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ABSTRACT 

Abiotic stress is any deviation from optimum growth conditions for plants caused by non-

biological factors such as water, temperature, nutrients, salts, or light. Such stresses have been 

important drivers of plant adaptation in ecological settings and are important constraints on 

global agricultural yield. Climate change is projected to increase the frequency and severity of  

abiotic stress events in the future, including extreme weather events such as droughts and 

temperature fluctuations, as well as desertification and soil salinization, which will negatively 

impact agriculture. Many major crops, such as maize, wheat, rice, barley, and sorghum among 

others, are found in the grass family, Poaceae, which contains over 11,000 species and is also 

highly ecologically important. In particular, the subfamily Chloridoideae is highly resilient and 

contains most of the desiccation tolerant grasses. Understanding the mechanisms of abiotic stress 

response in both cereal crops and naturally resilient grasses is therefore important for 

improvement of agricultural resilience in the face of climate change.  

Each chapter of this dissertation examines abiotic stress response in one or more grass 

species from a genomics perspective. Chapter 1 gives an overview of abiotic stress responses and 

adaptations in the grasses, including desiccation tolerance, the ability to survive near-complete 

drying, which is found in 40 grass species. Chapter 1 also discusses the status of genome 

sequencing in the grasses; approximately 1% of the species in the family have at least one 

reference genome, with several important crops such as maize and wheat having multiple 

reference genomes for different genotypes. Chapter 2 is a meta-analysis of approximately 1,900 

RNA-sequencing samples for six different stress conditions in maize: drought, salt, cold, heat, 

flooding, and low nitrogen. The goal of this study was to find core stress-responsive genes via 

two methods: set operations and random forest classification. We found that these two methods 

identified largely distinct sets of core genes; random forest identified core genes that were 

important for predicting if a sample was stressed or control, sometimes regardless of whether 

those genes were differentially expressed in any stress condition. Furthermore, core genes were 

enriched in transcription factors generally as well as specific families, such as bZIP, NAC, HSF, 

and ERF. We hypothesized that these transcription factors may regulate other core genes as well 

as stress-specific genes. 

In Chapter 3, the genome of desiccation tolerant grass Eragrostis nindensis was improved 

by high-fidelity long read sequencing. The new assembly is 20-fold more contiguous than the 



 
 

previous assembly, with a contig N50 of over 10 Mb for 828 contigs. The E. nindensis genome, 

already known to be tetraploid, was found to be likely autotetraploid using this improved 

assembly and annotation. In Chapter 4, the improved E. nindensis genome along with 85 others 

was used to find groups of orthologous genes across the grass phylogeny. Subsequently, 

expanded orthogroups were found for desiccation tolerant compared to sensitive Chloridoideae 

species, as well as conserved transcription factor-binding motifs in desiccation tolerant 

chloridoids. We thus concluded that both expansion of certain gene families (early light-induced 

proteins, thaumatin-like proteins, expansin precursors, and others) and gene expression 

regulatory changes (recruitment of motifs for TCP, BBR/BPC, and TIFY family transcription 

factors) have contributed to the evolution of desiccation tolerance in the Chloridoideae.
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Chapter 1: Introduction 

Agricultural and ecological impacts of abiotic stress 

 Abiotic stresses such as drought and desiccation, salt, temperature extremes including 

freezing, flooding, nutrient deficiency, excess heavy metals, and low and high light intensities 

can all have negative impacts on plants both in agricultural and natural settings. Abiotic factors 

have long been a major driver of plant adaptation and evolution; for example, desiccation 

tolerance was essential for the colonization of land by charophytic algae (Oliver et al., 2000). 

Furthermore, abiotic stress is a major constraint on global agricultural yield. In different regions 

of the world, heat, cold, salt, flooding, and drought events are projected to increase due to 

climate change (Oshunsanya et al., 2019). This means it is important to understand how plants 

respond to and tolerate abiotic stresses in order to make more resilient crops for a changing 

climate. 

Grasses and their stress adaptations 

The grass family, Poaceae, is one of the most agriculturally and ecologically important 

plant families in the world. It contains 11,783 species including the top three global crops: rice 

(Oryza sativa), wheat (Triticum aestivum), and maize (Zea mays). Grasses originated in tropical 

areas and radiated to cover approximately 40% of the world’s land surface across virtually every 

biome (Strömberg, 2011). The grasses are divided into two major clades named for the 

subfamilies they contain, the BOP (Bambusoideae, Oryzoideae, and Pooideae) and PACMAD 

(Panicoideae, Arundinoideae, Chloridoideae, Micrairoideae, Aristidoideae, and Danthonioideae), 

although there are three additional early-diverging subfamilies that contain only a few dozen 

species (Huang et al., 2022; Soreng et al., 2022). Most BOP clade grasses are cool-season 

species that utilize C3 photosynthesis; most if not all C4 species in the family are in the 

PACMAD clade (Pardo and VanBuren, 2021). These clades show clear differences in 

distribution as well as stress adaptation. For instance, the BOP clade is generally distributed in 

temperate and subtropical regions, and Pooideae species dominate environments with cold 

winters (Schubert et al., 2020). PACMAD grasses are generally tropical and highly adapted to 

heat and drought, although certain PACMAD species such as Phragmites australis 

(Arundinoideae) and Danthonia decumbens (Danthonioideae) have adapted to cooler 

environments (Schubert et al., 2020; Pardo and VanBuren, 2021). 
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 Poaceae contains species utilizing both C3 and C4 photosynthesis. In Alloteropsis 

semialata (Panicoideae), which is the only known species containing both C3 and C4 genotypes, 

the use of C4 photosynthesis was found to broaden the plant’s ecological niche (Lundgren et al., 

2015). However, because the C4 pathway mostly evolved in the tropical PACMAD grasses, it is 

typically associated with tolerance to conditions such as drought and heat, although C4 

photosynthesis alone is not sufficient for drought tolerance as indicated by the drought sensitivity 

of C4 crops like maize (Pardo and VanBuren, 2021). Drought-tolerant C4 panicoid and 

chloridoid grasses have other adaptations leading to their high water use efficiency. These 

include dumbbell-shaped stomatal guard cells that can respond more quickly to changes in water 

potential, as well as stomatal distribution either on the abaxial side or on both sides of the leaf 

that reduces evapotranspiration (Pardo and VanBuren, 2021). In addition, some grasses have 

unique adaptations to cold stress. Under cold as well as other stresses, it is common for grass 

cells to accumulate sugars as osmoprotectants (see below). In cold-adapted taxa such as the 

Pooideae, fructans are accumulated in place of other sugars; this is a key cold adaptation which 

reduces feedback inhibition of photosynthesis by high levels of sucrose and other sugars 

(Schubert et al., 2020).  

While many grasses are broadly tolerant to stresses such as drought, heat, and cold, some 

are highly tolerant to other stressors, such as desiccation and salt. Desiccation tolerance (DT) is 

the ability to survive near-complete water loss, essentially an extreme form of drought tolerance. 

While common in angiosperm seeds and necessary for the initial movement of plants onto land, 

DT is uncommon in angiosperm vegetative tissues (Oliver et al., 2000). Vegetative DT has, 

however, convergently re-evolved in various angiosperm lineages, most likely through rewiring 

of seed DT pathways (Oliver et al., 2000). DT has evolved repeatedly within the grass family, 

and there are forty DT grasses, mostly in Chloridoideae with some representation in 

Micrairoideae and two species in Pooideae (Table A1.2) (Marks et al., 2021a; Pardo and 

VanBuren, 2021). Within the Chloridoideae, there are 17 DT species that have been identified in 

tribe Cynodonteae, 7 in the Eragrostideae, and 7 in the Zoysieae (Table A1.2). Of the DT 

grasses, Sporobolus stapfianus (Zoysieae), Eragrostis nindensis (Eragrostideae), Tripogon 

loliiformis (Cynodonteae), and Oropetium thomaeum (Cynodonteae) are among the fifteen best-

studied DT angiosperm species (Tebele et al., 2021). E. nindensis is the only well-studied DT 

species in the same genus as a cereal crop, teff (E. tef), which is a staple in Ethiopia and Eritrea 
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(Pardo et al., 2020), but given the importance of grasses in agriculture generally, lessons learned 

from all DT grass species may be relevant for future crop improvement. 

Similar to DT, salt tolerance has evolved multiple times in the grasses, including multiple 

independent evolutions within Chloridoideae (Bennett et al., 2013). This includes the halophyte 

grasses, i.e. those that can complete their life cycle in environments with high salt 

concentrations, as well as salt-tolerant glycophytes, i.e. species that do not complete their life 

cycle in high salt environments but have a transient tolerance to salt (Roy and Chakraborty, 

2014). In most cases, the latter use salt glands on the leaves to remove excess ion buildup in the 

tissues, while halophytes simply exclude ions from their tissues altogether (Roy and 

Chakraborty, 2014). Salt glands and salt tolerance are found in many species in the PACMAD 

clade compared to other grass lineages (Pardo and VanBuren, 2021). About 8% of the world’s 

halophyte angiosperms are grasses (Roy and Chakraborty, 2014).  

Availability of genomic resources for the grasses 

 The order Poales, to which Poaceae belongs, is one of the most sequenced orders in the 

plant kingdom (Marks et al., 2021b). There are 114 total grass species (0.97% of the family) 

whose genomes have been sequenced, including species such as rice, wheat, and maize which 

have multiple genotypes with reference-quality genomes. Eight of the twelve subfamilies have at 

least one sequenced species (Table A1.1). Panicoideae and Pooideae are the most highly 

sequenced subfamilies with 33 sequenced species each, followed by Oryzoideae with 21 

sequenced species, all in the tribe Oryzeae, which is the most highly sequenced tribe in the 

Poaceae (Table A1.1). It is notable that these three subfamilies contain the top three global crops, 

maize, wheat, and rice, respectively. Other subfamilies have fewer sequenced species: in 

descending order, Chloridoideae with 17 sequenced species, Bambusoideae with 7, and 

Pharoideae, Anomochlooideae, and Arundinoideae with 1 each (Table A1.1). Within the 

Chloridoideae, members of all three of the largest tribes, Cynodonteae, Eragrostideae, and 

Zoysieae, have been sequenced (Table A1.1). 

 In addition to taxonomic coverage, it is important to sequence stress-resilient species so 

there are resources available for the study of their tolerance mechanisms. Sequenced grass 

species with vegetative DT include Oropetium thomaeum, O. capense, Eragrostis nindensis, 

Sporobolus stapfianus, Tripogon minimus, and Microchloa caffra, six in total, or 15% of DT 

grass species (Table A1.3) (VanBuren et al., 2018; Pardo et al., 2020; Chávez Montes et al., 
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2022; Marks et al., 2024). There are also genomes for desiccation sensitive (DS) sister taxa in 

two of these genera, namely E. tef, E. curvula, and S. pyramidalis (Carballo et al., 2019; 

VanBuren et al., 2020; Chávez Montes et al., 2022), which have previously been used in 

experimental comparisons with their DT counterparts. There are, however, many other DT grass 

species without published genomes, including T. loliiformis, one of the most studied DT 

angiosperms (Tebele et al., 2021). 

 Of the 114 sequenced grass species, 25 have been identified as salt tolerant by (Bennett et 

al., 2013) (see Table A1.3 for species list and genome references). Additionally, Panicum 

virgatum (switchgrass) has been sequenced, although the genotype sequenced was AP13 (Lovell 

et al., 2021), rather than salt tolerant var. cubense (Bennett et al., 2013); thus, it is not included in 

Table A1.3. Since there are 200 total salt-tolerant grass species identified by (Bennett et al., 

2013), it follows that 12.5% of salt tolerant grasses have sequenced genomes, a respectable 

number. However, given the general under-representation of wild plants among species with 

sequenced genomes (Marks et al., 2021b), it would be beneficial to sequence still more salt-

tolerant grass species. The same applies to DT species as discussed above. 

 In addition to sequenced genomes, there are many gene expression datasets available 

using both microarray and RNA-sequencing technology for various grass species. On NCBI, 

there are 39,938 “transcriptome or gene expression” BioProjects for all land plants. A search for 

Poaceae reduces this to 16,194 BioProjects, meaning that about 40.5% of all plant transcriptome 

BioProjects on NCBI are for grasses. Rice has 2,196 transcriptome BioProjects, maize 2,137, and 

wheat 464. The top three cereals account for 29.6% of all grass transcriptome BioProjects. This 

high availability of transcriptomic data makes grasses a useful family for studying various plant 

traits, including stress resilience. In addition, meta-analysis of these public data is an attractive 

avenue of research, especially for particularly well-resourced species such as rice and maize. 

Cellular responses to abiotic stresses 

 Abiotic stress leads to multiple responses on the cellular and molecular level within 

plants. One of the most important of these is inhibition of photosynthesis, which occurs under 

most abiotic stresses including drought, salt, heat, and cold among others (Singh and Thakur, 

2018; Muhammad et al., 2021). Although the mechanism of negative impact on photosynthesis, 

such as carbon dioxide limitation due to stomatal closure, may be stress-specific, the ultimate 

result is typically that the rate of the light-independent reactions (Calvin-Benson-Bassham cycle) 
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is reduced, while the light-dependent reactions are comparatively unaffected. This leads to an 

excess of excited chlorophyll and the production of reactive oxygen species (ROS), which 

include molecules such as superoxide, the hydroxyl radical, and hydrogen peroxide among others 

(Choudhury et al., 2017). Excess ROS from photosynthetic inhibition can be quenched by other 

pigments, including carotenoids (Singh and Thakur, 2018).  

 ROS serve dual functions under stress: a beneficial signaling function and a detrimental 

oxidative stress function. Catabolism of the higher polyamines, spermidine and spermine, has 

been linked to the generation of signaling ROS (Minocha et al., 2014). ROS production in the 

chloroplast can lead to programmed cell death (Choudhury et al., 2017). Additionally, excess 

ROS are generally detrimental as they can oxidize membranes, macromolecules such as proteins, 

and other cellular components. Therefore, an important aspect of stress response in plants is 

antioxidant activity. ROS can be scavenged by molecules such as polyamines, glutathione, and 

ascorbate, in addition to pigments, and enzymes such as superoxide dismutase, ascorbate 

peroxidase, and glutathione reductase are also important for this process. The gene expression 

and catalytic activity of these enzymes often increases under stress (Choudhury et al., 2017). 

Many plant abiotic stress responses are aimed at protection of cellular components and 

macromolecules, including membranes, proteins, and DNA, from damage. For example, under 

stresses with an osmotic component such as water deprivation (both drought and desiccation), 

salt, and cold (both chilling and freezing), many plant species accumulate small molecules 

known as osmoprotectants or compatible solutes, including sugars, amino acids, betaines, and 

polyamines (Kumar et al., 2018). These molecules act to encourage cellular water retention in 

unfavorable conditions without being toxic to the cell (Verslues et al., 2006), and sometimes as 

“water replacers” to stabilize macromolecules such as proteins, especially in the case of sugars 

under desiccation (Hoekstra et al., 2001).  

 Polyamines are small, cationic, aliphatic molecules containing multiple amino groups. 

They are essential for life in all kingdoms, including plants. The main polyamines in plants are 

putrescine (a diamine), spermidine (a triamine), and spermine (a tetraamine), although other 

polyamines also occur with less frequency. Polyamines have long been linked to abiotic stress 

response in plants, both in beneficial and detrimental ways depending on the species and 

particular polyamine in question (Minocha et al., 2014; Tyagi et al., 2023). Polyamines have 

frequently been found to be stress-protective, as osmoprotectants, signaling components, and 
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binders of macromolecules such as DNA; many studies have found that exogenous application of 

polyamines or overexpression of their biosynthetic genes leads to higher stress tolerance 

(Minocha et al., 2014; Tyagi et al., 2023). However, their catabolism can also lead to ROS such 

as hydrogen peroxide, which in excess can have negative impacts on stressed cells (Minocha et 

al., 2014). Furthermore, in certain species, some polyamines have been linked to damage from 

cold stress (Tyagi et al., 2023). Thus, polyamines can be beneficial or detrimental under stress, 

depending upon the species and the polyamine. 

 Various sugars can act as compatible solutes/osmoprotectants under abiotic stress, 

including sucrose, fructose, glucose, fructans, and raffinose family oligosaccharides (RFOs) 

(Kumar et al., 2018). In DT plants, the importance of sugars as osmoprotectants and water 

replacers has long been recognized (Zhang et al., 2016). During desiccation, sugars such as 

trehalose and others aid in the vitrification of cells as water is lost, a key response in DT plant 

species (Zhang et al., 2016; Kumar et al., 2018).  

 Many of the abiotic stress responses discussed here are regulated by the activity of 

various phytohormones. Some of the most important of these are abscisic acid (ABA), jasmonic 

acid (JA)/jasmonates, ethylene, and salicylic acid (SA). ABA is widely recognized as one of the 

most important hormones for abiotic stress response. ABA signaling occurs through the MAP 

kinase (MAPK) pathway and leads to stomatal closure under osmotic stress, which reduces water 

loss (de Zelicourt et al., 2016; Dar et al., 2017). JA can also regulate stomatal closure under 

drought and herbivore stress, as well as mediating other responses such as ROS scavenging 

(Wang et al., 2020b). Ethylene, which has been particularly noted as important under flooding 

but is also active in other stress conditions, acts to inhibit growth and improve stress tolerance 

through changing the expression of ERF transcription factors (Chen et al., 2022). Under various 

abiotic stress conditions in different plant species, SA has been found to increase antioxidant 

activity (Zaid et al., 2021). These and other phytohormones do not act independently, but rather 

there is significant crosstalk among hormone signaling pathways. In addition, exogenous 

application of phytohormones has been shown to improve tolerance to multiple different stresses 

in multiple species of plants. 

Stress-responsive transcription factors and abiotic stress expression regulation 

 The cellular abiotic stress responses discussed above are typically mediated by changes in 

gene expression, which is subject to regulation by various families of transcription factors (TFs). 
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Depending on the particular TF, regulation may take the form of activation or repression, usually 

via binding to a motif in a promoter or enhancer region upstream of the gene being regulated. 

There are a large number of different stress-responsive TF families which are involved in both 

hormone-dependent and independent signaling pathways. These include the MYB, bZIP, MYC, 

NAC, AP2/ERF, WRKY, bHLH, and BBR/BPC families among others, all of which have been 

shown to be stress-responsive. 

 The APETALA2/ETHYLENE RESPONSE FACTOR (AP2/ERF) TF family is large and 

diverse, with several subfamilies, the most important of which are AP2, ERF, and C-REPEAT 

BINDING FACTOR/DEHYDRATION-RESPONSIVE ELEMENT BINDING (CBF/DREB) 

(Yoon et al., 2020; Ma et al., 2024). The CBF/DREB genes are mainly responsive to and 

involved in water deficit and low temperature stresses (Jan et al., 2017), but can also be involved 

in growth regulation via regulation of gibberellic acid synthesis (Ma et al., 2024). The ERFs are 

responsive to ethylene, which is particularly important under flooding conditions (Tewari and 

Mishra, 2018; Ma et al., 2024), but also under other stress conditions as discussed above.  

