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Summary 

Abiotic stresses greatly condition developmental processes in plants, and to decipher the 

growth-defense tradeoff phenomenon is key to understanding the fate of energy resources 

and their distribution to either defense or investment in development. Phytohormones are 

contributing to the regulation of this energy distribution and, among them, ABA is the 

phytohormone with the greatest influence on responses to abiotic stresses. On the other side, 

auxins are major growth factors in plants that drive virtually all aspects of plant growth. 

Hence, deeper insight into the crosstalk between auxins and ABA is fundamental to 

understanding the growth-defense tradeoff phenomenon.  

Auxin biosynthesis proceeds via a number of pathways. The indole-3-acetamide pathway is 

one of those routes. It is named according to its main intermediate, indole-3-acetamide, which 

is converted to indole-3-acetic acid by the virtue of AMIDASE1 (AMI1). 

In a microarray comparing ami1 null mutants with wild-type Arabidopsis, a significant 

proportion of the upregulated genes appeared to be associated with ABA responses. Amongst 

those genes, we found two myoblastosis protein (MYB) transcription factors, namely MYB74 

and MYB102. 

In order to elucidate the molecular processes in which the two factors are involved, knock-

out mutants of MYB74 and MYB102 were subjected to various analyses such as a drought, 

osmotic and salinity stress assays, phenotypic analyses of root architecture, as well as 

transcriptomics analyses and in silico analyses. 

Here, we roport the relation of MYB74 with drought resistance in Arabidopsis and its impact 

on the root system architecture. MYB102, in contrast, participates in seed development and 

in osmotic stress resistance in seedlings. In view of the fact that both factors do not entirely 

overlap in their functions although showing a large primary sequence identity, an in silico 

approach was taken in order to investigate the possible structural differences between MYB74 

and MYB102, which could explain the functional differences of the two factors.  
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1. Introduction 

1.1 Plant hormones 

According to Davies (2010), plant hormones refer to a group of naturally occurring, organic 

substances, which influence physiological processes at low concentrations. Classically, five 

types of phytohormones were considered: auxins, gibberellins, abscisic acid (ABA), ethylene, 

and cytokinins (Gaspar et al., 1996). In recent years, however, jasmonic acid, brassinosteroids 

and salicylic acid have been added to this classification (Bari and Jones, 2009). Some 

phytohormones, such as auxins (the first plant hormones identified), control physiological 

responses in areas distant from their place of synthesis, rendering them similar to animal 

hormones in this aspect. Nonetheless, other signaling molecules considered as plant 

hormones do not fall under this definition, as their synthesis occurs in a wide range of tissues 

and not necessarily in a localized area (Davies, 2010). Phytohormones mainly regulate 

processes related with plant development, growth and differentiation, but also intervene in 

other processes such as opening and closing of stomata or defense against pathogens (Davies, 

2010). ABA is one of the phytohormones with the greatest influence on responses to abiotic 

stresses. It controls stomata aperture, inhibits the growth of shoots, induces the synthesis of 

seed storage proteins and induces seed dormancy (Davies, 2010). The crosstalk between 

auxins and ABA is fundamental to understanding the growth-defense tradeoff phenomenon. 

Plants must be adapted to their environment and, depending on the conditions in their 

surrounding, allocate their limited resources either to development or defense against abiotic 

or biotic stresses (Herms and Mattson, 1992). Most ecological studies use the concept of 

growth–defense tradeoffs as their major paradigm, but more recent studies have questioned 

this simplistic view (Kliebenstein, 2016; Schuman and Baldwin, 2016). They point out that 

growth inhibition in response to, for example, herbivory is likely not the result of the simple 

channeling of photoassimilates from growth to defense but rather due to a conserved 

transcriptional network that serves the purpose of attenuating growth upon wounding 

(Campos et al., 2016) . 

In any case, the shifting between expenses in either growth or defense is an effective way to 

distribute the limited resources available to the plant. The dampeming the normal growth 

progam and initiation of pre-mature phase transition from the vegetative to generative phase 

can guarantee the survival of a plant, because it makes the maintenance of highly developed 

structures obsolete and, thus, contributes to saving recourses (Huot et al., 2014). For this 

reason, the exploration of the crosstalk between auxin and other plant hormones, especially 

the intertwined biosynthesis of indole-3-acetic acid (IAA) and ABA, will further our 
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understanding on how plants prepare to withstand abiotic stresses, which biomolecules are 

involved in the process, and how they trigger the response to stress on the molecular level. 

 

1.2 IAA biosynthesis through the IAM pathway 

IAA is the main auxin naturally synthesized in plants. It affects virtually all growth and 

development-related processes in plants, including cell elongation, division and 

differentiation, tropisms, apical dominance, initiation of organs and root primordia formation, 

as well as flowering. (Jenik and Barton, 2005; Woodward and Bartel, 2005; Zhao, 2010; 

Dresselhaus and Schneitz, 2014; Landrein and Vernoux, 2014). 

 

Figure 1. Scheme of Trp-dependent auxin biosynthesis. The abbreviations are: AAO, ARABIDOPSIS 

ALDEHYDE OXYDASE; AMI1, AMIDASE1; CYP71A13, CYTOCHROME P450 

MONOOXYGENASE 71A13; CYP79B2/B3, CYTOCHROME P450 MONOOXYGENASE 79B2/B3; 

IAA, indole-3-acetic acid; IAAld, indole-3-acetaldehyde; IAOx, indole-3-acetaldoxime; IAM, indole-3-

acetamide; IAN, indole-3-acetonitrile IPyA, indole-3-pyruvic acid; NIT, NITRILASE; SUR1, 

SUPERROOT 1; SUR2; CYTOCHROME P450 MONOOXYGENASE 83B1; TAA1, TRYPTOPHAN 

AMINOTRANSFERASE OF ARABIDOPSIS 1; TAR, TRYPTOPHAN AMINOTRANSFERASE 

RELATED 2; Trp, L-tryptophan. 
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The main precursor of IAA synthesis is L-Trp (L-tryptophan). Auxin synthesis is assumed to 

proceed through three different pathways, which are named according to their main 

intermediate: the indole-3-pyruvic acid (IPyA) pathway (major route), the indole-3-

acetaldoxime (IAOx) pathway and the indole-3-acetamide (IAM) pathway (Figure 1) 

(Pollmann, Müller and Weiler, 2006; Mano and Nemoto, 2012; Sánchez-Parra et al., 2014). 

