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ABSTRACT 

 
In the past decade, advances in sequencing and transcript quantification technology have 

progressed science through the genomic era into the big data era, yielding thousands of 

studies examining plant gene expression in response to a vast assortment of conditions. 

Understanding and characterization of Vitis (grapevine) has been vastly improved with 

modern technology. Grapevines are a culturally and economically important crop 

susceptible to abiotic and biotic stresses. The Vitis genus consists of tens of thousands of 

varieties each belonging on a spectrum of tolerance and susceptibility to different stress 

conditions. Two genes (VviERF6L1 and NCED3) were previously identified from 

microarray and RNA-Sequencing experiments and implicated in abiotic stress response but 

required further investigation and characterization in grapevine. The examination of these 

genes as hub genes in ABA signaling and stress response employed multi-level analyses 

of DNA, RNA, protein, and metabolite quantification in diverse Vitis species including 

Vitis vinifera cv. Cabernet Sauvignon (CS), Vitis champinii cv. Ramsey (RA), Vitis riparia 

cv. Riparia Gloire (RI), and Vitis vinifera x Vitis girdiana cv. SC2 (SC).  

 First, a bioinformatics approach was used to annotate ABA response elements 

(ABREs) across all promoter regions in the PN40024 reference genome. ABREs were 

highly abundant and in the majority of PN40024 promoter regions. Various ABREs were 

identified in the ERF6L1 and NCED3 promoter regions contributing to the understanding 

of previous transcriptional changes observed in response to abiotic stresses. Many novel 

and uncharacterized genes were also identified with high numbers of ABREs in respective 
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promoter regions that may provide valuable targets for future studies to improve grapevine 

breeding programs and abiotic stress tolerance.  

 Meta-data analysis of publicly available microarray and RNA-Sequencing data 

identified the VviERF6L clade to transcriptionally respond to numerous stimuli including 

water deficit, cold, salinity, pathogen infection, wounding, and berry ripening. VviERF6Ls 

were expressed in many tissues including leaves, roots, and berries. Although VviERF6L1 

overexpression vines did not have any obvious quantifiable morphological phenotype, the 

majority of genes differentially expressed in response to VviERF6L1 overexpression were 

involved in pathogen response. Cis-acting elements like the WBOXATNPR1 in the 

VviERF6L1 promoter region further implicated a role of VviERF6L1 in pathogen response. 

This hypothesized function was also supported by known effects of ERF5 and ERF6 

Arabidopsis thaliana orthologs on pathogen susceptibility. To test the functional role of 

VviERF6L1 in pathogen response, a grapevine-optimized P. syringae infection assay was 

established. VviERF6L1 was demonstrated to have significantly higher transcript 

abundance in response to P. syringae infection than mock infection. Additionally, 

VviERF6L1 overexpression vines had significantly fewer colony-forming units during P. 

syringae infection and thereby higher resistance to the pathogen than empty vector control 

vines.  

 NINE-CIS-EPOXYCAROTENOID DIOXYGENASE (NCED3) transcripts, NCED3 

protein, and abscisic acid (ABA) concentration were quantified using RNA-Sequencing 

and RT-qPCR, western blots, and HPLC-MS/MS, respectively, in the leaves and roots of 

the four Vitis species in response to three different water deficit severities. NCED3 was 

identified as the only ABA metabolism gene that was a hub gene during water deficit 
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response. NCED3 and ABA metabolism were validated as a major part of the core water 

deficit responses in the four Vitis species. However, ABA metabolism was highly 

dependent on species, organ, stress severity, and stress duration during water deficit. 

Interestingly, NCED3 transcript abundance paralleled ABA concentration, but this 

similarity was not maintained for NCED3 protein, concentrations of which did not 

significantly change in response to water deficit. Overall, the Texan grapevine, RA, was 

found to respond earlier and more sensitively during longer-term moderate and severe 

water deficits than the other more water deficit sensitive species.  

Altogether, this work furthered the understanding of two genes involved in stress 

response in grapevine. VviERF6L1 was identified to have a role in abiotic and biotic stress 

response, but the mechanism of VviERF6L1 in pathogen response requires further 

investigation. NCED3 was confirmed as an ABA signaling hub during water deficit with 

specific expression and downstream ABA concentrations being highly dependent upon 

species, organ, and stress conditions. However, NCED3 protein abundance response to 

water deficit requires further examination. These genes provide useful targets for future 

studies and may have applications in breeding programs to improve grapevine stress 

tolerance. 
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CHAPTER 1:  

INTRODUCTION 
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1.1 The basis of the transcriptome 

The central dogma of biochemistry is the flow of genetic information from DNA, to RNA, 

to protein (Crick, 1957). This dissertation investigates the biochemistry of two grapevine 

genes of interest during stress response with an emphasis on gene expression and transcript 

quantification, so the process of transcription, as well as descriptions of transcript 

quantification technologies, is outlined here. In the past forty years, sequencing 

technologies have advanced to make significant strides in improving the understanding of 

gene expression in the two-phase system of transcription and translation (Heather and 

Chain, 2016; Shendure et al., 2017). In the first step, transcription, DNA is copied into 

complementary messenger RNA (mRNA). The process of transcription entails three steps: 

initiation, elongation, and termination. Initiation is the rate-limiting step of transcription 

(Ptashne and Gann, 1997; Wade and Struhl, 2008), determining whether a transcript and 

thereby downstream protein is synthesized (or not).  

Transcription initiation is controlled by many levels of regulation including 

epigenetics. The eukaryotic genome is marked with epigenetic modifications, wrapped 

around histones, and packed into nucleosomes to form chromatin (Kornberg, 1977). The 

complex layering of DNA folding poses a formidable obstacle for transcription factor (TF) 

binding and transcription initiation (Li et al., 2007). For transcription to initiate, DNA must 

be made accessible by chromatin remodeling complexes like SWI/SNF (Clapier and Cairns, 

2009), histone-modifying enzymes, and histone chaperones (Sanematsu et al., 2006; 

Shandilya et al., 2007). Acetylation of select lysine residues of H3 and H4 histones relaxes 

DNA coiling, allowing accessibility for transcription machinery. Methylation of histones 
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at certain residues represses chromatin structure, obstructing transcription (Li et al., 2007). 

Additionally, multiple histone modifications can work cooperatively to effect transcription, 

and preliminary histone modifications may affect modifications made later (Briggs et al., 

2002; Cheung et al., 2000). When DNA is accessible, transcription can initiate.  

Transcription is initiated in eukaryotes when TF proteins bind to specific DNA 

sequences typically upstream (5’) of the coding region of a gene (Fig. 1). The promoter is 

a DNA region where transcription is initiated. Generally, the first < 200 base pairs (bp) of 

a promoter are considered the core promoter, but promoters can extend tens of thousands 

of bp from the start codon of a gene (Griffiths et al., 2000). DNA looping allows distal 

promoter regions to regulate transcription proximal to a gene (Stadhouders et al., 2012). 

The promoter contains regulatory DNA sequences called cis-acting elements. Cis-acting 

elements include enhancers, silencers, and insulators. Enhancers are cis-elements that bind 

TFs to stimulate RNAP POLYMERASE II (RNAPII) binding and transcription 

(Pennacchio et al., 2013). Silencers are negative regulatory elements that act counterpart 

to enhancers to repress transcription (Ogbourne and Antalis, 1998). There are several 

universal core promoter cis-elements, including the TATA box (~ -30 bp from the 

transcription start site (TSS)), initiator, downstream promoter element, CCAAT box (~ -

80 bp from the TSS), and GC box (~ -100 bp from the TSS), present in many eukaryotic 

core promoters (Dolfini et al., 2009). However, these cis-acting elements are not present in 

all promoters nor are universal motifs critical for transcription. Cis-element accessibility 

may be cell type, developmental stage, or stimuli specific. The same cis-acting element 

may also have different roles under a variety of conditions (Hernandez-Garcia and Finer, 

2014; Pennacchio et al., 2013). Due to cis-acting element specificity, cis-acting elements 
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can be used to predict roles of the downstream gene. For example, abscisic acid (ABA) 

response elements (ABREs) are responsible for ABA-dependent gene expression in 

response to abiotic stress (Yoshida et al., 2015). The presence of a Gap box may indicate a 

gene is light responsive (Park et al., 1996), and a root hair element suggests the downstream 

gene may be involved in root morphogenesis (Cho, 2007). Additionally, cis-elements do 

not necessarily have fixed positions, orientations (Lis and Walther, 2016), or even 

sequences (Franco-Zorrilla et al., 2014; Worsley-Hunt et al., 2011) relative to downstream 

genes.  

Complementary to cis-acting elements are trans-acting TFs. TFs bind to cis-acting 

elements and may promote or inhibit transcription. Transcription factors are one of the 

largest groups of proteins in eukaryotes, making up about 10% of coding genes within a 

plant genome (Franco-Zorrilla et al., 2014). Most TFs contain interaction, regulatory, and 

DNA-binding domains, but not all domains are present in all TFs, and even the definition 

of a TF varies from database to database (Davuluri et al., 2003; Guo et al., 2005; Iida et al., 

2005; Mitsuda and Ohme-Takagi, 2009; Palaniswamy et al., 2006; Pérez-Rodríguez et al., 

2010). Transcription factors bind to sequences in the major groove of DNA to elicit or 

repress transcription.  

Transcription factors regulate gene expression of downstream genes in a signaling 

cascade often regulated by hub genes responding to stimuli. These genes are central to key 

aspects of the fitness of an organism in response to various stimuli and are often cores of 

signaling networks (Vandereyken et al., 2018). In grapevine, ABRE BINDING FACTOR 2 

(VviABF2) was identified as a hub gene in leaf dehydration and ethylene signaling, with 

many downstream target genes projected to be affected by VviABF2 activity (Hopper et 
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al., 2016). A few transcription factors (ETHYLENE RESPONSE FACTOR 4 (HvERF4), 

NAC DOMAIN CONTAINING PROTEIN 6 (HvNAC6), and WRKY-DNA BINDING 

PROTEIN 42 (HvWRKY42)) were also identified as hub genes in drought stress response 

in barley (Javadi et al., 2021) and others in rice (Lv et al., 2019).  

There are thousands of TFs encoded in the genome of an organism, but no other 

kingdom has expanded TFs like plants (Lehti-Shiu et al., 2017; Shiu et al., 2005). The 

simple plant model, Arabidopsis thaliana, has four times as many TFs as other model 

species (D. melanogaster and C. elegans), and the same TF genome content as humans 

(Riechmann et al., 2000), hinting at the crucial role TFs play in plant diversity and 

adaptation. Usually, TF families are characterized by a DNA-binding domain. Major 

transcription factors are shared by all eukaryotes, but many plant-specific TF families exist 

as well.  

Major transcription factors shared across eukaryotes include basic leucine zipper 

(bZIP), basic helix-loop-helix (bHLH), heat shock protein (HSP), and myeloblastosis 

(MYB) families (Hong, 2016). Additional plant transcription factor families include ABA 

RESPONSE FACTOR (ABF)/ABA RESPONSE FACTOR ELEMENT BINDING 

PROTEIN (AREB), NAM, ATAF1.2, CUC2 (NAC), WRKY, 

APPETELLA2/ETHYLENE RESPONSE FACTOR (AP2/ERF), AUXIN/INDOLE-3-

ACETIC ACID (IAA/Aux), AUXIN RESPONSE (ARF), and JASMONATE ZIM-

DOMAIN (JAZ) (Hong, 2016). These transcription factors regulate plant-specific 

responses and are often components of immense signaling cascades triggered by 

phytohormone production in response to stimuli. ABF/AREB and AP2/ERF TF families 

are key to this dissertation and will be discussed in more detail.  
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ABF/AREB TFs belong to Group-A bZIPs and act as signal transducers of the ABA 

signaling pathway in response to various abiotic stresses including water deficit, cold, and 

salt (Wang et al., 2018b). One ABF/AREB, ABF2/AREB1, a hub gene in the ABA signaling 

pathway, is responsible for activating the transcription of numerous downstream target TFs 

including NACs, WRKYs, and MYBs to effect stress tolerance, ripening, and dormancy 

(Pilati et al., 2017; Yoshida et al., 2015). ABF4/AREB2 is also considered a master 

transcription factor that regulates ABRE-dependent ABA signaling and drought tolerance 

(Yoshida et al., 2010). 

AP2/ERFs contain a specific DNA binding domain and are divided into AP2, RAV, 

and ERF TFs based on the frequency of this domain; AP2 TFs contain duplicated DNA 

binding domains, ERF TFs contain a single DNA binding domain, and RAV contain a B3 

+ the AP2/ERF DNA binding domain (Licausi et al., 2013; Mizoi et al., 2012; Zhuang et 

al., 2009). The B3 domain is a pseudo-barrel protein motif, and this domain is also present 

in ARFs and the bZIP ABA INSENSITIVE 3 (ABI3) (Wang et al., 2012). ERFs can be 

further divided into the ERF and C-REPEAT BINDING FACTOR/ DEHYDRATION 

RESPONSE ELEMENT BINDING PROTEIN (CBF/DREB) subfamilies (Sakuma et al., 

2002; Stockinger et al., 1997). CBF/DREB TFs bind dehydration response elements 

(DREs), cis-acting elements crucial for water deficit and cold responses (Maruyama et al., 

2012; Narusaka et al., 2003). Some ERFs contain an ethylene-responsive element-binding 

factor-associated amphiphilic repression (EAR) motif, which elicits transcriptional 

repression and epigenetic changes through chromatin-modifying protein recruitment 

(Kagale and Rozwadowski, 2011; Kagale et al., 2010). AP2/ERF TFs like ERF1 play 
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important roles in senescence, ripening, and stress responses (Alexander and Grierson, 

2002; Hopper et al., 2016; Iqbal et al., 2017).  

General TFs (TFIIA, B, D-F, and H) bind to the core promoter recruit RNAPII and 

form the preinitiation complex to initiate transcription in all eukaryotes (Fig. 1). DNA-

bound TFs interact with cofactors like the mediator complex to activate target promoters 

(Mathur et al., 2011). These transcriptional activators and associated cofactors bind to 

distant regulatory elements, facilitate chromatin remodeling, and finally recruit TFIID. 

TFIID binds to the TATA box, initiator, or downstream promoter element depending on 

the promoter sequence and other TFs present (Lawit et al., 2007; Workman and Roeder, 

1987). TFIIB complexes with TFIID after binding to TFIIB recognition elements flanking 

the TATA box (Deng and Roberts, 2005). TFIIF binds next and facilitates RNAPII core 

promoter binding followed by TFIIE and TFIIH, resulting in a stable preinitiation complex 

(Chen et al., 2007; Dyke et al., 1988). The DNA helicase subunit of TFIIH hydrolyzes ATP 

to unwind the DNA, resulting in the formation of the open complex that enables template 

DNA to enter the active site of RNAPII and transition transcription into the elongation 

phase.  

RNA elongation is the stepwise process of adding complementary nucleotides to a 

growing RNA transcript in the 5’ to 3’ direction. RNAPs are large (>500 kDa) enzymes 

consisting of ten to fourteen subunits (Parker, 2001) that actively transcribe DNA into RNA. 

RNAPs (I, II, III, IV, and V) are responsible for the synthesis of rRNA (Russell and 

Zomerdijk, 2006), mRNA and ncRNA (Djebali et al., 2012; Kornberg, 1999), tRNA 

(Turowski and Tollervey, 2016), and siRNA (Onodera et al., 2005). The siRNA pathway 

involving RNAPIV and V is plant-specific (Wierzbicki et al., 2008). Although each RNA 
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molecule has an important regulatory role, mRNA transcription is the most important 

control point for an organism experiencing environmental changes or stress (Hong, 2016).  

Transcriptional elongation of mRNA and other RNA molecules entails three steps: 

promoter escape, promoter-proximal stalling, and finally productive elongation (Saunders 

et al., 2006) (Fig. 2). At the beginning of transcriptional elongation, an initial transcription 

bubble or open complex approximately 14 bp in length opens and separates the two strands 

of DNA, allowing for a DNA-RNA hybrid helix to form. However, RNAPII is still bound 

to the promoter and numerous associated TFs. As the initially transcribing complex 

establishes the first few nucleotides of a new transcript, RNAPII may experience abortive 

initiation. Abortive initiation occurs when TBIIB interferes with RNA exit from RNAPII 

(Bushnell et al., 2004). However, when RNAP passes the fourth nucleotide, the likelihood 

of abortive initiation decreases and the initially transcribing complex passes into escape 

commitment (Kugel and Goodrich, 2000).  

During escape commitment, numerous protein-protein interactions are broken and 

new interactions are formed as RNAPII releases the promoter and processes along the DNA 

(Bushnell et al., 2004). The initial open complex collapses from the interaction of the RNA 

with TFIIB, resulting in the transcription bubble needed for productive elongation (Pal et 

al., 2005). Alternatively, transcription may be aborted (Keene and Luse, 1999) if all 

necessary components are not present and properly aligned. Promoter escape is the rate-

limiting step of transcription elongation (Saunders et al., 2006). Once the promoter is 

cleared (~15 nucleotides transcribed), another round of initiation can begin (Kugel and 

Goodrich, 2000). 
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RNAPII stalling/pausing is another challenge that must be overcome early during 

elongation to achieve a stable initiation and a full-length transcript (Hong, 2016) (Fig. 2). 

RNAPII stalling is common among inducible and developmental promoters and acts as an 

additional checkpoint before RNAPII commits to productive elongation of a transcript 

(Levine, 2011). RNAPII pausing entails successful transcription initiation followed by 

discontinued elongation until necessary stimulus allows RNAPII to continue (Saunders et 

al., 2006). When the needed stimulus is not present to continue elongation, the net-

transcription rate is reduced, and eventually, transcription is aborted (Steurer et al., 2018). 

Despite low rates of continued elongation after pausing, RNAPII pausing may play an 

important role in RNA capping, and capped RNA may be a requirement for continued 

elongation (Saunders et al., 2006). The capping enzyme associates with a phosphorylated 

serine in the C-terminal domain of RNAPII allowing the 5’ end of the RNA transcript to 

be capped with 7-methylguanosine linked by a triphosphate bridge forming the complete 

m7G cap (Shatkin, 1976).  

During productive elongation, RNAPII actively adds nucleotides to a growing 

mRNA chain based on template DNA (Fig. 1). DNA is guided into RNAPII via the RNAPII 

clamp and bridge structures and unwound before entering the active site (Landick, 2001). 

The RNAPII wall turns the template DNA in the active site and pairs each deoxynucleotide 

via the RNAPII trigger loop to a complementary ribonucleotide (Landick, 2001). 

Ribonucleotides enter the RNAPII active site through a tunnel and bind progressively to 

the entry, addition, and proofreading sites as a cycle of ribonucleotide addition is performed. 

As the mRNA chain grows, the RNAPII rudder separates the RNA-DNA hybrid helix, and 
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the bridge hinges to process the next deoxynucleotide, repeating the cycle (Kuznedelov et 

al., 2002).  

In the case of damage, stalling, or mispairing, RNAPs backtrack to repair mistakes. 

However, if extensive damage is sustained, RNAPs stall, and the corrupted mRNA is 

hydrolytically cleaved by TFIIS and degraded. Despite the proofreading function, RNAPs 

still incorporate an incorrect ribonucleotide every 300 kb (Gout et al., 2017). Overall, the 

rate of transcription has been calculated to range from ~1-5 kb·min-1, but some groups have 

reported transcription exceeding 50 kb·min-1 (Maiuri et al., 2011). The exact rate of 

transcription is probably highly dependent on the gene being transcribed and the conditions 

of an organism; regardless of the exact number, the kb rate of transcription allows an 

organism to quickly adapt to a changing environment and respond to stress.  

Transcriptional termination (Fig. 1) is generally conserved across eukaryotes, and 

one of the organisms the process is best described in is yeast (Porrua and Libri, 2015). In 

yeast, as transcription approaches termination, phosphorylation of serine-5 in the RNAP 

CTD that was crucial for elongation gradually shifts to include serine-2 (Peterlin and Price, 

2006). Phosphorylated serine-2 of the RNAPII CTD recruits splicing and termination 

complexes including the cleavage and polyadenylation factor (CPF-CF) complex. The 

YEAST 73KD HOMOLOG 1 (Ysh1) subunit of the CPF-CF complex cleaves the RNA at 

the poly(A) site, and adenosines are added to the freed 3’ hydroxyl group by the POLY(A) 

PHOSPHATASE 1 (Pap1) subunit (Hill et al., 2019). Poly(A)-binding proteins and 

shuttling factors escort the mRNA to the cytoplasm (Dunn et al., 2005; Hector et al., 2002). 

While the RNA is shuttled into the cytoplasm for further processing, RNAPII loses 

associated elongation factors (reducing processivity) (Ahn et al., 2004), and the CTD of 
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RNAPII is dephosphorylated, releasing RNAPII from the DNA (Hong, 2016). Other types 

of termination exist for different types of RNA (Schulz et al., 2013; Steinmetz et al., 2001), 

and variants of the CPF-CF depended termination also exist (Colin et al., 2014; Ghazal et 

al., 2009; Luo et al., 2006; Rondón et al., 2009). Finally, DNA loops around allowing 

spatial proximity of the terminal and promoter regions (Grzechnik et al., 2014). The 

hypophosphorylated RNAPII re-associates with promoter-bound general TFs, and another 

cycle of initiation begins.  

During transcription and after transcriptional termination, eukaryotic precursor 

mRNA undergoes transcriptional modifications before becoming functional mature mRNA. 

Nearly 175 RNA post-transcriptional modifications have been identified (Boccaletto et al., 

2018). However, the three main post-transcriptional modifications remain considered as 

the addition of a 5’ cap, a 3’ polyA tail, and splicing. All eukaryotic mRNA is capped with 

N7-methylated guanosine via a 5’ to 5’ triphosphate linkage between the first nucleotide 

and the m7G. This cap plays essential roles in protein synthesis, protection from 

exonucleases, and as a recruiting factor for polyadenylation, splicing, nuclear export 

(Sørensen et al., 2017), innate immune system self-recognition, and non-self-

discrimination (Ramanathan et al., 2016). mRNA capping may occur co-transcriptionally 

(Price, 2018) or cytosolically (Mukherjee et al., 2014; Schoenberg and Maquat, 2009).  

Polyadenylation is the addition of a poly(A) tail to the 3’ end of pre-mRNA. The 

poly(A) tail, like the 5’ cap, protects mRNA from degradation and allows for mRNA 

nuclear export and translation initiation (Hunt et al., 2008). The near-upstream element (Li 

and Hunt, 1995), far-upstream element (Lin et al., 2009), and poly(A) site are all cis-acting 

elements within mRNA that signal cleavage and poly(A) tail addition (Li and Hunt, 1997). 
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Plant polyadenylation signals differ from those in mammals and yeast (Graber et al., 1999), 

and less is understood in plant 3’ end processing (Hunt et al., 2008). Poly(A) tail length 

can be highly variable. Alternative polyadenylation (APA) is the alternate use of various 

poly(A) sites at the 3’end of pre-mRNA, resulting in multiple transcript isoforms with 

varied sequence and length particularly in the 3’ untranslated region (3’ UTR). APA sites 

are found across 3’ UTR as well as in introns and exons, allowing for a range of transcript 

isoforms to be translated, representing a unique level of gene expression regulation. APA 

and 3’ UTRs represent an important regulatory mechanism controlling transcript 

localization, stability, function, and translation (Jalkanen et al., 2014; Preiss, 2013). 

Alternative 3’ UTRs may code for different binding sites for RNA-binding proteins, which 

in turn affect the protein translation frequency and stability of the transcript (Miura et al., 

2014). APA and 3’UTR isoforms also appear to have a role in tissue-specific transcript 

expression, stress response, and cell proliferation and differentiation (Srivastava et al., 

2018; Vitting-Seerup and Sandelin, 2019; Zhang et al., 2017), but the link between APA 

and alternative 3’UTRs are less understood in plants.  

Splicing entails the co-transcriptional removal of introns and the ligation of exons 

of a transcript to produce protein-coding mRNA. Up to 85% of plant genes contain at least 

one intron, but a gene may be interrupted > 40 times by as many introns (Lorković et al., 

2000), making splicing essential to translate a functional protein. In plants, UA-rich introns 

can range from < 60 to > 10,000 nucleotides (Lorković et al., 2000). The splicing process, 

splice site consensus sequences, and complexes involved are similar in all eukaryotes 

(Lorković et al., 2000). Pre-mRNA splicing in the nucleus begins when the cap-binding 

complex associates with the spliceosome. snRNP base pairs with the 5’ splice site, branch 
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point, and anchor the two exons (Meyer et al., 2015). The branch point is trans-esterified 

to the 5’splice site, creating a lariat loop. Transesterification of the 5’ splice site to the 3’ 

splice site allows for the intron lariat to be released and ligation of the two exons. The 

intron lariat is debranched and finally degraded while the mRNA goes on to be translated 

into protein (Lorković et al., 2000; Meyer et al., 2015).  

Alternative splicing occurs when not every splice site of a pre-mRNA is used every 

time a gene is transcribed. Alternative splicing results in different mRNA isoforms and 

thereby protein variants of a single gene. Over 60% of genes in Arabidopsis thaliana 

produce more than one gene isoform (Marquez et al., 2012). Several alternative splicing 

events exist including exon skipping and intron retention. Alternatively spliced isoforms 

have also been linked to alternative polyadenylation and 3’UTR isoforms (Hu et al., 2020; 

Li et al., 2017b; Movassat et al., 2016), and these different isoforms may be organ, 

development, or stress-specific (MacDonald, 2019; Reddy, 2007; Reddy et al., 2013; Tack 

et al., 2019).  

In addition to transcription, gene expression is regulated by RNA degradation. 

There are three main RNA decay pathways: mRNA de-capping, exosome-based 

degradation, and SUPPRESSOR OF VARICOSE (VCS) (SOV)/DIS3 LIKE 3'-5' 

EXORIBONUCLEASE 2 (DIS3L2) based degradation. mRNA de-capping is performed 

by DECAPPING (DCP) 1 and 2 (Coller and Parker, 2004). Once de-capped, mRNA is 

vulnerable to 5’ to 3’ exoribonuclease activity (Hsu and Stevens, 1993; Sorenson et al., 

2018). The exosome hydrolytic ribonuclease activity degrades RNA in the 3’ to 5’ direction 

(Januszyk and Lima, 2014). Like the exosome, DIS32L degrades RNA via exonuclease 

activity from the 3’ to 5’ end of a transcript. Generally, cytoplasmic RNA decay is not well 
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characterized, and specific RNA substrates of each pathway remain unclear in Arabidopsis 

(Sorenson et al., 2018).  

The transcriptome is the total RNA transcripts expressed by a sample at a certain 

time under specific conditions (Wang et al., 2009). Transcriptomic samples may be whole 

organisms, organs, or even a single cell. By definition, the transcriptome is fluid, varying 

between cells, organs, and across developmental stages (Wang et al., 2009). For example, 

no single gene was found to have the same transcriptional response in grapevine berries, 

shoot tips, leaves, roots, or callus after exogenous ABA application (Rattanakon et al., 

2016). The transcriptome provides insight into the role of the functional elements of a 

genome. For example, MYB121 transcripts uniquely accumulated in grapevine roots after 

exogenous ABA application, indicating this gene plays a role in the ABA signaling 

pathway in roots (Rattanakon et al., 2016). A transcriptome is a powerful tool used to 

quantify gene expression and identify gene isoforms and splicing patterns, but the final 

transcript abundance of each gene is a culmination of multiple levels of regulation. 

Although the focus of this dissertation is on transcriptional response, other 

points of biochemical regulation are also considered in various chapters. In addition 

to transcriptional responses, this dissertation investigates DNA promoter region 

architecture, protein level, and metabolite concentration roles in stress response. 

Promoter region architecture or the composition, frequency, and location of cis-acting 

elements (Sanchez et al., 2011) affect transcription (Woo and Li, 2011). For example, NAC 

TFs that bind to E-box (CANNTG) motifs in promoter regions to activate transcription of 

EARLY RESPONSIVE TO DEHYDRATION STRESS 1 (ERD1) during water deficit were 

unable to elicit reporter gene expression in the absence of this motif (Tran et al., 2004). 
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Protein abundance acts as another point of biochemical regulation. Just like mRNA, protein 

abundance is regulated by synthesis, various modifications, degradation, and transport in 

addition to mRNA abundance and accessibility (Vogel and Marcotte, 2012). Protein 

concentration can act as a feedback mechanism to regulate both transcription and 

translation of the same and other genes/proteins (and vice versa) (Ho et al., 2018; Moss 

Bendtsen et al., 2015).  

Transcript abundance does not necessarily correlate to protein abundance (Jia et al., 

2018; Liu and Aebersold, 2016; Liu et al., 2016). Only ~30-40% of the variation in protein 

concentration is explained by transcript abundance, but this value varies per gene and under 

different conditions (Vogel and Marcotte, 2012). Similarly, protein abundance does not 

necessarily reflect protein activity, which is another point of biochemical regulation. 

Protein activation is essential for the functionality and localization of many proteins 

(Eisenhaber and Eisenhaber, 2007) and generally entails post-translational modifications 

(Yang et al., 2017). Finally, metabolite concentrations and substrate/product 

concentrations have dynamic effects on numerous levels of biochemical regulation. For 

example, high concentrations of the phytohormone abscisic acid elicit conformational 

changes to receptors (Boneh et al., 2012) that trigger a signaling cascade (Wilkinson and 

Davies, 2002) touching numerous levels of biochemical regulation (Chinnusamy et al., 

2008; Hirayama and Umezawa, 2010; Liu et al., 2020) that ultimately effect plant 

phenotypes (Duan et al., 2013; Pilati et al., 2017; Riboni et al., 2016). Overall, numerous 

other levels of regulation impact the overall phenotype of a plant particularly during stress 

responses, and this work explores only a few.  
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Since the establishment of the central dogma of biochemistry, many tangent steps 

and regulatory checkpoints for transcription and overall metabolic regulation have been 

discovered and found essential to organismal function and survival. Each gene in a 

transcriptome is uniquely regulated by all the factors described briefly here (epigenetics, 

cis- and trans-acting elements, RNAPII processivity, post-transcriptional modifications, 

and RNA degradation) and many more (e.g. RNA silencing, protein concentration, protein 

activity/modifications, and metabolite concentrations) to ensure an organism has the best 

fitness under any condition whether that be as a developing embryo or a fully mature 

organism confronting unavoidable stress. Transcript quantification is a measurement of the 

steady-state of a transcript, which is the culmination of numerous processes affecting 

transcription and mRNA decay. Today, transcript quantification is an entire field in 

biochemistry used to characterize all aspects of an organism as well as make assumptions 

about other levels of biochemistry (e.g. protein and metabolite). It is important to consider 

the many dynamic steps regulating transcript abundance (as well as all levels of 

biochemistry) and the interlinked factors involved in protein and metabolite regulation 

resulting in the phenotype of an organism. 

