., 2016). Cellulose is a polysaccharide composed of a linear chain of B1,4-linked D-glucose
that are synthesized by cellulose synthase complexes (CSCs) in the plasma membrane of land
plants (Cosgrove, 2022 and reviewed by Allen et al., 2022). Cellulose is the largest

polysaccharide within the plant cell wall (Majda and Robert, 2018).



CMFs have the tendency to form laterally, which in the primary cell walls look like a 2D
network of bundled microfibrils (Cosgrove, 2022). Hemicellulose is comprised of a diverse
assortment of polymers such as xyloglucans (XyG), mannans, mixed-linked glucans (MLGs),
and xylans (Delmer et al., 2024). Even with this diverse group of hemicellulose, most of the
hemicellulose mentioned above have a backbone of B-1,4-linked sugars, while MLGs backbones
are comprised of -1,3-linked sugars; however, the listed forms of hemicellulose do have one
thing in common, they bind to cellulose (Delmer et al., 2024). In most land plants, xyloglucans
comprise the majority of hemicellulose within the primary cell wall (Cosgrove, 2022).

The structure of the plant cell wall is vital for the cells ability to grow/expands and adapt
to its surroundings. There have been several models of the plant cell wall and how the
components interact. Such as the tethered network model where cellulose microfibrils are
tethered by xyloglucan, while another involved looking at the cell wall as a pectic hydrogel that
is reinforced by the cellulose microfibrils (reviewed in Cosgrove, 2024). As stated by Cosgrove,
2024; based on years of research a scenario for wall synthesis and assembly could be put
together. CSCs are delivered by Golgi vesicles and delivered to the plasma membrane where
these CSCs synthesize cellulose microfibrils, xyloglucans will spontaneously bind to cellulose
(this reduces cellulose-cellulose contacts); pectin’s bind to the cellulose microfibrils (reviewed in
Cosgrove, 2024).

As stated earlier, the plant cell wall is involved in external protection of the cell, but not
just in a passive sense. Arabidopsis cell wall mutant, irregular xylem (irx) 5/3/1, are defective in
CESA subunits that are required secondary cell wall formation showed an increased pathogen
resistance (reviewed in Bacete et al., 2018). While pectin has been shown to be involved in

penetration resistance and hyphal growth of Colletotrichum higginsianum (Engelsdorf et al.,



2018). Hemicellulose content and degree of acetylation have been shown to determine disease
resistance in plants. It has been shown in several studies that in Arabidopsis de-etiolateed3 (det3)
and irx6 mutants; as well as xy//-2 (lead to modification of xyloglucan structure) have an
increased resistance to the P. cucumerina fungus (reviewed in Bacete et al., 2018). Fragments of
the cell wall act as danger-associated molecular patterns (DAMPS), when perceived by the cell
they serve as signals for pathogens and/or cell wall integrity issues (reviewed in Wolf, 2022).

This evidence of cell wall pathogen defense was shown in a study testing how the cell
wall composition affects pathogen/disease resistance by using 30 Arabidopsis cell wall mutants
(cwm) and three different pathogens: necrotrophic fungus (Pc), vascular bacterium (Rp), and
biotrophic oomycete (Hpa). It was shown that within these 34 cwm lines, 29 showed a modified
pathogen resistance (mostly enhanced resistance), while within those 29, 18 of the mutants was
found to have altered cell wall composition when compared to wild type (Molina et al., 2021).
The mutants atig23170-1, atlg70770-1, xcp2-1 ago4-1t had reduced cellulose while acs§-2 had
increased levels of cellulose; det3-1 and irx/-6 had decreased pectic uronic acid, with arr6-3
having increased levels of noncrystalline neutral sugars and at/g70770 and acs§-2 having
decreased levels (Molina et al., 2021).
Pectin

Pectin is the most abundant form of polysaccharide in the plant cell wall, with pectin
making up approximately 30% of the cell wall (Cosgrove, 2022). Pectin is composed of four
different classes, homogalacturonan (HG), rhamnogalacturonan I (RG-I) and
rhamnogalacturonan II (RG-II), and xylogalacturonans (Jobert et al., 2023). The most abundant
form of pectin out of the four pectin classes is homogalacturonan, which accounts of 35% of the

primary cell wall in eudicots and nongraminaceous monocots (Atmodjo et al., 2011). RG-I is



comprised of repeated GalA and a-1-2-L-rhamnose (Jobert et al., 2023), while RG-2 are shorter
polysaccharides comprised of a GalA backbone with four chains that have ten or more different
sugars (Jobert et al., 2023). Finally, there are xylogalacturonans (XG) which are less common
and are comprised of B-1,4 glucan backbone that have GalA chains and D-xylose residues
(Jobert et al., 2023). A family of enzymes called GALACTURONOSYLTRANSFERASES
(GAUTSs), contribute to pectin composition in Arabidopsis (Caftall et al., 2009 and Atmodjo et
al., 2011). Once HG is synthesized there are several enzymes that can/will modifying said HG.
Those included PMEs (which de-methylesterify HG), PME inhibitors, acetyl esterase’s, and
polygalacturonases (hydrolyzes the methyl/acetyl esters and the HG backbone) (reviewed in
Delmer et al., 2024).

Pectin is vital for cell wall structure and expansion. Modification in the amount and/or
structure of pectin can affect numerous plant phenotypes, including root length seed coat
formation, seed dispersal, leaf expansion, and stomatal pore development (Caffall et al., 2009;
Du et al., 2022; Guo et al., 2021; Pu et al., 2019; Dash et al., 2023). Pectin methyl-esterification
status potentially has the ability to affect phyllotactic patterning in the Arabidopsis shoot apical
meristem. Phyllotaxis is the patterning of plant leaves and flowers that has been shown to be
controlled by auxin gradients (Peaucelle et al., 2011).

HG is esterified by pectin methyltransferases (PMTs) (Du et al., 2022) and is mainly
methyl-esterified (70-80%) when it is deposited within the cell wall and pectin methyl-esterase’s
(PME) are the ones to de-methyl-esterify HG (Peaucelle et al., 2008). A study from 2008 has
provided evidence that when PME is repressed and HG is de-methyl-esterified, the flower
primordia is affected. In alcohol inducible PMEI3 (PMEI’s inhibit PME’s) lines (PMEI.H1 and

H2) had higher PMEI expression resulting in PME repressions, the two lines when in the



presence of alcohol have suppressed lateral organ formation in the inflorescence meristem and
those with initiated floral meristems before the alcohol treatment developed into deformed
flowers that lacked lateral organs (Peaucelle et al., 2008). It was shown that when the alcohol
treatment was stopped, the meristem remained functional (was able to produce lateral organs
without the presence of alcohol), however, the primordia produced has abnormal phyllotaxis that
is abnormally enlarged (Peaucelle et al., 2008).