The IAM pathway has first been described for plant infecting bacteria of the genera 

Agrobacterium, Pseudomonas and Pantoea, where it consists of two coupled reaction steps. 

The first step, the conversion of L-Trp to IAM, is catalyzed by specific Tryptophan-2-

monooxygenases that are yet to be identified in planta (Lehmann et al., 2010). The second 

reaction step (IAM →IAA) is catalyzed by IAM-specific amidohydrolases. A plant homolog 

of the bacterial amidohydrolases, referred to as AMIDASE1 (AMI1), has been described 

(Pollmann, Neu and Weiler, 2003). Currently, 47 AMI1-like proteins have been identified in 

38 different plant species, implying that AMI1-like proteins are highly conserved in plants, 

suggesting that they play a crucial role in plant development (Sánchez-Parra et al., 2014). 

In order to investigate the molecular function of AMI1, a series of microarray analyses, 

comparing the ami1 null mutant with wild-type Arabidopsis were carried out. The analyses 

provided evidence for the differential expression of 1075 genes, from which 666 were up-

regulated and 409 down-regulated. Interestingly, a significant proportion of the up-regulated 

genes were related to stress responses. Two up-regulated genes, At4g05100 and At4g21440, 

encode for myoblastosis protein (MYB) transcription factors (TFs) (Millard, Kragelund and 

Burow, 2019). Both MYB factors, MYB74 and MYB102, appear to be associated with ABA 

responses (Sánchez-Parra, 2017). 

 

1.3 MYB transcription factors  

According to the aforementioned microarray analyses, the up-regulated genes MYB74 and 

MYB102 showed a pronounced differential expression with a fold change of 4,44 and 2,67, 

respectively (Sánchez-Parra, 2017). Hence, the two MYB factors were selected as targets for 

this study, which is intended to deepen our understanding of the molecular function of AMI1 

and how it may contribute to the regulation of abiotic stress responses.  

Many biological processes in plants are controlled at the transcriptional level. TFs play 

pivotal roles in the control these processes. Among the different TFs in plants, the MYB 

factors constitute a large family with over 120 members, which are involved in controlling 

several processes, as diverse as responses to biotic and abiotic stresses, development, 

differentiation, metabolism, plant immunity, among others. (Ambawat et al., 2013). MYB 

proteins are characterized by a highly conserved DNA binding domain known as the MYB 



 

4 
 

domain (Dubos et al., 2010). The MYB domain is generally composed of one to three 

imperfect repeats, each with about 52 amino acid residues that adopt a helix-turn-helix 

formation that is interspersed in the main groove of the DNA (Yanhui et al., 2006). Generally, 

each MYB domain repeat contains three regularly spaced tryptophan residues, which 

participate in a hydrophobic group involved in specific DNA recognition (Ogata et al., 1995). 

Incidentally, the number of adjacent repeats in the DNA binding domain serves as the basis 

for their classification in 3 groups: R1R2R3-MYB, R2R3-MYB, and R1-MYB (Du et al., 

2009). 

 

The objectives of the work are: 

• Clarify the differences and modus operandi of MYB102 and MYB74. 

• Determine the role MYB102 in plant abiotic stress responses. 

• Identification of physiological processes controlled by MYB102 in seed development. 
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2. Materials and methods 

2.1 Plant material 

Table 1. Arabidopsis mutants used in this work 

Name Description Reference 

myb74ko T-DNA insertion line (SALK_073544C) Alonso et al., 2003 

myb102ko 

 B11C1 
T-DNA insertion line (SAIL_666_B11C1) Sessions et al., 2002 

myb102ko 

E08C1 
T-DNA insertion line (SAIL_888_E08C1) Sessions et al., 2002 

 

This study was performed using Arabidopsis thaliana (L.) Heynh. ecotype Col-0 (Columbia-

0) as wild type (WT) (Nottingham Arabidopsis Stock Centre, stock N1092) and several 

mutants, which all share a Col-0 background (Table 1). 

For in vitro plant growth, seeds were surface-sterilized using 70% ethanol (v/v) and sodium 

hypochlorite at 5% (v/v). After sterilization, seeds were sown on solidified ½ MS medium 

(Murashige and Skoog, 1962), supplemented with vitamins and 1% (w/v) sucrose, and 

stratified at 4°C for 48 h in darkness. Then, seedlings were grown for 10-15 days in a 

germination chamber under controlled conditions (22°C, 16 h light/8 h dark and 100 μmol m-

2 s-1 light intensity). When adult plants were needed, 15 day-old seedlings were transferred to 

a mixture of peat and vermiculite (3:1) and grown under the same conditions.  

 

2.2 Drought assay 

To evaluate drought resistance, 50 surfaced-sterilized seeds per genotype (previously 

stratified), from Col-0 WT, myb102ko E08C1 (knock-out) and myb74ko (knock-out), were 

germinated on 30 mM sucrose containing, hormone-free ½ MS medium.  

After 10 days of in vitro growth, the seedlings were transferred to a 3:2 peat-vermiculite mix 

not previously moistened. Five seedlings of each genotype were transferred to each pot so 

that there were 25 seedlings per genotype and condition (control and drought) and each pot 

was watered with 80 mL of water. Then, all pots were placed on a tray and covered with 

plastic for 10 days.  