 

 

1.2 A brief look into early transcript quantification 

It was not until recently that transcripts were able to be identified and quantified. 

Numerous transcript quantification technologies have come and gone (differential colony 



 17 

hybridization clones (Yamamoto et al., 1983), subtractive hybridization (Diatchenko et al., 

1996), differential display (Liang and Pardee, 1992), etc.), but a few have had long-lasting 

effects on transcriptomics and will briefly be discussed.  

The earliest technique for transcript detection is in situ hybridization (ISH) 

developed in the late 1960s. ISH is a technique that measures the localization and 

abundance of target nucleic acids in a cellular environment (Huber et al., 2018). Originally, 

ISH was used to label DNA with RNA-based (Gall and Pardue, 1969) and then DNA-based 

radioactive probes (Gall and Pardue, 1969) before safer fluorescent probes were adopted 

(Rudkin and Stollar, 1977) and improved (Bauman et al., 1980) for fluorescent in situ 

hybridization (FISH). Relative mRNA quantification via FISH was first performed in the 

early 1980s with biotin-labeled DNA probes to visualize actin mRNA in cell culture 

(Singer and Ward, 1982). FISH is still used today after many improvements including the 

utilization of short singly-labeled probes, image analysis software, background 

minimization, and optimization of the fluorophore-to-transcript ratios without quenching 

(Raj and van Oudenaarden, 2009; Raj et al., 2008). Variants of FISH include quantification 

of multiple target transcripts using different fluorophores (Chen et al., 2015; Eng et al., 

2019; Raj and van Oudenaarden, 2009; Solanki et al., 2020) as well as pairing FISH with 

flow cytometry (for concurrent mRNA and protein quantification) (Arrigucci et al., 2017). 

FISH uses many harsh solvents and is highly temperature, salt, and pH-sensitive making 

optimization necessary for each probe (Cui et al., 2016; Young et al., 2020). To ensure 

comparability between samples, FISH entails long incubation times to establish a 

saturating signal (Huber et al., 2018). RNase contamination, autofluorescence, background, 

and tissue shrinkage are other concerns of FISH.  
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About a decade after the first ISH experiments, northern blotting was developed as 

another early technology for relative transcript quantification (Alwine et al., 1977). In 

addition to transcript abundance, northern blots divulge the length of the target transcript 

as well as the lengths and presence of any transcript isoforms present in a sample (Josefsen 

and Nielsen, 2011). Northern blots begin with mRNA extraction and purification. Uniform 

mRNA amounts of various samples are then loaded in individual lanes and size-

fractionated by gel electrophoresis under denaturing conditions. Next, the fractionated 

mRNAs are transferred to a membrane (Josefsen and Nielsen, 2011). Once the mRNA is 

blotted on the membrane, labeled probes hybridize to immobilized target mRNA. Probes 

are commonly radioactively labeled, and transcript abundance can be compared between 

two samples as the radio signal intensity. Northern blots were favored for accessibility, and 

at one point required for validation of other transcript quantification techniques (Josefsen 

and Nielsen, 2011). However, northern blots are highly dependent on experimental 

parameters like RNA quality, RNA transfer efficiency (Josefsen and Nielsen, 2011), probe 

specificity and sensitivity, and target mRNA abundance (lowly expressed transcripts may 

not be detected). Additionally, Northern blots gels and buffers contain harmful solvents to 

denature the mRNA, making them less favorable than safer techniques for transcript 

quantification.  

Finally, in the late 1980s, the field of single transcript quantification was 

revolutionized with the advent of real-time Reverse Transcription Quantitative Polymerase 

Chain Reaction (RT-qPCR) (Becker-André and Hahlbrock, 1989). The most common 

application of RT-qPCR is the quantification of transcript abundance for a gene of interest 

across multiple samples relative to stably expressed reference genes. This technique entails 
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extracting and purifying high-quality total RNA. The mRNA is reverse transcribed into 

cDNA. Diluted cDNA is mixed with a specific pair of primers, DNA polymerase, 

nucleotides, cofactors, and fluorescently labeled probes or an intercalating dye 

(VanGuilder et al., 2008). Fluorescently labeled probes have the added benefit of the 

possibility of multiplexing and quantifying multiple genes in a single reaction (Henegariu 

et al., 1997; Yi and Richards, 2007). The real-time reactions are performed in a 

thermocycler and fluorescence is measured after each cycle of amplification. The intensity 

of fluorescence above the background level at the earliest detectable cycle (Ct-value) is 

used to measure and quantify relative transcript abundance, which is normalized to stably 

expressed reference genes (and often a reference sample or condition) taking into account 

primer efficiencies (Hellemans et al., 2007). Absolute quantification can be calculated 

using standard curves (Wong and Medrano, 2005). RT-qPCR can measure transcript 

abundance across five (Schmittgen et al., 2000) to eight (Morrison et al., 1998) orders of 

magnitude. Today, RT-qPCR is used to measure the relative transcript abundance of genes 

of interest, validate microarray and RNA-Sequencing experiments, and monitor 

biomarkers (VanGuilder et al., 2008). However, RT-qPCR success is dependent on the 

quality of mRNA used, the amplification efficiency of the cDNA, and the primer efficiency 

of the RT-qPCR reaction (VanGuilder et al., 2008; Wong and Medrano, 2005). Numerous 

PCR inhibitors are used throughout RNA extraction and purification leading to false 

negatives and raising the limit of detection (VanGuilder et al., 2008). Primer dimers and 

primer mis-annealing can increase false positives (Bustin and Nolan, 2017; VanGuilder et 

al., 2008). Intrasample and technical replicate variation, as well as reference gene selection, 

can greatly impact data analysis of this highly sensitive technique. Despite these concerns, 
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RT-qPCR remains the gold standard for single (or limited number) gene transcript 

quantification due to its accessibility and low cost (VanGuilder et al., 2008; Zhu et al., 

2020). RT-qPCR is largely accessible and highly specific when primers are properly 

designed. This user-friendly technology uses automated instrumentation and has a fast 

reaction time. FISH, northern blots, and RT-qPCR are all still relevant technologies today, 

but these techniques are only designed to quantify a minimal number of transcripts making 

them impractical for transcriptomic studies.  

 One of the earliest batch techniques of transcript profiling developed in and 

improved throughout the 1980s-2000s was expressed sequence tags (ESTs). ESTs are short 

fragments of mRNA sequences (200-800 nucleotides) generated from cDNA (Nagaraj et 

al., 2007; Parkinson and Blaxter, 2009). ESTs were considered a “poor man’s genome” 

before whole-genome sequencing was more accessible (Rudd, 2003). ESTs played a 

crucial role in gene identification and verification throughout the human genome project 

(Adams et al., 1991). ESTs were generated from a cDNA library created by reverse 

transcribing 3’ poly(A) tail enriched mRNA into cDNA in vitro. ESTs were sequenced 

from 5’, 3’, bidirectionally, and from mid-range cDNA open reading frames (Nagaraj et 

al., 2007; Neto et al., 2000; Parkinson and Blaxter, 2009). EST length was largely 

determined by sequencing technology (e.g. 454 Sequencing (~700 bp max length) was 

competitive in the early 2000s) (Parkinson and Blaxter, 2009). Raw trace data was 

processed to identify the underlying sequence (Bonaldo et al., 1996). The distribution of 

ESTs reflected the relative transcript abundance in a clone library. ESTs were then mapped 

to genomes to identify and verify genes (Zhu et al., 2003) and even used to compare genes 

between species (Ewing et al., 1999). Later, ESTs became useful in designing microarrays 
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(Gress et al., 1992). ESTs had several limitations including short and low-quality single-

read sequences (Rudd, 2003). One major drawback of ESTs was the over-representation of 

highly abundant mRNAs (Parkinson and Blaxter, 2009) and the underrepresentation of 

lowly expressed transcripts (Nagaraj et al., 2007; Rudd, 2003). Another limitation is 

numerous ESTs share high sequence similarity and can match numerous paralogous genes. 

The National Center for Biotechnology Information (NCBI) officially retired this 

technology in 2019, but ESTs can still be used to confirm gene sequences.  

In the 2000s microarrays emerged as the leading transcriptomic technology arising 

from colony hybridization in the mid-1970s (Grunstein and Hogness, 1975) and 

macroarrays in the early 1980s (Taub et al., 1983). Microarrays, unlike ESTs, were limited 

to probing known genes. Once an array design was decided upon, mRNA was converted 

to fluorescently or biotin-labeled cRNA or cDNA and amplified. The labeled cRNA or 

cDNA was hybridized to the microarray, and the array was washed. Fluorescence was 

measured in each well (usually with a confocal microscope) (Bumgarner, 2013) or 

fluorescent scanner (Miller and Tang, 2009). The signal intensity was an indirect 

measurement of the relative expression level of a gene. Microarrays quantified RNA over 

three orders of magnitude (Wang et al., 2019). However, highly expressed genes could 

saturate microarray signals and lowly expressed genes may go undetected. A major 

limitation of microarrays was the possibility of probe cross-hybridization. Array-to-array 

variation is another factor to consider with microarrays. Variations of microarrays include 

ChIP-chip for transcription factor binding site determination, single nucleotide 

polymorphism (SNP) genotyping, and more recently protein microarrays.  
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As science progressed through the genomic era, transcriptomic technologies 

advanced, and computer processing power increased and became more accessible. Older 

technologies died off, and new techniques like microarrays sprang up in their place. 

Throughout this era tens of thousands of genes were identified, the first complete genomes 

were released, and massive databases (Boguski et al., 1993) were created allowing for easy 

comparisons of transcripts between experiments and species. A host of limitations 

accompanied these early technologies including low throughput, low accuracy, low 

resolution, cross-hybridization of probes or primers, and 3’ end bias. However, these 

technologies set the stage for the leading transcriptomic technology today: RNA-

Sequencing.  

 

 

1.3 Transcriptomics today and possibilities tomorrow 

 Today, science progresses in the big data era, wherein researchers are capable of 

producing overwhelming amounts of data including haplotype-specific transcriptomes 

from numerous species, samples, and conditions (Tilgner et al., 2014; Wang et al., 2016, 

2018a). RNA-Sequencing (RNA-Seq) analysis can be performed at the sample, gene, 

transcript, and exon-level (Li and Li, 2018) to answer a host of biological questions. RNA-

Seq yields whole transcriptomes of experimental samples and provides an invaluable 

resource for non-model species without a sequenced genome (Schliesky et al., 2012). The 

first RNA-Seq platforms utilized second-generation sequencing (SGS) technologies like 

454/Roche (~100 and later up to 700 bp reads), Illumina HiSeq (125-250 bp reads) and 
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NextSeq (150-300 bp reads), SOLiD (60 bp reads), and Ion Torrent (200 bp reads) (Liu et 

al., 2012; Rhoads and Au, 2015). However, these short read-based RNA-Seq platforms are 

quickly becoming antiquated with the advent of third-generation sequencing and the rise 

of single-molecule real-time (SMRT) sequencing. Currently, PacBio’s Iso-Seq is the 

leading technology for long-read RNA-Seq. Today, whole transcript (SMRT long-read 

<3kb-10kb) sequencings are paired with deeper short read sequencing in hybrid sequencing 

strategies for transcript quantification for the most accurate transcriptome (Au et al., 2012; 

Rhoads and Au, 2015; Tilgner et al., 2014).  

Regardless of the platform used, RNA-Seq experiments follow a similar protocol. 

Workflow for Illumina SGS is briefly described here. First, RNA is extracted and 

undergoes rigorous quality control steps. Minimal RNA degradation is measured by an 

RNA integrity number (RIN). Next libraries are prepared. Before RNA-Seq can be 

performed rRNA, which constitutes > 90% of the RNA in a cell must be either depleted or 

excluded using poly(A) selection to enrich for mRNA (Pease and Sooknanan, 2012). The 

mRNA is fragmented and reverse transcribed using random primers with a 5’-tagging 

sequence (Pease and Sooknanan, 2012). 3’-tagging is accomplished by the terminal tagging 

reaction, resulting in single-stranded di-tagged cDNA fragments. The di-tagged single-

strand cDNA is amplified with PCR, and final adaptors are added (Pease and Sooknanan, 

2012). The amplified cDNA is hybridized to complementary adaptors attached to lanes on 

a flow cell for cluster generation. A polymerase creates a complement of the hybridized 

strand, and the double-strand molecule is denatured, allowing the original strand to wash 

away. Strands all across the flow cell are clonally amplified by bridge amplification using 

the adaptor regions, resulting in two complementary copies after a round of amplification 
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(Buermans and den Dunnen, 2014). Multiple rounds of amplification multiply all the 

clusters on the plate simultaneously. After sufficient amplification, a strand is cleaved and 

washed off the flow cell, depending on the type of sequencing to be employed. Two 

varieties of RNA-Seq can be performed: single or paired-end sequencing. Sequencing is 

performed using primers complementary to the adaptor and four uniquely fluorescently 

labeled nucleotides (Buermans and den Dunnen, 2014). After each cycle, excess 

nucleotides are washed away, and the fluorescent nucleotides incorporated into the 

growing strands are excited by light. The incorporated nucleotide, complementary to the 

cDNA fragment, is recorded based on the fluorescence emitted for all strands on the 

sequencing plate (Buermans and den Dunnen, 2014). After completion, the read product is 

washed away, and sequencing is complete for single-end reads. However, if a lab opts to 

utilize more accurate but costlier paired-end sequencing, sequencing begins with the 

forward strand and is performed the same as for single-end sequencing. After the read 

product is washed away, the forward strand undergoes a round of bridge amplification 

resulting in the complementary reverse strand. The previously sequenced forward strand is 

cleaved, and sequencing is repeated for the reverse strand. Paired-end reads are resultant 

of sequencing cDNA fragments from both ends, allowing for better read overlap and 

alignment. Sequencing platforms return raw reads to labs that process the data based on 

their experimental goal. Many informatics pipelines and numerous tools exist for RNA-

Seq analysis (Corchete et al., 2020).  

SMRT sequencing has several key differences from SGS. RNA processing and 

cDNA preparation are prepared as in SGS, but library preparation differs. SMRTbell 

libraries are created by ligating hairpin adaptors to both ends of cDNA, resulting in a single-
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stranded circRNA (Rhoads and Au, 2015). Primer and proprietary long-read polymerase 

are added to the SMRTbells, and each SMRTbell is anchored by the polymerase in a zero-

mode waveguide chamber on a SMRTcell for sequencing. SMRT sequencing uses 

fluorescently labeled nucleotides with linkage on the phosphate group (as opposed to base 

linkage like in SGS). This phosphate linkage allows the fluorescent group to be cleaved 

upon addition to the growing strand. The fluorescent signal resultant of nucleotide 

incorporation is measured in real-time as the fluorescent label is cleaved, increasing the 

speed of sequencing. Two modes of SMRT sequencing yield long reads. Circular 

consensus sequencing produces highly accurate HiFi long reads. Alternatively, continuous 

long-read sequencing can be used to generate the longest reads possible (at the cost of 

accuracy). After the sequencing is performed with SGS, SMRT, or hybrid sequencing 

platforms, the data is ready for analysis.  

Major RNA-Seq analysis steps include trimming, quality checks, 

alignment/mapping, counting, normalization, and finally differential expression analysis. 

Trimming entails the removal of contamination sequences, adapters, low-quality bases, and 

low-quality reads (Schliesky et al., 2012) using tools like FastQC (Babraham 

Bioinformatics, 2010). Sequences are removed using a list of known 

adaptors/contaminants based on the sequencing technology used. Whole reads are 

discarded below a length threshold, and read ends may be trimmed if bases are below a 

quality threshold.  

Alignment (also referred to as mapping) entails matching reads to a reference 

genome. Alignment is used for quality assessment of the RNA-Seq and used as input for 

normalization and differential expression analysis. Numerous tools exist for alignment; 
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among them, Bowtie2 (Langmead and Salzberg, 2012) and TopHat2 (Kim et al., 2013a) 

are commonly used and differ in the type of alignment performed (e.g. unsigned vs. spliced 

read alignment (Costa-Silva et al., 2017)). From mapping, several values can be reported 

to indicate the quality of the RNA-Seq. The longest read or unigene (sequence assembled 

from multiple sequential aligned reads), N50 (sequence length at half the total 

transcriptome) of unigenes or reads, and the total number of unigenes or unique reads are 

commonly reported for quality confirmation of RNA-Seq data series (Minio et al., 2018; 

Schliesky et al., 2012). The number of reference genes hit in a reference genome or the 

total number of expressed transcripts may also be used to indicate RNA-Seq quality (Minio 

et al., 2018; Schliesky et al., 2012). Aligning reads to a genome is normally the most time-

consuming step of RNA-Seq analysis, but it can be sped up by quasi-mapping or pseudo-

alignment. Normally >90% of reads should map to a reference genome for each sample.  

Reads are counted by assigning overlapping reads (most commonly by breaking 

sequences into k-mers) and counting the number of aligned reads assigned to a gene 

(Schliesky et al., 2012) using tools like FeatureCounts (Liao et al., 2014). Counts can be 

considered as reads summarized across genes. As reads are assembled, divergent reads 

create a branch in the transcript assembly and may indicate a SNP, insertion or deletion 

(InDel), splice isoform, or a sequencing error. Identification of true differences is usually 

based on the k-mer coverage for each discrepancy and only those with high coverage are 

retained and counted.  

Quasi-mapping and pseudo-alignment combine alignment and counting steps, and 

the advent of these techniques have created some distinction between “alignment” and 

“mapping”. Considering these techniques, alignment processes like those from Bowtie2 
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give exact read-to-genome correspondence at the nucleotide coordinate level and specify 

any insertions, deletions, or mismatches between the read and the reference genome. 

Mapping processes like quasi-mapping from Salmon (Patro et al., 2017) and pseudo-

alignment from Kallisto (Bray et al., 2016) are less detailed and use less computing power 

to map a read to a genome since these tools do not consider exact alignments. Because 

RNA-Seq applications do not utilize all the details of the exact alignment, pseudo-

alignments and quasi-mapping are faster than exact alignment methods, and mapping and 

counting can be performed in one step. 

Normalization is performed using statistical and machine learning methods to 

remove sequencing bias, gene length effects, and batch effects (Costa-Silva et al., 2017; Li 

and Li, 2018). The most accurate normalization today is considered transcripts per million 

(TPM). Reads per kilobase per million mapped reads (RPKM) for single-end reads and 

fragments per kilobase per million mapped reads (FPKM) for paired-end reads are also 

common normalization methods. Both TPM and RPKM/FPKM normalize correct RNA-

Seq biases in gene length and sequencing depth. The difference between TPM and 

RPKM/FPKM is the order of count/gene length division (performed first for TPM) and 

sample-scale factor determination (based on the length-normalized read counts for TPM) 

(Li and Li, 2018). Essentially, TPM of a gene is a representation of the proportion of RNA 

molecules of that gene in a sample (Li and Li, 2018). With RPKM it is difficult to compare 

the proportion of total reads that map to each gene because each sample has a different 

overall total sum of reads. This difference makes comparing RNA-Seq experiments and 

biological replicates within an experiment invalid; different gene transcript abundance can 

only be compared within a single sample using the FPKM/RPKM normalization. However, 
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with TPM the sums of total normalized reads are equivalent for all samples, allowing the 

transcript abundance of different biological samples to be compared to each other. The 

ability to accurately compare transcript abundance of a gene across biological samples that 

may correspond to different treatments, organs, or even species makes TPM a powerful 

normalization technique.  

Differential expression analysis (DEA) identifies differentially expressed genes 

(DEGs) between conditions (Costa-Silva et al., 2017). DEA methods use distributions to 

model the normalized counts of an individual gene in different samples and determine if 

those values are statistically significant between samples (or groups) (Li and Li, 2018). 

DEA tools include limma+voom (Ritchie et al., 2015), NOIseq (Tarazona et al., 2015), and 

DESeq2 (Costa-Silva et al., 2017; Love et al., 2014). RNA-Seq has numerous applications 

in addition to transcript quantification including discovery of novel transcripts (Abdel-

Ghany et al., 2016), alternative splicing events (Wang et al., 2016), alternative 

polyadenylation (Miura et al., 2014), fusion transcripts, circular (circ)RNAs, long non-

coding (lnc)RNAs, isoform phasing, and genome annotation (Wang et al., 2019).  

Additional steps of RNA-Seq analysis may include gene-co expression analysis 

performed using weighted gene co-expression network analysis (WGCNA) and gene 

ontology (GO) of WGCNA modules of interest (Langfelder and Horvath, 2008; Zhang and 

Horvath, 2005; Zhao et al., 2010). WGCNA detects gene groups called modules created 

based on expression pattern similarities across samples and experimental traits. Genes in 

modules are correlated to an Eigengene. Each Eigengene is a representative theoretical 

gene that is most correlated to an experimental trait. Genes that correlate to Eigengenes are 

ranked and considered linked to experimental traits. There is no consensus approach for 
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RNA-Seq analyses nor for the best tools to use. The many routes to identifying DEGs 

generally yield different but comparable results in terms of specificity and detection of true 

transcripts (Costa-Silva et al., 2017; Li and Li, 2018).  

Still, third-generation sequencing is not perfected, containing raw read errors and 

limited throughput that enriches for more abundant and shorter transcripts (Wang et al., 

2016). Usually less than half of the available zero-mode waveguides produce successful 

reads (Rhoads and Au, 2015), so polymerase anchoring and zero-mode waveguide loading 

can be improved. The high cost of RNA-Seq forces scientists to tradeoff between the 

number of biological replicates and the sequencing depth of samples, almost always 

sacrificing one or the other (Baccarella et al., 2018). Generally, read depth of 20-30 million 

reads per sample is considered sufficient coverage for error correction and gene expression 

quantification (Baccarella et al., 2018; Minio et al., 2019), but depths of up to 300 million 

have been reported to improve results (Baccarella et al., 2018). Often long-read sequencing 

is supplemented with short reads to fill gaps and increase depth, but this is an additional 

monetary and temporal cost. Short-read RNA-Seq does not sequence full-length transcripts, 

instead, it relies on short fragments, making it difficult to differentiate gene isoforms or 

highly similar or duplicated genes in complex genomes (Wang et al., 2016). One of the 

biggest hurdles RNA-Seq has yet to overcome is the task of the data analysis. Depending 

on the ploidy, sequencing depth, and the number of samples, computing space and storage 

may be a concern for some laboratories. One concern for single-molecule RNA-Seq is that 

pre-mRNA and decaying RNA are also detected. Another concern is proper library size 

selection; if improperly chosen, sequencing bias can be introduced for longer or shorter 

transcripts (Wang et al., 2019).  
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 RNA-Seq has numerous advantages over other methods of transcript quantification. 

RNA-Seq provides precise measurement of transcripts over eight orders of magnitude 

(Owens et al., 2016). RNA-Seq differentiates transcript isoforms. RNA-Seq reads may be 

mapped to a reference genome or reads can be assembled de novo into a novel 

transcriptome (Schliesky et al., 2012). Additionally, RNA-Seq can be designed to 

investigate a certain type of RNA (mRNA, miRNA, circRNA), individual alleles, or gene 

isoforms. Although RNA-Seq analysis can be a daunting undertaking, technology is 

improving, the costs of powerful computers and storage space are decreasing, and more 

user-friendly pipelines are emerging (Seelbinder et al., 2019). For the next generation of 

bioscientists, RNA-Seq will likely be a common practice. 

 The future pushes science out of the big data era and into the insight era, where the 

power of the data produced will be harnessed and interpreted across disciplines. One 

emerging field that will benefit is systems biology, a powerful integrative approach to 

synthesize data from multiple levels of regulation to gain a more comprehensive 

understanding of the biochemistry of an organism. The novel ability of haplotype phasing 

genomes and transcriptomes will propel population genetics, breeding, ancestry, 

inheritance, and interpretation of allele functionality. As transcriptomes from various 

tissues, developmental stages, and stress conditions continue to be collected, larger studies 

of pan-transcriptomes (Jin et al., 2016; Ma et al., 2019; Petek et al., 2020) and comparative 

transcriptomics (Amrine et al., 2015; Güimil et al., 2005; Li et al., 2019b; Wang et al., 

2018a) will provide deeper insight into trait variation and stress adaptations between 

species. For example, in grapevine allelic variation of a powdery mildew resistance locus 

(Ren1) was identified as being responsible for a range of different levels of disease 



 31 

resistance (Amrine et al., 2015). Existing RNA-Seq experiments can be used and compared 

in meta-data analysis. Additionally, CRISPR experiments may help identify roles of unique 

transcript isoforms (Wang et al., 2006). The development of personal transcriptomes may 

allow for a better understanding of individual biology and disease progression, and 

additional third-generation sequencing technologies like Oxford Nanopore MinION will 

allow for faster data analysis at point-of-care or in field settings (Ashton et al., 2015).  

The first plant RNA-Seq based plant transcriptome was created for Arabidopsis 

thaliana in 2007 (Weber et al., 2007). Since then transcriptomics has been used to identify 

markers for molecular plant breeding (Huang et al., 2012; Muñoz-Espinoza et al., 2016) 

and identify key genes in secondary metabolism pathways (Cramer et al., 2014; Deguchi 

et al., 2020; Desgagné-Penix et al., 2012; Sun et al., 2016). Transcriptomics has also been 

widely used in plants to quantify responses to biotic (Amrine et al., 2015; Blanco-Ulate et 

al., 2017; Massonnet et al., 2017) and abiotic stresses (Cochetel et al., 2020; Hopper et al., 

2016; Iquebal et al., 2019; Rattanakon et al., 2016; Varoquaux et al., 2019). Grapevine 

gene expression has been widely studied using RNA-Sequencing. Transcriptomics is being 

used to unravel complex rootstock-scion interactions (Zombardo et al., 2020), pathogen 

susceptibility (Massonnet et al., 2017), and genes that improve drought resistance (Tu et 

al., 2020).  
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1.4  Grapevine, ABA, and water deficit 

Grapevines (Vitis) are deeply rooted in human history and culture, and viticulture 

is as ancient as civilization itself (McGovern et al., 2017). Grapevines were domesticated 

almost 8,000 years ago, but evidence of winemaking dates back 1,000 years before 

grapevine domestication (Li et al., 2018). Grapevines have been divinified and worshipped 

for centuries (Hamilton, 2013) and are discussed in some of the most popular religious 

texts today (The Bible Genesis 8.4 and 9.20, The Holy Quran an-Nahl 67, The Torah 

Genesis 40:10 and Leviticus 25:5-11). Grapevine is linked to rituals and artifacts 

throughout the world across time and cultures (Damasco et al., 2020; Kumbaric and Caneva, 

2014; Melillo, 1994), and some of the oldest pottery ever discovered are wine basins 

(McGovern et al., 2017). 

 North American history and modern culture are engrained with Vitis. For example, 

“Vinland”, one of the earliest names for North America was given by Viking explorers 

including Leif Eriksson due to the proliferation of grapevine in the northeastern United 

States (McGovern et al., 2017). Thomas Jefferson and other founding fathers were 

responsible for some of the earliest Eurasian (vinifera)-North American species crosses 

that later led to an explosion in grapevine diversity in the 18th and 19th centuries in response 

to the phylloxera pandemic (Patrick E. McGovern, 2007).  

Grapevines and wine are portrayed in famous art created by Leonardo Da Vinci and 

Claude Monet as well as songs from renowned performers including Johnny Cash, Neil 

Diamond, and Blake Shelton. Today, phrases like “heard it through the grapevine” and 

“sour grapes” decorate not only the English language, but also French, Italian, and Spanish. 
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Grape berries and raisins remain a popular snack, and wine is a staple beverage at many 

celebrations. Nutraceuticals like resveratrol and other grape berry-derived antioxidants are 

popular supplements with anti-aging and heart health improving properties (Baxter, 2008; 

Dyck et al., 2019). From culture to health, grapevines have been essential to human 

civilization and remain relevant today.  

In addition to being a cornerstone of human culture, grapevines are one the most 

economically important horticultural crops in the world (Zhou et al., 2017). For at least the 

last seven years grapevines have been the non-citrus fruit crop with the highest utilized 

production value, and the value of grapevine increases nearly every year (United States 

Department of Agriculture, 2020) (Fig. 3). In 2019 the utilized production value of grape 

berries was $5.72 billion, far exceeding the value of any other non-citrus crop (United 

States Department of Agriculture, 2020) (Fig. 4). However, this sum fails to compare to 

the significance of the grapevine-product industry, which was valued at over $43.6 billion 

in California alone in 2019 (Wine Institute, 2020). In addition to being economically 

valuable, Vitis is becoming an increasingly powerful model organism with the release of 

numerous sequenced genomes. Each year more Vitis genomes become available (Fig. 5), 

which are a powerful tool in better identifying species-specific genes and traits. Still, the 

majority of Vitis remains largely uncharacterized.  