PMEI13 is not the only protein that has been shown to repress/reduced PMEs, leading to
increased dimethyl-esterification and affecting phyllotaxis. BELLRINGER (BLR) is a
homeodomain transcription factor that is known for its establishment and maintenance of
phyllotaxis in Arabidopsis. A mutant allele of BLR gene (b/r-6) produces ectopic flowers at the
shoot apex and differences in primordia angles, the angles between primordia were measured and
showed that the b/r-6 mutant had significantly different angle distribution when compared to WT
plants (Peaucelle et al., 2011).

To determine if the blr-6 mutant phyllotaxis defects are the result of cell wall
composition change within the shoot apical meristem (SAM). This was achieved by the use of
Fourier transform infrared (FTIR) microspectroscopy and the monoclonal antibody 2F4. The
FTIR showed that waves that correspond to ester bonds had significantly different absorbance
levels between WT and b/r-6 plants with the blr-6 plants have lower HG esterification (Peaucelle
et al, 2011). To confirm the FTIR results, the monoclonal antibody 2F4, which labels
demethylesterified HG, showed that the b/r-6 mutant had increased and spread-out signal in the
primordia when compared to WT plants (Peaucelle et al., 2011). This study presented evidence

that this BLR mutant (b/r-6) does have an effect on phyllotaxis as well as indicating that bl/r-6



mutants have increased dimethyl-esterification of pectin within the shoot apical meristem
(SAM), leading to changes in the phyllotaxis pattern in Arabidopsis.

As previously mentioned, pectin is synthesized by the GAUT family of proteins. Several
studies in Arabidopsis have shown that GAUT1, GAUT4, GAUT10, GAUT11, GAUT13, and
GAUT14 are involved in catalytic HG biosynthesis (Engle et al., 2022). GAUT1:GAUT?7 have
been shown to form a complex in vitro (HEK293 cells) that synthesizes high molecular weight
HG in a two-phase model (Amos et al., 2018 ). In addition, GAUT 5, GAUT6, and GAUT7 have
been shown to anchor GAUT]1 to the Golgi apparatus within the pollen tube of Arabidopsis,
being required for proper pollen germination and elongation (Lund et al., 2020).

GAUTI2 is not as studied as the other GAUTs mentioned but it has been implicated in
Populus and its biomass. In GAUT12 knockdown mutant (GAUT12.1) in Populus trichocarpa,
exhibited 25 to 47% reduction in galacturonic acid as well as 17 to 30% in xylose indicating
GAUT12s role in HG and Xylan formation (Biswal et al., 2015). While overexpression lines of
GAUTI2.in Populus showed opposite effects. With overexpression lines having increased GalA
(12 to 17% ) and xylose (14 to 20%) when compared to WT (Biswal et al., 2018). These results
from the overexpression study add more evidence to the role of GAUT12 in Xylan and HG
formation. GAUT9 has been shown to bind to ELMO, in ELMO mutants the levels of pectin,
esterification, and adhesion were reduced potentially indicating ELMO affecting GAUT9s pectin
biosynthesis process (Kohorn et al., 2023).Mutants of GAUTS (QUA1), qual-1, has been shown
to have reduced Uronic acid because of lower GalA content (Bouton et al., 2002). However,

there is still much unknown on the synthesis and properties of pectin during plant development.



Auxin and the acid growth hypothesis

Auxin is a vital plant hormone responsible for plant growth and development and
managing a variety of abiotic and biotic stresses such as drought and temperature (Del Bianco et
al., 2023). Indole-3-acetic acid (IAA) is the predominant auxin in most plant tissues. [AA is
synthesized from tryptophan via IPyA by TAA enzymes. The IPyA pathways consists of two
main steps; the first is the deamination of Trp into IPyA by TRYPTOPHAN
AMINOTRANSFERASE OF ARABIDOPSIS 1 (TAA1) and TAA1-RELATED proteins (TARs),
second step involves the decarboxylation of IPyA to IAA which is catalyzed by the YUCCA
(YUC) family (Casanova-Saez et al., 2021). [describe pathway and cite Casanova-Saez et al.,
2021]. While other auxin biosynthesis pathways have been proposed over the years, the IPyA
pathway is accepted in the field as the primary mechanism for auxin production in plant tissues.

Auxin has been implicated in regulating both cell division and cell elongation to
influence organ growth among other aspects of plant development. Research from 2022 indicates
that auxin plays an important role in facilitating the revitalization of cell-wall inorganic
phosphorus in phosphorus deficient rice (Huang et al., 2022). The same researchers showed that
auxin accelerates the displacement of Pi from the root to shoot, by the interaction between
naphaleneacetic acid (NAA) and the Pi transporter gene OsP72. Where there was increased
transcript level of OsPT2 when deprived of Pi and the addition of NAA (Huang et al., 2022).
Auxin has been shown to be vital for maintaining a functional root meristem in Arabidopsis from
the grafting of WT shoots to wei§ tar2 roots that showed WT shoot auxin could not compensate
for the loss of auxin in the wei8 tar2 roots (Brumos et al., 2018).

As well as being responsible for the radial initiation of lateral organs. When tomato shoot

apices were treated with the auxin transporter inhibitor N-1-naphthylphthalamic acid (NPA),



these apices showed inhibited new leaf primordia formation while the meristem continued to
grow (Reinhardt et al., 2000). In Arabidopsis pin /-1 mutants, which have affected auxin
transport in the inflorescence stem, these mutants were treated with [AA in lanolin paste, the
treatment resulted in the formation of flower primordia (Reinhardt et al., 2000). All this together
showed that auxin is vital for proper organ initiation and formation in tomato and Arabidopsis.

The role of auxin in cellular expansion has been described through the acid growth
theory (Arsuffi and Braybrook, 2018; Majda and Robert, 2018). In the 1970s, auxin treatment
was shown to trigger proton pumps in the plasma membrane, leading to excess H+ in the
apoplast and decreased pH, leading to the activation of wall loosening proteins and upregulation
of genes related to the cell wall (Rayle and Cleland, 1970 and Hager et al., 1971). Recently, two
mechanisms on how auxin effects the cell wall through the acid growth theory have been
proposed (reviewed in Jobert et al., 2023).