After 10 days, covering was removed, and each pot was watered with 80 mL of water every 

two days. A week later, drought treatment was initiated. The drought pots stopped being 
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watered, whereas the control pots continued to be watered with 80 mL every two days. 

Drought conditions were maintained for 15 days. During the drought treatment, the control 

pots were watered every two days with 80 mL of water. 

 

2.3 Root phenotyping 

Surface-sterilized seeds from Col-0 WT, myb74ko and myb102ko E08C1 were used to 

evaluate root phenotypes.  

First, the Col-0 WT, myb74ko and myb102ko seeds were sown in plates with solidified ½ MS 

medium. After stratification, the plates were kept vertically under standard growth conditions 

(Section 2.1) for 10 days. Afterwards, seedlings were utilized for main root length 

quantification using the Fiji software (Schindelin et al., 2012) and to count the number of 

secondary roots of each genotype. 

 

2.4 Osmotic stress assay 

For this assay, 144 seeds of the genotypes Col-0 WT, myb102ko B11C1 and myb102ko E08C1  

were sterilized and stratified (Section 2.1). Seeds were sown in plates under sterile conditions 

on three different media: standard ½ MS medium, ½ MS medium with 100 mM NaCl and ½ 

MS medium with 300 mM mannitol. Then, seedlings were grown for 15 days in a germination 

chamber under controlled conditions (16 h light/8 h dark cycle, at 22°C). After 10 and 15 

days, the following parameters were evaluated: (1) germination, (2) presence of cotyledons 

and (3) presence of true leaves. 

 

2.5 Seed size 

To analyze seed size, 110 seeds of Col-0 WT and 113 seeds of myb102ko E08C1 were sown 

on Protran® nitrocellulose membranes (Whatman®) previously autoclaved and placed on a 

plate containing standard MS medium. Seeds were kept in a germination chamber under 

controlled conditions (16 h light/8 h dark cycle, at 22°C). Seeds were photographed 24 hours 

after sowing, and measured with the help of Fiji software (Schindelin et al., 2012). 

 

2.6 RNA-seq and gene ontology  

2.6.1 Total RNA extraction 

Isolation of total RNA was performed using 11 day-old seedlings grown under standard 

conditions (Section 2.1). Aliquots of 100 mg per sample were ground in liquid N2 and 

processed following the phenol-chloroform method (Oñate-Sánchez and Vicente-Carbajosa, 

2008). Total RNA yield and quality was evaluated by: (1) Denaturing gel electrophoresis 
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assay, where 1 μL of each RNA sample was loaded onto a 1.8% (w/v) agarose gel. After a 

30 min electrophoresis at 70 V, the integrity of the ribosomal subunits was observed under 

UV light using a Gel DOC XR+System (Biorad). (2) Absorbance quantification using a 

Nanodrop® ND 1000 Spectrophotometer (ThermoFisher Scientific), with minimum 

parameters being: RNA concentration of 500 ng/μL, 260/280 and 260/230 ratios of 1,8. These 

denote limited DNA contaminations (Maniatis, Fritsch and Sambrook, 1990). 

 

2.6.2 Analysis of mRNA expression by mRNA-sequencing (RNA-Seq) 

For RNA-Seq analyses, isolated total RNA (Section 2.6.1) was obtained from Col-0 and 

myb102ko E084C1. After RNA quality was determined, 50 μL of each RNA sample were 

sent to Novogene: Genome Sequencing Company (https://en.novogene.com), where library 

construction and mRNA sequencing was conducted. 

 

2.6.3 Statistical analysis 

Using the data obtained from the Novogene Service laboratory, differential gene expression 

in the mutant line was analyzed in comparison to the Col-0 WT control. Differentially 

expressed genes (DEGs) were classified into up- and down-regulated gene groups. 

Differential expression was considered significant when the adjusted p-value was < 0.05 and 

the fold change values were >1.8 and <-1.8, respectively. Statistical analyses were performed 

using the Prism Software (GraphPad Software, version 8.0.0 for Windows). 

 

2.7 RT-qPCR 

Gene expression levels were analyzed by real time quantitative PCR (RT-qPCR). To this end, 

cDNA was synthetized from 2 μg of total RNA (Section 2.6.1) utilizing oligo dT18-primer 

(Promega) and Moloney Murine Leukemia Virus (M-MLV) reverse transcriptase (Promega).  

For transcriptional quantification, 140 ng of the previously synthetized cDNA was added to 

a mixture containing each gene specific primer set and LightCycler480 SYBR Green I Master 

mix (Roche) according to the manufacturer’s protocol.  

Gene-specific primers for PEI1 (At5g07500), TG (At1g36060), and ACT2 (At3g18780), 

which was selected as reference gene for data normalization (Czechowski et al., 2005; 

Dekkers et al., 2012), were designed using Primer3Plus (Untergasser et al., 2007) via its 

online tool [http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi]. The 

obtained primers sequences were: PEI1For (5’-TGTAACGCCGGGAACTTGTGTCAG-3’), 

PEI1Rev (5’-ATGCGTACCTGCACCTGTGCTTTC-3’); TGFor (5’-

TTATTCCCTTCACATTCCAC-3´), TGRev (5’-CAAGTGTTGTTGTCTTGGTG-3’); and 
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ACT2For (5’-AGGCATATCTGTTGTTGCAGGTG-3’), ACT2Rev (5´-

GCACCTACGTGCATCTCAATCG-3). All primers were synthetized by Stabvida 

(http://www.stabvida.com). 