 The MYB TF family has four subfamilies, R1-MYB, R2R3-MYB, R1R2R3-MYB, and 

4R-MYB, depending on which repeats they have (Yoon et al., 2020). Various MYBs are 

activators in the ABA signaling pathway under drought and salt stress as well as during seed 

germination (Wang et al., 2021b). Certain MYBs, for example MYB15 in Arabidopsis, also 

work to activate CBF/DREB expression under cold stress (Wang et al., 2021b). In the process of 

gene regulation, MYBs also interact with other TFs of different families, such as MYCs and 

WRKYs (Yoon et al., 2020). Along with the WRKY, C2C2, bZIP, and bHLH families, the MYB 

family was noted as one of the families with the most desiccation- and rehydration-responsive 

members in DT eudicot Myrothamnus flabellifolia (Ma et al., 2015). Furthermore, an R2R3 

MYB has been identified as a key negative regulator involved in DT in the moss Syntrichia 

ruralis (Zhang et al., 2024). Therefore, MYBs are important regulators of response to multiple 

stresses. 

Other repressor TFs involved in abiotic stress include the BARLEY B-

RECOMBINANT/BASIC PENTACYSTEINE (BBR/BPC) family, which recruits the polycomb 

repressor complex to negatively regulate its targets (Sahu et al., 2023). The targets of the 

BBR/BPCs include developmental genes such as the TEOSINTE 

BRANCHED1/CYCLOIDEA/PROLIFERATING CELL FACTOR (TCP) TFs, which in turn 
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regulate other developmental genes (Li, 2015), as well as gibberellic acid oxidases, among others 

(Sahu et al., 2023). They are also active in abiotic stress, and their repression can work both for 

and against stress tolerance, depending on the particular family member. For example, BPC1 and 

BPC2 increase salt tolerance via repression of GALACTAN SYNTHASE 1 (Yan et al., 2021a; 

Sahu et al., 2023), but BPC2 also acts as a repressor of a late embryogenesis abundant (LEA) 

protein, which is a type of macromolecular chaperone involved in drought and cold tolerance 

(Sahu et al., 2023). BPC6 is involved in regulation of cuticular wax biosynthesis (Sahu et al., 

2023). The BBR/BPC family is an important example of the importance of both activation and 

repression as regulatory modes for abiotic stress tolerance. 

The BBR/BPCs are not the only repressor TFs important for abiotic stress response. 

bHLH122 acts as a repressor of an ABA catabolism gene (Khan et al., 2018), which can be 

detrimental under stress conditions; thus, bHLH122 acts to improve stress tolerance. There are 

various other TF families that interact with ABA signaling. For instance, a subfamily of the 

bZIPs, the ABA-responsive element binding factors (ABFs), is activated by ABA signal 

transduction and goes on to activate members of the AP2/ERF and NAM/ATAF/CUC2 (NAC) 

families, although only some NACs are ABA-responsive (Marques et al., 2017; Yoon et al., 

2020). Activated NACs, in turn, regulate ABA biosynthesis, specifically the NCED3 gene, as 

well as other stress-related genes including LEAs, COLD-RESPONSIVE (COR) genes, and 

CBF/DREBs, depending on the particular NAC family member involved (Marques et al., 2017). 

Thus, these TFs’ activities downstream of initial ABA signaling leads to stress response and 

tolerance in plants. 

ABA is, of course, not the only important hormone under abiotic stress; as discussed 

above, JA is important as well. MYC2, another basic helix-loop-helix (bHLH) gene, has been 

noted for its interaction with JA signaling. It is normally suppressed by JAZ proteins, but when 

JA is present, these are degraded, enabling MYC2 to activate antioxidant genes. This protein is 

also activated by ABA (Yoon et al., 2020). JA also activates members of the bHLH family 

(Yoon et al., 2020). The WRKY family, which is often involved in developmental regulation 

during stress (Yoon et al., 2020), is also involved in ABA-related pathways including stomatal 

closure during drought (Li et al., 2020). WRKYs have also been linked to desiccation tolerance 

in DT eudicots (Wang et al., 2009; Ma et al., 2015).  
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Heat shock factors (HSFs) are the direct regulators of heat shock proteins (HSPs), a class 

of molecular chaperones (Andrási et al., 2021). HSFs have mostly been implicated in heat 

response, but also act under other stress conditions, including drought and salt (Guo et al., 2016). 

There are two subfamilies of HSFs, HSFAs and HSFBs; HSFAs can directly bind DNA and 

regulate their targets’ transcription, and their overexpression has been shown to improve stress 

tolerance in multiple cases, while HSFBs lack DNA-binding domains and are thought to be 

coactivators of HSFAs (Guo et al., 2016). Along with the other TF families discussed here, HSFs 

are important regulators of stress-important genes. 

Conclusion 

Abiotic stress response in grasses is a multifaceted phenomenon. It can be studied 

through the lens of evolution and tolerance adaptations, such as desiccation tolerance in the 

Chloridoideae, or at the cellular and gene expression levels, such as commonalities in response 

pathways among different abiotic stresses. At the organismal level, grasses are a good system for 

the study of abiotic stress due to their various resilience adaptations and excellent genomic 

resources. At the cellular and molecular level, reactive oxygen species and osmoprotectants are 

major players which are regulated by phytohormone signaling pathways and many important 

transcription factor families, both activators and repressors. In this dissertation, we study the 

regulation of abiotic stress response in maize and desiccation tolerant chloridoid grasses by 

generating new genomic resources as well as leveraging those that are publicly available. 
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APPENDIX 

Table A1.1: Species with sequenced genomes in the grasses by subfamily and tribe. There are 

114 total sequenced species in the family (0.97% of total grass species). The most highly 

sequenced subfamilies are Panicoideae and Pooideae, while the most highly sequenced tribe is 

Oryzeae. 

Subfamily Tribe 
Number of 

genomes 

Total genomes in 

subfamily 

Anomochlooideae Streptochaeteae 1 1 

Arundinoideae Molinieae 1 1 

Bambusoideae 

Arundinarieae 1 

7 Bambuseae 3 

Olyreae 3 

Chloridoideae 

Cynodonteae 7 

17 Eragrostideae 4 

Zoysieae 6 

Oryzoideae Oryzeae 21 21 

Panicoideae 

Andropogoneae 19 

33 Paniceae 12 

Paspaleae 2 

Pharoideae Phareae 1 1 

Pooideae 

Brachypodieae 3 

33 

Poeae 12 

Stipeae 1 

Triticeae 17 
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Table A1.2: Taxonomic information and availability of genome assemblies for desiccation 

tolerant grass species. Grasses identified as desiccation tolerant were collected by (Marks et al., 

2021a). If there is no reference listed, the genome/transcriptome of that species has not yet been 

published. 

Subfamily Tribe Species Genome reference 

Chloridoideae Cynodonteae 
Micrachne patentiflora (also 

Brachyachne patentiflora) 
 

Chloridoideae Cynodonteae Microchloa caffra (Marks et al., 2024) 

Chloridoideae Cynodonteae Microchloa indica  

Chloridoideae Cynodonteae Microchloa kunthii  

Chloridoideae Cynodonteae Oropetium capense (Marks et al., 2024) 

Chloridoideae Cynodonteae Oropetium roxburghianum  

Chloridoideae Cynodonteae Oropetium thomaeum (VanBuren et al., 2018) 

Chloridoideae Cynodonteae Tripogon capillatus  

Chloridoideae Cynodonteae Tripogon curvatus  

Chloridoideae Cynodonteae Tripogon filiformis  

Chloridoideae Cynodonteae Tripogon jacquemontii  

Chloridoideae Cynodonteae Tripogon lisboae  

Chloridoideae Cynodonteae Tripogon loliiformis  

Chloridoideae Cynodonteae Tripogon major  

Chloridoideae Cynodonteae Tripogon minimus (Marks et al., 2024) 

Chloridoideae Cynodonteae Tripogon polyanthus  

Chloridoideae Cynodonteae Tripogon spicatus  

Chloridoideae Eragrostideae Eragrostiella bifaria  

Chloridoideae Eragrostideae Eragrostiella brachyphylla  

Chloridoideae Eragrostideae Eragrostiella nardioides  

Chloridoideae Eragrostideae Eragrostis hispida  

Chloridoideae Eragrostideae Eragrostis invalida  

Chloridoideae Eragrostideae Eragrostis nindensis (Pardo et al., 2020) 

Chloridoideae Eragrostideae Eragrostis paradoxa  
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Table 1.2 (cont’d) 

Chloridoideae Zoysieae Sporobolus atrovirens  

Chloridoideae Zoysieae Sporobolus elongatus  

Chloridoideae Zoysieae Sporobolus festivus  

Chloridoideae Zoysieae Sporobolus fimbriatus  

Chloridoideae Zoysieae Sporobolus lampranthus  

Chloridoideae Zoysieae Sporobolus pellucidus  

Chloridoideae Zoysieae Sporobolus stapfianus 
(Chávez Montes et al., 

2022) 

Micrairoideae Micraireae Micraira adamsii  

Micrairoideae Micraireae Micraira lazaridis  

Micrairoideae Micraireae Micraira multinerva  

Micrairoideae Micraireae Micraira spinifera  

Micrairoideae Micraireae Micraira subulifolia  

Micrairoideae Micraireae Micraira tenuis  

Micrairoideae Micraireae Micraira viscidula  

Pooideae Poeae Poa bulbosa  

Pooideae Poeae Poa eigii  
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Table A1.3: Sequenced grass species identified as salt tolerant by (Bennett et al., 2013). The 

highest number of sequenced salt tolerant species was found in the Panicoideae. 

Subfamily Tribe Species Genome Reference 

Arundinoideae Molinieae Phragmites australis (Oh et al., 2022) 

Chloridoideae Cynodonteae Eleusine indica (Zhang et al., 2019) 

Chloridoideae Eragrostideae Eragrostis curvula (Carballo et al., 2019) 

Chloridoideae Eragrostideae Eragrostis pilosa  

Chloridoideae Zoysieae 

Sporobolus alterniflorus 

(formerly Spartina 

alterniflora) 

(Chen et al., 2024) 

Chloridoideae Zoysieae Zoysia japonica (Tanaka et al., 2016) 

Chloridoideae Zoysieae Zoysia matrella (Tanaka et al., 2016) 

Oryzoideae Oryzeae Oryza coarctata (Mondal et al., 2018) 

Oryzoideae Oryzeae 
Oryza meyeriana 

(sequenced: var. granulata) 
(Shi et al., 2020) 

Panicoideae Andropogoneae Chrysopogon serrulatus (Song et al., 2021) 

Panicoideae Andropogoneae Coix lacryma-jobi (Kang et al., 2020) 

Panicoideae Andropogoneae Cymbopogon citratus 
(Chakravartty et al., 

2023) 

Panicoideae Andropogoneae Cymbopogon flexuosus  

Panicoideae Andropogoneae Miscanthus sinensis (Mitros et al., 2020) 

Panicoideae Andropogoneae Saccharum spontaneum (Zhang et al., 2018) 

Panicoideae Paniceae Echinochloa crus-galli (Guo et al., 2017) 

Panicoideae Paniceae Setaria viridis (Mamidi et al., 2020) 

Panicoideae Paspaleae Paspalum notatum (Yan et al., 2022b) 

Panicoideae Paspaleae Paspalum vaginatum (Sun et al., 2022) 

Pooideae Poeae Alopecurus myosuroides (Cai et al., 2023) 

Pooideae Poeae Lolium multiflorum (Knorst et al., 2019) 

Pooideae Poeae Lolium rigidum (Paril et al., 2022) 

Pooideae Poeae Poa annua (Robbins et al., 2023) 

Pooideae Triticeae Hordeum marinum (Kuang et al., 2022) 

Pooideae Triticeae Hordeum vulgare (Beier et al., 2017) 
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Chapter 2: Stress-responsive transcription factor families are key components of the core 

stress response in maize 

ABSTRACT 

Abiotic stresses, including drought, salt, heat, cold, flooding, and low nitrogen among others, can 

have devastating impacts on agriculture and are increasing in frequency worldwide due to 

climate change. Maize is one of the most important food and feed crops globally and may 

experience multiple abiotic stresses of different types throughout its growing season. Thus, 

improving the stress tolerance of maize is a top priority for agricultural resilience. Plants share 

many physiological and transcriptomic responses to different abiotic stresses, many of which are 

regulated by transcription factors in stress-responsive families. We identified a set of core abiotic 

stress genes in maize by meta-analysis of nearly 1,900 RNA-sequencing samples and found that 

the core genes are enriched in stress-responsive transcription factors, including specific families 

such as AP2/ERF-ERF, NAC, bZIP, HSF, and C2C2-CO-like. Co-expression network analysis 

revealed that core stress transcription factors of these enriched families are always found in the 

same modules as at least two sets of stress-specific genes, indicating that these transcription 

factors are putative regulators not only of the core stress response, but of stress-specific 

responses as well. 

INTRODUCTION 

Abiotic stresses such as drought, salt, flooding, heat, cold, and low nitrogen can have 

severe impacts on agricultural crops. Climate change has slowed the growth of agricultural 

productivity in the last half century, and events such as droughts and floods are projected to 

increase in frequency with changing climate (Calvin et al., 2023). This is expected to cause a 

general decrease in global crop productivity (Raza et al., 2019). Maize (Zea mays) is one of the 

most important food, feed, and biofuel crops globally, and like all crops, may experience 

multiple abiotic stressors individually or in combination throughout the growing season. Thus, 

understanding the basis of abiotic stress response on the molecular level is important for eventual 

improvement of maize stress tolerance and increased agricultural resilience in the face of climate 

change. 

Abiotic stresses present many challenges to plants at the cellular and molecular levels. 

For example, most abiotic stressors including cold, low nitrogen, drought, and flooding are 

known to inhibit photosynthesis (Singh and Thakur, 2018; Li et al., 2019; Wu et al., 2019; Qi et 
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al., 2021). Typically this leads to a buildup of reactive oxygen species, which can damage cell 

components such as membranes. Antioxidants such as glutathione, which scavenge excess 

reactive oxygen species, are thus instrumental in the cellular response to stresses including salt, 

drought, flooding, and cold (Aslam et al., 2021). In stresses with an osmotic component, such as 

drought, salt, and cold, it is common for plants to accumulate osmolytes/compatible solutes such 

as sugars, amino acids including proline and glycine betaine, and polyamines; these molecules 

function as protectants against water loss and may also have antioxidant activity (Sharma et al., 

2019). Polyamines are also hypothesized to act as plant growth regulators (EL Sabagh et al., 

2022), and both overexpression of polyamine biosynthetic genes and exogenous polyamine 

application have been shown to improve plant stress tolerance (Minocha et al., 2014). Many of 

these responses are mediated by phytohormones such as ethylene, abscisic acid (ABA), and 

jasmonic acid (JA), and are similar across different stressors. For example, ethylene and JA are 

noted as active regulators under various stress conditions, including high and low temperature, 

drought, and salt among others (EL Sabagh et al., 2022).  

The stress responses discussed above are generally regulated by transcription factors, 

proteins that alter the expression levels of stress-responsive genes; depending upon the TF 

family, gene regulation may occur in a phytohormone-dependent or independent manner. For 

example, TFs in the ABF subfamily of the bZIP family are activated by signal transduction 

following ABA recognition; following their activation, they go on to activate the expression of 

NAC and AP2/ERF family TFs (Yoon et al., 2020). These TFs then go on to regulate other 

stress-responsive genes (Mizoi et al., 2012; Nakashima et al., 2012; Shao et al., 2015). 

Transcriptomics is a common approach when studying abiotic stress response, and 

studies of core stress responses are no exception. Generally, core stress responses have been 

studied using two approaches. The first involves gathering transcriptomic data from an 

experiment with multiple different stress treatments and the second involves meta-analysis of 

previously published transcriptomic data, either from microarrays or RNA-sequencing. In both 

cases, differentially expressed genes (DEGs) are usually calculated between stressed and control 

conditions, and the DEGs from different stresses are then overlapped in an approach we term 

“set operations” to find the core genes. Meta-analyses and multi-stressor experiments have 

previously been conducted in cotton (Tahmasebi et al., 2019), rice (Cohen and Leach, 2019), 

sesame (Dossa et al., 2019), Brassica napus (Zhang et al., 2019), and Arabidopsis thaliana 
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(Sanchez-Munoz et al., 2024; Shintani et al., 2024), as well as maize (Li et al., 2017), among 

others. These previous meta-analyses often use a relatively limited number of studies and 

sometimes only one per stressor, which may limit the power of the meta-analysis to draw 

biologically relevant conclusions. All meta-analyses cited here re-analyzed data from at most 

five hundred transcriptome samples. The largest of these, by (Sanchez-Munoz et al., 2024), re-

analyzed 500 samples from 23 different studies, including both microarray and RNA-seq data, 

from a total of 11 stressors in both roots and shoots. Most other meta-analyses examined only 

four or five stressors. 

In the current study, we re-analyzed nearly 1,900 RNA-sequencing samples from 39 

different maize stress experiments, spanning six abiotic stresses as well as a wide variety of 

genotypes, growth environments, tissues, and developmental stages. We leveraged these data to 

find core genes via both the standard set operations approach and random forest classification, 

which is a novel machine learning approach for the core stress response field. As part of our set 

operations, we also identified peripheral, or stress-specific, genes. We identified core and 

peripheral genes both for all tissues in the dataset and for photosynthetic tissues only, due to the 

variability in gene expression between photosynthetic and non-photosynthetic tissues. Analysis 

of the core genes revealed that they were enriched in several stress-related TF families, which 

were found to be co-expressed both with other core genes and with peripheral genes, indicating 

their possible role in regulating not only the core response, but stress-specific responses as well. 

METHODS 

Curating maize RNA-seq data  

This study utilized publicly available and previously published abiotic stress RNA-

sequencing (RNA-seq) data in maize from the NCBI Sequence Read Archive (SRA). Only data 

that could be linked with published papers was used, and data was gathered for drought, cold, 

heat, salt, flooding, and low nitrogen. Polyethylene glycol and similar osmotic stress treatments 

such as sugar alcohols were not included in the drought data. These six abiotic stressors are the 

most commonly studied in maize, and each had at least three independent experiments 

(BioProjects) with high quality data. BioProjects were only included in the study if they had at 

least one well-documented stress time point as well as either a control treatment or samples taken 

at experiment initiation. Thirty-nine BioProjects containing 1,872 samples total met these 

criteria, and were selected for use in this study. The dataset includes stress-tolerant and sensitive 
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maize genotypes, and hybrids, but not mutants or transgenic plants. Most samples were from leaf 

or other photosynthetic tissues, but roots, reproductive, and seed tissues were also included 

(Table A2.1). Studies with any number of replicates were used. 