The first one involves the use of TIR1/AFB receptor proteins, leading to TIR/AFB
interacting with AUX/IAA and the eventual expression of ARFs (Reviewed in Salehin et al.,
2015, Chapman and Estelle, 2009; Cancé et al., 2022). Within Arabidopsis, there are 6
TIR1/AFBs, 23 auxin response factors (ARFs), and 29 Aux/IAA proteins (Salehin et al., 2015). It
has been shown that the Aux/IAAs bind to ARFs which then recruit TOPLESS (TPL), which is a
corepressor protein to bind to chromatin (reviewed in Salehin et al., 2015).

While the other mechanism involves extracellular auxin being perceived by AUXIN
BINDING PROTEIN 1 (ABP1) and TRANSMEMBRANE DOMAIN KINASE (TMK) (Friml et
al., 2022; Yu et al., 2023. ABP1 in Arabidopsis binds to auxin at an acidic pH as seen in the
apoplast, this same study provided evidence indicating that APB1 and TMK1 induce an auxin

phosphorylation response (Friml et al, 2021). These models do potentially explain the start of



acid growth but not what causes the acid-induced wall creep, which has been shown to involved
proteins called expansions (EXPAs) (Cosgrove, 2024). These two models may not be mutually
exclusive.
The GAUTs

In Arabidopsis, there are 15 GAUT family members and 10 GAUT-like family members
(Caffall et al., 2009). The first identified GAUT, GAUTI, has been the most widely studied
member of this family. GAUT1 can form a protein complex with GAUT7 comprising the
catalytic core of a HG:GalAT complex (Atmodjo et al 2011). GAUTS, GAUT6, and GAUT7 are
vital for the production of HG in pollen tubes and can affect the male fertility in Arabidopsis
(Lund et al., 2020). While GAUTT1, 4, 10, 11, 13, and 14 have been shown to be involved in
catalytic HG biosynthesis (Engle et al., 2022). GAUT 13 and GAUT14 are expressed in the male
pollen tube were shown to be involved in male fertility in Arabidopsis. In gauti3 gauti4 double
mutants, a reciprocal cross showed that when pollen of the double mutants was used to pollinate
WT plants there were no gautl3-1/+; gautl4/+ and gautl3-2/+; gautl4/+ progeny (Wang et al.,
2013). However, when wild type pollen was used to pollinate the double mutants, there were
gautl3-1/+; gautl4/+ and gautl3-2/+; gautl4/+ progeny (Wang et al., 2013). These crosses
showed that double gautl3, gaut 14 double mutants had affected male fertility but female
fertility was untouched. GAUTSs have also been shown to be involved in pectin within other
plant species besides Arabidopsis.

The GAUT family is conserved in tomato, which includes 15 orthologs and two copies of
GAUTI2 (De Godoy et al., 2013). In tomato, GAUT4 is involved in pectin biosynthesis by
genetic analyses. It was shown in GAUT4 silenced plants that leaf cell wall composition was

practically unaltered while in the fruits of these plants contained less ammonium oxalate pectin
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as well as lowered amounts of Rha, Ara, and galactose (De Godoy et al., 2013). Within other
plant species, switchgrass (Panicum virgatum) and rice (Oryza sativa), downregulated GAUT4
has effects on pectin biosynthesis and sugar release. It was shown in downregulated GAUT4
(GAUT4-KD) that GalA, the main sugar component of HG, was significantly reduced in
switchgrass (74-91%0, in rice (69-78%) and in poplar (48-57%) when compared to control plants
(Biswal et al., 2018).

GAUTI1O is an auxin regulated protein that has a short root phenotype in the absence of
sucrose (Pu et al., 2019 and Dash et al., 2023). This protein was found in an auxin root
proteomics study, where five-day-old Arabidopsis seedlings were treated with 1 um of IAA or
mock solution for 30 minutes or two hours, then the roots were collected and the proteins were
analyzed by mass spectrometry (Pu et al., 2019). During this study it was shown that GAUT10 is
downregulated after 120 minutes of auxin treatment and that when gaut/0-3 seedlings were
treated with exogenous IAA and grown with sucrose, the gaut!0 seedlings responded normally to
auxin (Pu et al., 2019). GAUT10 is required for pectin biosynthesis in Arabidopsis (Caffall et al.,
2009 and Engle et al., 2022).There are three gaut/(0) T-DNA insertions: gautl0-1 (knock out),
gautl0-2 (knock down), and gaut!0-3 (null mutant), that each had decreased GalA (Caffall et al.,
2009, Pu et al., 2019, and Dash et al., 2023). The short root phenotype of gautl0 seedlings is due
to a reduction in both cell number and cell elongation (Dash et al., 2023).

The sucrose-dependent nature of the gaut/0 phenotype is apparently linked to peroxisome
function, indicating potential links between redox status and cell walls (Dash et al., 2023).
GAUTI1O has also been reported to play a role in stomatal function in concert with GAUT11
(Guo et al., 2021). Specifically, gaut10 gautll double mutants had larger stomata with smaller

pore area, which affected stomatal dynamics and drought tolerance (Guo et al., 2021). Many
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other GAUT family members have been linked to compositional phenotypes, secondary cell wall
formation, pollen tube growth, and mucilage formation in seeds (Caffall et al., 2009; Lund et al.,
2020; Wang et al., 2013). GAUT proteins can form complexes and may work in concert with one
another (Atmodjo et al., 2011 and Lund et al., 2020).

However, how GAUT10 and its co-expressed paralogs (GAUT3, 8, and 11) affect cell wall
morphology and composition is still unclear. The research I have conducted, has given a glimpse
into the possible roles of GAUT10 and its paralogs in Arabidopsis development. The next
chapter will delve into what I have done in terms of GAUT3, 10, and 11, discussing the results

that I have achieved and the insight into how these GAUTs affect Arabidopsis.
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CHAPTER 2. ROLE OF GAUTS IN ARABIDOPSIS VEGETATIVE DEVELOPMENT
Overview

Loss of function alleles for the GAUT family members of interest have been previously
characterized (Caffall et al., 2009; Lewis et al., 2013; Pu et al., 2019; Guo et al., 2022; Dash et
al., 2023). In addition to GAUT10, both GAUT3 and GAUT11 are expressed in several root stem
cell populations including epidermis (Epi), columella stem cells (CSC), xylem (Xyl), and the
quiescent center (QC) (Fig. 1A). However, higher order mutant combinations between these
three GAUT family members with overlapping expression patterns in the root apical meristem
(RAM) have not yet been evaluated. A combinatorial genetic analysis of gaut3, gautl0, and
gautll will require seven possible mutant combinations (Table 1). To date, all but one (gaut3-
1gautl0-3) of these mutant combinations have been generated and phenotyped (Fig. 2) for
several morphological characteristics such as primary root length, lateral root density, and
hypocotyl length.