Today, there are over 21,045 varieties, 10,000 cultivars, and 80 species of Vitis 

spanning every habited continent (International Organisation of Vine and Wine, 2017). Of 

these species, Vitis vinifera is the largest cultivated species used to produce fruit, juice, and 

wine. It is estimated cultivated grapevine diverged from wild relatives about 22,000 years 

ago (Zhou et al., 2017). Wild species including V. champinii, V. riparia, V. rupestris, and 
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V. sylvestris are used in breeding programs and as rootstock for stress tolerance and disease 

resistance. Interspecific hybridization rootstock breeding programs of evolutionarily 

distinct species and genetic mutations introduced from vegetative propagation make 

grapevine one of the most genetically diverse crops in the world (International 

Organisation of Vine and Wine, 2017). The spectrum of grapevine varieties with unique 

responses to a variety of stresses in combination with genomic and transcriptomic 

technologies allows for the identification of genes responsible for desirable traits like 

drought tolerance. Vitis makes a particularly strong model organism for studying water 

deficit response and drought tolerance because it is one of the few plants cultivated under 

water deficit to improve berry quality (Mirás-Avalos and Intrigliolo, 2017; Weiler et al., 

2018).  

Despite grapevine being considered as a moderately drought-tolerant crop (Fort et 

al., 2017; Heinitz et al., 2015), climate change is a threat to viticulture (Cabré and Nuñez, 

2020; Monteverde and De Sales, 2020; Santos et al., 2020). As a woody perennial crop, 

grapevines are expected to survive and produce for decades, with old-vine vineyards held 

in high esteem and value. However, annual berry quality is highly dependent on 

temperature and water availability, and current projections of heatwaves, drought, and 

pathogen spread could exceed limits of grapevine productivity and survival (Charrier et al., 

2018; Weiler et al., 2018). Current projections predict an 11% reduction of cropland due 

to water availability limitations by 2050 (Fitton et al., 2019) coinciding with a 1.5 ˚C 

increase in global temperatures and a 30% increase in global landmass experiencing severe 

drought by 2100 (Naumann et al., 2018). Much of the land used for viticulture will no 

longer be suitable under these conditions, and it is therefore essential not only to understand 



 35 

drought tolerance and water deficit response in grapevine but also to identify genes and 

species that will ensure the survival and continuation of viticulture.  

Drought tolerance is the ability of a vine to sustain physiological activity while 

minimizing or repairing damage during water deficit or drought (Gambetta, 2016). The 

drought tolerance of plants is in part associated with stomatal behaviors in response to 

water deficit and resultant use or preservation of available water. Grapevine responses to 

water deficit are characterized as belonging to a spectrum of stomatal reactions ranging 

from isohydric to anisohydric (Sade and Moshelion, 2014). Isohydric species maintain a 

relatively constant leaf water potential through early stomatal closure during water deficit 

(Tardieu and Simonneau, 1998), and anisohydric species experience decreasing leaf water 

potential and maintain open stomata during water deficit.  

There are many other morphological differences between a drought-tolerant and 

drought-sensitive plant. For example, cutin, the waxy covering of a leaf that prevents 

excess water loss (Schreiber, 2010), is two orders of magnitude thicker in the drought-

adapted cacti Opuntia (Jesse Mayer, 2018) than the model plants Arabidopsis (Franke et 

al., 2005), maize (Ristic and Jenks, 2002), and rice (Qin et al., 2011). Drought tolerant 

plants or plants that have simply experienced a water deficit generally have smaller leaf 

surface area than those that are well-watered (Ma, 1984). The difference in leaf size 

reflective of drought tolerance is exemplified by comparing the drought-sensitive 

grapevine species Vitis riparia that has leaves the size of dinner plates and the drought-

tolerant Texan vine, Vitis champinii, the leaves of which easily fit in the palm of a hand 

under well-watered conditions. Drought tolerant leaves are also considered to have higher 

vein density, lower osmotic potential, and more mass per area (Fletcher et al., 2018; 
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RHIZOPOULOU and PSARAS, 2003). Plants with optimized canopy density and 

architecture or an overall lower number of leaves are generally more drought tolerant than 

a bushy plant due to reduced evaporative demand and higher water use efficiency 

(Devakumar et al., 1999; Digrado et al., 2020; Gao et al., 2020; Hatfield and Dold, 2019). 

Even plant height is a factor that effects overall drought tolerance (McGregor et al., 2020; 

Xu et al., 2018).  

Stomatal density and location also affect drought tolerance with lower stomatal 

density associated with improved drought tolerance (Bertolino et al., 2019; Caine et al., 

2019; Hughes et al., 2017). Reducing stomatal density improves water use efficiency 

(Hughes et al., 2017) and optimizes CO2 uptake (Bertolino et al., 2019), and reduced 

stomatal density does not necessarily negatively impact crop yields (Bertolino et al., 2019; 

Dunn et al., 2019; Hughes et al., 2017). Most herbaceous plants have stomata on both the 

abaxial (bottom) and adaxial (top) sides of a leaf (Wang et al., 1998), but the stomata on 

either side of the leaf can have different sizes (Willmer and Fricker, 1996), densities 

(Fanourakis et al., 2015), and sensitivity to environmental stimuli (Lu et al., 1993). More 

drought-tolerant plants like grapevine generally have a lower adaxial stomatal density 

(Hardy et al., 1995). However, drought increased adaxial stomatal density in numerous rice 

cultivars (Ouyang et al., 2017).  

There exists a fine balance between root and shoot mass allocation in plants with 

more drought-tolerant plants (and plants that have experienced water deficit) generally 

having higher root-to-shoot ratios (Hartmann et al., 2013; Kozlowski and Pallardy, 2002; 

Xu et al., 2015). The precise mechanism of mass reallocation appears species-dependent. 

For example, woody perennials grow longer roots to reach deep water reserves 
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(Markesteijn and Poorter, 2009; Mokany et al., 2006; Yıldırım et al., 2018). Cacti root 

systems are notoriously shallow to access scant precipitation that does not penetrate desert 

soils (Nobel, 1977; Nobel and Bobich, 2002; Reyes-Olivas et al., 2002). Some plants like 

beans have drought-tolerant varieties with deep and average root systems (Polania et al., 

2017), and rice root biomass increase under drought is associated with higher root sugar 

concentrations (Xu et al., 2015). Root-based drought tolerance mechanisms for other 

species include increasing root diameter while decreasing root length (Zhou et al., 2018).  

Xylem vessel diameter and abundance is another indicator of plant drought 

tolerance (Bauerle et al., 2011; Haworth et al., 2017; Jacobsen et al., 2012; Rosell et al., 

2017; Torres-Ruiz et al., 2017). Wider xylem vessels allow for easier bulk water movement 

through a plant but make a plant more susceptible to embolism (Ryu et al., 2016; Scoffoni 

et al., 2017). Narrow xylem vessels are more resistant to water deficit and cold-induced 

cavitation (Rosell et al., 2017). Xylem vessel diameter and abundance directly factor into 

hydraulic conductance (Santiago et al., 2004; Tyree et al., 2002). Plants able to maintain 

higher hydraulic conductivity under water deficit also maintain higher photosynthesis and 

stomatal conductance (Brodribb and Feild, 2000). Additional mechanisms of drought 

tolerance include suberization (Vishal et al., 2019), biosynthesis of osmoprotectants 

(Hundertmark and Hincha, 2008), and changes to reproduction (Riboni et al., 2013), which 

will be briefly discussed in the following paragraphs.  

Drought tolerance and involved genes are directly linked to the phytohormone 

abscisic acid. ABA, originally called ‘inhibitor ß’ (Williams, 1959), ‘abscisin II’ (Liu and 

Carns†, 1961; Ohkuma et al., 1963), and ‘dormin’(Cornforth et al., 1965), was first 

observed to have negative effects on plant growth in the 1920s (Oppenheimer, 1922), a 
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possible role in abscission, and effects on dormancy. It was not until the 1960s with the 

advent of paper chromatography that these compounds were identified as the same 

molecule and re-named ‘abscisic acid’ (Dörffling, 2015; Finkelstein, 2013). ABA is a 15-

carbon terpenoid metabolite derived from carotenoids (Li et al., 2017a). Naturally 

occurring and active ABA is (+)-cis-ABA, referred to as ‘ABA’ throughout this manuscript. 

Early work that identified ABA as abscisin II, proposed this compound regulated leaf and 

fruit abscission (Ohkuma et al., 1963), lending this metabolite a misnomer. Later ethylene 

rather than ABA was discovered to regulate abscission (Morgan, 1984). However, ABA 

and ethylene have numerous points of crosstalk particularly throughout stress response, 

germination, and ripening that ultimately result in abscission and senescence (Hopper et 

al., 2016; Sharp, 2002; Sharp and LeNoble, 2002).  

 Although ABA was originally implied as a negative growth regulator, ABA-

deficient mutants have a severely stunted phenotype across plant species (Sharp et al., 2000; 

Spollen et al., 2000). ABA is considered a ubiquitous phytohormone expressed in almost 

all cell types that contain a plastid such as a chloroplast or an amyloplast (Li et al., 2017a). 

ABA has also been found in various bacteria (Shahzad et al., 2017), fungi (Izquierdo-

Bueno et al., 2018), and even humans (Bruzzone et al., 2007). ABA metabolism, signaling, 

and physiological responses are shared across plant species (Umezawa et al., 2010), and 

are well described in Arabidopsis, which will be used as an exemplary species to describe 

ABA metabolism and response in this section. 

ABA concentration depends on ABA metabolism, which consists of biosynthesis, 

(de)conjugation, transport, and catabolism (Figs. 6 and 7). ABA biosynthesis, as well as 

that of cytokinins (Frébort et al., 2011), gibberellins (GAs) (Kasahara et al., 2002), 
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strigolactones (Alder et al., 2012), and brassinosteroids (Fujioka and Yokota, 2003) begins 

in a plastid with isopentenyl diphosphate (IPP) (Rodrı́guez-Concepción and Boronat, 

2002). Condensation of three IPP and one dimethylallyl diphosphate molecules form the 

C20 molecule geranylgeranyl diphosphate (GGPP). Two GGPPs are condensed into 

phytoene (C40) (Welsch et al., 2000, 2008), and then various desaturation, isomerization 

(Bartley et al., 1999; Linden et al., 1994; Ruiz-Sola and Rodríguez-Concepción, 2012) and 

cyclization (Zeng et al., 2015) steps yield ß-carotene. Hydroxylation of ß-carotene forms 

zeaxanthin (Du et al., 2010, 1999). Intermediate antheraxanthin and violaxanthin are 

formed by the reversible two-step epoxidation of zeaxanthin by ZEAXANTHIN 

EPOXIDASE/ABA DEFICIENT 1 (ZEP/ABA1) and NON-PHOTOQUENCHING 1 

(NPQ1) (Eskling et al., 1997; Hieber et al., 2000; Niyogi, 1999). Violaxanthin can be 

isomerized by NEOXANTHIN SYNTHASE/ ABA DEFICIENT 4 (NXS/ABA4) and form 

neoxanthin (Dall’Osto et al., 2007; Perreau et al., 2020). Both violaxanthin and neoxanthin 

undergo the rate-limiting step of ABA biosynthesis perform by NINE-CIS-

EPOXYCAROTENOID DIOXYGENASE (NCED) (Qin and Zeevaart, 1999; Schwartz, 

1997; Tan et al., 1997).  

There are five NCEDs in Arabidopsis involved in ABA biosynthesis (AtNCED2, 

3, 5, 6, and 9) (Tan et al., 2003). The various AtNCEDs are specific for ABA biosynthesis 

in different tissues. For example, AtNCED5, AtNCED6, and AtNCED9 are required for 

ABA biosynthesis during seed development, but AtNCED6 is present at an earlier stage of 

development than the other NCEDs (Lefebvre et al., 2006; Tan et al., 2003). AtNCED2 and 

AtNCED3 are active in roots, flowers, and AtNCED3 is the major stress-induced NCED in 

the leaves (Endo et al., 2008; Tan et al., 2003). AtNCED2, AtNCED3, and AtNCED5 are 
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considered the major contributors to increased ABA concentration in response to stress 

(Nambara and Marion-Poll, 2005). In grapevine, there are three NCEDs involved in ABA 

biosynthesis (VviNCED3, 5, and 6), and VviNCED3 (previously VviNCED1) is 

considered the major NCED contributing to ABA biosynthesis during abiotic stress 

(Cochetel et al., 2020).  

Xanthoxin, the resulting C15 compound from the NCED reaction, moves out of the 

plastid to the cytoplasm where XANTHOXIN DEHYDROGENASE (ABA2) protonates 

the epoxy group of xanthoxin yielding ABA aldehyde (González-Guzmán et al., 2002). 

Finally, ABA aldehyde is oxidized to active ABA by ABA ALDEHYDE OXIDASE (AAO) 

(Seo et al., 2000) with a molybdenum cofactor sulfurase (ABA DEFICIENT 3 (ABA3)). 

Optimal ABA biosynthesis is not possible without all four of the ABA DEFICIENT 

proteins (ABA1, ABA2, ABA3, ABA4) (Bittner et al., 2001; González-Guzmán et al., 

2002; Koornneef et al., 1984; North et al., 2007).  

ABA is conjugated into an inactive storage form (Fig. 6) (Cutler and Krochko, 1999) 

via esterification with UDP-glucose (Xu et al., 2014). ABA glucose ester (ABA-GE) is the 

predominant storage form of ABA (Piotrowska and Bajguz, 2011). ABA esterification is 

performed by UDP-glucose glucosyltransferase (UGT) (Lim et al., 2005; Liu et al., 2015), 

and once conjugated, ABA-GE is stored in the vacuole (Bray and Zeevaart, 1985; Burla et 

al., 2013; Lehmann and Glund, 1986). When active ABA is needed, ABA-GE is readily 

de-esterified to active ABA via ß-d-glucosidases (BG or BGLU) (Lee et al., 2006; Xu et 

al., 2012). This pathway is thought to be important for quick ABA release and response as 

compared to ABA biosynthesis (Lee et al., 2006; Schroeder and Nambara, 2006; 

Wasilewska et al., 2008).  
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ABA catabolism (Fig. 6) consists of three pathways via hydroxylation of C-7’, C-

8’, or C-9’ (Nambara and Marion-Poll, 2005) performed by ABA hydroxylases 

(CYTOCHROME P450 (CYP707A)) (Krochko et al., 1998). ABA catabolites also 

function as signaling molecules affecting physiology, development, and environmental 

adaptation (Shimomura et al., 2007; Weng et al., 2016), but the distinct role of each 

catabolite remains unresolved. 8’-hydroxylation is considered the major ABA catabolism 

pathway (Cutler and Krochko, 1999). 8’-hydroxy ABA is isomerized into phaseic acid (PA) 

(Krochko et al., 1998) and further reduced to dihydrophaseic acid (DPA) (Gillard and 

Walton, 1976). Neophaseic acid (NeoPA) is formed from 9’-hydroxy ABA and is thought 

to be a minor catabolite.  

Like any biological process, ABA metabolism is regulated by numerous factors. At 

the DNA level, epigenetics and DNA methylation affects ABA metabolism (Chinnusamy 

et al., 2008). For example, NCED3 methylation via a histone H3 lysine methyltransferase 

was recently found to play a key role in promoting ABA biosynthesis (Chen et al., 2021). 

At the gene level, transcript abundance impacts ABA metabolism with ABA deficient 

mutants having lower ABA metabolite concentration even under abiotic stress (Dall’Osto 

et al., 2007; Koornneef et al., 1982). At the protein level, both protein concentration and 

protein activity are considered to impact ABA metabolism, but this aspect of metabolic 

regulation is not well developed compared to the importance of protein activation in ABA 

signaling (Kobayashi et al., 2005). Substrate availability also affects ABA metabolism. For 

example, exogenous ABA application is known to increase carotenoids, precursors for 

ABA biosynthesis (Barickman et al., 2014; Liu et al., 2020), and carotenoid biosynthesis 

mutants have reduced ABA concentrations (Romero et al., 2019). 
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In addition to being metabolized in most cells, ABA is also transported throughout 

a plant (Kuromori et al., 2018) (Fig. 7). ATP-BINDING CASSETTE G25 (ABCG25) is an 

ABA efflux transporter that removes ABA from vascular tissue and endosperm cells while 

ABCG40 is an influx transporter that moves ABA into the guard cell and seed embryo 

(Kang et al., 2010; Kuromori et al., 2010, 2014, 2018). ABA-vascular unloading and 

transport into guard cells (Kuromori et al., 2010) and endosperm-ABA unloading into the 

seed embryo (Kang et al., 2015) are well-established pathways. A pathway for ABA 

transport into the root from the shoot is also described (Ernst et al., 2010; Goodger and 

Schachtman, 2010; Ikegami et al., 2009). More recently nitrate transporters, NITRATE 

TRANSPORTER/PEPTIDE TRANSPORTER FAMILY 4.5 (NPF4.5) also known as 

ABA IMPORTING TRANSPORTER (AIT2) and NPF4.6 (AIT1) (Léran et al., 2020), 

were also demonstrated to transport ABA in seeds and vascular tissues. These nitrate/ABA 

transporters may link nitrogen status to ABA signaling and play an important role in 

modulating growth under stress (Kanno et al., 2012).  

ABA signaling begins with ABA perception and binding via receptors (Fig. 8). 

ABA PYRABACTIN RESISTANCE/PYRABACTIN RESISTANCE-

LIKE/REGULATORY COMPONENTS OF ABA RECEPTORS (PYR/PYL/RCARS) 

were simultaneously identified in Arabidopsis by two separate groups (Ma et al., 2009; 

Park et al., 2009). The first ABA receptors were identified with a yeast-two hybrid using 

the phosphoprotein phosphatase ABI2 as bait (Ma et al., 2009) and PYRABACTIN 

RESISTANCE 1 (Atpyr1) mutants that were resistant to pyrabactin, an ABA agonist (Park 

et al., 2009). The binding of ABA by the PYR/PYL/RCARs induces conformational 

changes that expose a PHOSPHOPROTEIN PHOSPHATASE 2C (PP2C) interaction site 
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(Melcher et al., 2009). PP2Cs are negative regulators of ABA signaling (Gosti et al., 1999). 

The ABA-bound PYR/PYL/RCARs obstruct the active site of PP2Cs and prevent 

phosphatase activity (Melcher et al., 2009), which in turn relieves PP2C-mediated 

inhibition of SUCROSE NON-FERMENTING 1-RELATED PROTEIN KINASE 2s 

(SNRK2s), the positive regulators of ABA signaling (Hirayama and Umezawa, 2010). The 

various SNRK2s regulate different ABA responses (Fujii et al., 2007; Kim et al., 2013b; 

Yoshida et al., 2002). For example, SNRK2.6/OPEN STOMATA 1 (OST1) is key to 

regulating ABA-induced stomatal closure (Mustilli et al., 2002; Yoshida et al., 2002). Once 

PP2Cs interact with ABA-bound PYR/PYL/RCARS, SNRK2s undergo 

autophosphorylation (Zhang et al., 2016) or are activated by other kinases (Cai et al., 2014; 

Takahashi et al., 2020) and proceed to activate downstream transcription factors.  

SNRK2 targets include ABI and ABRE-BINDING FACTOR/ABA RESPONSIVE 

ELEMENT BINDING FACTORS (ABF/AREB) TFs (Fig. 8) (Nakashima et al., 2009; 

Yoshida et al., 2015). Atabi3, 4, and 5 mutants are insensitive to ABA. ABI3 is a TF that 

plays a critical role in seed development and dormancy with Atabi3 mutants having 

defective, viviparous seeds (McCarty et al., 1989; Suzuki et al., 2001). ABI4 is an 

AP2/ERF TF with roles in seed development and germination (Finkelstein, 1994) as well 

as hormone crosstalk (Kerchev et al., 2011; Shkolnik-Inbar and Bar-Zvi, 2010; Shu et al., 

2016), salt response (Quesada et al., 2000), and lateral root development (Shkolnik-Inbar 

and Bar-Zvi, 2010). ABI5 encodes a bZIP TF considered a key gene in ABA signaling 

(Finkelstein and Lynch, 2000; Skubacz et al., 2016; Yang et al., 2011) due to diverse 

expression across tissues and conditions (Brocard, 2002; De Smet et al., 2003; Finkelstein, 

1994; Finkelstein and Lynch, 2000; Skubacz et al., 2016) as well as at the abundant targets 
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of this TF including LEAs (Finkelstein and Lynch, 2000; Kim et al., 2002), CORs, and 

RABs (Brocard, 2002). ABFs/AREBs are in the same bZIP clade as ABI5 and considered 

as master TFs in ABA regulated drought tolerance (Li et al., 2017a) because disruption of 

these genes resulted in severely impaired ABA and stress responses (Yoshida et al., 2010, 

2015).  

ABI and ABF/AREB TFs target thousands of genes by binding to ABRE cis-acting 

elements (Gonzalez-Guzman et al., 2012; Song et al., 2016). There are numerous ABREs 

in plant promoter regions that bind unique TFs under specific conditions. ABREs have 

been identified and functionally validated throughout the promoter regions of several plant 

species including Arabidopsis, rice, (Gómez-Porras et al., 2007), soybean, cotton 

(Maruyama et al., 2012; Yamamoto et al., 2007), and more recently grapevine (Wong et 

al., 2017), indicating these motifs are conserved across plant species.  

Through this signaling cascade, ABA regulates numerous physiological processes 

including seed maturation, dormancy, and germination. ABA concentrations oscillate 

throughout embryogenesis with a peak concentration at mid-maturation (Belin et al., 2009; 

Cheng et al., 2014; Karssen et al., 1983). The increase in ABA at this stage in 

embryogenesis prevents precocious germination (Karssen et al., 1983). After the embryo 

is fully mature ABA concentrations raise again in embryos as desiccation begins and the 

seeds transition into dormancy (Frey et al., 2004; Karssen et al., 1983; Kermode, 2005; 

Sondheimer et al., 1968). ABA induces desiccation tolerance by inducing antioxidant 

(Bailly, 2019; Jeevan Kumar et al., 2015; Lando et al., 2020) and LATE 

EMBRYOGENESIS ABUNDANT (LEA) protein (Dure, 1997; Maia et al., 2014; Zamora-

Briseño and de Jiménez, 2016) accumulation to protect embryos over long periods. Maize 
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vivipary was one of the first phenotypes observed in ABA insensitive and deficient mutants, 

which played fundamental roles in identifying many genes involved in ABA metabolism 

and signaling (Li et al., 2017a). For example, vp1 maize mutants (and abi3 Arabidopsis 

mutants) do not experience seed dormancy (McCarty et al., 1989; Suzuki et al., 2001). 

Likewise, Ataba1 and Ataba2 mutants have reduced dormancy (del Carmen Rodríguez-

Gacio et al., 2009). When a seed is imbibed, ABA is rapidly degraded by CYP707As, 

allowing a seed to germinate. Light and a chilling period followed by increased temperature 

result in decreased expression of ABA biosynthesis genes and an increase in ABA 

catabolism transcripts. 

Although ABA is renowned as the central regulator of stress response, ABA is 

involved in plant growth and development processes outside of a stress context. Under 

well-watered control conditions, ABA is present in cells at a nanomolar concentration 

(Yoshida et al., 2019a), and ABA receptors and positive and negative regulators are 

expressed (Caldeira et al., 2014; Cochetel et al., 2020). Even at this low concentration, 

ABA is bound by receptors, interacts with PP2Cs, and elicits an ABA response (Tischer et 

al., 2017). Under non-stress conditions, ABA promotes lateral root growth in combination 

with auxin (Xing et al., 2016; Zhao et al., 2014). ABA also effects shoot and leaf growth 

under well-watered conditions. For example, ABA-deficient mutants of many plants grown 

in the dark have truncated hypocotyls (Barrero et al., 2008; Humplík et al., 2015), and these 

mutants have stunted growth under high humidity conditions (LeNoble et al., 2004; Sharp 

et al., 2000). ABA also regulates the rate of leaf emergence (Nakashima et al., 2009; 

Yoshida et al., 2019b) and stomatal development (Tanaka et al., 2013) under non-stress 

conditions.  
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ABA plays a role in flowering time, but less is known about the function of ABA 

in this process. Arabidopsis plants that experience water deficit under long-day conditions 

have accelerated flowering as a drought escape mechanism (Riboni et al., 2013), and 

exogenous ABA application induces flowering (Hwang et al., 2019). Conversely, under 

short-day conditions, water deficit represses flowering (Riboni et al., 2013). Ataba1, 

Ataba2, and Ataba1/2/3/4 mutants have a late-flowering phenotype under well-watered 

conditions (Riboni et al., 2013, 2016; Yoshida et al., 2015), indicating the role of ABA in 

flowering time extends beyond a stress response. GIGANTEA, a key flowering gene that 

regulates the florigen FLOWERING LOCUS T (FT), is sensitive to ABA signaling (Riboni 

et al., 2016). The role of ABA in flowering time involving florigen regulation and 

GIGANTEA expression require testing (Martignago et al., 2020).  

ABA is responsible for the ripening of non-climacteric fruits like grape berries 

(Kumar et al., 2014). ABA is involved in berry coloration (anthocyanin biosynthesis 

(Chung et al., 2019; Karppinen et al., 2018; Koyama et al., 2018)), sugar accumulation 

(Castellarin et al., 2016; Pilati et al., 2017), and softening (Castellarin et al., 2016). 

Climacteric and non-climacteric fruits treated with fluridone, an ABA biosynthesis 

inhibitor, retained firmness (Zhang et al., 2009) while nordihydroguaiaretic acid (NCED 

activity inhibitor) prevented coloration and reduced ABA concentrations (Li et al., 2019a). 

ABA levels are low early during non-climacteric fruit development and increase with 

coloration (Koyama et al., 2010, 2018), but different fruits have unique regulation of ABA 

during ripening (Fuentes et al., 2019).  

In addition to being central to abiotic stress, ABA is also involved in pathogen 

response. There is a fine balance between abiotic and biotic stress response, and the two 
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pathways as well as the phytohormones involved (ABA vs. SA and JA) act antagonistically 

(Moeder et al., 2010). For example, constitutive expresser of PR genes 22 (Atcpr22) 

mutants that constitutively express biotic defense responses and have enhanced resistance 

against pathogens also display ABA insensitive phenotypes including reduced stomatal 

closure and low expression of ABA-induced genes like RD29B (Mosher et al., 2010). 

Similarly, SA accumulation and SA biosynthetic gene expression were repressed with 

exogenous ABA application and salt (Yasuda et al., 2008). ABA application during 

pathogen susceptibility assays increases pathogen spread across plant species (Fan et al., 

2009; Koga et al., 2004; Mohr and Cahill, 2003). Generally, ABA appears to have a 

negative impact on biotic stress response (Asselbergh et al., 2008a, 2008b; Cao et al., 2011). 

However, ABA plays an important role in stomatal closure in response to biotic stress 

(Melotto et al., 2006) with stomata acting as a major entry point for numerous 

phytopathogens (Zeng et al., 2010). ABA application also reduced Cochliobolus 

miyabeanus spread in rice mesophyll (Vleesschauwer et al., 2010) and the spread of other 

fungi in Arabidopsis (Ton and Mauch-Mani, 2004). Ataba2-12 mutants produced lower JA 

concentration and were more susceptible to the necrotroph P. irregulare (Adie et al., 2007). 

Overall, the role of ABA in pathogen response appears pathogen (biotroph/necrotroph) and 

cell type specific.  

ABA is the central regulator for plant response and tolerance to abiotic stresses 

including salt, cold, and water deficit (Cramer et al., 2011). ABA accumulates in response 

to salt stress, triggering a signaling cascade via ABF2, 3, and 4 (Choi et al., 2000) followed 

by other TFs. This signaling cascade prevents lateral root emergence, enhances Casparian 

strip deposition (Duan et al., 2013), and root suberization (Vishal et al., 2019) to limit salt 
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uptake into the shoot. In response to cold, ABA induces signaling via C-REPEAT 

BINDING FACTORS/DEHYDRATION-RESPONSIVE ELEMENT BINDING 

PROTEINS (CBFs/DREBs) and COLD RESPONSIVEs (CORs) (Pareek et al., 2017). 

This signaling cascade results in the accumulation of osmoprotectants like proline and 

sugars (Sharma et al., 2019) as well as LEA proteins (Huang et al., 2017; Hundertmark and 

Hincha, 2008; Sawicki et al., 2019) and lipids to protect plant tissues from ice crystal 

formation (Pareek et al., 2017).  

ABA concentrations increase > 50-fold under water deficit, which is the most 

dramatic concentration change observed for any phytohormone in response to an 

environmental condition (Li et al., 2017a). Perhaps the most classic ABA-dependent 

response a plant has to water deficit is stomatal closure to prevent water loss (Fig. 9). ABA 

accumulation in guard cells triggers an increase of cytosolic Ca2+, which causes 

depolarization and activates anion channels (Kim et al., 2010). The slow activating S-type 

anion channels and the rapid-transient R-type anion channels allow for the efflux of anions 

from the guard cells (Schroeder and Keller, 1992). The guard cell membrane is 

hyperpolarized by this efflux, resulting in an efflux of K+ ions via K+ channels (Schroeder 

et al., 2001). This mass efflux causes decreased guard cell turgor and volume, resulting in 

stomatal closure (Kim et al., 2010).  

In addition to causing stomatal closure, ABA prevents stomatal opening. For 

stomatal opening to occur H+-ATPases in the guard cell plasma membrane are activated by 

blue light (Shimazaki et al., 2007), resulting in hyperpolarization of the membrane and 

uptake of K+ (Hamilton et al., 2000). This positive charge is balanced with anions like 

malate (-2) (Bowling, 1976), Cl- (MacRobbie et al., 1982), and NO3
- (Guo et al., 2003; Qi et 



 49 

al., 2018). Water is drawn into the guard cell due to the abundance of osmolytes, increasing 

the guard cell turgor and resulting in stomatal opening (Li et al., 2017a). ABA inhibits 

stomatal opening by downregulation of the K+ channels and H+-ATPase (Kim et al., 2010) 

necessary for the cation accumulation and hyperpolarization of the membrane. 

ABA also affects plant growth under water deficit. Under mild water deficit, growth 

shifts to promote root development and inhibit shoot growth to better balance water uptake 

and water loss from photosynthesis (Munns and Cramer, 1996). However, when a plant 

experiences a severe or long-term water deficit, all growth comes to a halt. Water flow that 

regulates plant growth and is key to photosynthesis is controlled by plasma membrane 

intrinsic proteins (PIPs) and tonoplast intrinsic proteins (TIPs), commonly referred to as 

aquaporins. While some studies show upregulation of aquaporins to facilitate water 

transport during water deficit (Zargar et al., 2017), others indicate aquaporins, like those in 

Arabidopsis, are downregulated to prevent water loss (Alexandersson et al., 2005). 

