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Abbreviations 

➢ ABA: abscisic acid 

➢ DEG: differentially expressed gene 

➢ DT: Drought Treatment 

➢ MOP1: MEDIATOR OF PARAMUTATION 1 

➢ MOP3: MEDIATOR OF PARAMUTATION 2 

➢ MS: Murashige & Skoog medium 

➢ NW: Normal Watering 

➢ RdDM: RNA-dependent DNA Methylation 

➢ RMR6: REQUIRED TO MAINTAIN REPRESSION 6 

 

Introduction 

Drought stress and maize 

 Globally, maize is one of the most important food crops and provides at least 30% of 

food calories to more than 4.5 billion people in 94 developing countries, along with rice and 

wheat (Shiferaw et al. 2011). It is also used widely in animal feed and industrial products, such 

as biofuel production (Shiferaw et al. 2011).  Drought stress due to long-term water scarcity is 

the primary abiotic factor limiting Zea mays crops, contributing to approximately 70% of 

potential yield loss worldwide (Cooper et al. 2014; Zenda et al. 2019). At the seedling phase of 

growth, drought hampers early crop establishment and negatively impacts grain yield potential 

(Li et al. 2004).  If water deficit occurs before flowering, silk emergence out of the husk is 

delayed while tassels are unaffected, contributing to a prolonged anthesis-silking interval 

(Edmeades et al. 2000; Faud-Hassan, Tardieu, & Turk 2008). Maize is most sensitive to drought 
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during the reproductive stages of pre-anthesis and grain-filling (Zheng et al. 2010; Zenda et al. 

201ř).   Because of maize’s vulnerability to long-term water scarcity, the ever-increasing global 

climate due to global warming is an important problem to tackle. Understanding drought stress 

response will have an even greater impact on the physiology and productivity of agriculturally 

relevant plants (Srivastava et al. 2018; Pachauri et al. 2014). 

   

Drought stress response 

The response to drought stress in plants is a complex process, with adaptive mechanisms 

such as physiological and biochemical mechanisms, changes in transcription and gene 

expression, and epigenetic plasticity (Shan et al. 2013; Miao et al. 2017; Virlouvet et al. 2018). 

The primary signal caused by drought is hyperosmotic stress (Serraj & Sinclair 2002; Nuemann 

2008), increasing water deficit-related genes. These include membrane-stabilizing proteins and 

late embryonic abundant proteins, which increase the water-binding capacity in affected cells 

(Shukla & Mattoo 2008; Farooq et al. 2009; Hanin et al. 2011). The stimulus of the primary 

hyperosmotic stress also induces a change in the plant itself that produces other secondary 

signals of drought including oxidative stress, metabolic dysfunction, as well as damage to 

intracellular and extracellular components (Zhu 2016).  Several transcription factors related to 

drought stress response are also upregulated during this time, helping provide adaptive responses 

such as drought escape, drought avoidance, and drought tolerance (Khan et al. 2018).  Some of 

the transcription factors involved are DEHYDRATION RESPONSIVE ELEMENT BINDING 

(DREB), ABSCISIC ACID RESPONSIVE ELEMENTS BINDING FACTOR (ABF), ABRE 

BINDING (AREB), NAM, ATAF1/2, & CUC2 (NAC), and SNF1-RELATED KINASE 2 

(SnRK2) (Singh & Laxmi 2015; Mun et al. 2017; Zenda et al. 2019). The existence of so many 
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drought-inducible genes suggests that the underlying network of drought stress in plants is more 

complex than we currently know (Zheng et al. 2010; Min et al. 2016). Understanding what 

influences drought response and tolerance will help improve the development of new maize 

cultivars, leading to greater crop productivity worldwide. 

 

Well-characterized genes involved in drought stress response 

 Transcriptome analyses have been very useful to uncover the functions of various genes 

involved in drought stress response. For example, studies examining drought stress and the 

abscisic acid (ABA) abiotic stress pathway have identified ABA receptors that play pivotal roles 

in signaling. Transgenic lines overexpressing receptors PYL8, 9, or 12 had increased water 

retention, attributing to improved drought resistance (He et al. 2018). Also involved in the ABA 

pathway is bzip4, which has been shown to positively regulate several stress-responsive genes, 

ABA synthesis-related genes, and root development genes (Ma et al. 2018).  Another study 

looking at galactinol synthase and the overexpression of gols3 found that this gene was regulated 

by drought-responsive transcription factor DREB2A, contributing to practical drought stress 

tolerance (Gu et al. 2015). Overall, these studies indicate a general understanding of the 

components of drought stress and tolerance. However, it is not fully understood how drought-

responsive gene pathways interact with one another. 

 

Dehydration stress and formation of “memories” 

Besides drought, plants often experience short-term deficits of water, called dehydration 

stress. These stresses are followed by water-recovery periods, co-occurring regularly over the 

course of normal development (Slayter 1967). Previous studies support the idea that dehydration 
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stress forms “memories” of some sort that allow plants to alter transcriptional responses to allow 

for higher gene expression upon subsequent stresses (Bruce et al. 2007; Ding et al. 2012, 2014).  

Plants that have experienced dehydration stress are likely to be more productive and survive in 

the long-term due to improved transcriptional responses (Nicotra & Davidson 2010; To & Kim 

2014; Fleta-Soriano & Munne-Bosch 2016).   

Dehydration stress memories have been demonstrated in Arabidopsis thaliana and maize. 

Plants were given recurring dehydration stresses in which water was withheld for a period of 2 

hours and then allowed to recover for 22 hours. Plants experiencing dehydration stress after 

previous cycles exhibited improved transcriptional and physiological memory responses, in 

comparison to those that were experiencing their primary dehydration stress (Ding et al. 2012, 

2014). Upon further analysis of the recurrent dehydration stress and rehydration cycles, two 

classes of dehydration stress response groups were revealed (see Figure 1). Genes that induced 

similar transcript levels in response to recurring dehydration stress and returned to pre-stress 

levels after rehydration were classified as nonmemory genes; genes that produced improved 

transcript levels after recurring dehydration stress were classified as memory genes (Ding et al. 

2012; 2014). Although the characterization of these distinct dehydration stress memory/non-

memory genes, the key pathways and genes have not yet been identified to increase drought-

resistance in crops (Virlouvet et al. 2018). 
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Figure 1. A schematic of dehydration stress and the formation of “memories” and “non-

memories” (based upon results from Ding et al. 2012 & 2014). Genes that have an 

increased or decreased transcriptional response in reoccurring dehydration stress are 

categorized as “memory” genes. Genes that have an unchanged transcriptional response 

in reoccurring dehydration stresses are categorized as “non-memory” genes. 