Processing the RNA-seq data 

All data were downloaded from the SRA using the prefetch and fasterq-dump commands 

from sratoolkit version 2.11.2 (https://github.com/ncbi/sra-tools). The raw RNA-seq reads were 

processed using the Nextflow nf-core rnaseq pipeline (Di Tommaso et al., 2017; Ewels et al., 

2020; dependencies: https://github.com/nf-core/rnaseq/blob/master/CITATIONS.md). Reads 

were trimmed using fastp (Chen et al., 2018) and transcripts were quantified using Salmon (Patro 

et al., 2017). Length-scaled transcripts per million (TPM) were then generated using tximport 

(Soneson et al., 2016). The exception to our processing workflow was a low nitrogen dataset 

(Ying et al., 2023; BioProject: PRJNA904734) procured directly from one of the authors, which 

had already been processed with STAR (Dobin et al., 2013). The convertCounts() function in the 

DGEobj.utils R package v1.0.6 (https://CRAN.R-project.org/package=DGEobj.utils) was used in 

R 4.2.1 (R Core Team, 2022) to convert the provided count matrix into TPM. 

All transcripts were pseudoaligned to the B73 v5 genome (Hufford et al., 2021). Our 

dataset contains diverse maize genotypes, including multiple with chromosome scale assemblies, 

and we initially processed the data by pseudoaligning each genotype to the corresponding 

reference genome when available. However, we ultimately decided to pseudoalign all data to 

B73 for the following reasons: 1) mapping rates were similar when pseudoaligning to B73 vs. the 

corresponding genome for several inbred lines (see Table B2.1); 2) many genotypes do not have 

sequenced genomes or are hybrids; 3) the B73 reference annotation is manually curated and 

more complete than others; and 4) graph based annotations and syntenic gene groupings are still 

incomplete, making it challenging to create an informative set of comparable genes across 

genotypes for downstream comparisons. Thus, given the goals of this study, and the above 

limitations, we chose to use a single genome for read mapping.  

Data exploration of experimental factors  

Data exploration was conducted with principal component analysis (PCA) using the full 

dataset that includes 12 tissue types (“all tissues” hereafter), and for photosynthetic tissues only, 

which included leaf, leaf meristem, and shoot samples. The raw gene expression (TPM) values 

were filtered to remove genes with zero variance across samples, and subsequently log2 
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transformed after adding 1 to each value using numpy v1.24.3 (Harris et al., 2020). The gene 

expression data was collected using different sequencing machines, read lengths, coverage, and 

under different experimental conditions, and we reduced the batch effect of BioProject using 

pyComBat v0.3.3 (Behdenna et al., 2023). PCA was run on the uncorrected and batch corrected 

data for the full dataset (all tissues) and photosynthetic data only, and the first two principal 

components were calculated using scikit-learn v1.2.2 (Pedregosa et al., 2011) and plotted using 

matplotlib v3.7.1 (Hunter, 2007). 

Linear modeling 

 To further explore heterogeneity within the dataset, we modeled the first principal 

component of log-transformed and non-batch corrected TPM as a function of genotype, 

BioProject, treatment, and tissue, using the lm() function in R v4.2.1 (R Core Team, 2022). No 

interaction effects were included for computational efficiency, and due to the difficulty of 

biological interpretation of interaction effects’ meanings. This modeling approach was repeated 

for PC1 of batch corrected TPM, allowing us to compare results between the two models.  

Differential expression analysis and identification of stress-induced genes  

Changes in gene expression between stressed and control samples were evaluated using 

two different methodologies: differential expression analysis and fold change or TN-ratio 

(described in detail below) (Shintani et al., 2024). For differential expression analysis, DESeq2 

(Love et al., 2014) was used to identify statistically differentially expressed genes. Differential 

expression was calculated as a function of an identifier containing genotype, treatment, time 

point, developmental stage, and tissue information for each sample. The default model was used. 

Only sets of samples containing at least 3 replicates were used for differential expression. 

 The TN-ratio is the ratio of transcripts per million (TPM) between stress-treated (T) and 

control, or non-treated (N) samples (Shintani et al., 2024). TN-ratio was calculated using the 

formula from (Shintani et al., 2024) as follows:  

TN-ratio = (stress-treated TPM+1)/(non-treated TPM+1) 

For our study, TN-ratio was calculated on a per-experiment basis where for a given BioProject 

the mean TPM was calculated for each treatment of control or stress treated, and this was used to 

calculate TN-ratio. 

We used a similar criteria as outlined in (Shintani et al., 2024), where genes with a TN-

ratio of greater than 2 were considered upregulated, and those with a TN-ratio of less than 0.5 
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were considered downregulated. For set operations, the union of upregulated and downregulated 

genes for each experiment was calculated and the set of core genes among all six stressors was 

defined as the six-way intersection of individual sets. A set of core genes was identified using all 

samples in the dataset and using the samples from only photosynthetic tissues (leaf, leaf 

meristem, and shoot). Genes that were only differentially expressed for a subset or only one 

stress condition were also identified, and we refer to these sets as ‘peripheral genes’ or stress-

specific genes. The overlap of up- and downregulated genes among experiments within each 

stressor was also examined.  

Hierarchical clustering of abiotic stresses 

To determine the relationships of transcriptomic responses to different abiotic stresses, 

we performed hierarchical clustering. BioProject-corrected, log2 transformed TPM values were 

scaled to a z-score using scikit-learn and used as input for both the full sample set and 

photosynthetic tissues only. For each of the seven treatments (six stress conditions and control), a 

mean expression value of the scaled and transformed TPM data was calculated and used as input 

for hierarchical clustering and dendrogram visualization using scipy v1.10.1 (Virtanen et al., 

2020).  

Random forest binary classification 

Random forest models were used to classify whether samples were stressed or control. To 

avoid data leakage, all stressed and associated control samples for a single stressor were held out 

for use as the test set. Given the hypothesized existence of a core stress response transcriptome, a 

random forest model tested on a stress it was not trained on was hypothesized to be able to 

accurately classify stressed and control samples. This was repeated for all stressors, so that each 

stressor was used as the test set once, resulting in a total of six models, each with separately 

tuned hyperparameters. Hyperparameters tuned for each model included bootstrapping, 

maximum tree depth, maximum features, minimum number of samples per leaf, minimum 

samples split, and number of estimators. In each iteration, all other samples were used for the 

training set. This modeling strategy was applied to both all tissues (full dataset) and samples 

from photosynthetic tissues only. 

 The BioProject-corrected and log2-transformed TPM were used as features in the model 

such that each feature was a maize gene. SMOTE was used for upsampling to balance numbers 

of control vs. stress using training data. As stated above, hyperparameters were tuned separately 
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for each model, with individual models having different stressors as the test set. The optimal 

hyperparameters were then used for training and making predictions. 

 For each of the six models fit for each set of samples, feature importance was calculated 

for all features (genes) used in the model. For each model, evaluation of possible core gene sets 

was conducted via iterative feature selection, as follows. The corrected TPM were filtered to 

only the top X features, where X=50, 100, 250, 500, 1,000, 1,500, 2,000, 2,500, 3,000, 4,000, 

5,000, 6,000, 7,000, 8,000, 10,000, or 15,000. Following TPM subsetting, a new RF model was 

run on each subset and the model performance metrics accuracy, AUC, and F1 were calculated 

for each model. Based on the optimum model performance using the smallest subset of features, 

the top 6,000 most important features were extracted from each of the six individual stressor 

models. The intersection of these six sets of 6,000 genes each was calculated to get the core 

stress genes from random forest for each set of samples (all tissues and photosynthetic tissues). 

Co-expression network analysis 

A co-expression network was constructed with the corrected TPM  of the full maize 

dataset using Weighted Gene Coexpression Network Analysis (WGCNA) (Langfelder and 

Horvath, 2008; Langfelder and Horvath, 2012). A soft threshold of 9 was used for network 

construction. Hub genes, i.e. genes that had a high positive or negative correlation with most 

genes in the same module, were identified using the module membership generated with the 

signedKME() function from WGCNA. Only genes with module membership >0.86 (95th 

percentile of the absolute values of module membership) were considered hub genes. We then 

found which hub genes were found in each core gene set, and used Fisher’s exact test 

implemented in Python using scipy.stats as described above to test whether there were more core 

genes in the set of hub genes than expected by chance. 

GO term enrichment 

Gene Ontology (GO) term enrichment was performed with topGO v2.50.0 (Alexa and 

Rahnenfuhrer, 2022) separately for Biological Process GO terms in upregulated and 

downregulated core genes from the  set operations, random forest, and combined approaches, for 

both sets of samples. We also ran GO enrichment for the peripheral stress genes for each 

stressor, separately for upregulated and downregulated peripheral sets, for each set of tissues, and 

for the genes in each co-expression module. Fisher’s exact test was used as the enrichment test, 

and the classic algorithm was used. False discovery rate (FDR) p-value correction was used to 
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adjust p-values, and an FDR adjusted p-value of less than 0.05 was considered statistically 

significant. GO terms were current as of March 25, 2024.  

Transcription factor enrichment 

The list of transcription factors (TFs) in the Z. mays B73 v5 genome was downloaded 

from Grassius (https://grassius.org/species/Maize, Yilmaz et al., 2009). We tested for enrichment 

of TFs from all families (not any particular family) in the upregulated and downregulated core 

genes using a one-sided Fisher’s exact test implemented using scipy.stats v1.10.1(Virtanen et al., 

2020). We also tested for TF enrichment in the upregulated and downregulated peripheral genes 

from each stressor. The “fdrcorrection” function from statsmodels.stats.multitest v0.13.5 

(Seabold and Perktold, 2010) was used to adjust the resulting p-values. As during GO 

enrichment, FDR-adjusted P values less than 0.05 were considered significant. 

 Again using information from Grassius, the sets of all upregulated core genes and all 

downregulated core genes for each tissue set, from both methods combined, were tested for 

enrichment of each TF family. TF families with FDR-adjusted P values of less than 0.05 were 

considered significantly enriched, while those with adjusted P values of between 0.1 and 0.05 

were considered close to enriched and thus also selected for further analysis. 

 For the subset of core genes belonging to the enriched or near-enriched TF families, we 

identified what co-expression network module each gene belonged to. We then used Fisher’s 

exact test via scipy.stats as above to determine whether modules containing these transcription 

factors of interest were enriched in core genes. Again, FDR was used to adjust P values and 

adjusted P of less than 0.05 was considered significant. 

RESULTS 

Data exploration 

To search for conserved molecular signatures of abiotic stress responses, we gathered 

published maize RNA-seq data from the NCBI Sequence Read Archive. A total of 39 different 

BioProjects were selected for use in this study. This includes 15 for drought, 8 for heat, 8 for 

cold, 5 each for low nitrogen and salt, and 3 for flooding (Figure A2.1A). There were 1,872 total 

samples in the dataset; drought had the most samples, while salt had the fewest (Figure A2.1B). 

The most prevalent tissue type was leaves, followed by roots; various other vegetative and 

reproductive tissues were also included (Table A2.1). Samples were collected in greenhouse, 

field, and growth chamber environments with developmental stages ranging from germination to 
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reproduction. Expression data spanned 328 different maize genotypes, including genotypes listed 

as both sensitive and tolerant to various stress conditions. Inbred lines B73, W22, and Mo17 

were the most common genotypes used across all expression experiments (Figure A2.1D). There 

was also intra-treatment heterogeneity across studies, as illustrated by the range of temperatures 

used as cold, heat, and control conditions; the high end of the cold-treatment temperatures almost 

overlaps with the low end of control temperatures, and vice versa for heat (Figure A2.1C).  

 All RNA-seq samples were downloaded from the SRA and processed using the Nextflow 

nf-core rnaseq pipeline (Di Tommaso et al., 2017; Ewels et al., 2020; dependencies: 

https://github.com/nf-core/rnaseq/blob/master/CITATIONS.md). The B73 maize reference 

genome has the most complete annotation and was used for quantifying expression of all 

genotypes. Although substantial variation in gene content has been observed across maize 

diversity, a single reference enables comparisons across all datasets. Briefly, samples were 

trimmed using fastp and pseudoaligned to the B73 V5 genome using Salmon. Most reads 

pseudoaligned to the B73 genome with a mapping rate of greater than 60% (Figure B2.1). We 

then used tximport to generate length scaled transcripts per million (TPM) which were used for 

downstream analyses. 

These TPM were then log-transformed and fed into a principal component analysis to 

explore how the data would separate. Approximately 28% of the variance in the full dataset was 

explained by PC1 and 15% by PC2. We found that samples grouped first by tissue type, with 

photosynthetic and non-photosynthetic tissues segregating along PC1 for the most part, then by 

BioProject (Figure A2.2A and B). There was little apparent clustering of samples by treatment 

(Figure A2.2D), growth environment (Figure A2.2C), or developmental stage (Figure B2.2). Any 

clustering by these factors is likely an artifact of BioProject, as the authors of each experiment 

used different developmental stages and growth environments in their studies, and may have also 

imposed their stress treatments differently.  

We conducted linear modeling on the first principal component of gene expression, with 

genotype, BioProject, tissue, and treatment as independent variables. The p-value for each of the 

four independent variables was less than 0.001, indicating that each independent variable had a 

highly significant effect on gene expression. Thus, we can conclude that heterogeneity in all of 

these factors significantly contributes to the variability in gene expression among samples.  We 

used pyComBat (Behdenna et al., 2023) to adjust for batch effects and reduce the variance due to 
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BioProject, and re-ran the PCA with the corrected expression values (Figure A2.2, right column). 

For the pyComBat adjusted expression, PC1 explained about 16% of variance, and PC2 

explained about 14%, and we observed an overall reduction in grouping due to BioProject 

(Figure A2.2B).  However, some grouping by BioProject was still evident, and this may be due 

to variability in other factors, such as growth environment (Figure A2.2C). We used this 

pyComBat adjusted expression matrix for all downstream analyses.  

Relationships among stress response transcriptomes 

 Following basic exploration of the dataset, we examined the relative similarity of 

transcriptomic responses to different abiotic stresses using hierarchical clustering on corrected 

TPM, both for all tissues and for photosynthetic tissues only. The clustering results differed 

depending on the tissue set used (Figure A2.3). For photosynthetic tissues, the hierarchical 

clustering identified two major clusters, with low nitrogen stress as an outgroup. One cluster 

contained control, heat, and cold; the other contained drought, salt, and flooding. Two main 

clusters were also identified for all tissues (Figure A2.3); however, they differed substantially in 

composition, with flooding and salt comprising one cluster, and the other containing control, 

cold, low nitrogen, heat, and drought. This difference is likely due to differences in tissue-

specific abiotic stress responses; the inclusion of roots and reproductive tissues in the “all 

tissues” set must substantially change the overall transcriptomes of the various stressors, 

especially since the low nitrogen gene expression in this dataset mostly comes from roots. 

Core stress gene set identification and characterization 

 To identify the core stress-responsive genes across multiple abiotic stressors in maize, we 

used both set operations of the ratio of gene expression under treatment vs normal conditions 

(fold change or TN-ratios; hereon, set operations) and a machine learning model based on 

random forest algorithms. Set operations is the typical method used for identification of core 

genes in prior meta-analyses (Cohen and Leach, 2019; Dossa et al., 2019; Tahmasebi et al., 

2019; Zhang et al., 2019; Shintani et al., 2024). We applied random forest binary classification to 

broaden our search for core genes, thus ensuring the robustness of our study; the most important 

predictive features (i.e., genes) in the random forest were considered core genes (see Methods). 

This is a novel method in the core stress literature, although support vector machine clustering, 

another machine learning method, was previously used in (Sanchez-Munoz et al., 2024). 

However, our random forest approach differs from the previous machine learning approach in 
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that it utilizes classification rather than clustering. Given our underlying hypothesis that a core 

stress transcriptome exists, we expected that a binary random forest classifier model would be 

able to predict whether a given transcriptome was from a stressed or control sample, even if the 

model had not been trained on the stressor on which it was being tested. This led to our “hold 

one stressor out” random forest approach (see Methods for more details). 

 The efficacy of random forest prediction varied across stressors and, to a lesser extent, 

tissue sets (Figures B2.3-B2.4), although all area under the ROC curve (AUC) values were 

greater than 0.5. Salt and drought were consistently predicted most accurately, while low 

nitrogen, cold, and heat all had AUC values of slightly greater than 0.5. This is similar to the 

close clustering of temperature stressors with control after hierarchical clustering of treatments in 

both all tissues and photosynthetic tissues (Figure A2.3), which can further be explained by the 

fact that the low end of control temperatures overlaps with the high end of cold-treatment 

temperatures, and vice versa for heat (Figure A2.1C). Thus, some “heat” and “cold”-treated 

plants may not have been fully physiologically stressed. These results indicate that our random 

forest approach was able to pick up on biology related to stress response, particularly core stress 

response; thus, the random forest top features are useful for defining core genes.  

Using these combined methods, we identified core gene sets for all tissues and a subset of 

photosynthetic tissues only. As shown by PCA (Figure A2.2A), tissue is the most important 

grouping factor for gene expression in our dataset; most prominently, photosynthetic tissues 

separate from non-photosynthetic tissues along PC1. Further, most prior core stress meta-

analyses have not differentiated between core gene sets for different tissues, with the exception 

of (Sanchez-Munoz et al., 2024). Table A2.2 shows a summary of different categories of the core 

gene sets; notably, in all cases more core genes were found via RF than by set operations, and 

more core genes are upregulated than downregulated under stress conditions. The top features in 

the random forest models were generally differentially expressed under stress conditions, and for 

all tissues, there were 11 core genes that were not differentially expressed and for photosynthetic 

tissues, there were six. In all tissues, a total of 744 core genes were identified, whereas for 

photosynthetic tissues only there were 512. 

 Once core genes were identified, we tested for overlaps among these genes across 

different methods, tissue sets, and whether they were up- or downregulated. We found that genes 

identified by the same method, whether by random forest or set operations, showed more 
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similarity across different tissue sets than those identified by different methods within the same 

tissue set (Figure A2.4A). Core genes identified by random forest may be differentially 

expressed in opposite directions for individual stresses, and we observed a large overlap between 

upregulated and downregulated genes (Figure A2.4B and C). This was not the case for core 

genes from set operations, where by definition the upregulated and downregulated genes were 

identified separately. There was minimal overlap between core genes identified from different 

methods for each tissue set (Figure A2.4B and C), suggesting that the random forest core genes, 

identified based on their importance to the models rather than strictly by differential expression, 

may represent an emergent core response that would not be identified by set operations. It is our 

opinion that future core stress meta-analyses could benefit from a similar use of machine 

learning to identify emergent core stress genes.  

 To investigate the functions of the core abiotic stress genes in maize, we ran Biological 

Process GO term enrichment separately on the upregulated and downregulated sets of core genes 

from each tissue set and method, including both methods combined. No enriched GO terms were 

found for core genes from photosynthetic tissues; however, several enriched terms were found 

for the core genes from all tissues (Figure A2.4D). These were largely distinct between 

upregulated and downregulated core genes, but four terms, “biological regulation”, “response to 

oxygen-containing compound”, “response to abiotic stimulus”, and “response to temperature 

stimulus”, were found across up- and downregulated core gene sets, albeit sometimes with 

different p-values (Figure A2.4D). This makes sense because generic responses to stimuli may 

take the form of either increases or decreases in abundance, and regulation may be applied by 

repression or activation. 

