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ABSTRACT OF THE DISSERTATION 

 

A Seed Resource for Screening Functionally Redundant Genes 

&  

Isolation of Novel Mutants Impaired in Abiotic Responses 

by 

 

Paulo Henrique de Oliveira Ceciliato 
 

Doctor of Philosophy in Biology  

University of California San Diego, 2019  

Professor Julian I. Schroeder, Chair 

 
 

Overview: The global atmospheric CO2 concentration is rising and in 2013 it surpassed 

400 parts per million for the first time in human history. Plants can sense CO2 concentrations in 

leaves and adapt transpiration accordingly. Ultimately, plants control gas exchange by opening 

and closing stomatal pores, which are highly responsive to changes in CO2 concentration, and 

CO2-mediated regulation of stomatal conductance has profound effects on plants. Among several 

signals that regulate stomatal movements, the stress hormone Abscisic Acid (ABA) plays a critical 

role in plant responses to abiotic stresses such as drought. The molecular signaling mechanisms 

and network principles by which CO2 and ABA control plant gas exchange were investigated. 

Three unbiased forward genetic screens were pursued and, after screening over 10,000 artificial 



 xxi 

microRNA lines and over 1,000 EMS mutagenized Brachypodium lines, partially ABA or CO2 

insensitive lines were isolated and are currently being characterized. 

Major Goal: Due to the rising atmospheric CO2 concentration, CO2 control of gas 

exchange in plants will have profound effects on global water-transpiration, plant water use 

efficiency, leaf heat stress and optimal stomatal conductance of plants, including crops. Elevated 

CO2 concentrations in leaves cause stomatal closure, whereas reduced CO2 concentrations result 

in stomatal opening. However, little is known about the molecular signal transduction mechanisms 

that mediate CO2-induced stomatal movements, especially in grasses. Besides, the stress hormone 

ABA plays a key role in drought-induced stomatal closure, and the molecular pathways of CO2 

and ABA converge, fine tuning stomatal movements in plants. My main goal was to identify and 

characterize new genes/proteins that play a role in CO2 and ABA signaling in plants, further 

elucidating these complex molecular pathways.  

Specific Goals: Three extensive forward genetic screens were pursued: 1- over 10,000 

amiRNA lines were screened for ABA sensitivity, leading to the isolation of partially insensitive 

lines, 2- over 10,000 amiRNA lines were screened for low [CO2] sensitivity, leading to the 

isolation and characterization of lines and 3- over 1,000 EMS mutagenized Brachypodium lines 

were screened, leading to the isolation of two [CO2]-insensitive lines. As some of these finding 

have already been published (Hauser and Ceciliato et al., 2018 Journal of Experimental Botany), 

the other most relevant lines are being further investigated. 
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Chapter 1: 

 

 

 

A seed resource for screening functionally redundant genes and isolation of new mutants 

impaired in CO2 and ABA responses 
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Abstract 

The identification of homologous genes with functional overlap in forward genetic screens 

is severely limited. Here, we report the generation of over 14,000 artificial microRNA (amiRNA)-

expressing plants that enable screens of the functionally redundant gene space in Arabidopsis. A 

protocol was developed for isolating robust and reproducible amiRNA mutants. Examples of 

validation approaches and essential controls are presented for two new amiRNA mutants that 

exhibit genetically redundant phenotypes and circumvent double mutant lethality. In a forward 

genetic screen for abscisic acid (ABA)-mediated inhibition of seed germination, amiRNAs that 

target combinations of known redundant ABA receptor and SnRK2 kinase genes were rapidly 

isolated, providing a strong proof of principle for this approach. A new ABA-insensitive amiRNA 

line that targets three avirulence-induced gene 2(-like) genes was isolated. A thermal imaging 

screen for plants with impaired stomatal opening in response to low CO2 exposure led to the 

isolation of a new amiRNA targeting two essential proteasomal subunits, PAB1 and PAB2. The 

seed library of 11,000 T2 amiRNA lines (with 3000 lines in progress) generated here provides a 

new platform for forward genetic screens and has been made available to the Arabidopsis 

Biological Resource Center (ABRC). Optimized procedures for amiRNA screening and controls 

are described. This work was published at Journal of Experimental Botany 

(https://doi.org/10.1093/jxb/ery363) 
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Introduction 

The presence of large gene families in plants, including Arabidopsis (Lindsey et al., 2017), 

leads to functional genetic redundancies or partial functional overlap among closely related genes. 

Functional overlap and partial or complete redundancy between different family members has been 

proposed to provide a buffer for loss or gain of function mutation events and mechanistic 

robustness of cellular networks (Wagner, 2005) . This is considered to be a main reason for the 

lack of observable phenotypes in single-gene deletion mutants and increasing severity of 

phenotypes in higher order mutants of homologous genes (Ma et al., 2009; Park et al., 2009). 

Identification and characterization of functionally overlapping genes in genetic screens is limited, 

as is evident from the relatively low number (591 of all Arabidopsis genes) of genes not associated 

with a single mutant phenotype (Koncz and Schell, 1986). Analysis of genome-wide gene family 

definitions showed that the Arabidopsis genome includes over 22,000 genes belonging to gene 

families (Hauser et al., 2013). Strategies and tools have been developed to enable screens of the 

functionally redundant gene space. Recently, an artificial microRNA (amiRNA)-based 

computational design approach was introduced (Hauser et al., 2013). AmiRNAs designed to 

specifically target diverse combinations of gene family members or combinations of subfamily 

members enable the screening of partial overlapping homologous gene functions at a genome-

wide scale (Hauser et al., 2013). The presented platform also provides an approach for the capture 

of homologous gene silencing phenotypes, for which higher order loss of function mutants would 

lead to lethality, as illustrated by a mutant identified here.  

Here, we report the generation of over 11,000 T2 amiRNA lines and 3000 additional 

amiRNA lines by transformation of Arabidopsis Col-0 with a previously published amiRNA 

library and screening of T2 amiRNA lines for abscisic acid (ABA)-insensitive seed germination 



 4 

phenotypes or plants with low-CO2-insensitive high-leaf-temperature phenotypes. Methods are 

described to identify robust amiRNA mutants and how to avoid pitfalls of this approach. The 

screen rapidly identified two amiRNAs that target three PYR/RCAR ABA receptor (Ma et al., 

2009; Park et al., 2009) or six SNF1-related kinase- (SnRK2; (Mustilli et al., 2002; Yoshida et al., 

2002; Fujii and Zhu, 2009) encoding genes known to be involved in ABA-mediated control of 

seed germination. One candidate line that shows an ABA-insensitive seed germination phenotype 

contains an amiRNA that targets three genes of unknown function, which are annotated as 

Avirulence-induced gene 2 (AIG2A; AT3G28930), Avirulence-induced gene 2-like protein A 

(AIG2LA; AT5G39720), and Avirulence-induced gene 2-like protein B (AIG2LB; AT5G39730). 

One amiRNA that causes a low-CO2-insensitive high-leaf-temperature phenotype targets two 

genes encoding proteasomal α2-subunits, annotated as PAB1 (AT1G16470) and PAB2 

(AT1G79210), for which double mutation causes lethality. New amiRNA lines that target the gene 

for proteasomal α7-subunit, annotated as PAG1 (AT2G27027), were constructed resulting in a 

similar stomatal phenotype. Together these observations indicate a rate-limiting role of the intact 

proteasome for stomatal opening responses. 

 

 

 

 

 

 

 

 



 5 

Materials and methods 

Plant material, growth conditions and transformation 

Arabidopsis accession Columbia-0 was used as the background for all amiRNA 

transformations of the library. Surface-sterilized seeds (15 min 70% ethanol, 0.1% sodium dodecyl 

sulfate; three to four washes with ~100% ethanol; alternatively 10 min 50% bleach, 0.05% Tween-

20; four to six washes with water; (Lindsey et al., 2017)) of Arabidopsis were cold-treated for 2–

5 d at 4 °C and germinated on half-strength Murashige and Skoog basal medium supplemented 

with Gamborg’s vitamins (Sigma-Aldrich (Murashige and Skoog, 1962; Gamborg et al., 1968) 

0.8% Phytoagar (Difco, Franklin Lakes, NJ, USA) and pH adjusted (pH 5.8; 2.6 mM MES titrated 

with potassium hydroxide). After 5–7 d, plants were transferred to plastic pots containing sterilized 

premixed soil (Sunshine Professional Blend LC1 RS; Sunshine; supplemented with an appropriate 

amount of insecticide (Marathon, Gnatrol)) and propagated under the following conditions: long 

day (16 h light/8 h dark); 23–27 °C; 20–70% humidity, 60–100 mmol m−2 s−1 light. 

Plant transformation by floral dip was performed as described elsewhere(Clough and Bent, 

1998) with the following modifications. Agrobacterium tumefaciens GV3101::pMP90 (Koncz and 

Schell, 1986) was grown under selection of all markers, i.e. genomic (rifampicin), Ti-plasmid 

(gentamicin), pSOUP (tetracycline) and T-DNA plasmid (spectinomycin). The infiltration 

medium for resuspension of the bacteria and floral dip contained 5% sucrose (w/v) and 0.02% 

(v/v) Silwet L-77 (Clough and Bent, 1998). 

Large scale transformation with the amiRNA library pools (Hauser et al., 2013) was 

performed as described elsewhere (Cutler et al., 2000)  with the following modifications. One 

microgram of DNA of each amiRNA sublibrary (Hauser et al., 2013) was electroporated into a 

total of 500 µl electrocompetent A. tumefaciens cells. The 20 bp and 21 bp amiRNA sublibrary 
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variants for each pool were individually electroporated and combined at this stage. After 2 h at 30 

°C in non-selective Luria–Bertani–Miller medium (LB, Teknova), the cells were spread on 20 LB 

plates (1.5% agar; 150 mm diameter) containing all the appropriate antibiotics (rifampicin, 

gentamycin, tetracycline, spectinomycin) and grown for 3 d at 30 °C. The bacteria were scraped 

from the plates, resuspended in 5 ml LB and concentrated by centrifugation for 20 min at 5855 g. 

Plants were transformed by spraying the flowers with this suspension of the bacteria in infiltration 

medium (adjusted to an optical density at 600 nm of 0.5) twice with 1 week between the treatments. 

T1 plants were selected on plates supplemented with 75 µM phosphinotricin or directly on soil by 

spraying diluted herbicide (1000× dilution, Finale®; Bayer, Research Triangle Park, NC, USA) 

four times with 2–7 d between the treatments. Herbicide-resistant plants were transferred to soil 

and grown to full maturity and T2 seeds collected from individual plants. When appropriate, media 

for growth of bacteria or plant selection contained the following concentrations of antibiotics (mg 

ml−1): carbenicillin 100, gentamycin 25, kanamycin 30, rifampicin 50, spectinomycin 100, 

tetracycline 10, and phosphinotricin 15. 

 

Screen for abscisic acid-insensitive cotyledon emergence phenotype 

T2 plants were screened individually for insensitivity of seed germination to ABA in 96-

well plates (100 µl 0.1% agarose supplemented with 2 µM (±)-ABA, Sigma-Aldrich). 

Approximately 10–20 seeds were used from each T2 plant. For the pooled screening, 

approximately 10–50 seeds of 90 individual T2 plants were mixed, surface sterilized and sprinkled 

onto agar plates (3 μM (±)-ABA; Sigma-Aldrich). As control for ABA insensitivity, abi4-

1 (ABRC, CS8104) or abi5-1 (ABRC, CS8105) was used and Col-0 was used as a wild-type 

control. A putative ABA-insensitive phenotype was scored in a binary manner for similarity to 
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the abi4-1 or abi5-1phenotype and difference from wild-type after 5–8 d using green cotyledons 

as indicator (Kuhn et al., 2006). For lines that showed a putative ABA insensitivity, the seed 

germination assay was repeated by propagating individual T2 seedlings to the next generation (T3) 

and using seeds of the T3 generation for ABA sensitivity assays. This time, seeds were placed on 

plates with and without ABA (2 µM (±)-ABA; Sigma-Aldrich) and images were taken daily for 7 

d and emergence of radicles and cotyledons was counted manually using Fiji (Schindelin et al., 

2012). For candidates of the individual screen the T2 seeds were used for the repetition of the 

germination assay. 

For candidates of the pooled screen ABA-insensitive seedlings were transferred to plates 

containing 75 µM phosphinotricin, and after 7–10 d resistant seedlings were transferred to soil, 

grown up to full maturity, and the T3 seeds used for the validation of the ABA-insensitive 

germination phenotype. 

 

Screen for CO2-insensitive leaf temperature phenotype 

Seeds of T2 plants were germinated in 96-pot-flats (254 mm×508 mm; East Jordan Plastics, 

East Jordan, MI, USA) on soil with each pot containing seeds from one plant. After 7 d, seedlings 

were sprayed with a 1000× dilution of Finale® (Bayer), and 2–3 d later pale seedlings were 

removed and only one healthy dark green seedling was left per pot. After 19 d under standard 

growth conditions, the plants were exposed to 150 ppm CO2 for 2 h in a Percival growth chamber. 

A first set of thermal images was taken with a FLIR A320 thermal imaging camera (FLIR, 

Wilsonville, OR, USA). Subsequently the plants were exposed to ≥ 800 ppm CO2 and after 2 h a 

second set of thermal images was taken. Control plants included in the experiments were ht1-2 

(Hashimoto et al., 2006), ost1-3 and wild-type Col-0. Thermal images were converted into 
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Flexible Image Transport System format (fits) using the ExaminIR software (FLIR). For the screen 

using the 96-pot-flat format, the temperature of plant leaves and the surrounding soil were 

measured using Fiji. The soil temperature served as a location-specific reference to compensate 

for temperature variation depending on the position in the 96-pot flat. Either the temperature 

difference between plant leaves and surrounding soil or the average temperature of plant leaves 

was used as a quantitative measure. Plants with more than 1 °C difference from soil were 

considered as primary candidates and subject to further testing. The high-temperature leaf 

phenotype of ht1-2 was used as a reference for CO2 insensitivity. To test the reproducibility of the 

CO2-dependent leaf temperature phenotype of putative candidates, T2 plants were grown in 

triplicate and assayed again alongside with ht1-2 and wild-type control plants. 

 

Identification of amiRNA sequences and testing reproducibility 

Genomic DNA from candidates with a robust and reproducible phenotype was isolated as 

described elsewhere (Edwards et al., 1991) and the sequence of the amiRNA present was 

determined by sequencing of the PCR product (primers pha2804f and pha3479r; 

see Supplementary Table S1 at JXB online). Using the Target Search function available on the 

WMD3 website (Warthmann et al., 2008), putative amiRNA target genes were predicted. For 

independent confirmation of the phenotype, independent lines were generated by cloning the 

identified amiRNA into pFH0032 (Supplementary Table S2) and transforming it into Arabidopsis 

Col-0. Confirmed phenotypes were further analyzed by using single knock-out mutants, higher 

order mutants generated by crossing and/or generating amiRNAs that target subsets of the initial 

target genes (see Supplementary Table S3). 
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Gas exchange analyses 

Stomatal conductance of H2O (gs) was measured in leaves of 5- to 6-week-old plants using 

portable gas exchange systems (LI-6400 and 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 μmol 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 h, steady-state stomatal conductance was recorded 10 min before the addition 

of ABA to the petioles submerged in water at the indicated concentration. For light-response 

measurements, plants were kept in the dark for 18 h prior to experiments. Stomatal conductance 

of a single intact leaf in the dark was recorded for 10 min, followed by red light treatment of 600 

μmol m−2 s−1. After 20 min of red light treatment, additional blue light was applied at 10 μmol 

m−2 s−1. The incoming air humidity was kept at 62–65% and air flow at 200 rpm. For stomatal 

conductance measurements of single intact leaf CO2 responses, incoming relative air humidity was 

kept at 62–65% and the imposed changes in CO2 concentration were applied as indicated. Leaves 

were attached to intact plants and were equilibrated for 1 h before the measurements. The data 

presented represent n≥3 leaves with each leaf from independent plants per genotype per treatment. 

 

qRT-PCR analysis 

Total RNA (500 ng) was reverse transcribed using the first-strand cDNA synthesis kit (GE 

Healthcare). qRT-PCR analyses were performed using 3-fold-diluted cDNA (Maxima SYBR 

Green Rox/qPCR Master Mix; Thermo Fisher Scientific) on a CFX Connect PCR cycler (BioRad). 

The housekeeping PDF2 gene was used as an internal control (Czechowski et al 2005). The 

threshold cycle (CT) was determined by the instrument (CFX Manager Software, BioRad), and the 
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ΔΔCT method was used to calculate the fold change in each gene (Livak and Schmittgen, 2001). 

For RAB18 gene expression measurements, total RNA was extracted from 2-week-old seedlings 

that were treated with ABA for 9 h and final concentration of 20 µM. 
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Results 

Generation of amiRNA library plants. 

We have previously described the generation of an amiRNA library consisting of 10 

sublibraries that represent 22,000 individual amiRNA designs (Hauser et al., 2013). Deep 

sequencing of these 10 sublibraries showed that ≥95% of the designed amiRNAs were present in 

these sublibraries. The amiRNA library was transformed first into Agrobacterium tumefaciens and 

then into Arabidopsis Col-0. Over a period of over 4 years, the amiRNA library consisting of 10 

sublibraries was transformed and T1 seeds harvested. Using plate- or soil-based selection methods, 

herbicide-resistant T1 plants were grown and T2 seeds from over 14,000 individual plants were 

harvested (Table 1). The transformation rate varied over a range from 0.08% to 0.76% with an 

average of 0.25%. During the course of this research, approximately 3,000 additional T2 lines were 

generated expressing amiRNAs that target homologous transporter-encoding gene family 

members. These 3,000 lines will also be made available to the ABRC, such that in the end over 

14,000 total T2 lines will be submitted for use by the community. 

 

Screen for ABA-insensitive seed germination phenotype. 

In total over 2,500 T2 amiRNA lines were screened individually and over 5,000 T2 

amiRNA lines were screened in pools for ABA-insensitive germination phenotypes (Fig. 1). In the 

primary screen using individual plants in a 96-well plate format, 59 putative candidates were 

identified. In the primary screen using pools of 90 plants with 25–80 seeds per line, approximately 

340 putative candidates representing an unknown number of lines were identified (Fig. 1). These 

candidates were subjected to further analysis in a secondary screen (Fig. 2). The cotyledon 

emergence phenotype of 24 T3 seedlings from a total of 76 retested plants showed a more reduced 
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ABA sensitivity that was clearly different from wild-type and less severe than the abi4-1 and abi5-

1 controls (Fig. 2A). From the 59 putative candidates identified using the individual screening 

approach, the amiRNA line p8l1257 showed a reproducible partial insensitivity to ABA in the T3 

generation (Fig. 3). Only the amiRNA in candidates with the most robust phenotypes was 

determined by sequencing. Two of the amiRNA-targeted gene sets identified in 24 seedlings with 

reproducible phenotypes are known core components of the ABA signal transduction cascade (Fig. 

2; Table 2). These include amiRNA lines that target the three ABA receptors PYR1 (RCAR11), 

PYL4 (RCAR10), and PYL6 (RCAR9) (Fig. 2B, C; Table 2). Furthermore, amiRNA-expressing 

plants that target six members of the SnRK2 protein kinase family (Mustilli et al., 2002; Yoshida 

et al., 2002; Fujii and Zhu, 2009) were isolated in this screen, including the three SnRK2 protein 

kinases, SnRK2.2, SnRK2.3, and SnRK2.6 (OST1), that are known to be required for abscisic acid 

signaling (Fig. 2B, C; Table 2; (Mustilli et al., 2002; Yoshida et al., 2002; Fujii and Zhu, 2009). 

Notably, Fig. 2D shows a strong variation in the cotyledon emergence phenotype among plants 

expressing the same amiRNA that targets six SnRK2 kinase transcripts. This variation might be 

responsible for the high number of variable candidates that did not show a robust phenotype 

following the primary screen. Additional amiRNA lines were isolated as putative mutants and the 

amiRNA sequence was determined (Supplementary Table S4). Although some of the predicted 

targets might be expected to affect abscisic acid responses, rescreening of these putative mutants 

did not show consistently robust reproducible phenotypes. Thus, amiRNAs appear to produce 

phenotypes that may be variable even within the same line. These findings led us to develop a 

protocol in which: (i) only putative mutants that showed a consistent phenotype when screening 

seeds from the next generation of plants were selected, and (ii) Only lines that showed similar 

phenotypes upon re-transformation with new amiRNAs that are predicted to target the same genes 



 13 

were selected. Furthermore, based on the variation observed here in the secondary screen it is 

advisable to investigate over 10 independent transformed lines (Schwab et al., 2006; Hauser et al., 

2013) in the future to determine which amiRNAs produce phenotypes that can be carried forward. 

