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ABSTRACT OF THE THESIS
The Forward and Reverse Genetics of Stomatal Gas Exchange in Brachypodium distachyon
by
Morgana Andrée Sidhom
Master of Science in Biology
University of California San Diego, 2019
Professor Julian Schroeder, Chair

Professor Alisa Huffaker, Co-Chair

Stomata are structures on the epidermis of leaves in plants that regulate exchange of
gasses with the surrounding environment during photosynthesis and evapotranspiration. Because
evapotranspiration serves to cool leaves, stomata also regulate canopy leaf temperatures. In
grasses, stomata are made up of a central pore flanked by two guard cells and two subsidiary
cells that help to regulate stomatal pore aperture. Subsidiary cells are hypothesized to promote
more efficient responses to factors impacting stomatal aperture including atmospheric CO, levels
and drought. To date, CO, signaling has not been investigated in grasses and more upstream
transducers of the CO, mechanism remain to be identified. Using infrared thermography, a

mutagenized population of Brachypodium distachyon was screened for potential defects in



stomatal responses.

The patterning of stomata also impacts overall gas exchange functionality in a plant.
Stomatal development has been characterized in Arabidopsis thaliana and orthologues have been
identified in members of the grass family including maize, rice, barley and Brachypodium
distachyon. Transcription factors that are responsible for triggering changes in cell fate in the
stomatal lineage are regulated by a kinase cascade that is initiated by accumulation and
recognition of EPIDERMAL PATTERNING FACTORs (EPFs). EPFs have been shown to be
processed and activated by members of the subtilase (SBT) family in Arabidopsis. The role of
SBTs in stomatal development in Brachypodium has not been explored. Here, a reverse genetic
screen for stomatal development in mutagenized Brachypodium distachyon lines endeavors to

characterize the role of members of the SBT family in stomatal patterning.

xi



Plants have evolved specialized structures on the epidermis of their leaves termed
“stomata” to sense their environment and to allow for efficient direct responses, ensuring
survival and adaptability (Bergmann, 2018; Chen et al., 2017; Rudall et al., 2017; Cotthem,
1970; Peterson et al., 2010). In dicot species such as Arabidopsis thaliana, the stomatal complex
is made up of two kidney-shaped guard cells that enclose a pore. Guard cells sit above a cavity
made up of photosynthetically active cells through which CO, and water vapor diffuse in and out
during photosynthesis and evapotranspiration (Engineer et al., 2016). Gas exchange directly
impacts leaf temperature as evapotranspiration is associated with lowering leaf temperatures in
warmer climates (Hetherington & Woodward, 2003; Vrablova et al., 2017). In
monocotyledonous species including grasses such as rice, wheat and the emerging crop model
Brachypodium distachyon (Scholthof et al., 2018), stomata involve two separate cells termed
“subsidiary” cells that participate in the dumbbell-shaped guard cells’ gas exchange function
(Bergmann 2018; Raissig et al. 2017; MacAllister et al. 2011). Subsidiary cells are thought to be
ion sinks as well as hydraulic levers that counter guard cell turgidity (Bergmann 2018), allowing
for a wider range of stomatal aperture and overall better transpiration efficiency (Chen et al.,
2017). The subsidiary cell-less Brachypodium mutant sic identified by Raissig et al. (2017)
shows reduced stomatal aperture in response to light. Further differences between dicot and
monocot guard cells also include cell wall composition, allowing for greater variability in
flexibility in monocot response dynamics (Bergmann, 2018).

Guard cells respond to abiotic and biotic factors by regulating stomatal apertures (Scavo
et al., 2018). Drought, high CO,, darkness and pathogen activation of the PAMP signaling
pathway initiate stomatal closure while humidity, low CO,, red and blue light trigger stomatal

opening (Nilson & Assmann, 2007). The fungal toxin fusicoccin has been shown to override the



biotic signaling pathway by causing constitutive stomatal opening (Engineer et al., 2016),
compromising plant immunity. Stomatal aperture regulation in response to low soil water content
and humidity has been well characterized through genetic studies in the plant model Arabidopsis
thaliana (Assmann & Jegla, 2016). Comparative functional genomic studies have shown that
drought sensing pathways are well conserved across vascular plant species (Somyong et al.,
2011; Ruszala et al., 2011; Chater et al., 2017; Chater et al., 2015; Munemasa et al., 2016).
Drought is perceived through biosynthesis of the phytohormone abscisic acid (ABA) and
subsequent activation of Ca** dependent and independent pathways that lead to efflux of
osmolytes through anion channels including SLAC-1 (Xue et al., 2011) and concomitant loss of
turgidity of the guard cells, initiating stomatal closure. Mutants in these ABA signaling
components have been associated which lowered leaf temperatures and decreased drought

tolerance (Merlot et al., 2002).

ABA signaling also participates in CO, perception but is not necessary for high CO,
induced stomatal closure. In the Hsu et al. 2018 study, the ABA biosynthesis mutants
nced3/nced5, positive regulators of ABA signaling PP2Cs abil and abi2, and ABA receptor
quadruple and hextuple mutants exhibited stomatal responsiveness to elevated atmospheric CO,,

albeit in a delayed manner.

CO, and ABA share molecular components in their signaling pathways. CO, is perceived
through its conversion to bicarbonate by carbonic anhydrases (BETA CARBONIC
ANHYDRASE 1 and BETA CARBONIC ANHYDRASE 4), which in turn binds to SLAC-1
anion channels (Zhang et al., 2018). Furthermore, OST1 was activated in response to
bicarbonate, implicating it in high CO, mediated stomatal closure. Defects in CO, signaling have

been observed to result in altered leaf temperatures than wild-type controls after exposure to



lower and higher atmospheric [CO,] (Matrosova et al., 2015). Further studies are needed to
identify other interactors that mediate stomatal opening and stomatal closure during CO,-related
responses (Zhang et al., 2018). CO, has also been shown to impact stomatal development
(Engineer et al., 2014), although components responsible for linking CO, perception to stomatal

development modules remain unclear.

Global levels of atmospheric CO, are rising (Keeling et al., 2011); further studies are
needed to fully characterize the CO, signaling pathway to predict how elevated CO, conditions
will impact crop productivity and yields. Cereal grains including wheat, barley, and rye make up
a significant portion of agriculture; yet little has been reported on stomatal responses in these
species (Vogel et al., 2009; Priest et al., 2014; Girin et al., 2018). Brachypodium, a relative of
members of the cereal grains, has a smaller genome than its crop staple analogs, facilitating
genetic studies (Benavente et al., 2013; Vogel et al., 2011). Studies in stomatal responses and
development have been performed in the dicot species, Arabidopsis. However, dicots and
monocots have been observed to diverge in several key aspects of plant processes and exhibit
decreased gene synteny, making application of findings in dicot species to monocot species in
the field difficult (Girin et al., 2018; Vogel et al., 2011). Exploration of the underlying
mechanisms that govern plant development and fitness adaptability in Brachypodium can help

improve crop tolerance in changing climates in the future.



Forward Genetic Screen in Brachypodium distachyon



1.1 Introduction

Mutants observed to be impaired in canopy leaf regulation have been identified to have
defects in signalling components regulating stomatal movements. Arabidopsis mutants in OST1
were identified to be insensitive to ABA and CO, stimuli (Mustilli et al., 2002; Xue et al., 2011)
and were observed to have a lower leaf temperature compared to wild type (Hashimoto et al.,
2006). HT1 was shown to affect ost/ phenotypes (Matrosova et al., 2015) as a negative regulator
of stomatal closure. Mutants in HT1 display higher leaf temperatures than wild type at low CO,
but still retain ABA responsiveness (Kim et al., 2010). Furthermore, the gca2 (GROWTH
CONTROLLED BY ABSCISIC ACID 2) mutant was shown to be insensitive to high CO,-
induced stomatal closure (Pei et al., 2000). ABA and CO, signalling exhibit pathway
convergence (Assmann & Jegla, 2016; Hsu et al., 2018). Although ABA has been shown to
potentiate the CO, response, it is not necessary to initiate CO,—induced stomatal closure (Hsu et
al., 2018). CO, is converted to HCO; by BETA CARBONIC ANHYDRASE 2 and BETA
CARBONIC ANHYDRASE 4 in guard cells (Hu et al., 2009). HCO; is thought to be the
secondary messenger that transduces the CO, signal in a concentration-dependent manner
(Zhang et al., 2018). Two CO, sensors that receive the bicarbonate signal have been identified to
be SLAC-1 (Zhang et al., 2018) and RHC1 (Tian et al., 2015) SLAC-1 requires RHC1 repression
of HT1 (Tian et al., 2015) for OST1 activation; further studies are needed to discover other
bicarbonate interactors (Xue et al., 2011; Tian et al., 2015; Kim et al., 2010). Other sensors are
thought to act upstream of the convergence point of ABA and CO, signalling pathways. Mutants
identified to be CO, insensitive but responsive to exogenous ABA can lend further insight to

delineate these two pathways and characterize more CO, sensors.



1.2 Results

1.2.1 Thermal imaging screening in Brachypodium for stomatal responses

Stomata are useful targets for improvement of crop production as their responses impact
photosynthetic yield, drought tolerance, and overall water use efficiency. Criteria-specific forward
genetic screens can provide a robust approach for identifying novel genes implicated in
mechanisms that govern stomatal movements. Brachypodium distachyon, a forage grass that is a
close relative of the wheat, barley, and rye family has a diploid genome with considerably less
gene duplication than its crop staple counterparts (Brkljacic et al., 2011). Comparative genomic
studies implementing Brachypodium as a starting point can help to elucidate key orthologues that
are relevant to the growth of agricultural cultivars. A forward genetic screen was performed using
an EMS mutagenized population of over 1000 M5 Brachypodium distachyon lines provided by
the Joint Genome Institute (JGI). These lines are in the parental background BD21-3 which has
been sequenced and published by JGI.

Thermography was used to identify lines within this library exhibiting altered canopy leaf
temperatures compared to wild type, thus providing an indirect assessment of potential differences
in stomatal conductance between mutant lines and wild type (Merlot et al., 2002; Ruiz et al., 2016;
Leinonen et al., 2004; Benavente et al., 2013; Hashimoto et al., 2006). Each line was individually
stored and screened in rounds of 45 lines with 5 replicate plants per line. Candidate lines exhibiting
canopy leaf temperatures that differ from wild type are tested for impairments in regulation of
stomatal aperture and stomatal development. Imaging takes places during the initial screening and
a few days after, to verify that the phenotype is not due to changes in growth conditions. Lines
exhibiting a consistent phenotype are ‘validated’ and ‘confirmed’, which involves reimaging lines

after their initial isolation, and growing lines again within the same generation to determine



whether their phenotype can be re-observed, respectively. Finally, candidates undergo
characterization of stomatal morphology and numbers, imaging after exposure to 900 ppm CO,,
followed by stomatal conductance analyses in both M5 and M6 generations (figure 1.1). These
candidate lines are then sent in for whole genome sequencing analyses to identify the causative
mutations. Candidate lines exhibiting identical phenotypes may be allelic and prepared for crossing
as well as backcrossing to the parental line for reconfirmation of phenotypes in the progeny.
Furthermore, once the mutated loci implicated in these lines’ phenotypes is identified,

CRSPR/Cas9 lines may be ordered and pursued.
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Figure 1.1: Forward genetic thermal imaging screen rationale and phenotyping

experiments pipeline summary.