Terms specific to the downregulated core genes included, notably, various terms related 

to polyamine metabolism, especially that of the “higher” polyamines spermidine and spermine 

(Figure A2.4D), which have 3 and 4 amine groups, respectively. Polyamines are known to be 

stress-involved molecules, in many cases stress-protective; although the molecular mechanism of 

this protection is not yet known in detail, plants that overexpress polyamine biosynthetic genes 

and consequently accumulate polyamines often display improved stress tolerance (Minocha et 

al., 2014; Bano et al., 2020). However, polyamine catabolism can also release reactive oxygen 

species, so it is possible that polyamines may also contribute to oxidative stress (Minocha et al., 

2014). The GO term “circadian rhythm” was also uniquely enriched in downregulated core genes 
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(Figure A2.4D). Interactions between the circadian clock and abiotic stress responses are 

complex, but various clock components have been found to be downregulated under different 

stressors (Sharma et al., 2022). 

In upregulated core genes, specifically those found via set operations, other metabolism-

related GO terms were enriched: “cellular modified amino acid metabolic process” and 

“glutathione metabolic process” (Figure A2.4D). Amino acids are integral to stress response, for 

example, as compatible solutes; proline is particularly noted for behaving in this manner 

(Batista-Silva et al., 2019). Glutathione is also a noted important antioxidant under various 

stressors (Aslam et al., 2021). In addition, many terms related to transcriptional regulation (i.e. 

“regulation of RNA biosynthetic process”) were enriched in the upregulated core genes, from 

both methods combined. This led us to investigate the presence of transcription factors among 

the core genes.  

Peripheral stress gene set identification and characterization 

The peripheral genes were defined as those that were differentially expressed in response 

to only one stress condition, in at least one study of that stressor, and were identified by set 

operations. Similar to core genes, peripheral genes were identified for both all tissues and 

photosynthetic tissues only. The number of peripheral genes varied by stressor (Table A2.3), 

with, flooding consistently having the fewest peripheral genes, likely because it also had the 

fewest BioProjects in the dataset (Figure A2.1A). Across tissue sets, heat had more upregulated 

than downregulated peripheral genes, while drought and cold had more downregulated peripheral 

genes (Table A2.3).  

Notably, two of the GO terms enriched in upregulated peripheral genes in cold stress in 

all tissues were related to microtubules (Figure B2.5). Microtubules have been found to act as 

sensors for various stressors including cold stress (Ma and Liu, 2019). These GO terms, 

however, were not enriched in core stress genes, indicating that microtubule stress sensing is not 

a core stress response. 

There are eleven GO terms that are enriched both in core genes from all tissues and 

peripheral genes from all tissues. All of them are related to regulation, including “regulation of 

DNA-templated transcription”, “regulation of macromolecule biosynthetic process”, and 

“regulation of biosynthetic process”. These terms were enriched only in downregulated 

peripheral genes from cold stress (Figure B2.5), while for core genes, they were enriched in 
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upregulated core genes overall (Figure A2.4D). Thus it is possible that the cold stress response in 

maize is at least partially regulated by upregulated core stress genes. 

Transcription factor enrichment 

We used Fisher’s exact test to test for enrichment of transcription factors in general and 

specific TF families in sets of core genes for both tissues. In all cases, upregulated and 

downregulated core genes were tested separately; for general TF enrichment tests, core gene sets 

were also separated by method. For core stress genes from photosynthetic tissues, both 

upregulated (P<0.001) and downregulated (P=0.0126) core genes from random forest were 

enriched in TFs in general, as was the total set of upregulated core genes (P<0.001). There were 

no significantly enriched or near-enriched (0.05<P<0.1) TF families in the core genes from 

photosynthetic tissues, except the orphan TFs, which were near-enriched in downregulated core 

genes (P=0.0847; see Table A2.4).  

For the core stress genes from all tissues, general TF enrichment was found to be 

significant for the upregulated and downregulated genes both from RF and from both methods 

combined (all P<0.001). However, in this case, significantly enriched and near-enriched TF 

families were also found (see Table A2.4). Except for orphans, which do not constitute a true TF 

family but rather a catch-all group for likely TFs and co-regulators that don’t clearly fall into 

another family (https://grassius.org/family/Maize/Orphans), the enriched and near-enriched 

families have all been previously related to stress tolerance. These include the bZIP family, of 

which the ABF subfamily is directly involved in ABA signaling (Yoon et al., 2020); the ERF 

subfamily of the AP2-ERF family, which are known to be involved in flooding response (Mizoi 

et al., 2012); and the HSFs, which regulate heat shock proteins (HSPs) (Andrási et al., 2021), 

which are important molecular chaperones acting in response to various abiotic stressors (ul Haq 

et al., 2019). 

We also ran TF enrichment for the peripheral stress genes from both tissue sets, treating 

upregulated and downregulated genes separately as for the core genes. Upregulated peripheral 

genes for cold stress were enriched in TFs in general both for all tissues (P<0.001) and for 

photosynthetic tissues (P=0.0087). TFs were also enriched in downregulated peripheral genes for 

cold stress, only in all tissues (P<0.001). In photosynthetic tissues, upregulated low nitrogen-

specific genes were enriched in TFs in general (P=0.0076). For all tissues, the following stress-

specific gene sets were enriched in TFs: upregulated flooding-specific (P=0.0422) and 
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downregulated heat-specific (P<0.001). Table B2.2 shows the TF families that were enriched in 

different peripheral gene sets. These were largely different from the families enriched in core 

genes, but there were some families enriched in both core and peripheral sets. For all tissues, 

these included AP2/ERF-ERF, which was enriched in upregulated core genes and near-enriched 

in upregulated heat-specific genes; C2C2-CO-like, which was enriched in upregulated core genes 

and in upregulated flooding-specific genes; and NAC, which was near-enriched in upregulated 

core genes and enriched in upregulated heat, downregulated drought, and downregulated 

flooding-specific genes. ERF and NAC TFs, in particular, are noted for their stress 

responsiveness, so it is not surprising to find them enriched in both core and peripheral gene sets. 

Co-expression network analysis 

A co-expression network was generated from the batch corrected TPM for all samples 

using WGCNA (Langfelder and Horvath, 2008; Langfelder and Horvath, 2012). The co-

expression network contained a total of 37,216 genes in 23 modules, with a mean module size of 

1,618 genes. The largest module (blue) contained 10,959 genes; the smallest (white) contained 

103 genes.  

Of the 23 modules, 20 contained at least one core gene from both tissue sets; the 

darkorange and darkturquoise modules contained no core genes, and the darkgrey module 

contained no core genes from photosynthetic tissues, but did contain core genes from all tissues. 

The royalblue module contained the highest percentage of core genes from all tissues, and the 

lightcyan module contained the highest percentage of core genes from photosynthetic tissues. 

The five modules with greater than 5% core genes (all tissues) were royalblue, pink, lightgreen, 

grey60, and green; we ran GO term enrichment for these modules to find out about their 

functions. Enriched GO terms were non-overlapping for four of these five modules (Figure 

A2.6C; there were no enriched GO terms found for the green module). GO terms for the 

lightgreen module pertained only to ethylene response; for the grey60 module, enriched GO 

terms were largely metabolic, particularly for nitrogen metabolism; the pink module had the 

most enriched GO terms, many of which were related to regulation; and the royalblue module 

contained various stimulus and stress response terms, as well as protein folding terms, indicating 

there may be chaperones present within this module. 

13 of the co-expression modules contained TFs previously identified within the core gene 

set for all tissues, and 12 modules contained TFs from the photosynthetic tissues’ core gene set. 
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Eight modules within each of these groups were also enriched in non-TF core genes at p<0.05, 

Fisher’s exact test. 

Hub genes were identified from the co-expression data using the module membership 

correlation values, and genes with module membership above the 95th percentile were 

considered hub genes. There were 1,861 hub genes total. Of these, 26 were photosynthetic 

tissues core genes, which is not significantly more than expected by chance (Fisher’s exact test, 

p=0.400). From the full tissue set, 14 hub genes were core genes, which was also not 

significantly more than expected by chance (Fisher’s exact test, p=0.999). None of the core hub 

genes were transcription factors. 

We also tested whether the co-expression modules were enriched in peripheral genes for 

each stressor and in core genes using Fisher’s exact test (Figure A2.6A and B). This was 

repeated for each set of tissues, as in other analyses. In all modules where core stress genes were 

enriched, at least some sets of peripheral genes were also enriched. It follows that the core genes 

are not more co-expressed with each other than with peripheral genes.  

The blue, grey60, green, turquoise, lightgreen, royalblue, pink, orange, and greenyellow 

modules all contained at least one core gene TF of one of the enriched or near-enriched families 

(Table A2.4), excluding orphans. All these modules except greenyellow and orange were 

enriched in core genes in all tissues (Figure A2.6A), and all were enriched in at least 2 peripheral 

gene sets. This indicates that the core gene members of the AP2/ERF-ERF, NAC, bZIP, HSF, 

and C2C2-CO-like TF families are co-expressed with stress-specific peripheral genes and may 

regulate these genes. 

DISCUSSION 

Abiotic stresses such as drought, flooding, salinity, and temperature extremes trigger 

similar physiological and biochemical responses in plants. These stresses commonly lead to 

oxidative stress, cellular damage, and disruptions in metabolism, and plants activate a core set of 

stress-responsive genes to mitigate these disruptions, in addition to the unique and well-

characterized pathways for each individual stress. Meta-analyses in various crop and model plant 

species have found between 20-6,000 core abiotic stress-responsive genes based on overlapping 

expression profiles and, in one case, support vector machine clustering. Previous efforts have 

focused on a narrow set of abiotic stresses, used microarrays with only partial gene 

representation, or had sparse gene expression datasets that fail to capture the breadth or diversity 
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of stress responses within a species. Here, we expanded on previous work by using diverse 

genotypes, abiotic stresses, tissue types, and stress severity in maize. Using both set operations 

and random forest classification, we found 744 core genes in all tissues and 512 in 

photosynthetic tissues only (Table A2.2). The number of core genes we found for drought, salt, 

cold, heat, low nitrogen, and flooding in maize is consistent with previous studies. 

We leveraged RNA-seq data from 39 previously published experiments, downloaded 

from their NCBI BioProjects. Several of the previous meta-analyses analyzed the data from 

significantly fewer BioProjects than were used in the present study (less than 10 studies each in 

(Dossa et al., 2019) and (Cohen and Leach, 2019)), and to our knowledge, this is the first such 

meta-analysis to leverage random forest classification modeling to help identify core genes. Most 

previous studies have used only set operations on differentially expressed genes, which is a 

limited approach in that it defines core genes by their expression under stress alone. In contrast, 

our random forest approach identified many genes that, while differentially expressed, were not 

identified as core genes by the set operations method, and identified a few genes that were not 

differentially expressed under any condition. There was little overlap between the results from 

the two methods. This indicates that the random forest method identified emergent aspects of 

core stress response, broadening the core stress gene set. This new methodology may be 

informative for future core stress meta-analyses. 

Gene expression changes under abiotic stress are achieved through the action of 

regulators such as transcription factors (TFs). We found that the core stress gene set was 

enriched in TFs, including particular families such as heat shock factors (HSFs), ethylene 

response factors (AP2/ERF-ERFs), C2C2-CO-like, NAC, and bZIP (see Table 4). These are all 

known to be stress-responsive TF families (Mizoi et al., 2012; Yoon et al., 2020; Andrási et al., 

2021). The HSF family are the direct regulators of heat shock proteins (HSPs) (Andrási et al., 

2021), which act as molecular chaperones under various abiotic stress conditions (ul Haq et al., 

2019). Core gene members of the HSF family are present in a co-expression module  with 

enriched GO terms related to “protein folding”, and are thus possibly involved in regulating 

HSPs in this module. 

The members of the AP2/ERF-ERF TF family have been found to be responsive to 

multiple abiotic stresses, including flooding, drought, and salt (Mizoi et al., 2012; Debbarma et 

al., 2019). At least one member of this family, TaERF4 from wheat, is likely a negative regulator 
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of salt response (Dong et al., 2012). Furthermore, gene editing of members of this family has 

yielded improved stress tolerance in multiple cases (Debbarma et al., 2019). The AP2/ERF-ERFs 

were enriched in upregulated core genes as well as upregulated heat peripheral genes for all 

tissues (Table A2.4), suggesting that they are important regulators of both core stress and heat-

specific responses in maize. Core gene members of this family are found in a co-expression 

module where the only enriched GO terms are all related to ethylene (Figure A2.6C), 

highlighting a potential regulation by ethylene.  

All of the TF families enriched and near-enriched in core genes for all tissues were 

present in modules that were also enriched in at least 2 stress-specific gene sets (Figure A2.6A). 

From this, we can conclude that, given their coexpression with both other core genes (in some 

modules) and peripheral genes, it is possible that these core TFs regulate both the core abiotic 

stress response and stress-specific responses. Thus, these core stress TFs may make good targets 

for improvement of abiotic stress tolerance at least in maize, and possibly in other species as 

well, especially considering that overexpression of stress-involved TFs has previously led to 

improved stress tolerance in many cases (Nakashima et al., 2012; Hoang et al., 2014; Baillo et 

al., 2019). However, further studies are required to elucidate the molecular mechanisms of the 

maize core stress genes identified in this study; for example, if a TF acts as a repressor of genes 

that would be beneficial if expressed under stress, overexpression of that TF could lead to a 

reduction in stress tolerance rather than the desired increase. This omics-only meta-analysis does 

not provide enough information to say definitively whether the core genes would be good targets 

for crop improvement, but we hope that follow-up studies will provide more information. 
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APPENDIX A: FIGURES AND TABLES 

 
Figure A2.1: Bar plots of numbers of BioProjects (A) and samples (B) per stressor, and 

histograms of temperatures in different treatments (C) and number of samples in different 

genotypes (D). Drought has the largest number of both BioProjects and samples. Flooding has 

the fewest BioProjects, and salt the fewest samples. Although there is a clear distinction in the 

means of cold (blue), heat (orange), and control (green) treatments, there is some overlap at the 

edges of the ranges. Most of the genotypes have a low number of samples, with very few having 

more than 50. 
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Table A2.1: Numbers of samples in each tissue in the dataset.  

Tissue 

Number of 

samples 

Leaf 1,394 

Root 278 

Shoot 46 

Ear 44 

Tassel 39 

Embryo 24 

Pollen 16 

Stalk 10 

Silk 9 

Kernel 4 

Ovary 4 

Leaf meristem 4 
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Figure A2.2: Principal component analysis biplots of log-transformed TPM, without correction 

for variance due to BioProject (left column) and with correction (right column). For uncorrected 

data, PC1 explained 28% of variance and PC2 explained 15%; for corrected data, PC1 explained 

16% and PC2 14%. Biplots are colored by tissue (row A), BioProject (B), growth environment 

(C), and treatment (D). Samples group primarily by tissue, followed by BioProject in the 

uncorrected data; correction reduced but did not eliminate grouping by BioProject, possibly due 

to the effect of different growth environments. Core and peripheral genes were found based on 

corrected TPM, both for all tissues and, to reduce the effect of tissue, for photosynthetic tissues 

only. 
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Figure A2.3: Hierarchical clustering of transcriptomes for different treatments, for all tissues (A) 

and photosynthetic tissues only (B).   
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Figure A2.4: Basic characterization of the core gene sets. Set operations and random forest 

identified largely distinct core gene sets, and core genes from different tissue sets also had little 

overlap (A). For both all tissues (B) and photosynthetic tissues (C), there was more overlap 

between upregulated and downregulated core genes (in any stress condition) for genes identified 

by random forest than for those identified by set operations (“set ops”). A number of Gene 

Ontology (GO) terms related to regulatory processes, metabolites, and stress response were 

enriched in core gene sets from all tissues (D); no enriched GO terms were found for core genes 

from photosynthetic tissues.  
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Table A2.2: Summary of core gene numbers by method, tissue set, and regulation. Overall, more 

core genes were upregulated than downregulated, more core genes were found by random forest 

than by set operations, and more core genes were found in all tissues than in photosynthetic 

tissues only. Note that some of the core genes identified by random forest are upregulated in 

some stress conditions and downregulated in others. 

Set of tissues Method 

Number of 

upregulated 

genes 

Number of 

downregulat

ed genes 

Number of 

genes with no 

differential 

expression Total genes 

All tissues 

Set operations 193 66 0 255 

Random forest 462 413 11 524 

Combined 628 471 11 744 

Photosynthetic 

tissues 

Set operations 136 53 0 189 

Random forest 265 192 6 337 

Combined 393 239 6 512 
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Table A2.3: Numbers of peripheral genes, i.e. genes only differentially expressed under a single 

stress condition, in different tissue sets. Genes differentially expressed in at least one study of the 

given stressor were included, making this a broad survey. Flooding consistently has the fewest 

peripheral genes, probably because it also has the fewest studies (see Figure 1A). 

Set of tissues Stressor 
Number of upregulated 

genes 

Number of downregulated 

genes 
Total genes 

All tissues 

Cold 3,709 3,691 7,065 

Low nitrogen 1,355 1,487 2,825 

Heat 2,780 485 3,238 

Drought 1,599 3,609 5,092 

Flooding 390 254 643 

Salt 753 422 1,170 

Photosyntheti

c tissues 

Cold 817 2,394 3,207 

Low nitrogen 1,740 1,260 2,992 

Heat 2,849 1,265 4,079 

Drought 2,352 2,780 4,922 

Flooding 394 162 556 

Salt 600 413 1,009 
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Figure A2.5: Percentages of transcription factor families found in the core gene sets from all 

tissues (A) and photosynthetic tissues (B). Light green indicates that a given TF family is 

enriched (p<0.05, Fisher’s exact test) in upregulated core genes, dark green that it is near-

enriched (0.05<p<0.1) in upregulated genes, and blue that it is enriched in both upregulated and 

downregulated core genes. Families not enriched or near-enriched in either core gene set are 

depicted in gray.  
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Table A2.4: Summary of TF families enriched (adjusted P<0.05) and near-enriched (0.05<P<0.1) 

in core gene sets. Notably, non-orphan TF families were found to be enriched and near-enriched 

only in the set of core genes from all tissues, not in photosynthetic tissues only. Enriched and 

near-enriched non-orphan families in all tissues are mostly known to be related to abiotic stress 

response. 

Set of tissues 
Regulatory 

direction 
TF family P-value 

All tissues 

Upregulated 

AP2/ERF-

ERF 
0.0468 

C2C2-CO-like 0.0375 

HSF 0.005 

Orphans 0.005 

NAC 0.0924 

bZIP 0.0924 

Downregulated 
HSF 0.0191 

Orphans 0.007 

Photosynthetic 

tissues 
Upregulated Orphans 0.0847 
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Figure A2.6: Bubble plots of gene set enrichment in different coexpression modules for core and 

peripheral gene sets from all tissues (A) and photosynthetic tissues (B). The negative log10 of 

the FDR-adjusted p-value is plotted, so larger bubbles indicate more highly significant 

enrichment. Non-significant enrichments were not plotted. None of the modules enriched in core 

genes were also not enriched in at least 1 set of peripheral genes; however, there are several 

modules enriched in all six peripheral gene sets.   
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APPENDIX B: SUPPLEMENTAL FIGURES AND TABLES 

Table B2.1: Salmon mapping rates of two genotypes of maize when mapped to their own 

genomes and to B73. Mapping rates in B73 were comparable to own genome mapping rates. 