The isolation of amiRNA lines targeting functionally overlapping PYR/RCAR ABA 

receptor and SnRK2 protein kinase genes, which could not be isolated in traditional forward 

genetic mutant screens, provides a proof of principle that functionally redundant genes can be 

isolated in forward genetic screening using this new amiRNA resource. The inclusion of control 

lines and the validation steps described above should enable screening for diverse phenotypes 

using the lines generated here that are being provided to ABRC. 

 

AmiRNA lines targeting three avirulence-induced genes show partial insensitivity to ABA 

inhibition of seed germination but not to ABA-induced stomatal closure. 

The amiRNA in line p8l1257 isolated in the present screen targets a new set of three genes 

(Fig. 3A, 3B). Previous research annotated these genes based on their mRNA upregulation in a 

transcriptomic study after infection with Pseudomonas syringae pv maculicola carrying avrRpt2 

(avrRpt2-induced gene, AIG2) (Reuber and Ausubel, 1996). However, these genes have not been 

previously described to be involved in ABA-mediated control of seed germination or other 

phenotypic responses in plants. 

The line p8l1257 was named amiRNA-AIG here and was further tested by analysing seed 

germination with additional T2 generation seeds from the original p8l1257 stock (Fig. 3). 

Germination properties were compared with a control amiRNA line targeting the human myosin 

2 (amiRNA-HsMYO), which has no targeted genes in Arabidopsis (Hauser et al., 2013). After 12 

d on plates containing 2 µM ABA, the amiRNA-AIG line showed cotyledon greening in contrast 
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to the control amiRNA-HsMYO line (Fig. 3A). The effect of the amiRNA-AIG on the expression of 

a known ABA-induced gene, RAB18, was analysed by qRT-PCR (see Supplementary Fig. S1). 

The ABA-mediated induction of RAB18 expression was substantially reduced in the amiRNA-

AIG line indicating a role of the targeted avirulence-induced genes (AIG2s) in ABA signal 

transduction. 

Since two out of the three genes are tandemly repeated, generation of double mutants using 

T-DNA insertion knockouts would be limited. Therefore, five new amiRNA lines were generated 

that target subsets of genes targeted by the original amiRNA-AIG to verify the relevance of the 

predicted AIG2 target genes. AmiRNA1, 2and 3 targeted each a single AIG2 (Fig. 

3B; Supplementary Table S3). AmiRNA4targeted two tandem-repeat AIG2 genes 

and amiRNA5 targeted all three AIG genes targeted in the original amiRNA-AIG line, but with a 

different amiRNA sequence (Fig. 3B; Supplementary Table S3 for amiRNA sequences). When the 

T2 seeds expressing these five new amiRNAs were tested in a seed germination assay with 0.5 µM 

ABA, only the amiRNA4 and amiRNA5-expressing lines showed less sensitivity to ABA 

compared with the control amiRNA-HsMYO line in cotyledon greening (Fig. 3C). The expression 

of all three putative target genes (AT5G39720, AT5G39730, AT3G28930) was analysed using 

qRT-PCR in the originally isolated amiRNA-AIG line and in all the amiRNA lines 1–5 (see 

Supplementary Fig. S2). The amiRNA efficiency of transcriptional inhibition varies between the 

lines, target transcript(s) and amiRNA sequence. Note that microRNA silencing in plants occurs 

via two mechanisms, (i) the degradation of transcripts and (ii) inhibition of translation (Brodersen 

et al., 2008). Thus, quantification of targeted transcripts may not fully show the degree of silencing 

of target genes. Combined, these data provide evidence that the original amiRNA-AIG phenotype 
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is attributable to silencing of more than one AIG2 gene, suggesting overlapping homologous gene 

functions. 

The original amiRNA-AIG line was also investigated to determine if it affects ABA-

induced stomatal closure using an intact leaf gas exchange analysis approach. When ABA was 

applied to the transpiration stream of intact leaves at a final concentration of 2 µM, both the 

control amiRNA-HsMYO line and the amiRNA-AIG line showed an ABA-induced decrease in 

stomatal conductance to H2O (gs, Fig. 4A). Normalization of the stomatal conductance data 

showed no dramatic difference in ABA-induced stomatal closure between amiRNA-

HsMYO and amiRNA-AIG (Fig. 4B). Together, the present data show that the isolated amiRNA-

AIG line is less sensitive to ABA inhibition of seed germination. 

The AIG2 genes are functionally annotated as putative γ-glutamyl cyclotransferases 

(GGCTs, EC:4.3.2.9) based on their similarity to the human orthologue (HsGGCT; O75223). 

AIG2LA and AIG2LB share only 16% and 17% identity, respectively, to the human orthologue. 

GGCTs have been described to cleave γ-glutamyl-amino acid dipeptides to release the free amino 

acid and 5-oxoproline (Oakley et al., 2008). Further research will be required to determine the 

mechanism by which AIG2s affect ABA inhibition of seed germination. 

 

Screen for CO2-insensitive leaf temperature phenotype. 

In total, over 2,500 T2 amiRNA lines were screened individually for an altered leaf 

temperature response to a low CO2 concentration (150 ppm) by infra-red thermal imaging (Fig. 5). 

Leaf temperature depends on various parameters including radiation absorption, air temperature, 

and humidity (Merlot et al., 2002). Low ambient CO2 concentration leads to stomatal opening in 

Arabidopsis, causing an increased transpiration rate and thus a decrease in leaf temperature 
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compared with the surrounding air. Mutants impaired in CO2-induced stomatal opening appear 

warmer compared with wild-type plants. In the screen, we used the soil temperature as reference 

to compensate for the local temperature differences due to various factors including humidity of 

the soil. Wild-type plants and plants of the HIGH LEAF TEMPERATURE1-2 (ht1-2) mutant 

(Hashimoto et al., 2006; Matrosova et al., 2015) were included in all trays as controls. Based on 

visual inspection of the thermal images, plants with relatively higher leaf temperature under low 

[CO2] compared with the other plants in the same image were selected and the difference between 

the average leaf temperature and the surrounding soil was determined. The difference between leaf 

temperature and soil temperature was determined as reference for overall temperature and to 

compensate for local temperature differences. A set of 106 plants with more than one-degree 

difference between the leaf temperature and the surrounding soil was defined as initial putative 

candidates for further testing (see Methods for details). For the rescreening of putative mutants, 

we set a high threshold for temperature differences in the selection of mutants compared with the 

wild-type strain of 1 °C. The constitutive CO2 response mutant ht1-2, when exposed to low [CO2], 

shows a delta temperature above 1 °C between leaf and soil. Rescreening of these candidates in 

the T2 generation revealed an amiRNA line (p9l22) with a robust and reproducible impaired 

response to low CO2 (Fig. 5B). 

After exposure to low [CO2], the leaf temperature of the p9l22 line was compared with 

wild-type (Col-0) and with the constitutive high-CO2-response mutant ht1-2 (Fig. 6A; Hashimoto 

et al., 2006). The leaves of the p9l22 line had a higher temperature than wild-type leaves and a 

similar temperature to ht1-2 leaves (Fig. 6A). Stomatal index (SI) and density (SD) were calculated 

for wild-type, the control amiRNA-HsMYO, and p9l22 lines. No noteworthy differences were 
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found between the genotypes (Supplementary Fig. S3; amiRNA-HsMYO versus p9l22 line, one-

way ANOVA, P>0.05 for SI and SD). 

To measure [CO2] responses in a time-resolved fashion, we measured stomatal 

conductance (gs) using a gas exchange analyser. In the amiRNA-HsMYO control line, the shift from 

ambient (400 ppm) to low (150 ppm) [CO2] led to a rapid increase in stomatal conductance (Fig. 

6B). AmiRNA line p9l22 responded to the same treatment with a lower magnitude of stomatal 

opening (Fig. 6B). Both lines showed stomatal closure in response to high (800 ppm) [CO2] 

exposure at similar rates (Fig. 6B). To test whether line p9l22 is defective in response to other 

stimuli that cause stomatal opening, light-induced gs responses were investigated (Fig. 6C). The 

control amiRNA-HsMYO and p9l22 lines were kept in the dark for 18 h prior to the experiments 

and steady-state gs was measured. When red light (at 600 µmol m−2 s−1) was applied, the p9l22 line 

showed a reduced rate of gs increase when compared with the control line. The same was observed 

when blue light (at 10 µmol m−2 s−1) was superimposed on the red light background (Fig. 6C). 

Thus, the amiRNA line p9l22causes reduced responses to low CO2 concentration, red light, and 

blue light. 

The amiRNA in the p9l22 line was sequenced and is predicted to target two homologous 

proteasomal subunit genes (PAB1, AT1G16470; and PAB2, AT1G79210). PAB1 and PAB2 are 

the sole genes that encode the 20S proteasome α2 subunit (Baumeister et al., 1998). First, we 

attempted to isolate a double mutant (pab1 pab2) using T-DNA insertion lines (SALK_099950 

and SALK_144987; (Alonso et al., 2003). After genotyping over 100 plants in the F2 generation, 

no homozygous double mutant was recovered. We concluded that the double mutant is very likely 

lethal. 
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Alternatively, a new amiRNA sequence targeting solely the PAB1 gene was cloned and 

transformed into the pab2-1 single mutant (SALK_144987). This new amiRNA line, pab2-

1mut pab1amiRNA, was investigated in stomatal conductance analyses of [CO2] responses (Fig. 

7). Leaves were first exposed to high (900 ppm) [CO2] for 1 h and steady-state gs was recorded. 

Shifts to low (150 ppm) [CO2] led to an increase in gs in both the pab2-1mut pab1amiRNA line 

and the control amiRNA-HsMYO line (Fig. 7A). The normalized stomatal conductance data show 

that the pab2-1 amiRNA-PAB1 line responds to low [CO2] with a reduced magnitude compared 

with the control line (Fig. 7B). 

Initial experiments were pursued to determine if modifications in the α-ring of the 20S 

proteasome might be linked to the above phenotypes, or whether this mutation is specific to only 

α2 subunit mutations of the proteasome. The α-ring of the 20S proteasome is composed of seven 

α-subunits (Kurepa and Smalle, 2008). The p9l22 amiRNA targets the only two genes that encode 

the α2 subunit of the proteasome (Fig. 7, inset highlighted in red). To determine whether other α-

subunits also affect the response to low [CO2], a second amiRNA line was generated, which targets 

the PAG1 gene (α7 subunit, inset in Fig. 7 highlighted in green), named amiRNA-PAG1. The α7 

subunit is encoded by a single gene in Arabidopsis (Kurepa and Smalle, 2008). When an amiRNA-

PAG1 line was tested in gs responses to [CO2] shifts, it showed a lower rate of stomatal opening 

when compared with the control amiRNA-HsMYO line (Fig. 7C, D; one-way ANOVA P>0.05). 

The expression levels of PAB1, PAB2, and PAG1were analysed in the p9l22 amiRNA line and 

also in pab2-1mut pab1amiRNA and amiRNA-PAG1 lines using qRT-PCR (see 

Supplementary Fig. S4). With the exception of the severely reduced PAB2 expression in the pab2-

1mut pab1amiRNA line when compared with control lines, no clear evidence for knock down at 
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the transcriptional level could be detected in the amiRNA lines, which may point to amiRNA-

mediated inhibition of translation (Brodersen et al., 2008). 

The present findings show that the p9l22 amiRNA line is also partially impaired in red 

light-induced stomatal opening. Red light mediates stomatal opening in part via activation of 

photosynthesis and the resulting drop in internal concentration of CO2 (Ci) (Roelfsema et al., 2002; 

Matrosova et al., 2015). In addition, the p9l22 line is also partially impaired in blue light-induced 

stomatal opening. This suggests that a general regulator of stomatal opening is impaired in this 

line. As the proteasome mediates the degradation of proteins and reduced functions of α-ring 

subunits are predicted to increase protein levels, it is tempting to speculate that the phenotype 

observed might be correlated with an increased abundance of a negative regulator of stomatal 

opening. Further research will be required to test this or other hypotheses. In other studies, the 26S 

α2 subunit, when overexpressed, enhanced thermotolerance and adaptation in rice and 

Arabidopsis, suggesting that proteasomal subunits can have rate-limiting roles in regulating plant 

physiological responses. 
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Discussion 

A library of over 11,000 plus 3,000 additional T2 generation amiRNA lines was created as 

a new resource to screen the redundant gene space in Arabidopsis. These amiRNA-expressing 

lines are being provided as individual lines to the Arabidopsis Biological Resource Center 

(ABRC). Given the observations and findings in the present study, lines will be available for high-

throughput screening in pools of 90 lines per pool with approximately 25–50 seeds per individual 

amiRNA line in each pool. In each pool, the pooled seeds for screening will originate from one of 

the 10 sublibraries that target gene family members with defined functional annotations (Table 

1; Hauser et al., 2013). This approach will increase the probability of identifying interesting 

putative mutants in future screens despite the biological variability in amiRNA silencing lines 

found here (Fig. 2D). 

The screen for ABA-insensitive seed germination phenotypes identified two amiRNAs 

targeting PYR/RCAR ABA receptor genes and SnRK2 genes, which are both known groups of 

redundant key genes and proteins required for ABA signal transduction (Ma et al., 2009; Park et 

al., 2009). Isolating amiRNA lines in these known components serves as proof of principle for our 

approach. Moreover, screening this amiRNA population enables the identification of mutants that 

require co-silencing of homologous gene family members, which are less likely to be found in 

forward genetic screens of ethyl methanesulfonate or T-DNA mutagenized seed populations. 

Overall the presented amiRNA screen shows that amiRNA lines are prone to showing a high rate 

of variable candidates with weak or non-robust phenotypes. Nevertheless, as shown here new 

mutants can be isolated. Furthermore, during the course of this research, this amiRNA library 

resource has been used to isolate long-sought functionally redundant auxin transporter genes 

(e.g. ABCB6, ABCB20). Approaches to circumvent the inherent limitations of forward genetic 
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screening with amiRNAs were developed in the present study. As a first step, it is recommended 

to rescreen the next generation to identify robust and reproducible phenotypes in individually 

isolated putative mutant lines. As a second step, the amiRNA sequence of confirmed mutant lines 

needs to be determined (see Methods). AmiRNA sequences linked to the observed phenotypes are 

retransformed and testing over 10 independent lines for the phenotype is recommended. 

Alternatively, amiRNA on one line without break that target a subset of the initially predicted 

targets can be used to narrow down the causative genes (e.g. Fig. 3). For cases where only two to 

three genes are targeted, T-DNA lines or CRISPR/Cas9 mutants can be used to narrow down the 

genes relevant for the phenotype. 

Over 95% of the amiRNAs in this library were designed to target only two to five genes 

(Hauser et al., 2013), meaning that identification of causal genes is facilitated. Using the above 

approach, we report on two newly identified mutants: (i) amiRNA lines targeting three genes 

encoding avirulence induced gene (2-like) proteins show an ABA-insensitive seed germination 

phenotype; and (ii) amiRNA lines targeting two proteasomal subunits show insensitivity to low-

CO2-induced stomatal opening. Further analyses of the two targeted genes in this amiRNA line 

suggest that stronger T-DNA alleles result in lethality. This indicates the usefulness of the 

generated amiRNA lines for forward genetic isolation of higher order mutants that would be lethal 

upon knock-out. Our data suggest that the wild-type expression levels of two α-subunits of the 20S 

proteasome, α2 and α7, are required for fully functional stomatal opening mediated by 

physiological stimulation. This indicates that the proteasomal subunits are likely controlling an 

unknown general negative regulator of stomatal opening. The amiRNA seed resource generated 

here provides a new and potent tool to identify redundant genes and also lethality causing higher 

order mutants in many biological processes in Arabidopsis. 
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In conclusion, the amiRNA library resource is well suited for screening of phenotypes that 

can be easily verified in subsequent generations. This population may be best suited for screens 

that permit high throughput or medium throughput screening for phenotypes with a large dynamic 

range. Many such powerful screens have been performed in classical Arabidopsis mutant screens 

that were previously not designed to identify functionally redundant genes. 

Chapter 1, in full, is published as it may appear in Journal of Experimental Botany, Hauser, 

F; Ceciliato, PHO; Lin, YC; Guo, D; Gregerson, JD; Abbasi, N; Youhanna, D; Park, J; Dubeaux, 

G; Shani, E; Poomchongkho, N; Schroeder, JI. The dissertation author was the primary 

investigator and author of this paper.  
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Figure 1.1 - Overview of primary screen performed with over 7500 T2 amiRNA lines. (A) 
Approximately 2500 T2 amiRNA lines were screened individually by adding seeds to 96-well 
plates each well containing 100 µl 0.1% agarose supplemented with 2 µM ABA and approximately 
10–20 seeds from one plant. Wild-type (Col-0), abi4-1, and abi5-1 were used as controls. Based 
on visual inspection of cotyledon greening, around 59 lines were considered as candidates for 
further testing in the T3 generation. (B) Approximately 5,000 T2 amiRNA lines were screened in 
pools. Each pool contained 10–50 seeds from 90 individually stored amiRNA lines (see main text). 
Approximately 340 lines were selected for further testing in the T3 generation. 
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Figure 1.2 - Overview of secondary ABA insensitivity screen performed with T3 candidate 
amiRNA lines identified in the primary screen that targets known genes involved in ABA 
signal transduction. (A) Heat map representation of cotyledon emergence time course of the T3 
generation obtained from candidates with putative ABA-insensitive seed germination or cotyledon 
emergence phenotypes. Each row represents the percentage of cotyledon emergence of one 
individual line. The rows are ordered by hierarchical clustering. Wild-type control (WT, Col-0) 
and abi4-1 and abi5-1 as reference for ABA insensitivity are shown. (B) Images of seeds 
germinating on plates in secondary screen containing 2 µM ABA at the indicated time points. 
Shown are representative plants of amiRNA plants targeting a set of six SnRK2 kinase genes 
(amiRNA-SnRK2) or a set of three PYR/RCAR ABA receptor genes (amiRNA-PYR/RCAR; 
see Table 2). Wild-type control (Col-0) and abi4-1 and abi5-1 as reference for insensitivity are 
shown in the other two rows. (C) Time course of cotyledon emergence in the presence of ABA for 
wild-type control (wt), abi4-1 as a reference for ABA insensitivity and two representative 
amiRNA lines that target a set of six SnRK2 protein kinase genes (amiRNA-SnRK2) or a set of 
three PYR/RCAR ABA receptor genes (amiRNA-PYR/RCAR). Per genotype 74 ± 46 seeds were 
phenotyped. (D) Bar plot of variation of cotyledon emergence phenotype (day 6; 2 µM ABA) in 
the T3 generation of plants isolated in the primary screen that were selected as candidates based 
on their seed germination phenotype in the T2 generation. Sequencing of the amiRNA confirmed 
that all 18 of these amiRNA-expressing plants contain an amiRNA that targets a set of 
six SnRK2 kinase genes (amiRNA-SnRK2; see Table 2). Wild-type control (wt, Col-0) and abi4-
1 as reference for ABA insensitivity are shown. 
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Figure 1.3 - Avirulence-induced genes (AIG2s) targeted by an amiRNA cause a reduced ABA 
sensitivity in cotyledon emergence assays. (A) Seedlings of the control amiRNA line, which has 
no target gene in Arabidopsis (amiRNA-HsMYO control), and an amiRNA line that targets 
three AIG2 genes (amiRNA-AIG) germinated in the presence of 0 or 2 µM ABA. Photographs were 
taken after 12 d of exposure. (B) Five new amiRNAs were designed to target the three AIG2(-like) 
genes. Three of these amiRNAs, amiRNA1, 2 and 3, target a single gene each. AmiRNA4 targets 
two tandem-repeat AIG2(-like) genes and amiRNA5 targets all three genes at non-identical 
nucleotides compared with the original amiRNA isolated in the primary screen (amiRNA-AIG, 
see Supplementary Table S2 for amiRNA sequences). (C) The new T2 amiRNA lines were tested 
in cotyledon emergence assays. Seedlings were germinated in the presence of 0 or 0.5 µM ABA. 
Photographs were taken after 4 d of incubation. 
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Figure 1.4 - The isolated amiRNA line targeting three AIG2 genes (amiRNA-AIG) responds 
to ABA in whole leaf gas exchange analyses. Time-resolved stomatal conductance to H2O (gs) 
in response to application of 2 µM ABA to the transpiration stream (red arrows) is shown in the 
amiRNA control line (amiRNA-HsMYO) and in the amiRNA line targeting three AIG2 genes 
(amiRNA-AIG). Stomatal conductance was analysed using whole leaf gas exchange. (A) Stomatal 
conductance in mol m−2 s−1. (B) Data from (A) were normalized to stomatal conductance at the 
beginning of the experiment. Data are the mean of n=3 leaves per genotype ±SEM. 
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Figure 1.5 - Thermal imaging screen for mutants with impaired response to low 
CO2 identified the amiRNA line p9l22. (A) Thermal images of amiRNA lines in the primary 
screen after exposure to low CO2 (150 ppm). Plants were grown in 96-pot flats under ambient 
CO2 and after 26 d exposed to low (150 ppm) CO2 for 2 h and then thermal images of the entire 
flat were taken in eight separate images per flat. An image is shown from the primary screen in 
which the plant p9l22 (white box) was flagged as a candidate with a putative altered response to 
CO2 based on the leaf temperature. The average leaf temperature was computationally calculated 
across all rosette leaves for flagging putative mutants. (B) Differences of leaf temperature (Tplant) 
and surrounding soil (Tsoil) for putative mutants exposed to low [CO2] (150 ppm) for 2 h. Average 
leaf temperature was computed by image analysis of the most fully expanded rosette leaves. Bars 
show average ±SD (n=3–5 leaves). WT (Col-0) (orange) and ht1-2 (green) were used as control. 
 