A-E describe each of the steps that are taken to characterize a mutant line isolated in a thermal imaging
forward imaging screen for stomatal responses. (A) M5 EMS mutagenized lines are grown for 5 weeks and subjected
to thermography for leaf temperature assessment. A candidate line that is identified to have altered canopy leaf
temperatures compared to wild type at ambient CO, is regrown in the same generation (isolation) and the following
generation (validation) and imaged again. Once the phenotype has been re-observed, candidate lines are imaged after
exposure to high CO, for 3 hours and undergo (B) stomatal imaging experiments, (C) stomatal index/density
distributions and morphology assessments, (D) stomatal gas exchange analyses. They are then (E) sent in for whole
genome sequencing and entered into the pipeline for mapping of the causative mutation using crossing and targeted

gene loci ablation (CRSPR/cas9) lines.



1.2.2 Identification of candidate lines with altered leaf temperatures compared to wild-type

Candidate lines identified to be impaired in the regulation of canopy leaf temperature may have
a defect in stomatal response signalling components.

The screen first began by taking thermal images after exposing lines to high and low CO.,.
Lower and higher than ambient atmospheric CO, concentrations have been shown to modulate
stomatal apertures and movements in plants, thereby effecting macroscopic changes in canopy leaf
temperatures (Negi et al, 2008; Engineer et al., 2016; Tian et al., 2015; Hashimoto et al., 2006;
Wang et al., 2016; Wang et al., 2004). This screening protocol led to the identification of a mutant
line termed “candidate 1” by Paulo Ceciliato that exhibits CO,-specfic insensitivity that is ABA-
independent. Candidate 1’s phenotype is due to stomatal movement impairment, and not to
aberrant stomatal development (figure 1.8; Paulo Ceciliato, unpublished). Its phenotype is not
segregating and is observed in all the following M6, M7 and M8 generations that were tested
(Paulo Ceciliato, unpublished data). This candidate line has also served as a tool of comparison
for newly identified candidates in thermal imaging experiments performed after exposing lines to
900 ppm CO, (figure 1.4, panel B).

To increase the throughput of the screening, thermal imaging experiments were modified to
take place at growth room conditions. Following this change in protocol, 20 other candidates with
cooler leaf temperatures at ambient CO, compared to wild type were identified after screening
1350 M5 generation lines with Felipe Rangel (figure 1.2, figure 1.3, table 1.1). These candidates
underwent specific phenotyping experiments assessing stomatal responses to high CO, (figure 1.5,

1.8,1.9,1.10) and stomatal morphology and densities (figure 1.6, 1.7).



Prior to screening, candidate lines were grown at 450 ppm, 40% humidity and in 16 light 8 h
dark cycles for 5 weeks. Seeds were cold treated for 1 week prior to potting to ensure proper seed

maturation and improved germination rates.
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Figure 1.2: Representative images for thermal imaging screen at ambient CO, for candidates 2,
3,4,5,6,7,8,9,10, 11, 12, 13 in M5 generation with cooler leaf temperatures compared to
wild-type

Four-and-a-half to six-week old plants were grown and imaged at growth room CO, concentration and canopy leaf
temperature was analysed by thermal imaging (WT-Bd21-3, left and candidates, right). At the time of experiment,
the leaf temperatures of five independent plants per line were investigated alongside different wild type plants.
Lighter colours (white-yellow-orange; in descending order) correspond to higher temperatures while darker colours
(blue-purple-black; in descending order) correspond to lower temperatures. The candidate lines in A-L show cooler
leaf temperatures. Note that the same wild type plant was used in panels E, F, G, H as imaging was performed in
parallel for these candidates; panels K and L also include the same wild type plant.
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Figure 1.3: Representative images for thermal imaging screen at ambient CO, for candidates 14,
15,16,17,18,19,20 and 21 in M5 generation

Four-and-a-half to six-week old plants were grown and imaged at growth room CO, concentration and canopy leaf
temperature was analysed by thermal imaging (WT-Bd21-3, left and candidates, right). At the time of experiment,
the leaf temperatures of five independent plants per line were investigated alongside different wild type plants.
Lighter colours (white-yellow-orange; in descending order) correspond to higher temperatures while darker colours
(blue-purple-black; in descending order) correspond to lower temperatures. The candidate lines in A-L show cooler
leaf temperatures. Note that the same wild type plant was used in panels E, F, and G as imaging was performed in
parallel for these candidates; panels A and B also include the same wild type plant.
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1.2.3 Validation of candidate phenotypes in M6 generation

Candidates 2 to 21 were identified to have cooler leaf temperatures than wild type. Of these
20 candidates, 9 were tested and 9 were confirmed in the following M6 generation (figure 1.4).
Images shown in figure 1.4 are from five to six-week-old plants.

According to Brkljacic et al., 2011, EMS mutagenesis approximately generates a mutation
every 550 kilobases in Brachypodium distachyon (total of approximately 500 mutations for a 272
Mb genome) that segregate according to the expected Mendelian ratio in subsequent generations.
Although M5 lines have a lower ratio of segregants, identification of segregants in the following
generation can help to map the causative mutation. Figure 1.4 shows representative images taken
for 9 candidates tested in the M6 generation following their isolation in the initial forward genetic

screen.
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Figure 1.4: Representative images for thermal imaging screen at ambient CO, for candidates 2,
3,10, 11, 12,13, 14, 15, 16 in M6 generation

Five to six-week old plants were grown and imaged at growth room CO, concentration and canopy leaf temperature
was analysed by thermal imaging (WT-Bd21-3, left and candidates, right). At the time of experiment, the leaf
temperatures of five independent plants per line were investigated alongside different wild type plants. Lighter
colours (white-yellow-orange; in descending order) correspond to higher temperatures while darker colours (blue-
purple-black; in descending order) correspond to lower temperatures. The candidate lines in A-L show cooler leaf
temperatures. Note that the same wild type plant was used in panels C and D, G and H, F and I as imaging was
performed in parallel for these candidates.
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1.2 4 Assessing CO, sensitivity using thermal imaging after high CO,

High CO, causes a rise in C; concentration, leading to stomatal closure (Santrucek et al.,
2014). This decrease in stomatal apertures leads to increased leaf temperatures as leaves cannot
perform evapotranspiration to cool their leaves. 16 lines were imaged either in M5 or M6 after
exposure to 900 ppm CO, for 3 hours and 6 exhibited cooler leaf temperatures compared to wild
type (figure 1.5). Aberrant leaf cooling in response to a stimulus that favours stomatal closure
could be indicative of CO, insensitivity or another mechanism implicated in regulating leaf

temperatures such as leaf cuticle wax biosynthesis (Jenks et al., 1995; Wang et al., 2004).
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Figure 1.5: Representative thermal imaging at high CO, for candidates 3,4,5,7,8,9, 10, 11,
12,13, 14,15

For this screening, a wild type was placed to the left of 5 independent plants for each of the candidate lines when
images were captured. Lighter colours (white-yellow-orange; in descending order) correspond to higher temperatures
while darker colours (blue-purple-black; in descending order) correspond to lower temperatures. Wild type (left) and
the plants of the M6 generation of candidates 3,4,5,7,8,9, 10, 11, 12, 13, 14, and 15 (right) were exposed to high
CO, for 3 hours at 900 ppm along with wild type plants at the same developmental stage. Candidates 3, 4, 5,9, 10,
and 15 exhibited cooler leaf temperatures compared to wild type in response to elevated CO, while candidates 7, 8,
11, 13 and 14 show wild-type leaf temperatures. Note that panel B shows candidate 1 (which has been characterized
for decreased CO, responsiveness in stomatal conductance assays) placed between wild type and candidate 4 for
comparison.
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1.2.5 Assessing stomatal morphology and numbers in candidate lines using Differential

Interference Confocal (DIC) imaging

Grasses have laterally adjacent cells that make up the stomatal complex termed
“subsidiary” cells that aid in stomatal responses. Mutants in subsidiary cell formation have been
observed to have lower stomatal conductance in response to stimuli favouring stomatal-opening
such as low CO, due to reduced stomatal aperture (Raissig et al., 2017). Increased stomatal
densities have been observed to lower canopy leaf temperatures in Arabidopsis thaliana mutants
in TMM (TOO MANY MOUTS), an EPF-ligand receptor that negatively regulates stomatal fate
establishment, due to increased transpiration (Chaerle et al. 2005; Vrablova et al., 2017).

Candidates that have undergone stomatal index and density evaluations have so far not
exhibited altered stomatal morphology and densities compared to wild type, indicating that their
altered leaf temperatures are due to other mechanisms (figures 1.6 and 1.7). The fifth true leaf from
five-week-old plants were selected. The abaxial side (Sugano et al., 2010; Abrash et al., 2018) of
the centre of the leaf was peeled away, leaving behind the epidermal layer of the cells. The back
of the epidermal layer of cells was imaged using 40x magnification and DIC microscopy (Leica

CTRS5000).
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Figure 1.6: Representative leaf epidermis DIC imaging and stomatal analyses or candidates 2, 4,
6,7,9

Stomatal Index (left) and stomatal density (right) were calculated using 1 leaf, three images per leaf (fifth true leaf
from three five-week old plants). Each bar represents the average of 3 plants per genotype and error bars represent
SD. Leaves were imaged at 40x magnification. Microscopy images are included to show observed stomatal
morphology. Note that the data for BD21-3 is the same in panels A-E as experiments for candidates 2,4, 6,7, and 9
were performed in parallel. The calibration bar for stomatal images depicts 20 ym.
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Figure 1.7: Representative leaf epidermis DIC imaging and stomatal analyses or candidates 10,
11,14,15,16

Stomatal Index (left) and stomatal density (right) were calculated using 1 leaf, three images per leaf (fifth true leaf
from three five-week old plants). Each bar represents the average of 3 plants per genotype and error bars represent
SD. Leaves were imaged at 40x magnification. Microscopy images are included to show observed stomatal
morphology. Note that the data for BD21-3 is the same in panels A-E as experiments for candidates 10, 11, 14, 15,
and 16 were performed in parallel. The calibration bar for stomatal images depicts 20 um.
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1.2.6 Assessing CO, sensitivity using stomatal conductance analyses in response to altered

atmospheric CO, concentrations (Paulo Ceciliato)

Stomatal conductance and stomatal responsiveness analyses can provide real-time
understanding of a candidate line’s ability to control stomatal aperture and provides a more direct
assessment of stomatal function than thermal imaging (Hubbard et al., 2012).