Genotype 
Mean mapping rate against 

self 

Mean mapping rate against 

B73 

Oh43 89.08% 85.45% 

CML69 83.86% 79.62% 
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Figure B2.1: Salmon pseudoalignment mapping rates for all samples downloaded from the NCBI 

Sequence Read Archive and processed against the B73 V5 genome. Most samples had mapping 

rates of greater than 60%.  
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Figure B2.2: Principal component analysis biplot colored by developmental stage (vegetative, 

reproductive, or germination). Uncorrected log(TPM) are on the left, corrected on the right.  
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Figure B2.3A: ROC curve and confusion matrix for the model with all tissues cold as the test 

data. 

 
Figure B2.3B: ROC curve and confusion matrix for the model with all tissues drought as the test 

data. 

 
Figure B2.3C: ROC curve and confusion matrix for the model with all tissues flooding as the test 

data.  
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Figure B2.3D: ROC curve and confusion matrix for the model with all tissues heat as the test 

data. 

 
Figure B2.3E: ROC curve and confusion matrix for the model with all tissues low nitrogen as the 

test data. 

 
Figure B2.3F: ROC curve and confusion matrix for the model with all tissues salt as the test data.  
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Figure B2.4A: ROC curve and confusion matrix for model with photosynthetic tissues cold as 

test data. 

 
Figure B2.4B: ROC curve and confusion matrix for model with photosynthetic tissues drought as 

test data. 

 
Figure B2.4C: ROC curve and confusion matrix for model with photosynthetic tissues flooding 

as test data.  
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Figure B2.4D: ROC curve and confusion matrix for model with photosynthetic tissues heat as 

the test data. 

 
Figure B2.4E: ROC curve and confusion matrix for model with photosynthetic tissues low 

nitrogen as the test data. 

 
Figure B2.4F: ROC curve and confusion matrix for model with photosynthetic tissues salt as the 

test data.  
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Figure B2.5: Enriched GO terms in peripheral gene sets for all tissues. Lighter colors indicate 

higher enrichment. Up, upregulated; Down, downregulated. Only the five peripheral gene sets 

shown had any GO term enrichment.  
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Figure B2.6: Enriched GO terms in peripheral genes from photosynthetic tissues. A lighter color 

indicates higher enrichment (lower P-value), except white which indicates no enrichment. Only 

the gene sets listed on the X axis had any enriched GO terms.  
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Table B2.2: TF families enriched in different peripheral stress gene sets for both sets of tissues. 

P-values given are from Fisher’s exact test, corrected with FDR. 

Set of tissues Stressor 
Regulatory 

direction 
TF family P-value 

All tissues 

Cold 

Upregulated 

HMG 0.0424 

OVATE 0.0424 

SHI/STY 

(SRS) 
0.0094 

Downregulated 
C2H2 0.0749 

WRKY 0.0749 

Low nitrogen Upregulated 

CCAAT-

HAP2 
0.0619 

ZF-HD 0.0234 

Heat 

Upregulated 

SWI/SNF-

SWI3 
0.0022 

mTERF 0.0775 

Downregulated 

ARF <0.0001 

CCAAT-

HAP2 
0.0012 

SBP 0.002 

Sigma70-like 0.0661 

Drought 
Upregulated 

C2C2-

YABBY 
0.0909 

Downregulated CCAAT-DR1 0.0623 

Flooding 

Upregulated C2C2-CO-like 0.0283 

Downregulated 
MYB 0.0087 

NAC 0.0385 

Photosynthetic  Cold Downregulated GNAT 0.0168 
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Table B2.2 (cont’d) 

   SET 0.0156 

Low nitrogen Upregulated 
CCAAT-

HAP2 
0.0023 

Heat 

Upregulated 

SET 0.017 

SWI/SNF-

SWI3 
0.0626 

Downregulated 

ARF 0.032 

FAR1-like 0.032 

NAC 0.0804 

SBP 0.0011 
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Chapter 3: Improved genome assembly and annotation for Eragrostis nindensis, an 

autotetraploid desiccation tolerant grass 

ABSTRACT 

Complete genome assemblies and annotations enable research on plant traits including 

desiccation tolerance, yet wild plants are under-sequenced compared to crops, and few wild 

species have improved genome versions beyond the first published. Here, we present the 

improved genome assembly and annotation of Eragrostis nindensis, a wild desiccation tolerant 

grass in the same genus as the staple Ethiopian cereal crop teff. The assembly presented here 

(V3) is 20 times more contiguous than the previous version of the assembly (V2.1), and has 

better representation of the subgenomes.The updated annotation better captures the gene space 

with 78,612 gene models and improved alignment of gene expression data. This improved 

genome enabled us to study the polyploid origin of E. nindensis, and we determined that it is 

likely an autotetraploid. These genomic resources will facilitate research on the genomics of 

desiccation tolerance in this important species, with potential applications to teff and other 

cereals. 

INTRODUCTION 

In the current era, availability of quality genomic resources for plant species is more 

important than ever before. Wild species, in particular, have been severely under-sequenced 

compared to crops and model organisms (Marks et al., 2021). Polyploidy, which is highly 

prevalent in the resilient grass subfamily Chloridoideae (Roodt and Spies, 2003), makes quality 

genome assembly more challenging. Polyploid genomes may be allopolyploid, with two or more 

sets of homeologs resulting from a hybridization event followed by whole-genome duplication, 

or autopolyploid, with sets of homeologs resulting from a spontaneous whole-genome 

duplication. Autopolyploid genomes are particularly difficult to assemble to chromosome scale, 

although this has been achieved for sugarcane (Zhang et al., 2018) and rhubarb (Zhang et al., 

2024). Long read sequencing using technologies such as PacBio has helped enable assembly of 

complex plant genomes (Michael and VanBuren, 2020). 

Vegetative desiccation tolerance is the ability of certain plant species to equilibrate their 

water content with the humidity of the surrounding air (Oliver et al., 2000). These species, 

commonly referred to as “resurrection plants,” typically live on rocky outcrops with marginal 

soil conditions and/or in areas with seasonal dryness and can remain desiccated for extended 
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periods of time before fully rehydrating (Porembski and Barthlott, 2000). Eragrostis nindensis is 

a desiccation tolerant grass native to southern Africa. Although desiccation tolerance is present 

across many angiosperm families, E. nindensis is the only well-studied resurrection plant in the 

same genus as a cereal crop, E. tef (Pardo et al., 2020), which is a staple in Ethiopia and Eritrea. 

Thus, discoveries made about desiccation tolerance in E. nindensis may be particularly 

applicable to improving the resilience of E. tef and other cereals. 

 A draft genome assembly for E. nindensis was published in 2020 (Pardo et al., 2020) but 

complex polyploidy and technological limitations resulted in a highly fragmented assembly with 

partially assembled haplotypes. In this work, we re-sequenced the genome of E. nindensis with 

improved PacBio HiFi technology, significantly improving its contiguity, and improved the 

annotation as well. We also investigated the polyploid origin of E. nindensis, which is known to 

be a tetraploid (Pardo et al., 2020), and suggest that it is an autopolyploid. 

METHODS 

Plant materials and growth conditions 

High molecular weight genomic DNA was collected from a single Eragrostis nindensis 

plant that was originally obtained from the USDA Germplasm Resources Information Network 

(www.ars-grin.gov; accession PI 410063). The plant was maintained at 28/22C day/night 

temperatures and under a 12 hour photoperiod. Leaf tissue was collected and immediately frozen 

in liquid nitrogen. 

 For RNA collection, E. nindensis plants were grown from seeds under identical 

conditions as described above. Three tissue types were collected: leaves and roots from 

seedlings, and roots from more mature plants. At collection, roots were quickly rinsed in water 

before being frozen in liquid nitrogen. For seedlings, the entire root system was collected; for 

adult roots, several root tip sections were collected. Leaves were immediately frozen in liquid 

nitrogen. 

Nucleic acid extraction, library preparation, and sequencing 

High molecular weight genomic DNA of E. nindensis was extracted from leaf tissue 

using a modified nuclei prep (Zhang et al., 1995). PacBio high fidelity (HiFi) library preparation 

and sequencing was performed at the University of Georgia Genomics and Bioinformatics Core. 

DNA quality was verified using a Qubit, Nanodrop, and Fragment Analyzer, and the SMRTbell 

Express template prep kit v2.0 (Pacific Biosciences, Menlo Park, CA) was used for circular 
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consensus sequencing library construction. The library was size selected using BluePippin (Sage 

Science, Beverly, MA) with a target a library size of >10 kb. Sequencing was performed on the 

PacBio Sequel II platform and ~60 Gb of circular consensus sequencing (CCS) reads were 

generated.  

Total RNA was extracted from ground seedling root and leaf tissue along with adult root 

tissue using a Trizol method with the Zymo Direct-zol RNA Miniprep Plus kit according to the 

manufacturer's instructions. The RNA was quantified with the Qubit based RNA Broad Range 

before sequencing. Full length c-DNA library preparation and sequencing were performed at the 

MSU RTSF Genomics facility in East Lansing, MI. Briefly, a cDNA-PCR library was generated 

for each sample, and these were sequenced using an Oxford Nanopore GridION instrument.  

Genome assembly 

E. nindensis is a complex tetraploid, and the genome size and within-genome 

heterozygosity were estimated using a k-mer based approach. K-mers were counted using the 

HiFi reads with Jellyfish v2.3.0 (Marçais and Kingsford, 2011) and the k-mer count distribution 

was used to model the heterozygosity, genome size, and putative polyploid origin using 

GenomeScope v2.0 (Vurture et al., 2017; Ranallo-Benavidez et al., 2020). HiFi reads were 

corrected and assembled using hifiasm v0.18 (Cheng et al., 2021; Cheng et al., 2022), which is 

optimized for haplotype resolved assembly of highly accurate long reads. 59.5 Gb of raw HiFi 

reads collectively representing 79x coverage of the haploid E. nindensis genome were assembled 

by hifiasm with the following modified parameters : ‘-l 2 -s 0.1’. The haplotype 1 assembly 

consisting of 828 contigs with a total length of 879 Mb and contig N50 of 10.4 Mb was used for 

downstream analyses.  

Full length cDNA data processing 

The Nanopore RNA-seq data were first filtered using NanoPack (De Coster et al., 2018) 

to remove reads less than 150 bp in length. Next, the remaining reads were trimmed with 

Porechop v0.2.4 (https://github.com/rrwick/Porechop) and mapped to the genome assembly 

using minimap2 v2.18 (Li, 2018) and SAMtools v1.11 (Danecek et al., 2021). The de novo 

transcriptome was built using StringTie2 v2.1.3 (Kovaka et al., 2019). 

Genome annotation 

The transposable elements in the genome assembly were annotated using EDTA (Ou et 

al., 2019). This was followed by three rounds of annotation with MAKER-P v2.31.10 (Campbell 
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et al., 2014); the first round did not include gene prediction. For the second and third rounds of 

annotation, gene prediction was performed with SNAP (Korf, 2004) and AUGUSTUS v3.3.2 

(Stanke et al., 2008). For all three rounds, the Nanopore RNA-seq data described above was used 

as transcript evidence. Protein evidence was derived from the following species: Arabidopsis 

thaliana Araport11 (Cheng et al., 2017), Oryza sativa v7.0 (Ouyang et al., 2007), Zea mays v5 

(Hufford et al., 2021), Oropetium thomaeum v2.1 (VanBuren et al., 2018), E. tef v3.1 (VanBuren 

et al., 2020), Sorghum bicolor v3.1.1 (McCormick et al., 2018), Setaria italica v2.2 (Bennetzen 

et al., 2012), and Brachypodium distachyon v3.2 (Vogel et al., 2010). Transposase genes in E. 

nindensis were identified by BLAST to a previously defined database of transposases, with an E 

value cutoff of 1e-20. The identified transposases were filtered out of the annotation. 

 The annotation was benchmarked using the Embryophyta database of Basic Universal 

Single Copy Orthologs (BUSCO; Manni et al., 2021) and with the LTR Assembly Index (LAI), 

an index of genome assembly quality based on retrotransposon content which was found using 

the program LTR_retriever (Ou et al., 2018; Ou and Jiang, 2018). 

Functional annotation 

InterProScan v5.57-90.0 (Jones et al., 2014) was run on the E. nindensis V3 genome, 

using the Pfam (Mistry et al., 2021), TIGRFAM (Li et al., 2021), and Gene Ontology (GO; 

Ashburner et al., 2000; The Gene Ontology Consortium et al., 2021) databases. This output was 

combined with the Pfam domain output of hmmsearch, which was run using HMMER v3.3.2 

(Eddy, 2011). Further GO terms were identified by reciprocal BLAST to A. thaliana and 

extraction of GO terms from the TAIR database (Berardini et al., 2004). 

Mapping of pre-existing RNA-seq data 

Illumina RNA-seq data were obtained from an unpublished desiccation experiment. 

Twelve samples were trimmed with fastp (Chen et al., 2018). Following trimming, samples were 

pseudoaligned to the V2.1 and V3 reference transcriptomes using Kallisto (Bray et al., 2016) and 

aligned to the V2.1 and V3 reference genomes using HISAT2 (Kim et al., 2019). Mapping rates 

were extracted from the output of each program and mean mapping rate for all twelve samples 

was compared between the two genome versions as a quality metric. 

Synteny 

MCScan Python (Tang et al., 2008) was used to find the syntenic orthologs between E. 

nindensis V3 and E. tef V3 (VanBuren et al., 2020), as well as between E. nindensis V2.1 (Pardo 
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et al., 2020) and E. tef V3 (for comparison to the E. nindensis V3 synteny results). In addition, 

1:1 syntenic orthologs were found between E. nindensis V2.1 and V3, to aid in future conversion 

between V2.1 and V3 gene IDs. 

Polyploid origin 

To determine the polyploid origin of E. nindensis, we plotted the k-mer spectrum of the 

assembly using Jellyfish (Marçais and Kingsford, 2011) and GenomeScope (Vurture et al., 2017; 

Ranallo-Benavidez et al., 2020) and compared it with the spectrum patterns in (Becher et al., 

2020). We also calculated Ks for the E. nindensis V3 and E. tef genomes, plotted their 

histograms, and compared them (E. tef is a known allotetraploid; VanBuren et al., 2020). Ks was 

calculated and mixed modeling conducted to identify Ks peaks using wgd v2 (Chen and 

Zwaenepoel, 2023). 

RESULTS 

Genome assembly and annotation 

E. nindensis is a complex polyploid, and the previously published genome assembly 

(V2.1) was sequenced using early PacBio sequencing, resulting in a relatively low contiguity 

(contig N50 of 0.52 Mb) and poor subgenome resolution (Pardo et al., 2020). We sought to 

improve the contiguity and haplotype resolution of the tetraploid E. nindensis genome using 

PacBio high-fidelity (HiFi) technology which uses a circular consensus sequencing approach to 

improve read accuracy to ~99.9%. These long and highly accurate reads can help resolve 

complex heterozygous and polyploid plant genomes with haplotype resolution (Michael and 

VanBuren, 2020). Approximately 79x genome coverage (59.5 Gb) of HiFi reads were assembled 

using hifiasm (Cheng et al., 2021), which resulted in a greatly improved contig N50 of 10.43 Mb 

in V3 compared to an N50 of 0.52 Mb in V2.1. The final V3 assembly contains a mixture of 2-3 

haplotypes yielding a reduced total assembly size of 897 Mb compared to the V2.1 assembly size 

of 986 Mb (Table A3.1), both of which are comparable to the estimated genome size of 1.0 Gb 

(Pardo et al., 2020). There are many possible reasons for this decrease in assembly size; it is 

most likely that the low error rate of HiFi sequencing collapsed some haplotypes in V3 that were 

uncollapsed in the previous version of the genome.  

LTR Assembly Index (LAI; Ou et al., 2018), a measure of assembly continuity utilizing 

LTR retrotransposons, was also improved in V3 over V2.1, with a whole genome LAI of 23.64 

in V3 compared to 21.79 in V2.1. Furthermore, we analyzed the synteny of E. nindensis V2.1 
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and V3 compared to E. tef; if we had assembled only 2 haplotypes in E. nindensis, we would 

expect a 2:2 pattern of synteny between E. nindensis and E. tef, since both species are tetraploid. 

In the V2.1 assembly, only 37% of gene models had a syntenic depth pattern of 2:2 against E. tef, 

compared to 64% in V3, a clear improvement (Figure A3.1). In V3, furthermore, 11% of gene 

models had a 1:2 pattern and 16% had a 3:2 pattern, whereas in V2.1 18% had a 1:2 and 24% 

had a 3:2 pattern.  

 E. nindensis V3 was annotated with the MAKER-P pipeline (Campbell et al., 2014), 

including AUGUSTUS and SNAP for gene prediction (Korf, 2004; Stanke et al., 2008). In V2.1, 

over 100,000 gene models were annotated; in V3, 78,612 gene models were predicted. This 

reduction in number of gene models may be due to excessive fragmentation of gene models in 

V2.1; we found that 87,017 V2.1 genes had 1:1 syntenic orthology to 43,993 V3 genes, 

indicating significant collapsing of previously fragmented gene models. The percentage of 

complete BUSCO was slightly improved in V3 (92.8% vs. 92.1%; Table 1). In addition, mean 

RNA-seq mapping rates using Kallisto (Bray et al., 2016) were improved for V3 (71.5%) 

compared to V2.1 (69.9%). 

Polyploid origin of E. nindensis 

E. nindensis, like most chloridoid grasses, is polyploid (2n = 4x = 40) (Roodt and Spies, 

2003), but its polyploid origin was unclear based on the V2.1 genome (Pardo et al. 2020). We 

used a combination of k-mer distributions and divergence between homeologs to test if E. 

nindensis is an auto- or allotetraploid. We calculated the number of synonymous substitutions 

per synonymous site (Ks) between homeologous gene pairs across the  E. nindensis V3 genome 

and compared the Ks distribution to  homeologs in the related allotetraploid cereal E. tef (Figure 

A3.2) (VanBuren et al., 2020) after conducting mixed modeling on the Ks distributions of both 

species using wgd v2 (Chen and Zwaenepoel, 2023). All the mixed models, when applied to the 

Ks of E. nindensis V3, had lower peaks (modes) than when applied to Ks of E. tef (Figure A3.2). 

This indicates that E. nindensis underwent its whole-genome duplication event much more 

recently than E. tef did, meaning that E. nindensis is either an autopolyploid or a recent 

allopolyploid. In addition, we examined the k-mer spectrum of E. nindensis, and it follows the 

pattern that would indicate an autopolyploid (Figure A3.3; see Figure 4A in Becher et al., 2020). 

This is consistent with our inability to cleanly assemble only two haplotypes for the tetraploid E. 
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nindensis genome; autopolyploid genomes are particularly intractable to complete assembly (Sun 

et al., 2022). Together, these lines of evidence suggest that E. nindensis is an autotetraploid. 