Aquaporin gene expression in response to WD appears highly dependent upon the stress 

conditions, cell type, organ, and species in grapevine (Cochetel et al., 2020; Gambetta et 

al., 2012). 

In the past several years, numerous advances have been made in improving 

understanding of water deficit response and drought tolerance in grapevine. Here a few 

examples of advances in grapevine water deficit research will be discussed related to work 

performed throughout this dissertation including physiological thresholds for drought-

induced mortality and identification of water deficit response potential hub genes.  

Recently, Charrier et al. investigated the critical embolism threshold in grapevine 

(Charrier et al., 2018). Upon experiencing a decrease in stem water potential resultant of 



 50 

decreased water availability during water deficit, stomata close, and photosynthesis shuts 

down (Brodribb and Holbrook, 2003). Stomatal closure, resultant of ABA signaling, is 

essential to maintain xylem pressure above the onset of embolism (Jones and Sutherland, 

1991; Tyree and Sperry, 1988). Plant embolism occurs when the chain of water molecules 

in xylem vessels is broken, allowing for air bubbles to block water flow killing the plant. 

Charrier et al. reported stomatal behaviors were linked to genotype-specific embolism 

vulnerabilities (i.e. a genotype that maintained open stomata could manage a lower stem 

water potential without embolism occurrence compared to a genotype with stomatal 

closure at a lower stress severity). For example, the drought-tolerant rootstock, 110 Richter, 

had a significantly lower stem water potential than Grenache for the same percentage loss 

of conductivity (Charrier et al., 2018). Significant differences in embolism vulnerability 

were also observed across the growing season and stages of plant development (50% loss 

in conductivity at -1.7 MPa in May vs. -2.07 MPa in July vs. -2.82 MPa in September) 

(Charrier et al., 2018). In most areas practicing viticulture, water is most available early in 

the growing season, and the likelihood of a vine experiencing this critical threshold of 

embolism is low. Although water availability decreases throughout a growing season, 

vascular tissues mature and lignify, pits thicken, and aquaporins are highly regulated to 

control water flow enabling a vine to adapt to the increasing stress. However, with the 

anticipated increase in drought duration and severity from climate change, the probability 

of a vine experiencing a critical level of stress early in the season increases as well as the 

likelihood the stress of a long-term drought may exceed the adaptations of mature vines. 

One alluring solution to improved drought tolerance is increased ABA production. 

Tomato is another model plant species, and tomato and grapevine (representing climacteric 
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and non-climacteric fruits, respectively) genes and water deficit responses are often 

compared, (Fortes et al., 2017; Grimplet et al., 2016). Tomato plants overexpressing 

LeNCED1 have increased ABA accumulation. Plants over producing ABA have improved 

water use efficiency (WUE) relative to wildtype (WT) plants while functioning at an 

overall lower stomatal conductance (Huang et al., 2018; Iuchi et al., 2001; Thompson et 

al., 2007). However, negative consequences like delayed germination and reduced growth 

and yield make over-production of ABA a less than ideal technique to improve drought 

tolerance in an agricultural setting. Lamarque et al. recently identified another consequence 

of overproduction of ABA: increased xylem embolism vulnerability (Lamarque et al., 

2019). As observed in grapevine (Charrier et al., 2018), tomato plants had increased 

embolism resistance as plants matured, but surprisingly the overexpression of LeNCED1 

resulted in increased embolism susceptibility compared to WT (Lamarque et al., 2019). 

The increased embolism vulnerability may have been a result of decreased xylem vessel 

area (decreased up to 43% in LeNCED1 overexpression plants). Although over-

accumulation of ABA increased WUE under well-watered conditions, these plants had a 

higher risk of mortality under drought conditions due to a low hydraulic safety margin. 

NCED is not the only gene under investigation for improving water deficit response 

and drought tolerance in grapevine. Numerous other potential target genes for introgression 

into breeding programs have been identified in the last decade from transcriptomic 

experiments (Cardone et al., 2019; Catacchio et al., 2019; Cramer et al., 2014; Hopper et 

al., 2016; Rattanakon et al., 2016; Yıldırım et al., 2018). Key genes identified in these 

experiments are potential hub genes for water deficit response. Hub genes are considered 

essential for the proper functioning of an organism in response to treatment or stress, and 
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disruption of these genes affects the expression of hundreds of other connected genes. 

Microarray and RNA-Seq experiments (Cochetel et al., 2020; Cramer et al., 2014; 

Rattanakon et al., 2016) led to the identification of ABA-responsive genes that were further 

investigated and characterized as potential water deficit response hub genes in this 

dissertation. 

A microarray experiment that identified potential ABA-responsive hub genes was 

a berry ripening experiment performed to determine differences in gene expression in berry 

tissue across stages of development (Cramer et al., 2014). Throughout the experiment > 

2,000 transcripts significantly changed in response to berry tissue and developmental stage 

including NCEDs and other genes involved in ABA metabolism and signaling, which have 

an important role in non-climacteric fruit ripening. A unique clade of uncharacterized ERF 

TFs, ERF6Ls, was specifically induced in berry skin as the CS berries ripened. These 

ERF6Ls had increased transcript abundance after ABA concentration was the highest 

during berry ripening (Alferez et al., 2021), indicating these genes may play a role in ABA 

response. Of particular interest was VviERF6L1, which had the greatest transcript increase 

of the ERF6Ls (Cramer et al., 2014). A rapid-dehydration microarray experiment provided 

additional evidence for a role of ERF6Ls in ABA signaling, as both VviERF6L1 and 

VviERF6L3 transcripts increased in Cabernet Sauvignon leaves within one hour of water 

deficit treatment (Hopper et al., 2016). The closest Arabidopsis ortholog, AtERF6, has 

established roles in reactive oxygen species (ROS) signaling, SA, cold (Sewelam et al., 

2013), and pathogen responses (Meng et al., 2013), and AtERF6 acts as a hub gene during 

water deficit (Dubois et al., 2013) providing further evidence this clade may have an 

important role during ABA signaling and water deficit in grapevine. The ERF6L clade and 
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specifically VviERF6L1 were chosen for further investigation as an abiotic stress hub in 

grapevine.  

More recently, an RNA-Seq experiment was performed to identify transcriptional 

similarities and differences of four diverse grapevine species in response to a one- and two-

week moderate water deficit (Cochetel et al., 2020). The grapevines used in this experiment 

were previously shown to have differences in dehydration sensitivity and drought tolerance 

(Hopper et al., 2014; Lowe and Walker, 2006; Padgett-Johnson et al., 2003). Vitis vinifera 

cv. Cabernet Sauvignon (CS) a moderately water deficit tolerant vine, a drought-tolerant 

Texan vine, Vitis champinii cv. Ramsey (RA), drought-sensitive Vitis riparia cv. Riparia 

Gloire (RI), and an uncharacterized Vitis vinifera x Vitis girdiana hybrid SC2 (SC) were 

subjected to well-watered and water-deficit treatments. RNA-Seq identified NCED3, RD29, 

and ABI1 as potential hub genes shared across species in response to water deficit (Cochetel 

et al., 2020). With the release of the Cabernet Sauvignon genome (Chin et al., 2016), this 

data set warranted re-analysis and confirmation of NCED3 as a hub gene in ABA 

metabolism and water deficit response. 

Regulation of gene expression is essential to link genotypes with phenotypes 

(Marguerat and Bähler, 2010). Today, it is known that the flow of genetic information to 

an observable phenotype is highly complex, encompassing numerous levels of regulation 

for DNA, RNA, protein, and metabolites. These previous works (Cochetel et al., 2020; 

Cramer et al., 2014; Hopper et al., 2016; Rattanakon et al., 2016) identified several 

potential hub genes responding to ABA including VviERF6L1 and VviNCED3. The role of 

VviERF6L1 in ABA signaling and abiotic stress required further investigation, and NCED3 

needed further validation as a water deficit response hub gene in grapevine. The goal of 
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this dissertation was to investigate these potential water deficit response genes at numerous 

levels of biochemical regulation (DNA, mRNA, protein, and metabolite) with an emphasis 

on mRNA transcript response to establish a more comprehensive understanding of water 

deficit in Vitis. Specifically, the goal of this dissertation was to investigate the role of 

potential hub genes (VviERF6L1 and NCED3) in ABA signaling and stress response 

at DNA, RNA, protein, and metabolite levels of biochemical regulation. The results of 

this dissertation have applications in rootstock selection and targeted breeding programs to 

improve and expand viticulture in regions that experience abiotic stress like drought. 
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Figure 1: RNAPII transcription cycle from Hong 2016. Original image drawn according 
to Hahn (2004) and Shandilya and Roberts (2012) and derived from Hong, 2016 
publication. The main phases of the transcription cycle (orange); key events of regulation 
(yellow). The circle in the middle depicts the occurrence of the events in relation to the 
position on the gene. GTFs, general TFs; ORF, open reading frame. RNAPII (pink) 
subunits (blue), C-terminal domain (CTD) phosphorylation of Ser-5P (red), Ser-2P (blue), 
and Ser-7P (light green).   
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Figure 2: Promoter escape and the formation of an early elongation complex from 
Saunders 2006. a) The unwinding of promoter DNA to create a transcription bubble 
begins at a fixed position (~20 base pairs downstream from the binding site of the TATA-
box-binding protein (TBP) or another cis-element). The upstream bubble edge (vertical 
dashed line) remains fixed until the end of promoter escape. The downstream bubble edge 
expands as transcription proceeds. The initially transcribing complex (ITC) undergoes 
abortive initiation. b) After synthesis of the first 4 nucleotides, the B-finger of TFIIB 
(orange) and a switch domain (dark blue oval) of Pol II (large blue oval) stabilize the short 
RNA, reducing abortive initiation c) After 5 nucleotides are transcribed, the nascent RNA 
collides with the B-finger of TFIIB, inducing stress resulting in increased abortive initiation, 
strong pausing, or transcript slippage. This step contributes to the rate-limiting step of 
promoter escape d) The transcription bubbles collapses from the stress of the growing RNA, 
providing the energy to remodel the transcription complex. The B-finger is ejected from 
the RNA-exit tunnel and TFIIB is released. The RNA–DNA hybrid contacts protein loops 
near the RNA-exit site. Abortive initiation stops, and transcript slippage is reduced. The 
transcription complex has changed into an early elongation complex (EEC). Figure derived 
from Saunders et al., 2006. 
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Figure 3: Utilized production value (millions of dollars) of grapevine in the USA from 
2014-2019. Values obtained from the United States Department of Agriculture annual 
Non-citrus Fruits and Nuts Summary.  
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Figure 4: Utilized production value (millions of dollars) of non-citrus fruit crops in 
the USA from 2019. Values obtained from the United States Department of Agriculture 
annual Non-citrus Fruits and Nuts Summary (United States Department of Agriculture, 
2020). Grapevine in blue and all other non-citrus crops in pink.  

0

1000

2000

3000

4000

5000

Pa
pa

ya
Ap

ric
ot

Co
ffe

e
Ki

wi
Pl

um
Ne

ct
ar

in
e

O
liv

e
Pr

un
e

Da
te

Cr
an

be
rry

Pe
ar

Av
oc

ad
o

Ra
sp

be
rry

Pe
ac

h
Ch

er
ry

Bl
ue

be
rry

St
ra

wb
er

ry
Ap

pl
es

G
ra

pe

Noncitrus Fruit

Va
lu

e 
of

 u
tili

ze
d 

pr
od

uc
tio

n 
(M

illi
on

s 
of

 D
ol

la
rs

)



 100 

 
 
Figure 5: Number of released Vitis genomes. The cumulative number of available 
reference level Vitis genomes from 2007 to February 2021. Genomes include PN40024 
(Canaguier et al., 2017), Cabernet Sauvignon (Chin et al., 2016), Carménère (Minio et al., 
2019b), Riparia Gloire (Girollet et al., 2019), Riparia Manitoba 37 (Patel et al., 2020), 
Chardonnay (Zhou et al., 2019), Zinfandel (Vondras et al., 2019), Vitis sylvestris C1-2 
(Badouin et al., 2020), black Corinth seeded, black Corinth seedless, Merlot, Vitis sylvestris 
(DVIT3351.27, DVIT3603.07, DVIT3603.16, and O34-16), Vitis arizonica (Massonnet et 
al., 2019), and Muscadinia rotundifolia (Cochetel et al., 2021). 
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Figure 6: The abscisic acid (ABA) metabolic pathways in plants from Li et al. 2017. 
The ABA biosynthesis, degradation, and conjugation pathways are shown in respective 
cellular organelles where these events occur. Biosynthesis steps blocked in the Arabidopsis 
mutants (aba1, aba2, aba3, and aba4) and maize mutants (vp12 and vp14) are indicated as 
in the original publication this figure is derived from Li et al., 2017. 
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Figure 7: ABA transport system in leaf and dormant seed from Ma et al. 2018 (A) 
ABA transport in the leaf: under drought, ABCG25 transports ABA from leaf vein to the 
apoplast around guard cells, and subsequently ABA is taken up into guard cells by 
ABCG40, causing stomatal closure. (B) ABA transport during seed dormancy: ABCG25 
and ABCG31 mediate ABA efflux from endosperm cells; ABCG30 and ABCG40 transport 
ABA from extracellular space into embryo cells to seed dormancy. Solid arrows indicate 
the direction of ABCG-mediated ABA transportation. Dotted arrows show local enlarged 
view of specific cells, tissues, and organs. Figure derived from original paper by Ma et al., 
2018.  
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Figure 8: ABA signaling from the original manuscript from Fernando et. al 2016. The 
main ABA signaling components. In the absence of ABA, PP2Cs dephosphorylate 
SNRK2s preventing ABA signaling. In the presence of ABA, ABA PYR/PYL/RCAR 
receptors bind PP2Cs, freeing SNRK2s to activate target ABF/AREB TFs to induce ABA 
dependent gene expression. Figure from original paper by Fernando et al., 2016.  
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Figure 9: Summary of guard cell signaling and ion channel regulation from original 
work by Kim et al. 2010. Guard cell ion channel functions and ABA-induced signal 
transduction across the plasma membrane and vacuolar membrane of guard cells. Signaling 
events during stomatal closing (left), and major regulation steps for ABA-inhibition of 
stomatal opening mechanisms (right). Abbreviations: ABA, abscisic acid; ICa, inward 
Ca2+ current; S-type, slow-type; SLAC1, SLOW ANION CHANNEL ASSOCIATED 1; 
R-type, rapid-type; SV, slow vacuolar; VK, vacuolar K+ selective; TPK1, TWO PORE K+ 
CHANNEL 1; AHA1, ARABIDOPSIS H+ ATPASE 1; OST2, OPEN STOMATA 2. 
Figure from original paper by Kim et al., 2010. 



 105 

 
CHAPTER 2:  

ABRES IN THE PN40024 GRAPEVINE REFERENCE GENOME PROMOTER 
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2.0 Abstract 

Abscisic acid (ABA) response elements (ABREs) are cis-acting elements involved in 

transcriptional activation during ABA signaling and abiotic stress response. Previously, 

cis-acting elements were annotated in grapevine, but since the original annotation, a novel 

reference genome annotation version was released, and the original cis-acting element 

analysis employed limited promoter region length and ABRE sequences. Here, ABREs 

were annotated in -3,000 bp promoter regions of the PN40024 v3 reference grapevine 

genome using a more comprehensive list of ABRE sequences than the previous analysis. 

Additionally, ABRE occurrences were compared for consensus and individual variants. 

ABREs were identified as being highly abundant throughout the promoter regions of the 

majority of annotated genes in the grapevine reference genome. The presence of ABREs 

was used to partially explain ABA signaling and abiotic stress responses previously 

observed for two genes of interest: VviERF6L1 and NCED3. Additionally, this analysis 

identified novel potential genes involved in ABA signaling that require characterization 

and may be interesting targets for future studies.  

 

 

2.1 Introduction 

The ABA-responsive element (ABRE) is a conserved motif in ABA inducible 

genes (Guiltinan et al., 1990; Mundy et al., 1990), and many unique ABRE sequences have 

been identified. For example, ABREATCONSENSUS_1 and ABREATCONSENSUS_2 
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are among the first characterized ABREs, bound by bZIP TF EMBIGIN PSEUDOGENE 

1 (EmBP1) in wheat (Guiltinan et al., 1990) and RAS RELATED PROTEIN (RAB12) in 

rice (Mundy et al., 1990), respectively. ABREZMRAB28 was another earlier discovered 

ABRE, regulating transcription of RESPONSIVE TO ABA 28 (RAB28) in Zea mays during 

germination via binding by VIVIPAROUS 1 (VP1) (Busk and Pages, 1998). 

ABREZMRAB28 was characterized in poplar and Arabidopsis with roles in cold responses 

(Benedict et al., 2006; Suzuki et al., 2005). 

Since the original identification of ABREs in wheat and rice (Guiltinan et al., 1990; 

Mundy et al., 1990), many more ABREs have been identified in numerous plant species 

including Arabidopsis thaliana, soybean, cotton (Maruyama et al., 2012; Yamamoto et al., 

2007), and grapevine (Nicolas et al., 2014; Wong et al., 2017). For example, 

ABRELATERD1 was first discovered in the EARLY RESPONSIVE TO DEHYDRATION 

1 (ERD1) promoter region in Arabidopsis thaliana (Simpson et al., 2003). ABRE-related 

Arabidopsis thaliana calcium responsive (ABRERATCAL) motifs were first described as 

ABRE coupling elements with a role in transcriptional activation in response to cytosolic 

Ca2+, a common response to stress and ABA (Kaplan et al., 2006). Additionally, ABRE-

like binding site motif (ABRE-likebindingsitemotif) was first referenced in an ABRE 

review (Shinozaki and Yamaguchi-Shinozaki, 2000), but this consensus ABRE has also 

been referred to as the Classical ABRE (Leonhardt et al., 2004) and is enriched in E3 ligase 

promoter regions in Arabidopsis and grapevine (Wong et al., 2018). CGTGTSPHZMC1 is 

another cis-acting element sufficient for gene activation and transcription in the presence 

of ABA (Kao et al., 1996). There are many other ABREs with different lengths, sequences, 
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and regulatory functions that can be found on cis-acting element databases like PLACE 

(Higo et al., 1999), AGRIS (Davuluri et al., 2003), or plantCARE (Rombauts et al., 1999).  

Some ABREs contain ambiguity codes. The ambiguity-codes of consensus ABREs 

are points in the ABRE sequence where more than one nucleotide can code for that position 

of the motif. For example, the consensus ABRE, ABRE-likebindingsitemotif 

(BACGTGKM), has three ambiguity-code points that give rise to 12 different sequences 

(Table 1). The different ABRE sequences derived from consensus ABRE ambiguity codes 

are referred to as “ABRE variants” in this work. ABRE variants of the same consensus 

ABRE are delineated from one another with an underscore followed by a number. The term 

“ABREs” refers to ABREs that do not contain ambiguity points and each of the ABRE 

variants (e.g. 51 are examined in this work (Table 1)). ABREs that do not contain ambiguity 

points and the ABRE sequences reflective of all possible variants (e.g. BACGTGKM) are 

referred to as “consensus ABREs” (e.g. 26 were examined in this work (Table 2)).  

After TFs bind ABREs in response to ABA, target genes are transcribed to allow a 

plant to better adapt to stressful conditions. There are thousands of genes targeted by 

ABFs/AREBs or ABI TFs and transcriptionally activated by ABRE binding. For example, 

ABF2/AREB1 binds to ABREs in the promoter region of numerous genes including 

RESPONSIVE TO DESICCATION 29B (RD29B), RAB18, RD20, and G-BOX BINDING 

FACTOR 3 (GBF3) (Fujita et al., 2005). ABF4/AREB2 also binds many promoter regions 

including that of RD29B to regulate transcriptional activation in response to ABA 

(Chinnusamy et al., 2005). The function of ABREs appears conserved across species 

(Nicolas et al., 2014; Pilati et al., 2017), but identification of ABREs in promoter regions 

is incomplete for many species including grapevine. Grapevine ABREs were identified 
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along with other cis-acting elements in a previous annotation version of the PN40024 

genome (Wong et al., 2017). However, ABREs were not the focus of this work. Limited 

ABRE sequences were queried, and no distinction between ABRE variants was made. This 

work was expanded upon by utilizing the new annotation version of the PN40024 reference 

genome that yielded novel ABRE coordinates by querying more ABRE sequences and 

distinguishing ABRE variants in longer promoter regions.  

 Although many genes have been identified as ABA-responsive in grapevine 

(Cochetel et al., 2020; Cramer et al., 2014; Londo et al., 2018; Rattanakon et al., 2016), the 

precise activation mechanism for many genes has not been defined. Identification of 

ABREs in grapevine promoter regions is the next step for better understanding ABA-

responsive genes and will provide insight into ABA signaling and abiotic stress response. 

Two ABA-responsive genes (ERF6L1 and NCED3) may be valuable targets for abiotic 

stress tolerance improvement in grapevine breeding programs, but the activation of these 

genes in response to ABA requires further investigation. Identification of ABREs in the 

promoter regions of these genes would explain previously observed responsiveness to ABA 

and abiotic stresses as well as provide the basis to identify TFs targeting these genes in the 

future. Identification of specific ABRE sequences and future identification of TFs that 

target these cis-acting elements will improve the comprehensive understanding of ABA 

signaling.  

Previously, ERF6L1 was identified as a potential ABA-responsive hub gene in 

grapevine berry skin during ripening (Cramer et al., 2014). Additional analysis revealed 

ERF6L1 along with 17 paralogs in PN40024 were differentially expressed in response to 

numerous ABA related processes including salt, cold, pathogen, and light intensity 
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responses in a variety of organs and tissues (Toups et al., 2020), but this gene and its 

paralogs required further characterization for a role in ABA response. Other studies showed 

NCED3 may function as a water deficit response hub (Cochetel et al., 2020; Lamarque et 

al., 2019; Sussmilch et al., 2017), and NCED3 transcripts are known to accumulate in 

response to abiotic stresses including water deficit (Cochetel et al., 2020). 

Promoter architecture is a powerful tool to infer gene function (Higashi and Saito, 

2013), and identification of genes with ABRE-containing promoter regions may prove 

valuable in breeding programs to improve crop abiotic stress response and tolerance. Cis-

acting elements were previously identified in an earlier version of the PN40024 genome, 

but since then, with the release of the new annotation (Canaguier et al., 2017), additional 

ABREs may be identified. The previous work only considered the first 1,000 bp before the 

TSS and queried 39 ABRE sequences. In this work, promoter regions were extracted from 

each gene of the PN40024 V3 structural annotation of the V2 assembly Pinot Noir 

grapevine reference genome (Canaguier et al., 2017). Promoter regions are defined as -

3000 base pairs (bp) from the transcription start site (TSS) (prior to the beginning of 5’ 

UTR or start codon when no 5’ UTR was annotated), and 51 ABRE sequences obtained 

from PLACE (Higo et al., 1999) and AGRIS (Davuluri et al., 2003; Palaniswamy et al., 

2006) (Table 1) were queried in the PN40024 promoter regions. The goal of this work 

was to quantify and substantiate the abundance of ABREs in the PN40024 grapevine 

reference genome and to use the presence of ABREs to further validate and explain 

ABA-responsive genes including potential hub genes ERF6L1 and NCED3 as well as 

identify novel potential ABA-responsive genes for future studies.  
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2.2 Materials and Methods 

PN40024 ABRE Identification 

ABRE sequences were obtained from AGRIS (Davuluri et al., 2003; Palaniswamy et al., 

2006) and PLACE (Higo et al., 1999) and confirmed in literature (Busk and Pages, 1998; 

Choi et al., 2000) in 2019. Consensus ABREs containing ambiguity codes were decoded 

using nomenclature from the Nomenclature Committee of the International Union of 

Biochemistry (Cornish-Bowden, 1985). ABRE sequences were compared to prevent 

repetitive inquiries for the same sequence with different names. So-named ABRE-

likebindingsitemotif_2 (CACGTGGC) and ABRE-likebindingsitemotif_10 

(TACGTGGC) overlapped in entirety with ABREATCONSENSUS_1 and 

ABREATCONSENSUS_2, respectively, and were excluded from the analysis to prevent 

repetitive ABREs. ABRE-likebindingsitemotif_12 was also a duplicate sequence and 

excluded. In total, 51 unique ABREs were used in this study.  

Promoter regions of -3,000 bp were extracted from each gene of the PN40024 V3 

structural annotation of the V2 assembly grapevine reference genome (Canaguier et al., 

2017) using the complete genomic sequence and annotated gene files. Promoter regions 

used for ABRE identification were confirmed not to overlap with chromosome ends or 

neighboring genes using GenomicFeatures version 1.38.2 in R (Lawrence et al., 2013). 

Based on these limitations, not all promoter regions were -3,000 bp, but these regions were 

considered as complete proximal promoters of these genes. Promoter regions were 
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extracted upstream from the TSS and were confirmed not to include 5’ UTRs of 

downstream genes nor 3’ UTRs of upstream genes. If a 5’ UTR was not annotated for a 

gene, the promoter region was extracted just before the start codon (translation start site).  

 The 51 ABRE sequences (Table 1) were queried in the 41,416 promoter regions of 

the PN40024 V2 assembly V3 structural annotation using GenomicFeatures version 1.38.2 

in R (Lawrence et al., 2013). Completely overlapping ABREs (i.e., a shorter ABRE inside 

a longer ABRE) were identified and only the longest (highest ranking) ABRE was retained 

using GenomicFeatures in R (Lawrence et al., 2013). Partially overlapping ABREs (e.g., 

ABREs that overlapped in the middle but not at either end) were both retained and counted 

separately. ABREs were identified on both DNA strands. The start, end, strand, and 

identity of each ABRE in the promoter region of each gene were identified. The total 

number of occurrences of each ABRE was calculated (Table 2), and the total number of 

genes each ABRE was present in was also calculated (Table 2). All subsequent analyses 

were performed using this information. 

 

RNA-Seq analysis 

RNA-Seq analysis was performed on the PRJNA516950 (Cochetel et al., 2020) data series 

using the PN40024 V3 structural annotation of the V2 assembly grapevine reference 

genome (Canaguier et al., 2017), which was performed previously (Toups et al., 2020). 

Briefly, the data series was quality checked with fastqc (Babraham Bioinformatics, 2010) 

and trimmed with trimmomatic version 0.35 (Bolger et al., 2014). Transcript abundance 

was quantified with Salmon version 0.10.1 (Patro et al., 2017) using quasi-mapping, 

seqBias, gcBias, fldMean 50, fldSD 1, validateMappings, libType A, and 
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rageFactorizationBins 4. Tximport version 1.10.1 was used to generate the count matrix. 

Differential expression analysis was performed with DESeq2 version 1.22.2 (Love et al., 

2014).  

 

Statistical Analysis 

One-way ANOVA and Tukey’s HSD were performed to determine the relationship 

between ABRE occurrences and ABRE length (Fig. 2) after assumptions were met. Chi-

squared Goodness of Fit Test assuming equal distribution was performed on the variants 

of the six consensus ABREs containing ambiguity codes individually (Fig. 3), ABRE sense 

and anti-sense strand distribution, and ABRE start position after assumptions were met. 

Non-normal data were box-cox transformed to meet normality and homoscedastic 

assumptions (Fox, 2020). Post Hoc tests were performed with Tukey’s Test HSD for 

comparisons between species, treatments, and time points after assumptions were met. 

Asterisks indicate statistical significance from ANOVA (* = p ≤ 0.05, ** = p ≤ 0.01, *** 

= p ≤ 0.001). Letters indicate statistical significance between the multiple comparisons. 

The error rate a = 0.05 was used in all comparisons. Statistical analyses and all other R-

based analyses were performed using R version 3.6.3 in RStudio version 1.2.13335 (R Core 

Team, 2018). 

 

 

2.3 Results 

ABRELATERD1 was a core ABRE  
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A total of 26 consensus ABREs were identified. Six of the consensus ABREs contained 

ambiguity codes (indicated in bold and underlined), yielding a total of 51 ABREs including 

25 variant sequences, referred to as “variants” throughout this work (Table 1). The 

sequences (5-16 bp in length) of the ABREs were compared. The majority (33 of the 

ABREs) contained an ABRELATRD1 (ACGTG) core motif, while the remaining 17 

ABREs did not include the entire sequence of any other ABRE (Fig. 1 and Table 1). The 

33 ABREs containing the core motif were classified as primary, secondary, tertiary, and 

quaternary ABREs based on the sequence presence of shorter ABREs in sequentially 

longer ABREs (Table 1 and Fig. 1). For example, the ABRELATRD1 core (ACGTG) was 

present in the primary ABRE, ACGTABREMOTIFA2OSEM_1 (ACGTGGC), which was 

present in the secondary ABRE, ABREATCONSENSUS_2 (TACGTGGC) that was 

present in three tertiary ABREs including ABREA2HVA1 (CCTACGTGGC), and 

ABREA2HVA1 was present in the only quaternary ABRE, ABRE2HVA1 

(CCTACGTGGCGG) (Fig. 1). A total of 15, 9, 8, and 1 primary, secondary, tertiary, and 

quaternary ABRE variants were identified (Fig. 1). All 51 ABREs were queried in the 

PN40024 promoters.  