The stomatal responsiveness of candidates 1, 15, and 10 were analyzed by Paulo Ceciliato.
Candidate 1 showed a strongly insensitive high CO, response: while candidate 1 appears to
undergo stomatal opening in response to low CO,, candidate 1’s stomatal conductance remained
stagnant in response to high CO, stimuli (figure 1.8). This is in comparison to wild type’s stomatal
conductance which decreased with prolonged exposure to high CO,. Candidate 15 also shows
insensitivity to high CO, in addition to an inability to undergo low CO, induced stomatal opening
(figure 1.9). Candidate 10 exhibits normal responsiveness to low CO, induced stomatal opening
and initially demonstrates a decrease in stomatal conductance when exposed to high CO, (figure
1.10); however, candidate 10 appears to reopen its stomata during exposure to high CO,, indicating
a partial high CO, insensitivity. Candidate 10 remains to be assessed for ABA sensitivity;

candidate 1 and candidate 15’s CO, insensitivity is ABA-independent (table 1.1).
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Figure 1.8: Candidate 1 is insensitive to [CO,] elevation (Paulo Ceciliato)

A) The stomatal conductance of WT and candidatel Brachypodium leaves was analyzed using a gas exchange
analyzer. The graph shows average of n=3 +SD experiments, four leaves per experiment (12 leaves total per
genotype). B) The data from (A) were normalized to the average stomatal conductance of the 10 first minutes.
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Figure 1.9: Candidate 15 shows insensitivity to [CO,] shifts (Paulo Ceciliato)

A) The stomatal conductance of WT and candidate 15 Brachypodium leaves was analyzed using a gas exchange
analyzer. The graph shows average of n=3 +SD experiments, four leaves per experiment (12 leaves total per genotype).
B) The data from (A) were normalized to the average stomatal conductance of the 10 first minutes.

22



A 400 150 900 Bao 150 900
§ 0.6 |PPM PPM PPM g 2 1PPM PPM PPM
S =t
s = £
5 w S o 1.5
T 2
§ L 04 g g 1

3 Z 3
S E02 s é
gE — LR S—
2 o 30 min M Bd21-3 (W) 30 min
B Candidate10 0
(R20-7)

Figure 1.10: Candidate 10 is partially insensitive to high CO, (Paulo Ceciliato)

Candidate 10 shows responses to [CO,] shifts and normal stomatal development. A) The stomatal conductance of WT
and candidate 10 Brachypodium leaves was analyzed using a gas exchange analyzer. The graph shows average of n=3
+SD experiments, four leaves per experiment (12 leaves total per genotype). B) The data from (A) were normalized
to the average stomatal conductance of the 10 first minutes.
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Table 1.1: Summary table of phenotyping experiments for candidate lines, continued.

Mutant candidates and the status of the screen performed with Felipe Rangel and Paulo Ceciliato. In total, 12 of 19
mutants were confirmed in screening M6 generation plants and the remaining 9 of the initial 21 putative mutants are
being tested in the M6 generation. Thus, presently a total of 21 lines (12 + 9) are being investigated.

**Genome DNA sent for WGS=Whole Genome Sequencing.
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Re-tested Confirmed Stomatal Results on Results of | Insensitive | LiCOR Gas | WGS
Candidates in in M6 Density Stomatal Thermal to CO, Exchange
M5 generation Imaging Density imaging
generation: under (ABA)
high CO,
Colder than
Wild Type at
Ambient CO,
Candidate 1 X X WT-like colder yes X X
R6-33
-li ksk
(candidate 2) x X WT-like colder no NA X
R4-45
-li LS
(candidate 3) x X WT-like colder no NA X
R5-18
-li LS
(candidate 4) x X WT-like colder no NA X
R6-18
-li LS
(candidate 5) x X WT-like colder X
R21-29
X WT-like WT-like
(candidate 6)
R21-32
X WT-like WT-like
(candidate 7)
R21-30 _ .
(candidate 8) X WT-like WT-like
R21-33 _
(candidate 9) X WT-like colder no NA
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Table 1.1 continued

Re-tested
Candidates in
M5
generation:

Colder than
Wild Type at
Ambient CO,

Confirmed
in M6
generation

Stomatal
Density
Imaging

Results on
Stomatal
Density

Results of
Thermal
imaging

under
high CO,

Insensitive
to CO,

LiCOR Gas
Exchange

(ABA)

WGS

R20-7
(candidate
10)

WT-like

colder

partial

ongoing

R20-8
(candidate
11)

WT-like

WT-like

no

NA

R20-18
(candidate
12)

WT-like

WT-like

no

NA

R20-38
(candidate
13)

WT-like

WT-like

no

NA

xkF

R20-40
(candidate
14)

WT-like

WT-like

no

NA

R20-41
(candidate
15)

WT-like

colder

yes

R20-43
(candidate
16)

WT-like

colder

no

NA

R30-4
(candidate
17)
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Table 1.1 continued

Re-tested
Candidates in
M5
generation:

Colder than
Wild Type at
Ambient CO,

Confirmed
in M6
generation

Stomatal
Density
Imaging

Results on
Stomatal
Density

Results of
Thermal
imaging

under
high CO,

Insensitive
to CO,

LiCOR Gas
Exchange

(ABA)

WGS

R31-1
(candidate
18)

R31-34
(candidate
19)

R31-5
(candidate
20)

R30-7
(candidate
21)
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1.3 Discussion

Screening a large population of mutants has proven to have the potential for characterizing
new genes and their roles in the regulation of stomatal movements. Measuring leaf temperature
can serve as a pilot assessment of the functionality of stomatal mechanisms and programs (Merlot
et al., 2002; Vrablova et al., 2017). Thermal imaging has been instrumental to the isolation of 21
candidates with cooler leaf temperatures compared to wild type at ambient CO,. Stomatal
morphology and density analyses showed that these mutants did not have an impairment in
stomatal development. Two mutants identified to be CO, insensitive exhibited ABA
responsiveness, implicating a defect in a CO,-specific transducer of the response. One mutant that
was identified to be partially insensitive to changes in CO, concentrations still remains to be
characterized for ABA response dynamics. Further stomatal conductance analyses are needed to
make conclusive remarks on the CO, responsiveness of candidates imaged to be cooler than wild
type after exposure to elevated CO,. Mutants putatively exhibiting an intact CO, response
(candidates 13, 14, 16; table 1.1) may have a defect in other components impacting leaf
temperature not directly related to CO, sensing or stomatal patterning such as cuticle wax

biosynthesis (Jenks et al., 1995; Yang et al., 2011).

The CO, and ABA signaling pathways interact to coordinate stomatal responses and have
been implicated in controlling leaf temperature (Merlot et al., 2002). Mutations in several ABA
signaling components have been found to be concomitant with an inhibited CO, response (Chater
et al., 2015). Mutants identified in Arabidopsis that exhibit ABA-dependent CO, insensitivity
include abil-1, abi2-1, ostl, gca2, and slacl (Tian et al., 2015; Wang et al., 2016; Nilson &
Assmann, 2007; Young et al., 2006). Arabidopsis mutants abil-1 and abi-2 have been shown to

have cooler leaves due to an inability to close stomata in response to drought (Merlot et al., 2002).
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Ablation of gene function of OST1 and GHRI1, kinases that phosphorylate key anion channels as
part of the ABA-response also produce mutants with altered leaf temperatures (He et al., 2018;
Horak et al., 2017; Matrasova et al., 2015; Munemasa et al., 2016). Mutations in ion channels
SLACI and ALMT12, and mitogen-activated kinase 12 (MPK12) have also been shown to impair
guard cell responses to ABA and CO, as well as control over leaf temperature (Jakobson et al.,

2016; Chen et al. 2017; Chater et al., 2015).

Mutants that exhibit ABA-independent CO, insensitivity that have been characterized in
Arabidopsis. Impaired function of BETA CARBONIC ANHYDRASE 1 and BETA CARBONIC
ANYDRASE 4 (Wang et al., 2016; Engineer et al., 2016), MAP kinase MPK4 (He et al., 2018),
and RHC1, a MATE-type malate transporter (He et al., 2018; Oosten et al., 2016), has been shown
to lead to an inability to undergo high CO,-induced stomatal closure, leading to cooler leaf
temperatures after exposure to high CO,. Mutants in HT'1, a negative regulator of OST1 activation,
has been shown to be CO,-hyperrespoonsive, leading to elevated leaf temperatures (Matrosova et

al., 2015; Hashimoto et al., 2006).

To date, there have not been any published mutants exhibiting CO,-unresponsiveness and
aberrant leaf cooling in Brachypodium distachyon. There is one barley mutant cool that was
isolated using thermography due to its inability to undergo stomatal closure in response to
exogenous ABA (Raskin and Ladyman, 1988), that has however not been molecularly

characterized.

Grass stomata involve the recruitment of two lateral subsidiary cells that are thought to
enhance stomatal response dynamics (Chen et al., 2017). Subsidiary cells are lined with a number

of ion channels and are thought to act as ion sources, allowing for greater fluctuations in guard cell
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turgidity and stomatal apertures. Raissig et al. (2017) identified the sid mutant that lacked
subsidiary cells; sid in turn exhibited altered stomatal conductance due to reduced stomatal
apertures. Arabidopsis has stomata that are patterned according to the one-cell spacing rule that is
enforced by the EPIDERMAL PATTERNING FACTOR LIGAND (EPFL) family (Hughes et al.,
2017). Unlike Arabidopsis, which organizes its stomata in a more scattered pattern, grass stomata
are arranged in files; the signaling cascade responsible for grasses’ patterning of cells into rows
has yet to be revealed (Abrash et al., 2018). Grasses also encode EPFs in their genome. Hughes et
al. (2017) showed that overexpression of the barley orthologue of EPF1 led to a decrease in
stomatal density, similar to previously characterized Arabidopsis mutants, indicating conservation
of stomatal developmental machinery components across species. Arabidopsis mutant in EPF
ligand receptor TMM and subtilase enzyme SDD1 was shown to produce more stomata that
clustered together, resulting in cooler temperatures (Yang & Sack, 1995; Vrablova et al., 2017).
YODA is a MAPKKK and upstream regulator of stomatal fate establishment that has been
identified in Arabidopsis and Brachypodium. Mutants in YODA display similar clustering of
stomata phenotypes in both Arabidopsis and Brachypodium. Although stomatal densities were
nearly twice that of wild type in Brachypodium, data for yoda leaf temperatures were not presented
(Abrash et al., 2018). There have not been any published Brachypodium mutants with altered leaf
temperatures compared to wild type. This may be due to improved responses of grass stomata and
some compensatory mechanisms to optimize stomatal apertures that make it more difficult to
detect changes in canopy leaf temperatures compared to controls (Rudall et al., 2017; Chen et al.,
2017). More thermal imaging screens in Brachypodium targeting stomatal responses will be
needed to fully elucidate grass stomatal dynamics and how these characteristics has allowed them

to adapt to hotter, water scarce environments.
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The 21 candidate lines that were isolated in this forward genetic screen were chemically
mutagenized using ethyl methane sulfonate (EMS), which has been shown to produce a mutation
approximately every 550 kb (Brkljacic et al., 2011; Till et al., 2003; Till et al., 2003; Dalmais et
al., 2013), or a total of 500 mutations for a 272 Mb genome. These mutations are usually single
base pair changes but may also be insertions or deletions (Comai and Henikoff, 2006). EMS
mutagenized lines in effect may have a number of mechanisms that are impacted that may be

involved in the phenotypes that led to the isolation of the 21 candidate lines.