DISCUSSION 

 Availability of quality genome assemblies and annotations vastly expands the research 

possibilities for plant species, especially wild species, which are under-sequenced compared to 

crops (Marks et al., 2021). Here, we re-sequenced the genome of E. nindensis and greatly 

improved its contiguity compared to the existing genome version, with only 828 contigs 

compared to 4,368 in the previous version, and a 20-fold increased contig N50 (Table A3.1) 

(Pardo et al., 2020). This enabled us to investigate the polyploid origin of E. nindensis.  

Based on our Ks and k-mer evidence, we hypothesize that E. nindensis is an 

autotetraploid. Our GenomeScope k-mer spectrum plot (Figure A3.3) shows its highest peak at 

1x, indicating many unique k-mers, which is characteristic of a high-diversity autotetraploid 

(Becher et al., 2020). Additionally, given that the peak in the Ks histogram for E. nindensis is at 

a much lower value than that of E. tef (Figure A3.2), it is likely that the polyploidy event for E. 

nindensis occurred more recently than that of E. tef.  

Although the new version of the E. nindensis genome presented here is improved, it is 

still not chromosome scale. In the past, chromosome-scale genomes have been particularly hard 

to achieve for autopolyploids (Sun et al., 2022), but the autotetraploid rhubarb (Zhang et al., 

2024) and autooctoploid sugarcane (Zhang et al., 2018) genomes have both been assembled to 

chromosome scale, using long-read PacBio HiFi and bacterial artificial chromosome sequencing, 

respectively. We also used PacBio HiFi to sequence the E. nindensis genome, but for improved 

quality, we should in future scaffold the genome using high-quality HiC chromatin capture data, 

which was not collected in this study. This could help bring the E. nindensis genome closer to 

chromosome scale.  
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APPENDIX 

Table A3.1: Assembly and annotation summary statistics for Eragrostis nindensis V3 genome 

compared to V2.1. 

Statistic V2.1 V3 

# of contigs 4,368 828 

Contig N50 0.52 Mb 10.43 Mb 

Total assembly size 986 Mb 897 Mb 

# of gene models (without transposons) 107,683 78,612 

BUSCO (complete) 92.10% 92.80% 

Mapping rate of single RNA-seq sample 

(Salmon) 73.60% 76.68% 

Whole genome raw LAI 27.42 29.27 

Whole genome LAI 21.79 23.64 
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Figure A3.1: Syntenic depth plots for E. nindensis version 2 genome (left) and the new version 3 

genome (right), each compared to the E. tef version 3 genome (VanBuren et al., 2020).  
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Figure A3.2: Histograms of Ks (synonymous substitution rate) for the self-comparisons of E. 

nindensis V3 (A) and E. tef V3 (B), with fitted mixed models. Note that all models’ peaks are 

left-shifted in E. nindensis compared to E. tef, i.e. E. nindensis has lower Ks between homeologs 

than E. tef does.   
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Figure A3.3: GenomeScope k-mer spectrum of E. nindensis V3. Based on Figure 4A in (Becher 

et al., 2020), this profile most closely matches that of an autotetraploid. 
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Chapter 4: Genomic signatures of desiccation tolerance in the resilient grass subfamily 

Chloridoideae 

ABSTRACT 

Grasses constitute one of the most ecologically and agriculturally important plant families 

worldwide. Within the grasses, subfamily Chloridoideae is highly resilient to abiotic stresses, 

and in particular contains most of the desiccation tolerant grass species. Desiccation tolerance is 

the ability of vegetative tissues to survive extreme dehydration; its convergent evolution in 

angiosperms has been linked to both gene family expansion (i.e. early light-induced proteins) 

and gene expression regulatory changes (i.e. rewiring of seed desiccation tolerance pathways). In 

this study, we searched for common genomic elements distinguishing desiccation tolerant from 

sensitive chloridoids, including expanded gene families as well as regulatory motifs in the 

promoters of differentially expressed genes under desiccation. We found that gene families 

beyond the previously identified early light-induced proteins were expanded in desiccation 

tolerant chloridoids, including MYB transcription factors, thaumatin family proteins, and 

expansin precursors among others. In addition, we found six conserved motifs in differentially 

expressed genes’ promoters which were not found in sensitive species; these motifs are bound by 

transcription factors of the TIFY, BBR/BPC, and TPC families, which are variously related to 

development and abiotic stress response. These results indicate that both gene family expansion 

and gene expression regulation rewiring have contributed to the evolution of desiccation 

tolerance in the Chloridoideae. In particular, stress-responsive transcription factor families may 

play a key role.  

INTRODUCTION 

 The grass family, Poaceae, is one of the most ecologically and agronomically important 

plant families in the world. It contains over 11,700 species in 12 subfamilies, nine of which are 

contained in two major clades, the BOP (Bambusoideae, Oryzoideae, and Pooideae) and 

PACMAD (Panicoideae, Arundinoideae, Chloridoideae, Micrairoideae, Aristidoideae, and 

Danthonioideae) clades (Huang et al., 2022; Soreng et al., 2022). Chloridoideae is the fourth 

largest subfamily of the Poaceae, with 1,603 species in 121 genera (Soreng et al., 2022). The 

three major tribes in the Chloridoideae, namely Cynodonteae, Zoysieae, and Eragrostideae, 

contain only C4-photosynthetic species (Huang et al., 2022), and Chloridoideae contains many 
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drought-, salt-, and desiccation-tolerant (DT) grass species (Pardo and VanBuren, 2021), making 

it a particularly stress-resilient grass subfamily. 

 Desiccation tolerance is the ability to survive extreme drying. While common in seeds 

and in the vegetative tissues of non-seed plants, such as bryophytes and ferns, DT of vegetative 

tissues is uncommon in angiosperms, being present in only 10 angiosperm families (Marks et al., 

2021a). Within the Poaceae, nearly all DT species are chloridoids (species in Chloridoideae) 

(Marks et al., 2021a), and four of these, Oropetium thomaeum, Eragrostis nindensis, Sporobolus 

stapfianus, and Tripogon loliiformis, are among the fifteen most studied DT plant species 

between 2000 and 2020 (Tebele et al., 2021). Other previously studied DT chloridoids include 

Microchloa caffra, O. capense, and T. minimus, which are all Cynodonteae species (Marks et al., 

2024). There are some differences in the DT physiology and genomics of these species, even 

though they are in the same subfamily; for example, E. nindensis is poikilochlorophyllous 

(degrades chlorophyll and thylakoids under desiccation) (Pardo et al., 2020), while O. 

thomaeum, O. capense, M. caffra, and T. minimus are homoiochlorophyllous (retains chlorophyll 

and thylakoids during desiccation) (VanBuren et al., 2017; Marks et al., 2024) and S. stapfianus 

displays characteristics of both strategies (Vecchia et al., 1998). Additionally, while ELIPs are 

expanded in all DT species with sequenced genomes (VanBuren et al., 2019), they are expanded 

on different chromosomes in M. caffra compared to the Oropetium species and T. minimus, 

corresponding to their placement in different subtribes of the Cynodonteae (Marks et al., 2024). 

In this study, we searched across these differing species to find core genomic elements of DT in 

the Chloridoideae. 

 Although vegetative DT was essential for plant colonization of land, it was lost by the 

angiosperms and re-evolved only in select lineages, likely by rewiring of seed DT pathways 

(Oliver et al., 2000; Marks et al., 2021a). However, it is likely that the massive expansion of 

early light-induced proteins (ELIPs) in DT species’ genomes (VanBuren et al., 2019) played a 

role in the evolution of DT as well. In this study, we investigated whether there were other 

expanded gene families specifically in DT compared to desiccation sensitive (DS) chloridoid 

grass species. We also investigated changes in gene regulation between DT and DS 

Chloridoideae species to better understand the evolution of DT in the Chloridoideae. 
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METHODS 

Data gathering and orthogroup construction 

Protein fasta files from the annotation of 67 grass, 16 other monocot, and 4 eudicot 

species were acquired from public databases, except genomes annotated by the VanBuren lab 

(Table B4.1). All grass species with easily available proteome fasta files were used. Other 

monocot species were selected as single representatives of the other 16 sequenced monocot 

families (outside of Poaceae); the representative species for each family was selected to 

maximize genome quality and accessibility. Four common model eudicots were included in the 

analysis as outgroups: Arabidopsis thaliana, Solanum lycopersicum (tomato), Medicago 

truncatula, and Vitis vinifera (grape). Groups of orthologous genes, or orthogroups, were 

identified for these 87 species using OrthoFinder version 2.5.5 (Emms and Kelly, 2019).  

Identification of expanded orthogroups 

 To identify expanded orthogroups in DT compared to DS chloridoid species, first, 

orthogroups conserved across the 15 chloridoid species included in the analysis (Figure A4.1) 

were identified. For each of these orthogroups, the proportion of genes in that orthogroup 

compared to genes in all conserved orthogroups was calculated in each species. For each 

orthogroup, the mean proportions for the DS and DT species groups were then calculated, and 

the difference between DT and DS means was found. A null distribution was generated for all 

orthogroups by doing 100 permutations of differences of means of random groups of proportions 

for each orthogroup; the 100 differences of means for each orthogroup were then combined into 

the grand null distribution. Actual differences of means were compared to the grand null using a 

1-sided hypothesis test utilizing the survival function (1-cumulative distribution function). 

Orthogroups were considered to be significantly expanded in DT compared to DS chloridoids if 

the p value from the hypothesis test was less than 0.01. 

 The initial set of 75 expanded orthogroups was subsetted to those meeting one or more of 

the following conditions: 1) previously found to be expanded in all DT genomes by (VanBuren 

et al., 2019), i.e. ELIPs, 2) having orthologs or syntenic orthologs (see below for description of 

synteny analysis) differentially expressed across all 6 DT species, 3) reduced likelihood of being 

a phylogenetic artifact, by ranking of calculated proportions in all 15 chloridoid species 

anlayzed. Condition 3 was necessary due to the bias toward tribe Cynodonteae, and specifically 

subtribe Tripogoninae, in the 6 DT species (Figure A4.1). This subset of expanded orthogroups 
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was characterized by finding the gene name(s) of the Arabidopsis thaliana or Oryza sativa 

ortholog(s) present in each orthogroup. 

Expression of expanded orthogroups 

 Transcripts per million (TPM) expression across control, desiccation/drought, and 

rehydration time points from pre-existing studies (VanBuren et al., 2017; Pardo et al., 2020; 

Chávez Montes et al., 2022; Marks et al., 2024) for the 6 DT chloridoid species and two DS 

species, Eragrostis tef and Sporobolus pyramidalis, were log transformed and used to evaluate 

the expression of genes in expanded orthogroups. For each expanded orthogroup, violin plots of 

log2 TPM for each gene in the orthogroup, in each time point were created for each species to 

facilitate cross-species expression comparisons. We also used pre-existing differential expression 

data to find the percentage of each orthogroup up- and downregulated in each species. 

 One-to-one syntenic orthologs with O. thomaeum as anchor were found using MCScan 

Python (https://github.com/tanghaibao/jcvi/wiki/MCscan-(Python-version)) for the other 5 DT 

chloridoid species and two DS species, Eragrostis tef and Sporobolus pyramidalis. We then 

identified sets of syntenic orthologs (syntelogs) conserved across all 8 species. We further 

identified the conserved syntelogs present in each expanded orthogroup and plotted heatmaps 

and violin plots of the syntelogs’ log2 TPM for each orthogroup. 

Motif analysis 

 ATAC-seq reads were predicted from the genomes of each of the 6 DT species and 2 DS 

species using Predmoter (Kindel et al., 2023) and peaks were called using MACS2 (Zhang et al., 

2008). Evaluation of predicted peak locations relative to the transcription start site (TSS) was 

conducted using deeptools v3.5.1 (Ramírez et al., 2014) plotProfile function. For quality control, 

predicted data for O. thomaeum was compared to pre-existing, real ATAC-seq data for O. 

thomaeum from (St. Aubin et al., 2022); specifically, BEDTools v2.30.0 (Quinlan and Hall, 

2010) was used to find overlaps between real and predicted peaks, and plotProfile was also run 

for the real peaks and compared to the profile for predicted peaks. We found the real and 

predicted data to be comparable and continued with further analyses using predicted data only. 

 For motif analysis, our target gene sets for each species consisted of all genes upregulated 

or downregulated under desiccation/drought compared to control conditions. BEDTools was 

used to find predicted ATAC-seq peaks falling fully within the promoter regions for these genes, 

where promoter regions were defined as regions from 0-3 kb upstream of the TSS. HOMER 

https://github.com/tanghaibao/jcvi/wiki/MCscan-(Python-version)
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v4.10 (Heinz et al., 2010) findMotifsGenome.pl was used to find the known and de novo motifs 

enriched in these sets of peaks. We then identified known motifs that were found to be enriched 

in all six DT species, both those that were also enriched in the two DS species and those that 

were unique to the DT species. 

 We used the FIMO functionality of MEME (Bailey et al., 2015) to find which DEGs had 

each interesting motif in their promoters; upregulated and downregulated genes were considered 

separately. GO enrichment was run using the weight01 algorithm in topGO (Alexa and 

Rahnenfuhrer, 2022) for the following sets of genes for each motif: upregulated in DS species, 

upregulated in DT species, downregulated in DS species, and downregulated in DT species. The 

resulting sets of enriched GO terms were then compared to find terms unique to DT plants for 

each motif and set of co-regulated genes. 

RESULTS 

Orthogroup identification 

 From our OrthoFinder run on 84 species (64 grasses, 16 other monocots, and 4 eudicot 

models), we found 158,026 total orthogroups, of which 8,880 were conserved across the 15 

chloridoid grasses included in the analysis, and 7,880 conserved across the chloridoid species 

and Arabidopsis thaliana. Of these, 1,708 were unique to the six DT chloridoid species, and 905 

were unique to the nine DS chloridoids.  

Expanded orthogroups in desiccation-tolerant species 

 To find gene families of importance for desiccation tolerance in the Chloridoideae, we 

ran a statistical test (see Methods for details) to find orthogroups that were expanded in the six 

DT compared to nine DS species (Figure A4.1). We found 75 expanded orthogroups in this 

comparison. However, as shown in Figure A4.1, two-thirds of the DT species in this analysis 

were from the tribe Cynodonteae, meaning that many of these expanded orthogroups were likely 

phylogenetic artifacts, i.e. they may have been expanded in Cynodonteae only, not truly in all 

DT species. To remedy this, we examined the rankings of proportions of each orthogroup in all 

15 chloridoid species in this analysis. Expanded orthogroups were selected for further analysis if 

their proportions were higher in 4-6 DT species than most of the 9 DS species. Additionally, if at 

least one gene in a given orthogroup was differentially expressed in the same direction across all 

six DT species, that orthogroup was also selected for further analysis. In this way, 17 expanded 

orthogroups were selected. 
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 For the 17 expanded orthogroups, we identified the Arabidopsis orthologs where present 

or else rice orthologs, and looked up their names in the relevant genome database to gain 

information about the putative functions of the expanded orthogroups (see Table A4.1). Notable 

gene families present included the early light-induced proteins (ELIPs), which were included due 

to their previous identification as important for desiccation tolerance (VanBuren et al., 2019), as 

well as families newly identified as expanded in DT chloridoids, such as MYB/SANT-like DNA-

binding domain proteins in OG0000195 (Table A4.1). The MYB TF family has been previously 

identified as responsive to various abiotic stresses (Yoon et al., 2020), including desiccation in 

Myrothamnus flabellifolia, a eudicot resurrection plant (Ma et al., 2015), so it makes sense to 

find this family expanded in DT chloridoids.  

 Other highly expanded gene families included subtilisin proteases (OG0000047), 

pathogenesis-related thaumatin superfamily proteins (OG0000067), and putative, expressed 

expansin precursors (OG0000164; Table A4.1). Subtilisin proteases, or subtilases, have been 

found to be involved in both biotic and abiotic stress in the past (Figueiredo et al., 2018). 

Overexpression of thaumatin-like proteins has been found to improve drought and salt tolerance 

in broccoli (He et al., 2021) and drought tolerance in Arabidopsis (Muoki et al., 2021). 

Furthermore, thaumatins were among the proteins whose abundance increased under desiccation 

in the DT eudicot species Haberlea rhodopensis (Mladenov et al., 2022). Our finding that 

thaumatin superfamily proteins are expanded in DT chloridoids thus adds to pre-existing 

evidence of their importance for desiccation response. 

 Desiccation includes the physical loss of water from cells, which can cause great stress 

for cell walls (Moore et al., 2008). Expansins, which act to increase the flexibility of the cell wall 

(Marowa et al., 2016), are more active under desiccation and rehydration in the eudicot DT plant 

Craterostigma plantagineum (Jones and McQueen-Mason, 2004). In this study, we found that 

one of the expanded orthogroups in DT chloridoids contains putative expansin precursors, 

indicating the key role of expansins in DT in the Chloridoideae.  

Expression of expanded orthogroups 

 We evaluated the expression of the expanded orthogroups using heatmaps and violin 

plots of the expression (log2 TPM) of syntelogs within each expanded orthogroup, if any, that 

were conserved across all eight species for which expression data was present. There were no 

conserved syntelogs present in OG0000195, OG0000050, OG0002131, or OG0000418, so they 
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were excluded from this analysis. All other expanded orthogroups had between 2 and 11 

conserved syntelogs. As expected, the syntelogs in each orthogroup did not share the same 

expression profiles across species and conditions. OG0000033, which contains protein kinases, is 

a good example of this. In OG0000033, most of the 7 conserved syntelogs are similarly 

expressed between DT and DS species under control and dehydration conditions, but one, 

Syn6286, is more highly expressed in DT than DS species under both conditions (Figure A4.2). 

In contrast, of the three conserved syntelogs in OG0000047 (subtilisin proteases), one of them 

has higher mean expression in control and dehydration conditions for DS species. Other 

orthogroups, such as OG0000055 (protein kinases), OG0000164 (expansin precursors), 

OG0000240 (CCR-associated factor deadenylases), and OG0000355 (cyclin T1) had some 

syntelogs with higher expression in DT species and others with higher expression in DS species. 

Notably, in OG0000413 (ELIPs), all 8 conserved syntelogs had higher expression in DS 

species for at least one condition (Figure A4.3). ELIPs have been previously reported as highly 

expanded in DT plant species (VanBuren et al., 2019; Marks et al., 2024), as confirmed by this 

study. Overall, we found that ELIP expression, both for conserved and non-conserved copies, 

increases under dehydration, in both DT and DS species (Figure B4.1). Thus, it is possible that 

the upregulated ELIP copies under desiccation in DT chloridoids are copies that are unique to 

DT species. 