Primary Root Length

While most GAUT genes are expressed ubiquitously (Caffall et al., 2009), gene
expression mining indicates that GAUT3, GAUT10 and GAUT11 are all enriched in root stem
cells (Clark et al., 2019) (Fig. 1A). Loss of GAUT10 has been shown to shorten primary root
length in Arabidopsis in the absence of sucrose (Pu et al., 2019; Dash et al., 2023). In addition,
gautl0 gautll double mutant roots were shown to be short under normal growth conditions (Guo
et al., 2021).

The single gaut mutants were obtained from SALK lines, except for the gautl0-3 gautll-
3 mutant which has been previously published and was obtained from the authors (Guo et al.,

2021 Plant Phys). gautll was obtained after gaut3-1 was crossed with gaut10-3 gautll-3, from
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the segregating F2 population. The single, double, and triple mutants were obtained from
crossing single and/or double mutant alleles listed in Table 1. Since Arabidopsis are self-
pollinators, individual plants were first emasculated and then subsequently pollinated according
to the method in Weigel and Glazebrook (2006). To create the gaut3 guatl( double mutant and
gaut 3 gautl( gautll triple mutant, guat3-1 and gaut3-2 were crossed with the gautl0-3 gautll-
3 double mutant. To create the gaut8 guatl( double mutant and gaut 8 gautl0 gautll triple
mutant, guatS-1 was crossed with the gautl0-3 gautll-3 double mutant.

To verify that the desired crosses were achieved, genotyping was done on individual F1
plants from each cross. After verifying the correct genotypes, the F1 plants were self-pollinated
and F2 seed was collected. To recover the desired double and triple mutants (Table 1), F2
populations were grown in the growth chamber and each individual seedling was genotyped
using polymerase chain reaction (PCR) for all six alleles. Table 2 outlines the primers used for
each allele, sequence of the primers, and optimal temperatures for each. DNA was extracted from
2-week-old leaves from each individual plants and stored at -20°C prior to analysis. All PCRs
were analyzed by gel electrophoresis on a 1% agarose gel. Finally, the gels were annotated to
determine the allele composition of each plant. Once the final genotype was assigned for each
individual plant, seeds were collected and stored in individual envelopes labeled with genotype
and date of seed collection.

To measure the primary root length, Arabidopsis seedlings were grown on 0.5X
Linsmaier and Skoog (LS) plates supplemented with 0% or 0.5% sucrose. At five-days after
germination, the seedlings were imaged, and the primary root lengths were manually measured
using Fiji/Imagel. To determine statistical significance, a two-way ANOVA was performed in

Prism. All genotypes tested exhibited normal root lengths in the presence of 0.5% sucrose,
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except for gaut3-1gautll-3 which had longer primary roots than Col-0 (the wild-type control)
and gautl0-3 which had shorter roots compared to Col-0 (Fig. 3). Notably, both gaut3-1 and
gautll-3 single mutants had wild-type root lengths in the absence of sucrose, but the guat3-1
gautll-3 double mutant had longer roots (Fig. 3). In addition, the gaut3-1 gautl0-3 gautli-3
seedlings also had longer roots than Col-0 when grown on the 0% sucrose plates (Fig. 3). This
was a surprising result as these genes were predicted to have overlapping functions as other
GAUTs have been shown in previous research. These results suggest that GAUT3 and GAUTI11
may have overlapping roles in root growth and development which are epistatic to GAUTI10.
Lateral Root Density

Lateral root density (LRD) was also examined in various gaut combinations as GAUT10
has been previously linked to lateral root formation (Pu et al., 2019). Lateral root density was
measured on 9-day-old seedlings grown with and without sucrose by taking the average primary
root length (within the specific genotype) and dividing it by number of lateral roots. Differences
in LRD was seen in both 0.5% and 0% sucrose treatments. A two-way ANOVA was run on the
LRD to determine significance (Fig. 4). There were several differences in LRD within genotype
and the two treatments. The genotypes grown with 0.5% sucrose (normal conditions) showed
differences in LRD when compared to each other. Specifically, the gaut3-1 gautli-3 double
mutant had increased LRD when compared to gaut/1-3. The same can also be said of gaut3-1
gautll-3 and gautl0-3, with gaut3-1 gautll-3 having a higher LRD than gaut/0-3. This is quite
interesting since 0.5X LS plates supplemented with 0.5% sucrose are ‘normal’ conditions and
these same genotypes showed WT primary root length under these same conditions, but LRD did

not follow this pattern.
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The genotypes grown without sucrose showed significant differences in LRD as well.
The gaut3-1gautll-3 double exhibited increased LRD when compared to Col-0, gaut3-1 and
gautll-3. gautl(-3 also had significantly lower LRD when compared to Col-0, which is
consistent with our previously reported result (Fig. 5). Altogether this preliminary phenotyping
indicates that these GAUT3, GAUTI10 and GAUT11 have additive interactions for lateral root
formation.

Preliminary Data into Hypocotyl Length and Stomata Phenotypes

Previous research from Guo et al., 2021 has shown that the loss of GAUT10 and GAUT11
can lead to altered stomatal phenotypes and impaired hypocotyl length. Specifically, rosette
leaves of gaut10 gautll plants exhibit stomata with a smaller pore area (Guo et al., 2021). The
same study reported that gautl0gautll hypocotyls are shorter compared to wild-type controls.
Thus, these two GAUT genes may play multiple roles in plant growth in development across
many different organs, namely roots, shoots, and leaves.

Hypocotyl length data was obtained from five-day-old seedlings grown in light (Fig. 6)
conditions on plates supplemented with or without 0.5% sucrose for all genotypes listed in Table
1. Hypocotyl lengths were measured using Fiji/ImagelJ software (n=15-20) for each genotype.
Statistical analysis was performed using a two-way ANOVA. As seen in Figure 5, there is no
discernible difference in hypocotyl length between wild-type and all the gaut genotypes tested
except for the gaut3-1 gautll-3 double mutant. In the absence of sucrose, gaut3-1 gautll-3
double mutants exhibited long hypocotyls compared to wild-type Col-0 (Fig. 7). Previously,
gautl0 gautll double mutants were shown to exhibit short hypocotyls (Guo et al., 2021), but this

phenotype was not observed under the growth conditions tested here. This may indicate that
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these hypocotyl phenotypes are light dependent. Since only light conditions were analyzed, this
experiment will need to be repeated with light and dark to determine if this is the case.