 

RNA-directed demethylation (RdDM) and its links to drought stress response 

The RdDM pathway is essential in plants involved in mediating changes to epigenetic 

modifications and target-specific gene expression (Vendramin et al. 2020). It is also needed for 

overall genome stability and maintenance of transposon silencing (Huang et al. 2017). RdDM 

has been linked to transgenerational suppression of transposable elements (TEs) because it 

produces and reinforces DNA methylation patterns in plants that can be stably inherited by 

progeny. (Sigman & Slotkin, 2016).  Therefore, transgenerational epigenetic properties of RdDM 

make it a vital pathway to study gene expression and phenotypes. 
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Important components of RdDM are MEDIATOR OF PARAMUTATION 1 (MOP1) and 

MEDIATOR OF PARAMUTATION 3 (MOP3) (Sloan, Sidorenko, & McGinnis 2014; Huang et 

al. 2017). MOP1 is dependent on RNA polymerase-IV (Pol-IV) transcripts to produce a majority 

of 24-nt small-interfering RNAs (siRNA) (Huang et al. 2017). These MOP1 24-nt siRNAs 

interact with ARGONAUTE proteins in the nucleus to target specific loci via complementarity to 

silence transposable elements (TEs) near genes. 

MOP3 is the largest predicted subunit of Pol-IV and is involved in accumulating most 24-

siRNAs that guide the cytosine methylation and silencing of transposable elements and target 

loci (Forestan et al. 2017). It is also required for normal development, paramutation, 

transcriptional repression of certain TEs (Erhard et al. 2009; Forestan et al. 2016). mop3-1, a loss 

of function mutant for Pol-IV, displays the loss of silencing at the b1 paramutation locus and for 

a stably silenced BTG (Sloan et al. 2014). MOP3 is allelic to REQUIRED TO MAINTAIN 

REPRESSION 6 (RMR6), which appears to be associated with increased expression of abiotic 

stress-responsive genes (Lunardon et al. 2016).  An analysis on nac111 found another instance of 

RdDM being involved in drought stress response. nac111 encodes the promoter to the NAC 

(NAM, ATAF1/2, CUC2) gene, a set of plant-specific transcription factors essential roles in 

stress response (Yuan et al. 2019).  Ectopic expression in B73 maize with an 82 bp MITE in 

nac111 was associated with improved drought tolerance. It seems to be mediated by the RdDM 

pathway (Mao et al. 2015). 

Maize mop1-1 mutants have lost MOP1 activity and exhibit misregulation of gene 

expression. This mutation results in a loss of 24-nt siRNAs and DNA methylation (Huang et al. 

2017). In addition to these observations, upregulated loci similar to regulatory genes and 

transposable elements in Arabidopsis and Oryza sativa were also seen in mop1-1 mutants 



9 
 

(Madzima et al. 2014). However, there were also instances of downregulation, which was not an 

anticipated consequence of MOP1 loss. One of the genes downregulated in mop1-1 immature 

ears was also homologous to a similar gene in Arabidopsis, REPRESSOR OF SILENCING 1 

(ROS1) (Madzima et al, 2014).  This DNA glycosylase protein focuses on methylated DNA in 

the RdDM pathway rather than unmethylated DNA. ROS1 functions by preventing DNA 

hypermethylation in the promoter of normally silenced loci and may be involved in DNA repair 

by nicking methylated DNA. (Gong et al. 2002; Douet et al. 2008; Ponferrada-Marín et al. 

2010). It is sensitive to environmental stressors such as drought and heat (Chinnusamy & Zhu 

2009; Boyko & Kovalchuk 2008; Xu et al. 2018). In a recent study examining ABA-

responsiveness in Mop1 wild-type  and mop1-1 mutant seedlings, it was found that changes in 

gene expression were enhanced with loss of MOP1. The highest number of differentially 

expressed genes identified in the ABA-induced mop1-1 mutants included transcription factors, 

forming a hierarchical network of stress-responsive genes (Vendramin et al. 2020).   

 

Utilizing drought-treated RNA-seq datasets to investigate the maintenance of 

dehydration stress memory genes across other abiotic stresses 

 To further understand the regulatory network of dehydration stress memory genes and 

how they relate to drought stress, publicly available RNA-seq datasets were surveyed for 

differential gene expression between experimental conditions. These datasets represent maize 

that had a short-term water loss, long-term water loss, abscisic acid (ABA) treatment, Murashige 

and Skoog (MS) treatment, or normal watering. RNA-seq data was run down a differential 

expression analysis pipeline consisting of FASTQC, FASTX, kallisto, and sleuth. The 816 

differentially expressed dehydration stress memory genes initially identified in Ding et al. 2014 
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were compared to the pipeline results to observe the conservation of memory and non-memory 

genes between experimental conditions. After identifying differentially expressed memory genes 

in common between experimental conditions, they were further organized into a maize 

transcriptional hierarchy related to ABA-response (Vendramin et al. 2020). Dehydration is 

closely linked to ABA, as the accumulation of ABA in leaves helps induce dehydration-

responsive pathways (Urano et al. 2009; Sack, John, & Buckley 2018). Drought is partially 

mediated by ABA-dependent pathways (Liu et al. 2018). Drought and dehydration are both 

scarcities of water differentiated by time. We will be including mop1-1 and rmr6-1 mutants to 

observe any misregulation of dehydration stress memory genes. Using these results, we would 

like to understand how dehydration stress memories are conserved between similar abiotic 

stresses, how these dehydration stress memories relate to the ABA-responsive hierarchy, and if a 

loss of RdDM can affect the expression of dehydration stress memory genes. 

Morphological traits were also included in this study studied how mop1-1 mutant, Mop1 

WT, and B73 maize phenotypically differ in after being exposed to drought stress. Several 

physical traits related to drought tolerance, overall growth, and reproductive success were 

examined. The only other RdDM loss-of-function mutant studied under drought stress is rmr6-1. 

In particular, it was found that rmr6-1 was most affected by a combination of drought and 

salinity stress, while the wild-type was most effected by drought (Lunardon et al. 2016). We 

would  like to see if mop1-1 maize will be affected by drought stress compared to Mop1 WT and 

B73 maize. By completing this exploratory component, we can help provide an initial guide for 

future projects wishing to understand how RdDM is interconnected to drought stress. 
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Materials and Methods 

Plant material 

 The publicly available RNA-seq data analyzed in this study were from B73, rmr6-1, 

Mop1 WT, and mop1-1 maize (Zea mays). B73 is an important inbred line of maize that serves 

as a good representation of commercially relevant germplasm. It was introduced in 1972, and its 

descendants are present in half of nearly all hybrid corn grown around the globe (“Maize 

Genome Sequencing Project: An NSF/DOE/USDA Joint Program,” 2005). It is also utilized as 

the maize reference genome (Wei et al. 2009). rmr6-1 is a loss-of-function allele introgressed in 

B73 (Erhard et al. 2009). rmr6-1 and inbred B73 stocks were grown at the University of 

Padova’s experimental farm in June 2012 until v6 (Lunardon et al. 2016). B73 stocks were also 

grown in soil with regular watering in a greenhouse for two weeks before beginning dehydration 

treatments (Ding et al. 2014). 