Candidate lines that are sequenced to have mutations in common genes and that exhibit
similar and specific stomatal conductance phenotypes may be allelic; crossing between these lines
may be performed to determine whether the phenotype is observable in the F2 populations. For
other lines, backcrossing to the parental background, BD21-3 and whole genome sequencing in a
large quantity of bulked mutants with the phenotype in F2 plants (assuming the mutation is
recessive) can be used for mapping of the causal mutation (recessive or dominant) in the F1
generation. CRSPR/CAS9 lines for candidate genes in Brachypodium can then be characterized to
confirm whether the original phenotypes can be reproduced using targeted gene ablation of
putative loci. Novel CO, sensing elements in Brachypodium can be analysed for gene synteny in

wheat, barley, and rye and manipulated to fine-tune stomatal responses for crops in the field.

Thank you to Paulo Ceciliato for allowing presentation of his Licor gas exchange analyses
for candidates 1, 10, and 15 in this Master’s thesis manuscript. Also thank you to Felipe Rangel

who helped conduct the forward genetic screen.
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1.4 Methods
1.4.1 Growth conditions

Light intensity in the growth room was increased from 120 »uE m™ s to 250 uE m™ s
(O’Connor, 2017) for optimal Brachypodium growth following the forward genetic screen. Prior
to finishing the screen, the soil was Professional Growing Mix. Following identification of the 21
candidates, the soil used to grow the plants was a mixture of vermiculite, perlite, and soil (1:1:2
respectively) for improved root growth (O’Connor, 2017). Plants were grown at 40% humidity, an
average atmospheric CO, of 450 ppm and follow a 16h and 8h light and dark cycle, respectively.

Prior to growth, seeds were cold treated for 1 week to encourage proper seed maturation.

1.4.2 Thermal Imaging at Ambient and High CO,

A FLIR T650sc (FLIR Systems, Inc. Wilsonville, OR 97070 USA) series thermal imaging
camera equipped with a 25° lens was used to capture images of 5 to 6-week-old healthy plants.
The camera used an uncooled VoX microbolometer detector responsive to the short-wave
infrared (7.5 — 13.0 pm). Specified temperature accuracy was 0.25°C at room temperature.
Thermal imaging took place in the growth room where plants were grown for ambient CO,
screens. High CO, thermal imaging took place after exposing plants to 900 ppm CO, for 3 hours

in Conviron high CO, chambers.

1.4.3 Stomatal Development Analysis

The selection of the same leaf between plants at the same developmental stage and imaging of the
same area of the leaf allows for comparison between different genotypes. In this protocol, we have
chosen to select the 5" leaf of the longest stem and to image the center of the leaf within a 25 mm?

area. A droplet of Loctite Professional Grade super glue was placed in the center of a 20x60 mm
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coverslip. The abaxial side of the leaf was then placed oriented vertically on the coverslip making
sure that the center of the leaf aligned with the glue droplet. Once allowed to dry for 10 minutes,
the leaf was peeled away, leaving behind an epidermal layer of cells. Using another 20x60 mm
coverslip, the epidermal peel was covered and the slides were turned upside down to image the
back side of the abaxial layer using a Leica CTR5000 DIC microscope at 40x objective. two
images were taken above and below the main vein of the leaf. Images were saved as TIFF files;
stomatal indices were analyzed using ImageJ software (http://rsb.info.nih.gov/ij/). Statistical

analyses were performed using one-way ANOVA test in Microsoft® Excel.

144 Licor Gas Exchange Analysis

Stomatal conductance (gs) was measured in leaves of 5- to 6-week-old plants using
portable gas exchange systems (LI-6800, LI-COR, Lincoln, NE, USA), starting 2 h after growth
chamber light onset. For intact single leaf ABA treatments, a LED light source set at 150 pmol
m-2 s—1 (10% blue) and a chamber temperature of 21 °C was used. Leaves were equilibrated for
1 h at a relative humidity of 70-72%, airflow of 200 rpm and CO2 concentration of 400 ppm. After
1 hour, steady-state stomatal conductance was recorded 10 min before the addition of ABA to the
petioles submerged in water at the indicated concentration. For stomatal conductance
measurements of single intact leaf CO, responses, incoming relative air humidity was kept at 70%
and the imposed changes in CO, concentration were applied as indicated. Leaves were attached to
intact plants and were equilibrated for 2 h before the measurements. The data presented represent

n=3 leaves with each leaf from independent plants per genotype per treatment.
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IL. Investigating the Role of SBTs on Stomatal Development in Brachypodium distachyon
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2.1 Introduction

Brachypodium distachyon is a grass reference for the grain and biofuel crops wheat, rice,
barley, and rye (Vogel & Bragg, 2009; Brkljacic et al., 2011) with a diploid genome of 272 Mb
(Wang et al., 2013). The BD21 accession Brachypodium genome assembly was released in 2010
(The International Brachypodium Initiative, 2010); the Bd21-3 assembly was released in 2016 and
is available at the Joint Genome Institute (JGI) website (https://genome.jgi.doe.gov/portal). The
JGI website offers numerous avenues for functional and comparative genomics studies including
Phytomine, an orthologue database that references genomes from all species. Phytozome is a
genome database that includes 82 full sequenced plant species and provides annotation data for
sequenced, T-DNA (Bragg et al., 2012), EMS and Sodium-Azide (NaAz; NaZ) mutagenized lines
for BD21-3. Brachypodium distachyon mutagenized with NaAz have on average 1 mutation per
400 kb (approximately 700 mutations total; Dalmais et al., 2013). Mutagenized populations are
sequenced using TILLING (Targeted Induced Local Lesions in Genomes) which utilizes a
specialized endonuclease that recognizes mismatches, facilitating identification of mutated PCR
amplicons. The Phytozome platform has been used in several published reverse genetic studies
(Wang et al. 2013; Comai & Henikoff, 2006).

Stomatal development has been well characterized in the reference plant Arabidopsis
thaliana. Stomatal development involves the coordinated transition between cell fates in series
with asymmetric and symmetric divisions (Chater et al., 2015; Dong et al., 2009; MacAllister et
al., 2007; Abrash & Bergmann, 2010; Abrash et al., 2011; Bergmann, 2004). bHLh (basic-helix-
loop-helix) transcription factors SPCH (Lau et al., 2014), SCRM(ICE1)/SCRM2 (Jo & Dong et
al., 2013), MUTE (MacAllister et al., 2007), and FAMA (Matos et al., 2014) have been

identified to be key regulators of cell identity establishment that can be inactivated by MAPK
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phosphorylation (Bergmann et al., 2004; Peterson et al., 2010). Small signaling peptides
belonging to the EPF (EPIDERMAL PATTERNING FACTOR) family both positively and
negatively regulate stomatal development in leaves (Lee et al., 2015; Katsir et al., 2011). EPF2
acts earlier in the stomata lineage to discourage adjacent stem-cell-like meristemoid cells from
differentiating into stomata, ensuring proper spacing (Han & Torii, 2016; Peterson et al., 2010).
EPF1 is expressed in committed guard mother cells (GMC) to further enforce the one-cell-
spacing rule between stomata (Hara et al., 2007; Qi et al., 2017; Vaten & Bergmann, 2012;
Rudall et al., 2017). STOMAGEN (EPFL9) and CHAL (EFPL6) have been observed to promote
stomatal differentiation (Hunt et al., 2010; Abrash et al., 2010). The EPF signal is received and
transduced by ERECTA (ER)-like leucine rich repeat (LRR) receptor-like kinases (RLKs) and
the LRR-like receptor protein TMM (Ho et al., 2016; Peterson et al., 2010; Shimada et al., 2011),
leading to activation of the MAPKKK YODA, MPKK 4/5, and MPK3/6 (Bergmann et al., 2004;
Peterson et al., 2010; Wengier et al., 2018) signaling cascade that negatively regulates stomatal
fate establishment. The subtilase STOMATAL DENSITY AND DISTRIBUTION1 (SDD1) was
observed to negatively regulate stomatal density through its activity with TMM (Berger &
Altmann, 2000; Vrablova et al., 2017); however, its substrate remains to be identified (Peterson
et al., 2010). CO, has also been shown to be a powerful modulator of stomatal development
(Casson et al., 2010; Doheny-Adams et al., 2012). Engineer et al. (2014) performed RNA seq
transcriptomics and apoplast proteomics revealing that EPF2 transcripts are not present in BETA
CARBONIC ANHYDRASE 1.4 Arabidopsis mutants while they are in wild type; apoplast
proteomic studies revealed that the extracellular protease, SBT 5.2 (CRSP; CO, RESPONSE
SECRETED PROTEASE) was expressed in plants exposed to high CO, and not in ambient CO,

controls. Follow up in vitro studies determined that SBT 5.2 (CRSP) cleaved and activated EPF2
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(Engineer et al., 2014). In Arabidopsis, the HIC gene was identified to limit stomatal density at
high CO, (Gray et al., 2000); hic mutants displayed higher stomatal density when grown at CO,
than the parental ecotype C24. HIC encodes an enzyme involved in synthesizing of fatty acid
chains; it is unclear how this gene product factors into the CO, controlled stomatal development
module but it is hypothesized to participate in communication between cells for proper stomatal
distribution (Gray et al., 2000).

Orthologues of key stomatal developmental regulators in Arabidopsis have been
identified in maize, barley, rice and Brachypodium. In maize, overexpression of SDD1 led to
decreased stomatal density, analogous to mutants identified in Arabidopsis (Liu et al., 2015).
Overexpression of EPF1 in barley also led to a decrease in stomatal numbers (Hughes et al.,
2017). The bHLh rice orthologue OsFAMA was shown to act in the same capacity of terminal
stomatal differentiation when expressed in Arabidopsis (Glover, 2000; Liu et al, 2009). In
Brachypodium, the bHLh transcription factor orthologues BASPCH, BAICE1/SCRM?2 first
identified in Arabidopsis were shown to have slightly divergent functions in coordinating
stomatal fate establishment (Raissig et al, 2016; Raissig et al., 2017); however, they exhibit a
similar global regulation of the cell fate establishment module as they are still subject to
regulation by MAPK phosphorylation (Raissig et al., 2016). Abrash et al. (2018) showed that
loss of function of the MAPKKK YODA in Brachypodium leads to clustering of stomata,
consistent with yoda phenotypes observed in Arabidopsis. While MAPK regulation of stomatal
identity is initiated in Arabidopsis through subtilase involvement in processing EPFs which in
turn provide information on proximity for proper stomatal distribution (Abrash et al., 2018), the
mechanism through which stomatal density and patterning is regulated in Brachypodium remains

speculative. Further investigation of putative upstream regulators of stomatal fate establishment
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in Brachypodium is needed. Here subtilase (SBT) genes in Brachypodium are being investigated

for their role in regulating stomatal density.
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2.2 Results
2.2.1 Arabidopsis SBT Orthologues and Proteomic/Transcriptomic Analyses in Brachypodium
(Felix Hauser, Jingbo Zhang, Erin Schitke)

A list of the 56 annotated subtilase genes in Arabidopsis thaliana was obtained from the
publication by Rautengarten et. al. 2005. Using the orthologue database available on the
phytomine website (https://phytozome.jgi.doe.gov/phytomine/begin.do), orthologous subtilase
genes in Brachypodium distachyon (20 loci) were found (Felix Hauser, unpublished).