Stomata density and shape were examined for qualitative analysis across all genotypes
listed in Table 1 (Fig. 8). Based on these preliminary images, there three genotypes may exhibit
altered stomata density and/or shape compared to Col-0. gaut3-1 seems to have fewer and
smaller stomata compared to Col-0. The stomata of gautl0 gautil double mutants seemed to
align with what the previous study found (Guo et at., 2021). The triple mutant gaut3-1 gautl0-3
gautll-3 stomata appear to have thinner guard cells. These results would need to be further

replicated and quantified to determine statistical significance.
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CHAPTER 3. CONCLUSION AND NEXT STEPS
Conclusion

There is still much to be done with GAUT10 and its paralogs in how they affect
Arabidopsis development. So far, [ have shown that GAUT3, GAUT10, and GAUT 11,
contribute to primary root length, LRD, hypocotyl length, and stomata development. These three
GAUT genes display additive effects in LRD but more complex genetic interactions in other
traits. Whereas gautl0-3 and gautl0-3 gautll-3 have short root phenotypes, gaut3-1 gautll-3
and gaut3-1 gautl0-3 gautll-3 have long primary root phenotypes. This suggests that GAUT10
and GAUTI are functionally overlapping but epistatic to GAUT3. During lateral root
development, a complex genotype x treatment effect was observed among the various gaut
alleles examined. In the presence of sucrose, gaut3-1 gautll-3 and gaut3-1 gautl0-3 gautll-3
exhibited higher LRD compared to wild-type and single mutant controls. In contrast, in the
absence of sucrose the gaut3-1 gautl(0-3 gautll-3 has normal LRD. These data suggest that
sucrose may influence lateral root formation when cell wall composition is altered.

The contributions of GAUT3, GAUT10, and GAUT11 to hypocotyl growth appears to be
complex. Under light grown conditions without sucrose, gaut3-1 gautll-3 seedlings had longer
hypocotyls. Previously, it was reported that gaut10-3 gautll-3 hypocotyls were short (Guo et al.,
2021). The loss of all three GAUT genes in the triple mutant (gaut3-1 gautl0-3 gautll-3)
appeared to restore hypocotyls to wild-type length. Given that hypocotyl length is driven solely
by cell elongation, whereas primary root growth and LRD are a product of cell division and
elongation, these results suggest that cell wall composition may have different impacts on growth

properties within an organ.
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Next Steps

Determining the roles of GAUT10 and its paralogs in Arabidopsis growth and development
Further examination of hypocotyl lengths

The hypocotyl length for guatl0 and other desired gaut mutant combinations (Table 1)
will be measured in light and dark grown seedlings using Fiji/ImageJ. 15-20 seedlings of each
genotype will be grown to five-days-old on 0.5X LS supplemented with 0% or 0.5% sucrose,
under light and dark grown conditions. Both light and dark grown hypocotyl lengths will be
measured since GAUT3, GAUTI10, and GAUT 11 are expressed within the hypocotyl and the
hypocotyl grows exclusively through cell elongation. These assays will be performed at least
three times with the conditions mentioned above. A two-way ANOVA will then be performed on
the hypocotyl lengths to determine if there is a significant different between genotype and/or
treatment (with/without sucrose). It is expected that guat10-3 gautll-3 seedlings will have
shorter hypocotyls compared to Col-0 because that has been previously published (Guo et al.,
2021).
Quantification of stomata phenotypes

Previous research has shown gaut10-3 gautll-3 stomata had a larger stomatal complex
with a smaller pore area (Guo et al., 2021). Also, through my own preliminary data, gaut3-1
potentially has lower stomata density. The stomata shape and density in gaut rosette leaves will
be examined (Table 1) using scanning electron microscopy (SEM) to determine if there is any
difference in stomata shape and density. Six plants from each genotype (Table 1) with 1-2 leaves
taken from each plant. The stomata on the abaxial surface of 3-week-old leaves will be imaged

using the benchtop SEM, and the density, pore area, pore length, and guard cell (GC) pair height,
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and GC width will be measured with Fiji/ImageJ (Guo et al., 2021). Statistical significance will

be evaluated using two-way ANOVA with a p-value of 0.5.

Seed mucilage phenotyping

Seed mucilage is composed of pectin and hemicellulose with the exact polysaccharide
makeup being dependent on the species (Tsai et al., 2021). It has been shown that seed mucilage
influences several processes like seed germination, seedling establishment, and potentially
maintaining water during drought conditions (Tsai et al., 2021). Previous research has shown
gautl0 and gautll seeds have reduced mucilage compared to wild type (Caffall et al., 2009; Guo
et al., 2021). To determine if GAUT10 and the other co-expressed GAUT members also
contribute to seed mucilage production in Arabidopsis, ruthenium red staining will be performed
as previously described (Guo et al., 2021 and McFarlane et al., 2014). For each genotype, ~20 of

seeds will be stained and imaged on a dissecting microscope.

Characterizing the influence of auxin on cell wall composition during Arabidopsis root
development

Characterizing the composition of the cell wall in collaboration with the Dr. Olga
Zabotina as we previously have done (Dash et al., 2023). Research from 2023 has shown that in
gautl0-3 roots grown under 0.5% sucrose did have reduced GalA levels in the pectin enriched
fraction of a monosaccharide composition analysis (Dash et al., 2023). As well as 15
differentially enriched polysaccharide epitopes and 12 hemicellulose epitopes. Specifically, a
subset of the genotypes listed in Table 1 will be grown to five-days-old on 0.5% sucrose. These
experiments will provide insight into whether the paralogs of GAUT10 will affect the

compositions of the cell wall and to investigate if/how cell wall composition could influence



20

auxin pathways, such as what has been shown in previous research (Dash et al., 2023). Then in
collaboration with the Zabotina lab, we will perform epitope and full glycome profiling to
determine if there is any significant difference. This will be done with Enzyme-linked
immunosorbent assay (ELISA). ELISA is a biomedical technique that uses antibodies to detect
the presence of antigens such as proteins, hormones, and monosaccharides, etc. (Gan and Patel,
2013). As done in Dash et al., 2023, select genotypes as listed in Table 1, will be processed for
epitope and/or full glycome profiling. There will be 3 biological replicates and the use of 2-
sample nonparametric Wilcoxon rank-sum test and the use of Enzyme-linked immunosorbent
assay (ELISA) for the full glycome profiling (Dash et al., 2023). With this profiling of the
genotypes, hopefully, provide insight into whether the gaut mutants will have differences in their

monosaccharide composition and/or epitope profiles.
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CHAPTER 4. PLANT PHENOTYPING VIA MACHINE LEARNING
Introduction into machine learning

The increase of machine learning (ML) and artificial intelligence (Al) offers a wide
variety of tools that could be used in the analysis of biological data. Machine learning can be
defined as fitting predictive models to data in an attempt to mimic human thinking (Greener et
al., 2022). ML and Al has the ability to measure the phenotypes of biological samples such as
cell number and primary root length within plants as well as create realistic images. However,
when it comes to biological data and machine learning there are several challenges that hinder
progress. First, one of these issues is data availability; some areas of biology contain a multitude
of data (Greener et al., 2022) while other areas are lacking data. ML can be categorized into two
types of ML: supervised learning and unsupervised learning.