The mop1-1 mutation was from the genetic stocks of J. Dorweiler (Dorweiler et al. 

2000), in which the mutation was introgressed into the B73 reference genome and backcrossed 

for seven generations (Madzima et al. 2014). Inbred B73, homozygous wildtype (Mop1 WT) and 

homozygous mutant (mop1-1 mut) siblings were used for ABA, MS, drought, and normal 

watering treatments. They were grown in at Florida State University’s greenhouses. 

 

Plant genotyping 

Mop1/mop1-1 segregating seedlings were genotyped with the following primers described by 

Madzima, Huang, & McGinnis, 2014: 

KM384: (5ガ-TCTCCACCGCCCACTTGAT-3ガ) 

KM3Ř5: (5ガ-CCCAAGAGCT GTCTCGTATCCGT-3ガ) 
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KM3Ř6: (5ガ -CTTCATCTCGAAGTAGCGCTTGTTGTCC-3ガ). 

PCR conditions used for genotyping are as follows: 

 94 °C for 5 minutes (1x); 95°C for 30 seconds, 56°C for 45 seconds, 72°C for 45 seconds (30x); 

72°C220 for 10 minutes (1x); hold for 4°C (∞). 

 

Drought, ABA, MS, and dehydration treatments used  

Drought treatments signify a long-term deficit of water and in maize, this period varies 

widely in experimentation, ranging from 7 to 21 days (Grzesiak 2001; Lunardon et al. 2016; 

Jeandroz & Lamotte 2017; T]mová et al. 2018; Jin et al. 2019; Minh et al. 2019; Ha et al. 2020). 

Because of this, 14 days was chosen due to its frequency as an acceptable period in the literature 

(Grzesiak 2001; Xia et al. 2018; Jin et al. 2019 Minh et al. 2019; Ha et al. 2020). Maize plants 

were grown with normal watering until V6, at which time water was withheld for 14 days. At the 

end of the drought treatment, leaves from a mop1-1 mut and a Mop1 WT plant were removed 

and immediately flash frozen with liquid nitrogen and stored at −80°C.  

Several morphological measurements were taken throughout the lifespan of the B73, 

mop1-1 mut, and Mop1 WT plants. These include tracking stages of vegetative growth, average 

internodal length at V7, plant height at V7, ear emergence, tassel emergence, and anthesis-

silking interval. This was done to provide a phenotypic representation of drought tolerance if 

RdDM is no longer functioning. Measurements had a basis in previous agronomic research 

(Edmeades & Bolanos 1996; Anjum et al. 2011; Ngugi et al. 2013). To determine significance, 

single-factor ANOVAs were first conducted to tell if there was a difference between 

experimental and genotype groups. An g < 0.05 was used to determine significance. If there was 
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a significant difference resulting from the ANOVA, then a one-tailed t-test was utilized between 

experimental and genotype groups, with a p-value < 0.05.  

Drought, dehydration, and ABA treatment specifics can be found in their respective 

papers (Ding et al. 2014; Lunardon et al. 2016; and Vendramin et al. 2020). 

 

Total RNA isolation, RNA library preparation, and RNA-sequencing 

Protocol for the public RNA-seq samples can be found in Ding et al. 2014, Lunardon et 

al. 2016, and Vendramin et al. 2020. 

 

Differential gene expression workflow 

Differential gene expression (DGE) analysis is one of the most common applications for 

RNA-sequencing (RNA-seq) data. It is a powerful method for researchers to understand if genes 

can be differentially expressed across two or more conditions. Publicly available FASTQ files 

from the Sequence Read Archive (SRA) (see Table 1) were uploaded onto Cyverse’s Discovery 

Environment. 

 

Table 1. List of public SRA files used in DGE analysis. 

Forestan et al. 2016 Ding et al. 2014 Vendramin et al. 2020 

SRR2106181 

SRR2106197 

SRR2106189 

SRR2106205 

SRR2106180 

SRR2106196 

SRR2106188 

SRR2106204 

SRR925463 

SRR925464 

SRR925465 

SRR925466 

SRR925467 

SRR925468 

SRR9623748 

SRR9623749 

SRR9623750 

SRR9623751 

SRR9623752 

SRR9623753 
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After uploading, the datasets were subjected to quality control analysis using the Green 

Line of DNA Subway. DNA Subway is a toolset readily available to Cyverse users that 

combines powerful computing of the Stampede supercomputer, Jetstream cloud computing, and 

reliable data storage infrastructure.  The following subsections detail in silico strategies to 

normalize gene abundance quantifications from the RNA-seq datasets to minimize the effect of 

differential library preparation across samples. This workflow was done for each set of RNA-seq 

samples. After finding differentially expressed genes for each abiotic condition, pairwise 

comparisons were done, looking at ABA vs. Drought; ABA vs. Dehydration; Drought vs. 

Dehydration; and ABA vs. Drought vs. Dehydration. 

 

Data management and quality control 

Quality-based filtering of FASTQ files was managed with the FASTX toolkit (“FastQC; 

A quality control tool for high throughput sequence data,” 201ř). This allowed a simple 

assessment of quality control via the FASTQC program. It also gave an impression of any 

possible data problems before further analysis. Some specifics FASTQC checked for include per 

base sequence quality, per base sequence quality scores, per base sequence content, per sequence 

guanine and cytosine (GC) content, sequence length, and sequence distribution.  After a quick 

assessment of the raw reads, FASTX ran a quality trim with 20 parameters for quality threshold 

and 20 parameters for minimum length. After quality trimming, quality filtering was run with 20 

parameters for minimum quality and 50 for minimum percent. Bases that did not fit the 

parameters for trimming and filtering were then discarded. After trimming and filtering, 

FASTQC was run once more to check for sequence quality before genome alignment.  
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Pseudoalignment with kallisto 

After quality control, samples were quantified with kallisto. Reads were “pseudo-

aligned” to the B73 maize reference genome (AGP B73v4) (Jiao et al. 2017), only identifying 

transcripts from which the reads could have originated rather than exact alignment of reads to the 

transcript. Quantification only occurs when RNA-seq reads are compatible with transcripts in the 

transcriptome. Before running kallisto, bootstraps were set at 100 and seed set at 42.  