 

ABREs were highly abundant in PN40024 promoter regions 

A total of 93,852 ABRE occurrences were identified in the PN40024 promoter regions 

(Table 2). Almost all of the 51 ABREs were found in PN40024 promoter regions, except 

for the longest motif, CGTGTSPHZMC1 (CGTGTCGTCCATGCAT), which was not 

present in these PN40024 promoter regions (Table 2). ABRE occurrences were attributed 

to the longest possible ABRE (i.e. the highest-ranking ABRE class (Fig. 1 and Table 1)). 
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Therefore, although tens of thousands of promoters contained the ABRELATERD1 core, 

the promoter sequences that corresponded to higher ranking primary, secondary, tertiary, 

or quaternary ABREs were allocated thusly and not counted as a lower rank ABRE. After 

the ABRELATERD1 core, ABRERATCAL (MACGYGB) was the most abundant 

consensus ABRE, being present 32,016 times in the PN40024 promoter regions followed 

by ABRE-likebindingsitemotif (BACGTGKM) and ACGTABREMOTIFA2OSEM 

(ACGTGKC) with 14,644 and 3,587 occurrences, respectively (Table 2). Numerous other 

consensus ABREs occurred hundreds and thousands of times in the PN40024 promoter 

regions (Table 2). Shorter ABRE variants had significantly (“significantly” meaning ≤ 0.05 

unless otherwise specified throughout this work) more occurrences in the PN40024 

promoter regions than longer ABRE variants (Fig. 2). For example, ABRELATERD1, the 

shortest ABRE, was the most abundant ABRE. ABRERATCAL and ABREOSRAB21 

with a length of 7 and 8 bp, respectively, were significantly more abundant than ABREs 

with a length of ≥ 10 bp like and ABREATRD22 and ABRETAEM (Fig. 2). There was no 

significant difference in the number of occurrences of ABREs with a sequence length ≥ 9 

bp (Fig. 2).  

 

Specific ABRE variants were more abundant in PN40024 promoter regions 

Of the 26 consensus ABREs, six contained ambiguity codes that gave rise to multiple 

ABRE variants. The abundance of the different variants for each of the six consensus 

ABREs were compared. ABRERATCAL variants are shown as an example (Fig. 3), but 

the numbers of occurrences of each variant for each consensus sequence can be found in 

Supplemental File 1. ABRERATCAL had 12 ABRE variant sequences. Of the 12 
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ABRERATCAL variants, ABRERATCAL_8 (AACGTGT) had the highest number of 

occurrences in the PN40024 promoter regions, followed by ABRERATCAL_5 

(CACGTGC) and ABRERATCAL_7 (AACGGGT) with 5,224; 4,357; and 4,001 

occurrences, respectively (Fig. 3). Even ABRERATCAL_3 (AACGCGC), the 

ABRERATCAL variant with the lowest abundance, had over 800 occurrences and was 

more prevalent than 16 of the consensus ABREs (Fig. 3 and Table 2). 

 Other consensus ABREs with sequence variations also had different numbers of 

occurrences for variant sequences. For example, ABREOSRAB21_2 (ACGTGGGC) was 

2.4-fold more abundant than ABREOSRAB21_1 (ACGTCCCC) (Supplemental File 1). 

ABREATCONSENSUS_1 (CACGTGGC) had 3.3-fold more abundance in PN40024 

promoters than ABREATCONSENSUS_2 (TACGTGGC) (Supplemental File 1). ABRE-

likebindingsitemotif_4 (CACGTGTC) ranged from ~1.4 – 5-fold higher occurrences than 

the other ABRE-likebindingsitemotif variants (Supplemental File 1). ABREATRD22 

variants had the greatest difference between variant occurrences (Supplemental File 1). 

ABREATRD22_2 (ACACGTGGCA) had ~17-fold more occurrences in PN40024 than 

the other three ABREATRD22 variants (Supplemental File 1). 

ACGTABREMOTIFA2OSEM variants had more similar abundance in PN40024 promoter 

regions (1,057 for ACGTABREMOTIFA2OSEM_1 vs. 1,026 for 

ACGTABREMOTIFA2OSEM_2) occurrences (Supplemental File 1). However, the 

observed proportions of the variants of each of these consensus ABREs were significantly 

not proportionally distributed, indicating some variants were more or less prevalent than 

others for the same consensus ABRE.  
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ABREs occurred abundantly -50 to -100 bp from the TSS 

ABREs averaged 4,692.6 ± 299.21 (mean ± SE) occurrences per chromosome (Fig. 4). 

However, chromosome 18 contained the highest number of ABREs (7,952 ABREs) 

followed by chromosome 7 and chromosome 8 (6,806 and 5,677 ABREs, respectively) 

(Fig. 4 and Supplemental File 1). ABREs were significantly equally distributed on the 

positive (+) (46,718 occurrences) and minus (-) DNA strands (47,134 occurrences) 

(Supplemental File 1), and occurrences were counted regardless of the coding strand of the 

downstream gene. Interestingly, many of the ABREs on the positive strand (36.7%) had a 

partner-ABRE on the minus strand with starting coordinates within ±2 bp of the starting 

coordinates of the ABRE on the positive DNA strand (Supplemental File 1). Of these 

partner-ABREs, ~9% shared the exact starting coordinates on the + and – strands, and ~13% 

had starting coordinates 1 bp to the right on the minus strand relative to the starting 

coordinates on the + strand (Supplemental File 1). Another ~12% had starting coordinates 

2 bp to the right on the minus strand relative to the starting coordinates on the + strand, and 

only ~2% had starting coordinates 1 bp to the left on the minus strand relative to the starting 

coordinates on the + strand (Supplemental File 1). More ABREs had partners on opposite 

strands with increased bp staggering (e.g. ± 3 bp). Of the 17,127 ABREs on the positive 

DNA strand that were partially overlapped by an ABRE on the negative DNA strand within 

2 bps, only 4,917 were partially overlapped by the same ABRE on both strands 

(Supplemental File 1). All other instances of strand overlap were between two different 

ABREs. The ABRE partner combinations varied per shifted position (Supplemental File 

1).  
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Additionally, per strand, some ABREs were staggered by a single base pair and 

partially overlapping (Supplemental File 1) (e.g. two ABREs sharing partially overlapping 

coordinates on the same DNA strand). For example, the promoter region of an 

uncharacterized gene (Vitvi08g00915) had an ABREZMRAB28 (CCACGTGG) begin at 

-62 bp from the TSS and an ABRE-likebindingsitemotif_1 (CACGTGGA) starting at -63 

bp, both on the negative DNA strand (Supplemental File 1). The positive strand of this 

promoter region similarly had an ABREATCONSENSUS_1 (CACGTGGC) starting at -

61 bp from the TSS and an ABREZMRAB28 (CCACGTGG) starting at -62 bp from the 

TSS (Supplemental File 1). This example demonstrated the partial overlapping of ABREs 

on the same DNA strand (e.g. ABREZMRAB28 and ABRE-likebindingsitemotif_1) as 

well as the staggering of ABREs on the positive and negative strands (e.g. 

ABREZMRAB28 and ABREATCONSENSUS_1). 

ABREs started at every possible position in the -3,000 bp promoter regions 

(Supplemental File 1), but ABREs were significantly not proportionally distributed to each 

possible position. The -50 to -100 bp from the TSS range had the greatest number of ABRE 

occurrences (Fig. 5). The distribution of all ABREs from -1,000 to -3,000 bp from the TSS 

remained fairly constant and did not drop off with increasing distance from TSS until the 

last window from -2,775 to -3,000 bp. Although each ABRE demonstrated a similar 

distribution of occurrences to total ABREs farther from the TSS, the peak within the first 

hundred bps was not always present (Fig. 5). For example, neither ABRERATCAL_7 nor 

ABRE-bindingsitemotif_11 had a distinct increase in the number of occurrences within the 

first hundred bps (Fig. 5). However, the majority of individual ABREs did follow the same 
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distribution as total ABREs with a peak of ABRE occurrences in the first hundred bps and 

lower but comparable numbers of ABREs throughout the remainder of the promoter region.  

 

The majority of PN40024 promoters contained at least one ABRE 

Of the 41,416 annotated genes in the PN40024 reference genome, 30,085 gene promoter 

regions contained at least one ABRE (Fig. 6). A list of all genes containing ABREs, ABRE 

coordinates, and strand information, summarized total ABREs per gene, and summarized 

individual ABREs and variant occurrences per gene are in Supplemental File 1. Of the 

30,085 promoter regions that contained ABRE(s), 29.8% contained a single ABRE, and 

23.0% and 15.7% contain two and three ABREs, respectively (Fig. 7). Fewer and fewer 

promoter regions contained increasing numbers of ABREs (Fig. 7). After the 

ABRELATERD1 core, ABRERATCAL was the most predominant consensus ABRE 

being present at least one time in 18,816 promoter regions followed by ABRE-

likebindingsitemotif and ABREATCONSENSUS present in 10,035 and 2,882 individual 

promoter regions respectively (Table 2).  

The number of promoter regions each of the consensus ABREs was present in 

yielded similar results to the number of total consensus ABRE occurrences in the PN40024 

promoter regions (Table 2). Overwhelmingly, the majority of ABRE-containing promoter 

regions contained a single ABRE, and those that contained multiple ABREs predominantly 

contained a single copy of each (Table 2 and Supplemental File 1). However, four 

consensus ABREs were significantly more repeated per promoter region than others (Fig. 

8). ABREZMRAB28 had the significantly highest average number of repeats per PN40024 

promoter region that this cis-acting element was present in (Fig. 8). ABRE-
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likebindingsitemotif followed by ABRELATERD1 and then ABRERATCAL also had 

significantly a sequentially higher average number of repeated occurrences per PN40024 

promoter region in which these cis-acting elements occurred (Fig. 8). The remaining 20 

consensus ABREs did not have significantly different numbers of repeats per promoter 

region in which each consensus ABRE occurred (Fig. 8).  

Although the average number of repeats for each consensus ABRE was low (due 

to the large number of promoter regions that contained a single occurrence), the number of 

repeated ABREs per PN40024 promoter region ranged from 1 to 33 (Supplemental File 1). 

The promoter regions of an uncharacterized gene (Vitvi11g01561) contained 33 

ABRERATCAL repetitions, the highest number of any of the consensus ABREs for any 

of the 30,085 ABRE containing promoter regions. ABRERATCAL was also the second 

most repeated consensus ABRE, with 22 repetitions in the promoter regions of two 

uncharacterized genes (Vitivi05g02283 and Vitvi11g01562). Interestingly, 

ABRE3OSRAB16 occurred only a single time in the promoter region of another 

uncharacterized gene (Vitvi12g00446). ABRE2HVA1 and ABRECE3HVA1 were also 

rare ABREs, occurring once in RING AND DOMAIN OF UNKNOWN FUNCTION 2 

(RDUF2; Vitvi06g00502), EMBRYO DEFECTIVE 1075 (EMB1075; Vitvi18g01299), and 

uncharacterized gene (Vitvi03g00579, Vitvi11g00613, and Vitvi11g01295) promoter 

regions, respectively.  

Certain variants of consensus ABREs had significantly more occurrences in 

PN40024 promoter regions than others (Fig. 9 and Supplemental File 1). For example, 

ABRERATCAL_9 had significantly higher numbers of repeats per promoter region than 

any other ABRERATCAL variant (Fig. 9). ABRERATCAL_5, 6, 11, and 12 also had 
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significantly higher repeats per PN40024 promoter region than the seven remaining 

variants, but these four variants still had significantly lower repeats per promoter region on 

average than ABRERATCAL_9 (Fig. 9). Like ABRERATCAL, ABRE-

likebindingsitemotif variants had significantly different numbers of repeats per promoter 

region that these cis-acting elements were present in. ABRE-likbindingsitemotif_4 had 

significantly more repeats per promoter region than any other ABRE-likebindingsitemotif 

variant followed by ABRE-likebindingsitemotif_1 (Supplemental File 1). 

ABREATCONSENSUS_1 also had significantly more repeats per promoter region than 

ABREATCONSENSUS_2. There was no significant difference between the number of 

repeats per promoter region for variants of ABREATRD22, ABREOSRAB21, and 

ACGTABREMOTIFA2OSEM individually (Supplemental File 1).  

 

Promoter regions of known PN40024 ABA metabolism genes contained ABRE(s) 

Numerous known ABA metabolism-related gene promoter regions contained at least one 

ABRE including those of NCEDs (Fig. 10), CYP707As, BGs, and UGTs (Supplemental 

File 1). Interestingly, not all ABA metabolism-related gene (Table 1) promoter regions 

contained a shared ABRE. However, ABRELATERD1 was in 17 of 31 ABA metabolism 

gene promoter regions involved in ABA biosynthesis, (de)conjugation, or catabolism 

considered here. NCED promoter regions were chosen as example ABA metabolism 

promoters to focus upon in this work because of the importance of NCEDs in ABA 

biosynthesis and because NCED3 was identified as a potential water deficit hub gene in 

previous work (Cochetel et al., 2020). The NCED6 promoter region had the most ABREs 

(13) followed by that of NCED3 (9) and finally the promoter region of NCED5 (7) (Fig. 
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10 and Supplemental File 1). ABRELATERD1 and ABRE-likebindingsitemotif_4 were 

the only ABREs present in all three NCEDs at least once (Fig. 10 and Supplemental File 

1). Both NCED3 and NCED5 promoter regions contained all ABREs within the first ~1,500 

bps, while the NCED6 promoter region ABREs were extended past -2,500 bp (Fig. 10 and 

Supplemental File 1). Only the NCED3 promoter region contained ABREs 

(ABRERATCAL_11 and ABREATCONSENSUS_1) within the -50 to -100 bp range (Fig. 

10 and Supplemental File 1).  

 

Promoter regions of PN40024 ABA-responsive genes contained ABRE(s) 

Numerous known ABA signaling gene promoter regions contained at least one 

ABRE including those of PP2Cs, SNRK2s, ABF/AREBs, and ABIs (Supplemental File 1). 

The three PN40024 promoter regions with the most ABREs and functional annotations 

(COP INTERACTING PROTEIN 8 (CIP8), GBF3, and DICER-LIKE 3 (DCL3)) were 

chosen as an example to show here (Fig. 11). The top three annotated gene promoter 

regions containing the most ABREs all contained at least one ABREZRAB28, 

ABRELATERD1, ABRE-likbdingsitemotif_4, and ABRERATCAL_11. All three 

promoter regions had ABREs spread throughout the -3,000 bp promoter region, but the 

majority of DCL3 ABREs were grouped from -700 to -1,600 bp (Fig. 11 and Supplemental 

File 1). Additionally, DCL3 did not have an ABRE in the -50 to -100 bp range (Fig. 11 and 

Supplemental File 1). CIP8 had one ABRE in the -50 to -100 bp range while GBF3 had 

three ABREs in this range (Fig. 11 and Supplemental File 1). Nearly 40% of the ABREs 

of GBF3 spanned a 200 bp region from -1,800 to -2,000 bp from the TSS, but this peak 

was not shared by DCL3 (with the majority of ABREs spanning -700 to -1,700 bp) nor 



 123 

CIP8 (did not demonstrate a specific grouping of ABREs) (Fig. 11 and Supplemental File 

1).  

The promoter region of the previously identified potential ABA-responsive hub 

gene, ERF6L1, also contained a few ABREs (Fig. 12 and Supplemental File 1). Of the 18 

ERF6Ls in the PN40024 genome, 11 corresponding promoter regions contained ABREs. 

ERF6L3, 9, 10, 11, 13, 16, and 18 promoter regions did not contain an ABRE. Although 

the ERF6Ls have highly similar gene sequences, the type, number, and coordinates of 

ABREs in ERF6L promoter regions were more diverse (Fig. 12 and Supplemental File 1). 

For example, the ERF6L15 promoter region had the highest abundance of ABREs (6), 

while both ERF6L5 and ERF6L17 contained only a single ABRE, which were ABRE-

likebindingsitemotif_11 and ABRERATCAL_8, respectively (Fig. 12 and Supplemental 

File 1). However, some of the ERF6Ls shared similar ABREs in promoter regions. For 

example, ERF6L8 and ERF6L14 both contained ABREATCONSENSUS_1, 

ABREATCONSENSUS_2, and ABRERATCAL_5 in the same order on the same strands, 

but the ABREs were shifted slightly closer to the TSS in the ERF6L14 promoter region 

(Fig. 12 and Supplemental File 1). Interestingly, the only ABRE in ERF6L15 was 

ABRELATERD1, and this ABRE was shifted by a single bp for all three occurrences on 

the positive DNA strand relative to the three occurrences on the negative strand 

(Supplemental File 1). Only ERF6L1 and ERF6L14 promoter regions contained ABREs in 

the -50 to -100 bp range (Fig. 12 and Supplemental File 1).  

In addition to known ABA-responsive genes, numerous uncharacterized genes also 

had higher numbers of ABREs in promoter regions. 10 out of the top 25 promoter regions 

with the highest number of ABREs correspond to unannotated genes. The two genes 
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(Vitvi11g01561 and Vitvi05g02283) that had the highest number of ABREs (35) in 

respective promoter regions are functionally unannotated (Supplemental File 1).  

 

Genes corresponding to ABRE-containing promoter regions were DEGs in response 

to water deficit.  

The genes of ABRE-containing promoter regions were significantly differentially 

expressed in response to a moderate water deficit (WD) treatment. Previously, a moderate 

natural dry-down WD or daily irrigation Control treatment was performed on four Vitis 

species (Vitis vinifera cv. Cabernet Sauvignon (CS), Vitis champinii cv. Ramsey (RA), 

Vitis riparia cv. Riparia Gloire (RI), and Vitis vinifera x Vitis girdiana hybrid SC2 (SC)) 

for one- (W1) and two-weeks (W2). After W2 of treatment, leaves and roots were harvested 

and used for RNA-Seq, which was previously described (Cochetel et al., 2020). RNA-Seq 

analysis was performed previously based on the PN40024 V3 structural annotation of the 

V2 assembly grapevine reference genome (Toups et al., 2020). Of the 30,085 gene 

promoter regions containing at least one ABRE, 12,450 were also differentially expressed 

genes (DEGs) in response to two weeks WD in the leaves and/or the roots of at least one 

Vitis species. As was previously described numerous ABA metabolism and signaling genes 

were differentially expressed after W2 of water deficit treatment relative to Control 

treatment, including CIP8, GBF3, NCED3, and ERF6L1 (Fig. 13). CIP8 was only a DEG 

in RA leaves after W2 WD, relative to RA Control leaves (Fig. 13). GBF3 was a DEG in 

response to W2 WD for CS and RA leaves and roots, RI leaves, and SC leaves (Fig. 13). 

Surprisingly, DCL3, the gene with the third most ABREs in the corresponding promoter 

region was not a DEG in any species or organ in response to 2W WD (Fig. 13). However, 
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ERF6L1 was a DEG (in CS roots and RA leaves) in response to 2W WD. Finally, NCED3 

was a DEG in the leaves and roots of all four species in response to 2W WD.  

The log2-fold change in transcript abundance in response to a two-week moderate 

water deficit treatment was compared to the number of ABREs in DEGs responding to WD. 

This comparison was performed to determine if there was a relationship between the 

number of ABREs in promoter regions and the change in gene expression from ABA 

signaling in response to water deficit (data not shown). There was not a linear relationship 

between the level of differential expression of a WD responsive DEG and the number of 

ABREs in the promoter region of that DEG.  

 

 

2.4 Discussion 

The results presented here are dependent upon the parameters employed 

In this study, ABREs were identified in PN40024 promoter regions. ABREs were ranked 

as core, primary, secondary, tertiary, or quaternary ABREs based on the inclusivity of 

shorter motifs present in longer motif sequences (Table 1 and Fig. 1). ABRELATERD1 

was identified as the core ABRE, but ABRELATERD1 was not present in all ABRE 

sequences (Fig. 1). ABRE sequence and function appear conserved across many plant 

species. ABREs of Arabidopsis thaliana, Zea maize, and Oryza sativa (from which the 51 

ABREs queried in this study were derived) (Table 1 and Fig. 1) matched sequences in 

grapevine promoter regions (Table 2). Binding of ABREs by ABF/AREB TFs has 

previously been confirmed in grapevine (Nicolas et al., 2014; Pilati et al., 2017). Linking 
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the presence of ABREs in PN40024 promoter regions to water deficit-sourced ABA-

induced gene expression in different grapevine cultivars as was performed here (Fig. 13) 

has also been performed on a smaller scale previously (Nicolas et al., 2014; Pilati et al., 

2017), and like the results presented here (Fig. 13), authors found genes with ABRE-

containing promoter regions were induced by ABA (Nicolas et al., 2014; Pilati et al., 2017).  

 Cis-acting elements were identified in a previous version of the PN40024 genome 

(Wong et al., 2017). The work here improved the previous analysis by employing a new 

version of the PN40024 reference grapevine genome (annotation V3 vs. V2), including 

longer promoter regions (-3,000 bp vs. -1,000 bp) and more ABRE sequences (51 vs. 39). 

In the previous study, 22,439 ABRE occurrences were identified in 9,997 promoter regions. 

In this study, there were 93,852 occurrences of ABREs in 30,085 PN40024 promoter 

regions (Fig. 6). This study more than quadrupled known ABRE occurrences and tripled 

the number of annotated genes with ABRE containing promoter regions in the PN40024 

genome relative to the previous analysis. This difference was attributed to the longer 

promoter region and a more extensive list of ABREs queried in this analysis. A comparison 

of ABRE sequences queried and ABRE coordinates identified in this and the previous 

study is available upon request. This comparison does not include other cis-acting elements 

identified in the previous promoter region analysis.  

Over 30,000 ABRE occurrences in the PN40024 promoter regions corresponded to 

the core ABRE and ABRELATERD1, (Table 2) indicating these ABRE occurrences did 

not coincide with any longer known ABRE sequences (primary – quaternary). These core 

ABRE occurrences may truly only contain the ABRE core motif or some may correspond 

to longer grapevine-specific or yet unidentified ABREs. Of the 51 ABREs queried here, 
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CGTGTSPHZMC1 (Kao et al., 1996) was the only ABRE not present in any PN40024 

promoter region. The lack of CGTGTSPHZMC1 may be attributed to the fact that it had 

the longest sequence (16 bps). Shorter ABREs (5 – 8 bps) had significantly higher numbers 

of occurrences in PN40024 promoter regions than long ABREs (9 – 12 bps) (Fig. 2). 

However, identifying longer ABREs may provide better clues about the roles of individual 

ABREs and the effects of ambiguity codes. It is possible different TFs (or even different 

TF isoforms) have higher affinity for certain ABREs. Alternatively, individual ABREs or 

even variants of the same consensus ABRE may have different availability or activity under 

specific conditions. This hypothesis was supported by the different numbers of occurrences 

of variants of the same consensus ABRE observed here (Fig. 3). For example, 

ABRERATCAL_8 had 6.5-fold more occurrences than ABRERATCAL_3 (Fig. 3). Five 

of the six ABREs with variant sequences had different abundances (Supplemental File 1) 

and numbers of repeats per promoter region (Fig. 9 and Supplemental File 1) between 

variants, and the reason for the differences in ABRE variant abundances and functions 

requires resolution. 

 ABREs were not significantly equally distributed across all chromosomes (Fig. 4). 

Chromosome 18 had at least 1,000 more ABREs than any other chromosome (Fig. 4). 

Interestingly, chromosome 18 contains numerous ABA signaling genes including ABF2 

(Vitvi18g00784), ARABIDOPSIS NAC DOMAIN CONTAINING PROTEIN (ATAF1) 

(Vitvi18g00250), and HIGHLY INDUCED BY ABA 1 (HAI1) (Vitivi18g02005). The high 

number of ABREs and the presence of ABA signaling genes may indicate there are ABA 

response loci located on this chromosome. The existence of such a locus would be a 

powerful tool for breeding programs aiming to improve abiotic stress tolerance.  
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Identification of promoter regions was dependent on knowledge of TSS, gene 

borders, and 5’ UTR and 3’UTR lengths. Alternative 5’ and 3’ UTRs, multiple TSS, single 

nucleotide polymorphisms, and backward ABRE sequences were not considered in this 

analysis. The longest gene annotations were used to define the -3,000 bp promoter region, 

and these promoter regions were queried for exact matching ABRE sequences. Improved 

annotation or use of transcript isoforms of the PN40024 genome may change the results 

presented here. Validation of promoter regions was performed previously based on 

A:C:G:T content (Wong et al., 2017) and confirmed here for select promoters with EST 

data in GenomeViewer (Sterck et al., 2012). The selection of a -3,000 bp promoter region 

was based on previous work (Geisler et al., 2006; Timmerhaus et al., 2011; Yang et al., 

2011) and justified here wherein ABRE occurrences remained at a constant level after the 

peak from -50 to -100 bp from the TSS and decreased for all ABREs in the last window of 

-2,775 to -3,000 bp (Fig. 5). Some promoter regions extend tens of thousands of bp 

upstream from the TSS (Griffiths et al., 2000), and DNA looping may allow non-sequential 

or distant regulatory elements to effect transcription proximal to a gene (Stadhouders et al., 

2012). Including longer or complete promoter regions would likely increase the number of 

ABRE occurrences, but it would be difficult to predict the relevance and activity of highly 

distant ABREs (FitzGerald et al., 2004; Maruyama et al., 2012; Yamamoto et al., 2007).  

Recently, additional grapevine genomes have been released (Chin et al., 2016; 

Girollet et al., 2019; Massonnet et al., 2019; Minio et al., 2019a). However, there is a large 

consortium for annotating the PN40024 grapevine reference genome (Sterck et al., 2012) 

that does not exist for any other grapevine genome at this time. Although the newer 

grapevine genomes have a higher sequencing and assembly quality than the PN40024 
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genome, the annotation of these diploid phased genomes is far from complete, making 

PN40024 the preferable reference genome for this analysis. Only ABREs were considered 

in this study, and other cis-acting elements involved in ABA signaling and stress response 

like DREs still need identification in the new PN40024 reference genome annotation and 

other grapevine genomes.  

The G-box was a cis-acting element not investigated in this work. The G-box is a 

binding site for bZIP and bHLH TFs previously found in the promoter region of genes 

involved in abiotic and biotic stress (Wong et al., 2017). The G-box sequence (CACGTG) 

is highly similar to those of several ABREs, and the G-box was present in entirety in 13 of 

the 51 ABREs. The G-box was not specifically included in this study, but any occurrences 

are included in ABRELATERD1 (ACGTG) occurrences. 

In the future, as the annotation of grapevine genomes improves, it will be interesting 

to compare promoter regions between species and relate the structure and composition of 

promoter regions to differences in gene expression. For example, comparing the promoter 

regions of key ABA response genes between different species (e.g. a drought-tolerant (RA) 

and drought-sensitive (RI) cultivars) may elucidate promoter composition as a key 

regulatory mechanism for abiotic stress response or drought tolerance. Keeping this in 

mind, the transcript abundances (Fig. 13) used to demonstrate the genes of ABRE-

containing promoter regions are ABA-responsive (in this case as a result of WD) are 

imperfect because none of the species investigated in this experiment were PN40024. This 

limitation is exemplified with CIP8, which was only a DEG in RA leaves after W2 WD, 

relative to RA Control leaves (Fig. 13). It is possible the promoter region for CIP8 in RA 

is different from that of PN40024, CS, RI, and SC, and the specific composition of the RA 
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CIP8 promoter region allows for significant differential expression of this gene in response 

to these WD conditions. Alternatively, one of the many other mechanisms regulating 

transcription (Chapter 1) may have been responsible for this discrepancy.  

ABRE sequences appear highly functionally conserved across plant species 

(Maruyama et al., 2012), but there is also diversity in ABRE location and abundance per 

gene per species (Gómez-Porras et al., 2007). Comparing different species to a single 

reference genome is commonplace, and PN40024 is widely used as a reference genome 

(Minio et al., 2019b; Pilati et al., 2017; Pucker et al., 2020). The ABREs present in this 

reference genome (Supplemental File 1) is reflected in the ABA responsiveness of genes 

of at least some other grapevine species (Fig. 13).  

Because the Riparia genome is available and overlaps with a species in the 

moderate water deficit experiment discussed here, the ABREs in the RI NCED3 promoter 

region were identified as an example to compare ABRE distribution across Vitis species. 

The RI NCED3 promoter region had more than double the ABREs in the PN40024 NCED3 

promoter region (20 vs. 9). ABRELATERD1 was the most abundant ABRE in the RI 

NCED3 promoter region repeated seven times, followed by ABRERATCAL_11 with three 

occurrences. Interestingly, all ABREs in the PN40024 NCED3 promoter region were also 

present in the RI NCED3 promoter region, although most of the ABREs in the RI NCED3 

promoter were repeated more than the counterparts in the PN40024 NCED3 promoter 

region. The RI NCED3 promoter region also had ACGTABREMOTIFA2OSEM_1 and 

ACGTABREMOTIFA2OSEM_2 ABREs, which were not present in the PN40024 

promoter region. This example demonstrates that different Vitis species have different 

ABRE distribution in the promoter regions of ABA-responsiveness, and this difference 
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may partially contribute to the different transcript abundances observed between the 

species in the moderate water deficit experiment. Gene expression is regulated by 

numerous factors (Banerjee and Roychoudhury, 2017a; Cruz et al., 2019; Jung et al., 2016; 

Li et al., 2005), and cis-acting elements are just one point of regulation.  

It may be possible to identify additional cis-acting elements involved in ABA 

metabolism and signaling by performing motif enrichment (Bailey et al., 2009) using these 

ABRE-containing promoter regions as a query. Of course, with the identification of 

ABREs comes the necessity to determine the TF(s) that target these sequences. Numerous 

techniques exist to identify DNA-protein interactions like DNase footprinting (Zhang et al., 

2012), electromobility shift assay (Nicolas et al., 2014), yeast one-hybrid (Deplancke et al., 

2004), and CHIP-Seq (Cortijo et al., 2018; He et al., 2015), but few studies have identified 

ABRE-TF interactions in grapevine (Nicolas et al., 2014; Pilati et al., 2017). Different TFs 

likely bind different ABREs under different conditions or many TFs may compete for the 

same cis-acting element (Kribelbauer et al., 2019; Lebedeva et al., 2020; Sen et al., 2004), 

which may make DNA-protein interaction databases covering multiple stresses, 

developmental stages, and tissues necessary to have a more comprehensive understanding 

of the roles of ABREs and other cis-acting elements.  

 

 

ABREs were present throughout -3,000 bp promoter regions 

Like soybean, rice, Arabidopsis, and other species’ cis-elements (FitzGerald et al., 

2004; Maruyama et al., 2012; Yamamoto et al., 2007), PN40024 ABRE occurrences were 

most abundant between -50 and -100 bp from the TSS (Fig. 5). This observation is also 
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concurrent with findings for ABREs and other cis-elements in an earlier version of the 

PN40024 genome (Wong et al., 2017). Although many ABREs occur from -50 to -100 bp 

from the TSS (Fig. 5), ABREs occupied every possible start position in the -3,000 bp 

promoter regions when considering all 30,085 promoter regions that contained an ABRE(s). 