Supervised learning is where instances (standardized form of set objects) have the correct
objects label which is the training data set; a model then uses this training set to train and then
predict labels for new instances for which the correct label is not known (Kan, 2017).
Unsupervised learning is where there is no category or features that is the label, this method of
ML is used to explore data structure (Kan, 2017). There are a multitude of models to fit the type
of data you wish to analyze such as using 2D CNNs and residual networks to analyze image
datasets while 1D CNNs work best for gene sequences (Greener et al., 2022).

Even with these ML and Al tools available, many tasks such as image analysis for
Arabidopsis are just emerging in the ML image analysis space. For example, a paper in 2021
described a ML based approach for high-throughput hypocotyl phenotyping (Dobos et al. 2019),
a robotic based assay combined with ML has also been used to phenotype rosette leaves (Xiang

et al., 2021), In addition, one study focused on root phenotyping has also leveraged ML (Yasrab
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et al., 2019). However, there has not yet been a ML based method for simultaneously
phenotyping the numerous organs and morphological traits of Arabidopsis seedlings: root length
and branching, hypocotyl length and width, and cotyledon size. Such a tool would be valuable to
the community to provide an integrated approach to seedling trait phenotyping, rather than
focusing on individual organs.

Machine learning in plant phenotyping

A recent technique for root phenotyping image analyzing is RhizoVision Explorer paired
with RootPainter which is a deep learning segmentation for biological images (Smith et al.,
2022). RhizoVision is an open-source software that provides reliable and fast image processing
of plant roots (Seethepalli et al., 2021). RhizoVision has the ability to extract a number of root
feature such as number of root tips, number of branch points, root length, etc., which would
greatly increase researchers’ ability to phenotype a vast number of root samples and root
phenotypes. RhizoVision was compared to several other root image software in many root
features to determine which program provided more accurate results.

It was shown that RhizoVision slightly overestimated root length while IJ Rhizo
overestimated length and WinRhizo slightly underestimated root length (Seethepalli et al., 2021),
RhizoVision was slightly more accurate than the other two programs. While in surface area and
average diameter, all three software’s were close together in accuracy. Volume was another
feature that RhizoVision excelled in, with it having a strong agreement between the estimated
volume and the ground truth volume. While IJ_ Rhizo and WinRhizo had a lower agreement
between estimated volume and ground truth volume (Seethepalli et al., 2021) However,
RhizoVison has only been trained on herbaceous species such as Maize and wheat, which are

plants that have much larger root systems that Arabidopsis.
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RootPainter is an open-source graphical user interface software that can be used to train
deep neural networks such as Convolutional neural networks (CNNs) to analyze biological
images such as plant roots (Smith et al., 2022). CNNs are a type of deep-learning model that is
comprised of three main layers: the convolutional layers, pooling layers, and the fully connected
layers; convolutional layers that involve the use of kernels to convolve the image into feature
maps, pooling layers reduce the width and height of the input for the next layers, and the fully
connected layers contain the neural network (Voulodimos et al., 2018). RootPainter was able to
train a deep-learning model on three different datasets with different targets and image qualities
(including background and image quality) with high accuracy and a relatively short (< 2 hour)
computing time (Smith et al., 2022).

As stated earlier, ML methods for Arabidopsis are just recently emerging in the field of
image analysis via machine learning. A recent ML method involved the use of deep learning to
phenotyping the hypocotyl of Arabidopsis. This deep learning method involved the use of U-Net
deep CNN for segmentation, in this case segmenting the image in three parts: background,
hypocotyl, and non-hypocotyl (Dobos et al., 2019). This deep learning method was test on
~2,500 hypocotyls with several different conditions such as light/no light and differing light
wavelengths. It was shown that the algorithm performed on par with the two human experts, with
higher accuracy, precision, and recall with the Arabidopsis and Brachypodium hypocotyls,
demonstrating its ability to accurately analyze hypocotyls akin to trained human experts (Dobos
et al., 2019). A bonus of this method is it ability to phenotypes images that are low-quality such
as phone images or those from a flatbread scanner.

Another phenotyping system is using RoOAD: Robotic Assay for Drought, which can

automatically phenotype brassinosteriod (BR) and drought response (Xiang et al., 2021). ROAD
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is a fully automated assay that includes a robotic arm, rover, bench scale, a controlled water
system, RGB camera, and a laser profilometer; with all this equipment, plants in soil can be
automatically watered with BR biosynthesis inhibitor Propiconazole (Xiang et at., 2021). Along
with this fully automated system and ML algorithms (a phenotyping pipeline designed by the
researchers of this study), was able to accurately phenotype traits such as leaf length and width
with high R-squared value (Xiang et al., 2021).

The final method is another deep learning approach but analyzing plant root
architectures, called RootNav 2.0. RootNav 2.0 used a CNN that segments the root structure and
localizes the key points, three metrics are used to test the accuracy of this approach: mean
average pixel classification accuracy (global and class) and mean intersection over union (Yasrab
et al., 2019). RootNav.2,0 was tested against five other CNN architectures: VGG, FCN, SegNet,
UNet, and DeepLab-V3, with the three metrics mentioned above. It was shown that RootNav.2.0
had higher global, class average accuracy, and mean intersection over union when compared to
the other CNN architectures (Yasrab et al., 2019). An advantage of this method is ability to
transfer learning to different species and images, the CNN was trained on wheat then retrained
using ~277 Arabidopsis images on agar plates (Yasrab et al., 2019).

For 60% of the images, all the plants were analyzed, 6% of images one plant was missed,
with 20% of the images counting an extra plant, and 14% of the images overcounting more than
one plant; besides this RootNav.2.0 measurements did have high correlation with ground truth
measurements in root length (Yasrab et al., 2019). However, a drawback from this method is that
the images must be high quality which isn’t always possible depending on the lab resources.