 



 28 

 

 

Figure 1.6 - The amiRNA line p9l22 is defective in light- and low-CO2-induced stomatal 
opening. (A) The p9l22 line shows an elevated leaf temperature phenotype at low ambient [CO2] 
treatment (150 ppm). Top, thermal imaging; bottom, image of the same plants. The calibration bar 
shows the pseudo-colored scale for temperature. (B) Time-resolved stomatal conductance 
responses at the imposed [CO2] shifts (bottom in ppm) in the control amiRNA-HsMYO line and in 
the p9l22 line were analysed using intact whole-leaf gas exchange. The plots represent average 
±SEM (n=4 leaves from four plants per genotype). (C) Time-resolved stomatal conductance 
responses from darkness to the imposed light intensity and light quality shifts (bottom moon shape: 
darkness; red dashed line: red light at 600 μmol m−2 s−1; and blue dashed line: blue light at 10 μmol 
m−2 s−1) in the control amiRNA-HsMYO line and in the p9l22 line were analysed using intact 
whole-leaf gas exchange. The plots represent average ±SEM (n=3 leaves from three plants per 
genotype). 
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Figure 1.7 - New amiRNA lines targeting the two PAB genes (α2 subunit) and PAG1 gene (α7 
subunit) of the 26S proteasome show partial impairment in low-CO2-induced stomatal 
opening. (A, C) Time-resolved stomatal conductance responses at the imposed [CO2] shifts 
(bottom in ppm) in the control line amiRNA-HsMYO and (A) in the pab2-1mut pab1amiRNA line 
(pab2 gene T-DNA knockout and pab1gene amiRNA knockdown, α2 subunit) and (C) amiRNA-
PAG1 line (pag1 gene amiRNA knockdown, α7 subunit) were analysed using intact whole-leaf 
gas exchange. The plots represent average ±SEM (n=3–4 leaves from different plants per 
genotype). (B, D) Data from (A, C) were normalized to the average stomatal conductance of the 
first 10 min. Inserts show a representation of the 26S proteasome, with the α2 subunits highlighted 
in red and α7 subunits highlighted in green. The initial slope of gs response for amiRNA-
HsMYO and amiRNA-PAG1 was calculated and one-way ANOVA was used to compare the values 
(P>0.05). 
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Figure 1.8 – (Figure S1): ABA-induction of RAB18 gene expression is lower in the amiRNA-
AIGs line. The expression of RAB18 gene was measured in Arabidopsis seedlings (two-week-old) 
nine hours after ABA treatment (ABA) or ethanol (Control). qRT-PCR was performed using total 
RNA from seedlings and the PDF2 gene expression was used as an internal control. The graph 
shows data from three biological replicates with two technical replicates each. Bars show mean ± 
SD.  
 

 

 

 

 

 

 

 

 

0

2

4

6

8

10
amiRNA-HsMYO amiRNA-AIG

R
el

at
iv

e 
ex

pr
es

si
on

 
(R

A
B

18
/P

D
F2

)

Figure S1: ABA-induction of RAB18 gene expression is lower in the amiRNA-AIGs line. The
expression of RAB18 gene was measured in Arabidopsis seedlings (two-week-old) nine hours after ABA
treatment (ABA) or ethanol (Control). qRT-PCR was performed using total RNA from seedlings and the
PDF2 gene expression was used as an internal control. The graph shows data from three biological
replicates with two technical replicates each. Bars show mean ± SD.
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Figure 1.9 – (Figure S2): The expression of AIGL genes in amiRNA-AIGs lines. The 
expression of three AIGL genes was evaluated in Arabidopsis seedlings (two-week-old). qRT-PCR 
was performed using total RNA from seedlings. The PDF2 gene expression was used as an internal 
control. Panels “A”, “B” and “C” represent three biological replicates with three technical 
replicates for each biological replicate. AIG2LA (AT5G39720), AIG2LB (AT5G39730), AIG2A 
(AT3G28930).  
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Figure S2: The expression of AIGL genes in amiRNA-AIGs lines. The expression of three AIGL genes
was evaluated in Arabidopsis seedlings (two-week-old). qRT-PCR was performed using total RNA from
seedlings. The PDF2 gene expression was used as an internal control. Panels “A”, “B” and “C” represent
three biological replicates with three technical replicates for each biological replicate. AIG2LA
(AT5G39720), AIG2LB (AT5G39730), AIG2A (AT3G28930).
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Figure 1.10 – (Figure S3): The p9l22 amiRNA line has normal stomatal indices and density when 
compared to the amiRNA- HsMYO control line. Stomatal index (A) and stomatal density (B) 
measurements of the abaxial side of the fifth true leaf of 3 to 4-week-old plants. Wild type (Col 
0), amiRNA-HsMYO and p9l22 lines were evaluated. Data represent average of stomatal indices 
and density ± SD (n= 3 plants / three images per plant). NS, not significant (One-Way ANOVA 
p>0.05).  
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Figure S3. The p9l22 amiRNA line has normal stomatal indices and density when compared to the amiRNA-

HsMYO control line. Stomatal index (A) and stomatal density (B) measurements of the abaxial side of the

fifth true leaf of 3 to 4-week-old plants. Wild type (Col 0), amiRNA-HsMYO and p9l22 lines were evaluated.

Data represent average of stomatal indices and density � SD (n= 3 plants / three images per plant). NS, not

significant (One-Way ANOVA p>0.05).
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Figure 1.11 – (Figure S4): The expression of PAB1, PAB2 and PAG1 genes in amiRNA lines. 
The expression of three proteasomal subunits genes was evaluated in Arabidopsis seedlings (two-
week-old). qRT-PCR was performed using total RNA from seedlings. The PDF2 gene expression 
was used as an internal control. Panels “A”, “B” and “C” represent three biological replicates with 
three technical replicates for each biological replicate. PAB1 (AT1G16470), PAB2 (AT1G79210), 
PAG1 (AT2G27020).  
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Figure S4: The expression of PAB1, PAB2 and PAG1 genes in amiRNA lines. The expression of three

proteasomal subunits genes was evaluated in Arabidopsis seedlings (two-week-old). qRT-PCR was

performed using total RNA from seedlings. The PDF2 gene expression was used as an internal control.

Panels “A”, “B” and “C” represent three biological replicates with three technical replicates for each

biological replicate. PAB1 (AT1G16470), PAB2 (AT1G79210), PAG1 (AT2G27020).
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Table 1.1 - Overview of the ten amiRNA libraries as described by Hauser et. al. (2013), the number 
of amiRNAs designed for each library and the number of individual T2 amiRNA transformants 
that were generated here. Note that for the generation of each pool the 20bp and 21bp libraries 
were combined (see Hauser et. al. 2013 for details). All T2 lines have been submitted to the 
Arabidopsis Biological Resource Center (ABRC).  

 

 

 

 

 

Table 1 Overview of the ten amiRNA libraries as described by Hauser et. al. (2013), the number of amiRNAs designed 
for each library and the number of individual T2 amiRNA transformants that were generated here. Note that for the 
generation of each pool the 20bp and 21bp libraries were combined (see Hauser et. al. 2013 for details). All T2 lines 
have been submitted to the Arabidopsis Biological Resource Center (ABRC). 
 

Pool name Pool description amiRNA designs T2 lines 
kinase receptor (PKR) Protein kinases, 

protein phosphatases, 
receptors and their 
ligands 

1860 817 

binding (BNO) Proteins binding 
small molecules 1968 1771 

protein (CSI) Proteins that form or 
interact with protein 
complexes including 
stabilization of those 

2313 842 

rna dna (TFB) Transcriptionfactors 
and other RNA and 
DNA binding 
proteins 

2964 831 

metabolism (TEC) Metabolic and other 
enzymes catalyzing 
transfer reactions 
(EC: 2) 

1521 1548 

diverse enzymes (PEC) Catalytic active 
proteins, mainly 
enzymes 

1881 1113 

non-classified (UNC) Genes for which the 
function is not 
known or cannot be 
inferred 

4082 1387 

diverse molfun (DMF) Protein with diverse 
functional annotation 
not found in the other 
categories 

1505 1152 

hydrolase (HEC) Hydrolytic enzymes 
(EC class 3), 
excluding protein 
phosphatases 

2129 971 

transporter (TRP) Proteins that 
transport molecules 
across membranes 

1777 3844 

    
TOTAL   14276 
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Table 1.2 - AmiRNA sequences and predicted target genes found in candidate T3 plants showing 
robust ABA insensitive seed germination phenotypes in the T2 screen and subsequently in the T3 
generation.  
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Table 1.3 – (Supplemental Table 1): Comprehensive list of relevant primers used in this study.  
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Table 1.4 – (Supplemental Table 2): Comprehensive list of relevant plasmids used in this study.  
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Table 1.5 – (Supplemental Table 3): Comprehensive list of new amiRNAs designed and cloned 
in this study.  
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Table 1.6 – (Supplemental Table 4): AmiRNA sequences and predicted target genes found in 
candidate T3 plants which showed a putative ABA insensitive seed germination phenotype in the 
T2 screen and in the T3 generation.  
(1) No: The amiRNA was cloned, transformed into Arabidopsis, independent lines were selected 
and the T2 seeds were tested for insensitivity to abscisic acid in seed germination. The cotyledon 
emergence phenotype was not clearly different from wild type i.e. the phenotype observed in the 
T2 screen and the assay with the T3 seeds could not be reproduced. NA: no independent lines were 
generated.  
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Chapter 2: 

 

 

 

Identification of new F-box genes involved in ABA-inhibition of seed germination and ABA-

induced stomatal closure in Arabidopsis thaliana using amiRNA-based forward genetic screen 
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Abstract 

Unbiased forward genetic screens are key to finding new genes involved in multiple aspects 

of plant biology. One of the biggest limitations in forward genetic screens in Arabidopsis thaliana 

is the presence of multiple genes with overlapping functions, which can buffer the effect of single 

mutations. Using an amiRNA-based forward genetic screen, which specifically addresses genetic 

redundancy in Arabidopsis, over 10,000 amiRNA lines were screened with a germination assay in 

the presence of ABA. After re-screening around 300 candidates in the next generation (T3), the 

line amiRNA-347 was confirmed to have impaired ABA-inhibition of seed germination. 

Interestingly, this line was also partially impaired in ABA-induced stomatal closure. The amiRNA 

transformed into amiRNA-347 was sequenced and five putative target genes were identified, all of 

which encode not yet characterized F-box proteins, specifically F-box1 to F-box5. F-box1, 3 and 

4 are expressed in fully expanded leaves whereas F-box1 and 3 are expressed in dry seeds. 

Transgenic plants overexpressing dominant-negative isoforms of F-box1 and 3 (named “decoy” 

lines) also showed impairment in ABA-inhibition of seed germination, lower leaf temperature in 

thermal imaging analysis and only a partial response to ABA-induced stomatal closure. In order 

to identify possible targets of these F-box proteins, negative regulators of the ABA signaling 

pathway such as “clade A PP2C” phosphatases and the b-subunit of a protein farnesyl transferase 

(ERA1) were tested in Y2H. Positive interactions between F-box1 and 3 with “clade A PP2Cs” 

were confirmed both in vivo and in planta. Taken together, our findings suggest a link between 

ABA signaling and F-box-mediated degradation of negative regulators in the ABA signaling 

pathway. 
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Introduction 

Plants need to perceive, integrate and respond to both external and internal stimuli to 

maximize survival and growth. This process starts at the seed stage, when the decision between 

germinating or becoming dormant takes place. This is a key step to maximize survival of seedlings 

and has a major impact on crop production as it ensures that seeds will only germinate in optimal 

conditions. Although there are several factors that influence seed germination and dormancy, this 

process is mainly controlled by the balance between two plant hormones, gibberellins (GAs) and 

abscisic acid (ABA) (Weitbrecht et al., 2011; Shu et al., 2016). At the seed maturation stage, 

exogenous ABA from the mother plant inhibits seed germination while ABA synthesized by the 

seeds maintains seed dormancy (Kucera et al., 2005). While maintaining seed dormancy, ABA 

accumulates and binds to the PYRABACTIN RESISTANCE1/PYR1-LIKE/REGULATORY 

COMPONENTS OF ABA RECEPTORS (PYR/PYL/RCAR) receptors and triggers a molecular 

signaling pathway through deactivation of PROTEIN PHOSPHATASES TYPE 2C (PP2C) and 

activation of SUCROSE NONFERMENTING1-RELATED SUBFAMILY2 (SnRK2) kinases 

(Cutler et al., 2010; Hubbard et al., 2010; Kim et al., 2010). The PP2Cs play a key role in this 

pathway as negative regulators by binding to SnRK2 kinases and blocking ABA signaling (Ma et 

al., 2009; Park et al., 2009). There are nine “Clade A” PP2C phosphatases implicated in the ABA 

signaling pathway: ABA-INSENSITIVE1 and 2 (ABI1, ABI2), ABA-HYPERSENSITIVE1 (or 

AtP2C-HA, Leonhardt et al., 2004) and 2 (HAB1 and HAB2), ABA-HYPERSENSITIVE 

GERMINATION1 and 3 (AHG1 and PP2CA/AHG3), and three HIGLY ABA-INDUCED1, 2 and 

3 (HAI1, AKT1-Interacting PP2C1/HAI2, and HAI3) (Schweighofer et al., 2004; Bhaskara et al., 

2012; Hauser et al., 2017). Recently, much attention has been given to the regulation of PP2C 

protein levels by E3 ligase-mediated degradation. The (RING domain ligase 1) RGLG1 E3 ligase 
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promotes nuclear degradation of PP2CA (Palazon et al.). In addition, PLANT U-BOX 12 and 13 

(PUB12/13) target ABI1 for degradation in the proteasome (Kong et al., 2015). More recently, the 

role of the “BTB/POZ AND MATH DOMAIN” BPM3 and BPM5 subunits of Cullin3-RING E3 

ligases in targeting PP2CA, ABI1, ABI2 and HAB1 for degradation was also identified (Julian et 

al., 2019). 

Although these findings strongly suggest that PP2C protein levels have to be tightly 

controlled for proper ABA sensitivity, how these distinct E3-ligases are integrated in the pathway 

as well as whether other PP2Cs are also targeted by E3-ligases remain elusive. 

Another major negative regulator of the ABA signaling pathway is the b-subunit of a 

farnesyl transferase named ENHANCED RESPONSE to ABA 1 (ERA1) (Cutler et al., 1996). 

Era1 mutants are hypersensitive to ABA in seed germination and are more drought tolerant due to 

lower stomatal conductance and stronger ABA-activation of guard cell anion-channels (Pei et al., 

1998). Interestingly, more recent work showed that ERA1 plays a role in blue light-induced 

stomatal opening, suggesting that ERA1 function goes beyond ABA signaling (Jalakas et al., 

2017). 

Using an artificial microRNA (amiRNA)-based forward genetic screen which circumvents 

genetic redundancy in plants (Hauser et al., 2013, 2018), over 10,000 amiRNA lines were screened 

for seed germination in the presence of ABA. A new line, named amiRNA-347, was isolated and 

confirmed to be less sensitive to both ABA-inhibition of seed germination and ABA-induced 

stomatal closure. The amiRNA transformed in amiRNA-347 targets five F-box genes (F-box1 to 

F-box5), which belong to a gene family composed of 692 members in Arabidopsis (Xu et al., 

2009). Protein-protein interaction analyses in Yeast Two Hybrid (Y2H) and in Nicotiana 

benthamiana plants suggest that F-box1, 2 and 3 but not F-box4 and 5 can physically interact with 
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“Clade A” PP2Cs and ERA1. Our data suggest that F-box1, 2 and 3 have partially overlapping 

function in Arabidopsis and play a role in the ABA signaling pathway.  
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Materials and Methods 

Plant material, growth conditions and transformation 

Plant growth conditions were similar to what was described in “Chapter 1”. Arabidopsis 

accession Columbia-0 was used as the background for all amiRNA transformations. Surface-

sterilized seeds (15 min 70% ethanol, 0.1% sodium dodecyl sulfate; three to four washes with 

~100% ethanol; alternatively 10 min 50% bleach, 0.05% Tween-20; four to six washes with water; 

(Lindsey et al., 2017) of Arabidopsis were cold-treated for 2–5 d at 4 °C and germinated on half-

strength Murashige and Skoog basal medium supplemented with Gamborg’s vitamins (Sigma-

Aldrich (Murashige and Skoog, 1962; Gamborg et al., 1968), 0.8% Phytoagar (Difco, Franklin 

Lakes, NJ, USA) and pH adjusted (pH 5.8; 2.6 mM MES titrated with potassium hydroxide). After 

5–7 d, plants were transferred to plastic pots containing sterilized premixed soil (Sunshine 

Professional Blend LC1 RS; Sunshine; supplemented with an appropriate amount of insecticide 

(Marathon, Gnatrol) and propagated under the following conditions: long day (16 h light/8 h dark); 

23–27 °C; 20–70% humidity, 60–100 mmol m−2 s−1 light. 

Plant transformation by floral dip was performed as described elsewhere (Clough and Bent, 

1998) with the following modifications. Agrobacterium tumefaciens GV3101::pMP90 (Koncz and 

Schell, 1986) was grown under selection of all markers, i.e. genomic (rifampicin), Ti-plasmid 

(gentamicin), pSOUP (tetracycline) and T-DNA plasmid (spectinomycin). The infiltration 

medium for resuspension of the bacteria and floral dip contained 5% sucrose (w/v) and 0.02% 

(v/v) Silwet L-77 (Clough and Bent, 1998). 

Herbicide-resistant plants were transferred to soil and grown to full maturity and T2 seeds 

collected from individual plants. When appropriate, media for growth of bacteria or plant selection 
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contained the following concentrations of antibiotics (mg ml−1): carbenicillin 100, gentamycin 25, 

kanamycin 30, rifampicin 50, spectinomycin 100, tetracycline 10, and phosphinotricin 15. 

 

Screen for abscisic acid-insensitive cotyledon emergence phenotype and germination assay 

For the pooled screening, approximately 10–50 seeds of 90 individual T2 plants were 

mixed, surface sterilized and sprinkled onto agar plates (3 μM (±)-ABA; Sigma-Aldrich). As a 

control for ABA insensitivity, abi4-1 (ABRC, CS8104) was used and Col-0 was used as a wild-

type control. A putative ABA-insensitive phenotype was scored in a binary manner for similarity 

to the abi4-1 or abi5-1 phenotype and difference from wild-type after 5–8 d using green 

cotyledons as the indicator (Kuhn et al., 2006). For lines that showed a putative ABA insensitivity, 

the seed germination assay was repeated by propagating individual T2 seedlings to the next 

generation (T3) and using seeds of the T3 generation for ABA sensitivity assays. This time, seeds 

were placed on plates with and without ABA (with indicated concentration of (±)-ABA; Sigma-

Aldrich) and images were taken daily for 7 d and emergence of radicles and cotyledons was 

counted manually using Fiji (Schindelin et al., 2012). For candidates of the individual screen the 

T2 seeds were used for repetition of the germination assay. 