The LightCyler480 master mix is composed of a mixture of dNTPs (desoxynucleoside 

triphosphates) and a FastTaq polymerase, which facilitates gene amplification. Moreover, the 

commercial mix allows for gene quantification by the SYBR green fluorescent dye, which 

intercalates into the double-stranded DNA during each PCR cycle. For each sample three 

biological replicates were analyzed. Each biological replicate was run in triplicate (technical 

replicates). All RT-qPCRs were carried out using a LightCyler480 thermocycler (Roche), and 

conditions were set as follows: 10 min at 95 °C; 45 cycles consisting of 10 s at 95°C, 20 s at 

60°C and 30 s at 72°C; and a dissociation step of 5 s at 95°C, 1 min at 65°C, continuous 97°C; 

and 30 s at 40°C to analyze melting dynamics. The threshold cycle number (CT) was used to 

calculate the relative gene expression levels according the 2-ΔΔCT method (Livak and 

Schmittgen, 2001). Expression was considered significantly different if either above or below 

a 2-fold change in comparison to the WT. 

 

2.8 Semi-quantitative RT-PCR 

Semi-quantitative RT-PCR provides a rapid method to estimate the relative amounts of 

messanger RNA populations using a known housekeeping gene as an internal standard to 

normalize the expression levels of selected target genes (Chen, Segal and Mash, 1999). Here, 

two master mixes containing forward and reverse primers for either MYB102 [MYB102For 

(5’-ACTCACAGTCCACGACTCGATCTC-3’), MYB102Rev (5’-

GAGGTAGCGAGCTTGAGTATCTCG-3’)] or ACT2 [ACT2For (5’-

AGGCATATCTGTTGTTGCAGGTG-3’), ACT2Rev (5’- 

GCACCTACGTGCATCTCAATCG-3’)], dNTPs, DMSO, TaqR DNA polymerase (Takara), 

TaqR 10× buffer (Takara) and miliQ H2O were prepared. To these master mixes, 2 μg of 

cDNA (Section 2.7) were added, which has previously been synthetized from total 

RNA (Section 2.6.1) of Col-0 (WT) and MYB102 overexpression candidate plants 

(hereafter, MYB102OE). Reactions were carried out in a Primus 25 Advanced Thermal 

Cycler (peqLab) with the following cycles: 10 min at 95°C; 45 cycles consisting of 10 s at 

95°C, 20 s at 60°C and 30 s at 72°C; and a dissociation step of 5 s at 95 °C, 1 min at 65°C, 

continuous 97°C; and 30 s at 40°C. Finally, samples were run on a 1.5% agarose gel for 

40 min at 60 V.  
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2.9 In silico analysis 

The following bioinformatics software and tools have been used to perform the in silico-

analysis of the MYB factors MYB102 and MYB74: SwissModel (Waterhouse et al., 2018) 

for homology modelling, MEGA X (Kumar et al., 2018) for sequence alignment and 

phylogenetic analysis, I-TASSER (Yang et al., 2014) for ab initio and sequence homology 

hybrid modelling, PSIPRED (Buchan and Jones, 2019) for secondary structure prediction and 

PyMOL for structural alignment and electrostatic potential (The PyMOL Molecular Graphics 

System, Version 1.2r3pre, Schrödinger, LLC). 
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3. Results 

3.1 MYB74 affects drought resistance in Arabidopsis 

Due to the relationship of ABA with drought responses (Xiong et al., 2006) and the crosstalk 

between auxins and ABA, we decided to subject the mutant lines myb102ko and myb74ko to 

a drought assay, in order to evaluate the impact of drought on the survival rate of these A. 

thaliana mutants. 

The results of the drought assay were taken at the end of the drought treatment (Section 2.2). 

For the evaluation of the survival of A. thaliana, drying of the cauline leaves of the stem was 

taken as a criterion for non-survival according to Noodén and Penney (2001). 

 

Figure 2. Phenotypes of Col-0, myb74ko and myb102ko plants under irrigation (above) and drought 

conditions (below) at the beginning and end of the drought period. 

 

In order to visualize phenotypic alterations in drought resistance triggered by MYB74 and 

MYB102, Col-0, myb74ko and myb102ko plants were photographed at the beginning and end 

of the drought treatment in watered and non-watered plants (Figure 2). 

 

Figure 3. Drought survival rate of the tested genotypes. Fifty plants per genotype (Col-0 WT, myb102ko 

and myb74ko) were used in drought assay. Data were statistically processed using a one-way ANOVA test 

(***p ˂ 0.001). Represented data are means and their SE. 



 

11 
 

As can be seen in Figure 3, the proportion of surviving plants of the myb74ko genotype is 

significantly higher (***p < 0.001) than the survival rate of wild-type plants (Col-0 WT). 

Although the myb102 mutant plants also seem to be more drought resistant, the statistical 

analysis provided no indications for a significant difference when comparing the survival 

rates of myb102ko and control (Col-0 WT) plants. 

 

3.2 Mutations in MYB74 translate into changes in root system architecture 

To elucidate the role of the TFs MYB74 and MYB102 in the establishment of the root system, 

the root phenotype of Col-0, myb102ko E08C1 and myb74ko plants have been analyzed 

(Section 2.3). 

Two root system parameters were analyzed to compare Col-0 WT to the mutant lines. On the 

one hand, the length of primary roots was quantitatively assessed using the Fiji software 

(Schindelin et al., 2012). On the other hand, the number of lateral roots was determined for 

each genotype. 

 

Figure 4. (A) Phenotype of ten day-old wild type and mutant seedlings. (B) Analysis of average lateral 

root numbers. Forty plants per genotype were grown for 10 days in independent plates with standard ½ MS 

medium under standard conditions. Data were statistically processed by applying a one-way ANOVA test. 