Cis element identification 

 Desiccation tolerance, although key for plants’ movement onto land, was subsequently 

lost in the angiosperms and convergently re-evolved in vegetative tissues of certain lineages 

(Oliver et al., 2000; VanBuren et al., 2019). The predominant hypothesis is that vegetative DT 

evolved by rewiring, i.e. changing gene expression regulation, of the seed DT pathways present 

in most angiosperms (Oliver et al., 2000). However, gene duplication can also contribute to 

evolution of new traits, for example ELIPs (VanBuren et al., 2019) and other expanded gene 

families (Table A4.1) in DT genomes. To address the possibility of gene regulatory changes 

contributing to evolution of DT in Chloridoideae, here we searched for common cis regulatory 

elements across species in genes differentially expressed under desiccation to see if the same 

transcription factor networks have been rewired to function in DT across DT chloridoids. 

To identify cis regulatory elements, we first predicted open chromatin regions in the six 

DT and two DS chloridoids for which we had expression data (Table B4.2), using Predmoter 



86 
 

(Kindel et al., 2023), followed by motif analysis in the predicted ATAC-seq peak regions found 

in DEGs’ promoters using HOMER (Heinz et al., 2010). This enabled us to reduce false positive 

motifs, i.e. enriched motifs present in closed chromatin regions. For quality control, we 

compared the peaks predicted by Predmoter for O. thomaeum with real O. thomaeum ATAC-seq 

peaks from (St. Aubin et al., 2022). We found that, although there were drastically fewer real 

peaks (26,321) than predicted peaks (143,049), 98% of real peaks overlapped with predicted 

peaks; thus, we proceeded to use the predicted data for downstream analysis. The species with 

the most predicted peaks was S. stapfianus with 420,639 peaks; the species with the fewest was 

T. minimus with 115,084 (Table B4.3). In general, polyploid species had more predicted peaks 

than diploids (Table B4.3). We further did quality control of these peaks with deepTools 

plotProfile (Ramírez et al., 2014) and found that most predicted peaks were found just before the 

transcription start site (TSS) of genes (Figure B4.2), except in the two Eragrostis species, for 

which there were more peaks after than before the TSS. However, even for the Eragrostis 

species, there is still a substantial dip in peak frequency at the TSS, as expected. 

For all species except E. nindensis, we used previously calculated differentially expressed 

genes (DEGs; see Table B4.2 for citations) from previous studies for downstream cis element 

analysis. For E. nindensis, we re-calculated DEGs from data re-analyzed using the improved 

version of the genome, V3 (see Chapter 3 of this dissertation). Table B4.4 shows the numbers of 

overall DEGs and upregulated and downregulated genes found for desiccation vs. control 

contrasts in each species. Numbers of DEGs ranged from 9,520 overall in E. tef to 43,794 overall 

in S. stapfianus (Table B4.4). These numbers included only desiccation time points. 

 We used HOMER to find enriched motifs in the promoters of DEGs for the 6 DT 

Chloridoideae species (O. thomaeum, O. capense, E. nindensis, M. caffra, T. minimus, S. 

stapfianus) and 2 DS sister species (E. tef and S. pyramidalis). Motifs were found separately for 

up- and downregulated genes in each species. Table 2 shows the motifs and associated 

transcription factors that were enriched across DEGs’ promoters for all 8 species, as well as 

those that were enriched in DT species but not in DS species (Figure A4.4), which are of 

particular interest. The motif bound by the ZIM transcription factor, which is part of the TIFY 

family (Singh and Mukhopadhyay, 2021), was enriched for both up- and downregulated gene 

sets in DT species only. This TF family has been found to be involved in regulation of responses 

to various abiotic stressors in wheat (Singh and Mukhopadhyay, 2021). The TIFY family has 
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also previously been found to be upregulated during desiccation in the DT bryophyte Bryum 

argenteum (Gao et al., 2017), but it has not previously been linked to regulation of other 

desiccation-responsive genes to our knowledge.  

 Following the motif enrichment, we used MEME FIMO to find the genes associated with 

each motif in the genomes of each of the eight species and ran GO term enrichment on these 

genes using topGO (Alexa and Rahnenfuhrer, 2022). The only GO terms enriched in DEG sets 

associated with the ZIM motif were “translation” and “DNA-templated transcription 

termination”, indicating possible regulatory functions for these genes. For the ZML1 motif, no 

enriched GO terms were found for upregulated genes from any species set or for downregulated 

genes from DS species; the only GO term enriched in downregulated genes from DT species was 

“chloroplast rRNA processing.”  

 By far the motif with the largest number of enriched GO terms in its associated 

downregulated genes was BPC6, a member of the BARLEY B-RECOMBINANT/BASIC 

PENTACYSTEINE (BBR/BPC) TF family. This family acts to repress target genes via 

recruitment of the polycomb repressive complex (Sahu et al., 2023), which is likely why we 

found the BPC6 and BPC1 motifs to be enriched only in downregulated genes’ promoters (Table 

A4.2). Various abiotic stress response-related GO terms were enriched in downregulated genes 

associated with BPC6, in DT species only; this was also the case for various regulation-related 

GO terms. It has previously been found that when the BPC1 and BPC2 genes are knocked out in 

Arabidopsis thaliana, salt tolerance is reduced (Sahu et al., 2023). Our results suggest that this 

TF family is also important for downregulation of genes in DT species. 

 The At2g45680(TCP) motif had no enriched GO terms for its associated genes in DS 

species. In DT species, the only enriched GO term for its associated downregulated genes was 

“uroporphyrinogen III biosynthetic process”, which is likely related to chlorophyll biosynthesis 

since uroporphyrinogen III is a precursor of chlorophyll. Whether they are 

homoiochlorophyllous (retain chlorophyll and thylakoids under desiccation) or 

poikilochlorophyllous (degrade chlorophyll and thylakoids), it makes sense that DT species 

would inhibit further chlorophyll biosynthesis. This result indicates that the TCP TF family, 

specifically DT plants’ orthologs of At2g45680 (TCP9), may be involved in regulation of this 

key desiccation response in the DT species in the Chloridoideae. 
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DISCUSSION 

With an increase in drought events expected globally due to climate change, it is essential 

to understand plants’ natural adaptations to extreme dryness, including vegetative desiccation 

tolerance, in order to gain insights that will further crop improvement. Within the economically 

important grass family, Poaceae, many of the DT species are found in the highly resilient 

subfamily Chloridoideae (Marks et al., 2021a). In this study, we used comparative genomics of 6 

DT (Eragrostis nindensis, Oropetium thomaeum, O. capense, Microchloa caffra, Tripogon 

minimus, Sporobolus stapfianus) and 9 DS chloridoid grass species to find expanded gene 

families in DT chloridoids. Further, we used expression data from the same 6 DT and 2 DS (E. 

tef, S. pyramidalis) chloridoids to study changes in gene regulation between DT and DS 

chloridoids using motif analysis. We found 17 expanded orthogroups, including ELIPs which 

have previously been identified as expanded in all DT genomes (VanBuren et al., 2019) as well 

as other, newly discovered expanded gene families (Table A4.1). We also found six motifs 

(Figure A4.4) enriched in the promoters of dehydration-responsive genes in DT species but not 

in DS species. 

The early light-induced proteins (ELIPs) have previously been found to be expanded in 

all DT plants’ genomes; given the high light and oxidative stresses associated with desiccation, it 

is likely that these proteins function in cellular photoprotection, essential for DT (VanBuren et 

al., 2019). We found that overall, the expression of ELIPs increases during dehydration stress 

regardless of the tolerance or sensitivity of the species (Figure B4.1). However, ELIP syntenic 

orthologs conserved across the 8 species were generally expressed more highly in DS than DT 

species, both during control and dehydration (Figure A4.3B).  

We also found other gene families beyond ELIPs that were expanded in DT chloridoid 

species. Some of the most significantly expanded included MYB/SANT-like DNA-binding 

domain proteins (i.e. MYB family transcription factors), subtilisin proteases, expansin 

precursors, and thaumatin superfamily proteins (Table A4.1). All of these gene families have 

previously been related to abiotic stress in general, and some to desiccation. For example, the 

MYB transcription factor family has been found to be involved in response to multiple abiotic 

stresses, including drought (Yoon et al., 2020; Wang et al., 2021b). MYBs are known to regulate 

stomatal closure and movement through ABA-mediated pathways during drought stress (Wang 

et al., 2021b). Furthermore, in DT eudicot Myrothamnus flabellifolia, the MYB family was 
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identified as desiccation-responsive (Ma et al., 2015). However, this is the first evidence that the 

MYB family is expanded in any set of DT species. It could be suggested that MYB transcription 

factors are important regulators of desiccation-responsive genes in DT chloridoids; however, we 

did not find any MYB motifs to be enriched in DEGs across all six DT species in this analysis 

(Figure A4.4). Thus, different members of the MYB family may be active in different DT 

species, making the family as a whole important for DT. 

 Under drought, the subtilisin proteases, also known as subtilases, cleave other proteins to 

produce small peptides which are involved in signaling pathways such as the mitogen-activated 

protein kinase (MAPK) and calcium pathways (Datta et al., 2024). In addition, proteases of this 

class were active during desiccation in the DT eudicot Ramonda serbica (Kidrič et al., 2014), 

indicating that they may be connected to DT in this species. To our knowledge, our finding that 

subtilase genes are expanded in DT chloridoids is the first indication of these proteins’ 

importance in DT monocots, and this gene family’s role in desiccation should be studied further. 

 We also found that expansin precursor genes were expanded in DT chloridoids compared 

to DS chloridoids. Desiccation causes many physical stresses for cells, including cell wall 

deformation (Moore et al., 2008). Expansins help increase cell wall elasticity, which is essential 

for desiccation tolerance (Jones and McQueen-Mason, 2004; Moore et al., 2008). That being 

said, this has mainly been studied in DT eudicots such as Craterostigma plantagineum (Jones 

and McQueen-Mason, 2004), whose cell wall composition differs from that of the grasses 

(Neeragunda Shivaraj et al., 2018); therefore, we recommend further study of the role of 

expansins in DT of monocots, particularly grasses. 

 Thaumatin superfamily proteins are known to be responsive to both pathogen-induced 

and abiotic stresses, including stressors with osmotic components such as drought and salt (Liu 

et al., 2010), but to our knowledge, they have not been studied in DT plants specifically. Here, 

we found that thaumatin superfamily proteins constituted one of the most significantly expanded 

gene families in DT chloridoid grasses (Table A4.1). We suggest, based on their roles in 

signaling during pathogen infection by binding to glycoproteins (Liu et al., 2010), that thaumatin 

superfamily proteins may have a similar role in desiccation response in DT plants. This should 

be studied further. 

 In this study, we also found a set of TF binding motifs enriched in the promoters of 

desiccation-responsive genes across all six DT chloridoids, which were also not found in DS 
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chloridoids’ dehydration-responsive gene promoters (Figure A4.4). TF families represented here 

included TIFY (ZIM and ZML1), BBR/BPC (BPC1 and BPC6), and TCP (TCP16 and 

At2g45680/TCP9). Most of these were associated with promoters of genes downregulated under 

desiccation, although the ZIM motif was also associated with upregulated genes (Table A4.2). 

TIFY genes responsive to various hormone treatments as well as abiotic and biotic stresses have 

been identified in various species, including wheat as well as other crops (Chini et al., 2017; He 

et al., 2020; Wang et al., 2020a; Zhang et al., 2020; Singh and Mukhopadhyay, 2021; Liu et al., 

2022a; Liu et al., 2022b; Zhao et al., 2023), but to our knowledge have been less studied in wild 

plants and not at all in DT species. Our findings suggest that TIFY TFs, in particular the ZML 

subfamily, are important regulators of desiccation-responsive genes in DT grasses and should be 

investigated more in future. 

 The BARLEY B-RECOMBINANT/BASIC PENTACYSTEINE (BBR/BPC) TF family 

is conserved across plants and its members generally function as transcriptional repressors, via 

recruitment of the polycomb repressive complex (Sahu et al., 2023). Consistent with this, BPC1, 

which is one of the BBR/BPC motifs we identified as enriched in downregulated genes across 

DT chloridoids, has been found to improve salt tolerance by repressing GALACTAN SYNTHASE 

1, a biosynthetic gene for a cell wall galactan that leads to salt hypersensitivity response (Yan et 

al., 2021a). In addition, BPC6, the TF binding to the other important motif we identified, was 

found to be a key regulator of cuticular wax biosynthesis (Sahu et al., 2023) To our knowledge, 

we are the first to identify these TFs as key desiccation regulators in DT grasses. 

 The final family we identified as key DT regulators was the TEOSINTE 

BRANCHED/CYCLOIDEA/PROLIFERATING CELL FACTOR (TCP) family, a subset of the 

basic helix-loop-helix (bHLH) family. These proteins are most known for developmental 

regulation (Li, 2015). Specifically, TCP16 has been linked to early pollen development (Takeda 

et al., 2006) and diel regulation of copper transport (Andrés-Colás et al., 2018). TCP9 has been 

found to regulate root system developmental plasticity during pathogen infection, including 

oxidative stress response genes (Willig et al., 2022). It is important to note that here, we have 

identified key motifs, including these TCP motifs, based on expression from leaf tissues only; 

given that TCP9 has been linked to root development in the past, it may be worth investigating 

the role of this TF in roots of DT plants. However, it is also clear that the TCP TFs are important 
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regulators of desiccation-downregulated genes in leaves, and may be linked to developmental 

changes under desiccation. Further study is required to confirm this. 

 In sum, we have identified a number of important gene families and regulators for 

desiccation tolerance in the highly resilient grass subfamily Chloridoideae. We found several 

novel gene families of importance to DT, in addition to confirming the importance of the highly 

expanded ELIPs. We also identified six motifs, bound by proteins from three transcription factor 

families, which are enriched in desiccation-responsive (mainly downregulated) genes’ promoters 

in all six DT species studied here, but not in DS species. Therefore, we can conclude that DT has 

evolved via both changes in gene regulation and expansion of certain gene families in the 

Chloridoideae. We also recommend further investigation into these gene families and TFs as 

potential targets for improvement of drought tolerance in crops, as well as for understanding of 

DT in the economically important grass family. 
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APPENDIX A: FIGURES AND TABLES 

 
Figure A4.1: Species tree (generated using OrthoFinder) of the chloridoid grasses used in this 

study. Desiccation tolerant (DT) species are highlighted in orange, desiccation sensitive (DS) in 

blue.  
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Table A4.1: Selected expanded orthogroups in DT compared to DS chloridoids, with the 

functional names of their Arabidopsis or rice ortholog(s). These “expanded orthogroups of 

particular interest” were selected because they were less likely to be phylogenetic artifacts, or 

because they had differential expression in all six DT species studied. Orthogroups with the 

lowest p-values are at the top of the table. 

Orthogroup 
Arabidopsis or rice 

ortholog(s) 

Mean number of 

copies in DT 

species 

Mean number of 

copies in DS 

species 

Expansion p-

value 

OG0000195 

Myb/SANT-like DNA-

binding domain 

proteins 

61 11 2.25E-06 

OG0000413 
Early light-induced 

proteins 
27 15 0.00054 

OG0000047 Subtilisin proteases, etc. 33 25 0.00136 

OG0000067 

Pathogenesis-related 

thaumatin superfamily 

proteins 

27 23 0.00178 

OG0000164 
Expansin precursors 

(putative, expressed) 
19 15 0.00213 

OG0000055 Protein kinases 28 25 0.00266 

OG0000033 Protein kinases 25 24 0.00484 

OG0000613 
Low temperature and 

salt responsive proteins 
14 12 0.00513 

OG0000050 Resistance proteins 23 15 0.00539 

OG0000355 Cyclin T1 11 8 0.00587 

OG0002131 
VQ motif-containing 

proteins 
8 5 0.00781 

OG0000490 
alpha/beta-Hydrolases 

superfamily proteins 
11 8 0.0081 

OG0000307 
Chitinase family 

proteins 
14 12 0.00818 

OG0003146 ASYNAPTIC4 6 3 0.00836 

OG0000240 
CCR-associated factor 

deadenylases 
16 16 0.00844 
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Table A4.1 (cont’d) 

OG0000273 

response regulators 

involved in cytokinin-

mediated signaling 

22 21 0.00916 

OG0000418 

ARIADNE/ARI/ATAR

I RING/U-box 

superfamily proteins 

9 7 0.00967 
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Figure A4.2: Expression of conserved syntelogs in OG0000033, protein kinases, plotted on a 

heatmap (A) and as individual violin plots for each syntelog (B). Notably, syntelog 6286 was, on 

average, more highly expressed under both desiccation and control in DT than DS species.  
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Figure A4.3: Expression of conserved syntenic orthologs in OG0000413, early light-induced 

proteins (ELIPs) as heatmap (A) and violin plots of individual syntelogs’ expression under 

different conditions in DT and DS species (B).  
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Table A4.2: Motifs enriched in promoters of DEGs across the six DT and/or two DS chloridoid 

species, along with their associated transcription factors (motif names). Of particular interest are 

the motifs conserved across DT species but not conserved across all species regardless of 

tolerance. 

Motif name 

from HOMER 
Consensus sequence 

Set(s) of 

DEGs 

Conserved across 

DT species? 

Conserved across 

DT & DS species? 

ZIM(C2C2gata) 
ATCSRACGGTYRA

GA 
Up & down Yes No 

ABF2 
KGMCACGTGDCM

HHH 
Up Yes Yes 

FRS9 RGAGAGAGAAAG Up & down Yes Yes 

GBF5 
WKNWSACGTGGC

AWN 
Up Yes Yes 

GBF6 
WWTGMCACGTCA

BCW 
Up Yes Yes 

bZIP16 TGCCACGTGD Up Yes Yes 

bZIP28 TGCCACGTSABH Up Yes Yes 

bZIP48 
DDWWKVTSACGTG

GC 
Up Yes Yes 

bZIP53 
NDNHSACGTGKMN

NN 
Up Yes Yes 

bZIP68 WGCCACGTGK Up Yes Yes 

At1g72010(TC

P) 
GGDCCCAC Down Yes Yes 

At2g45680(TC

P) 

GTGGGNCCCACND

ND 
Down Yes No 

At5g08330(TC

P) 
GGRCCCAC Down Yes Yes 

BPC1 GARGAGAGAGAA Down Yes No 

BPC6 
YTYTCTCTCTCTCT

A 
Down Yes No 

PCF 
NNWWWTGGGCYT

DDN 
Down Yes Yes 

TCP16 
GTGGDCCYNNNNN

NN 
Down Yes No 
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Table A4.2 (cont’d) 

ZML1 
ATCWYRACCGTTS

RW 
Down Yes No 

ZNF692 GTGGGCCCCA Down Yes Yes 
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Figure A4.4: Motifs enriched in promoters of DE genes across DT species, but not in DS species. 

See Table A4.2 for further information about regulatory direction of genes with these motifs 

enriched in their promoters.  
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APPENDIX B: SUPPLEMENTAL FIGURES AND TABLES 

Table B4.1: Genomes used for OrthoFinder analysis, with taxonomic information and references. 