 

Identification of amiRNA sequences and testing reproducibility 

Genomic DNA from candidates with a robust and reproducible phenotype was isolated as 

described elsewhere (Edwards et al., 1991) and the sequence of the amiRNA present was 

determined by sequencing of the PCR product (primers pha2804f and pha3479r; 

see Supplementary Table S1). Using the Target Search function available on the WMD3 website 

(Ossowski et al., 2008), putative amiRNA target genes were predicted. For independent 
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confirmation of the phenotype, independent lines were generated by cloning the identified 

amiRNA into pFH0032 (Supplementary Table S2; (Hauser et al., 2013) and transforming it into 

Arabidopsis Col-0. Confirmed phenotypes were further analysed by using single knock-out 

mutants, higher order mutants generated by crossing and/or generating amiRNAs that target 

subsets of the initial target genes (see Supplementary Table S3). 

 

Gas exchange analyses 

Stomatal conductance of H2O (gs) was measured in leaves of 5- to 6-week-old plants using 

portable gas exchange systems (LI-6400 and LI-6800, LI-COR, Lincoln, NE, USA), starting 2 h 

after growth chamber light onset. For intact single leaf ABA treatments, the method used was 

previously described in (Ceciliato et al., 2019). Briefly, a LED light source set at 150 μmol 

m−2 s−1 (10% blue) and a chamber temperature of 21 °C were 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 h, steady-state stomatal conductance was recorded 10 min before the addition of ABA to the 

petioles submerged in water at the indicated concentration. For light-response measurements, 

plants were kept in the dark for 18 h prior to experiments. The data presented represent n≥3 leaves 

with each leaf from independent plants per genotype per treatment. 

 

Inhibition of root growth assay 

In order to test ABA-inhibition of primary root growth, seeds were surface-sterilized and 

germinated on half-strength MS (Murashige and Skoog medium), 1 mM MES (2-(N-morpholino) 

ethanesulfonic acid), and 1.5% agar with the pH adjusted to 5.6 with KOH and grown vertically 

for four days. After this, seedlings were transferred to different media: on half-strength MS + 
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ETOH control or half-strength MS + 20 µM (±)-ABA; Sigma-Aldrich. Primary root growth length 

was measured using the software ImageJ. Bars represent average ± SD of twenty – twenty-five 

seedlings per genotype per treatment. The abi1abi2hab1pp2ca quadruple mutant was used as 

positive control.  

 

qRT-PCR analysis 

Total RNA (500 ng) was extracted from four-week-old leaves or dry seeds and was reverse 

transcribed using the first-strand cDNA synthesis kit (GE Healthcare). qRT-PCR analyses were 

performed using 3-fold-diluted cDNA (Maxima SYBR Green Rox/qPCR Master Mix; Thermo 

Fisher Scientific) on a CFX Connect PCR cycler (BioRad). The housekeeping PDF2 gene was 

used as an internal control (Czechowski et al., 2005). The threshold cycle (CT) was determined by 

the instrument (CFX Manager Software, BioRad), and the ΔΔCT method was used to calculate the 

fold change in each gene (Livak and Schmittgen, 2001).  

 

Western blot analysis of F-box decoy lines 

To verify the expression levels of distinct insertion events of F-box decoy lines, seedlings 

were first grown on half-strength MS (Murashige and Skoog medium), 1 mM MES (2-(N-

morpholino) ethanesulfonic acid), and 1.5% agar with the pH adjusted to 5.6 with KOH and grown 

horizontally for two weeks. Total protein was extracted using protein extraction buffer (50 mM 

MOPS-KOH pH 7.5, 100 mM NaCl2, 2.5 mM EDTA, 10 mM NaF, 2 mM DTT, 1 mM PMSF, 20 

µM Leupeptin). Twenty to forty seedlings were ground using 500 µL of extraction buffer on ice 

and extracts were centrifuged at 14,000 rpm, 4 °C for 10 min. The supernatant was collected, and 

Bradford was used to quantify the protein extracts. Twenty-five µg of protein was fractionated on 
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10.5% SDS-PAGE gel, blotted onto a nitrocellulose membrane (Whatman Protran BA85 0.45 µm) 

and probed with anti-FLAG antibody (Life Tecnology) overnight at 4 °C and finally incubated 

with a goat anti-mouse IgG – AP (alkaline phosphatase, Santa Cruz) for 2 hours at room 

temperature. Membranes were incubated with NBT/BCIP (Roche) and bands were detected.  

 

Thermal imaging of F-box decoy lines 

WT Columbia-0 plants were grown side-by-side with F-box decoy insertion lines for five 

weeks. Plants were grown in plastic pots containing sterilized premixed soil (Sunshine 

Professional Blend LC1 RS; Sunshine; supplemented with insecticide (Marathon, Gnatrol)) and 

propagated under the following conditions: 12 h light/12 h dark); 21–22 °C; 70–85% humidity, 

100 –110 mmol m−2 s−1 light in a Percival growth chamber (Ceciliato et al., 2019). A Plants were 

removed from the growth chamber and placed side-by-side for thermal imaging and images were 

taken with a FLIR T650sc thermal imaging camera (FLIR, Wilsonville, OR, USA). Thermal 

images were converted into Flexible Image Transport System format (fits) using the ExaminIR 

software (FLIR).  

 

Protein-protein interaction in Y2H 

In order to test protein-protein interactions, Y2H assays were performed using the USER-

modified pGBT9 and pGADGH vectors (Clontech). Constructs were transformed into Yeast PJ69-

4A cells and selected on SD-L-W medium. Three independent colonies were incubated in liquid 

SD-L-W medium overnight and then the OD600 of cultures was adjusted to 1 with water. A series 

of 5 µL 10- and 100-fold dilutions of transformants were spotted on SD-L-W and SD-L-W-H 

supplemented with ETOH control or 10 µM ABA final concentration, and grown for 5 to 6 d. For 
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tests in liquid media, three colonies for each transformant were grown for 48 h on SD-L-W liquid 

medium and the OD600 was measured. OD600 was adjusted to 0.1 and interactions were tested on 

SD-L-W-H liquid supplemented with ETOH control or 10 µM ABA final concentration for the 

indicated amount of time.  

 

Protein-protein interaction in N. benthamiana 

For Bimolecular Florescence Complementation (BiFC) experiments, the coding region of 

the indicated genes were inserted into the USER-modified pSPYCEmR and pSPYNER vectors 

(Waadt et al., 2008). Optical density (OD600) of transformed Agrobacterium cells was adjusted to 

0.2 with buffer (10 mM MES, 10 mM MgCl2, 100 μM acetosyringone, pH 5.6). For co-expression, 

equal volumes of bacterial suspensions were mixed at a final OD600 of 0.2 each and infiltrated into 

6-week-old N. benthamiana leaves with a syringe. The p19 helper plasmid was also co-infiltrated.   

Seventy-two h after infiltration, fluorescence was observed using confocal imaging.   
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Results  

The amiRNA-347 line is partially insensitive to ABA-inhibition of seed germination and 

ABA-induced stomatal closure.  

Using the amiRNA seed resource presented in “Chapter 1” and screening pools of 90 

amiRNA lines (30-50 seeds per line) per round (with approximately 100 rounds total), 

approximately 340 putative candidates were identified in this seed germination assay. In the next 

generation (T3), approximately 25 of these amiRNA lines were confirmed to be less sensitive to 

ABA, including the line amiRNA-347. (Figure 1). Compared to the control line, amiRNA-HsMYO, 

the amiRNA-347 line showed robust germination and cotyledon emergence in the presence of 1.5 

µM ABA (Figure 1A). Quantification of germination rates in figure 1 showed over 75% 

germination in amiRNA-347 in contrast to the control line, that showed less than 40% germination 

seven days after exposure to light (Figure 1B). In order to test whether the amiRNA-347 line was 

less sensitive to ABA-induced stomatal closure, intact leaf gas exchange experiments were 

pursued. When leaves were treated with 2 µM ABA via the petiole (Ceciliato et al, 2019), a delay 

in ABA-induced stomatal closure in amiRNA-347 plants was observed (Figure 1C and 1D).  

AmiRNA-347 targets five F-box genes: At3G03030 (F-box1), At3G58880 (F-box2), 

At5G59000 (F-box3), At3G58820 (F-box4) and At5G38386 (F-box5). Using the online tool 

CLUSTALW (https://www.genome.jp/tools-bin/clustalw), a phylogenetic tree was generated 

which contained all 5 of these F-box target genes. Interestingly, the five target genes were not 

grouped in the same clade of the tree but spread across five distinct clades (Figure 1E). When 

protein identity was verified, it was observed that the five F-box proteins are less than 50% 
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identical to one another, whereas a sixth F-box protein (At3G03040), which is not predicted to be 

targeted by amiRNA-347, showed over 70% identity to F-box1 (Figure 1E, insert).  

 Combined, our data suggest that the amiRNA-347 line is less sensitive to ABA in both 

germination assays and in ABA-induced stomatal closure, likely due to the knockdown of 

uncharacterized F-box genes.  

 

New amiRNA lines targeting F-box1 to 5 show partial insensitivity to ABA in germination 

assays and decrease the F-box gene expression levels in mature leaves.  

In order to test whether new amiRNAs targeting the same five F-box genes would confer 

an ABA-phenotype, two new amiRNAs were designed and transformed into Arabidopsis. These 

new lines were named amiRNA 1 and amiRNA 2 (Figure 2A). In the T2 generation, three 

independent insertion events each of amiRNA 1 and amiRNA 2 (labeled as #1, #2 and #3 

respectively) were tested in germination assays in the presence of ABA. Interestingly, and as 

highlighted in “Chapter 1”, a large variation was observed between distinct amiRNA insertion 

events. In the presence of 0.5 µM ABA, amiRNA 1 insertion events #2 and #3 and amiRNA 2 

insertion event #2 showed higher germination and cotyledon emergence rates compared to control 

lines (Figure 2B and 2C). The amiRNA lines that showed the strongest phenotypes in germination 

assays were chosen for further characterization (amiRNA 1, insertion #3 and amiRNA 2 insertion 

#2).  

To further investigate the phenotypes conferred by the F-box knockdown lines, ABA-

inhibition of primary root growth assays were performed. In the presence of 20 µM ABA, both the 

originally isolated amiRNA-347 line and the new amiRNA lines 1 and 2 showed WT-like responses 

to ABA in primary root growth (Figure 2D).  
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The expression levels of F-box genes 1 to 5 were quantified using qRT-PCR in both mature 

leaves and dry seeds in the wildtype parent accession Col-0. It was observed that F-box1, 3 and 4 

were more highly expressed in leaves (Figure 2E) and F-box1 and 3 in dry seeds (Figure 2F). In 

addition, a robust decrease in gene expression levels of F-box 1, 3 and 4 was observed in mature 

leaves of amiRNA-347 and amiRNA 2 insertion #2 (Figure 2E).  

 Next, we isolated T-DNA insertion lines of F-box1, and 4 as these are more highly 

expressed in mature leaves and seeds (Figures 2E and 2F). In the case of F-box3, we could not 

find a T-DNA insertion in any of the exons, but T-DNA lines for F-box1 and 4 were isolated. 

Single T-DNA insertion mutants for F-box1 and 4 were tested in germination assays and showed 

WT-like responses to ABA-inhibition of seed germination (Figure 3A). As these F-box genes 

might have overlapping functions, a F-box1/F-box4 double mutant (f1f4 double) was generated 

and tested in ABA-inhibition of seed germination assays. As previously observed in the single 

mutants, the f1f4 double mutant showed WT-like sensitivity to ABA (Figure 3B), suggesting that 

higher order mutants might be needed for further investigation. The f1f4 double mutant was also 

tested in ABA-inhibition of root growth assays. The quadruple mutant of PP2Cs 

(abi1/abi2/hab1/pp2ca), (Li et al., 2016) and WT plants were used as controls. It was observed 

that f1f4 double mutants have WT-like responses to ABA in root growth assays (Figure 3C).  

 Our data suggest that amiRNA lines knocking down the F-box genes 1 to 5 have lower 

sensitivity to ABA in germination assays and that these F-box proteins might have overlapping 

functions.  

 

The F-box1 and F-box3 decoy lines have lower sensitivity to ABA in germination assays, and 

knockdown of F-box3 gene in the f1f4 double mutant background decreases ABA sensitivity.  
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During the development of this project, Dr. Joshua Gendron (Yale University) established 

a method to characterize plant E3 ligases. Using dominant negative F-box proteins (denominated 

“decoy”), it is possible to stabilize the targets of E3 ligases instead of causing their degradation 

(Feke et al., 2019). In addition, this technique presents an unbiased method for identifying putative 

interactors of E3 ligases using mass spectrometry-based immuno-precipitation (IP/MS).  

When I first contacted Dr. Gendron for a collaboration, his laboratory had decoy lines for both F-

box1 and F-box3. In the T2 generation, germination assays were used to test whether F-box1 decoy 

and/or F-box3 decoy lines have distinct sensitivity to ABA. As described above, three independent 

insertion events were used in these experiments for each of these lines, named F-box1 decoy #1, 

#2 and #3 and F-box3 decoy #1, #2 and #3. Seeds for these experiments were freshly harvested 

simultaneously. In the presence of 1.5 µM ABA, the insertion events F-box1 decoy #1 and F-box3 

decoy #1, #2 and #3 showed higher cotyledon emergence rates compared to control lines (Figures 

4A and 4B). As the variation in germination rates between independent insertion events of F-box1 

decoy lines was very high, western blot was used to detect the presence of F-box1 decoy proteins 

in all three insertion events. It was observed that F-box1 decoy #1 line had the strongest expression 

of the F-box1 decoy protein (Figure 4C).  

The data from F-box3 decoy lines in germination assays suggest that F-box3 might play a 

role in ABA-inhibition of seed germination. In order to test this hypothesis, a new amiRNA was 

designed to specifically target the F-box3 gene. This new amiRNA was transformed in two distinct 

backgrounds: WT (named amiRNA-F-box3) and f1f4 double mutant (named f1f4double/amiRNA-

F-box3). In germination assays, in the presence of 1.5 µM ABA, amiRNA-HsMYO control lines 

showed on average less than 10% germination. By averaging ten independent insertion lines, 

amiRNA-F-box3 plants showed around 20% germination and the f1f4double/amiRNA-F-box3 
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plants showed over 35% germination in the same condition, seven days after exposure to light 

(Figure 4D).  

When fully developed, F-box1 and 3 decoy plants appeared to be larger than parallel-grown 

WT plants, in particular in terms of leaf area (Figure 5A). Using infrared thermal imaging, the 

canopy leaf temperatures of F-box1 and 3 decoy lines were compared to WT. The canopy leaf 

temperatures in F-box1 decoy#3 and F-box3 decoy#2 were very similar to WT canopy leaf 

temperature (Figure 5B, upper panels). Interestingly, F-box1 decoy#1 and F-box3 decoy#1 plants 

showed lower canopy leaf temperature compared to WT control plants (Figure 5B, lower panels). 

This prompted us to test whether these decoy lines have affected ABA-induced stomatal closure 

responses. Using intact leaf gas exchange, leaves from F-box1 decoy#1 (Figures 5C and 5D) and 

F-box3 decoy#1 (Figures 5E and 5F) were treated with 1.0 µM ABA and stomatal conductance 

was measured and compared to WT leaves treated in parallel. It was observed that leaves from F-

box3 decoy#1 line had higher steady-state stomatal conductance and delayed response to ABA 

(Figure 5E and 5F). 

  Taken together, our data indicate that these F-box proteins targeted in amiRNA-347 line 

have (partial) overlapping functions and that F-box3 could be important for the observed ABA 

phenotype.  

 

F-box proteins 1, 2 and 3, but not 4 and 5, interact with clade A PP2Cs in Y2H assays.  

F-box proteins are the substrate-recognition units of a protein complex known as “Skp1- 

Rbx1-Cul1-F-box protein” (SCF) ubiquitin ligases. As such, F-box proteins bind to their target(s) 

and ultimately drive their degradation via the 26S proteasome (Xu et al., 2009). To better 

understand how the recently discovered F-box proteins 1 to 5 interact with the ABA signaling 
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pathway, the identification of their targets was crucial. By using three distinct methods to decrease 

gene expression/function of F-box1 to 5 (amiRNA lines, F-box decoy lines and T-DNA insertion 

lines), it was observed that all of them led to hyposensitivity to ABA (Figures 1, 2 and 4). This 

suggests that the F-box proteins could be targeting negative regulator(s) of the ABA signaling 

pathway. In this context, there would be a decrease in degradation of these negative regulators in 

our mutants and plants would become more resistant to ABA. To test this hypothesis, two major 

classes of negative regulators of the ABA signaling pathway were chosen: the nine “clade A” type 

2C protein phosphatases (PP2Cs) (Fuchs et al., 2013) and the b-subunit of a farnesyltransferase 

called Enhanced Response to ABA1 (ERA1) (Cutler et al., 1996).  

To verify whether our newly identified F-box proteins physically interact with PP2Cs 

and/or ERA1, we first used Yeast-Two-Hybrid (Y2H) assays. Two positive controls were selected: 

the interaction between the GTP exchange factor RopGEF1 and the PP2C ABI1, which is ABA-

independent in yeast (Li et al., 2016), and the interaction between the ABA receptor PYR1 and 

the PP2C HAB1, which is ABA-dependent (Park et al., 2009). First, we tested putative interactions 

using F-box1 and F-box3 as protein baits. Our data indicated potential positive interactions 

between F-box1 and all nine PP2C phosphatases tested (Figure 6A). Interestingly, the addition of 

ABA to the plates where these interactions were tested seemed to enhance the growth of yeast co-

transformed with F-box1 and PP2Cs, especially for the following combinations: F-box1+ABI1, F-

box1+HAB1, F-box1+HAI2 and F-box1+HAI1 (Figure 6A). F-box1 also showed positive 

interaction with ERA1 in Y2H assays, although in a weaker manner. This interaction, however, 

was not remarkably enhanced by the addition of ABA (Figure 6B). Similar experiments were 

performed using F-box3 as bait. In these experiments, we did not observe a clear interaction 

between F-box3 and the PP2Cs (Figure 7A) or with ERA1 (Figure 7B).  
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 From the data obtained in Figures 6 and 7, we hypothesized that some F-box proteins might 

interact more or less strongly with their targets. Furthermore, we needed to test whether ABA truly 

has a quantitative effect on these interactions. In order to better visualize these differences in the 

strength of putative interactions between F-box proteins and negative regulators of the ABA 

signaling pathway, we performed the next Y2H experiments in liquid media. Interactions could 

then be indirectly quantified by determining the time-dependent growth of the yeast cultures using 

OD600 measurements. In addition, we tested putative interactions in the absence (ethanol control) 

and presence of ABA. When the control interaction between PYR1 and HAB1 was tested, the 

yeast culture was observed to grow rapidly, with a maximum OD600 of 1.38 achieved within 50 

hours of incubation, but only in the presence of ABA (Figure 8A). In the absence of ABA, the 

maximum OD600 achieved was 0.36 for the same period of time which served as a control for 

background interaction. With this experimental set up, the putative interactions between each of 

the 5 F-box proteins with the PP2Cs ABI1, HAI1, HAI2 and HAI3 were tested in the presence and 

absence of ABA. When F-box1 was used as a bait, positive interactions were observed for all 

interactions tested, including ERA1 (Figure 8B to 8F). However, the maximum growth of yeast 

was observed only about 70 hours after the start of the experiment, which was slower than the 

ABA-induced PYR1-HAB1 interaction (Figure 8A). The presence of ABA had a small effect in 

interactions between F-box1 and HAI3 (Figure 8B) and F-box1 and HAI1 (Figure 8D). When F-

box2 was used as bait, a measurable interaction above background was only observed with HAI2 

(Figure 9). In the case of F-box3, positive interactions were detected for the following 

combinations: F-box3+HAI1, F-box3+HAI2 and F-box3+ERA1 (Figure 10). Interestingly, F-box4 

and F-box5 did not strongly interact with the tested PP2Cs or ERA1, even after over 90 hours of 

yeast growth (Figures 11 and 12). 
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 With data gathered from Figures 8 to 12, an interaction network could be determined in 

which F-box1, 2 and 3 interact with HAI2, F-box1 and 3 interact with ERA1 and F-box4 and 5 do 

not strongly interact with any of the tested targets (Figure 13). 