ABREs were also evenly spread between the positive and negative DNA strands. Most 

ABRE-containing promoter regions contained a single ABRE (Fig. 7), and the number of 

genes decreased with increasing numbers of ABREs in corresponding promoter regions. 

For example, fewer than 115 genes had 15 or more ABREs in corresponding promoter 

regions (Fig. 7). Although ABRELATERD1 had the highest number of occurrences, 

ABREZMRAB28 had significantly more repeats per promoter region than any other 

consensus ABRE (Fig. 8). However, there was no apparent pattern in the location of 

repeated ABREs across all relevant promoter regions. Both ABRE sequence and location 

likely play important roles in transcription regulation. 

 

ABRE orientation, spatial distribution, and ambiguity points require further 

understanding 

Cis-element orientation and strand specificity remain largely unstudied for ABREs, 

and the effects of orientation for other cis-acting elements appear to be relevant on a case-

by-case basis. For example, the TATA-box (a core promoter element within 50 bp of the 

TSS (Deng and Roberts, 2005)) has strand-specific properties in Drosophila with the 

forward motif yielding transcription of the downstream gene via RNAPII and the reverse-

complement motif resulting in transcription of the upstream gene by RNAPIII (Wang and 

Stumph, 1995). Hepatitis B virus promoter regions are orientation-specific (Moolla et al., 
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2002). However, some human promoters like those of insulin receptors function regardless 

of motif orientation (Suwanickul et al., 1993). Similarly, anthocyanin pathway promoters 

in Arabidopsis and the common morning glory function with interchangeable cis-element 

orientation (Zhu et al., 2015). Currently, the consensus is cis-element orientation and strand 

are not considered as critical for transcription as the binding of TFs, and there is no pattern 

associated between cis-acting elements and transcriptional activity for all occurrences of a 

cis-acting element (Lis and Walther, 2016). However, the orientation (5’ à 3’ vs. 3’ à 5’) 

as well as the strand (+ vs. -) could have three-dimensional effects on TF binding that may, 

in turn, affect the recruitment of transcriptional machinery. It is possible the orientation, 

position, and sequence of ABREs play an important role in fine-tuning ABA signaling and 

metabolism in different organs, developmental stages, or in response to different 

concentrations of ABA, particularly when considering ABA-sensitivity gene promoter 

regions like those of ELONGATED HYPOCOTYL 5 (HY5) (Chen and Xiong, 2008; 

Nawkar et al., 2017; Shin et al., 2013) and ATAF1 (Garapati et al., 2015), which contained 

some of the highest numbers of ABREs (Supplemental File 1).  

Here, 36% of ABREs on the positive strand had a partner ABRE on the minus 

strand starting within 2 bp of the start coordinates on the ABRE on the + strand. It is 

possible these ABREs that occur so close together on the positive or negative DNA strands 

have different functions, affinities for TFs, or are specific for different TFs. Alternatively, 

they may act cooperatively. One possible function for these partner-ABREs could be to 

provide alternative binding sites for different TFs that may function in different tissues, 

organs, developmental stages, or environmental conditions (Lebedeva et al., 2020). 
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Another possibility is the partner-ABREs function in balancing transcription via binding 

of transcriptional activators or repressors (Fujimoto et al.).  

The staggering of multiple ABREs by 1 or 2 bps on the same DNA strand, such as 

was the case for Vitivi08g00915, may indicate the incomplete overlapping lower-ranking 

ABREs (like primary ABREs ABREZMRAB28 and ABRE-likebindingsitemotif_1 as was 

the case for Vitivi08g00915) can be combined into a higher ranking (secondary) novel 

ABRE. These potential novel ABREs would require validation in vivo. Alternatively, these 

partially overlapping ABREs may be specific for certain transcription factors in unique 

organs, developmental stages, or environmental conditions that require the same distance 

from the TSS.  

 

 ABA-responsive genes contain ABREs in promoter regions 

Numerous ABA metabolism and signaling genes including ABA1, ABA2, ATAF1, 

and SEUSS-LIKE 2 (SLK2) contained ABRE(s) (Supplemental File 1). However, not all 

ABA metabolism genes contained an ABRE like AAO3 (Vitvi18g03177) and BG3 

(Vitvi14g00996). Because not all ABA metabolism gene promoter regions contained an 

ABRE, different aspects of ABA metabolism may not necessarily be ABA responsive. 

Alternatively, these genes may contain ABREs that have not been identified or respond to 

ABA at a different level of regulation.  

ABA metabolism and signaling genes with ABRE-containing promoter regions 

were DEGs in response to WD (Figs. 10-13). The log2-fold change transcript abundance in 

response to W2 WD of individual genes with the same number of ABREs varied largely, 
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and it is more likely the position or composition of ABRE(s) that play a more important 

role in gene expression during WD.  

The top ABRE containing promoter regions that corresponded to annotated genes 

belonged to CIP8, GBF3, and DCL3 (Fig. 11 and Supplemental File 1). The expression of 

these genes may be highly dependent on ABA and could prove useful genes for breeding 

programs to alter ABA response to develop more stress-tolerant grapevines and crops. 

RNA-Seq performed on WD treated leaves and roots further corroborated CIP8 and GBF3 

as ABA-responsive genes, because CIP8 and GBF3 were DEGs in response to WD (Fig. 

13) (Cochetel et al., 2020; Toups et al., 2020), a highly ABA-dependent process 

(Daszkowska-Golec, 2016; Yoshida et al., 2010). However, DCL3 was not a DEG in the 

leaves or roots of any of the four-grapevine species in response to WD (Fig. 13) despite 

the 25 ABREs in the corresponding promoter region (Fig. 11). The lack of differential 

expression may be linked to the lack of an ABRE in the -50 to -100 bp region, which 

appears to be an important range for cis-element occurrences (FitzGerald et al., 2004; 

Maruyama et al., 2012; Yamamoto et al., 2007). Like DCL3, not all genes with an ABRE(s) 

in the corresponding promoter region were DEGs in response to 2W moderate WD. The 

lack of differential expression of DCL3 (and other ABRE-containing genes) in response to 

WD does not imply these genes are unresponsive to ABA. It is possible DCL3 and other 

genes corresponding to ABRE-containing promoter regions respond to a different abiotic 

stress that involves ABA, or these genes may respond to WD at a different duration or 

severity of stress. Alternatively, DCL3 may be a DEG in response to WD in a cell type, 

organ, or developmental stage that was not investigated in this study. Overall, the promoter 
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regions of CIP8, GBF3, and DCL3 contain numerous ABREs, and the function of these 

ABREs and roles of these genes in ABA response require additional elucidation.  

Interestingly, all three of the top annotated ABRE-containing genes are linked to 

ABA INSENSITIVE 5 (ABI5) in Arabidopsis thaliana. In Arabidopsis, CIP8 interacts 

with CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) as well as UBIQUITIN 

CONJUGATING ENZYME 8 (UBC8), which ubiquitinates and causes the degradation of 

HY5. HY5 has roles in regulation of light-responsive genes (Nawkar et al., 2017) and 

anthocyanin accumulation (Shin et al., 2013), and Athy5 mutants have ABA-resistant seeds 

(Chen and Xiong, 2008). HY5 and another gene corresponding to a promoter region with 

one of the highest numbers of ABREs, ATAF1, have roles in ABA sensitivity and are both 

regulated by DYNAMIC INFLUENCER OF GENE EXPRESSION 1 (DIG1) (Song et al., 

2016). HY5 is known to bind to the ABA INSENSITIVE 5 (ABI5) promoter (Chen and 

Xiong, 2008) to affect the expression of numerous downstream genes. Similarly, GBF3, a 

master regulator of ABA signaling (Tarancón et al., 2017), is linked to ABI5. GBF3 binds 

G-box (CCACGTGG) cis-acting elements associated with environmental stimuli response 

(Katagiri and Chua, 1992; Lu et al., 1996). GBF3 overexpression improved drought, salt, 

and osmotic stress tolerance in Arabidopsis (Dixit et al., 2019; Ramegowda et al., 2017). 

GBF3 is indicated to regulate ABI FIVE BINDING PROTEIN 1 (AFP1), which in turn 

regulates and interacts with ABI5 (Lopez-Molina, 2003; Ramegowda et al., 2017). DCL3 

is also connected to ABI5. DCL3 is a ribonuclease that creates siRNAs that function in 

RNA-directed DNA methylation and RNA-interference (Nagano et al., 2014). Atdcl3 

mutants are ABA-supersensitive and have increased ABI3, ABI4, and ABI5 transcript 

abundance (Zhang et al., 2008).  
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Because some of the top ABRE-containing genes were linked to ABI5, ABI5 may 

be a central point of ABA signaling as was previously implicated (Finkelstein and Lynch, 

2000; Skubacz et al., 2016; Yang et al., 2011). ABI5 is a member of the AREB clade that 

targets and regulates genes with ABRE-containing promoter regions (Finkelstein and 

Lynch, 2000; Finkelstein et al., 2005; Kim et al., 2002). ABI5 is a basic leucine zipper TF 

(Banerjee and Roychoudhury, 2017b) most well-known for a role in seed germination 

(Finkelstein, 1994), but ABI5 also regulates growth (Brocard, 2002; De Smet et al., 2003), 

ABA signaling (Finkelstein and Lynch, 2000), and abiotic stress response (Skubacz et al., 

2016). ABI5 ABRE-containing targets related to seed development and germination 

include LATE EMBRYOGENESIS ABUNDANT (LEAs) (Finkelstein and Lynch, 2000; Kim 

et al., 2002). ABI5 ABRE-containing targets involved in abiotic stress response include 

COLD RESPONSIVE 6.6 (COR6.6), COR15a, RAB18 (Brocard, 2002), and 

DIACYLGLYCEROL ACETYLTRANSFERASE 1 (DGAT1) (Kong et al., 2013). The large 

number and diversity of ABI5 targets support ABI5 as a possible hub for ABA signaling.  

In this study, the ABI5 promoter region contained seven ABREs occurring from ~ 

-500 through -2,000 bps from the TSS (Supplemental File 1), indicating ABI5 is also 

regulated by other members of the ABA signaling pathway. TFs that target and regulate 

ABI5 include ABI3 (Lopez-Molina et al., 2002), ABI4 (Bossi et al., 2009; Finkelstein and 

Lynch, 2000), MYB7 (Kim et al., 2015), PEROXISOME DEFECTIVE 3 (PED3) (Kanai 

et al., 2010), BRASSINOSTEROID INSENSITIVE 2 (BIN2) (Hu and Yu, 2014), and 

BRASSINOZOLE RESISTANT 1 (BZR1) (Yang et al., 2016) in addition to HY5 (Chen 

and Xiong, 2008). The interaction of ABI5 with brassinosteroid signaling further elevates 

ABI5 as a unique and intriguing ABA signaling gene that acts as a point of phytohormone 
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crosstalk and integration. ABI5 may prove a valuable target in breeding programs that 

requires further investigation.  

Previous work identified ERF6L1 (Cramer et al., 2014) and NCED3 (Cochetel et 

al., 2020) as potential hub genes in ABA response. The presence of ABREs in these 

promoter regions (Fig. 10 and 12 and Supplemental File 1) supports these genes as ABA-

responsive genes and provides further evidence they could function as hub genes in ABA 

responses. Validation of these genes as ABA-responsive was further demonstrated by the 

accumulation and significant differential expression of these transcripts in response to WD 

(Fig. 13).  

Although these genes contain ABREs in respective promoter regions, it is important 

to consider the many other factors may be regulating these genes. NCED3 has potential 

post-translational modification sites, but none are well described at this time (Cruz et al., 

2019). miRNAs regulate ERFs under a variety of stresses (Fu et al., 2017; Jeyaraj et al., 

2017). Additionally, the presence of cis-acting elements in promoter regions is irrelevant 

if DNA modifications prevent transcription. Recently, histone H3 lysine 36 

methyltransferases were found to play a key role in drought tolerance by activating NCED3 

and NCED5 in rice (Chen et al., 2021), and epigenetics and DNA methylation are critical 

levels of regulation for abiotic stress response and drought tolerance (Banerjee and 

Roychoudhury, 2017a; Wang et al., 2016).  

In addition to these annotated genes, many uncharacterized genes like 

Vitvi11g01561 and Vitvi05g02283 contained even higher numbers of ABREs in promoter 

regions (Supplemental File 1). Unfortunately, Vitvi11g01561 structural annotation 

appeared incomplete because the gene was only 48 bps, and the sequence did not yield any 
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BLAST results hits in other species. Vitvi11g01561 was a 408 bp gene, but there did not 

appear to be orthologous genes in other species because once again there were no BLAST 

hits. The closest genes in Vitis were also all unannotated, but all related genes and 

Vitvi11g01561 were near the ends of chromosomes. These genes highlight that although 

the PN40024 reference genome may have the most thorough annotation, this annotation is 

still incomplete. These genes and the many other uncharacterized genes with numerous 

ABREs in corresponding promoter regions may be highly responsive to ABA or even act 

as hub genes in ABA responses like WD. The uncharacterized genes with numerous ABRE 

occurrences in corresponding promoter regions warrant further investigation and 

characterization in the future.  

Overall, this work improved the annotation of ABREs in the PN40024 grapevine 

reference genome using the new version of the genome and a more comprehensive list of 

ABREs than was used previously. ABREs were determined to be predominant throughout 

promoter regions in this grapevine reference genome. The presence of ABREs in promoter 

regions validated and explained ABA responses of numerous genes including potential hub 

genes, ERF6L1 and NCED3. Additionally, this analysis identified novel potential ABA-

responsive genes that are currently uncharacterized. These uncharacterized genes with high 

ABRE occurrences in respective promoter regions may prove valuable targets for future 

studies of ABA signaling and breeding programs seeking to improve abiotic stress 

tolerance. 
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Tables 

Table 1: ABREs. ABRE motif name, variant number (indicated by “_#” in text), sequence, 
type (determined by sequence overlap of shorter ABRE sequences in longer ABRE 
sequences), ID from source, and source of ABRE (PLACE (Higo et al., 1999) or AGRIS 
(Davuluri et al., 2003; Palaniswamy et al., 2006)). Ambiguity-code points are indicated in 
bold and underlined for ABRE variants.  
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Motif Variant Sequence Class Length ID Source 
ABRE-likebindingsitemotif 1 CACGTGGA Primary 8 3 AGRIS 
ABRE-likebindingsitemotif 3 CACGTGTA Secondary 8 5 AGRIS 
ABRE-likebindingsitemotif 4 CACGTGTC Secondary 8 6 AGRIS 
ABRE-likebindingsitemotif 5 GACGTGGA Primary 8 7 AGRIS 
ABRE-likebindingsitemotif 6 GACGTGGC Secondary 8 8 AGRIS 
ABRE-likebindingsitemotif 7 GACGTGTA Primary 8 9 AGRIS 
ABRE-likebindingsitemotif 8 GACGTGTC Secondary 8 10 AGRIS 
ABRE-likebindingsitemotif 9 TACGTGGA Primary 8 11 AGRIS 
ABRE-likebindingsitemotif 11 TACGTGTA Primary 8 13 AGRIS 
ABRE2HVA1   CCTACGTGGCGG Quaternary 12 S000134 PLACE 
ABRE2HVA22   CGCACGTGTC Tertiary 10 S000117 PLACE 
ABRE3HVA1   GCAACGTGTC Secondary 10 S000135 PLACE 
ABRE3HVA22   GCCACGTACA   10 S000118 PLACE 
ABRE3OSRAB16   GTACGTGGCGC Tertiary 11 S000120 PLACE 
ABREA2HVA1   CCTACGTGGC Tertiary 10 S000140 PLACE 
ABREATCONSENSUS 1 CACGTGGC Secondary 8 S000406 PLACE 
ABREATCONSENSUS 2 TACGTGGC Secondary 8 S000406 PLACE 
ABREATRD22 1 GCACGTGGCG Tertiary 10 S000013 PLACE 
ABREATRD22 2 ACACGTGGCA Tertiary 10 S000013 PLACE 
ABREATRD22 3 GTACGTGGTG Primary 10 S000013 PLACE 
ABREATRD22 4 ATACGTGGTA Primary 10 S000013 PLACE 
ABREAZMRAB28   GCCACGTGGG Secondary 10 S000218 PLACE 
ABREBNNAPA   CGCCACGTGTCC Tertiary 12 S000145 PLACE 
ABREBZMRAB28   TCCACGTCTC   10 S000219 PLACE 
ABRECE1HVA22   TGCCACCGG   9 S000014 PLACE 
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ABRECE3HVA1   ACGCGTGTCCTC   12 S000141 PLACE 
ABRECE3ZMRAB28   ACGCGCCTCCTC   12 S000221 PLACE 
ABREDISTBBNNAPA   GCCACTTGTC   10 S000262 PLACE 
ABRELATERD1   ACGTG CORE 5 S000414 PLACE 
ABREMOTIFAOSOSEM   TACGTGTC Secondary 8 S000299 PLACE 
ABREMOTIFIIIOSRAB16B   GCCGCGTGGC   10 S000291 PLACE 
ABREMOTIFIOSRAB16B   AGTACGTGGC Tertiary 10 S000290 PLACE 
ABREOSRAB21 1 ACGTCCCC   8 S000012 PLACE 
ABREOSRAB21 2 ACGTGGGC Primary 8 S000012 PLACE 
ABRERATCAL 1 AACGGGC   7 S000507 PLACE 
ABRERATCAL 2 AACGTGC Primary 7 S000507 PLACE 
ABRERATCAL 3 AACGCGC   7 S000507 PLACE 
ABRERATCAL 4 CACGGGC   7 S000507 PLACE 
ABRERATCAL 5 CACGTGC Primary 7 S000507 PLACE 
ABRERATCAL 6 CACGCGC   7 S000507 PLACE 
ABRERATCAL 7 AACGGGT   7 S000507 PLACE 
ABRERATCAL 8 AACGTGT Primary 7 S000507 PLACE 
ABRERATCAL 9 AACGCGT   7 S000507 PLACE 
ABRERATCAL 10 CACGGGT   7 S000507 PLACE 
ABRERATCAL 11 CACGTGT Primary 7 S000507 PLACE 
ABRERATCAL 12 CACGCGT   7 S000507 PLACE 
ABRETAEM   GGACACGTGGC Tertiary 11 S000015 PLACE 
ABREZMRAB28   CCACGTGG Primary 8 S000133 PLACE 
ACGTABREMOTIFA2OSEM 1 ACGTGGC Primary 7 S000394 PLACE 
ACGTABREMOTIFA2OSEM 2 ACGTGTC Primary 7 S000394 PLACE 
CGTGTSPHZMC1   CGTGTCGTCCATGCAT   16 S000294 PLACE 
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Table 2: Consensus ABRE Occurrences. The number of total occurrences and the total 
number of promoter regions the consensus ABREs were present in at least once in the 
PN40024 promoter regions. Consensus ABREs are ordered by increasing number of 
occurrences. 
 

Consensus ABRE Total Number of Occurrences Total Number of 
Promoters 

ABRE3OSRAB16 1 1 
ABRE2HVA1 2 2 
ABRECE3HVA1 3 3 
ABRECE3ZMRAB28 14 14 
ABREMOTIFIIIOSRAB16B 25 25 
ABRE2HVA22 33 33 
ABREMOTIFIOSRAB16B 44 44 
ABRE3HVA22 50 50 
ABREBNNAPA 67 66 
ABRE3HVA1 97 97 
ABREA2HVA1 98 97 
ABREBZMRAB28 105 104 
ABRECE1HVA22 116 115 
ABREDISTBBNNAPA 163 163 
ABREAZMRAB28 172 170 
ABRETAEM 195 193 
ABREMOTIFAOSOSEM 1005 964 
ABREATRD22 1016 916 
ABREOSRAB21 1433 1371 
ACGTABREMOTIFA2OSEM 2083 1980 
ABREZMRAB28 2830 1393 
ABREATCONSENSUS 3587 2882 
ABRE-likebindingsitemotif 14644 10035 
ABRERATCAL 32016 18816 
ABRELATERD1 34053 20356 
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Figures 

 

 
Figure 1: ABRELATERD1 is a core ABRE. A diagram of ABREs is shown with 
ABRELATERD1 (ACGTG) at the core. The core ABRE sequence was present in entirety 
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in primary ABRE sequences: ABRERATCAL_8, ACGTABREMOTIFA2OSEM, 
ABRERATCAL_11, ABRE-likebindingsitemotif_1, ABRE-likebindingsitemotif_5, 
ABRE-likebindingsitemotif_7, ABRE-likebindingsitemotif_9, ABRE-
likebindingsitemotif_11, ABREOSRAB12_2, ABREATCAL_5, ABREATCAL_2, 
ABREATRD22_4, ABREATRD22_3, ABREZMRAB28, and 
ACGTABREMOTIFA20SEM_1 (in dark blue). The core ABRE and specific primary 
ABRE sequences were present in secondary ABREs: ABREAZMRAB28, ABRE-
likebindingsitemotif_6, ABREATCONSENSUS_1, ABREATCONSENSUS_2, 
ABRE3HVA1, ABRE-likebindingsitemotif_8, ABRE-likebindingsitemotif_4, 
ABREMOTIFAOSOSEM, and ABRE-likebindingsitemotif_3 (light blue). Tertiary 
ABREs containing the core, specific primary, and specific secondary ABRE sequences 
included ABREATRD22_1, ABREATRD22_2, ABRETAEM, 
ABREMOTIFIOSRAB16B, ABRE30SRAB16, ABREA2HVA1, ABRENNAPA, and 
ABRE2HVA22 (yellow). A single tertiary ABRE contained the core ABRE motif and a 
specific primary, secondary, and tertiary ABRE sequences (grey). Core and sequentially 
ranked ABREs (primary, secondary, tertiary, quaternary) from left to right. An Additional 
18 ABREs did not contain the entirety of any other ABRE sequence (box). Brackets in 
grey or black to distinguish overlapping groups. 
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Figure 2: Short ABREs have significantly higher occurrences in PN40024 promoter 
regions. The number of ABRE occurrences is shown log10 transformed (for visualization 
purposes) for each of the ABREs present in the PN40024 promoter regions. ABREs are 
grouped by length (bp). One-way ANOVA Tukey’s HSD (p ≤ 0.05) letters for ABRE 
length. Each point represents an individual ABRE. 
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Figure 3: ABRERATCAL variant Occurrences. The distribution of the 32,016 
occurrences of the ABRERATCAL consensus ABRE per variant sequence (from 1 to 
12). Variant specific details are in Table 1. Exact ABRERATCAL variant occurrence 
numbers above each bar. 
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Figure 4: ABREs per chromosome. The number of ABREs present in each chromosome 
(00-19). Chromosome 00 represents the unplaced sequence pseudo-chromosome. Exact 
number of ABREs present in each chromosome indicated above each bar. 
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Figure 5: ABREs distribution along promoter region. The number of total ABRE 
occurrences of all ABREs, the number of ABRERATCAL_7 variant occurrences, and the 
number of ABRE-likebindingsitemotif (lbsm)_11 variant (top to bottom) occurrences 
present in a 25 bp window from 0 to -3,000 bp from the TSS. Each bar corresponds to a 25 
bp window.  
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Figure 6: Number of ABRE containing promoter regions. The number of PN40024 
promoters containing at least one ABRE (light blue (Yes)) and the number of promoter 
regions that do not contain an ABRE (dark blue (No)). 
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Figure 7: Number of ABREs per promoter region of the total promoter regions 
containing ABRE(s). The number of ABRE containing promoter regions that contain a 
certain number (1-23, 25, 26, 28, or 35) of ABREs. Exact numbers indicated over bars. 
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 Figure 8: Average consensus ABRE occurrences per promoter region. The average 
number of occurrences of each consensus ABRE in each promoter region that contained 
that consensus ABRE. All ABRE variants were combined in consensus ABREs for ABRE-
likebindingsitemotif, ABREATCONSENSUS, ABREATRD22, ABREOSRAB21, 
ABRERATCAL, and ACGTABREMOTIFA2OSEM individually. One-way ANOVA 
Tukey’s HSD (p ≤ 0.05) letters for consensus ABRE. Mean ± SE, n =1 – 20,356 promoter 
regions.
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Figure 9: Average occurrences per promoter region for ABRERATCAL variants. 
The average number of occurrences of each ABRERATCAL variant in each promoter 
region that contained that ABRERATCAL variant. One-way ANOVA Tukey’s HSD (p ≤ 
0.05) letters for ABRERATCAL variant. Mean ± SE, n =781- 4735 promoter regions.
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Figure 10: NCED Promoter Region ABREs. A) The total number of ABRES in NCED3, 
NCED5, and NCED6 promoter regions. Colors correspond to number of ABREs in each 
promoter region. B) The location and type of each ABRE on the – and + strands of each 
NCED promoter region from 0 (TSS) to -3,000 bp from the TSS. Colors indicate type of 
ABRE. Partially overlapping ABREs are spread for visualization purposes here. Exact 
ABRE coordinates are in Supplemental File 1.  
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Figure 11: Top ABRE Containing Promoter Regions. A) The total number of ABREs 
in CIP8, GBF3, and DCL3 promoter regions. Colors correspond to number of ABREs in 
each promoter region. B) The location and type of each ABRE on the – and + strands of 
CIP8, GBF3, and DCL3 promoter regions from 0 (TSS) to -3,000 bp from the TSS. Colors 
indicate type of ABRE. Partially overlapping ABREs are spread for visualization purposes 
here. Exact ABRE coordinates are in Supplemental File 1. 
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Figure 12: ERF6Ls Promoter Region ABREs. A) The total number of ABREs in the 
ERF6L promoter regions. Colors correspond to number of ABREs in each promoter region. 
B) The location and type of each ABRE on the – and + strands of the ERF6L promoter 
regions from 0 (TSS) to -3,000 bp from the TSS. Colors indicate type of ABRE. Partially 
overlapping ABREs are spread for visualization purposes here. Exact ABRE coordinates 
are in Supplemental File 1.
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Figure 13: Differentially expressed ABA responsive genes with ABRE containing 
promoter regions. The expression levels (transcripts per million = TPM) of CIP8, GBF3, 
DCL3 (top from left to right), ERF6L1, and NCED3 (bottom from left to right) in leaves 
(top) and roots (bottom) for control (left) and water deficit (WD) (right) treated vines after 
two weeks of treatment. Mean ± SE; n = 3-5 individual vines. Exact expression levels are 
in Cochetel et al., 2020.  
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CHAPTER 3: 

VviERF6LS: AN EXPANDED CLADE IN VITIS RESPONDS 

TRANSCRIPTIONALLY TO ABIOTIC AND BIOTIC STRESSES AND BERRY 

DEVELOPMENT 

 

 

This chapter is based on a manuscript published in BMC Genomics. 

 

 

Toups, H.S., Cochetel, N., Gray, D., and Cramer, G.R. (2020). VviERF6Ls: an expanded 
clade in Vitis responds transcriptionally to abiotic and biotic stresses and berry 
development. BMC Genomics 21. 
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3.0 Abstract 

VviERF6Ls are an uncharacterized gene clade in Vitis with only distant Arabidopsis 

orthologs. Preliminary data indicated these transcription factors may play a role in berry 

development and extreme abiotic stress responses. To better understand this highly 

duplicated, conserved clade, additional members of the clade were identified in four Vitis 

genotypes. A meta-data analysis was performed on publicly available microarray and 

RNA-Seq data (confirmed and expanded with RT-qPCR), and Vitis VviERF6L1 

overexpression lines were established and characterized with phenotyping and RNA-Seq. 

A total of 18 PN40024 VviERF6Ls were identified; additional VviERF6Ls were identified 

in Cabernet Sauvignon, Chardonnay, and Carménère. The amino acid sequences of 

VviERF6Ls were found to be highly conserved. VviERF6L transcripts were detected in 

numerous plant organs and were differentially expressed in response to numerous abiotic 

stresses including water deficit, salinity, and cold as well as biotic stresses such as red 

blotch virus, N. parvum, and E. necator. VviERF6Ls were differentially expressed across 

stages of berry development, peaking in the pre-veraison/veraison stage and retaining 

conserved expression patterns across different vineyards, years, and Vitis cultivars. Co-

expression network analysis identified a scarecrow-like transcription factor and a 

calmodulin-like gene with highly similar expression profiles to the VviERF6L clade. 

Overexpression of VviERF6L1 in a Seyval Blanc background did not result in detectable 

morphological phenotypes. Genes differentially expressed in response to VviERF6L1 

overexpression were associated with abiotic and biotic stress responses. VviERF6Ls 

represent a large and distinct clade of ERF transcription factors in grapevine. The high 

conservation of protein sequence between these 18 transcription factors may indicate these 
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genes originate from a duplication event in Vitis. Despite high sequence similarity and 

similar expression patterns, VviERF6Ls demonstrate unique levels of expression supported 

by similar but heterogeneous promoter sequences. VviERF6L gene expression differed 

between Vitis species, cultivars, and organs including roots, leaves, and berries. These 

genes respond to berry development and abiotic and biotic stresses. VviERF6L1 

overexpression in Vitis vinifera results in differential expression of genes related to 

phytohormone and immune system signaling. Further investigation of this interesting gene 

family is warranted.  