Different letters (A-B) denote statiscally signicant differences (p < 0,05). (C) Analysis of primary root 

length. Forty plants per genotype were grown for 10 days in independent plates on standard ½ MS medium 

under standard conditions. Data were statistically processed using the one-way ANOVA test. Different 

letters (A-B) denote statiscally signicant differences (p < 0,05). The used genotypes are given in the figure. 
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Our results show that, in reference to Col-0 WT, myb74ko seedlings have significantly longer 

primary roots (Figures 4A,C) and a significantly higher number of lateral roots (Figures 

4A,B). On the contrary, the analysis revealed that myb102ko seedlings show no significant 

differences neither in primary root length, nor in the number of lateral roots relative to WT 

Col-0 plants (Figures 4A-C). This sets an example for the enormous specificity of very 

similar TFs over the course of the regulation of Arabidopsis development.  

 

3.3 Identification of independent MYB102 overexpression lines 

Given that overexpression lines for MYB74 are already available, the generation of 

comparable overexpression lines for MYB102 were considered very helpful to complement 

the comparative studies. A corresponding conditional overexpressor line, MYB102OE, has 

been under development in our laboratory, but unfortunately confirmed overexpression lines 

were not available in time to be included in this work. A ß-estradiol inducible MYB102OE 

construct has been developed and transformed into Arabidopsis before the start of this project 

(Zuo, Niu and Chua, 2000). Suitable independent lines, however, have not been selected. In 

order to identify possible candidate lines that overexpress MYB102, a semi-quantitative PCR 

approach has been taken. Three possible candidate lines, termed line 5.1, 8.1 and 9.1, were 

evaluated. Herein, the expression of the transgenes (MYB102) and a housekeeping gene 

(ACT2) were assessed in different plant lines (Col-0 and MYB102OE lines) and under 

different conditions (+/- ß-estradiol induction). In the assays, Col-0 WT served as positive 

control, while a sample without cDNA template was employed as negative control.  

 

Figure 5. Semi-quantitative PCR analysis of MYB102OE candidate lines. The expression levels of 

ACT2 and MYB102 was assessed in three different MYB102OE lines (5.1.2, 8.1.3, and 9.1.2), along with a 

positive (Col-0) and negative control (Control). In case of the MYB102OE lines, expression of the genes 

was analuzed with and without induction of transgene expression by 10 µM ß-estradiol in the media. 
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As depicted in Figure 5, the resulting PCR fragments were separated on 1.5% agarose gel for 

40 min at 60 V. 

With respect to the observed data, it can be concluded that, at least, lines 8.1.3 and 9.1.2 

represent independent overexpression lines, as the induction by ß-estradiol results in a clear 

increase in the strength of the MYB102 signal. The expression of MYB102 in line 5.1.2 is 

difficult to rate, because the MYB102 signal for the non-induced condition was missing. In 

any case, these preliminary results need to be confirmed, before the generated lines can be 

used in further analyses.  

 

3.4 Mutations in MYB102 translate into impaired osmotic stress resistance 

As mentioned before, the transcriptomics analysis of the null mutant of the auxin 

biosynthesis-related AMI1 gene, provided evidence for the induction of MYB74 and MYB102 

expression. Our current working hypothesis is based on the assumption that the accumulation 

of IAM triggers ABA production which, in turn, stimulates MYB74 and MYB102 expression 

(Sánchez-Parra, 2017). ABA is known to be an important determinant in osmotic and salt 

stress responses. A previous study conducted in our laboratory already assessed the impact 

of MYB74 on salt and osmotic stress resistance (Ortiz-García, 2018). It was possible to 

demonstrate that a knock-out of MYB74 leads to a significant reduction of osmotic stress 

resistance. Salt stress resistance in myb74 was also reduced, but to a lower extend.  

Work of the Smeekens laboratory additionally showed that the integration of osmotic stress 

signals determines the expression level of MYB102 (Denekamp and Smeekens, 2003). For 

the given reasons, we decided to subject the two available myb102 alleles (myb102ko E08C1 

and myb102ko B11C1) to an osmotic stress treatment and analyze their performance in 

comparison to Arabidopsis wild-type plants.  
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Figure 6. Phenotype of 15 day-old Arabidopsis seedlings grown under control and abiotic stress 

conditions. Seeds of Col-0, myb102ko B11C1, and myb102ko E08C1 were either grown on ½ MS medium 

(Control) and similar plates that additionally contained either 100 mM NaCl (salt stress) or 300 mM 

mannitol (osmotic stress). 

 

Physiological differences among genotypes have been assessed on the basis of germination 

rate, cotyledon emergence and true leaf formation after 10 and 15-days of growth under 

control, salt stress (100 mM NaCl) and osmotic stress (300 mM mannitol) conditions. As 

shown in Figure 6, mutant seedlings have reached a developmental stage equivalent to Col-

0 under control conditions. However, when compared to wild type, the mutant alleles showed 

a poor performance when grown under abiotic stress. The most pronounced difference in their 

phenotypical response was observable under osmotic stress conditions, where the formation 

of the first true leaves is clearly reduced in the mutants.  
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Figure 7. Germination, cotyledon emergence, and presence of true leaf formation rates for the 

investigated genotypes. Seeds of Col-0 WT, myb102ko E08C1 and myb102ko B11C1 were either sown on 

½ MS medium conteining either 100 mm NaCl (salt stress) and inspected after 10 days (A) and 15 days 

(B), or 300 mM mannitol (osmotic stress) and also analyzed after 10 days (C) and 15 days (D). Data were 

statistically processed with an one-way ANOVA test (*p < 0.05, ***p < 0.001). 

 

As demonstrated in Figure 7, the obtained data were also quantitatively processed and 

statistically assessed. The results of the experiments suggested no significant differences 

between genotypes under 10 days and 15 days under salinity conditions (Figure 7A,B). 

However, under osmotic stress conditions, a significant difference was observed after 10 days 

in the cotyledons of the myb102ko E08C1 (*p < 0.05) (Figura 7C), while after 15 days both 

genotypes exhibited significant differences in the formation of the first true leaves. The effect 

in the allele myb102ko E08C1 was, however, more pronounced than in myb102ko B11C1 

(Figura 7D). 