In previous proteomic experiments in the Schroeder laboratory for Brachypodium, wheat
and rice, several peptides derived from SBT proteases including SBT1.7, SBT1.8, SBT1.9,
SBT1.3 and SBTS5.2 were identified. SBT1.7 was the most abundant protease in wheat,
Brachypodium, and rice (Jingbo Zhang, unpublished data). The subtilisin-like protease 1.7
(SBT1.7) contributes to seed coat mucilage development in Arabidopsis (Rautengarten et al.,
2005). SBT1.7 is in the same sub-clade as SDD1 (SBT1.3), which has been shown to negatively
regulate stomatal density in the Arabidopsis C24 accession (Berger & Altmann, 2000). RNA-seq
data for Brachypodium distachyon BD21-3 showed that transcript levels for SBT gene family
orthologues 5.3 and 1.7 (lower expression), 5.2, and 1.8 (highest expression) were elevated in 10
day old plants grown for five days under low (150 ppm) and high (900 ppm) CO, conditions

(Erin Schitke, unpublished). Homology between genes in these families is shown in figure 2.1.
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Figure 2.1: Phylogenetic tree of Transcript Sequences of genes in SBT families 1.3,1.7,1.8,5.2,
and 5.3

Transcript sequences for genes in SBT families 1.3,1.7,1.8,5.2 and 5.3 were obtained from JGI Phytozome and
input into a phylogenetic tree generator (Dereeper et al., 2008; Dereeper et al., 2010) to assess the homology
amongst genes being investigated for their role in stomatal development in Brachypodium distachyon.
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2.2.2 Genotyping of Brachypodium T-DNA insertion lines for genes in SBT families 1.3, 1.7, 1.8,
5.2, 5.3 was unsuccessful

Sequenced Brachypodium BD21-3 T1 T-DNA insertion lines for SBT5.2 (CRSP),
SBT5.3 and SBT1.7 were obtained from John Vogel at the JGI institute, although genotyping of
these T-DNA lines did not yield confirmation of a T-DNA insertion. After consulting a member
of the Vogel lab, it was determined that this could have been due to the comparison of T-DNA
lines with the parental background in BD21-3 to the accession genome BD21 to determine the
location of the insert following sequencing, therefore accounting for mis-annotations of the
presence of the T-DNA insert, or that the seeds that were sent did not contain the expected T-
DNA insertion due to decreased transmission or lethality.

Genotyping was carried out according to a protocol from the John Vogel lab (Bragg et al.
2012). This involved using primers to amplify the Hygromycin resistance gene (HYG)
purportedly present in the T-DNA construct in these lines. The reaction was performed in
parallel to a positive control plasmid (pJJ2LBA) that was used to transform a large majority of
the lines obtained (table 2.1). Gene specific primers sets were designed to bind 600-750 bp
upstream and downstream of the predicted insert site to see if amplification of the gene region
was abrogated. Gene-specific primer sets were used in combination with T3 LB and R9 RB T-
DNA primers, accounting for different possible orientations of the insert within the genome, to
see if a chimeric product could be obtained. In summary, 17 lines were genotyped to be wild

type as the T-DNA insert could not be confirmed (figure 2.2).
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Table 2.1: T1 T-DNA lines for SBT 1.3,1.7,1.8,5.2 and 5.3

T1 T-DNA lines were ordered from JGI for genes in SBT families 1.3, 1.7, 1.8,5.2, and 5.3 (column 2) based on
Arabidopsis orthologues (columns 6, 7, 8). T-DNA lines (column 1) were transformed using either pJJ2LBA,
pOLO001, pJ22LB, or UbiBAR plasmid constructs (column 4) and sequenced by JGI Phytozome and determined to
contain an insert (column 3) in exon, 3’ UTR, intron, or intergenic regions.

. . best Arabidopsis
. T-DNA best Arabidopsis .
T-DNA line Gene Tagged Insert Class Construct orientation TAIR10 hit name TAIR1O0 hit
symbol
119855 Bradilg07700 exon pJI2LBA AT1G20160.1 ATSBTS5.2
1116860 Bradilg36242 exon pJI2LBA AT2G04160.1 AIR3
1127518 Bradi2g10727.1 three_prime_UTR pJI2LBA AT1G20160.1 ATSBTS5.2
11114 Bradi3g20580 near pJJ2LBA AT2G04160.1 AIR3
JJ13925 Bradi4g33237 intron pJI2LBA - AT2G04160.1 AIR3
1127951 Bradilg07840.1 near pJI2LBA - AT5G67360.1 ARA12
1128173 Bradilg07840.1 near pJI2LBA - AT5G67360.1 ARA12
1121827 Bradilg14860 near pJI2LBA AT5G67360.1 ARA12
Bradi4g24790.1/Br .
1128052 adi3g30750.1 intron pJI2LBA + AT5G67360.1 ARA12
JJ10414 Bradilg77260 exon PJJI2LBA AT1G04110.1 SDD1
118056 Bradi3g19300 exon PJJ2LBA AT1G04110.1 SDD1
1J8680 Bradilg01455 exon pJI2LBA - AT5G10770.1
1127324 Bradilg19070.1 exon pJI2LBA - AT3G54400.1
CRC060 Bradilg46190 near pJI2LBA - AT2G03200.1
119156 Bradi2g02120 exon pJI2LBA + AT1G03230.1
pOL001,
JJ15,1J1467, pJJ2LB,
JJ135,1J395, UbiBAR,
CRC288, Bradi2g25850 exon pOLO001, + AT1G03220.1
CRC322, pJI2LBA,
JJ1068 pJI2LBA,
pOLO001
1114760,
JJ15824,
1124827,
1116024,
JJ16124, .
1716224, Bradi3g58850 exon pJJ2LBA - AT2G03200.1
1116324,
1116424,
JJ16524,
1116624
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Figure 2.2: Example of genotyping results for Brachypodium distachyon T-DNA lines

PCR for T1 T-DNA lines for SBT 1.3,1.7,1.8,5.2, and 5.3 showed consistent amplification of the gene using
primers designed to bind approximately 600 base pairs upstream of the putative insertion site. Primers for the
Hygromycin resistance gene present in the construct were used to determine the presence of the insert anywhere in
the genome. A positive control plasmid for the Hygromycin gene was included to determine the efficacy of the
primers. None of the T-DNA lines could be confirmed for a T-DNA insert.
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223 TILLING: Using Sequence Indexed Sodium Azide lines from JGI Phytozome’s Mutant
Database to Investigate the role of SBTs 1.3, 1.7, 1.8, 5.2 and 5.3 in stomatal development in
Brachypodium

Based on proteomic analyses in wheat, Brachypodium distachyon and rice and RNAseq
analyses (Erin Schitke, unpublished data), SBT5.2 (CRSP), SBT5.3,SBT1.8, SBT 1.3/SDD1 and
SBT1.7 were selected for further analyses of manipulation of stomatal density in the grass
Brachypodium distachyon. Previous genotyping experiments reported that Brachypodium T-DNA
lines were not reliable (figure 2.2). Sequence-indexed Sodium Azide (NaAz; NaZ) mutagenized
lines were therefore selected as an exploratory tool of the impact of SBT's on stomatal development
in Brachypodium. Seeds for over 20 sequenced NaAz mutagenized lines were received from the
Institute Jean-Pierre which were predicted to be homozygous for single amino acid substitutions
in exons, introns and 3’ UTR modifiers. The NaZ lines (NaN) have predicted mutations in the SBT
1.3 (Bradilg75550), SBT 5.2 (Bradilg07700), SBT 1.7 (Bradilg07840, Bradilgl14860,
Bradi4g29790), SBT 1.8 (Bradi4g41420), and SBT 5.3 (Bradi4g33237) gene families.

Arabidopsis mutants in TMM and SDD1 were observed to have cooler leaf temperatures
due to increased stomatal densities (Vrablova et al., 2017). All lines underwent thermal imaging

experiments prior to characterization of stomatal morphology and patterning and were observed

to have wild type leaf temperatures (data not shown).

2.2.3.1 Genotyping NaZ Lines for SBTs in Brachypodium

In November 2018, the JGI Phytozome database updated its mutant loci annotation
reference (v3) for the BD21-3 v1 assembly to filter out sequenced lines that are not predicted to
have impactful mutations (https://phytozome.jgi.doe.gov/pz/portal .html) using SnpEff Variant

Annotation software (http://snpeff.sourceforge.net/SnpEff_manual.html). SnpEff define
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impactful mutations in exon regions as those resulting in missense, nonsense amino acid changes
or frameshifts. SnpEff analyses are not linked to protein structure databases so predictions of the
impact of missense mutations on protein function are strictly putative. Lines that are not
expected to have impactful mutations are annotated as “not impactful (v3)” in column 2 of tables
2.3 and column 4 of table 2.4.

Genotyping these NaAz lines has included DNA extraction, PCR using gene specific
primers, and sending purified PCR products for Sanger sequencing. Results were obtained using
a minimum of 3 high quality reads of the mutant locus regions (tables 2.2,2.3, and 2.4).
Previously, primers were designed using the NCBI database Brachypodium distachyon assembly
(https://www .ncbi.nlm.nih.gov/nuccore/1334373560) for improved base pair loci specificity and
overall efficiency. Primers were designed to bind 300 bp upstream and downstream of the
mutated loci that is described by its base pair position in the Brachypodium distachyon BD21-3
v1 genomic assembly available at JGI Phytozome’s JBrowse
(https://phytozome.jgi.doe.gov/pz/portal .html#!info?alias=Org_Bdistachyon). Sequencing data
was first compared to the base pair region used to design the primers to find any discrepancies.
However, when sequencing data was compared to the genomic region for the genes of interest in
JGI Phytozome’s BD21-3 vl assembly, the sequences did not correspond due to differences in
reference base pair loci annotations. Primers were then designed using the JGI Phytozome
BD21-3 vl genome assembly for all of the genotypes, as this assembly was more reliable as the
annotation is newer and improved. Genomic DNA sequences could be found under the gene
information in JB Browse. Sequences were copied and edited to flank the mutated loci by at least
150 bp. These sequences were then input into primer design software Primer3Plus

(http://www bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi).
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Blind stomatal imaging and analyses experiments were pursued for lines predicted to
have mutations impactful to gene function. Results for N=1,2, 3 (experimental repeats) are
summarized in table 2.2.