 

Exploration of differential abundance 

The Shiny by RStudio-based application sleuth was used to view and display kallisto’s 

quantification of transcript abundances. It takes into consideration possible variability in 

transcript quantification, in contrast to other differential expression packages such as Cuffdiff2, 

DESeq2, and edgeR (Pimentel et al. 2017). This is done by implementing bootstrap estimates 

calculated by kallisto. Genes with a q-value of less than or equal to 0.05 were considered 

significant for differential abundance. A q-value was utilized instead of a p-value as it is 

corrected for multiple tests and reduces the false discovery rate. b-values quantify the changes in 

expression. They signify the expression of a gene in the control samples over the expression of 

the same gene in the drought, ABA, and dehydration-treated samples. It is an estimate similar to 

log2FC and normalizes expression from -10 to 10 (“Extract Wald or Likelihood Ratio test results 

from a sleuth object,” 2019).  

 

DEG Categorization 

Differentially expressed genes were converted from Zm00001e.1 gene model IDs to 5b+ 

with MaizeGDB’s Translate Gene Model ID program (Portwood et al. 2019). This was done to 
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compare dehydration stress memory genes from Ding et al. 2014, using Supplementary File 4. 

Genes were sorted into [++,] [--,] [+-,] [-+], [+=,] and [-=]. Non-memory and memory genes 

were then compared to the ABA-responsive transcription factor network to identify any potential 

hierarchical regulators (Vendramin et al. 2020). 

 

 

Figure 2. Summarized Maize ABA-responsive Transcription Factor Hierarchy (the 
detailed model found in Vendramin et al. 2020). The first three levels are ABA-
responsive TFs that induce transcription for lower levels of the hierarchy. The bottom 
level of the hierarchy shows groups of target groups that are thought to be involved in the 
physiological response to ABA. Genes are maize orthologs, based on an ABA-responsive 
network in Arabidopsis (Song et al. 2016). Level 1 TFs induce Level 2 TFs, Level 3 TFs, 
and target genes. Level 2 TFs induce Level 3 TFs and target genes. Level 3 TFs induce 
target genes. 
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Figure 3. Schematic of differential gene expression analysis. This flowchart summarizes 
how RNA-seq raw reads were processed through quality control and pseudo alignment. After 
pseudo alignment to the B73 maize genome via kallisto, reads were normalized via sleuth. 
Differentially expressed genes were considered significant with a q-value of less than 0.05. 
sleuth’s b-value categorized DEGs as upregulated or downregulated based on a scale from -10 to 
10.  This analogous to log2FC. Comparison groups were then formed to organize DEGs and 
determine if dehydration stress memories were conserved across experimental conditions. DEG 
geneIDs were converted from Zm00001e.1 to 5+ to filter against the list of dehydration stress 
memory/nonmemory genes from Ding et al. 2014. After this, memory and nonmemory genes 
identified across comparison groups were compared to the maize ABA-responsive TF hierarchy 
compiled by Vendramin et al. 2020. 
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Results and Discussion 

In Ding et al. 2014, 2,062 genes were identified as dehydration response genes in maize. 

Ř16 of these genes were classified as “memory genes,” while 1,246 represented “non-memory 

genes.” To determine if these dehydration stress memories persist between similar abiotic 

stresses, four comparisons were done in this study: Dehydration vs. Drought, Drought vs. ABA, 

Dehydration vs. ABA, and Dehydration vs. ABA vs. Drought. The comparison was between 

differentially expressed genes for each abiotic stress. Furthermore, mutants deficient in the RNA-

dependent DNA methylation pathway were included to explore if the loss of gene silencing 

would affect the expression of dehydration stress memories. Significant DEGs were identified 

with a q-value of less than 0.05. Upregulated and downregulated expression of transcripts were 

characterized with a b-value, an analogous value to log2FC. Normalized expression of transcripts 

was visualized with boxplots, a function of sleuth. 

After quantifying DEGs, transcription factors were compared to a known maize 

transcription factor hierarchical network (Vendramin et al. 2020). This was based upon a similar 

transcription factor hierarchical network in Arabidopsis which was based upon transcriptional 

responses to ABA and TF binding events (Song et al. 2016). They found 3 tiers of TFs and target 

genes predicted to impact physiological events. This hierarchy suggests that higher leveled TFs 

could induce a cascade of changes in transcription downstream (Song et al 2016). In Vendramin 

et al. 2020, Maize orthologs for the transcription factors and target genes present in the 

Arabidopsis hierarchy were assembled into hierarchical levels using a tissue-specific gene 

regulatory network in maize seed, small apical meristem, root, and leaf tissues (Huang et al. 

2018). 
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Figure 4.  This flow chart visualizes what genes were conserved between conditions. Total DEG 

was filtered by q-value < 0.05 for significance. Significant DEGs were then split by their b-

value, which is analogous to a fold change. DEGs that had a b-value of less than 0 were 

downregulated while DEGs with a b-value greater than 0 were upregulated. Finally, upregulated 

and downregulated DEGs were sorted into dehydration stress memory and nonmemory based on 

5b+ gene IDs from Ding et al. 2014.  
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Differentially Expressed Dehydration Stress Memory Genes are also involved 

in ABA-Responsive Transcription Factor Hierarchies 

 

 Similarities in dehydration stress memories/non-memories between 

abiotic conditions  

When looking for the conservation of differentially expressed genes between abiotic-

stressed maize, each comparison shared at least 2 dehydration stress memory genes between 

conditions (see Figure 4). Between all conditions, it appears that drought and dehydration shared 

the most DEGs, along with the most memory and non-memory genes. This observation was 

curious because dehydration and drought are the opposite in the timing of water scarcity. The 

condition that ABA stress shares the most significant DEGs is drought (see Figure 4). It was 

expected that ABA and dehydration would have the most similarities in terms of DEGs because 

dehydration-sensing mechanisms are tightly linked with the accumulation of abscisic acid, as 

previously mentioned (Sack et al. 2018). But when comparing dehydration to ABA, only 11 

significant DEGs were identified, with 2 memory genes and 4 non-memory genes (see Figure 4). 

These unexpected similarities between conditions suggest that by including mutants that lost 

RdDM silencing is RNA-seq analysis, there is misregulation between significant DEGs. 