 

3.5 Transcriptomics analysis highlighted a role of MYB102 in seed development 

To better understand the role of MYB102 in plant development, and to better distinguish 

between the processes controlled by MYB102 and MYB74, we performed mRNA sequencing 

(RNA-seq) of myb102ko in comparison to WT (Col-0) plants.  

To our surprise, the contrasting of the DEGs in myb102ko with those previously gathered for 

myb74ko (Ortiz-García, 2019), unequivocally demonstrated that the two MYB factors 

orchestrate largely unrelated gene groups.  
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Figure 8. Venn diagram comparing all identified significantly up- and down-regulated genes in 

myb74 and myb102 knockout lines. 

 

The Venn plot shown in Figure 8 underlines the corresponding finding, as only little overlap 

between DEGs was observed. After applying more stringent arbitrary parameters (adj. p-

value < 0.05, fold-change ± 1.8), the seedlings of myb102ko displayed 142 DEGs relative to 

WT. From the 142 DEGs, six were up-regulated and 136 down-regulated.  

 

Figure 9. Hierarchical gene ontology (GO) analysis showing significant enrichment of down-

regulated genes in a series of GO classes related with few biological processes in myb102ko. The GO 

term node color reflects the significance level. White nodes are not significantly overrepresented, while red 

nodes represent highly overrepresented groups. 

 

As shown in Figure 9, the gene ontology analysis (Du et al., 2010), conducted to identify the 

enrichment of particular gene ontology groups in myb102ko, suggested the overrepresentation 

of DEGs related to abscisic acid stimulus (GO:0009737; p-value=2,39×10-05), seed 
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development (GO:0048316; p-value = 2,77×10-13) and embryonic development ending in 

seed dormancy (GO:0009793; p-value=3,09×10-11). 

Intriuingly, among the DEGs, the genes for the AP2/ERF TFs TRANSLUCENT GREEN (TG, 

At1g36060), AINTEGUMENTA-like 1 (AIL1, At1g72570), and the embryo-specific zinc 

finger TF PEI1 (At5g07500) were found. A deeper analysis of the GO data identified PEI1 

within the “embryonic development ending in seed dormancy” (GO:0009793) gene cluster. 

Previous studies have associated PEI1 with the transition from globular- to heart-stage during 

embryo formation (Li and Thomas, 1998). 

Additionally, the down-regulated genes identified in the RNA-seq analysis were processed 

using the DAVID database tool (Huang, Sherman and Lempicki, 2009). A gene functional 

classification was carried out to cluster the selected genes according to their function.  

 
Figure 10. Gene cluster (gene cluster 10) containing down-regulated transcription factors in 

myb102ko. The cluster analysis of down-regulated DEGs identified by RNAseq. The data were processed 

using the DAVID bioinformatics tool. The cluster contains, among others, the factors PEI1 (At5g07500), 

TG (At1g36060) and AIL1 (At1g72570). 

 

As with the GO analysis presented before, the DAVID cluster analysis highlighted the three 

candidate genes PEI1, TG and AIL1 (Figure 10). In the following, those transcription factors 

were considered possible candidates downstream of MYB102. 

 

3.6 Confirming PEI1 and TG as downstream targets of MYB102 

According to our GO analysis and taking for granted that MYB102 is involved in abiotic 

stress regulation mediated by ABA, PEI1 has been selected as a primary molecular target, 

particularly because the gene has previously been related with ABA responses (Zhang et al., 
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2012). Our preliminarily data suggested a substantial repression of PEI1 in myb102ko, which 

had to be confirmed by RT-qPCR. Here, we compared PEI1 expression in two myb102ko 

mutants (E08C1 and B11C1) relative to WT Col-0.  

 

Figure 11. Relative expression of PEI1 and TG in 12-days old seedlings of myb102ko B11C1 and 

myb102ko E08C1. (A) qRT-PCR results for PEI1 and (B) TRANSLUCENT GREEN (TG) in the two 

myb102 mutant allele backgrounds. Transcript levels were normalized to the reference gene ACT2 and then 

visualized as target gene expression in mutant versus WT seedlings. All means are given with their 

respective standard errors (SE). 

 

Confirming the RNA-seq results, PEI1 is strongly down-regulated in the two myb102ko 

alleles. Precisely, we observed a remaining expression of 0.18-fold in the myb102ko B11C1 

mutant and 0.06-fold in the myb102ko E08C1 mutant, respectively (Figure 11A). In 

consequence, this strongly suggests that MYB102 acts as positive regulator of PEI1 

expression in wild-type Arabidopsis. 

The second gene, TRANSLUCENT GREEN (TG) (At1g36060), appeared in the same cluster 

with PEI1 in the DAVID analysis (Huang, Sherman and Lempicki, 2009) and appeared also 

down-regulated in our myb102ko RNA-seq data. For this reason, we decided to also check 

TG expression levels by RT-qPCR. As expected, TG is also highly suppressed in the 

myb102ko lines. A decrease in TG transcription levels of 0.32 times was observed for the 

myb102ko B11C1 mutant, while a remaining TG expression of 0.22-fold was determind for 

the myb102ko E08C1 mutant (Figure 11B). Therefore, MYB102 is suggested to also 

positively regulate TG expression under regular circumstances.  

For both target genes, we were able to observe that the transcriptional effect was lower in the 

mutant where the T-DNA insertion was located in an exon (myb102ko E08C1) rather than in 

an intron (myb102ko B11C1) (Figures 11A,B). 
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3.7 The size of myb102ko seed is more disperse  

In A. thaliana, the final seed size is largely established during the proliferation of the 

endosperm and seed coat cells (Orozco-Arroyo et al., 2015). This development requires a 

coordinated growth of the tissues that constitute the seed, which is mainly governed by the 

complex interplay and action of plant hormones (Orozco-Arroyo et al., 2015). In other words, 

plant hormonal crosstalk plays a crucial role in seed development (Sun et al., 2010) and, 

specifically ABA is a dominat regulator of endosperm development. For this reason, changes 

in ABA levels can trigger changes in the habitus of developing seeds (Orozco-Arroyo et al., 

2015). 