Arabidopsis is lacking in programs that can perform multi-feature phenotyping, this greatly

reduces researchers’ abilities to phenotype a great deal of plant features and large number of
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plants in a short amount of time. Arabidopsis is a relatively small plant compared to Maize or
wheat, with 5-day-old primary root length being on average 1-2 cm’s for Col-0 grown on 0.5LS
media with 0.5% sucrose. This can make imaging and phenotyping by hand these roots a tedious

and long process and could be a potential roadblock for ML programs to measure the phenotypes

of Arabidopsis.
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CHAPTER 5. ARABIDOPSIS SEEDLING DATASET AND DATA CARD
What is a data card?

A data card is a document that summarize the facts of ML datasets that is used to increase
responsible Al development; data cards contain information concerning the dataset that cannot be
directly obtained from the dataset itself (Pushkarna et al., 2022). According to the previous
source, their data card has been designed in a way to promote transparency, scaling in production
contexts, and fluency-agnostic readability by containing five key principles: flexible, modular,
extensible, accessible, and content-agnostics. The authors of this paper have designed a
comprehensive data card template (The Data Card Playbook) to guide creators in the dataset/data
card process.

This is the template that [ have decided to use to write the data card of my dataset, 5-day-
old Arabidopsis seedlings. The advantage of using such data card templates is the ability to
organize all the background information of your dataset in an easily accessible way. Data cards
include any noise that may be a part of the images, such as condensation or imperfect
background. As well as information on how the ground truth was attained, for example how the
length of the roots was obtained and what software was used.

Method for making dataset and data card

This dataset is comprised of five-day-old Arabidopsis thaliana that were grown to
phenotype primary root length based on genotype and/or sucrose treatment. The seedlings are
comprised of eight different genotypes (Table 1) that were grown on 0.5X Linsmaier and Skoog
(LS) plates with or without 0.5% sucrose (example presented in Fig.9). After the seeds were
sterilized with a 1% bleach solution and plated (approximately 15-20 seeds per plate), they were

checked for germination and at five-days-old were imaged ay 800 resolutions with the label on
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the plate visible and a standard ruler used for measurement scale. To obtain a substantial number
of images for image analysis by way of machine learning, each plate (which contained 15-20
seedlings each) were cropped to showcase one seedling per image. This was done by a semi-
automatic way through the use of a MATLAB code designed by Laura Zinnel. The process of
using this code involves choosing the directory (where your images are located), then the size of
the newly cropped image (w x h), and how many crops you want from the image.

Then an image from the image folder (your chosen directory) will then open on the
screen, you then crop you desired section. The program will then crop every image in a similar
manner as to how you cropped the first image. The code produces a folder title “original folder
name_cropped” where the images will then be deposited. After this you can then modify the
parameter in the original cropping script and crop the already cropped images as much as you
need too. Since my seedlings were not evenly spaced as desired, the images have slight
modifications to them. Using Adobe Photoshop, any individual seedling images that contained
any extra seedlings or foreign material were removed as long as they did not overlap with the
primary image seedling. None of the physical traits of the images were modified, none of the
seedling’s hypocotyls, cotyledons, primary root, etc. were added to or removed; just background
noise was removed if possible.

When using this MATLAB code, it is important to review all the cropped images since
there can be error. For example, if your seedlings are not evenly spaced an image and have
multiple seedlings or if the image width and height are too small, parts of the seedling could be
cut off. If possible, having some sort of scale, such as the gridlines on the petri dish, within the
image would be ideal, so you would need to find the right height and width to achieve this. This

process would still require a review of cropped images produced from this program to ensure
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they are ideal ML images. This process was then repeated on all replicates I have done, three
replicates, and the images where polished and renamed.
Conclusion

The purpose of having a data card it to include information one cannot obtained from just
looking at the dataset. It will have the process of obtaining the dataset such as how the seedlings
where grown, what was used to obtain the ground truth (in this case using Fiji to measure root
length), and what noise could affect the training of a machine learning based model. It could also
include information on the balance of the dataset, such as if there are more or less long primary
roots (> 1 cm) compared to shorter primary roots (< 1 cm). All of these points within the data
card can help guide what ML technique works best for the dataset and/or the types of
augmentation (such as removing the background or brightening the image) that may need to be
performed to improve the images for a ML model. From the seedlings in my dataset, the hope is
that multiple traits could be quantified, these are primary root length, hypocotyl length, and
cotyledon shape.

The two main tasks I wish to achieve with this data card and the Arabidopsis seedling
dataset it to identify risks and to measure the dependability in the data science lifecycle through
the use of a data card and to develop new methods and tools for mitigating risk in the data
science. The hope is that with this dataset and the data card, the two tasks above can be achieved
as well as the Kelley lab and other researchers being able to train/test ML approaches that could
multi-phenotype Arabidopsis seedlings which would greatly increases the amount of information
that can be gained. As well as lessen the time and effort it takes to phenotype a large amount of

Arabidopsis seedlings. Machine learning techniques can be a great help in the field of biological
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science, especially in image analysis for the end goal of phenotyping, the data card and dataset I

have curated can help improve ML in image analysis.
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Figure 1. Expression data for GAUT3, GAUT10, and GAUT11 in Arabidopsis.

(A) Transcript abundance of GAUT3, GAUT10, and GAUTL11 in root apical meristem (RAM)
cell types: columella endodermal initials (CEI), protophloem (Protophlo), epidermis (Epi),
columella stem cells (CSC), xylem (Xyl), and quiescent center (QC). Expression data from Clark
et al., 2019. (B) Transcript abundance of GAUT3, GAUT10, and GAUT11 in leaf tissues
(including guard cells), root tissues, and hypocotyls. Expression data from BAR ePlant.
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Figure 2. Representative images of gaut seedlings.

(A-G) Five-day-old (5 DO) Arabidopsis thaliana seedlings grown on 0.5X Linsmaier and Skoog
(LS) plates with 0.5% sucrose. (H-N) 5DO seedlings grown on 0.5X LS plates without sucrose.
(A,H) Col-0. (B,I) gaut 3-1 (C,J) gaut10-3 (D,K) gaut11-3 (E,L) gaut3-1 gautll-3 (F,M)
gaut10-3 gautl1-3 (G,N) gaut3-1 gaut10-3 gaut11-3. Scale bar =1 cm.