To briefly explore this idea, we looked at a significant DEG that is well-characterized 

with ABA production in response to stress. viviparous14 encodes the ZmNCED enzyme in the 

first step of ABA biosynthesis, which allows for ABA to start accumulating and signal ABA-

dependent pathways to begin transcribing stress-responsive genes (Tan et al. 1997; Messing et 

al. 2010; Danilevskaya et al. 2014). mop1-1 and rmr6-1 mutants had slightly lower transcript 
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counts than their stressed Mop1 WT and B73 counterparts, indicating that viviparous14 was not 

being transcribed (see Figure 5). This may make sense for the ABA-induced conditions since 

there was no need to produce ABA. However, in drought conditions, transcript counts closer to 

normal watering seems like an instance of misregulation.  Dehydration stressed B73 had higher 

levels of viviparous14 transcripts than the other genes, especially in the first stress. In the third 

stress, there were lower levels of transcripts (see Figure 5). This visually represents the idea of a 

dehydration stress memory, helps support the workflow used in this study, as it replicated the 

findings of Ding et al. 2014. viviparous14 is a [+-] memory gene and decreases transcription and 

alerts dehydration-responsive pathways at a reduced rate. In contrast, the loss-of-function 

mutants have normal levels of expression like Mop1 WT and B73. Again, this doesn’t fit with 

previous studies on abiotic stress and RdDM, as it was seen that stress-responsive genes were 

enhanced in mop1-1 mutants exposed to ABA (Vendramin et al. 2020).  The low amount of 

shared DEGs between ABA and dehydration, along with possible transcriptional misregulation, 

points to the need for more dehydration stress testing with mutants in the RdDM pathway. 
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Figure 5. viviparous14 transcript counts. The boxplots indicate the variation between 
replicates, estimated by kallisto’s bootstrap sampling of reads. Expression data is 
quantified in counts (est_counts), which is the number of transcript reads within one 
sample that overlaps with loci in the B73 reference genome. Based on the est_counts, 
viviparous14 is a [+-] memory gene in B73 seedlings, which lines up with Ding et al. 
2014’s findings. However, rmr6-1 mut, mop1-1 mut, and their wild-type counterparts 
display lower transcript counts.  
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Figure 6. Venn Diagram showing the overlap of significant DEGs between abiotic conditions, 
upregulated (black or white, bolded), contraregulated (red), and down-regulated (black or white, 
underlined genes) genes. Contraregulated means some genes were differentially upregulated or 
downregulated between experimental conditions. Specifically, the genes displayed here are 
dehydration stress memories that encode transcription factors, including those in the ABA-
responsive TF network (Vendramin et al. 2020). The Venn Diagram was created using Microsoft 
Paint. 
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Figure 7. This is a modified version of Figure 2 to incorporate the dehydration stress memory 
and nonmemory genes that are also members of the ABA-responsive TF network (Vendramin et 
al. 2020). Bright green dotted borders signify TFs that are differentially expressed between 
multiple abiotic stress comparisons. HB70 is a nonmemory gene contraregulated in Drought vs. 
ABA, Drought vs. Dehydration, and Dehydration vs. Drought vs. ABA comparisons. PRH3 is a 
nonmemory gene contraregulated between all abiotic stress comparisons. PRH9, PRH12, and 
PRH13 are memory genes contraregulated between Drought vs. Dehydration and Drought vs. 
ABA vs. Dehydration. PRH2 and PRH6 are upregulated between Drought vs. Dehydration. 
Magenta dotted borders signify TFs that are differentially expressed in one comparison. CA3P4, 
bZIP49, bZIP4, and NACTF49 are all upregulated in the Drought vs. Dehydration comparison. 

  

Some dehydration stress memories and nonmemories are incorporated 

in an ABA-responsive TF hierarchy 

Examining Figure 7, one can see that some dehydration stress memories and non-

memories are also involved as ABA-responsive transcription factors. For Dehydration vs.  

Drought, this is the only comparison group that has ABA-responsive TF memory genes that were 

upregulated. Upregulated DEGs come from all levels of the TF hierarchy, but a majority were 

nonmemory genes. Higher-leveled TFs were only nonmemory genes. This can be seen in Level 
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1, 2, and 3 TFs, including bZIP4, bZIP49, NACTF49, and HB70 (see Figures 6 and 7). All 

memory and remaining nonmemory genes are further down the hierarchy or not in the hierarchy 

at all (Vendramin et al. 2020). Most dehydration stress memory genes identified were target 

genes. This may indicate that a rapid response is not needed at the beginning of the ABA-

responsive TF pathway. As previously mentioned, TFs at the top of the hierarchy were all 

nonmemory genes. A nonmemory gene will display unchanged transcriptional responses upon 

recurrent dehydration stresses. TF’s at the higher levels most likely do not need to be regulated 

as a drought stress memory because only target genes produce a physiological response. 

For Drought vs. ABA, Dehydration vs. ABA, and Drought vs. Dehydration vs. ABA, 

only Level 2 TFs and target genes were downregulated (see Figure 7). These include the protein 

phosphatase homologs (target genes) and homeobox domain 70 (Level 2 TF). Homeoboxes are 

DNA sequences shared across plants and animals, first discovered to control morphogenesis in 

Drosophila (McGinnis et al. 1984). This conserved protein motif, called the homeodomain, is 

usually found in genes that control cell fate or body part positioning (Kersetter et al. 1994). One 

type of maize homeodomain, HD-Zip, partially regulates drought tolerance (Zhao et al. 2011; 

Zhao et al. 2014). In the literature, there are no studies to understand the specific function of 

hb70, aside from its role in the as a Level 2 ABA-responsive TF (Vendramin et al. 2020). The 

Arabidopsis ortholog of hb70 is HB7 and has been identified as a key signaling protein in 

drought response, and positively regulates PP2C gene expression (Georgji et al. 2019; Benny et 

al. 2019).  Therefore, our findings support the previously mentioned studies and that homeobox 

domain 70 is conserved in multiple forms of abiotic stress. Protein phosphatase homologs are the 

only dehydration stress memory gene that is differentially expressed across all conditions.  
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Protein phosphatases play critical roles in signal transduction pathways by providing a 

reversible form of phosphorylation (He at al. 2019). ZmPP genes have only been a recent topic 

in research to understand its regulatory function in abiotic stress responses. Studying the PP2C 

clade, it was seen that 13 ZmPP genes were induced by drought (He at al. 2019). However, none 

of the 13 drought-induced genes were those identified in our study. ZmPPs and hb70 were most 

likely differentially expressed together across multiple abiotic stress conditions because a 

positive regulatory mechanism that is conserved with PP2C and HB7 in Arabidopsis (Georgji et 

al. 2019). Therefore, we identify 5 more ZmPP genes that not only play a role as a target gene in 

ABA-response but also function as dehydration stress memory/nonmemory genes, conserved 

across multiple abiotic stressors.  