After observing that the GO analysis (Section 3.5) highlighted several terms related to seed 

physiology (i.e., seed development and ABA stimulus), we decided to compare the seed size 

(area) between myb102ko and WT lines (Figure 12). 

 

Figure 12. Analysis of the seed area of myb102ko and Col-0 WT. (A) Histogram of seed area. (B) Seed 

area box-and-whiskers diagram. Seeds were measured with the Fiji software (Schindelin et al., 2012) and 

the unit of measurement are arbitrary units given by Fiji software. Variances were compared using a F test. 

 

Interestingly, our measurements revealed that, even though the average seed size is not 

significantly different, there is a statistically wider distribution of seed size area in myb102ko 

compared to that of WT (Figures 12). This could be indicative for a misregulated mechanism 

in the tested mutant, which may prevent the establishment of a more homogeneous seed size 

in myb102ko. 

 



 

20 
 

3.8 In silico comparison of MYB74 and MYB102  

With respect to the results obtained in the phenotypic experiments comparing the effects of 

MYB74 and MYB102 with respect to diverse abiotic stresses and in the transcriptomics 

analyses - RNA-seq of myb102ko presented here and myb74ko (Ortiz-García, 2019) - we 

wondered how two highly similar transcription factors, such as MYB74 and MYB102 (65.7% 

amino acid identity), can specifically control non-overlapping physiological processes and 

fully unrelated target gene groups. In order to gain further insight, an in silico-approach was 

taken to structurally compare MYB74 and MYB102. 

For the alignment of sequences and the creation of a phylogenetic tree, the program MEGA X 

(Kumar et al., 2018) and the amino acid sequences of MYB74, MYB102, MYB41, MYB49, 

MYB93, MYB53 and MYB92 were used. According to Stracke, Werber and Weisshaar 

(2001), these transcription factors are phylogenetically closely related with MYB74 and 

MYB102. A bootstrap consensus tree inferred from 500 replicates was generated for the 

seven MYB family members using the Neighbor-joining method. For all other parameters, 

the default values predetermined by the software were applied. 

 

 

 

Figure 13. Phylogenetic tree for the selected Arabidopsis thaliana MYB factors MYB41, MYB49, 

MYB53, MYB74, MYB92, MYB93, and MYB102.  

 

The reliability of a phylogenetic tree is given by the percentages generated by the bootstrap, 

with 70% being a good value to accept a branch as reliable (Hillis and Bull, 1993). From the 

generated tree shown in Figure 13, it can be deduced that the minimum percentage is 72%, 

which is well above the minimum requirements for a reliable branch. Therefore, it can be 

concluded that the calculated tree is reliable and reflects the phylogenetic relationships 

between the compared MYB factors.  

The phylogenetic tree presents two well differentiated clades; the first one formed by the 

transcription factors MYB49, MYB102, MYB74 and MYB41, and the second one formed by 

MYB93, MYB53 and MYB92. The phylogenetic analysis highlighted the close relationship 
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between MYB74 and MYB102, followed by the phylogenetic relationships with MYB41 and 

MYB49. 

The studies carried out with I-TASSER (Yang et al., 2014) and SwissModel (Waterhouse et 

al., 2018) allowed us to determine the structural domains present in the factors MYB102 and 

MYB74. The structural modelling showed a highly conserved DNA-binding domain in both 

transcription factors, which is located at the N-terminal end of the proteins. 

According to PSIPRED (Buchan and Jones, 2019), the half sequence near the C-terminal end 

is a disordered region, where the residues do not take on a clearly defined structure. Such 

disordered regions make structural modelling very challenging, because they make tertiary 

structure prediction more difficult. According to the results obtained running structural 

modelling using I-TASSER, MYB102 and MYB74 present 6 α-helices at the N-terminal end, 

which are suggested to compose two adjacent helix-turn-helix (HTH) repeats placing both 

transcription factors within the R2R3-MYB family (Du et al., 2009). 

Finally, using the inferred three-dimensional models for MYB102 and MYB74, structural 

alignment and potential electrostatic analyses were performed employing the PyMOL 

software (The PyMOL Molecular Graphics System, Version 1.2r3pre, Schrödinger, LLC).  

 

Figure 14. Electrostatic potential of the transcription factors MYB74 (top) and MYB102 (bottom). 

A positive electrostatic potential can observe in the DNA binding domain of both 

transcription factors, which confirms that the zone near the N-terminal end is likely the DNA 

binding domain (Figure 14), since the DNA backbone is negatively charged. 
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Figure 15. Structural superexposition of MYB102 (green) and MYB74 (red). 

 

As we can be taken from the superexposition of the two TFs shown in Figure 15, both TFs 

share a highly conserved DNA binding domain. However, other domains such as the 

regulation domain differ between TFs, which led us to the hypothesis that their functional 

difference may be explained by these minor distinctions.  
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4. Discussion  

4.1 MYB102 shows novel features, distinct from those of its closest homolog  

Given our previous research on MYB74 (Ortiz-García, 2018, 2019), we decided to further 

determine its possible similarities to MYB102. In this regard, several in silico experiments 

were performed, including a phylogenetic analysis, homology-based of the three-dimensional 

modeling and the structural comparison of the TFs MYB102 and MYB74 (Section 3.8). The 

experiments underlined the expected phylogenetic proximity of the two factors. However, the 

obtained results also underlined subtle differences in the estimated structure of the factors, 

which may be causing their differences in function. For instance, a role for MYB74 in shaping 

root architecture has been demonstrated in this work, whereas MYB102 is supposedly not 

involved in this process. Additionally, while myb74ko plants show a significantly increased 

drought resistance, a mutation in MYB102 (myb102ko) could not provide the same increased 

resistence under our testing conditions (Figures 2, 3). Therefore, it may be concluded that 