39

p = 0.9359 p=0.0015
I I
p = 0.0670 p =0.0035
] |
p > 0.9999 p =0.9900
1 1
p > 0.9999 p = 0.0045
p>0.9999 p =0.9952
2.0
[ = Col
15 e T 1 gaut3-1
T I T ﬁ ] gaut10-3
a ] gaut?1-3

[ gaut3-1gaut11-3
Bl gaut3-1gaut10-3gaut11-3

o

w»

]
(g 1|

I

| |
0.5% Sucrose 0% Sucrose

Primary Root Length (cm)
>
1

e
=

Figure 3. Primary root length of gaut seedlings.

Primary root length of five-day-old seedlings grown on 0.5X Linsmaier and Skoog media
supplemented with or without sucrose. Statistical significance determined by two-way ANOVA;
P values for each comparison are shown; values < 0.05 are considered significant.
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Figure 4. Representative images of gaut seedlings with lateral roots.

gaut10-3
gauti11-3

(A-G) Ten-day-old (10 DO) Arabidopsis thaliana seedlings grown on 0.5X Linsmaier and Skoog
(LS) media supplemented with 0.5% sucrose (H-N) 10 DO Arabidopsis thaliana seedlings
grown on 0.5X LS media without sucrose (A,H) Col-0 (B,I) gaut3-1 (C,J) gaut10-3 (D,K)
gautll-3 (E,L) gaut3-1 gautll-3 (FM) gautl0-3 gautll-3 (G,N) gaut3-1 gautl0-3 gautll-3.
Scale bar = 1 cm.
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Figure 5. Quantification of lateral root density in gaut seedlings.

Lateral root density was calculated for each genotype by dividing the total number of lateral
roots by the primary root length for each 10-day-old seedling. Seedlings were grown on 0.5X
Linsmaier and Skoog media supplemented with or without 0.5% sucrose. P values are from two-
way ANOVA to assess statistical significance.



42

gaut3-1

gaut3-1 gautl0-3

Col-0 B gaut3-1 gautl0-3 Iaut]] -3 gautll-3 F gautll-3
gaut3-1

gaut3-1 gautl0-3

Col-0

H aut3-1

gautl0-3 gautll-3 gautll-3

lautl 1-3

Figure 6. Representative images of light grown 5-day-old hypocotyls.

(A-F) Seedlings were grown on 0.5X Linsmaier and Skoog (LS) media supplemented with 0.5%
sucrose. (G-L) Seedlings were grown on 0.5X LS media without sucrose. (A,G) Col-0 (B,H)
gaut3-1 (CI) gaut10-3 (D,)) gautl 1-3 (E,K) gaut3-1 gautl1-3 (F,L) gaut3-1 gautl0-3 gautl 1-3.
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Figure 7. Hypocotyl lengths of 5-day-old gaut seedlings.
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Hypocotyl lengths were measured using ImagelJ/Fiji for each genotype shown grown on 0.5X
Linsmaier and Skoog media supplemented with or without 0.5% sucrose. P values are from two-

way ANOVA to assess statistical significance.
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Figure 8. Representative images of 4-week-old abaxial leaf surfaces.

Scanning electron micrographs of abaxial leaf surfaces of soil-grown Arabidopsis thaliana
genotypes. (A) Col-0 (B) gaut3-1 (C) gautl0-3 (D) gautl 1-3 (E) gaut3-1 gautl I-3 (F) gaut10-3
gautl 1-3 (G) gaut3-1 gautl0-3 gaut 11-3 (H) gaut8-1. Scale bar = 50um
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Figure 9. Overview of seed to seedling image.

Seeds in a 1.5ml Eppendorf tube are sterilized with a 1% bleach solution then washed with water
five times. Then are plated on 0.5XLS media with or without 0.5% sucrose, at 5-days-old the
plates are imaged. Using a MATLAB code designed by Laura Zinnel, can semi-automatically
crop selected sections/seedlings. Created in BioRender.com
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TABLES

Table 1. Desired mutant combinations of GAUT alleles of interest.

Mutant Combinations

Genotypes

Single

gaut3-1 (SALK 001920)
gaut8-1 (SALK 030075)
gautl0-3 (SALK 092577)

gautl]-3 (SAIL 567 HO5)

Double mutants

gaut3-1 gautl0-3
gaut3-1 gautll-3

gautl0-3 gautll-3

Triple mutant

gaut3-1 gautl0-3 gautll-3
gaut8-1 gautl0-3 gautll-3
gaut3-1 gaut§-1 gautl0-3

gaut3-1 gaut8-1 gautll-3

Quadruple mutant

gaut3-1 gaut8-1 gautl0-3 gautll-3




Table 2. Primers for genotyping Arabidopsis GAUT alleles.
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+
DK1825

GAAAACCCGAAAGGAGAAAAG

Primers | Sequence (5°-3”) Annealing Allele Expected
Temperature Size
(%)

DK905 + | AGAGTCTTGCAGCTGCTTGAG 60 GAUT10 | ~1128bp

DK906 TTTGCAGCGAAGAGAAAGAAG

DK828 + | ATTTTGCCGATTTCGGAAC 60 gaut10-3 | ~650bp

DK906 TTTGCAGCGAAGAGAAAGAAG

DK1819 TTTGAAAACTCAGTCATAGGGAAATA 59 GAUT3 ~897bp

+ GAAGGATGATTTGCTTTGAAATAGTA

DK1820

DK828 + | ATTTTGCCGATTTCGGAAC 59 gaut3-1 | ~650bp

DK1820 | GAAGGATGATTTGCTTTGAAATAGTA

DK1824 | CAACCAATTGCCCAAATATTG 60 GAUT11 | ~1020bp

+ GAAAACCCGAAAGGAGAAAAG

DK1825

DK1425 | TAGCATCTGAATTTCATAACCAATCTCGATACAC | 59 gaut11-3 | ~300bp
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Table 3. GAUT alleles used in this study.

Allele Stock line Reference

gaut3-1 SALK 001920 Caffall et al., 2009

gaut3-2 SALK 113167 Caffall et al., 2009

gaut10-3 SALK 092577 Caffall et al., 2009; Pu et al.,
2019; Dash et al., 2023

gautll-3 SAIL_567 HO05 Caffall et al., 2009; Guo et al.,

2021
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Table 4. Summary table of gaut phenotypes relative to wild-type Col-0 control. “Normal”
designates a wild-type phenotype.

Genotype Primary root LRD Hypocotyl
gaut3-1 Normal Normal Normal
gaut10-3 Short Reduced Normal
gautll-3 Normal Normal Normal
gaut3-1 gautll-3 Long Increased Long
gaut10-3 gautl1-3 Short Reduced Short
gaut3-1 gaut10-3 gautl11-3 Long Normal Normal
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