2.2 4 Phenotyping Experiments for NaZ line for Bradilg14860 (SBT 1.7) and Bradi4g33237
(SBT 5.3)

In Arabidopsis, SDD1 and SBT 5.2 (CRSP) have been shown to negatively regulate
stomatal density (Engineer et al., 2014). Orthologues for SDD1 and SBT 5.2 have been identified
in Brachypodium (Felix Hauser, unpublished data; table 2.1). SBT 1.7 and SBT 5.3 are in the
same subclade as SDD1 and SBT 5.2, respectively, in Brachypodium (figure 2.1).

The NaZ line (NaN) 310 was confirmed to have amino acid changes in Bradilg14850
and Bradi4g33237 (R19E and S247Y, respectively; table 2.2). Sequencing results for every line
for Bradilg14860 did not align with the predicted mutations published at the JGI Phytozome
database (tables 2.2, 2.3, 2.4). Further genotyping experiments will be needed to troubleshoot
non-alignments of sequencing results. Sequencing results for Bradi4g33237 did overlap with the
predicted amino acid change for the NaN 310 line. SnpEff predicts missense to be impactful to
gene function, however SnpEff analyses do not account for 3D protein structure so predictions of
the impact of missense mutations on protein function are speculative.

Following genotyping, stomatal index/density was investigated for NaN 310 in two
independent blind experiments. NaN 310 was grown alongside BD21-3 for five weeks. 28 days
after germination (scored as cotyledon emergence), the 4" leaf was selected from individual
plants from the NaN 310 and BD21-3 lines and imaged using DIC microcopy (40x objective).
Stomata for NaN 310 displayed wild-type stomatal spacing and morphology (figure 2.3 A).
Pavemental cell and stomatal numbers were quantified using ImagelJ software. Nan 310 may

have an increased number of stomata compared to wild type (P<0.05; figure 2.3 C).

46



B C
P>0.05 P<0.05
0.12 12
NS *
0.115 10
< S
LS 0.1 Z 8
: :
= 0.105 6
< -
E <
S ol £ 4
%) S
nn
0.095 2
0.09 0
Bd21-3  NaN310 Bd21-3 NaN 310

Figure 2.3: Stomatal imaging and index/density calculations for sodium azide (NaZ) mutagenized
line NaN 310 for Bradi4g33237 (SBT 5.3) and Bradilg14860 (SBT 1.7)

Stomatal spacing and morphology for NaN 310 is wild-type(A). Average B) stomatal index and C) stomatal density
+ standard deviation was calculated using N=2 experimental repeats of a minimum of n=5 plants per line, 4 images
each plant, for the 4™ true leaf from the NaN 310 and parental (BD21-3) lines 28 dag (days after germination). Leaves
were imaged at 40x magnification; calibration bar corresponds to 20 ym. Associated p-value is B) 0.21 C) 0.047 for
NaN 310 and BD21-3 (single factor ANOVA test (Tukey’s)).
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2.2.5 Selection of most promising lines for investigation of the role of SBTs in stomatal
development in Brachypodium

Prior to the SnpEff variant annotation update to the BD21-3 vl genome assembly,
genotyping experiments were being pursued for all the NaZ lines that were ordered for SBT 1.7,
1.8,1.3,5.2, and 5.3 (table 2.3). Phenotyping experiments were not pursued for lines that could
not be confirmed for a mutation in the predicted mutated loci.

One line (NaN 1688; table 2.2) was predicted to have a premature stop codon for
Bradilg75550 (SDD1/SBT 1.3); however, so far none of lines ordered for the gene could be
confirmed for their sequenced (or any) mutation and genotyping experiments are still ongoing
(table 2.3). The lines predicted to have impactful mutations are summarized in table 2.2. Following
the genome annotation update, phenotyping experiments were only pursued for lines that could be
confirmed for impactful mutations. Some of these lines (NaN 1949, NaN 418) could not be

phenotyped due to low germination rates.
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Table 2.2: Summary of most promising NaZ lines based on previous genotyping and preliminary
phenotyping experiments, continued.

All lines presented in this table are expected to have impactful mutations based on sequencing data that is compared
to JGI Phytozome’s mutated loci impact analysis update released in November 2018.

**An “’x” in this column indicates that thermal imaging g experiments were performed for this line.

*#* Additional comments may be present in this column if issues with germination were encountered for a given line,
impacting expedience of future experiments. An empty cell in these columns indicate that the genotype has low
yield/germination rates and more seeds needed to be ordered.
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Table 2.2, cont’d
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Table 2.3: Summary table of genotyping data for NaZ lines sequenced for homozygous mutations
in SBT genes 1.3,1.7,5.2, 1.8 and 5.3, continued.

Table 2.3 includes genotyping data annotated using the JGI Phytozome Bd21-3 v1.1 genome assembly and mutated
loci impact analysis v3 (Nov 2018); genotyping data for lines that were determined to have non-impactful mutations
following the November 2018 annotation update is also included. Genotyping experiments were no longer pursued
for lines with non-impactful mutations.

* An “*’ in this column indicates that the mutation determined by Sanger sequencing differed from the JGI Phytozome
BD21-3 v1 assembly annotation of the mutant loci summarized in Table 2.4.
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Table 2.3: Genotyping Results
Improved . .
Sequenced . Amino Acid
. . Gene of Gene . Genotyping
NaN Lines Loci I Famil genomic Predicted Sequence/
nterest amily region re 1.c e Codon Change
Mutation *
NaN121
Position
Bradilg75550 SDDllgSBT unconfirmed*
Bd1:73037325..73037327 ’
(Hom)
NaN83
Position Bradilg75550 | SDP1/SBT unconfirmed*
Bd1:73036776..73036778 1.3
(Hom)
NaN1914
Bd1:73037105..73037107 | Bradil 75550 SDDllgSBT unconfirmed
(Hom) ’
NaN1688
Bd1:73037680..73037682 | By i1 975550 SDDllgSBT unconfirmed*
(Hom) ’

NaN2011

Position
Bd1:11974586..11974588
(Hom)

NaN285

Position
Bd1:11975328..11975330
(Hom

NaN2083

Bd1:11973986..11973988
(Hom)
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Table 2.3 continued

NaN Lines Loci

NaN1793
Bd1:11973966..11973968
(Hom)

NaN87
Bd1:11976652..11976654
(Hom)

NaN278
Bd1:11975920..11975922
(Hom)

NaN310

Bd1:11974571..11974573
(Hom)

NaN310
Bd4:39154931..39154933

(Hom)

NaN2062

Bd1:5689808..5689810
(Hom)

NaN518

Bd1:5690065..5690067
(Hom)

NaN288

Bd1:5689788..5689790
(Hom)

Gene of Gene
Interest Family
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Table 2.3 continued

Improved . .
: : Gene of Gene Sequenced Genotypin, Amino Acid
NaN Lines Loci . genomic yping Sequence/
Interest Family . Predicted Cod
region . odon Change
Mutation *

NaN182

Bd4:30099795..30099797
(Hom)

NaN397

Bd4:30100874..30100876
(Hom)

NaN1949

Bd1:5573606..5573608
(Hom)

NaN122

Bd1:5572364..5572366
(Hom)

NaN423
Bd1:5573327..5573329
(Hom)
NaN1794
Bd1:5573363..5573365
(Hom)
NaN248
Bd1:5572973..5572975
(Hom)
NaN448

Bd4:45694124..45694126
(Hom)

NaN418

Bd4:39154234.39154236
(Hom)
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2.3 Discussion

Utilizing JGI Phytozome’s sequence indexed mutant database, one line, NaN 310, with
point mutations in exons for Bradig14860 (SBT 1.7) and Bradi4g33237 (SBT 5.3) resulting in
amino acid changes was identified. Stomatal imaging experiments have begun to reveal that NaN
310 may have an increase in stomatal numbers. Dominant negative transgenic lines such as
CRSPR/cas9 lines for Bradilg14860 and Bradi4g33237 could help characterize the impact of
these SBTs in stomata development.

As of yet, the role of subtilase enzymes in stomatal development in Brachypodium has
not been characterized. sdd] mutants in Arabidopsis were observed to have increased stomatal
densities (Vrablova et al., 2017), indicating SDD1 is a negative regulator of stomatal
development. It remains unclear how SDDI1 represses stomatal development as its substrate has
not been identified. One proposed model involves proteolytic inactivation of a peptide promoter
of entry into the stomatal lineage program STOMAGEN, by SDD1 (Hara et al., 2007; Schaller et
al., 2012; Peterson et al., 2010), although further studies into SDD1’s capacity to cleave
STOMAGEN are needed. SBT 5.2 (CRSP) protease cleaves EPF2 in Arabidopsis to down-
regulate stomatal development under elevated CO, conditions (Engineer et al., 2014).

Members of the EPF family of signaling peptides have been found to positively and
negatively regulate stomatal differentiation (Rowe et al., 2010; Rychel et al., 2010; Bergmann,
2004; Peterson et al., 2010). So far, 4 EPFs have been identified to participate in stomatal
development in the leaf epidermis. EPF1 and EPF2 act at different stages of the stomatal
differentiation programs to inhibit clustering of stomata (Liu et al., 2015) while STOMAGEN
(EPFL9) and CHAL (EPFL6) have been observed to act in the opposite capacity as

overexpression lines lead to increased stomatal numbers (Hunt et al., 2010; Abrash & Bergmann,
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2010); however, it is unclear what mechanism initiates the secretion and activation of EPF
peptides.

Over 20 sequenced-indexed Sodium-Azide (NaZ) mutagenized lines for SBTs 1.3, 1.8,
1.7,5.2,and 5.3 were ordered to investigate the role of SBTs in stomatal development in
Brachypodium distachyon. Genotyping results for these lines were at times inconsistent with the
predicted mutations published at the JGI Phytozome database and genotyping experiments are
still ongoing. Nonetheless, 10 lines (table 2.2) that were sequenced and predicted to have
missense mutations denoted impactful according to SnpEff Variant annotation software were
selected for further phenotyping analyses of stomatal morphology and distributions. Stomatal
imaging experiments consisted of a minimum of 3 plants per experimental repeat. Experimental
repeats (N=x) were used for conducting analyses of stomatal patterning to ensure reproducibility
of data. Stomatal development has been shown to be highly subject to environmental conditions
such as light (Lau & Bergmann, 2012) in Arabidopsis, so growth conditions were kept uniform
across experimental repeats. Furthermore, all plants undergoing stomatal assessments were made
sure to be similar of stature and overall appearance. A minimum sample size of 3 plants per
experimental repeat was used for phenotyping NaZ lines summarized in table 2.2. Some lines
(NaN 1949, NaN 418) could not be phenotyped or could only undergo preliminary stomatal
analyses (NaN 448, NaN 1688, NaN 397) due to low germination rates. N=3 and N=2 stomatal
imaging experiments for NaN 423, 1794, NaN 2062, and Nan 2011, and NaN 87, respectively,
showed normal stomatal numbers. N=2 stomatal imaging experiments for NaN 310 showed that
this line may have an increased stomatal density compared to wild type. NaN 310 should be
selected for more stomatal index and density analyses with an increased sample size to see if

results can be reproduced. Although NaN 1688 line could not be confirmed for the predicted
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premature stop —codon, follow-up genotyping experiments such as sequencing of the whole
Bradilg75550 gene may be beneficial as the occurrence of having a nonsense mutation in a gene
of interest in a TILLING population is rare. It is for this reason that the line was selected to
undergo preliminary stomatal imaging experiments. The inability to confirm predicted mutations
may either be due improper primer design, false positives generated by the TILLING method for
identifying mismatched base pairs or an inaccuracy in base pair calling in the reference genome.