MYB74 and MYB102 do not fully act redundant, but posses distinct functions in the control 

of plant development in A. thaliana. The obtained RNA-seq data suggested a possible impact 

of MYB102 on seed development and early seedling development, as well as roles in abiotic 

stress responses, e.g. in salt and osmotic stress resistance. In summary, this renders MYB102 

a highly promising candidate for further research, which could be complemented by the use 

of a conditional overexpression line (MYB102OE) (Section 3.3), currently under development 

in our laboratory. It will also be interesting to understand its relationship in plant hormone 

crosstalk during seed germination, since this is a critical stage for seedling establishment, 

which is of utmost importance for agricultural productivity (Brady and McCourt, 2003; 

Miransari and Smith, 2014). 

 

4.2 MYB102 contributes to abiotic stress resistance in seedlings 

After observing that ABA-related GO terms were highlighted in the myb102ko E08C1 mutant 

line, we decided to perform osmotic and salt stress assays (Section 3.4), since ABA is well-

known as an abiotic stress-related phytohormone (Davies, 2010; Yoshida, Mogami and 

Yamaguchi-Shinozaki, 2014). Herein, the main roles of ABA are to enhance osmotic, salt 

and cold stress resistence (Ishitani et al., 1997; Zhu et al., 2010; Nakashima and Yamaguchi-

Shinozaki, 2013). Interestingly, we found both myb102ko mutant alleles to be significantly 

more sensitive to osmotic stress than WT seedlings (Figures 7C,D), pointing towards a role 

for MYB102 in abiotic stress tolerance during the seedling stage. MYB102 shows peak 

expression during late germination and young seedling stages (Klepikova et al., 2016). 

However, its effect could be slightly extended in time, taking the biological half-life of the 
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protein into account. In some cases, the stability of proteins, including regulatory protein, can 

be relatively long (Li et al., 2017). Nonetheless, MYB102 does not seem to contribute to 

abiotic stress tolerance in adult plants (reproductive-stage), since no significant difference in 

drought resistence (which includes salt and osmotic stresses) was found between myb102ko 

and WT in the conducted drought assays (Section 3.1).  

 

Figure 16. Model of the possible molecular mode of action of MYB102. 

 

Additionally, we aimed to further analyze the relationship between ABA and MYB102. In 

this regards, we first asked the question whether MYB102 acts upstream or downstream of 

ABA signaling. Based on our results, we conclude that MYB102 acts downstream of ABA 

(Figure 16), given that not all, but only a selection of ABA-related processes appear 

significantly altered in the myb102ko alleles (e.g., adult myb102ko plants show no significant 

differences in the drought response assays, while root architecture is not altered in 

myb102ko).  

 

4.3 MYB102 may play a role during seed development 

MYB102 became a gene of interest in our research as it proved to be regulated by IAM, a 

precursor of IAA in plants (Sánchez-Parra, 2017; Ortiz-García, 2018). Previous work in our 

laboratory also revealed an altered germination pattern in a myb102ko line, a process which 

is known to be regulated by the ABA-GA ratio (Koornneef, Bentsink and Hilhorst, 2002). 

ABA promotes seed dormancy induction and maintenance and, thus, inhibits seed 
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germination (Kermode, 2005; Finch-Savage and Leubner-Metzger, 2006; Liu and Hou, 

2018). ABA is known to play a role in both plant development and stress responses. In plant 

development, it controls the aperture of stomata, inhibits the growth of shoots, induces the 

synthesis of seed storage proteins and induces dormancy (Davies, 2010). In order to gain 

deeper insight into the particular role of MYB102, mRNA of the myb102ko E08C1 null 

mutant was subjected to RNA-seq analysis. Interestingly, we discovered that a great 

proportion of the DEGs in the mutant was closely intertwined with ABA-related genes as 

well as seed and embryo development-related genes (Section 3.5). 

In addition, we also performed a DAVID inquiry of the myb102ko down-regulated genes, 

which highlighted the transcription factors PEI1 and TG within a cluster of genes of interest 

(Figure 10). We decided to further confirm this preliminary result by RT-qPCR. The 

experiment confirmed a strong positive regulation of PEI1 and TG by MYB102, given that 

the two genes are profoundly down-regulated in both myb102ko alleles (Figure 11). 

According to the Klepikova Atlas (Klepikova et al., 2016), these genes are predominantly 

expressed in Arabidopsis siliques and seeds, therefore pointing to a role in seed development. 

In consequence, the seed area of myb102ko mutant seeds was measured, revealing a 

misregulation of seed size establishment, with a significantly different dispersion in seed area 

when compared to WT seeds (Figure 12). This led us to hypothesize that MYB102 is 

regulating seed size via PEI1 and/or TG. According to a previous report (Locascio et al., 

2014), two ABA peaks occur during seed development. The first one, during early seed 

development, is due to the maternal effect, whereas the second one, during late seed 

development, is due to the embryo’s own ABA synthesis. It has been observed that unusually 

high ABA levels lead to mutant seeds with a great seed size, due to excessive cell 

proliferation, because ABA inhibits that process. Taking the predominant expression of 

MYB102 in siliques into account, it may be concluded that MYB102 exerts its regulatory 

activity in maternal tissue, during the first ABA peak. In this model, ABA would be positively 

regulating MYB102 expression which, in turn, positively modulates both PEI1 and TG 

expression, in order to achieve correct seed development (Figure 16). In this model would 

the observed misregulation in seed size in myb102ko, where this signaling pathway is 

impaired.   
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