 

F-box1, but not F-box4, interacts with HAI2 in planta.  

To further test whether F-box1 can physically interact with HAI2 and/or ERA1, we tested 

these putative interactions in planta using heterologous expression in Nicotiana benthamiana. For 

these analyses, we used Bimolecular Florescence Complementation assays (BiFC), fusing the N-

terminal of YFP with F-box proteins and the C-terminal of YFP with the putative targets. Since F-

box1 showed positive interaction with all PP2Cs tested in Y2H (Figures 6 and 8), another 

phosphatase, APD7, which does not belong to “clade A” of PP2Cs (Fuchs et al., 2013), was used 

as a control in these experiments. Interestingly, F-box1 seemed to interact with HAI2 and APD7, 

but not with ERA1 (Figure 13A). HAI2 is only 28% identical to APD7 and 24% identical to ERA1 

(Figure 13, insert). The F-box4 protein did not interact with HAI2 or ERA1 in Y2H experiments 

(Figure 11). In BiFC experiments, we also observed that F-box4 does not interact with HAI2 or 

ERA1 (Figure 13B), consistent with Y2H experiments. 

Next, we tested whether the closest homolog of F-box1 protein could interact with HAI2 

and/or ERA1. This F-box gene (At3G03040) is 71% identical to F-box1 (Figure 13, insert) and 

was named F-box03040. We did not detect positive interactions between F-box03040 and the 

tested targets (Figure 13C). The known interaction between RopGEF1 and ABI1 was used as a 

positive control (Figure 13D).  

 Together, our data suggest that F-box1 can interact with HAI2 in planta, but also with an 

unrelated phosphatase (APD7), indicating that further experiments need to be performed in order 
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to test the physiological relevance of such interactions. In the future, BiFC experiments will be 

conducted in parallel with negative controls and the data will be quantified. The ubiquitination 

profile of putative targets will also be evaluated in both amiRNA and F-box decoy lines.  
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Discussion 

Forward genetic screens can lead to the isolation and identification of new genes in an 

unbiased fashion, but overlapping functions of homologous genes, often referred to as functional 

genetic redundancy makes it less useful as redundancy buffers the effect of single gene mutations. 

By using an amiRNA-based forward genetic screen (Hauser et al., 2013, 2018), we isolated a new 

amiRNA line (amiRNA-347) which was less sensitive to ABA in both ABA-inhibition of seed 

germination and ABA-induced stomatal closure (Figure 1A to 1D). This amiRNA has five target 

genes, all of which encode F-box proteins. Given the fact that the F-box gene family is one of the 

largest gene families in Arabidopsis, with over 690 members (Xu et al., 2009), our finding suggests 

that amiRNAs are indeed capable of circumventing genetic redundancy. Our amiRNA library was 

designed to target multiple genes within a given gene family, based on sequence similarity (Hauser 

et al., 2013). The five F-box genes targeted by amiRNA-347 do not belong to the same branch of 

the phylogenetic tree generated using protein sequences (Figure 1E). This suggests that maybe 

some of these targeted genes might not be redundant and were targeted by the same amiRNA based 

on mRNA sequence similarities. Although the “amiRNA-Ax347” and “amiRNA2” do not have 

any predicted possible off targets based on sequence analyses, “amiRNA1” shows low binding 

affinity to the mRNA of another F-box gene (At3G58590). In combination with the fact that the 

five amiRNA target genes are spread out in the F-box gene family, this indicates that the amiRNAs 

used in this project might have off targets not yet considered.     

  When two new amiRNAs were designed to target the same five F-box genes (F-box1 to F-

box5), partial insensitivity to ABA-inhibition of seed germination was once more observed (Figure 

2A to 2C). Interestingly, the phenotypes observed in these new amiRNA lines were very much 

insertion event dependent. This has been observed before in amiRNA lines (Hauser et al., 2018), 
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and it is likely due to changes in the amiRNA expression levels and efficiency in gene knockdown. 

In fact, the insertion event “amiRNA 2 #2” showed strong impairment in ABA-inhibition of seed 

germination (Figure 2B and 2C) and robust reduction of gene expression levels of F-box1 to F-

box5 (Figure 2E).   

In order to further investigate the roles of these five F-box genes identified in our genetic 

screen, T-DNA insertion mutants of F-box1 and F-box4 were obtained (Alonso et al., 2003). 

Single mutants for both F-box1 and F-box4 as well as the f-box1/f-box4 double mutant showed 

WT-like responses to ABA in both germination assays and primary root growth assays (Figure 3). 

These data suggest that either: 1- F-box1 and F-box4 genes do not have overlapping function in 

the ABA-signaling pathway or 2- There is/are more gene(s) that have overlapping function with 

F-box1 and F-box4. 

To better understand the roles of the F-box genes 1 to 5 in ABA-signaling, a second 

approach for tackling genetic redundancy was used. In this case, F-box decoy lines were generated 

for F-box1 and F-box3.  F-box decoy proteins were constitutively expressed but lacked the F-box 

domain, causing a dominant negative phenotype by stabilizing their targets (Lee et al., 2018; Feke 

et al., 2019). Three independent insertion events of F-box1 decoy and F-box3 decoy were tested 

in germination assays. Interestingly, for F-box1, only one insertion event (F-box1 decoy #1) 

showed impaired responses to ABA-inhibition of seed germination (Figure 4A and 4B). In the case 

of F-box3 decoy, all three tested insertion lines showed an ABA-phenotype (Figure 4A and 4B). 

Distinct insertion events may affect the expression levels of the transgene, and to check 

whether the distinct phenotypes observed in F-box1 decoy lines correlate with expression of the 

transgene, western blot was used (Figure 4C). As expected, F-box1 decoy #1 showed higher levels 

of F-box1 decoy protein. The fact that F-box3 decoy lines showed impaired responses to ABA 
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(Figures 3 and 4) led us to isolate a f-box1/f-box3/f-box4 triple mutant. As exonic T-DNA insertion 

lines for F-box3 were not available, an amiRNA was designed to target this gene. When the 

amiRNA for F-box3 was expressed in the f-box1/f-box4 double mutant, an impairment in ABA-

inhibition of seed germination was observed (Figure 4D), suggesting that F-box3 is an essential F-

box in the molecular pathway. In the future, f-box1/f-box3 double mutants will be isolated using 

CRISPR/Cas9- mediated deletion of F-box3. In addition, F-box3 decoy lines have higher steady-

state stomatal conductance and delayed ABA-induced stomatal closure responses (Figure 5).  

Knock down of the isolated F-box genes led to a decrease in ABA-sensitivity. We 

attempted to identify the putative targets of these F-box proteins by testing protein-protein 

interactions in Y2H. We selected negative regulators in the ABA signaling pathway as putative 

targets, such as Clade A PP2C phosphatases (Kong et al., 2015) and the beta subunit of a protein 

farnesyl transferase ERA1 (Cutler et al., 1996; Pei et al., 1998). It has been shown that the deletion 

of ERA1 caused both ABA hypersensitivity of anion channel activation in guard cells and of 

stomatal closing, decreasing water loss through leaf transpiration in drought assays. In addition, 

era1 mutants are hypersensitive to ABA in seed germination assays.  

At first, putative interactions between F-box1 and F-box3 and negative regulators of the 

ABA pathway in Y2H were tested in semi-solid media in the absence and presence of ABA. 

Interestingly, positive interactions between F-box1, clade A PP2Cs and ERA1 (Figure 6), but not 

F-box3 (Figure 7), were found and they seemed to be enhanced by the presence of ABA. To better 

visualize differences in protein interaction strength in Y2H, the next experiments were performed 

in liquid media and yeast growth was measured using Optical Density (OD600) measurements. 

Although positive putative interactions between F-box1 and Clade A PP2Cs were once again 

verified, the presence of ABA in the media did not significantly affect yeast growth rate (Figure 



 66 

8). Similar experiments were performed with the other four F-box proteins (F-box2 to F-box5, 

Figures 9 to 12) and it was verified that F-box4 and 5 do not interact with the same putative targets 

(Summarized in Figure 13). These data suggest that F-box1, 2 and 3 might have overlapping 

functions whereas F-box4 and 5 might be targeted by the same amiRNA solely based on mRNA 

sequence similarities. In fact, protein-protein interactions in planta using BiFC (Bimolecular 

Florescence Complementation) showed putative positive interactions between F-box1 and HAI2 

but not F-box4 and HAI2 (Figure 14A and 14B). HAI2 is a key negative regulator of the ABA 

signaling pathway and physically interacts with the ABA receptors PYR1 and RCAR11 in an 

ABA-dependent manner. Consistently, hai2 loss of function mutants have increased seed 

dormancy and are hypersensitive to ABA in seed germination assays (Kim et al., 2013). It is of 

notice that a non-related phosphatase, Arabidopsis PP2C Clade D 7 (APD7) also showed positive 

interaction with F-box1 (Figure 14A). APD7 is a negative regulator of Arabidopsis leaf senescence 

and interacts with the receptor-like kinase SENESCENCE-ASSOCIATED RECEPTOR-LIKE 

KINASE (AtSARK), a positive regulator of leaf senescence (Xiao et al., 2015).  

 Taken together, our data suggest that F-box1 and 3 (and possibly F-box2) have partially 

overlapping function and are important ABA signaling components. These F-box proteins interact 

with negative regulators of the ABA signaling pathway both in yeast and in preliminary 

experiments in planta.  

Future goals: In the future, key experiments will be performed: A- new amiRNAs 

targeting subsets of the five F-box targeted genes as well as CRISPR/Cas9 constructs will be 

designed and transformed in Arabidopsis (e.g. targeting F-box1, 2 and 3), B- BiFC experiments 

will be repeated and putative interactions will be quantified and C- In order to test protein-protein 

interactions in planta, Co-IP experiments will be performed D- degradation assays in both 
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Nicotiana benthamiana and in Arabidopsis with stable lines will be conducted, E- IP/MS 

experiments using our F-box decoy lines will be performed both under control and ABA-treatment 

and F- ubiquitination assays will be performed to test whether these F-box proteins can indeed 

direct PP2Cs for degradation.  

Chapter 2 is coauthored with Hauser, G; Gendron, J; Schroeder, JI. The dissertation author 

was the primary author of this chapter. 
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Figure 2.1 – The amiRNA-347 line is less sensitive to exogenous ABA treatment in 
germination assay and ABA-induced stomatal closure and targets 5 F-box genes. (A) 
Seedlings of the control amiRNA line, which targets a gene not found in Arabidopsis (amiRNA-
HsMYO control), and an amiRNA line that targets five F-box genes (amiRNA-347) germinated in 
the presence of 1.5 µM ABA. Photographs were taken after 7 d of exposure. (B) Germination in 
“A” was counted and presented as percentage of germination. (C) Time-resolved stomatal 
conductance to H2O (gs) in response to application of 2 µM ABA to the transpiration stream (red 
arrows) is shown in the amiRNA control line (amiRNA-HsMYO) and in the amiRNA line targeting 
five F-box genes (amiRNA-347). Stomatal conductance was analysed using whole leaf gas 
exchange. (C) Stomatal conductance in mol m−2 s−1. (D) Data from (C) were normalized to 
stomatal conductance at the beginning of the experiment. Data are the mean of n=3 leaves per 
genotype ±SEM. (E) Phylogenetic analyses of the F-box targeted genes in amiRNA-347 line. The 
phylogenetic tree was generated using the CLUSTALW (https://www.genome.jp/tools-
bin/clustalw). The five targeted genes, F-box1 to F-box5 are highlighted in bold. The protein 
identity between F-box1 and the other four F-box proteins was analyzed (right insert). A non-
targeted F-box highlighted by the red arrowhead (At3G03040) was included in the analyses.   
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Figure 2.2 – The new amiRNA lines targeting the five F-box genes are less sensitive to ABA 
in germination assay and F-box1 and 3 genes are expressed in leaves and in dry seeds. (A) 
Two new amiRNAs targeting all five F-box genes were designed and transformed in Arabidopsis. 
The 21nt long amiRNA sequences are given. Wild-type (WT), the control amiRNA line (amiRNA-
HsMYO control), and three independent insertion events of amiRNA lines 1 and 2 that targets 
five F-box genes (amiRNA 1 and amiRNA 2) germinated in the presence of 0 or 0.5 µM ABA. (B) 
Germination after 4 days of exposure to light and (C) cotyledon emergence after 8 days of exposure 
to light. (D) Primary root growth assay was performed using the amiRNA control line (amiRNA-
HsMYO), the amiRNA-347 and amiRNA 1 and 2 lines. Seedlings were grown for four days before 
transferring to either 1⁄2 MS plates or 20 μM ABA plates. Images on the left were taken using 
representative images from the 7th day of growth after transfer. Bar graphs are average of 25 
seedlings/genotype/treatment ± SD. (E) The expression levels of all five F-box genes was 
measured in Arabidopsis leaves (four-week-old) in the control amiRNA line (amiRNA-
HsMYO control), the amiRNA-347 and in the amiRNA 2 line. (F) The expression levels of all five 
F-box genes was measured in Arabidopsis dry seeds in the control amiRNA line (amiRNA-
HsMYO control). qRT-PCR was performed using total RNA and the PDF2 gene expression was 
used as an internal control. The graph shows data from three biological replicates with two 
technical replicates each. Bars show mean ± SD.  
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Figure 2.3 – Single T-DNA insertion mutants for F-box1 and F-box4 genes and the f1/f4 
double mutants are not insensitive to ABA in germination and root growth assay. (A) 
Germination assay was performed using T-DNA insertion lines for F-box 1 (SALK 094197) and 
F-box 4 (SALK 037281). Wild-type (WT), the control amiRNA line (amiRNA-HsMYO control), 
and the amiRNA-347 lines were used as controls. Germination was evaluated in the presence 1.5 
µM ABA. Picture was taken 14 days after exposure to light. (B) The f1f4 double mutant was 
evaluated in a germination assay. The seeds of WT, abi4-1, and two lines of f1f4 double mutant 
were sown on ½ MS plates or 1.5 µM ABA. (C) Primary root growth assay was performed using 
WT seedlings, the pp2c4x mutant and the f1f4 double mutant. Seedlings were grown for four days 
before transferring to either 1⁄2 MS plates or 20 μM ABA plates. Images on the left were taken 
using representative images from the 7th day of growth after transfer. Bar graphs are the average 
of 25 seedlings/genotype/treatment ± SD. 
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Figure 2.4 – The F-box decoy lines 1 and 3 are partially insensitive to ABA in germination 
assay, suggesting that F-box 3 is important for ABA-inhibition of seed germination. (A) 
Germination assay was performed with three independent lines from each decoy line. WT, the 
control amiRNA line (amiRNA-HsMYO control) and amiRNA-347 lines were used as controls. 
Cotyledon emergence was evaluated in the presence 1.5 µM ABA. The picture was taken 14 days 
after exposure to light. (B) Quantification of cotyledon emergence in “A”. (C) Western blot on the 
right was performed using seedlings and detected with anti-FLAG antibody. Ponceau was used to 
dye the loading control. (D) Germination assay was performed using the amiRNA control line 
(amiRNA-HsMYO control) and 10 independent insertion events of amiRNA-F-box3 and f1f4double 
/amiRNA-F-box3 in the presence of 1.5 µM ABA. Data were calculated after seven days of 
exposure to light.  
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Figure 2.5 – The F-box decoy lines have colder leaf temperate compared to wild-type and F-
box 3 decoy lines have delayed ABA-induced stomatal closure. (A) F-box1 and 3 decoy lines 
were grown side-by-side with WT control plants and images were taken five weeks after 
transferring the seedlings to pots. (B) Two independent insertion events of F-box1 and 3 decoy 
lines grown for five weeks were used in infrared thermal imaging analyses of canopy leaf 
temperature. The bars on the left side show correlation between pseudo-colors and temperature. 
(C) Time-resolved stomatal conductance to H2O (gs) in response to application of 2 µM ABA to 
the transpiration stream (red arrows) is shown in WT control plants and in the two F-box decoy 
lines. Stomatal conductance was analyzed using whole leaf gas exchange. (C and E) Stomatal 
conductance in mol m−2 s−1. (D and F) Data from (C and E) were normalized to stomatal 
conductance at the beginning of the experiment. Data are the mean of n=3 leaves per genotype 
±SEM.  
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Figure 2.6 – F-box 1 interacts with “clade A” PP2Cs and ERA1 in Y2H assay. (A) GAL4-
based yeast two-hybrid assays suggest that F-box 1 interacts with members of the “Clade A” PP2C 
family in yeast. Yeast colonies were grown on −L−W−H (lacking leucine, tryptophan, and 
histidine) selective plates with or without ABA (10 µM) for 5 d. (B) F-box 1 interacts with the β-
subunit of ERA1 in yeast two-hybrid assays. Yeast colonies were grown on −L−W−H (lacking 
leucine, tryptophan, and histidine) selective plates with or without ABA (10 µM) for 5 d. AD, 
activation domain; BD, binding domain. For semi-quantitative analysis, transformed yeast 
colonies were grown in liquid media and diluted to an OD of 0.4 (presented as 1X). These cultures 
were than diluted 50X and 200X.  
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Figure 2.7 – F-box 3 does not interact with “clade A” PP2Cs and ERA1 in Y2H assay. (A) 
GAL4-based yeast two-hybrid assays suggest that F-box 3 does not strongly interacts with 
members of the “Clade A” PP2C family in yeast. Yeast colonies were grown on −L−W−H (lacking 
leucine, tryptophan, and histidine) selective plates with or without ABA (10 µM) for 5 d. (B) F-
box 3 does not strongly interacts with the β-subunit of ERA1 in yeast two-hybrid assays. Yeast 
colonies were grown on −L−W−H (lacking leucine, tryptophan, and histidine) selective plates with 
or without ABA (10 µM) for 5 d. AD, activation domain; BD, binding domain. For semi-
quantitative analysis, transformed yeast colonies were grown in liquid media and diluted to an OD 
of 0.4 (presented as 1X). These cultures were than diluted 50X and 200X.  
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Figure 2.8 – F-box1 interacts with “clade A” PP2Cs and ERA1 in Y2H assay in liquid media.  
GAL4-based yeast two-hybrid assays show that F-box1 interacts with members of the “Clade A” 
PP2C family in yeast. Yeast colonies were grown in −L−W (lacking leucine, tryptophan) liquid 
selective media. After all the tested combinations were diluted to a final concentration of O.D600 
0.1, interactions were tested in -L-W-H (lacking leucine, tryptophan, and histidine) with or without 
ABA (10 µM). (A) PYR1+HAB1 interaction was used as a control. (B) F-box1+HAI3. (C) F-
box1+ ABI1. (D) F-box1+ HAI1. (E) F-box1+ HAI2. (F) F-box1+ERA1.  
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Figure 2.9 – F-box2 interacts with HAI2 in Y2H assay in liquid media.  GAL4-based yeast 
two-hybrid assays show that F-box2 interacts with HAI2 in yeast. Yeast colonies were grown in 
−L−W (lacking leucine, tryptophan) liquid selective media. After all the tested combinations were 
diluted to a final concentration of O.D600 0.1, interactions were tested in -L-W-H (lacking leucine, 
tryptophan, and histidine) with or without ABA (10 µM). (A) F-box2+HAI3. (C) F-box2+ ABI1. 
(D) F-box2+ HAI1. (E) F-box2+ HAI2. (F) F-box2+ERA1. 
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Figure 2.10 – F-box3 interacts with HAI2 in Y2H assay in liquid media.  GAL4-based yeast 
two-hybrid assays show that F-box3 interacts with HAI2 in yeast. Yeast colonies were grown in 
−L−W (lacking leucine, tryptophan) liquid selective media. After all the tested combinations were 
diluted to a final concentration of O.D600 0.1, interactions were tested in -L-W-H (lacking leucine, 
tryptophan, and histidine) with or without ABA (10 µM). (A) F-box3+HAI3. (C) F-box3+ ABI1. 
(D) F-box3+ HAI1. (E) F-box3+ HAI2. (F) F-box3+ERA1. 
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Figure 2.11 – F-box4 does not interact with “clade A” PP2C in Y2H assay in liquid media.  
GAL4-based yeast two-hybrid assays show no positive interaction between F-box4 and “clade A” 
PP2Cs in yeast. Yeast colonies were grown in −L−W (lacking leucine, tryptophan) liquid selective 
media. After all the tested combinations were diluted to a final concentration of O.D600 0.1, 
interactions were tested in -L-W-H (lacking leucine, tryptophan, and histidine) with or without 
ABA (10 µM). (A) F-box4+HAI3. (C) F-box4+ ABI1. (D) F-box4+ HAI1. (E) F-box4+ HAI2. (F) 
F-box4+ERA1.  
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Figure 2.12 – F-box5 does not interact with “clade A” PP2C in Y2H assay in liquid media.  
GAL4-based yeast two-hybrid assays show no positive interaction between F-box5 and “clade A” 
PP2Cs in yeast. Yeast colonies were grown in −L−W (lacking leucine, tryptophan) liquid selective 
media. After all the tested combinations were diluted to a final concentration of O.D600 0.1, 
interactions were tested in -L-W-H (lacking leucine, tryptophan, and histidine) with or without 
ABA (10 µM). (A) F-box5+HAI3. (C) F-box5+ ABI1. (D) F-box5+ HAI1. (E) F-box5+ HAI2. (F) 
F-box5+ERA1.  
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Figure 2.13 - Interactions between F-box proteins and negative regulators of ABA signaling 
are represented in this network. F-box1, 2 and 3 interact with clade A PP2Cs but not F-box4 
and 5. Thicker lines indicate strongest interactions. Dotted lines represent weak interactions. 
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Figure 2.14 – F-box 1 but not F-box 4 interacts with HAI2 in BiFC. Interactions of F-box 1, F-
box 4 or F-box03040 with HAI2, ERA1, APD7 proteins in N. benthamiana leaf cells. Confocal 
images of transiently transformed N. benthamiana leaf cells co-expressing either (A) F-box 1-
YFPN, (B) F-box 4-YFPN or (C) F-box03040 and the indicated PP2C or ERA1-CYFP protein. 
Interaction of GEF1-NYFP and ABI1-CYFP was used as control.  
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Intact leaf gas exchange provides a robust method for measuring the kinetics of stomatal 

conductance responses to abscisic acid and other small molecules in Arabidopsis and grasses 
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Abstract 

Background 

Guard cells perceive external and internal stimuli and regulate stomatal conductance in 

plants. With the use of gas exchange analyzers, time-resolved stomatal conductance responses to 

light intensity, [CO2] concentration and relative humidity changes can be measured. This is more 

difficult to achieve when measuring stomatal responses to small soluble molecules such as the 

plant hormone abscisic acid (ABA) or the bacterial peptide flagellin 22 (flg22), in particular when 

investigating mutants with response phenotypes. 