Loss of MOP1 induces decreased tolerance to drought 

 Previously, it has been seen that there are MOP1-dependent responses to ABA in maize. 

When MOP1 function was lost, ABA-responsive genes were misregulated. In the presence of 

ABA, mop1-1 mutants were observed to express a unique group of genes compared to Mop1 WT 

siblings (Vendramin et al. 2020). Also, when analyzing RNA-seq data in this study, we saw that 

for some DEGs involved in abiotic stress response like viviparous14, there was a misregulation 

of response. Loss-of-function mutants for RdDM and their wild-type siblings had normal 

expression of viviparous14. This observation doesn’t fit with previous studies on abiotic stress 

and RdDM, as it was seen that most stress-responsive transcription genes were enhanced in 

mop1-1 mutants (Vendramin et al. 2020).  Because of this, we also decided to include 

morphological measurements taken for Mop1 WT, B73 and mop1-1 mutant maize subjected to a 

14-day drought treatment or normal watering. Drought treatment occurred directly after reaching 

V6. Morphological measurements were taken before, during, and after drought treatment to see 
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effects on growth. We also observed the stability of phenotype between the normal watering and 

drought treated groups. This is because maize lines who have a stable expression of key 

agronomic traits are more likely to improve the stability of grain yield (Ali et al. 2017). Because 

the mop1-1 mutant had completely lost silencing via RdDM, it was expected that there would be 

some pleiotropic effect on drought tolerance or intolerance.  

 

         mop1-1 mutant decreases in internodal length immediately after drought 

treatment 

       To measure the immediate after-affects of drought, average internodal length and plant 

height were measured. Under drought stress, the internode will rapidly extend (Bennouna et al. 

2004). Plant height has a significant and positive association with grain yield (Adebayo & 

Menkir 2014). The internodal length was measured vertically by recording the distance between 

two leaf collars. This was done for three internodes, and the average calculated for analysis. 

Plant height was measured vertically from the base of the plant to the youngest uncollared leaf. 

After performing an ANOVA, both measurements were highly significant, with p-values smaller 

than 0.001 (see Table 2 for values). This warranted separate t-tests between all experimental and 

genotype groups. t-tests indicated that for height at V7 there were significant differences for 8/14 

comparisons (see Table 2 for values). For drought treated mop1-1 mutants, there was a difference 

between B73 DT plants, but not with Mop1 WT DT plants. mop1-1 mut DT plants were also not 

significantly different from B73 DT plants (see Table 2 for values). With this conflicting data, it 

likely provides evidence that height is not useful for measuring phenotypic changes in mop1-1 

mutants. However, for internodal length, there was a significant difference for 10/14 groups (see 

Table 2 for values). For mop1-1 mut drought treated maize, there was a highly significant 
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difference (less than 0.001) compared to normally watered maize. Between drought treated 

groups, the only group that was not significantly different in internodal length was between 

Mop1 WT DT and mop1-1 mut DT plants.  

 

Figure 8. Plant height at V7 between experimental groups. V7 occurred after the 14-day drought 
stress treatment. Height was measured from the base of the plant in the soil up to the youngest 
uncollared leaf. Significant differences were seen between B73 genotype plants that were 
normally watered (B73 NW) & Mop1 homozygous WT genotype plants that were normally 
watered (Mop1 WT NW) Mop1 WT NW, B73 NW & B73 genotype plants that received a 14-
day drought treatment (B73 DT), B73 NW & Mop1 homozygous WT genotype plants that 
received a 14-day drought treatment (Mop1 WT DT), B73 NW & mop1-1 homozygous mutant 
genotype plants that received a 14-day drought treatment (mop1-1 mut DT), B73 DT & mop1-1 
homozygous mutant genotype plants that were normally watered (mop1-1 mut NW), B73 DT & 
mop1-1 mut DT, Mop1 WT NW & mop1-1 mut NW, Mop1 WT DT & mop1-1 mut NW, and 
mop1-1 mut NW & mop1-1 mut DT.  
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Figure 9.  The average internodal length between experimental groups. Internode length is the 
distance between two collared leaves and was measured in centimeters. Significant differences 
were seen between B73 genotype plants that were normally watered  (B73 NW) & mop1-1 
homozygous mutant genotype plants that were normally watered (mop1-1 mut NW), B73 NW &  
Mop1 homozygous WT genotype plants that received a 14-day drought treatment (Mop1 WT 
DT), B73 NW & mop1-1 homozygous mutant genotype plants that received a 14-day drought 
treatment  (mop1-1 mut DT), B73 genotype plants that received a 14-day drought treatment  
(B73 DT) & mop1-1 mut NW, B73 DT vs. Mop1 homozygous WT genotype plants that were 
normally watered (Mop1 WT NW), Mop1 WT NW vs. Mop1 WT DT, Mop1 WT DT & mop1-1 
mut NW, and mop1-1 mut NW & mop1-1 mut DT. 

 

        Drought-treated mop1-1 mutants are unable to recover for rest of life 

cycle compared to Mop1 WT and B73 maize 

            Previous agronomic studies have demonstrated that water deficit during vegetative growth 

reduces plant and leaf size, resulting in reduced kernel numbers (Anami et al. 2009). In terms of 

vegetative growth after drought treatment, there were significant differences between the drought 

treated and normally watered maize through the rest of their life cycles. Drought-treated mop1-1 

mutant maize lagged on development and was unable to recover to even the developmental 
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levels as the other drought-treated maize (see Figure 11 and Table 2 for values).  Between all 

drought-treated groups, the mop1-1 drought treated maize was significantly different after the 

end of treatment through V15. V16, V17, and V18 were not included in statistical analysis 

because data collection was incomplete. When nearing the end of the vegetative stages of 

growth, the drought-treated mop1-1 mutant lagged on reproductive processes but was still able to 

participate in crosses to produce ears (Figure 10).  An interesting observation is that normally 

watered mop1-1 mutants had the earliest ear emergence, an average of 53 days after sowing 

(Figure 10).  There was a significant difference between all groups for ear emergence, except for 

Mop1 WT NW and Mop1 WT DT. Because ear emergence was significantly different for almost 

all groups, it may not be the best measure of seeing specific effects in the mop1-1 mutant. 

Although there were significant differences between groups in anther and silk emergence, there 

was no significant difference in the anthesis-silking interval (ASI) when initially conducting the 

ANOVA test. Anthesis-silking interval is correlated with drought tolerance (Bolanos & 

Edmeades 1996), but may not be a helpful measure to explore differences between groups based 

on our experimental data. For anther emergence, significant differences were seen for 11/14 

comparisons except for B73 NW vs. B73 DT, B33 DT vs. Mop1 WT DT, and B73 NW vs. 