Published mutants identified to have an increased stomatal index or density, such as the
Brachypodium distachyon mutant yoda (Abrash et al., 2018), Arabidopsis thaliana mutants sdd1
(Berger & Altmann, 2000), er erll erl2 (Shapak et al., 2004), tmm (Yang & Sack, 1995), epf1
(Hara et al., 2007) and Arabidopsis overexpression lines for EPFL6 (Abrash et al., 2011) display
concomitant clustering of stomata. Grasses organize the epidermal cells in their leaves into rows;
stomata are distributed in discreet files according to the one-cell spacing rule (Bergmann, 2018).
The mechanism through which grasses organize epidermal cells into rows, and determine which
rows will contain stomata has not been well studied (Chater et al., 2017). Although the NaN 310
line displayed no obvious clustering of stomata, stomatal density, but not stomatal index,
appeared to be elevated compared to wild type. This may be due to an increased frequency of
stomata-containing rows, or a decreased size of pavemental cells.

Stomatal density has been implicated in transpirational rates in plants (Miglietta et al.,
2011; Chaerle et al., 2005; Masle et al., 2005; Nilson & Assmann, 2007; Doheny-Adams et al.,
2012). Hughes et al. (2017) found that overexpression of EPF1 in barley, resulting in a decrease
in stomatal density, led to decreased wilting in water-scarce conditions. Understanding the
machinery underpinning stomatal development presents a worthwhile avenue for the

improvement of crops through genetic manipulation of stomatal density.
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2.4 Methods
2 4.1 Primer Design

The T-DNA lines ordered from JGI were in the parental background BD21-3, but JGI
sequenced the lines and compared them to the BD21 v3 genome as it was more up-to-date.
However, differences in the genome annotations between BD21-3 and BD21 may have led to the
mis-confirmation of the presence of a T-DNA insert in these sequenced lines, explaining how no
T-DNA insert could be detected using genotyping techniques. Gene specific primers were
designed to bind approximately 600 bp upstream and downstream of the putative insert loci
using the BD21 v3 genome assembly available the NCBI database
((https://www .ncbi.nlm.nih.gov/nuccore/1334373560).

Primers for the NaZ lines with the parental background BD21-3 were originally designed
using the NCBI BD21 v3 genome assembly
(https://www .ncbi.nlm.nih.gov/nuccore/1334373560). However, sequencing using these primers
revealed that the amplified regions did not correspond to expected mutated loci sequenced and
published at JGI Phytozome’s BD21-3 vl genome assembly. Primers were redesigned to bind at
least 150 bp upstream and downstream, of the expected mutated loci using genomic sequences
obtained from JGI Phytozome
(https://phytozome.jgi.doe.gov/pz/portal .html#!info?alias=Org_Bdistachyon) using

primer design software Primer3Plus (http://www .bioinformatics.nl/cgi-
bin/primer3plus/primer3plus.cgi). Analysis of genotyping results such as determination of primer
binding and sequenced regions were conducted by assessing the position of the amplicon relative

to the base pair position of the start of the gene.
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2 4.2 Genomic DNA Extraction, Genotyping, and Sanger Sequencing

Genomic DNA was extracted from leaves from healthy plants. The leaves were put in 1.5
ml micro centrifuge tubes that were then submerged in liquid nitrogen. Two metallic beads were
placed inside the tube along with the leaves; the tube was then mounted into a grinder set for 25
cycles per second for 1 minute and 30 seconds. After being re-submerged in liquid nitrogen, 300
ul of extraction buffer Plant DNAzol. After being put in the shaker for 5 minutes, the tubes were
placed inside the centrifuge for 10 min. at 12,000xg. The supernatant was then transferred to 300
ul of 100 % ethanol in different 1.5 ml tubes. The tubes were then inverted 6-8 times and left to
sit for 5 minutes to allow the DNA to condense, then centrifuged for 4 minutes at 5,000 xg. The
supernatant was then discarded. 300 pl of a 3:1 ethanol-Plant DNazol wash was added to
the tubes which were inverted 6-8 times, left to sit at room temperature for 5 minutes, followed
by centrifugation for 4 min. at 5,000 xg. The supernatant was discarded and 300 pl 75% ethanol
was added to the tubes, followed by centrifugation for 4 minutes at 5,000 xg. The supernatant
was decanted and remaining liquid was micropipetted out. Making sure not to allow the pellet to
dry, the DNA was dissolved in 50 pl L 8mM NaOH and placed in a -40C freezer.

Primers in table 2.6 and 2.7 were used for genotyping of putative T-DNA lines listed in
table 2.1. Gene-specific primers were used in combination with the T3 T-DNA LB and the R9 T-
DNA RB primers depending on the annotated orientation of the insert (table 2.1). HYG primers
were also used as a control to detect the presence of the T-DNA insert anywhere inside the
genome. A positive control plasmid pJJ2LBA that was used to transform the majority of the T-
DNA lines that were ordered was used to test the efficiency of the HYG primers.

Primers in table 2.5 were used to genotype NaZ lines. PCR products were purified using

Exonuclease I and Shrimp Alkaline Phosphatase and sent for Sanger sequencing. 3 high quality
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reads (Q>300) were used to determine the presence of a mutation in the predicted loci and

compared to the sequenced mutation detected by SnpEff Variant software (table 2.4).

2.4.3 Growth conditions

All lines were grown with a light intensity of 200 xE m™ s™ and 250 E m”s™ (O’Connor,
2017) for optimal Brachypodium growth. The soil used to grow the plants was a mixture of
vermiculite, perlite, and soil (1:1:2 respectively) for improved root growth (O’Connor, 2017).
Plants were grown at 40% humidity, at atmospheric CO, and follow a 16h and 8h light and dark
cycle, respectively. Prior to growth, seeds were cold treated for 1 week to encourage proper seed

maturation.

2.4.4 Thermal Imaging

A FLIR T650sc (FLIR Systems, Inc. Wilsonville, OR 97070 USA) series thermal imaging
camera equipped with a 25° lens was used to capture images of 4-5-week-old healthy plants. The
camera used an uncooled VoX microbolometer detector responsive to the short-wave infrared

(7.5 —=13.0 um). Specified temperature accuracy was 0.25°C at room temperature.

2 4.5 Microscopy and Cell Counts

The selection of the same leaf between plants at the same developmental stage and imaging of the
same area of the leaf allows for comparison between different genotypes. In this protocol, the 4™
leaf of the longest stem was selected to image the center of the leaf within a 25 mm? area. The
abaxial side of the leaf was placed vertically on a 20x60 mm coverslip containing a droplet of

Loctite Professional Grade super glue and allowed to dry for 10 minutes. Once dry, the leaf was
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peeled away, leaving behind an epidermal layer of cells. The slide was turned upside down and
placed upon another 20x60 mm coverslip to image the back of the abaxial layer of cells using a
Leica CTR5000 DIC microscope at 40x objective, two images were taken above and below the
main vein of the leaf. Images were saved as TIFF files; stomatal indices were analyzed using
Image] software (http://rsb.info.nih.gov/ij/). Statistical analyses were performed using one-way

ANOVA test in Microsoft® Excel.
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Table 2.4: Summary of SnpEff mutant locus annotations and v3 mutated loci impact analysis
data found at JGI Phytozome for BD21-3 v1 assembly for sequenced sodium azide lines for
SBTs 1.3,1.7,1,8.5.2,and 5.3, continued
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Table 2.4: Summary of SnpEff mutant locus annotations

. Amino
NaAz Lines Loci Gene of Gege Mutation Class | Codon Acid
Interest Family and Impact Change

Change

Site:
NaN121_Bd1_73037326_Hom
. SDD1/SBT MISSENSE
Position Bradilg75550 13 MODERATE Ccg/Teg | P187S
Bd1:73037325..73037327
(Hom)

Site:

NaN83_Bd1_73036777_Hom

SDD1/SBT MISSENSE

Bradilg75550 Gtg/Atg | V370M

Position 13 MODERATE
Bd1:73036776..73036778
(Hom)
Site:
NaN1914_Bd1_73037106_Hom
. SDD1/SBT MISSENSE
Position Bradilg75550 13 MODERATE gCc/gTc | A260V
Bd1:73037105..73037107
(Hom)
Site:
NaN1688_Bd1_73037681_Hom Wes
. SDD1/SBT NONSENSE
Position Bradilg75550 13 HIGH tgG/tgA St.OPd
Bd1:73037680..73037682 gamne
(Hom)
Site:
NaN2011_Bd1_11974587_Hom
MISSENSE
Position MODERATE Gac/Aac | D718N
Bd1:11974586..11974588
(Hom)
Site:
NaN285_Bd1_11975329_Hom SILENT
LOW aaG/aaA | K470

Position
Bd1:11975328..11975330 (Hom
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Table 2.4 continued

NaAz Lines Loci Gene of Gene
Interest Family

Site:
NaN2083_Bd1_11973987_Hom

Position
Bd1:11973986..11973988
(Hom)

Site:
NaN1793_Bd1_11973967_Hom

Position
Bd1:11973966..11973968
(Hom)

Site:
NaN87_Bd1_11976653_Hom

Position
Bd1:11976652..11976654

(Hom)

Site:
NaN278_Bd1_11975921_Hom

Position
Bd1:11975920..11975922
(Hom)

Site:
NaN310_Bd1_11974572_Hom
Position

Bd1:11974571..11974573
(Hom)
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Mutation Class Codon
and Impact Change
UTR_3_PRIME

MODIFIER C430T

LOW
UTR_3_PRIME

MODIFIER G450A

LOW

MISSENSE
MODERATE | 8C¢/gTe | A29V
MISSENSE
MODERATE | &C¢/gTe | A273V
MISSENSE
MODERATE | Gag/Aag | E723K




Table 2.4 continued

NaAz Lines Loci

Site:
NaN310_Bd4_39154932_Hom

Position
Bd4:39154931..39154933
(Hom)