Results 

A method to evaluate the dynamic effects of small molecules on stomatal conductance in 

a time-resolved fashion using gas exchange analyzers is presented here. ABA-induced stomatal 

closure was investigated by adding ABA to the transpiration stream of intact leaves placed in a 

microcentrifuge tube containing water. Strong ABA responses were resolved in time- and in a 

dose-dependent manner in wild-type Arabidopsis leaves, whereas the same response was not 

observed in leaves of the ABA-insensitive mutant open stomata 1-3 (ost1-3). Moreover, when 

leaves of the Plasma membrane Intrinsic Protein (PIP) aquaporin quadruple mutant pip1;1 pip1;2 

pip2;1 pip2;2 were tested, robust wild-type-like responses to ABA were observed. When the 

bacterial peptide flg22 was added to the transpiration stream of intact wild-type leaves, a strong 

flg22-induced stomatal closure effect was observed. Finally, the proposed technique was further 

developed and optimized for evaluation of stomatal conductance responses to small molecules in 

leaves of grasses using the reference plant Brachypodium distachyon. 

 

 



 96 

Conclusions 

Due to the variable size of stomata in Arabidopsis and the limited dynamic response of 

stomata in isolated epidermal strips, evaluation of the effect of small molecules on stomatal 

physiology has been challenging and has led in some cases to inconsistent results. Moreover, 

potential signals from the mesophyll are missing when using epidermal peels to evaluate stomatal 

aperture responses. Here we propose a less invasive technique which allows for time-resolved 

measurements of stomatal conductance responses to small molecules optimized for both 

Arabidopsis and Brachypodium distachyon leaves. This work was published in Plant Methods 

(https://doi.org/10.1186/s13007-019-0423-y). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 97 

Introduction 

Plants respond to environmental change in order to maximize growth and reproduction. 

Stomata are specialized pores found on the surface of leaves that can both perceive and respond to 

external stimuli. Stomata gate CO2 uptake for photosynthesis and water loss through transpiration. 

Stomatal movements are ultimately controlled by guard cell turgor changes. 

Stomatal movements can be controlled by external stimuli such as light intensity/quality 

(Assmann, 1993; Kinoshita and Shimazaki, 1999; Kinoshita et al., 2001; Inoue et al., 2008), 

relative humidity (Bauer et al., 2013; Kollist et al., 2018; Merilo et al., 2018) and CO2 

concentration [CO2] changes (Young et al., 2006; Engineer et al., 2016). With the use of gas 

exchange analyzers, these parameters can be tightly controlled, and time-resolved stomatal 

conductance analyses have become a standard for investigating responses to these signals. On the 

other hand, small molecules such as the plant hormone abscisic acid (ABA) (Weiner et al., 2010) 

and the bacterial peptide flagellin 22 (flg22) (Deger et al., 2015) can also affect stomatal 

movements but quantifying kinetic responses to small molecules is more difficult as these cannot 

be reliably added to a gas exchange chamber. Leaf epidermal peels can be isolated and treated with 

these and other molecules and stomatal apertures can be measured (Weyers and Travis, 1981). 

Although this technique is broadly used, there are limitations that have to be considered, including: 

(a) the small and variable size of the stomata in species such as Arabidopsis thaliana, (b) the small 

area of the leaf that is evaluated by using microscopic images, (c) the invasive method of removing 

the epidermal peels, lacking putative important signals from the mesophyll (Mott et al., 2008; 

Lawson et al., 2014) and other parameters including mechanical constraints (Kollist et al., 2018; 

Merilo et al., 2018) and (d) time-resolved measurements of the same individual stomata is labor-

intensive. 
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Here, we propose an optimized method, which allows for time-resolved measurements of 

stomatal conductance and thus the kinetic response of the ensemble of hundreds of stomata in 

parallel to small molecules in intact leaves of both Arabidopsis and the grass model Brachypodium 

distachyon. The proposed technique is described here in detail and can provide a potent alternative 

for measuring the effect of small molecules on both the magnitude and the dynamics of stomatal 

movement responses. 
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Materials and Methods 

Plant material and growth conditions 

Arabidopsis thaliana, accession Columbia-0 (Col-0) and Brachypodium distachyon 

accession Bd21-3 were used as wild type references. Arabidopsis seeds were surface sterilized as 

described elsewhere (Lindsey et al., 2017) and cold-treated for 48 h at 4 °C. Seeds were 

germinated on half strength Murashige and Skoog (Murashige and Skoog, 1962; Gamborg et al., 

1968) basal medium supplemented with Gamborg’s vitamins (Sigma-Aldrich), 0.8% Phytoagar 

(Difco, Franklin Lakes, NJ, USA), 4-Morpholinoethane sulfonic acid (2.6 mM; Sigma-Aldrich) 

and the pH was adjusted to 5.8. Seedlings were transferred from plates to pots containing sterilized 

premixed soil (Sunshine Professional Blend LC1 RS; Sunshine) after 7–10 days and grown under 

the following conditions: 12 h light/12 h dark, 21 °C, 85–90% humidity and 90–

110 µmol m−2 s−1 light. Growth of plants at this relatively high humidity was found to be helpful 

for investigating stimulus-induced stomatal closing in the present study. 

In order to promote the growth of the leaves and the development of long and thick petioles, 

seedlings were kept under a transparent tray dome (7’’ height, vented humidity dome) for 2 weeks 

and fertilized (technigro® sunshine fertilizer, 0.66 g L−1of water) twice before the beginning of the 

experiments: first, after seedlings were transferred to pots, and second, after removing the humidity 

domes. Plants were ready for experiments 5–6 weeks after being transferred to pots. 

The pip quadruple mutant pip1;1 pip1;2 pip2;1 pip2;2 was generated by 

crossing pip1;1 (GK_437B11), pip1;2 (SALK_019794), pip2;1 (SM_3_35928), pip2;2 (SAIL_1

69A03) single mutants. 

For Brachypodium, seeds were cold-treated for 4–5 days at 4 °C, transferred to pots 

containing premixed soil (Sunshine Professional Blend LC1 RS; Sunshine) and kept under a tray 
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dome for 2 weeks. Plants were fertilized once a week (technigro®sunshine fertilizer, 0.66 g L−1 of 

water) and kept at the following conditions: long day (16 h light/8 h dark); 23–25 °C; 20–50% 

humidity, 150–250 µmol m−2 s−1 light. Plants were used 6–7 weeks after being transferred to pots. 

 

Leaf preparation and gas exchange 

For intact leaf gas exchange analyses using Arabidopsis leaves, petioles are first cut using 

a new razor blade and the cut surface of the petioles was immediately transferred to a petri dish 

filled and submerged in milli-Q water (Fig. 1aI). Petioles are cut a second time under water using 

a razor blade. The second cut under water is a crucial step of the proposed technique and can be 

difficult to make. For the second cut it is recommended: (a) approximately one-third of the petiole 

should be cut but no more. Longer petioles are better for the following steps; (b) the razor blade 

should be positioned perpendicular to the petiole and at an oblique angle; (c) the cut should be 

made by gently moving the razor blade back and forth and not by pressing the blade against the 

petiole and (d) a microcentrifuge tube filled with milli-Q water and closed with plastic paraffin 

film (Parafilm M) should be prepared in advance. After the parafilm is placed on the tube, two 

holes are made using fine tweezers, one for the petiole and the second for adding the treatment to 

the water. After the second cut is made the petiole, with a droplet of water on its cut end, is 

immediately transferred to the microcentrifuge tube filled with milli-Q water (Fig. 1a, II). The 

droplet on the end of the petiole is essential to avoid xylem embolism. Leaves are placed inside 

the gas exchange chamber (Fig. 1a, III) and equilibrated for 45–90 min to reach a stable stomatal 

conductance before the beginning of the experiments. Experiments were started at least 1 h after 

growth chamber light onset. 



 101 

For intact leaf gas exchange in Brachypodium, the petioles are first cut 1.5–2.0 cm below 

the junction between two leaves using a razor blade and immediately placed in a petri dish filled 

with milli-Q water (Fig. 1b, I). The second cut is made under water using a razor blade positioned 

perpendicular to the petiole and in an oblique angle and the petiole is transferred to a 

microcentrifuge tube filled with milli-Q water and closed with parafilm. A second pair of leaves 

is prepared as described above and added together to the first pair in the same hole in the 

microcentrifuge tube (Fig. 1b, II). The leaves are taped together using surgical tape (micropore 

3 M), leaving the middle area of the leaves free for placement into the gas exchange chamber 

(Fig. 1b, III), where they equilibrate for 2 h before the beginning of the experiments. 

Stomatal conductance to water (gsw) was measured using a portable gas exchange system 

(LI6400 and LI-6800, LI-COR, Lincoln, Nebraska) with the following conditions: the LED light 

source was set at 150 μmol m−2 s−1 (10% blue light), gas exchange temperature was 21 °C, relative 

humidity in the chamber was kept between 74 and 78% as high relative humidity is very important 

in these experiments for analyzing petiole-fed small molecules-induced stomatal closing. Airflow 

was set to 200 revolutions per minute (rpm) and the CO2 concentration at 400 ppm. After allowing 

the stomatal conductance to settle at a steady state level, steady-state stomatal conductance was 

recorded for 10 min prior to the addition of the treatment at the indicated concentrations. The data 

represent N ≥ 3 leaves per genotype per treatment. 

 

RT-PCR analysis of pip mutants 

Total RNAs from 4-week-old plants were extracted using the TRIzol Reagent (Invitrogen, 

Carls-bad, CA, USA) or the innuPREP Plant RNA kit (Analytik Jena, Jena, Germany) and reverse 

transcribed using the M-MLV reverse transcriptase (Promega or Qiagen, Hilden, Germany) 
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according to the manufacturer’s instructions. The presence of functional transcripts was assessed 

by RT-PCR using primer pairs flanking the insertion site of each mutant (PIP1;1F- 

CAGAGCTTTACAATTTCTCTCTACA, PIP1;1R- 

CACAGTGTTAGCTCCTCCTCCT; PIP1;2F- CTGGTTTCTCCGATCTAACGA, PIP1;2R- 

GCATTTTGATCCGATGTTACAA; PIP2;1F- AACATATAACGTTGGCAAAAA, PIP2;1R- 

TGGTTAAGACAGGGTTAGTCA; PIP2;2F- 

AAGTTATAGAAATGGCCAAAGAC, PIP2;2R- CTCAAACGTTGGCTGCACTTCTG). 

Expression levels of the housekeeping gene TUB9 was used as control for cDNA synthesis 

(TUB9F- GTACCTTGAAGCTTGCTAATCCTA, TUB9R-

GTTCTGGACGTTCATCATCTGTTC). 

 

Stomatal aperture measurements 

Three-week-old Arabidopsis plants were grown in a growth chamber at 21 °C at 70% 

humidity, 16 h light/8 h dark regime with a white light intensity 80 µmol m−2 s−1. Leaf epidermal 

layers were pre-incubated in opening buffer (10 mM MES, 10 mM KCl and 10 mM CaCl2 at pH 

6.15) for 2 h in a growth chamber with a light intensity of 150 µmol m−2 s−1 at 21 °C and then 

incubated with buffers supplemented with 10 μM ABA for 1 h. Stomata were tracked, and 

apertures were measured using ImageJ. Stomatal assays were conducted as genotype-blinded. 
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Results  

Intact leaf gas exchange enables time-resolved evaluation of ABA effects on stomatal 

movements 

To monitor abscisic acid (ABA) responses in intact leaves, five-week-old leaves from 

wildtype (Col-0) plants were excised and the petioles were immediately submerged into water. 

Then, their petioles were cut a second time under water and placed in a microcentrifuge tube with 

the petiole tips submerged in water. Leaves were clamped in a gas exchange chamber for time-

resolved measurements of stomatal conductance (Fig. 1a). Leaves were equilibrated for 70 min 

inside the gas exchange chamber, before the addition of mock treatment or abscisic acid (ABA). 

ABA was applied to the water in the microcentrifuge tube in three final concentrations: 0.1, 0.5 

and 1.0 µM. For all three concentrations tested, a decrease in stomatal conductance was observed 

within 5–10 min of ABA addition (Fig. 2a, b). The slope of the stomatal conductance change (from 

8 to 15 min after the addition of ABA) was calculated for all treatments and compared to mock 

treatments. All three ABA concentrations tested showed significant changes in the negative slope 

of the stomatal conductance when compared to the ethanol mock treatment (Slope of mock 

treatments: average = 0.0002 mol m−2 s−1 min−1 ± 0.001, slope of 0.1 μM ABA treatment: 

average = − 0.0005 mol m−2 s−1 min−1 ± 0.0001, slope of 0.5 μM ABA treatment: average = − 

0.0016 mol m−2 s−1 min−1 ± 0.0004 and slope of 1.0 μM ABA treatment: average = − 

0.0020 mol m−2 s−1 min−1 ± 0.0008. One-Way ANOVA, p value ≤ 0.05). Moreover, a more rapid 

decrease in stomatal conductance was consistently observed for 0.5 and 1.0 µM of ABA when 

compared to the 0.1 µM ABA treatment. Note that steady-state stomatal conductance values for 

the mock treatment in Fig. 2 are slightly higher than the values observed in ABA-treated leaves. 
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This variation in steady-state stomatal conductance is often observed between plants grown at 

separate batches as done here (mock) (Azoulay-Shemer et al., 2016). 

To test whether steady-state stomatal conductance levels were comparable between intact 

and cut leaves, the same three independent leaves from three plants were evaluated before and 

after cutting their petioles. Leaves were first equilibrated inside the gas exchange chamber for 

70 min and stomatal conductance was recorded for 10 min in intact plants. The same leaves were 

then cut as described above and inserted into the gas exchange chamber to again equilibrate for 

70 min. Steady-state stomatal conductance of cut leaves was recorded for 10 min after 

equilibration in the gas exchange chamber and were very similar to steady-state stomatal 

conductance values of intact leaves (Fig. 3). 

The protein kinase “OPEN STOMATA1” (OST1) is a key component of ABA signal 

transduction in guard cells and the ost1-3 mutant is strongly impaired in ABA-induced stomatal 

closure (Mustilli, 2002; Yoshida et al., 2002). To measure ABA responses in intact leaves of 

the ost1-3 mutant, ABA was added to the microcentrifuge tubes containing WT (Col-0) or ost1-

3 leaves at a final concentration of 2 µM. Stomatal conductance in ost1-3 leaves was not strongly 

affected by the addition of ABA, whereas the same treatment in parallel-grown WT (Col-0) leaves 

strongly reduced stomatal conductance (Fig. 4a). The steady-state stomatal conductance of ost1-

3 mutants before the treatment with ABA was higher than the steady-state stomatal conductance 

in WT under the imposed conditions from parallel grown plants (Fig. 4a). To better compare and 

visualize the effect of ABA on stomatal conductance, the data were normalized to the average 

stomatal conductance values during the first 10 min, before the addition of ABA (Fig. 4b). 

Together, these data suggest that the measurable decrease in stomatal conductance by the 

addition of ABA to the transpiration stream of intact leaves is mediated by ABA and this protocol 
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enables analyses of the time-resolved ensemble average of hundreds of stomatal apertures in intact 

leaves in each experiment. 

 

Aquaporin pip1;1 pip1;2 pip2;1 pip2;2 quadruple mutant leaves show a WT-like response to 

ABA in intact leaves 

Aquaporins are physiologically relevant water channels that facilitate the passage of water 

across cell membranes. As guard cells use cell turgor to regulate and fine-tune stomatal apertures, 

guard cell-expressed aquaporins play an important role in this process by facilitating water 

diffusion (Uehlein et al., 2003; Kaldenhoff et al., 2008; Maurel et al., 2008; Chaumont and 

Tyerman, 2014; Heinen et al., 2014). However, the large gene family of the plasma membrane 

intrinsic protein (PIP) aquaporins (Quigley et al., 2002) have rendered it difficult to investigate the 

role of plasma membrane aquaporins in ABA-induced stomatal closing. Moreover, whether single 

mutant alleles in the pip2;1gene impair ABA-induced stomatal closing remains a matter of debate 

(Grondin et al., 2015; Wang et al., 2016). 

We therefore generated a pip quadruple mutant (pip1;1 pip1;2 pip2;1 pip2;2) using the 

same pip2;1-2 mutant allele used in previous research (Grondin et al., 2015; Wang et al., 2016) to 

test whether higher order pip mutant leaves have impaired responses to ABA in intact leaves. RT-

PCR analyses did not detect transcripts of PIP1;2, PIP2;1 and PIP 2;2, whereas the detection 

of PIP1;1 was substantially lower in the single mutants used to generate the quadruple mutant, 

when compared to WT (Fig. 5a). In stomatal aperture measurements using isolated epidermal 

strips, little difference was noted in response to ABA (10 µM) between pip quadruple mutant and 

WT leaves (One-Way ANOVA, p value > 0.05) (Fig. 5b). However, the stomatal response in 

stomatal aperture experiments was quite small. In intact leaf gas exchange analyses, the steady-
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state stomatal conductance of pip quadruple mutant leaves was similar to WT leaves under the 

imposed conditions (Fig. 5c). When ABA (2 µM) was applied to the transpiration stream of 

intact pip quadruple mutant leaves, a WT-like decrease in stomatal conductance was observed 

(Fig. 5c, d). Our results show that intact quadruple mutant leaves of these pip aquaporins are highly 

responsive to ABA treatments in stomatal conductance and indistinguishable from the wild type 

response in intact leaves both in terms of the time-dependent kinetics of the response and the 

magnitude of the ABA response. 