Mop1 WT DT (see Table 2 for values). For silking emergence, significant differences were seen 

for 10/14 comparisons except for B73 NW vs. B73 DT, Mop1 WT DT vs. mop1-1 mut DT, 

Mop1 DT vs. mop1-1 NW, and mop1-1 mut NW vs. mop1-1 mut DT (see Table 2 for values). It 

seems that growth-related measurements may be the best to use when studying morphological 

changes for mop1-1 mutants during drought. This is because it shows the most striking change 

from drought treatment. Additionally, reproductive-related measurements were too similar to one 

another to determine if the loss of MOP1 has a pleiotropic effect. However, it would be 
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interesting to repeat and observe if mop1-1 mutants continue to have early ear emergence (Table 

10).  

 

 

Figure 10. The average ear, tassel, anther, and silk emergences between experimental groups. 
These were measured in days after sowing, which is when seeds were planted. A lower value 
means emergence happened earlier in development, while a higher value means emergence 
happened later in development. Significant differences in ear emergence were seen between for 
all comparisons except for Mop1 homozygous WT genotype plants that were normally watered 
(Mop1 WT NW) & (Mop1 homozygous WT genotype plants that received a 14-day drought 
treatment) Mop1 WT DT. Significant differences in tassel emergence were seen between all 
comparisons except for B73 genotype plants that were normally watered (B73 NW) & ), B73 
genotype plants that received a 14-day drought treatment  (B73 DT) and Mop1 WT NW & B73 
DT. Significant differences in anther emergence were seen for all comparisons except for B73 
NW & B73 DT, B73 DT & Mop1 WT DT, and B73 NW & Mop1 WT. Significant differences in 
silking emergence were seen for all comparisons except for B73 NW & B73 DT, Mop1 WT DT 
& mop1-1 homozygous mutant genotype plants that received a 14-day drought treatment (mop1-
1 mut DT), Mop1 WT DT & mop1-1 homozygous mutant genotype plants that were normally 
watered  (mop1-1 mut NW), and mop1-1 mut NW & mop1-1 mut DT. 
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Figure 11. The stages of vegetative growth between B73, Mop1 WT, and mop1-1 mut maize. 
Vegetative growth is measured by the newest collared leaf on the plant. From V1 to V6, growth 
was relatively similar between groups. When the 14-day drought occurred, the plants receiving 
the treatment seemed to stall in growth. After the drought treatment was completed, the Mop1 
WT DT and B73 DT maize seemed to recover developmentally. By 75 days after sowing, they 
are back to growing at a rate similar to normally watered maize. Oppositely, the mop1-1 mut DT 
maize is delayed compared to the other groups, reaching stages of vegetative growth behind the 
NW and other DT maize. By having delayed vegetative development, it is never able to recover 
growth-wise and is more likely to have limited grain yield due to reduced kernel count. 
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ANOVA B73 NW vs. Mop1 WT NW B73 NW vs. mop1-1 mut NW B73 NW vs. B73 DT

V6 0.0081037175647243** 0.483215053 0.000324216930866415*** 0.000149233976676492***

V7 4.80698062105118E-29*** 0.093905359 8.53504642789074E-14*** 1.38342149358982E-13***

V8 0.0081037175647243** 0.16274915 1.85265437844722E-09*** 4.57140749346743E-08***

V9 3.69961617024791E-20*** 0.257027171 0.0000908878848700897*** 1.95108269348012E-09***

V10 2.46367786400915E-13*** 0.096443678 0.00192185921920041** 6.61730666722065E-06***

V11 1.28450483492739E-18*** 0.078576658 0.00642227524569677** 0.0000660655434811986***

V12 4.32954546251829E-15*** 0.487553614 0.00912859074659265** 0.000602999990338615***

V13 4.83929619462833E-11*** 0.293889869 0.00637987061275066** 0.00721470015536903**

V14 7.81297643472909E-08*** 0.242617524 0.059104162 0.070575217

V15 1.05171548676237E-06*** 0.055474691 0.0279692019845344* 0.0212939525168773*

Height at V7 0.0032432965025258** 0.0012461099083371** 0.117113111 6.84101832467716E-06***

Ear Emergence 0.000633141908483489*** 0.0032432965025258** 0.00933691220650497** 0.00536123739091534**

Tassel Emergence 3.97137944526165E-16*** 0.000755421894482417*** 0.000887946066143312*** 0.403073891

Anther Emergence 6.57894059246445E-14*** 0.0012799118384902** 2.75622371999749E-06*** 0.407775762

Silking Emergence 4.32952834788774E-17*** 0.000472348010300143*** 0.0000674251932949964*** 0.198610153

Internodal Length 2.69770786702614E-14*** 0.202152447 0.00266098406165041** 0.0000015535752813231***

Number of Ears 0.115077319

ASI 0.379174249

B73 NW vs. Mop1 WT DT B73 NW vs. mop1-1 mut DT B73 DT vs. mop 1-1 mut NW B73 DT vs. mop 1-1 mut DT

V6 0.483215053 0.00164237044561668** 0.5 0.343588027

V7 4.28022821222251E-18*** 0.081703965 0.481792424 3.82412626744042E-09***

V8 3.91388498988264E-13*** 0.137605534 0.237413534 5.67985410829939E-06***

V9 1.06244394646119E-11*** 6.61923892026273E-14*** 0.0000201606230117822*** 0.000495066928813233***

V10 5.08434121151287E-08*** 1.16582095393658E-09*** 0.00275836455262981** 0.0000992236767786144***

V11 0.0000123503260800979*** 6.19354412517099E-11*** 0.00108490423075626** 1.50831284118425E-06***

V12 0.0000182956958268925*** 3.68300143874087E-11*** 0.071457874 5.53124853801502E-07***

V13 0.000175852069322143*** 4.99468133208599E-10*** 0.422369094 4.94290486785768E-06***

V14 0.00343391553276822** 3.84300653447497E-08*** 0.400165996 9.51534087164199E-07***

V15 0.0213414573469972* 1.09093681389025E-08*** 0.187721712 0.000948992562876675***

Height at V7 0.0118815548263733* 0.040433880351827* 3.95581204396144E-06*** 0.000811624559270534***

Ear Emergence 0.00236382380049199** 2.08074664918105E-07*** 1.73905447650924E-08*** 0.046020476781295*

Tassel Emergence 5.7606312039905E-08*** 2.95146942897466E-07*** 0.00844004991798303*** 2.23032859849747E-07***

Anther Emergence 0.22427521 1.61261491972166E-08*** 0.0000163502264791129*** 8.6928199970312E-07***