 

 

3.1 Introduction 

Ethylene is a key phytohormone with roles in plant growth and development (Iqbal et al., 

2017) as well as abiotic and biotic stress responses (Licausi et al., 2010, 2013; Zhu et al., 

2013). Vitis vinifera (grapevine) is a non-climacteric fruit that does not ripen with a 

respiratory burst of ethylene, instead maturing with increased abscisic acid (ABA) 

concentration. However, ethylene plays an important role in fruit development as berries 

transition into veraison, the beginning stage of color development and berry softening, 

initiating ethylene signaling and activating Ethylene Response Factors (ERFs) (Chervin et 

al., 2004; Leida et al., 2016; Ma et al., 2015). ERFs regulate gene expression of targets 

including transcription factors like RESPONSIVE TO DEHYDRATION 29B (RD29B), 

LATE EMBRYOGENESIS 4-5 (LEA4-5), HEAT SHOCK PROTEIN 101 (HSP101), and 

other ERFs, resulting in physiological responses and adaptations that allow a plant to better 
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survive under specific environmental conditions like water deficit and high temperature 

(Müller and Munné-Bosch, 2015). These transcription factors act as major signaling hubs 

that integrate cross-talk between ethylene and other phytohormones to mediate gene 

expression (Burg and Burg, 1966; Deslauriers and Larsen, 2010; Divi et al., 2010; Kunkel 

and Brooks, 2002; Saithong et al., 2015; Sharp, 2002). ERFs belong to the 

APETELA2/ERF Family consisting of over 122 and 149 genes in Arabidopsis (Nakano et 

al., 2006) and Vitis (Licausi et al., 2010), respectively. This family is divided into 12 

subfamilies based on regulatory elements and DNA-binding domains.  

Previously, a unique Vitis clade was identified in subfamily IX, consisting of 12 

members with no Arabidopsis ortholog (Cramer et al., 2014). Sequence analysis revealed 

these genes most closely resembled AtERF6. This clade was named ERF6-like (ERF6L) 

after the closest Arabidopsis ortholog, and the genes were numbered from one through 

twelve based on chromosomal coordinates of the V1 structural annotation V2 assembly of 

PN40024 (Cramer et al., 2014). Affymetrix and NimbleGen grapevine microarrays with 

limited probe sets hybridizing to some of the VviERF6L genes revealed VviERF6L 

transcription were differentially expressed in berry skins across berry ripening (Cramer et 

al., 2014) and in leaves in response to severe leaf dehydration (Hopper et al., 2016).  

Recently, a new improved structural annotation (V3) of the PN40024 genome (V2 

assembly) was released, providing additional gene loci names (Canaguier et al., 2017). In 

this report, the early observations of the VviERF6L clade are investigated further. These 

genes were analyzed using the new structural annotation of PN40024 (Canaguier et 

al., 2017); to better understand the role of this clade in Vitis, gene expression patterns 

were queried in a meta-data analysis, and novel experimental treatments were 
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performed. VviERF6L1 overexpression lines were established and phenotyped. Manual 

curation of the new structural annotations resulted in the discovery of additional 

VviERF6Ls not previously identified. VviERF6L expression was dependent on cultivar, 

species, organ, hormone, and stress treatments.  

 

 

3.2 Materials and Methods 

Phylogenetic analysis and cis-regulatory element identification of the ERF6-like clade  

DNA sequences from the VviERF6-like clade and Arabidopsis thaliana orthologs were 

obtained from ORCAE and Araport11 and compared to CRIBI and TAIR identifiers, 

respectively (Berardini et al., 2015; Canaguier et al., 2017; Cheng et al., 2017; Vitulo et al., 

2014). Sequences were aligned with MUSCLE using the msa R package and a phylogenetic 

tree was drawn using a clustal omega alignment in Mega X (Bodenhofer et al., 2015; 

Kumar et al., 2018). A maximum likelihood method and Jones-Taylor-Thornton matrix-

based model with Bootstrapping n=1,000 replicates were used to create a consensus tree 

consisting of PN40024, CS, CH, and CA VviERF6Ls and PN40024 ERFs. Branches 

present in <50% bootstrap replicates are collapsed. The initial tree for the heuristic search 

was generated from the maximum parsimony method. The Subtree-Pruning-Regraftings - 

Fast (SPR level 3) was used.  

Conserved motifs were identified and confirmed in MEME using the standard 

settings (motif limit at 50 amino acid residues) (Bailey and Elkan, 1994; Bailey et al., 2009). 

Motifs were characterized with InterPro and modeled in SWISS-Model using standard 
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settings (Mitchell et al., 2019; Waterhouse et al., 2018). VviERF6L1 gene upstream regions 

(-3,000 bp) were obtained with the R package GenomicFeatures (Lawrence et al., 2013). 

Cis-element enrichment and identification analysis were performed with PLACE (Higo et 

al., 1999). Promoter regions were aligned, and a phylogenetic tree was made in clustal 

omega.  

 
 
Meta-data analysis 

RNA-Seq and microarray data sets were downloaded from NCBI GEO (Edgar, 2002) and 

SRA (Leinonen et al., 2011) with GEOquery (Davis and Meltzer, 2007) version 2.50.5 and 

the SRA Toolkit version 2.9.2, respectively. Data series that were re-analyzed with the V3 

PN40024 annotation were quality checked with fastqc (Babraham Bioinformatics, 2010) 

and trimmed with trimmomatic version 0.35 (Bolger et al., 2014). Transcript abundance 

was quantified with Salmon version 0.10.1 (Patro et al., 2017) using quasi-mapping, 

seqBias, gcBias, fldMean 50, fldSD 1, validateMappings, libType A, and 

rageFactorizationBins 4. Tximport version 1.10.1 was used to generate the count matrix. 

Differential expression analysis was performed with DESeq2 version 1.22.2 (Love et al., 

2014). Co-expression analysis was performed using WGCNA version 1.68 for all 18 

VviERF6Ls as a clade as well as for each VviERF6L individually using the five data series 

that were re-analyzed with the V3 annotation of PN40024. The top 100 genes most 

connected to the VviERF6L clade were used to make a Venn diagram (Fig. 13).  

 

Plant transformation 
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VviERF6L1 CDS was inserted into pECBC under the control of a bi-directional duplex 35S 

promoter with two PR1B enhancers and fused to EGFP/NPTII (Gray and Zhijian, Li, 2006). 

Seyval Blanc cell cultures were transformed with Agrobacterium tumefaciens and grown 

under kanamycin selection. The empty vector was also inserted into cells to be used for 

control plant generation. Transgenic lines were created at the Mid-Florida Research and 

Education Center for the Institute of Food and Agricultural Sciences. Transgenic cells were 

confirmed with GFP screening performed with confocal microscopy. Four overexpression 

lines (L12-1, L12-2, L12-3, L12-11, and L12-23) and one control line (G1) were 

regenerated into full plants grown under greenhouse conditions. 

 

Plant materials and growth conditions 

Own-rooted Vitis vinifera (L.) cv. Cabernet Sauvignon clone 8 (CS) was obtained from 

Inland Desert Nursery (Benton City, Washington, USA). Vitis champinii cv. Ramsey (RA), 

Vitis riparia cv. Riparia Gloire (RI), and Vitis vinifera x girdiana SC2 (SC) were obtained 

from the Plant Foundation Services at UC Davis (Davis, CA USA). Mature plants of the 

five transgenic lines and the four genotypes CS, RA, RI, and SC were grown in Stuewe 

and Son’s tree pots TP915R (22.9 cm x 39.4 cm) containing 1:1:1:2 perlite:peat moss:Grow 

Mulch (Kellogg):washed sand. Each pot contained ~8.0 kg of soil mix. Mature plants were 

irrigated with ~1.2 L of pH 5.5 water bi-weekly. Propagates were generated from single-

node cuttings of mature plants and transferred in trays containing pH 5.5 water with an air-

stone until roots emerged. Plants were transferred to Stuewe and Son’s Anderson AB39 

pots (7.3 cm x 22.9 cm) consisting of ~1.0 kg quikrete medium grain sand and ~40 g of 

50:50 perlite-vermiculite mix. Plants were covered for one week to increase relative 
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humidity and slowly acclimated to greenhouse humidity conditions for two weeks. 

Greenhouse conditions were maintained at approximately 21-26.5 °C and 20-50% relative 

humidity. All pots were elevated 7.5 cm off the floor with perforated black plastic flats. 

Light was supplemented with 1,000 W high-pressure sodium light bulbs approximately 4.5 

m above the floor directly over the center of the experimental area. Supplemental light had 

a 16:8-hour light-dark cycle. The mid-day light intensity of the greenhouse averaged 1200 

µE m-2 s-1. Propagates were irrigated every other day (until they reached approximately 70 

cm height at which point the experimental treatment began) with Cramer’s complete 

nutrient solution (1.5 mM Ca(NO3)2, 2 mM KNO3, 0.6 mM MgSO4, 1 mM KH2PO4, 1.5 

mM CaCl2, 36 µM Fe2+ Sprint 330, 1 µM MnSO4, 0.5 µM CuSO4, 20 µM ZnSO4, 20 µM 

H3BO3, and 0.01 µM (NH4)6Mo7O). 

 

Phenotypic characterization of ERF6L1 overexpressing lines  

Mature transgenic plants were grown as a single shoot. Weekly measurements were taken 

for stem length, number of nodes, internode length, number of leaves, leaf length (from 

petiole attachment point to the tip of the leaf down the midvein), leaf width (from one side 

of the leaf to the other at the widest point perpendicular to the midvein), leaf lobe sinus 

lengths and angles, leaf surface area, tendril emergence, and berry development (berry 

occurrence and circumference). Berry occurrence, number, and circumference were 

photographed and quantified with ImageJ. Stem elongation rate was calculated from 

repeated stem length measurements. Leaf surface area was obtained from photographs 

using ImageJ version 1.52h (Schneider et al., 2012). Leaf measurements were performed 

weekly on at least ten plants per line and repeated continuously over at least six months. 
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All measurements were performed on similar nodes to ensure uniform developmental 

stages. Shoots were pruned when the plant height reached one meter, at which time, 

measurements were repeated as a new shoot emerged at the cane. Leaf length 

measurements were repeated over three years. To phenotype roots, overexpression line 

propagates were transferred to 12 L hydroponic tubs containing an air-stone and 0.5x 

strength Cramer’s complete nutrient solution when roots were ~5 cm. Propagates were 

placed in tight-fitting lids and allowed to grow for twenty days under greenhouse 

conditions. Roots were imaged and analyzed with WinRHIZO every five days. 

Measurements included total root length, total root surface area, number of primary lateral 

roots, number of adventitious roots, and plant fresh weight. Two mature leaves at a similar 

developmental stage from each transgenic line from three individual cloned plants were 

excised from mature plants and frozen in liquid nitrogen for RNA sequencing.  

 

Abiotic stress and hormone treatments 

Treatments consisted of control treatment that entailed irrigating plants daily with 100 mL 

complete nutrient solution under greenhouse conditions (control); a salinity treatment: that 

was irrigating plants daily with 100 mL complete nutrient solution with 100 mM NaCl and 

20 mM CaCl2 added; a cold treatment: that was growing plants in a 10 °C growth chamber 

with a light intensity 250 µE and irrigating daily with 100 mL 10 °C complete nutrient 

solution; a water deficit treatment: that was maintaining pots at a low 30% relative water 

content. Water deficit pots were dried down to 30% relative water content by withholding 

irrigation at which point they were maintained daily at 30% pot relative water content, for 

one and two weeks. Control plants were watered in excess daily. After twenty days of salt, 
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cold, and control treatment, four experimental replicates of individual G1, L12-1, L12-2, 

L12-3, L12-11, and L12-23 vines were harvested. After one and two weeks of control and 

water deficit treatment, five experimental replicates of G1, L12-1, L12-2, L12-3, L12-11, 

and L12-23 individual vines were harvested. Shoot, stem, leaf, and root fresh and dry 

weights were measured in addition to total canopy surface area measured from photographs 

with ImageJ.  

To examine VviERF6L1 response to hormones, CS leaves were sprayed with 10 

µM ProTone (s-ABA) (Valent BioSciences LLC) or water (control) for 1 hour. All sprays 

contained 0.5% Tween20. For spray treatments, mature leaves were selected and sprayed 

to saturation (solution dripping from leaves) on both sides of the leaf (Rattanakon et al., 

2016). All samples were frozen in liquid nitrogen for all treatments. These experiments 

were performed in triplicate with each round consisting of three individual leaves of similar 

developmental stage from separate plants per genotype per harvest-time. Different sprays 

were made for each round.  

Chilling treatments were performed on CS, RA, RI, and SC plants placed in a 4 °C 

growth chamber with a light intensity of ~200 µmol m-2 s-1 in a randomized block 

experimental design. Eight thermometers were placed evenly throughout pots in the growth 

chamber. Pot temperature was recorded before each harvest time. Control plants were kept 

under greenhouse conditions. Total leaves were harvested within two minutes after two 

hours of chilling treatment and frozen in liquid nitrogen. These experiments were 

performed in triplicate with each round consisting of three individual plants per genotype 

per harvest-time per treatment. Additional chilling treatments were performed in a 4 °C 

refrigerator. RA and CS leaves of comparable age and size were placed on a wire support 
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in pre-chilled or control Tupperware boxes containing 200 mL DI water similar to what 

has been described previously (Hopper et al., 2014). Petioles were placed in the water and 

lamina was supported by the wire rack above the water. A light-proof cardboard box was 

placed over the leaf-containing Tupperware box to prevent light intrusion. Control samples 

were placed under a light-proof box at 23 °C. Leaves were harvested within two minutes 

after two hours of temperature treatment and frozen in liquid nitrogen.  

 

RNA extraction 

All samples were ground with a mortar and pestle under liquid nitrogen. RNA extraction 

for RNA-Seq samples was performed with a CTAB-based method including an RNase-

free DNase treatment as previously described (Ghan et al., 2017). RNA-Seq samples were 

prepared from 1.3 µg RNA. Quality and concentration were confirmed with Ribogreen 

technology performed by the Nevada Genomics Center and Experion RNA StdSens Chips 

(Bio-Rad). 

RNA from leaves of the plants treated with either abiotic or hormone treatment was 

extracted with a Spectrum Total Plant RNA kit (Sigma-Aldrich) modified protocol 

(Cookson et al., 2013). All RNA extractions were treated with RNAse-free DNase I 

(Qiagen) to remove genomic DNA contamination. RNA concentration, quantity, and purity 

for all samples were confirmed with a Nanodrop spectrophotometer, a 1.2% quality gel 

loaded with 400 ng RNA from each sample, and a 2% gel loaded with 10 µL LAR intron 

PCR product. LAR PCR products were amplified from a 10 µL GoTaq Green Master Mix 

(Promega) containing 250 ng RNA and 0.5 µM forward and reverse primers specific for a 

LAR intron. The PCR reaction included 95 °C for 2 min, 35 cycles of 95 °C for 30 s, 62 
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°C for 25 s, and 72 °C for 25 s. Purified samples demonstrating two bands corresponding 

to ribosomal subunit RNA, no band corresponding to the LAR intron, and sufficient 

concentration were utilized for RT-qPCR.  

 

PCR and RT-qPCR 

All samples from cold and hormone spray experiments were reverse transcribed with 

iScript Reverse Transcriptase Supermix (Bio-Rad) according to the manufacturer’s 

instructions from 2 µg RNA. Primers were designed using NCBI Primer-BLAST. Primer 

sequences are provided in Appendix 18. Primer efficiencies were verified on purified PCR 

products (Machery-Nagel NucleoSpin® Gel and PCR Clean-up kit) and will be considered 

at 100% for the gene expression calculations. All reactions were performed on a Bio-Rad 

Real-Time thermal cycler CFX96 with the following protocol: 95 °C for 3 mins; 40 cycles 

of 95 °C for 10 s, 60 °C for 15 s. Fluorescence was recorded after each cycle, and melting 

curve analysis was performed from 65 °C to 95 °C. Reference genes were selected based 

on a low coefficient of variation of expression reported in literature and uniform expression 

for all cDNA samples for each of the above-described experiments.  

VviERF6L1 overexpression was tested upon receival of transgenic plants with PCR 

of GFP and semi-quantitative PCR of VviERF6L1. GFP expression was confirmed with 

PCR (95 °C for 2 min, 35 cycles of 95 °C for 30 s, 58 °C for 30 s, 72 °C for 30 s) using 

GFP specific primers. Semi-quantitative PCR was performed on 1.0 µg of reverse-

transcribed RNA from two leaves of three individual plants per line with gene-specific 

primers. The reaction consisted of 7 µL 10-fold diluted cDNA, 3.5 µL each 10µM forward 

and reverse primers, 35 µL GoTaq Green Master Mix (Promega), and 21 µL DEPC water. 
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Samples collected at cycles 23, 26, 29, 32, and 35 were run on 2% agarose gels stained 

with ethidium bromide to compare VviERF6L1 amplification in overexpression lines 

relative to the empty vector control normalized to a ubiquitin reference gene. Several years 

after receival of the transgenic lines, stable overexpression was confirmed by RT-qPCR 

performed on 1.5 µg cDNA from three individual leaves harvested on 3 separate plants for 

each line with gene-specific primers as before (Rattanakon et al., 2016). RT-qPCR was 

performed on cDNA samples reverse transcribed from 1.3 µg template RNA with iScript 

reverse transcriptase supermix (Bio-Rad) according to the manufacturer’s instructions 

using VviGAPDH and VviACT7 as reference genes. RT-qPCR was conducted with SYBR 

Green Master Mix (Bio-Rad) for initial confirmation of overexpression lines and to 

confirm results on the same samples analyzed with RNA-Seq. All other RT-qPCR was 

performed with 2 µg of RNA reverse transcribed to cDNA with iScript Reverse 

Transcriptase Supermix (Bio-Rad) according to the manufacturer’s instructions. RT-qPCR 

was conducted for overexpression confirmation, chilling, ABA, and respective control 

treatments with SYBR Green Master Mix (Bio-Rad). RT-qPCR was conducted to confirm 

VviERF6L1 expression and for cold treatments and controls with GoTaq® qPCR Master 

Mix (Promega). Normalized relative quantity was calculated according to Hellemans et al. 

(Hellemans et al., 2007). VviACT7 and VviGAPDH were used as reference genes for the 

ABA treatment. VviABF2 was used as a positive control gene for the ABA treatment. 

VviUbi and VviACT7 were used as reference genes, and VviCBF1 was used as a positive 

control gene.  
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RNA-Seq analysis of VviERF6L1 overexpression lines 

Leaf RNA samples from three individual L12-3, L12-11, L12-23, and G1 vines were 

sequenced with Illumina TruSeq 2500 at the University of California, Los Angeles 

Genomic Center, to produce 36 bp single-end reads. Each sample was sequenced on two 

different lanes (technical replicates). Read quality for each sample was verified with 

FastQC version 0.11.8 before and after trimming adaptors based on released adaptor 

sequences (Babraham Bioinformatics, 2010). Sample 12-23-2_S8 had ~4.4 % library size 

compared to the average library size of the other samples and was excluded from further 

analysis. Over-represented sequences were extracted and identified with blast+ version 

2.8.0 alpha (Camacho et al., 2009). Reads from both sequencing lanes were concatenated 

per sample. Transcript abundance was quantified with Salmon with standard settings for 

single-end reads (Patro et al., 2017). Tximport version 1.8.0 (Soneson et al., 2015) followed 

by DESeq2 version 1.20.0 (Love et al., 2014) were implemented to perform differential 

expression analysis. Venn diagrams were created in R with the package limma version 

3.36.5 (Ritchie et al., 2015). Heatmaps were created in R with ComplexHeatmap (Gu et al., 

2016). 

 

Statistical analysis 

Statistical analysis performed to compare multiple means included the student t-test, one- 

and two-way ANOVA’s followed by Tukey’s HSD test after assumptions were met. Letters 

or asterisks indicate statistical significance between the specified comparisons. The error 

rate a = 0.05 was used in all comparisons. Statistical analyses were performed using R 

version 3.4.3. 
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3.3 Results  

The VviERF6L clade was expanded to 18 members in the PN40024 reference genome 

Novel VviERF6Ls genes were discovered by manually searching for conserved 

amino acid (AA) motifs in the newly annotated PN40024 genome. Along with the 12 

previously identified VviERF6L genes (Cramer et al., 2014), five additional genes were 

first identified (Table 1) from this manual curation. These additional genes were identified 

in unannotated sections of chromosome sequences by searching for specific AA motifs 

across the individual chromosomes using tools in ORCAE (Sterck et al., 2012) where the 

reference grape genome sequence, PN40024, is stored. Structural models were confirmed 

in ORCAE using both mRNA (Jaillon et al., 2007) and expressed sequence tag (EST) data 

to confirm 5’ and 3’ ends of annotated sequences (Grimplet et al., 2012).  

An additional VviERF6L was identified with an in-silico detection strategy. The 

manually curated VviERF6Ls were confirmed and substantiated as members of this clade 

from protein motifs identified in MEME (Bailey et al., 2009; Gupta et al., 2007). MEME 

revealed VviERF6L proteins consist of nine highly conserved AA motifs (Fig. 1, 

Supplemental File 1 and Appendix 1). The nine motifs are referred to in order of E-value 

with the lowest value motif corresponding to Motif 1 (Appendix 1). To identify additional 

novel VviERF6Ls that may have been overlooked with the manual annotation, an in-silico 

detection strategy was devised using the first (Motif 5) and last (Motif 4) spatial AA motifs 

to query the Vitis proteome. Genome coordinates that contained either the first, last, or both 



 

 

183 

motifs were extracted corresponding to the potential proteins containing the motif(s) of 

interest. When only the first or the last motif was detected, the putative protein sequence 

was extended to 280 AA to obtain the potential full-length protein. This strategy confirmed 

the five novel VviERF6L genes from the manual curation and identified a sixth, increasing 

the members of the VviERF6L clade from 12 in the V1 annotation to 18 in the V2 assembly 

of PN40024 (Table 1).  

The nine VviERF6L protein motifs were detected as being significantly present (p 

< 1.73x10-179) and conserved (E < 8.8x10-14) among the 18 VviERF6Ls (Appendix 1). 

These proteins had an average length of ~280 AA with the longest and shortest motifs 

(Motif 1 and Motif 9) having lengths of 50 and 7 AA, respectively (Appendix 1), resultant 

of the MEME settings used. Specific VviERF6L protein motif sequence and location per 

VviERF6L can be found in Appendix 2. Four protein motifs were identifiable and had 

previously been characterized as regulatory domains of other ERF Group IX TFs (Fig. 1) 

(Nakano et al., 2006). These protein motifs included the AP2/ERF domain (DNA-binding; 

Motifs 1 and 2), the CMIX-2 (N-terminal acidic transactivation; Motif 5) the CMIX-5 

(MAP kinase phosphorylation site; Motif 4), and the CMIX-6 (MAP kinase 

phosphorylation site; Motif 9) domains (Fig. 1). Motifs 1, 2, and 7 were present in all 

eighteen VviERF6Ls. Motifs 3, 4, 5, 6, and 9 were present in 77.8% of VviERF6L proteins, 

and Motif 8 was present in nine of the 18 VviERF6Ls (calculated from Supplemental File 

3).  

The VviERF6L AP2/ERF domain is homologous to that of Arabidopsis (At)ERF1 

and 096. To identify VviERF6L sequence conservation with proteins in Arabidopsis 

thaliana, the nine motifs were queried in InterPro and the AP2/ERF domain was modeled 
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in SWISS-model (Mitchell et al., 2019; Waterhouse et al., 2018). The AP2/ERF domain 

(Motifs 1 and 2) of VviERF6L1, 2, 3, 4, 5, 6, 7, and 13 had the closest identity with that of 

AtERF1 with an average identity of 75.5% (Appendix 3). VviERF6L8, 9, 10, 11, 12, 15, 

16, 17, and 18 had an average identity of 70.8% with the AtERF096 AP2/ERF domain, 

identified as the closest ortholog (Appendix 3).  

VviERF6L12 and 14 appear to be truncated proteins. VviERF6L14 lacks the first 

4 N-terminal motifs (Fig. 1), with no matching publicly available RNA-Seq or EST reads 

and insufficient sequence information in this region of the PN40024 genome in ORCAE. 

Besides VviERF6L15, VviERF6L14 is the only other non-mono-exonal VviERF6L. The 

true start codon of VviERF6L14 may exist in what is currently the un-sequenced region 

that is presently annotated as an intron and can be viewed in ORCAE (Sterck et al., 2012). 

Despite potential mis-annotation of VviERF6L14 gene coordinates, promoter (see later) 

and protein motif analysis (Fig. 1, Supplemental File 1, and Appendix 1) validate this gene 

as a VviERF6L. VviERF6L12 appears to be a functional truncated protein (Fig. 1), 

supported by mRNA and EST read mapping across the length of the transcript in ORCAE. 

VviERF6L12 lacks the first 4 N-terminal motifs, which correspond to potential regulatory 

domains including the CMIX-2 domain (Fig. 1). VviERF6L12 is also missing Motif 4 

corresponding to a CMIX-5 domain. VviERF6L3, 6, 9, 11, 13, 16, and 18 do not share 

consensus Motif 8 (Fig. 1). These proteins have higher amino acid variability in this region. 

VviERF6L10, 15, and 17 are also missing Motif 4 (Fig. 1). 

The 18 VviERF6L proteins are a conserved clade. A multiple sequence comparison 

by log-expectation (MUSCLE) multiple sequence alignment (MSA) was performed to 

better understand the diversity within the VviERF6L clade. Percent identity was extracted 
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from a MUSCLE alignment (Fig. 2). The 18 VviERF6Ls share high sequence conservation 

(average of 73.8%), with VviERF6L12, one of the truncated VviERF6Ls, diverging the 

most with an average percent identity of 50.9% (calculated from Fig. 2).  

The VviERF6L clade is expanded in Vitis vinifera relative to other plant species. 

The number of ERF6L paralogs was identified in the species that had the genes with the 

highest orthology to VviERF6L1 from the Pan-taxonomic Compara Gene Tree in Gramene 

update 2018 containing 44 genomes (Tello-Ruiz et al., 2018) including the V1 annotation 

of PN40024 (Jaillon et al., 2007). The number of potential ERF6L orthologs was quantified 

in carrot (D. carota), soybean (G. max), tomato (S. lycopersicum), and potato (S. tuberosum) 

(Supplemental File 2). Vitis vinifera had 4.5-fold more ERF6L paralogs than tomato and 

potato, 9-fold more than soybean, and 17 more potential ERF6L genes than carrot 

(Supplemental File 2).  

 

The VviERF6L clade is expanded across Vitis genotypes 

Additional VviERF6Ls were identified in the translated Cabernet Sauvignon (CS) 

genome (Chin et al., 2016) indicating the VviERF6L clade members vary with grape 

genotypes. The nine PN40024 VviERF6L protein motifs were utilized to detect VviERF6Ls 

in the proteome sequence of CS using TOMTOM (Gupta et al., 2007). Translated genes 

that contained at least three of the nine PN40024 VviERF6L protein motifs were extracted 

and analyzed with MEME as potential VviERF6Ls. These genes were used to identify CS-

specific VviERF6L protein motifs. TOMTOM used the CS cultivar specific VviERF6L 

protein motifs to identify additional potential CS VviERF6Ls that were missed using the 

nine PN40024 motifs (Appendix 2 and Supplemental Files 3-5 and Appendix 4). Thirteen 
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highly conserved (E < 1.3x10-2) CS protein motifs (Appendix 1) were identified. The CS 

protein motifs were very similar to those of PN40024 (Supplemental Files 1, 4, and 5 and 

Appendix 5). Homology between PN40024 and CS VviERF6L protein motifs was 

quantified with protein BLAST (Altschul et al., 1990) (Appendix 5). CS Motifs 1-6 shared 

100% identity with corresponding PN40024 motifs, and CS Motif 7 shared ~71% with 

PN40024 Motif 9 (Appendix 5). In total, 26 CS VviERF6Ls were identified (Appendix 4 

and 6 and Supplemental File 5). Interestingly, unique VviERF6L sequences were identified 

in CS like VvCabSauv08_H0036F_008.ver1.0.g139880, which appears to be a novel 

VviERF6L not conserved in PN40024 (Supplemental File 6 and Appendix 7). Lengths of 

CS VviERF6L proteins are in Appendix 6. CS VviERF6Ls (~300 AA residues) were on 

average 20 AA residues longer than PN40024 VviERF6Ls (~280 AA residues) (Table 1 

and Appendix 6). CS lacked paralogs similar to PN40024 VviERF6L3, 8, 11, and 14 and 

had distinct VviERF6Ls (like VvCabSauv08_P0367F.ver1.0.g601540 and 

VvCabSauv08_H0036F_008.ver1.0.g139880), without a clearly distinguishable PN40024 

equivalent. VvCabSauv08_H0036F_008.ver1.0.g139910 (596 AA residues) contained 

duplicated Motif 1-4, 5-9, and 11 (Supplemental File 3 and 9). 

VvCabSauv08_H0036F_008.ver1.0.g139950 (839 AA residues) consisted of duplicate 

Motif 1, 2, 7, and 12 and triplicate Motif 3, 5, 6, and 11. These two genes were about two 

and three times the length of the average CS VviERF6L (~300 AA residues (calculated 

from Appendix 5)), respectively. VvCabSauv08_H0036F_008.ver1.0.g139990 was a 

severely truncated VviERF6L (106 AA residues), completely lacking any conserved N-

terminal motif (Supplemental Files 3 and 5). VvCabSauv08_P0070F.ver1.0.g450750 was 

of comparable length (243 AA residues) to the average CS VviERF6L, but this gene had a 
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more variable sequence, containing only four of the thirteen conserved motifs 

(Supplemental Files 3 and 5).  

Chardonnay (CH) (Zhou et al., 2019) and Carménère (CA) (Minio et al., 2019a) 

also have expanded VviERF6L clades with 15 and 14 VviERF6Ls respectively 

(Supplemental File 6 and Appendix 7). VviERF6Ls from PN40024 and CS were queried 

in protein BLAST in genome sequences of CH and CA to identify VviERF6Ls in these 

genotypes. The genomes of CH and CA were not released at this time; only BLAST was 

publicly available. Additional novel VviERF6Ls may exist in these genotypes, which may 

be identified using the motif detection strategy described for PN40024 and CS when the 

genomes become fully available.  

The PN40024, CS, CH, and CA VviERF6Ls were more similar across Vitis vinifera 

genotypes than to other VviERF proteins (Supplemental File 6). To distinguish 

relationships between the highly homologous members of the VviERF6L clade in the 

AP2/ERF subfamily IX (Cramer et al., 2014), a maximum likelihood phylogenetic tree was 

generated from Vitis vinifera PN40024, CS, CH, and CA VviERF6L paralogs and 

PN40024 VviERF proteins (gene names and protein sequences available in Appendix 7). 