Family Subfamily Tribe Species 
Genome 

version 
Reference 

Amaryllidacea

e 
NA NA Allium cepa  

(Finkers et al., 

2021) 

Araceae NA NA 
Spirodela 

polyrhiza 
 

(Wang et al., 

2014b) 

Arecaceae NA NA 
Phoenix 

dactylifera 
 

(Al-Mssallem et 

al., 2013) 

Asparagaceae NA NA 
Asparagus 

officinalis 
 

(Harkess et al., 

2017) 

Brassicaceae NA NA 
Arabidopsis 

thaliana 
Araport11 

(Cheng et al., 

2017) 

Bromeliaceae NA NA Ananas comosus  
(Ming et al., 

2015) 

Cymodoceace

ae 
NA NA 

Amphibolis 

antarctica 
 

(Bayer et al., 

2022) 

Cyperaceae NA NA 
Rhynchospora 

tenuis 
 

(Hofstatter et al., 

2022) 

Dioscoreaceae NA NA Dioscorea alata  
(Bredeson et al., 

2022) 

Fabaceae NA NA 
Medicago 

truncatula 
 

(Young et al., 

2011) 

Iridaceae NA NA Iris pallida  
(Bruccoleri et 

al., 2023) 

Juncaceae NA NA Juncus inflexus  
(Planta et al., 

2022) 

Musaceae NA NA Musa acuminata  
(D’Hont et al., 

2012) 

Orchidaceae NA NA 
Dendrobium 

huoshanense 
 

(Han et al., 

2020) 

Poaceae 
Anomochlooi

deae 

Streptochaet

eae 

Streptochaeta 

angustifolia 
 

(Seetharam et 

al., 2021) 
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Table B4.1 (cont’d) 

Poaceae 
Bambusoidea

e 

Arundinarie

ae 

Phyllostachys 

edulis 
 

(Ramakrishnan 

et al., 2020) 

Poaceae 
Bambusoidea

e 
Bambuseae 

Bonia 

amplexicaulis 
 

(Guo et al., 

2019) 

Poaceae 
Bambusoidea

e 
Bambuseae 

Guadua 

angustifolia 
 

(Guo et al., 

2019) 

Poaceae 
Bambusoidea

e 
Olyreae Olyra latifolia  

(Guo et al., 

2019) 

Poaceae 
Bambusoidea

e 
Olyreae 

Raddia 

distichophylla 
 (Li et al., 2021c) 

Poaceae 
Bambusoidea

e 
Olyreae Raddia guianensis  

(Guo et al., 

2019) 

Poaceae Chloridoideae 
Cynodontea

e 

Cleistogenes 

songorica 
 

(Zhang et al., 

2021) 

Poaceae Chloridoideae 
Cynodontea

e 
Eleusine coracana  

(Hittalmani et 

al., 2017) 

Poaceae Chloridoideae 
Cynodontea

e 
Microchloa caffra  

(Marks et al., 

2024) 

Poaceae Chloridoideae 
Cynodontea

e 

Oropetium 

capense 
 

(Marks et al., 

2024) 

Poaceae Chloridoideae 
Cynodontea

e 

Oropetium 

thomaeum 
 

(VanBuren et 

al., 2018) 

Poaceae Chloridoideae 
Cynodontea

e 
Tripogon minimus  

(Marks et al., 

2024) 

Poaceae Chloridoideae 
Eragrostidea

e 
Eragrostis curvula  

(Carballo et al., 

2019) 

Poaceae Chloridoideae 
Eragrostidea

e 

Eragrostis 

nindensis 
V3 

Chapter 2 of this 

dissertation 

Poaceae Chloridoideae 
Eragrostidea

e 
Eragrostis pilosa   

Poaceae Chloridoideae 
Eragrostidea

e 
Eragrostis tef V3 

(VanBuren et 

al., 2020) 

Poaceae Chloridoideae Zoysieae 
Sporobolus 

pyramidalis 
 

(Chávez Montes 

et al., 2022) 
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Table B4.1 (cont’d) 

Poaceae Chloridoideae Zoysieae 
Sporobolus 

stapfianus 
 

(Chávez Montes 

et al., 2022) 

Poaceae Chloridoideae Zoysieae Zoysia japonica  
(Tanaka et al., 

2016) 

Poaceae Chloridoideae Zoysieae Zoysia matrella  
(Tanaka et al., 

2016) 

Poaceae Chloridoideae Zoysieae Zoysia pacifica  
(Tanaka et al., 

2016) 

Poaceae Oryzoideae Oryzeae Leersia perrieri  
(Stein et al., 

2018) 

Poaceae Oryzoideae Oryzeae Oryza barthii  
(Stein et al., 

2018) 

Poaceae Oryzoideae Oryzeae 
Oryza 

brachyantha 
 

(Chen et al., 

2013) 

Poaceae Oryzoideae Oryzeae Oryza glaberrima  
(Wang et al., 

2014a) 

Poaceae Oryzoideae Oryzeae Oryza glumipatula  
(Stein et al., 

2018) 

Poaceae Oryzoideae Oryzeae 
Oryza 

longistaminata 
 

(Reuscher et al., 

2018) 

Poaceae Oryzoideae Oryzeae 
Oryza 

meridionalis 
 

(Stein et al., 

2018) 

Poaceae Oryzoideae Oryzeae Oryza nivara  
(Stein et al., 

2018) 

Poaceae Oryzoideae Oryzeae Oryza punctata  
(Stein et al., 

2018) 

Poaceae Oryzoideae Oryzeae Oryza rufipogon  
(Stein et al., 

2018) 

Poaceae Oryzoideae Oryzeae Oryza sativa V7 
(Ouyang et al., 

2007) 

Poaceae Oryzoideae Oryzeae Zizania latifolia  
(Yan et al., 

2022a) 

Poaceae Oryzoideae Oryzeae Zizania palustris  
(Haas et al., 

2021) 
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Table B4.1 (cont’d) 

Poaceae Panicoideae 
Andropogon

eae 

Miscanthus 

lutarioriparius 
 

(Miao et al., 

2021) 

Poaceae Panicoideae 
Andropogon

eae 

Miscanthus 

sinensis 
 

(Mitros et al., 

2020) 

Poaceae Panicoideae 
Andropogon

eae 

Saccharum 

spontaneum 
 

(Zhang et al., 

2018) 

Poaceae Panicoideae 
Andropogon

eae 
Sorghum bicolor  

(McCormick et 

al., 2018) 

Poaceae Panicoideae 
Andropogon

eae 
Zea mays B73 V5 

(Hufford et al., 

2021) 

Poaceae Panicoideae Paniceae 
Cenchrus 

purpureus 
 

(Yan et al., 

2021b) 

Poaceae Panicoideae Paniceae 
Dichanthelium 

oligosanthes 
 

(Studer et al., 

2016) 

Poaceae Panicoideae Paniceae Digitaria exilis  
(Wang et al., 

2021a) 

Poaceae Panicoideae Paniceae 
Echinochla crus-

galli 
 

(Guo et al., 

2017) 

Poaceae Panicoideae Paniceae Panicum hallii  
(Lovell et al., 

2018) 

Poaceae Panicoideae Paniceae Panicum virgatum  
(Lovell et al., 

2021) 

Poaceae Panicoideae Paniceae Setaria italica  
(Tsai et al., 

2016) 

Poaceae Panicoideae Paniceae Setaria viridis  
(Mamidi et al., 

2020) 

Poaceae Panicoideae Paspaleae 
Paspalum 

vaginatum 
 

(Sun et al., 

2022) 

Poaceae Pharoideae Phareae Pharus latifolius  (Ma et al., 2021) 

Poaceae Pooideae 
Brachypodi

eae 

Brachypodium 

distachyon 
 

(Vogel et al., 

2010) 

Poaceae Pooideae 
Brachypodi

eae 

Brachypodium 

hybridum 
 

(Gordon et al., 

2020) 
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Table B4.1 (cont’d) 

Poaceae Pooideae 
Brachypodi

eae 

Brachypodium 

stacei 
 

(Gordon et al., 

2020) 

Poaceae Pooideae Poeae Avena sativa  
(Kamal et al., 

2022) 

Poaceae Pooideae Poeae 
Lolium 

multiflorum 
 

(Knorst et al., 

2019) 

Poaceae Pooideae Poeae Lolium perenne  
(Nagy et al., 

2022) 

Poaceae Pooideae Poeae Lolium rigidum  
(Paril et al., 

2022) 

Poaceae Pooideae Triticeae Aegilops tauschii  
(Luo et al., 

2017) 

Poaceae Pooideae Triticeae 
Hordeum 

marinum 
 

(Kuang et al., 

2022) 

Poaceae Pooideae Triticeae Hordeum vulgare Morex V3 
(Beier et al., 

2017) 

Poaceae Pooideae Triticeae Secale cereale  (Li et al., 2021a) 

Poaceae Pooideae Triticeae 
Thinopyrum 

intermedium 
  

Poaceae Pooideae Triticeae Triticum aestivum IWGSC V2 

(Zimin et al., 

2017; Zhu et al., 

2021) 

Poaceae Pooideae Triticeae 
Triticum 

dicoccoides 
 

(Akpinar et al., 

2018) 

Poaceae Pooideae Triticeae Triticum spelta  
(Walkowiak et 

al., 2020) 

Poaceae Pooideae Triticeae Triticum turgidum  
(Maccaferri et 

al., 2019) 

Poaceae Pooideae Triticeae Triticum urartu  
(Ling et al., 

2018) 

Posidoniaceae NA NA 
Posidonia 

australis 
 

(Bayer et al., 

2022) 

Solanaceae NA NA 
Solanum 

lycopersicum 
V4 

(Mueller et al., 

2009) 
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Table B4.1 (cont’d) 

Velloziaceae NA NA 
Xerophyta 

schlechteri 
 

(Costa et al., 

2017) 

Vitaceae NA NA Vitis vinifera  
(Zou et al., 

2021) 

Zingiberaceae NA NA Zingiber officinale  (Li et al., 2021b) 

Zosteraceae NA NA Zostera marina  
(Olsen et al., 

2016) 

  



117 
 

Table B4.2: Description of RNA-seq samples used for each species. In most cases, we used 

previously calculated differentially expressed genes (DEGs), but for E. nindensis, we re-

processed the samples with the V3 genome (see chapter 2 of this dissertation). Only leaf samples 

were used. gH2O: grams of water; gDW: grams dry weight. 

Species 
DT or 

DS? 
Description of samples Reference 

Eragrostis tef DS 
Well-watered and drought (128 and 152 

hours) 

(Pardo et al., 

2020) 

Sporobolus 

pyramidalis 
DS 

Well-watered (3 gH2O/gDW) and drought 

(2 and 1.5 gH2O/gDW) 

(Chávez Montes 

et al., 2022) 

Eragrostis nindensis DT 

Well-watered, desiccation (56, 104, and 228 

hours), and rehydration (12, 24, and 48 

hours) 

(Pardo et al., 

2020) 

Microchloa caffra DT 

Well-watered, desiccation (120, 216, 264, 

and 432 hours), and rehydration (24 and 48 

hours) 

(Marks et al., 

2024) 

Oropetium capense DT 

Well-watered, desiccation (144, 240, 336, 

and 480 hours), and rehydration (24 and 48 

hours) 

(Marks et al., 

2024) 

Oropetium 

thomaeum 
DT 

Well-watered, desiccation (7, 14, 21, and 30 

days), and rehydration (24 and 48 hours) 

(VanBuren et al., 

2017) 

Sporobolus 

stapfianus 
DT 

Well-watered (3 gH2O/gDW), desiccation 

(2, 1.5, 1, 0.75, and 0.5 gH2O/gDW), and 

rehydration (12 and 24 hours) 

(Chávez Montes 

et al., 2022) 

Tripogon minimus DT 

Well-watered, desiccation (144, 240, 336, 

and 480 hours), and rehydration (24 and 48 

hours) 

(Marks et al., 

2024) 
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Figure B4.1: Violin plots of the expression of OG0000413, early light-induced proteins (ELIPs), 

in each of the six DT and two DS species examined. In general, regardless of the species’ 

desiccation tolerance, ELIP expression increases during dehydration.  
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Table B4.3: Numbers of predicted open chromatin (ATAC-seq) peaks from Predmoter for each 

genome, along with ploidy of each species. Additionally for O. thomaeum, there were 26,321 

real ATAC-seq peaks identified by (St. Aubin et al., 2022), the vast majority of which 

overlapped with peaks from Predmoter. 

Species Ploidy 
Number of peaks 

predicted 

Oropetium 

thomaeum 
Diploid 143,049 

Oropetium capense Diploid 137,853 

Eragrostis nindensis Tetraploid 331,599 

Eragrostis tef Tetraploid 234,137 

Sporobolus 

stapfianus 
Tetraploid 420,639 

Sporobolus 

pyramidalis 
Hexaploid 374,474 

Microchloa caffra Hexaploid 392,973 

Tripogon minimus Diploid 115,084 
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Figure B4.2: deepTools plotProfile results showing distributions of predicted (A-B and E-J) and 

real (C-D) ATAC-seq peaks relative to in the transcription start sites (TSS) of genes in the 

various species. In almost all cases, the most peaks are present before the TSS, as expected.  
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Table B4.4: Numbers of differentially expressed genes (DEGs) in each species analyzed. For 

most species, these DEGs were calculated in previous papers (see Table B4.2 for citations); for 

E. nindensis, they were calculated here after raw RNA-seq data was re-analyzed against the E. 

nindensis V3 genome.  

Species 
Number of total 

DEGs 

Number of upregulated 

genes 

Number of downregulated 

genes 

Oropetium 

thomaeum 
16,123 8,157 9,229 

Oropetium 

capense 
15,942 8,178 9,868 

Eragrostis 

nindensis 
12,332 4,951 7,396 

Eragrostis tef 9,520 5,538 3,982 

Sporobolus 

stapfianus 
43,794 20,126 27,257 

Sporobolus 

pyramidalis 
27,567 13,313 14,265 

Microchloa caffra 31,564 13,180 19,737 

Tripogon minimus 14,678 6,730 8,487 
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Future Directions 

The work put forward in this dissertation is hopefully an important contribution to the broader 

field of abiotic stress genomics of grasses, particularly in terms of gene expression regulation. In 

studying both core stress response in maize and conserved genomic mechanisms of desiccation 

tolerance in chloridoid grasses, we have identified several important regulators of various 

transcription factor families, namely MYB, BBR/BPC, TCP, TIFY, ERF, bZIP, NAC, C2C2-

CO-like, and HSF. All these families have previously been identified as stress-responsive. We 

identified MYBs, BBR/BPCs, TCPs, and TIFYs as putative regulators of desiccation tolerance 

(Chapter 4), and only MYBs have been related to desiccation tolerance before, albeit in non-

grass desiccation tolerant plants (Ma et al., 2015; Zhang et al., 2024). Thus, we have identified 

several novel regulators of desiccation tolerance in chloridoid grasses, which may be important 

in other desiccation tolerant organisms as well. We further identified ERFs, bZIPs, NACs, HSFs, 

and C2C2-CO-like transcription factors as enriched in core stress genes in maize (Chapter 2). 

While these gene families have all been previously linked to abiotic stress response, this is the 

first study to our knowledge that has explicitly identified these transcription factors as key 

regulators of all six stressors studied in Chapter 2. Thus, we have contributed significantly to the 

knowledge base on regulation of abiotic stress-related gene expression. 

 In Chapter 1, core abiotic stress response genes were identified from public RNA-seq 

data using two methods, random forest classification and set operations on differentially 

expressed genes. We concluded that core genes in certain transcription factor families, namely 

AP2/ERF-ERF, bZIP, NAC, C2C2-CO-like, and HSF, likely regulate both other core genes and 

certain sets of stress-specific genes. Before this work is peer-reviewed and published, we plan to 

add further analyses to provide support for this hypothesis. For instance, we will identify the 

genes whose promoters contain motifs for each of the core transcription factors of interest using 

FIMO in the MEME suite (Bailey et al., 2015), and use Fisher’s exact test to find whether there 

are more core genes or stress-specific genes (each stressor, testing up- and downregulated genes 

separately) regulated by each transcription factor than expected by chance. Similarly, building a 

protein-protein interaction network with STRING (Szklarczyk et al., 2023) for the core genes 

will enable us to identify any physical interactions between the core transcription factors which 

may be involved in their regulatory activities. In similar future studies, it would be ideal to 
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construct a gene regulatory network to better understand the regulation of core and peripheral 

stress genes. 

 There are multiple potentially interesting ways to expand upon the work presented in 

Chapter 1. For instance, the existing meta-analysis could be expanded to cover more species, 

with comparison of species-specific and cross-species core genes. It would be interesting to 

compare core genes from generally stress-sensitive major crop and model species, for instance, 

with those from more stress-tolerant species like sorghum, or even extremophiles that are highly 

tolerant to certain stress conditions. However, most species have not been as thoroughly studied 

as maize, necessitating the generation of data via a controlled environment core stress 

experiment. Although this would be valuable for a wild extremophile, such as a desiccation 

tolerant plant, for which little is known about its performance under stressors other than 

desiccation, a core stress experiment could also be conducted for maize. It would be useful to 

compare the results of a maize core stress experiment with the results of the meta-analysis 

conducted here, to find out how much the core gene sets overlap between them. 

 As mentioned in Chapter 2, although the Eragrostis nindensis genome is now greatly 

improved in contiguity and we have determined the likely polyploid origin of the species, the 

genome is still not chromosome scale. Generation of new Hi-C data from the same individual 

plant (still maintained in the VanBuren lab) and use of this data for scaffolding could assist in 

resolving the genome to chromosome scale.  

 In Chapter 3, we concluded that both gene family expansion and changes in gene 

expression regulation have contributed to the evolution of desiccation tolerance in the 

Chloridoideae. The statistical method used to test orthogroup expansion in Chapter 3 was 

selected due to its ability to correct for the ploidy level of different species (see Chapter 3, 

Methods). However, this method does not account for phylogeny. Using a program such as 

CAFE5 (Mendes et al., 2021) would identify not only expanded orthogroups, but the nodes of 

the phylogenetic tree at which they were expanded, providing important information about 

timing of expansion in various lineages. Using this method will also enable us to determine 

whether orthogroup expansions were convergent in DT species or whether the expansion 

originally occurred in the last common ancestor of current chloridoids, and was subsequently lost 

in DS species. We plan to implement this method to re-test orthogroup expansion before 

publishing this work.  
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 In Chapter 3, we generated orthogroups for 67 grass species, as well as 16 monocots and 

4 eudicots as outgroups. Thus, although in Chapter 3 we focused only on the 15 Chloridoideae 

species included, this dataset can be used for similar comparisons with other groups of grasses. 

For instance, we could find expanded orthogroups in the desiccation sensitive species of the 

Chloridoideae compared to non-chloridoid grasses, and compare these with the expanded 

orthogroups found in desiccation tolerant chloridoids; this analysis could provide insight into the 

resilience of chloridoids compared to the “super-resilience” of desiccation tolerant chloridoids. 

Similar orthogroup expansion analyses could be conducted for salt-tolerant grasses or stress-

tolerant grasses in general; this could be another approach to finding cross-species core 

mechanisms of stress tolerance. 

 In sum, while we hope the work presented in this dissertation contributes to the field of 

grass abiotic stress biology, there is room for further research. We hope that our findings, 

including candidate stress tolerance genes identified here as well as broader patterns of core 

stress response, will be built upon in future by other researchers to better understand plant abiotic 

stress response.  
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