 

The defense elicitor peptide flagellin 22 leads to a rapid decrease in stomatal conductance 

when applied to the transpiration stream of Arabidopsis leaves 

Microbe-associated molecular patterns (MAMPs) are molecules recognized by plants 

during pathogen infection that trigger several defense-related responses, which includes stomatal 

closure. The bacterial peptide flagellin 22 (flg22) is recognized by the FLAGELLIN SENSITIVE2 

(FLS2) receptor kinase (Gómez-Gómez and Boller, 2000) and has been reported to lead to a 

stomatal closure response (Melotto et al., 2006), when nano-infused in Arabidopsis leaves(Deger 

et al., 2015). 

To test whether the flg22 peptide could affect stomatal conductance in intact leaves, we 

applied 10 µM flg22 or mock treatment to the transpiration stream of Arabidopsis WT (Col-0) 

leaves. Flg22 peptide treatments clearly decreased stomatal conductance of intact leaves within 

20 min, compared to mock treatment controls (Fig. 6). Our data confirm that the flg22 peptide is 

a strong regulator of stomatal closure and can be effective when applied to the leaf transpiration 

stream. These data suggest that the present method is suitable for evaluating the kinetic response 

of diverse molecules on stomatal conductance regulation in intact leaves. 
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Optimization of intact leaf gas exchange in grasses using Brachypodium distachyon 

Understanding the dynamics of stomatal movements in response to defined stimuli is 

relevant in many plant species, including in the grasses that have unique dumbbell-shaped stomata 

(McKown and Bergmann, 2018). Although research on the reference plant, Arabidopsis thaliana, 

is crucial for developing knowledge of stomatal response mechanisms in dicotyledon plants, 

research is necessary to further our knowledge on stomatal responses in grasses. Recently, in the 

emerging model organism Brachypodium distachyon (Raissig et al., 2016), it was observed that 

stomatal subsidiary cells play a key role in enhancing stomatal responsiveness (Raissig et al., 

2017), which can be best observed in time-resolved experiments. 

In order to measure ABA-dependent stomatal closing in Brachypodium leaves, our 

protocol was adapted and optimized (Fig. 1b). ABA or mock ethanol treatment were added to the 

microfuge tube and stomatal conductance was recorded. Approximately 5 min after the addition 

of ABA, a rapid decrease in stomatal conductance was observed and a new plateau was rapidly 

reached within 15 min (Fig. 7). Our results suggest that this method for time-resolved kinetic 

evaluation of small molecules effects on stomatal conductance in intact leaves can be applied to 

different species with distinct leaf sizes and morphologies. 
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Discussion 

Stomatal responses to external and internal stimuli are important for plant survival and 

quantifying these responses can be difficult. With the use of gas exchange analyzers, responses to 

a diverse range of stimuli, from light quality and light intensity to [CO2] concentration changes, 

can be automatically controlled and stomatal conductance responses can be measured in time. 

On the other hand, small molecules such as the plant hormone ABA and the bacterial peptide flg22 

have major impact on stomatal physiology (Kim et al., 2010; Deger et al., 2015). However, to date 

there has been only limited use of automated techniques to robustly measure these responses. Here 

we provide detailed information for a simple method in which leaf petioles are placed inside a 

centrifuge tube containing water and leaves are clamped into a gas exchange chamber (Fig. 1) for 

evaluation of stomatal conductance responses to small soluble molecules. With this technique, 

stomatal responses to ABA were measured in time and showed dose-dependency (Fig. 2a, b). The 

steady-state stomatal conductance of leaves was measured before and after the cuts of the petiole 

and showed similar values (Fig. 3), suggesting that the cut of the petioles pose little effect on 

stomatal conductance when following the described protocol. In addition, the petioles could be 

submerged in water for the first cut to avoid any xylem embolism and to possibly facilitate steady-

state stomatal conductance recovery. ABA-dependent decrease in stomatal conductance was not 

observed when leaves from the ost1-3 mutant were treated with ABA (Fig. 4). 

To evaluate the contribution of four abundant plasma membrane aquaporins, we tested 

a pip (pip1;1 pip1;2 pip2;1 pip2;2) quadruple mutant’s response to ABA in both epidermal peels 

and intact leaves. The expression of all four PIP genes affected in our mutants were evaluated 

using RT-PCR. This analysis confirmed the loss-of-function mutation 

of PIP1;2, PIP2;1 and PIP2;2, while a low expression of the PIP1;1 gene could still be detected 
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in the pip1;1 mutant, probably through a partially correct splicing of the T-DNA insertion within 

an intron allele (Fig. 5a). While stomatal aperture data indicate a possible, but non-significant, 

reduction in ABA-responsiveness (Fig. 5b), in intact leaf gas exchange experiments 

the pip quadruple mutant leaves show WT-like responses to ABA (Fig. 5c, d). The present data 

suggest that time-resolved measurements are more adequate for comparing genotypes due to the 

large dynamic range of the intact leaf response. These findings lie in contrast to a study that 

suggested dramatic impairment in ABA-induced stomatal closing in leaf epidermal peels of the 

same single pip2;1 mutant allele (Grondin et al., 2015). In contrast, another study showed intact 

ABA responses in the single pip2;1 mutant (Wang et al., 2016), consistent with the present study. 

These data point to the hypothesis that even higher order pip mutants would be required to observe 

any noticeable phenotype in the ABA response when studying PIP contribution in a whole leaf 

context. 

The bacterial peptide flg22 was reported to reproducibly induce stomatal closure in a 

SLAC1-dependent manner when flg22 was nano-infused in stomata (Deger et al., 2015). Although 

this elegant technique clearly confirmed the effect of flg22 on stomatal closure, the effect of this 

peptide had not yet been investigated in stomatal conductance of intact leaves. When applied to 

the transpiration stream of intact leaves, flg22 peptide rapidly induced a decrease in stomatal 

conductance (Fig. 6). These data suggest that small peptides can travel through the xylem of leaves 

and reach guard cells, regulating stomatal aperture and gas exchange in intact leaves. 

Similar techniques have been recently used to measure ABA-dependent stomatal closure 

in Arabidopsis (Park et al.; Batool et al., 2018; Hauser et al., 2018; Zhang et al., 2018) and also in 

several other plant species such as Phoenix dactylifera (Müller et al., 2017) , Vicia faba (Felle et 

al., 2000), tomato (Solanum lycopersicum) (Wilkinson and Davies, 2008) and barley (Hordeum 
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vulgare) (Schäfer et al., 2018). In the present study we provide a detailed protocol for robust small 

molecule response analyses. In the case of grasses, the stomata are surrounded by subsidiary cells 

which respond to external and internal stimuli with changes in turgor pressure that are inverted 

with respect to the guard cell response. Furthermore, the subsidiary cells have been shown to 

maximize stomatal responses (Raissig et al., 2017). Measuring the effect of small molecules on 

stomatal conductance in grasses will be important towards understanding stomatal physiology in 

monocots. Our technique was optimized and rapid ABA-mediated decreases in stomatal 

conductance were resolved in intact leaves of the reference grass species Brachypodium 

distachyon (Fig. 7). This allowed us to quantify not only the final magnitude of ABA responses, 

but importantly, the time course of the ensemble average of stomata in intact leaves could be 

resolved. 

 

Conclusions 

Understanding how guard cells respond to stresses and signals is a subject of interest in 

plant biology and numerous advances have been made. Signals that modulate stomatal movements 

and that can be controlled by gas exchange analyzers, such as light and CO2 concentration, have 

been extensively investigated. It has become a standard in this field to include time-resolved data 

on stomatal conductance for stimuli that can be automatically adjusted. Here we present a detailed 

method applying small soluble molecules that has a substantially larger dynamic range than 

epidermal peel experiments and enables kinetic analyses. We recommend this approach for 

evaluation of stomatal conductance responses to small molecules, particularly in mutants which 

have intermediate phenotypes. The protocol is described in detail here and optimized for two key 

model organisms, Arabidopsis and the grass Brachypodium distachyon.  
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Chapter 3, in full, is published as it may appear in Plant Methods, Ceciliato, PHO; Zhang, 

J; Liu, Q; Shen, X; Hu, H; Liu, C; Schäffner, AR; Schroeder JI. The dissertation author was the 

primary investigator and author of this paper. 
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Figure 3.1 - Depiction of the methods used to perform whole-leaf time-resolved ensemble 
analyses of small molecule responses. (A) Depiction of the approach for investigating stomatal 
responses to small molecules in Arabidopsis thaliana. (B) Depiction of the approach for 
investigating stomatal ABA responses in the grass Brachypodium distachyon. See text for details.   
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Figure 3.2 - Time-resolved stomatal conductance analysis of ABA responses in intact 
Arabidopsis leaves. Time-resolved stomatal conductance responses at the indicated ABA 
concentrations in wild-type (Col-0) were analyzed using whole-leaf gas exchange analyses. (A) 
Stomatal conductance in mol m-2 s-1. (B) Data shown in (A) were normalized to the average of the 
first 10 minutes of stomatal conductance values recorded. ABA was added to the transpiration 
stream (red arrowhead). N=3 leaves per condition ± SD. 
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Figure 3.3 - Time-resolved stomatal conductance analysis of the same leaves before and after 
the cut of the petioles. The same three leaves from three plants were evaluated before (in intact 
plants) and after the cut of their petioles. Time resolved steady-state stomatal conductance was 
measured after 70 minutes of insertion of the leaves into a gas exchange analyzer chamber. N=3 
leaves per condition ± SD.  
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Figure 3.4 - ost1-3 mutant is insensitive to ABA in time-resolved stomatal conductance 
analysis. Time-resolved stomatal conductance responses in response to ABA (2 µM) in wild-type 
(Col-0) and ost1-3 (Col-0 ecotype) mutant were analyzed using a whole-leaf gas exchange 
analyzer. (A) Stomatal conductance in mol m-2 s-1. (B) Data shown in (A) were normalized to the 
average of the first 10 minutes of stomatal conductance values recorded. ABA was added to the 
transpiration stream (red arrowhead). N=3 leaves per genotype ± SD. 
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Figure 3.5 - Aquaporin pip quadruple mutant is responsive to ABA. (A) Expression levels of 
PIP genes in WT (Col 0) and pip1;1, pip1;2, pip2;1 and pip2;2 mutants. Expression of tubulin 9 
is shown as control. (B) Analyses of stomatal movements in response to ABA. Leaf epidermal 
layers were incubated with ± ABA (10 µM ABA) and the stomatal aperture was scored (N=10 
stomata per genotype per treatment). (C) Stomatal conductance of detached leaves from wild type 
(Col-0) (n=3) and pip1;1/pip1;2/pip2;1/pip2;2 quadruple mutant (n=4) plants in response to 2 µM 
ABA. (D) Normalized data shown in panel (C). Data shown in (C) were normalized to the average 
of the first 10 minutes of stomatal conductance values recorded. ABA was added to the 
transpiration stream (red arrowhead). N>3 leaves ± SEM per genotype. 
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Figure 3.6 - Time-resolved analysis of stomatal responses to the defense elicitor peptide flg22 
in intact leaves. Time-resolved stomatal conductance responses at a final concentration of 10 µM 
flagellin 22 (flg22) in wild-type (Col-0) was analyzed in intact leaves using a whole-leaf gas 
exchange analyzer. N=3 leaves per condition ± SD. 
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Figure 3.7 - Time-resolved analysis of stomatal conductance response to ABA in intact leaves 
of Brachypodium distachyon. Time-resolved stomatal conductance responses at the imposed 
ABA concentrations (0 and 2 µM) in wild-type Bd21-3 Brachypodium plants were analyzed using 
whole-leaf gas exchange. N= 3 experiments, 4 leaves in each experiment ± SD. 
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Chapter 4: 
 
 
 
 

Towards identifying new components of CO2-regulation of stomatal conductance in grasses 

using Brachypodium distachyon. 
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Abstract 

In grasses, stomata are surrounded by two groups of cells: the dumbbell-shaped guard cells 

and the stomatal subsidiary cells. In combination, these cells respond to both external and internal 

stimuli, thus enabling rapid stomatal opening and closing. However, the molecular mechanisms 

mediating stomatal movements in grasses remain to a large degree unknown.  

Using the reference grass species Brachypodium distachyon, a forward genetic screen was 

performed. Over 1,070 mutagenized lines were screened for changes in their canopy leaf 

temperature using real-time infra-red imaging. Differences in leaf temperature may indicate 

defective stomatal development or responsiveness. Using this approach, 21 mutant lines with 

consistent canopy leaf temperature changes compared to wild type (WT) were selected and are 

currently being characterized. Interestingly, two of these mutant lines named “chill1” and “chill15” 

have impaired responses to elevated CO2 concentration but retain stomatal closing response to the 

hormone abscisic acid in intact leaf gas exchange experiments. Moreover, stomatal indices in 

chill1 and chill15 lines are similar to WT stomatal indices. Whole Genome Sequencing (WGS) 

data suggest that new genes in CO2-mediated stomatal movements in grasses will be identified in 

these mutants.   
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Introduction 

The global atmospheric CO2 concentration is rising and in 2013 it surpassed 400 parts per 

million for the first time in human history (https://scripps.ucsd.edu/programs/keelingcurve/). 

Plants can sense changes in CO2 concentration ([CO2]) in leaves and adapt transpiration and water 

use efficiency accordingly. On the surface leaves, plants have pores called stomata which gate CO2 

uptake for photosynthesis and water loss through transpiration. Stomatal aperture is ultimately 

controlled by two cells, called guard cells, that surround the pore.  High [CO2] has two major 

effects on stomata in several plant species: in the short-term it leads to stomatal closure and in the 

long-term it decreases stomatal density in leaves (Engineer et al., 2014; Zhang et al., 2018), both 

of which have profound effects on plant water use efficiency.  

When plants are exposed to high [CO2], guard cell-expressed beta carbonic anhydrases 

(bCA) convert CO2 into bicarbonate, which is an essential step for CO2-induced stomatal closure 

(Hu et al., 2010). In fact, the carbonic anhydrase bCA4 and the Plasma membrane Intrinsic Protein 

2,1 (AtPIP2;1) interact in planta, which facilitates the entrance of CO2/bicarbonate into the guard 

cells (Wang et al., 2016). Recent work has shown that bicarbonate can directly activate Slow Anion 

Channel-Associated 1 (SLAC1) anion channels, which has predicted bicarbonate binding sites and 

leads to stomatal closure (Engineer et al., 2014; Zhang et al., 2018a). Although SLAC1 is one of 

the bicarbonate sensors in plants, slac1-1 mutants do not completely abolish CO2-mediated 

stomatal responses, suggesting that SLAC1 is a secondary CO2/bicarbonate sensor and that another 

pathway and a primary CO2/HCO3- sensor is essential for WT-like responses to [CO2]-shifts. In 

this context, there are many genes/proteins known to play an important role in CO2-mediated 

stomatal movements. Double mutants for the Mitogen-Activated Protein Kinase 4 and 12 

(mpk4/mpk12) have high steady-state stomatal conductance and are heavily impaired in CO2-
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induced stomatal closure (Hõrak et al., 2016; Tõldsepp et al., 2018). Also, the High leaf 

Temperature 1 (HT1) protein kinase is a negative regulator of CO2 signaling and mutants ht1-2 

have low steady-state stomatal conductance and completely abolish stomatal responses to CO2  

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

In addition to those CO2-specific components of the signaling pathway, there are a few 

proteins that participate in CO2-regulation of stomatal movements but also in other molecular 

pathways that control stomatal responses. For instance, the Open Stomata 1 (OST1) protein kinase, 

which has a central role in ABA-induced stomatal closure, is also crucial for normal high CO2-

dependent stomatal closure responses (Xue et al., 2011). More recently, a convergence between 

low CO2- and blue-light-induced stomatal opening was found. Mutants lacking the Convergence 

of Blue Light and CO2 1/2 (CBC1/CBC2) kinases are impaired in both blue-light and low CO2-

induced stomatal opening (Hiyama et al., 2017). In summary, many genes involved in the 

bicarbonate/CO2 perception and signaling in guard cells have been identified and characterized. 

However, how and whether these distinct proteins interact with one another to coordinate proper 

CO2-responses, as well as whether there is another CO2 sensor in plants are still opened questions 

in the field. In addition, the vast majority of these findings were done in the dicot reference plant 

Arabidopsis thaliana, and our understanding of CO2-signaling in guard cells in grasses (monocots) 

is limited.  

 Monocots have a distinct stomatal apparatus: the guard cells are dumbbell-shaped and 

respond to external stimuli together with surrounding subsidiary cells. When the dumbbell-shaped 

guard cells become more turgid for stomatal opening, the neighboring subsidiary cells deflate and 

vice-versa; this mechanism enhances stomatal responses in grasses compared to dicots (Raissig et 
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al., 2017; Nunes et al., 2019). This intricate stomatal movement mechanism has great potential for 

the discovery of new genes and pathways in guard cell signaling.  

Using the grass reference plant Brachypodium distachyon, we performed a forward genetic 

screen with an EMS-mutagenized seed population. We screened over 1,070 EMS lines for changes 

in canopy leaf temperature utilizing infra-red thermal imaging. Changes in leaf temperature could 

be linked to stomatal movement/development phenotypes due to changes in transpiration rates. 

Two CO2-insensitive mutants and 19 mutant lines with changes in leaf temperature were identified 

in an unbiased fashion. Interestingly, some isolated mutants are strongly insensitive to CO2-

concentration changes but still respond to other stimuli that control stomatal aperture, including 

the drought hormone abscisic acid, suggesting CO2 response specificity. Identification of new 

genes and mechanisms, that impair the stomatal CO2 response in grasses, could play a key role in 

future engineering of improved water use efficiency or heat tolerance of crops, in light of the 

continuing increase in greenhouse gas concentrations and extreme climate events. Ultimately, new 

discoveries in this field of research could be applied to major crops in the future, mitigating the 

impacts of high CO2 on food production.   
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Materials and Methods 

Plant material and growth conditions  

Brachypodium distachyon accession Bd21-3 was used as the wild type reference. Seeds 

were cold-treated for 4–5 days at 4 °C, transferred to 2 inch square pots containing premixed soil 

(Sunshine Professional Blend LC1 RS; Sunshine) and kept under a tray dome for 2 weeks. Plants 

were fertilized once a week (technigro®sunshine fertilizer, 0.66 g L−1 of water, 1 liter per tray) and 

watered every other week and kept at the following conditions: long day (16 h light/8 h dark); 23–

25 °C; 20–50% humidity, 150–250 µmol m−2 s−1 light. For the first round of screening, plants were 

grown under 150 µmol m−2 s−1 light (16 h light/8 h dark). For the second round of screening, more 

optimum light intensities (250 µmol m−2 s−1) was used. Plants were used for the indicated 

experiments 6–7 weeks after being transferred to pots. 

 

The forward genetic screen  

For this forward genetic screen, two distinct approaches were adopted. First, about 30 

EMS-mutagenized lines in the M5 generation were used in a pilot screen. Five plants per line were 

grown as described above for 4-5 weeks together with WT Bd21-3 control plants. These plants 

were exposed to high CO2 (900 ppm) in a Percival growth chamber for two hours and the canopy 

leaf temperature was measured with a FLIR A320 thermal imaging camera (FLIR, Wilsonville, 

OR, USA). Plants with lower leaf temperature compared to WT plants were selected as putative 

candidates. This first pilot screen resulted in the isolation of the chill1 mutant line.  

The second approach was used to screen over 1,045 EMS lines in the M5 generation and 

it was similar to the pilot approach, except that plants were not exposed to high CO2 before thermal 

imaging data were acquired. In this case, five plants per mutant line were grown at ambient CO2 
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for 4-5 weeks and thermal images were taken at the ambient (growth room) CO2 concentration. 

For these experiments, 5 plants from each mutant line were placed next to parallel-grown WT 

Bd21-3 plants and thermal images were obtained. Lines that were selected for a second round of 

screening showed 3 or more out of five plants with distinct canopy leaf temperature compared to 

WT. These lines were selected for another test in the same generation (M5), in similar conditions. 

Mutant lines with robust phenotypes were selected to be re-evaluated in the next generation (M6).  

Using these criteria, 28 mutant lines were selected to be re-tested. For these experiments, 5-10 

plants per line were grown as described above in parallel with WT control plants. These lines were 

individually imaged using infrared thermal imaging and canopy leaf temperature was again 

measured. Lines with robust phenotypes in two distinct generations (M5 and M6) will be further 

characterized.  

 

Stomatal conductance measurements 

Intact leaf stomatal conductance was measured using two distinct approaches. First, 

parallel grown WT plants and mutant candidates were used, and stomatal conductance was 

measured using a leaf porometer (SC-1 Porometer, decagon devices). As the leaf porometer gives 

a single measurement of stomatal conductance from a very small leaf area, a more robust technique 

was used for further investigation of stomatal conductance responses. 