Silking Emergence 0.0000355197874691181*** 4.65903395076508E-07*** 8.78315831677962E-06*** 5.67985410829932E-06***

Internodal Length 5.61284521634041E-07*** 0.000060952905950661*** 8.51312148574107E-08*** 0.145031389

Number of Ears

ASI

B73 DT vs. Mop1 WT  NW B73 DT vs. Mop1 WT DT Mop1 WT NW vs. mop1-1 mut NW Mop1 WT NW vs. Mop1 WT DT

V6 0.0000937317264394237*** 0.0000937317264394237*** 0.0000937317264394237*** 0.5

V7 1.11813145289971E-08*** 0.00605695749091165** 2.83367981133777E-09*** 8.10141546880025E-11***

V8 1.57510083513493E-07*** 0.00467246630417199** 4.06222148155863E-08*** 3.7561291094127E-11***

V9 8.9151805679833E-07*** 0.098541331 0.00308680035557103** 1.66865708621341E-07***

V10 0.00130514225613251** 0.13851473 0.0491047697188176* 0.000609554157426672***

V11 0.000466234657030277*** 0.162322668 0.0314473340096604* 0.00123111170556878**

V12 0.0000909264546724053*** 0.334869745 0.000731356427620981*** 0.0000157116778564605***

V13 0.028573310981064* 0.158077519 0.0131552367992507* 0.0028698147656988**

V14 0.282248369 0.08011358 0.126043296 0.0384292453469751*

V15 0.302794245 0.150927249 0.0218213980358644* 0.0488904908366265*

Height at V7 0.052553491 0.055695667 0.000487845234907649*** 0.350559512

Ear Emergence 1.53250231725133E-06*** 0.0000196572472077065*** 0.00144923301459807** 0.407874184

Tassel Emergence 0.000100508846881321*** 3.06065242827933E-08*** 1.28037844358866E-07*** 1.30335071899123E-11***

Anther Emergence 0.00308734533932836** 0.378696931 7.19175576606445E-10*** 0.000027078205923178***

Silking Emergence 0.0029520432509112** 0.00126004543610998** 2.51038018764095E-07*** 0.000130354957189524***

Internodal Length 7.68195401677257E-06*** 0.280617516 0.072627737 9.28615469369721E-07***

Number of Ears

ASI

Mop1 WT NW vs. mop1-1 mut DT Mop1 WT DT vs. mop1-1 mut DT Mop1 WT DT vs. mop1-1 NW mop1-1 mut NW vs. mop1-1 mut DT

V6 0.130719211 0.201239207 0.092628062 0.092628062

V7 0.456860295 2.28552630230497E-11*** 7.67968819539881E-12*** 2.08375882644345E-12***

V8 0.448940804 6.05092217111487E-09*** 9.28977462590292E-08*** 3.73735414519658E-08***

V9 1.25925100998966E-09*** 1.42329958915949E-06*** 2.0505581342842E-08*** 8.20572586034097E-09***

V10 7.78918730272051E-07*** 1.64886611161848E-07*** 1.10509648944019E-06*** 5.19958418537585E-07***

V11 1.41501459067816E-09*** 9.56744565365686E-09*** 3.61370654144605E-11*** 1.03966082572018E-11***

V12 1.54947720695606E-11*** 1.39621239707038E-06*** 4.91557232312748E-08*** 3.2091845595935E-08***

V13 1.63066117828545E-07*** 0.0000856735256612137*** 1.90114025318007E-07*** 9.50773557947476E-08***

V14 0.0000104078028761044*** 0.000592549575037377*** 0.0000013893813952458*** 7.73551831912957E-07***

V15 0.0000736303108952933*** 0.000299857894847827*** 7.14943016570989E-06*** 3.68206468223782E-06***

Height at V7 0.073925368 0.207128036 0.012123537694864* 0.012123537694864*

Ear Emergence 2.05461686535193E-09*** 4.09001661672693E-09*** 5.22024112581287E-06*** 0.0100453966423064*

Tassel Emergence 1.40088960462847E-09*** 0.0338199008245883* 0.00478036306540982** 0.00301911389480559**

Anther Emergence 2.08809329301715E-10*** 2.461563561419E-10*** 0.00208788811605954** 0.00208788811605954**

Silking Emergence 5.86113499755496E-08*** 0.312189812 0.095483155 0.161696022

Internodal Length 0.000114478298371443*** 0.059609913 1.47726427097978E-06*** 1.47726427097978E-06***

Number of Ears

ASI

*significant at 0.05 **significant at 0.01 ***significant at 0.001

Table 2. ANOVA and t-test results
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Conclusions 

The goal of this study was to understand if and how dehydration stress memories are 

conserved between other abiotic stresses. We also wanted to understand if dehydration stress 

memories related to ABA-responsive transcription factor hierarchies and if the loss of RdDM 

could affect the expression of dehydration stress memory genes. We did meet the goals of the 

study, demonstrating that some dehydration stress memories and non-memories are differentially 

expressed in drought and ABA. Transcription factors and target genes seem to play a role as 

dehydration stress memories and non-memories.  Differentially expressed memory and 

nonmemory genes seem to play an integral role in ABA-responsive transcription-factor 

hierarchies, as they comprise all levels of the hierarchy. All “higher-level” transcription factors 

were non-memory genes, and all memory genes were target genes. In particular, we saw protein 

phosphatases as the only target gene differentially expressed between all conditions, suggesting 

some role in long-term and short-term abiotic stress that is not yet fully known. Also, there was 

differential expression of hb70 in almost all abiotic comparisons, the maize ortholog of HB7 in 

Arabidopsis. HB7 is a secondary ABA-responsive TF highly linked to PP2C protein 

phosphatases. These results encourage further analyses to look for the ways dehydration stress 

memories interact with transcription factor hierarchies.  

We provided a visual guide to how the loss of MOP1 can affect drought tolerance. We 

wanted to help provide possible phenotypic measurements to be used in future projects focusing 

on how RdDM is connected to drought stress. By studying the phenotypic changes drought can 

have on vegetative and reproductive growth, it was shown that loss of MOP1 leads to an overall 

decrease in drought tolerance related to vegetative growth. This included internodal length and 

stages of vegetative development. They seem to offer the most helpful morphological 
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measurements for mop1-1 mutants undergoing drought stress. Also, ear emergence may be a 

topic to explore for normally watered mop1-1 mutants. Because reproduction was not drastically 

changed for drought treated or normally watered mutants, MOP1 may be a good candidate for 

focusing on the epigenetic mechanisms mediating drought and the maintenance of dehydration 

stress memories with loss of RdDM. 
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