Site:
NaN2062_Bd1_5689809_Hom

Position
Bd1:5689808..5689810 (Hom)

Site:
NaN518_Bd1_5690066_Hom

Position
Bd1:5690065..5690067 (Hom)

Site:
NaN288_Bd1_5689789_Hom

Position
Bd1:5689788..5689790 (Hom)

Site:
NaN182_Bd4_30099796_Hom

Position
Bd4:30099795..30099797
(Hom)

Site:
NaN397_Bd4_30100875_Hom

Position
Bd4:30100874..30100876 (Hom

Gene of
Interest
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Gene
Family

Mutation Class Codon Aml.no
and Impact Change Acid
P & Change
MISSENSE
MISSENSE tCc/tAc | S240Y
tCc/tAc | S247Y
MODERATE
MISSENSE
MISSENSE Gcece/Acc ASTT
gCc/gTc
MODERATE A8V
SILENT
gaC/gaT | D172
LOW
MISSENSE
MODERATE gCc/gTc | A80V
UTR_3_PRIME
MODIFIER C214T
LOW
MISSENSE
oeGelgAc G289D
LOW




Table 2.4 continued

NaAz Lines Loci Gene of Gene Mutation Class Codon A:(l: 111(110
Interest Family and Impact Change
Change
Site:
NaN1949_Bd1_5573607_Hom MISSENSE
Bradilg07700 | SBT 5.2 Gee/Ace | A358T
Position MODERATE
Bd1:5573606..5573608 (Hom)
Site:
NaN122_Bd1_5572365_Hom Citizom) INTRON
not impactful SBT 5.2 MODIFIER G791A
Position (v3)
Bd1:5572364..5572366 (Hom) LOW
Site:
NaN423_Bd1_5573328_Hom MISSENSE
Bradilg07700 | SBT 5.2 Geg/Acg | A265T
Position MODERATE
Bd1:5573327..5573329 (Hom)
Site:
NaN1794_Bd1_5573364_Hom MISSENSE
. Gag/Aag
Bradilg07700 | SBT 5.2 E277K
Position MODERATE
Bd1:5573363..5573365 (Hom)
Site:
NaN248_Bd1_5572974_Hom | Bradilg07700 SILENT
. SBT 5.2 C/ggT | G178
Position not impactful LOW seliee
Bd1:5572973..5572975 (Hom) v3)
Site:
NaN448_Bd4_45694125_Hom
MISSENSE
Position Bradi4g41420 SBT 1.8 gCg/gTg | AS567V
Bd4:45694124.45694126 MODERATE
(Hom)
Site:
NaN418_Bd4_39154235_Hom MISSENSE
Bradi4g33237
Bd4:39154234..39154236 MODERATE
(Hom)
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Table 2.5: Primers used for genotyping of NaZ lines, continued.
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Table 2.5: Primers for NaZ Lines

JGI Phytozome BD21-3

i Melting | Expected
NaZ Line vl Loci Primer sequences Temp. | Product
°C Size
Bd1:73037325..73037327 ]
NaN121 (Hom) TCCTCCGTAGCTCCTTCCTC | 60-1°C
TCCTCCGTAGCTCCTTCCTC 652 bp
Bd1:73036776..73036778
NaN§3 GGGAAACTGCATTCGAAAAA | 60.1°C
(Hom) 483 bp
AGAGGTGCGTCACGTAGTCC
Bd1:73037105..73037107 .
NaN1914 TCCTCCGTAGCTCCTTCCTC 60.1°C
(Hom) 651 bp
TCCTCCGTAGCTCCTTCCTC
Bd1:73037680..73037682 .
NaN1688 (Hom) GGACTACGTGACGCACCTCT | 29:6°C | 441bp
TCCAGTACCCATGTCACTGC
Bd1:11974586..11974588
NaN2011 ATGCTAATGAGGCTGCTGCT 60.1 °C
(Hom) 670 bp
CGAGCCAGCACACCTTGTA
Bd1:11975328..11975330 ]
NaN285 (Hom CTTCAGCTCCGACATCCTG 59.5°C | 565 bp
GGGTCGGACGCTACATAAGA
Bd1:11973986..11973988
NaN2083 (Hom) GTGGCAAAGTCCCAAAGGTA | 60.0°C | 308 bp
GCTACAAGGACGTGCGCTTA
Bd1:11973966..11973968
NaN1793 GTGGCAAAGTCCCAAAGGTA 60.0 °C
(Hom) 286 bp
GCTACAAGGACGTGCGCTTA
Bd1:11976652..11976654
NaN87 GACACTCCAGTCTCCGTTCC | 53.7°C
(Hom) 600 bp
ATCCCTTTCCATCATCACCA
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Table 2.5 continued

Bd1:11975920..11975922

NaN278 AGAAGGTGTCCGGCAAGAT 59.7 °C
(Hom) 650 bp
CGCAGAGGAAGTCCACGTA
BAL:11974571.11974573 | ATGCTAATGAGGCTGCTGCT
(Hom) 60.1 °C
CGAGCCAGCACACCTTGTA
NaN310 685 bp
Bd4:39154931..39154933 58.9°C | 739 bp
(Hom) CAGGTTTGCATCAGGCTACA
GATGGACGGGTAGTTGAGGT
Bd1:5689808..5689810
NaN2062 GAGGACGTACATCGTCCACA | 59.6 °C
(Hom) 626 bp
CCCAGCACACCTTGTAGGTT
Bd1:5690065..5690067
NaN518 GAGGACGTACATCGTCCACA | 59.6 °C
(Hom) 629 bp
CCCAGCACACCTTGTAGGTT
Bd1:5689788..5689790
NaN288 GAGGACGTACATCGTCCACA | 59.6 °C
(Hom) 617 bp
CCCAGCACACCTTGTAGGTT
Bd4:30099795..30099797 58.6°C
NaN182 AGCTACTCCTCCCCACACAT
(Hom) 367 bp
GCGTGTCGTAGGTGTAGAGC
Bd4:30100874..30100876 ]
NaN397 (Hom TGTCCCTCTCACTTGGCGGC | 60-1°C 611D
CCGGGCGTCACGGTTTTTGG P
NaN1949 | Bd1:5573606..5573608 AGCTCCACACAACCAGATCC | 998°C 033 b
(Hom) CGACACGAACGATCAGAAAA P
Bd1:5572364.5572366 ATCTGCTTCGTCGTCGTTG 60.0 °C
NaN122 H 579 bp
(Hom) GGAAATCCCAGGATCTGGTT
NaNagy | PBAIS573327.5573329
a AGCTCCACACAACCAGAT
(Hom) CTCCACACAACCAGATCC | (o oo | gy

CGACACGAACGATCAGAAAA
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Table 2.5 continued

Bd1:5573363..5573365

NaN1794 AGCTCCACACAACCAGATCC 59.8 °C
(Hom) 944 bp
CGACACGAACGATCAGAAAA
NaN?248 Bd1:5572973..5572975 AGCTCCACACAACCAGATCC 59.8 °C
(Hom) 940 bp
CGACACGAACGATCAGAAAA
NaN448 Bd4:45604124.45694126 CAGTTCCTCGGTGCAACTTT 54 °C
(Hom) 800 bp
TTTGCCCCAACTTCTTGAAC
: .3915423
NaN418 Bd4:39154234.3915 6 TACATTGAAGCAACCACGTAAGA | 59.7 °C 434 bp

(Hom)

GCACTCTCGCTGCAAGAAA
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Table 2.6: Gene-specific primers used for T-DNA lines, continued

72



Table 2.6

Insertion Site

. BD21 v3 e o Melting Expected
T-DNA Line Genome Gene Specific Primer Sequences Temp. °C Product Size
Assembly
1127518 Bd2:8959824 CTGACGTACGTTCTGCCTGA | 600 °C 1250 bp
CCATCCCATCTCTCTTTCCA

11114 Bd3:19629327 TGCCGTACAACCCTTACCTC 60.1 °C 1619
GGGGATGCTCACACTAAGGA

J1J13925 Bd4:38885171 GACAACGGAGAGACACAGCA | 60.0 °C 1283 bp
TTCGCAAGAATGTCAAGCAC

1J14760,1J15824, | Bd3:57951255 CTTTTGTGCGTCCCCTGTAT 60.0 °C 1173 bp

1J24827,1J16024,

1716124, 1116224, TTTTCTTGCCTGACCTGCTT

1J16324,1J16424,

1J16524,1J16624

1J15,7111467, Bd2:24045495 GAAAGATGATGGCCGAGTGT | 60.1 °C 1079 bp

JJ135,7JJ395,

CRC288, CRC322, GCCCTTACGCTGCAATAGAG

1J1068

JJ19156 Bd2:1452964 TGCTTGGTCAACCACATCAT | 600 °C 1381 bp
CTCCTCATCGAGCACAACAA

CRC060 Bd1:44657360 AAAGGATGGGAACTCGTGTG | 60.0 °C 1190 bp
AGCACATGTGTGTCGTGGAT

1328173 Bd1:5553087 CTTTTCCACGAATGGATGCT 60.1 °C 1190 bp
AAAATAATGGCACCGCTACG

1321827 Bd1:11818823 GAGGGAGCACAAGAATGAGC | 60.0 °C 1018 bp
GATTGCAGCTCTCCAAGGAC

1328052 Bd4:29889567 GTTTGACCCGTTCGAGATGT | 60.0 °C 979 bp
GAGGTGCAGTGCTTTGTGAA

110414 Bd1:73878341 TGCTGGTCTCAAACTCATCG | 60.1 °C 1032 bp

GAGCAAACAATTCGGGAAAA
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Table 2.6 continued

1J27324 Bd1:15278675 GCGTCGTCTTCATCTTCTCC 60.0 °C 908 bp
TTACATTCATTCCCGCTTCC

118056 Bd3:18044607 CAAGCGCTCACTAATGGACA | 60.0°C 1409 bp
CTGGCTACACCAATGGACCT

118680 Bd1:955543 TCCATGTGGTCAAAGCAGAG |599°C 1064 bp
CCAGGCCCATCAAAGAATTA

JJ9855 Bd1:5433063 GTACTACGGCCTGGCTTCAG | 60.1 °C 1290 bp
GATCGGCGCATTAGTTGATT

1116860 Bd1:32027665 ATTTTGATGGGCTCAGGTTG | 599 °C 1419 bp
GGACGAGTTTTTGGCTTCAG

1J27951 Bd1:5552847 TTAGCGAAAGGCGAGTGAAT | 600 °C 1419 bp

AAAATAATGGCACCGCTACG
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Table 2.7: T-DNA insert-specific primers

Hyg Fwd ATGAAAAAGCCTGAACTCACCGCGAC
Hyg Rev CTATTTCTTTGCCCTCGGACGAGTGC
T3 T-DNA LB AGCTGTTTCCTGTGTGAAATTG

RO T-DNA LB GATAAGCTGTCAAACATGAGAATTCAG
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