For intact leaf gas exchange resolved over time, stomatal conductance of H2O (gs) was measured 

in leaves of 5- to 6-week-old plants using portable gas exchange systems (LI-6400 and 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 μmol 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%, 
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airflow of 200 rpm and CO2 concentration of 400 ppm. After 1 h, steady-state stomatal 

conductance was recorded 10 min before the addition of ABA to the petioles submerged in water 

at the indicated concentration (Ceciliato et al., 2019). The data presented represent n≥3 leaves with 

each leaf from independent plants per genotype per treatment. 

 

Stomatal index and density measurements 

For stomatal imaging in Brachypodium, a new protocol was developed. First, 5-6-week-

old mutant candidate plants were grown under the abovementioned conditions in parallel with WT 

control plants. The fifth true leaf was used for the measurements and the abaxial side of the leaf 

was visualized. In a microscope slide, a small drop of super glue (Loctite professional liquid) was 

placed and the center of the abaxial side of the leaves were placed on top of the super glue drop. 

By gently pressing the leaves against the microscope slide, super glue was evenly spread through 

the surface of the leaf. Once the super glue is dry, the leaf is peeled off and the epidermal peel of 

the abaxial side of the leaves were used for visualization under a Differential Interference Contrast 

(DIC) microscope. For each experiment, five leaves (from five different plants) were imaged per 

genotype, with four images per leaf. Images were later analyzed, and stomata and pavement cells 

were counted using the software ImageJ.   
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Results 

A new forward genetic screen using the grass reference Brachypodium distachyon – isolation 

of new mutants impaired in CO2-mediated stomatal movements. 

With the rise in atmospheric CO2 concentration 

(https://scripps.ucsd.edu/programs/keelingcurve/), new efforts toward understanding how plants 

perceive and respond to [CO2] oscillation are necessary. An elevated CO2 concentration can be 

perceived at the guard cell level and leads to stomatal closure in many plant species (Engineer et 

al., 2016). In grasses, such as the model organism Brachypodium distachyon (hereafter referred to 

as Brachypodium), high CO2-induced stomatal closure occurs rapidly, with enhanced 

responsiveness provided by stomatal subsidiary cells (Raissig et al., 2017). As dicots, such as 

Arabidopsis, do not possess stomatal subsidiary cells, further research using grasses could greatly 

broaden our knowledge of CO2-regulation of stomatal movements and development.  

 Using an EMS-mutagenized population of Brachypodium consisting of over 1,075 lines in 

the M5 generation, we performed a forward genetic screen aiming to find mutants impaired in 

CO2-regulation of stomatal responses. First, five individual plants per line were grown side-by-

side with WT (Bd21-3) control plants at ambient CO2 for four to five weeks. These plants were 

then exposed to high CO2 (900 ppm) for two hours and infrared thermal imaging was used to 

measure canopy leaf temperature. When plants are exposed to high [CO2] they close their stomata, 

and plant transpiration decreases. After a few hours with limited transpiration, canopy leaf 

temperature rises. We screened for plants whose leaves were colder than WT leaves exposed to 

the same condition as an indication of possible decrease in high [CO2]-induced stomatal closure. 

Using this approach, over 30 lines were screened in a pilot run. When plants were exposed to high 

CO2 for two hours, WT control plants showed high leaf temperatures and the opposite happened 
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when they were exposed to low CO2. One of our mutants, chill1, did not show a dramatic change 

in canopy leaf temperature after incubation at high or low CO2 (Figure 1A). A leaf porometer was 

used to measure stomatal conductance in these plants after exposure to high and low CO2. When 

WT plants were exposed to low CO2, the steady-state stomatal conductance to water was »200 

µmol m-2 s-1. After high CO2 exposure, steady-state stomatal conductance measured in the same 

leaves decreased by 5 times, to »40 µmol m-2 s-1. The same was not observed when steady-state 

stomatal conductance was measured in chill1 leaves, shifting from 180 µmol m-2 s-1 on average to 

155 µmol m-2 s-1 (Figure 1B).  

 Next, we decided to investigate chill1 plants at ambient [CO2]. Infrared thermal images 

showed that chill1 plants have lower leaf temperature compared to WT even at ambient [CO2] 

(Figure 2A). Steady-state stomatal conductance in chill1 plants was more than twice as high on 

average compared to WT steady-state stomatal conductance under the same conditions (Figure 

2B). This prompted us to verify stomatal development in these plants. Interestingly, chill1 plants 

have WT-like stomatal index and density measurements indicating no dramatic effect on stomatal 

development (Figure 2C).  

Our experiments suggest that the mutant line chill1 is defective in CO2-regulation of 

stomatal movements but is not affected in stomatal development.  

 

The chill1 mutant line is impaired in CO2-induced stomatal closure but not in ABA-induced 

stomatal closure.     

To further characterize the chill1 mutant line, seeds from plants in the M5 generation were 

harvested and new experiments were performed in the subsequent generation. We again observed 

lower canopy leaf temperature of chill1 plants compared to WT control plants after exposure to 
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high CO2 for two hours (Figure 3A). Using intact leaf gas exchange analyses, stomatal 

conductance responses to [CO2] shifts were time-resolved. First, leaves were clamped in the gas 

exchange chamber and equilibrated for two hours. Steady-state stomatal conductance to low [CO2] 

was measured for 90 minutes before changing to high CO2 for another 60 minutes. WT control 

plants showed a fast-stomatal response by decreasing stomatal conductance after exposure to high 

[CO2]. In contrast, in chill1 leaves, the stomatal conductance remained steady after exposure to 

high CO2 (Figure 3B). This prompted us to test whether chill1 plants can close their stomata in 

response to other stimuli. Using the methodology described in “chapter three” (Ceciliato et al., 

2019), ABA-induced stomatal closure was tested in chill1 plants. In these experiments, leaves were 

clamped in the gas exchange chamber and equilibrated for two hours at ambient [CO2]. After this 

period, ten minutes of steady-state stomatal conductance was measured, and ABA was applied to 

a final concentration of 2 µM to the petioles of 4 excised leaves per experiment (Ceciliato et al., 

2019). Interestingly, both WT and chill1 leaves showed a rapid ABA-induced stomatal closure 

response (Figure 3C).  

 In summary, the mutant chill1 is heavily impaired in [CO2]-regulation of stomatal 

movement while still responsive in ABA-induced stomatal closure.  

 

Identification of new mutants with distinct canopy leaf temperature at ambient CO2 led to 

the isolation of a chill1-like mutant line.  

The results obtained from chill1 plants suggested that mutants with impaired stomatal 

responses can be isolated using infrared thermal images even at ambient [CO2]. We continued our 

forward genetic screen using EMS mutagenized lines by selecting plants with distinct canopy leaf 

temperatures compared to WT at ambient [CO2]. Differences in leaf temperature can be linked to 
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defective stomatal movements and/or development. Using this pipeline, over 1,000 EMS mutant 

lines that were separately stored were individually screened. We performed our screen using M5 

generation plants, in roughly 50 rounds composed of 20 mutant lines each round. Each individual 

line was represented by 5 plants that were grown in parallel with WT Bd21-3 control plants. We 

were able to isolate over 50 putative mutant candidate lines with distinct canopy leaf temperatures. 

These first mutant candidates were individually retested by screening plants from the same seed 

pool as in the primary screen, and 28 mutant lines were selected for further characterization as they 

presented robust phenotypes in the M5 generation. Seeds from each of these 28 mutants were 

harvested and stored separately. In the next generation (M6), 5 to 10 individual plants were grown 

in parallel with WT control plants for further characterization.  From the 28 mutant lines confirmed 

in the M5 generation, 24 were tested in the M6 generation and 12 of those lines showed strong and 

robust phenotypes in thermal imaging analyses (Table 1). One of these confirmed lines, named 

chill15, showed lower leaf temperature compared to WT after exposure to high CO2 for two hours 

(Figure 4A). These differences in canopy leaf temperature could not be linked to defects in 

stomatal development, as stomatal index and density measurements showed a WT-like phenotype 

in chill15 plants (Figure 4B). Intact leaf gas exchange measurements were performed and when 

the [CO2] was shifted from low to high, chill15 plants showed a weak response compared to WT 

plants (Figure 4C). On the other hand, chill15 plants showed a robust response in ABA-induced 

stomatal closure (Figure 4D).  

 As previously stated, over 20 mutant lines showed robust phenotypes in infrared thermal 

imaging in the M5 generation and 12 of these lines in the M6 generation. These lines were also 

tested using intact leaf gas exchange analyses and a multitude of phenotypes were observed. In 

these experiments, three distinct [CO2] were tested: 400 ppm, 150 ppm and 900 ppm.  
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With the information gathered from our intact leaf gas exchange experiments, different groups of 

mutants were identified (Figure 5 and Table 1):  

 

Group 1- Mutants with impaired responses to [CO2] shifts in gas exchange analyses: candidates 

1, 10 and 15.  

Group 2 - Mutants with distinct kinetics of stomatal responses to [CO2] shifts: candidates 12 and 

potentially 13.  

Group 3 - Mutants with lower steady-state stomatal conductance compared to WT: candidates 3, 

11 and 12.  

Group 4 - Mutants with higher steady-state stomatal conductance compared to WT: candidates 6, 

9, 14, 19 and potentially 8. 

Group 5 - Mutants which show a possible stomatal re-opening at high [CO2]: candidates 2, 9 and 

13.  

Group 6 - Mutants presenting WT-like responses to [CO2] shifts: candidates 2, 4, 7 and 16.  

 In summary, we isolated two mutants that are highly impaired in [CO2]-regulation of 

stomatal movements and still responsive to ABA-induced stomatal closure. These lines have been 

backcrossed into the parental line (Bd21-3) for selection of the mapping population. In addition, 

twelve other mutants were selected and re-tested and will be further characterized.  
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Discussion 

Although substantial knowledge has been gained regarding CO2/bicarbonate perception 

and signaling in dicots (Engineer et al., 2016; Zhang et al., 2018a), in grasses our understanding 

of this pathway is considerably smaller. In order to identify new components that function in 

CO2/bicarbonate signaling in grasses, we performed a forward genetic screen using an EMS-

mutagenized population of Brachypodium distachyon. First, mutant lines were exposed to high 

[CO2] followed by leaf thermal imaging. Changes in canopy leaf temperature may result from 

impairment in stomatal responsiveness and/or development. Using this approach, a CO2-

insensitive line was isolated, named chill1 (Figure 1). Chill1 showed impaired CO2 responses in 

both canopy leaf temperature changes and stomatal conductance measurements (Figure 1 and 

Figure 3). Interestingly, chill1 plants have lower canopy leaf temperature even at ambient [CO2], 

which could not be explained by the number of stomata per leaf area (Figure 2A to 2C). All the 

infra-red thermal images were taken in our growth room, and we speculate that the [CO2] in this 

room is slightly elevated compared to atmospheric [CO2] of » 410 ppm. Since chill1 mutants are 

insensitive to high [CO2], this could explain why WT control plants are warmer under our growth 

conditions.  

 Mutants defective in CO2 responses in guard cells are often also impaired to other stimuli 

such as the drought hormone ABA (Xue et al., 2011) or blue light (Hiyama et al., 2017). 

Interestingly, chill1 plants showed a robust response to ABA-induced stomatal closure (Figure 

3C), suggesting specificity. Recent work indicates that ABA and CO2 can control stomatal 

movements in parallel signaling pathways, although points of convergence do exist (Hsu et al., 

2018). Even though both chill1 and chill15 mutant lines showed a robust response to ABA, WT 
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control plants show slightly faster stomatal closing (Figures 3C and 3D). Classic work on 

Xanthium strumarium L suggest that ABA responses can be enhanced by CO2 (Raschke., 1975). 

After screening 30 mutant lines by first exposing plants to high [CO2] before thermal 

imaging, we adopted a second approach, in which plants were imaged in our growth room (ambient 

[CO2]). Since chill1 showed cooler leaves under these conditions, we hypothesized that other 

mutants could be identified at ambient [CO2] and more lines could be screened using this approach. 

After screening over 1,000 EMS lines, some interesting mutants were isolated. One of these mutant 

lines, named chill15, showed lower canopy leaf temperature in both the M5 and M6 generations. 

Interestingly, this line was also less sensitive to high [CO2] in both changes in leaf temperature 

and stomatal conductance measurements (Figure 4A to 4C), while maintaining ABA-induced 

stomatal closure responses (Figure 4D). Chill1 and chill15 mutants have similar stomatal 

phenotypes and crosses are currently being performed to verify whether these two lines are allelic.  

 As described, over 20 mutants were isolated in this forward genetic screen and several lines 

were tested using stomatal conductance measurements to [CO2]-shifts (Figure 5). Although the 

majority of these lines are responsive to [CO2]-shifts, interesting phenotypes were found: mutant 

lines with higher steady-state stomatal conductance (chill9, 14 and 19) and lines with distinct 

kinetics of stomatal conductance responses (chill12 and 13). Mutant lines such as chill9, 14 and 

19 could have increased amounts of stomata per leaf area and are currently being characterized. In 

the case of chill12 and 13, other stimuli that control stomatal movements will be verified in the 

future to test whether the differences in stomatal conductance kinetics are CO2 specific.  

 As we advance in characterizing the candidate lines, new information will be obtained by 

sequencing their genomes and performing RNA seq on the most promising mutants. This 

information will be crucial for us to narrow down putative mutations related to the most promising 
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phenotypes observed. Backcrosses for the mutant lines chill1 and chill15 were obtained and the 

F2 population will be used for bulked segregant analyses and WGS.  

Chapter 4 is coauthored with Sidhom, M; Rangel, F; Zhang, L; Lopez, B; Schroeder, JI. 

The dissertation author was the primary author of this chapter. 
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Figure 4.1 – The chill1 mutant line has impaired responses to [CO2] shifts. (A) Five-week old 
Brachypodium distachyon plants were exposed to high [CO2] (900 ppm) or low [CO2] (150 ppm) 
for 120 minutes. Plants were removed from CO2 growth chamber and set side-by-side and the 
canopy leaf temperature was analysed by infrared thermal imaging (WT, left; chill1 mutant, right). 
Note that the background temperatures between different images can vary, but this does not affect 
canopy leaf temperatures.(B) The stomatal conductance of WT (Bd21-3 parent line) and chill1 
Brachypodium leaves was analyzed using a leaf porometer after exposure to high [CO2] (900 ppm) 
or low [CO2] (150 ppm) for 120 minutes (n=3 experiments ±SEM, 4 leaves per experiment, 12 
leaves total per genotype).  
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Figure 4.2 – The chill1 mutant line has higher steady-state stomatal conductance under 
ambient CO2. (A) Four-week old Brachypodium distachyon plants were set side-by-side and the 
canopy leaf temperature was analysed by infrared thermal imaging at ambient [CO2] (WT, left; 
chill1 mutant, right).  (B) The stomatal conductance of WT (Bd21-3 parent line) and chill1 
Brachypodium leaves was analyzed at ambient [CO2] using a leaf porometer (n=3 experiments 
±SEM, 4 leaves per experiment, 12 leaves total per genotype). (C) Leaves from five-week old 
plants were used to calculate stomatal index (five leaves per genotype, four images per leaf). The 
insert shows stomatal density (five leaves per genotype, four images per leaf).  
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Figure 4.3 – Chill1 mutant line has impaired responses to [CO2] shifts in stomatal 
conductance responses but not to ABA. (A) Four-week old Brachypodium distachyon plants 
were exposed to high [CO2] (900 ppm) for 120 minutes. Plants were removed from CO2 growth 
chamber and set side-by-side and the canopy leaf temperature was analysed within 30 seconds by 
infrared thermal imaging (WT, left; chill1 mutant, right). (B) The stomatal conductance of WT 
(Bd21-3 parent line) and chill1 Brachypodium leaves was analyzed using a gas exchange analyzer 
(n=3 experiments ±SEM, 4 leaves per experiment, 12 leaves total per genotype). (C) ABA-induced 
stomatal conductance downregulation in chill1 mutant. ABA (2 µM) was added to the transpiration 
stream of intact leaves (red arrowhead). Normalized to pre-ABA conductance (n=3 independent 
experiments ±SEM, 4 leaves per experiment, 12 leaves total per genotype). 
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Figure 4.4 –Chill15 mutant line shows chill1-like phenotype in both [CO2] and ABA 
responses. (A) Four to five-week old plants were imaged at high [CO2] (900 ppm) and canopy 
leaf temperature was analyzed by thermal imaging WT and chill15. (B) Leaves from five-week 
old plants were used to calculate stomatal index (five leaves per genotype, four images per leaf). 
The insert shows stomatal density (five leaves per genotype, four images per leaf). (C) The 
stomatal conductance of WT and chill15 Brachypodium leaves was analyzed using a gas exchange 
analyzer (n=3 experiments ±SEM, 4 leaves per experiment, 12 leaves total per genotype). (D) 
ABA-induced stomatal conductance downregulation in chill15 mutant. ABA (2 µM) was added to 
the transpiration stream of intact leaves (red arrowhead), n=3 independent experiments ±SEM, 4 
leaves per experiment, 12 leaves total per genotype). 
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Figure 4.5 – Responses to [CO2]-shifts in chill mutants. The stomatal conductance (gs) of WT 
and indicated chill mutant Brachypodium leaves was analyzed using a gas exchange analyzer. Data 
are the average of n ³ 3 ±SEM experiments, four leaves per experiment (>12 leaves total per 
genotype). The data from the graphs on the left were normalized to the average gs of the 10 first 
minutes (plots on the right for each line). 
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Figure 4.5 – Responses to [CO2]-shifts in chill mutants (continued). 
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Figure 4.5 – Responses to [CO2]-shifts in chill mutants (continued). 
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Figure 4.5 – Responses to [CO2]-shifts in chill mutants (continued). 
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Table 4.1 - Mutant candidates and the status of the screen. In total, 12 of 24 mutants were 
confirmed by screening M6 generation plants and the remaining 4 of the initial 28 putative mutants 
are being tested in the M6 generation as described in the text. Thus, presently a total of 16 lines 
(12 + 4) are being investigated. Note that ABA-induced stomatal closing assays were not 
performed on mutants that showed no clear CO2 response phenotype in gas exchange analyses and 
are labeled as “NA”.  
*This experiment was done once with n=3 leaves per experiment, plants grown under the non-
optimized growth conditions (n=3). 
**DNA extracted for WGS.   
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9

Re-tested 
candidates in M5 

generation:

Colder than Wild 
Type at Ambient 

CO2

Confirmed in 
M6 

generation

X=confirmed

No=not 
confirmed

*Prelimin
ary

Stomatal 
Density 
Imaging

X=done

Preliminary 
Results on 
Stomatal 
Density 

High CO2

(900ppm) 
Thermal 

Imaging in 
M6 

generation

X=done

Results 
of 

Thermal 
imaging 

under 
high CO2

LiCOR

Gas 
Exchange 

(CO2)

X=done

Insensitive to

CO2

LiCOR 
Gas 

Exchange

(ABA)

X=done  

Whole 
Genome 

Seq.

chill1 x x WT-like x colder x yes x x,x**

R6-33 (chill2) x x WT-like x colder x no NA x

R4-45 (chill3) x x WT-like x colder x no NA x

R5-18 (chill4) x x WT-like x colder x no NA x

R6-18 (chill5) x/Growing x WT-like x colder x

R21-29 (chill6) No x WT-like x WT-like x no NA

R21-32 (chill7) No x WT-like x WT-like x no NA

R21-30 (chill8) No x WT-like x WT-like x no NA

R21-33 (chill9) No x WT-like x WT-like x no NA

R20-7 (chill10) x x WT-like x colder x partial ongoing x**

R20-8 (chill11) x x WT-like x WT-like x no NA

R20-18 (chill12) x x WT-like x WT-like x no NA x**

R20-38 (chill13) x x WT-like x WT-like x no NA x,x**

R20-40 (chill14) x x WT-like x WT-like x no NA x

R20-41 (chill15) x x WT-like x colder x yes x x,x**

R20-43 (chill16) x x WT-like x colder x no NA x

R30-4 (chill17) Growing x no NA x**

R31-1 (chill18) Growing

R31-34 (chill19) No x WT-like x no NA x**

R31-5 (chill20) Growing x**

R30-7 (chill21) Growing x**
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