The tree was created using the Jones-Taylor-Thornton model with the Bootstrap method 

test in MEGA X (Kumar et al., 2018). Sequences were extracted from the PN40024 V2 

assembly V3 structural annotation (Canaguier et al., 2017), CS genome (Chin et al., 2016), 

CH BLAST-tool (Zhou et al., 2019), and the CA BLAST tool (Minio et al., 2019a). All 

predicted VviERF6L proteins grouped together from the four genotypes examined 

(Supplemental File 6). Vitvi05g01525, corresponding to a putative disease-related PRF 

protein (Grimplet et al., 2012), clustered with CH and CA VviERF6Ls in the multi-
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genotype VviERF6L clade. This gene is inadequately sequenced on ORCAE, having 4,512 

N’s in the coding sequence, and it is unclear if this gene is correctly positioned or annotated. 

The VviERF6L clade is distinct from other members of the AP2/ERF family (Supplemental 

File 6), and the VviERF6L protein sequences are highly conserved. 

 

VviERF6L promoter regions are distinct with several conserved motifs 

The PN40224 VviERF6Ls have variable promoter regions with several conserved 

and repeated cis-acting elements. To gain insight into the transcriptional regulation of the 

highly conserved VviERF6L genes in the PN40024 genome, -3000 bp upstream from the 

transcription start site (TSS) for the 18 PN40024 VviERF6Ls was analyzed with PLACE 

(Higo et al., 1999), and a multiple sequence alignment was performed to compare the 

putative promoter regions (Fig. 3). These regions showed greater diversity than VviERF6L 

protein sequences, averaging 48.7% relative to 81.05% identity (calculated from DNA 

sequences). PN40024 VviERF6L promoter region motif coordinates are in Appendix 8. A 

total of 200 known motifs were identified in the VviERF6L -3,000 bp putative promoter 

regions (calculated from Appendix 8). Of these cis-elements, 42 were present in all 

VviERF6L upstream regions (Appendix 9). The CAATBOX1 was the most over-

represented motif across VviERF6L putative promoters, repeated 885 times, followed by 

DOFCOREZM (864 repetitions) and CACTFTPPCA1 (845 repetitions) (Appendix 9). 

These three motifs had an average of ~46 repeats per VviERF6L promoter. Numerous other 

cis-elements were repeated hundreds of times including ARR1AT and 

MYCCONSENSUSAT motifs.  
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Although the VviERF6Ls shared several highly repeated cis-regulatory elements, 

there were numerous differences across the VviERF6L promoter regions. The VviERF6L12 

promoter region contained the highest number of ROOTMOTIFTAPOX1 (82 repeats), 

with the closest VviERF6L, VviERF6L14 having 41 repeats, and the other VviERF6Ls 

having even fewer. The VviERF6L12 promoter region also had the most duplication of 

TATABOX3, ACGTATERD1 (analogous with VviERF6L1), SEF1MOTIF, 

SEF4MOTIFGM7S, WBOXATNPR1, and LECPLEACS2 (Supplemental File 7 and 

Appendix 9). Three unique motifs were detected in the promoter region of VviERF6L12 

that were not present in any other VviERF6L promoter: ABREZMRAB28, PALBOXLPC, 

and UP1ATMASD (Appendix 8). Although the VviERF6L protein sequences are highly 

conserved, there is considerable variation in the VviERF6L promoter regions, indicating 

these genes are under unique transcriptional regulation.  

 

VviERF6L genes are expressed in many organs and tissues 

Examining the grapevine gene atlas (Fasoli et al., 2012), VviERF6Ls were 

expressed in numerous grapevine organs, across developmental stages, and in tissues 

including berries, stamen, buds, tendrils, flowers, pollen, seeds, leaves, and roots 

(Appendix 10). VviERF6L1, 5, and 12 were the most commonly expressed VviERF6Ls 

across various tissues. VviERF6L6, 10, and 11 were less broadly expressed across tissues. 

VviERF6L6 was only expressed in the rachis, carpel, petal, leaves, roots, and buds while 

VviERF6L10 and 11 were expressed in these tissues as well as berry flesh. VviERF6L8 was 

expressed in the same number of tissues as VviERF6L2 and 3 and comparable to 

VviERF6L4 and 7. Breaking down the berry into pulp, seed, and skin VviERF6Ls generally 
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had significantly higher expression in the skin at pre-veraison and seed at maturity when 

the berries are red, soft, and ready to harvest (RSH) (Supplemental File 8) [GSE49569] 

(Gouthu et al., 2014). VviERF6L12 was the only VviERF6L to increase signal intensity in 

the pulp as berries developed, and this gene maintained the highest expression level in all 

berry tissues at all developmental stages.  

 

VviERF6L meta-data analysis parameters 

VviERF6L expression was extensively examined across existing transcriptomic 

data in the literature. To better differentiate and understand the potential functional roles 

of VviERF6L genes in Vitis, VviEFRF6L gene expression was examined in a meta-data 

analysis of VviERF6L gene expression performed using 75 publicly available microarray 

and 24 RNA-Seq data series downloaded from NCBI Gene Expression Omnibus (GEO) 

(Edgar, 2002) and Sequence Read Archive (Leinonen et al., 2011) databases. The 

following data are examples of results found, but many other datasets demonstrate similar 

patterns. The example data series selected are simplified for visualization purposes. The 

data series (Appendix 11) investigated for VviERF6L gene expression met the following 

criteria: the experiment contained at least three individual biological or experimental 

replicates, VviERF6L gene expression was detectable, and at least one VviERF6L was a 

differentially expressed gene (DEG) in the author’s original differential expression analysis 

(DEA). Results are discussed based on the author’s original DEA and statistical analysis 

unless otherwise specified.  

Four and twelve probe sets were utilized on the grape Affymetrix and NimbleGen 

microarrays, respectively, with possible cross-hybridization occurring amongst the 18 
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PN40024 VviERF6Ls (Cramer et al., 2014). Numerous occurrences of probe cross-

hybridization for NimbleGen microarrays of the VviERF6L genes were previously 

determined (Cramer et al., 2014) (Appendix 12), making it important to consider these 

results in terms of the VviERF6L clade response as opposed to individual gene responses. 

With the short-read length of the RNA-Seq data sets analyzed here and the high homology 

of the VviERF6Ls, it is unclear how distinguishable VviERF6Ls are individually in the 

RNA-Seq analysis.  

Data series are referred to as in original publications. SRP117281, PRJNA516950, 

GSE67191, GSE62744, and GSE62745 were chosen as representative RNA-Seq data 

series of abiotic stress, berry development, and biotic stress to re-analyze with the V3 

structural annotation of PN40024. The data series selected for re-analysis with the V3 

structural annotation of PN40024 were used for weighted gene co-expression network 

analysis (WGCNA) to identify genes that share the same expression pattern as the 

VviERF6Ls under various stress conditions and developmental stages. All other data series 

demonstrated in the figures were graphed based on the original author’s transcript 

abundance quantification and statistics.  

 

VviERF6L genes are involved in multiple abiotic stress responses 

VviERF6L genes respond to water deficit and salinity 

VviERF6Ls were differentially expressed in response to numerous abiotic stresses 

including water deficit and salinity. VviERF6Ls were significantly differentially expressed 

in CS leaves exposed to rapid dehydration for one hour (Fig. 4) [GSE78920] (Hopper et 

al., 2016). The VviERF6Ls shared the same general expression pattern in response to rapid 
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dehydration with a significant increase in transcript abundance early in the experiment 

followed by decreased transcript abundance and plateauing thereafter. VviERF6L12 and 9 

demonstrated the highest and lowest levels of expression respectively. VviERF6L1 was 

among the most responsive VviERF6Ls, increasing quickly to the severe stress within one 

hour of treatment and decreasing at all time points after that to eventually be at the same 

level of expression as control plants after 24 hours of treatment. VviERF6L1 was chosen 

as a representative gene of the VviERF6L clade for subsequent RT-qPCR and 

overexpression experiments. RT-qPCR was performed for VviERF6L1 on CS leaves 

treated with 10 µM Protone (s-ABA). VviERF6L1 transcript abundance in CS leaves did 

not respond to ABA treatment (Supplemental File 9), indicating the water deficit response 

may follow an ABA-independent pathway. 

  CS shoot tips exposed to a severe 16-day salt and water deficit treatment also show 

significantly increased VviERF6L transcript abundance (Fig. 5) (Cramer et al., 2007). 

Probe sets 1618661_s_at (VviERF6L12) and 1619390_at (VviERF6L11) were highly 

induced by extreme water deficit and salt stress, but 1613698_at (cross-hybridizes to 

VviERF6L2 and VviERF4) and 1613799_at (VviERF6L3) were not induced. The 

accumulation of VviERF6L transcripts on day 16, the point at which both abiotic stresses 

were most severe indicates some VviERF6Ls may play a role in extreme salt and water 

deficit responses in grapevine.  

VviERF6L differential expression in response to water deficit is supported by recent 

more comprehensive RNA-Seq data in which four Vitis species (Vitis vinifera cv. CS, Vitis 

champinii cv. Ramsey (RA), Vitis riparia cv. Riparia Gloire (RI), and Vitis vinifera x Vitis 

girdiana cv. SC2 (SC)) were treated with well-watered and moderate water deficit (WD) 
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conditions in the form of a natural dry-down for two weeks (Cochetel et al., 2020). The 

grapevines demonstrated significantly differential VviERF6L expression patterns within 

each species (Fig. 6). For example, VviERF6L1 was not expressed in SC, but it was 

expressed in the three other species. Within each Species x Organ x Treatment group, the 

18 VviERF6Ls followed similar expression patterns to each other (Fig. 6). VviERF6Ls were 

differentially expressed in leaves and roots in response to the WD (Fig. 6). VviERF6Ls 

were significantly more highly expressed in roots than in leaves. Consistently, the 

VviERF6Ls had higher expression in roots than leaves under both Control and WD 

conditions (13 average TPM (standard error of the mean (SEM) = ± 1.5) vs 4.6 average 

TPM (SEM = ± 0.51) for roots and leaves, respectively). As a general trend VviERF6L 

transcripts were decreased in response to WD (e.g. VviERF6L1). The majority of 

VviERF6Ls have relatively low expression levels apart from VviERF6L12 that 

demonstrated a significantly higher level of expression (Z-score for two population 

proportions p < 0.00001). VviERF6L8 was consistently the lowest expressed VviERF6L 

across organs and treatments. Interestingly, leaves from RA (a drought-tolerant rootstock 

originating from Texas, USA) had a significantly higher accumulation of VviERF6L12 

transcripts in week 2 WD relative to RA Control leaves as well as compared to 2 WD 

treatment leaves of the other three species. The other species, which are more drought 

sensitive, did not exhibit an increase or as high of an increase in VviERF6L12 transcripts 

in the leaves in response to two weeks of WD.  

Amongst the VviERF6L clade, DEA showed VviERF6L1 and 18 were the most 

common DEGs in DEA contrasts of interest. DEA was performed for each genotype for 

WD vs. Control and for each WD treated species to the others for weeks one and two for 
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roots and leaves individually. A list of DEA contrasts of interest for this data set is located 

in Appendix 13. The frequency at which each VviERF6L was a DEG in the DEA contrasts 

of interest was quantified (Supplemental File 10). VviERF6L1 was identified as the most 

responsive VviERF6L, being a DEG in 14 DEA contrasts of interest followed by 

VviERF6L18 (a DEG in 10 DEA contrasts of interest); however, both genes were expressed 

at relatively low levels (Fig. 6). The other VviERF6Ls varied in DEG frequency in the DEA 

contrasts of interest (Supplemental File 10). VviERF6L7 and 8 were not DEGs in any 

contrast of interest. The range of frequencies each VviERF6L was a DEG in the DEA 

contrasts of interest was consistent with the results of the promoter analysis, indicating that 

while these genes are highly conserved, they are under distinct regulation.  

 

VviERF6L genes respond to chilling and cold 

 VviERF6Ls were differentially expressed in leaves in response to chilling, cold, and 

freezing in the meta-data analysis. Many of the VviERF6Ls responded with analogous 

expression patterns. Recent RNA-Seq data in which five Vitis vinifera cultivars (Cabernet 

Franc, Chardonnay, Riesling, Sangiovese, and Tocai Friulano) were treated with chilling 

(ACC), freezing (FRZ), or a chilling acclimation followed by the freeze treatment (A+F) 

demonstrate significant VviERF6L differential expression (Fig. 7) (Londo et al., 2018). 

As with WD response, various V. vinifera cultivars demonstrated unique VviERF6L 

expression in leaves in response to cold treatments. For example, comparing freezing vs. 

control DEA across cultivars, Chardonnay had the highest significant increase in 

VviERF6L1 transcript abundance while Tocai Friulano and Sangiovese did not 

demonstrate ERF6L1 differential expression (Fig. 7 and DEA from the original 
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publication (Londo et al., 2018)). All cultivars had a decrease in transcript abundance of 

VviERF6L1 in the chilling vs. control treatment comparison (Fig. 7). The transcript 

abundance of VviERF6L11 and VviERF6L12 was increased in all genotypes in response 

to the freezing treatment (Fig. 7). The results in Figure 7 are supported by microarray 

data in which VviERF6Ls were differentially expressed in CS shoot tips exposed to a 

chilling treatment for 0, 4, and 8 hours (Supplemental File 11) (Tattersall et al., 2007). To 

confirm these results, RT-qPCR was performed on VviERF6L1 for RA, RI, CS, and SC 

whole canopy and single leaves treated with 4°C chilling for 0-2 hours. In contrast to the 

previous freezing and chilling treatments, these chilling experiments did not result in a 

significant difference in VviERF6L1 transcript abundance relative to control; there was, 

however, a significant increase in CBF1 transcript abundance used as a positive control in 

chilled samples (Supplemental File 12). It is possible VviERF6L1 was not the most 

responsive VviERF6L in these species under these conditions. Together these examples 

from the meta-data analysis reveal VviERF6Ls are differentially expressed with complex 

responses to temperature reduction in cultivar-, temperature- and time-dependent 

manners and may play a role in cold response in grapevine. 

 

VviERF6L genes respond to light intensity 

VviERF6Ls were significantly differentially expressed in response to increased 

light exposure. CS berries exposed to varying light intensity through leaf removal or leaf 

movement at veraison demonstrated reduced VviERF6L12 transcript abundance in de-

seeded berries (pulp and skin only) at late veraison and harvest. The majority of the other 

VviERF6Ls (all with lower transcript abundance than VviERF6L12) had enhanced 
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transcript accumulation at harvest (particularly with leaf removal) relative to control 

conditions in which no leaves were (re)moved (Sun et al., 2017) (Fig. 8) [GSE121146]. In 

this experiment, leaves were cut off vines for the leaf removal treatment and physically 

bound in place for the leaf moving treatment. These actions may have elicited a wounding 

response. However, as the berries remained intact on the vine and only the leaves were 

removed, the increased VviERF6L transcript abundance in the berries is likely associated 

with increased light exposure and not a wounding response. The accumulation of 

VviERF6L transcripts with enhanced light exposure at harvest in combination with the 

abundance of VviERF6L promoter motifs associated with light response indicates 

VviERF6Ls may play a role in grapevine response to light intensity. Supportive of these 

data and VviERF6L light response, VviERF6Ls were also differentially expressed in berries 

grown under a double-cropping system with summer and winter harvests [GSE103226] 

(Chen et al., 2017). In the summer, CS berries grown in this system had the highest level 

of VviERF6L expression at the end of veraison (EL36), while there was a distinct 

depression in VviERF6L transcript level for winter berries (Supplemental File 13). These 

data sets support the hypothesis that VviERF6Ls have a cultivar-specific response to abiotic 

stress and may play a role in response to light intensity.  

 

VviERF6L genes are involved in various biotic stress responses 

VviERF6L genes respond to Neofusicoccum parvum  

VviERF6Ls are differentially expressed in response to Neofusicoccum parvum. CS 

plants inoculated with N. parvum had significantly enhanced VviERF6L transcript 

accumulation in woody stems two weeks after treatment (Fig. 9) [GSE97900] (Massonnet 
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et al., 2017a). Interestingly, VviERF6Ls also responded to the wounding aspect of this 

treatment, which consisted of taking a power drill to the woody stem. The wounding 

response remained significant for the majority of VviERF6Ls up to two weeks after the 

treatment (Fig. 9). VviERF6L12 and 8 consistently demonstrated the highest and lowest 

expression levels, respectively (Fig. 9).  

In general, VviERF6L expression levels significantly increased in response to E. 

necator inoculation in leaves of V. vinifera cv. Carignane and six partially resistant Asian 

accessions (DVIT3351.27 (DVIT3351), Hussiene, Karadzhandal, Khalchii, O34-16, 

Sochal, and Vavilov) [GSE67191] (Amrine et al., 2015). The cultivars showed similar 

expression patterns with differences in expression levels of the VviERF6Ls 

(Supplemental File 14). VviERF6L12 and 16 generally had the highest expression in 

response to the powdery mildew inoculation (Supplemental File 14). VviERF6L8 

generally had a low, but detectable expression except in DVIT3351, which VviERF6L8 

had higher expression levels in, similar to those of VviERF6L3-7, and Vavilov that did not 

demonstrate any VviERF6L8 expression at either time point or treatment. It is possible 

VviERF6Ls play diverging roles in response to various pathogens.  

Whole Zinfandel berries had high levels of VviERF6L12 counts across berry 

development in both control and red blotch-associated virus treatment in two separate 

vineyards (Fig. 10) [GSE85812] (Blanco-Ulate et al., 2017). In control berries, the 

expression of the VviERF6L clade was highest in the pre-veraison (PRV) stage with a 

subsequent decline in transcript abundance as the berry maturity stage increased. 

VviERF6L8 expression was only detectable in one vineyard at pre-veraison; in all other 

cases, it does not appear to be expressed (Fig. 10). VviERF6L expression at pre-veraison 
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significantly decreased in response to red blotch-associated virus in at least one vineyard 

(Fig. 10) (Blanco-Ulate et al., 2017). VviERF6Ls showed variable expression across the 

vineyards in response to red blotch-associate virus, particularly at pre-veraison. 

VviERF6L5, 7, and 10 had increased counts in infected samples at veraison (Fig. 10). At 

post-veraison, VviERF6L1, 5, and 11 had higher expression in red blotch-associated virus 

samples in both vineyards, and at harvest, VviERF6L3 had lower counts in infected berry 

tissue (Fig. 10). While various VviERF6Ls were significantly differentially expressed in 

response to these pathogens (Figs. 9-10 and Supplemental File 14), the pattern and degree 

of expression across genotypes were not consistent.  

 

VviERF6L genes are involved in berry development 

Unlike abiotic and biotic stress responses, VviERF6L gene expression patterns and 

levels show general conservation across cultivars with VviERF6L12 consistently having 

the highest transcript abundance in red and white berries (Massonnet et al., 2017b). One 

study examining red and white berry development over four developmental stages (pea-

sized (Pea), touching (Touch), softening (Soft), and harvest (Harv)) showed differential 

expression of VviERF6Ls across berry ripening, but at a low expression level (Fig. 11). 

VviERF6Ls had the highest number of VviERF6L transcripts at the pea-sized and touching 

stages of berry development. VviERF6L transcript abundance decreased as berries softened 

and was even lower at harvest (Fig. 11). VviERF6L2, 12, and 13 were among the highest 

expressed VviERF6Ls in white berries with the addition of VviERF6L5, 15, and 16 for red 

cultivars in the early stages of berry development. In the later stages of berry development, 

VviERF6L12 had the highest transcript abundance (Fig. 11). From pea-sized to touching 
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berries, VviERF6L8 was expressed in white berries (except Passerina) to a comparable 

level with other VviERF6Ls, including VviERF6L7 and 9. At all other developmental stages, 

VviERF6L8 was negligibly expressed. In red berries, VviERF6L8 was only expressed in 

Barbera in pea-sized berries. VviERF6L expression across berry development is also 

consistent across vineyards and years [GSE97578] (Dal Santo et al., 2018) [GSE41633] 

(Dal Santo et al., 2013) (Supplemental Files 15-16). VviERF6L signal intensity peaked 

significantly at pre-veraison and generally declined as berries approached full ripening (FR) 

(Supplemental File 15). There were subtle changes in signal intensity level over the years 

and vineyards (Supplemental File 16), but generally, expression levels were similar and 

the VviERF6L expression pattern remained conserved, indicating these genes may not be 

strongly influenced by the environment during berry development.  

 

VviLISCL3 and VviCML45 were the most connected genes to the VviERF6Ls 

Two genes share a similar expression pattern as the 18 VviERF6Ls across various cultivars, 

organs, and treatments. The meta-data analysis was completed with a gene co-expression 

analysis to identify genes sharing expression patterns for all VviERF6Ls as a clade between 

the five data series that were re-analyzed with the V3 annotation of PN40024 (SRP117281, 

PRJNA516950, GSE67191, GSE62744, and GSE62745). The top 100 genes most 

connected to each VviERF6L were extracted from the TOM (Topological Overlap Matrix) 

for each WGCNA. Common co-expressed genes were identified by comparing these sets 

of genes. In total, two genes were identified in all five data series that were the most 

connected to the VviERF6L clade across the various conditions and variables of each data 

series (Supplemental File 17). The two co-expressed genes were a Scarecrow-like 
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transcription factor, VviLISCL3 (Vitvi06g00489), and a calmodulin-like protein, 

VviCML45 (Vitvi14g01975). Several other genes shared expression patterns with the 

VviERF6L clade in four out of the five data series including VviERF1 and VviWRKY33 

(Appendix 14). The full list of genes co-expressed with the VviERF6L clade in four of the 

five data series is in Appendix 14. Six of the 16 genes sharing the VviERF6L expression 

pattern were unannotated.  

After analyzing the VviERF6L clade as a whole, the co-expression analysis was 

repeated for each VviERF6L individually. Surprisingly, no gene was connected to any 

VviERF6L in all five data series in this individual analysis, not even the other VviERF6Ls. 

Because no genes were co-expressed with any VviERF6L individually, genes co-expressed 

in four out of the five RNA-Seq data series were considered. VviWRKY33 was the only 

gene to be co-expressed in four out of the five data series in this individual VviERF6L gene 

co-expression analysis but only for VviERF6L11 and 16. The low number of genes co-

expressed with VviERF6Ls in all five RNA-Seq series (16 for the clade co-expression 

analysis (Appendix 14) and 0 for the individual VviERF6L co-expression analysis) may be 

a result of the diverse RNA-Seq series utilized that examined various organs, genotypes, 

developmental stages, and stresses.  

 

Summary of the meta-analysis 

Generally, VviERF6Ls were lowly expressed in all data sets, but these genes 

demonstrate striking fold changes in expression levels and significant differential 

expression under numerous conditions. VviERF6Ls are broadly expressed across grapevine 

organs, tissues and in response to various abiotic and biotic stresses as well as throughout 
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berry development (Fig. 12). VviERF6Ls appear to increase in expression in response to 

severe water deficit and salinity. However, over more long-term moderate water deficit, 

VviERF6Ls are generally decreased. VviERF6Ls have distinct differential expression in 

response to cold and light in different cultivars. VviERF6Ls are differentially expressed in 

response to various pathogens, but the level of expression varies depending on the pathogen 

and cultivar. VviERF6Ls are also differentially expressed across berry development with 

the highest expression levels as berries transition into veraison. VviERF6L expression 

patterns are highly conserved across cultivars, vineyards, and years. The broad range of 

VviERF6L expression across tissues and expression patterns are conserved throughout 

numerous data series. The transcriptional response for each member of the VviERF6L clade 

was dependent on numerous factors (organ, time, treatment, duration, severity, genotype, 

etc.). The transcriptomic response for each experimental design, while generally conserved, 

was unique for each VviERF6L (i.e. some members of the clade increased in transcript 

abundance, some decreased, and others did not respond under a specific condition). The 

individuality emerging in the VviERF6L clade as well as divergent observations for 

different severities of similar treatments makes it difficult to generalize common responses. 

However, a diagram (Fig. 12) was constructed to summarize the conditions that elicited 

VviERF6Ls responses as well as conditions requiring additional data to further elucidate 

the role VviERF6Ls play in grapevine. As transcriptomic technology evolves, the 

VviERF6Ls will be able to be better differentiated and understanding of the clade will be 

improved.  

Two results are clear, first, in all the data series discussed, VviERF6L12, one of the 

truncated VviERF6Ls, repeatedly demonstrated significantly higher expression than any of 
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the other VviERF6Ls. VviERF6L12 had 2–228 times more transcript abundance than the 

average of all other VviERF6Ls. Across the treatments and conditions of the selected data 

sets, the transcript abundance of VviERF6L12 averaged 25.6-times more RMA-normalized 

signal intensity, counts, FPKM, or TPM than the average expression of the other 

VviERF6Ls (Appendix 15). Second, VviERF6L8 was frequently the lowest expressed 

VviERF6L with no detectable expression in certain cultivars. The vast range of VviERF6L 

expression levels made it necessary to log2 transform the data in the meta-data analysis, so 

each VviERF6L expression was visible. Although the VviERF6L clade is highly conserved, 

each VviERF6L is under unique transcriptional regulation.  

 

Overexpressing VviERF6L1 in Vitis had a minor impact on the transcriptome and 

phenotype 

In previous microarray studies, VviERF6L1 appeared to be the most responsive 

VviERF6L, with transcript abundance increasing in CS in response to severe leaf 

dehydration (Hopper et al., 2016) and with changing sugar levels in a study of the late 

stages of berry ripening (Cramer et al., 2014). Further investigation of ERF6L1 function 

was investigated with VviERF6L1 overexpression and knockdown lines. Attempts to 

establish Vvierf6l1 knock-down lines failed; plants were unable to be re-established after 

transformation with a T-DNA insertion. An empty vector control (G1) and VviERF6L1 

overexpression lines (L12-1, L12-2, L12-3, L12-11, and L12-23) were created in a Seyval 

Blanc background under the control of a bi-directional duplex 35S promoter fused to 

EGFP/NPTII in pECBC (Gray and Zhijian, Li, 2006). Overexpression was confirmed with 

semi-quantitative PCR and RT-qPCR to verify stable overexpression (Supplemental File 
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18). Extensive phenotyping revealed VviERF6L1 overexpression lines did not exhibit a 

morphological phenotype under control conditions, or in response to salinity, water deficit 

or pathogen spread treatments (Appendix 16).  

Potential downstream targets of VviERF6L1 were determined with differential 

expression analysis on RNA-Seq data from leaves of the empty vector control (G1) and 

VviERF6L1 overexpression lines (L12-3, L12-11, and L12-23). VviERF6L1 was the only 

VviERF6L gene with significantly higher expression in the overexpression lines compared 

with G1 (Supplemental File 19). In total, only fourteen genes were significantly 

differentially expressed in all three overexpression lines relative to G1 (Supplemental File 

20 and Appendix 17). Up-regulated genes included: VviERF6L1 (Vitvi16g00350), 

CYP722A1 (Vitvi04g01352), CRK8 (Vitvi11g01160), LAC14 (Vitvi18g01479). Down-

regulated genes included: three PRB1 (pathogenesis-related protein 1) genes 

(Vitvi03g00757, Vitvi03g01649, Vitvi03g01651), unannotated genes (Vitvi03g01650, 

Vitvi07g01985, Vitvi11g01692, Vitvi18g02319), MET1 (Vitvi12g02119), WAKL1 

(Vitvi18g00024), and LIMYB (Vitvi01g01444). 

 

 

3.4 Discussion 

The VviERF6L clade was expanded and conserved 

 VviERF6L genes with no previously known functions were identified to be an 

expanded clade in Vitis in comparison with other plant species. Using protein and promoter 

motifs and a meta-data analysis, this work shows VviERF6Ls are highly conserved proteins. 
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Manual and in silico techniques identified and confirmed 18, 26, 15, and 14 members of 

the VviERF6L clade in PN40024, CS, CH, and CA, respectively (Supplemental File 6). 

The high sequence and spatial conservation of amino acid motifs validate these sequences 

as members of the VviERF6L clade in the AP2/ERF subfamily IX. The small differences 

in protein motif sequence and position may contribute to the differential regulation of the 

VviERF6Ls observed in the publicly available microarray and RNA-Seq analysis. Four 

known protein domains identified (Fig. 1) in the VviERF6L proteins coincide with those 

in Arabidopsis ERF IXb transcription factors including ERF5 (At5g47230), ERF6 

(At4g17490), ERF104 (At5g61600), and ERF105 (At5g511290) (Nakano et al., 2006). 

The VviERF6Ls contain CMIX-2, 5, and 6 domains (putative post-translational 

modification sites) as well as the AP2/ERF domain (DNA-binding) (Fig. 1). While 

VviERF6L1 has the highest orthology to AtERF6, it contains an additional domain, 

CMIX6, found in AtERF104, but not present in AtERF6. This domain is thought to contain 

a MAP kinase phosphorylation site (Nakano et al., 2006).  

Four motifs located near the amino and carboxyl ends of the VviERF6L proteins 

were unable to be identified. ERF transcription factors interact with numerous other 

proteins including regulatory enzymes, coactivators, repressors, and other transcription 

factors (Alves et al., 2014; Phukan et al., 2017; Wang et al., 2018a). These interactions 

regulate stability and activity as well as localization of ERFs. The unidentified VviERF6L 

protein domains may play roles in post-translational regulation and/or interactions with 

other proteins. One such interaction occurs with AtERF104, which is phosphorylated by 

MPK6 and released from this interaction in the presence of the flg22-peptide to influence 

ethylene signaling and pathogen susceptibility (Bethke et al., 2009). 
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Vitis vinifera had the highest number of VviERF6L paralogs compared to species 

with the closest related genes (Supplemental File 2), marking this as an expanded clade in 

grapevine. The VviERF6L clade consists of nearly consecutive genes on chromosome 16. 

The VviERF6L paralogs likely originate from gene duplications. Duplication events are 

common and frequent in plants contributing to gene evolution and diversification (Panchy 

et al., 2016). Recent whole-genome duplications in cotton (Renny-Byfield et al., 2014), 

wheat (Brenchley et al., 2012), and soybean (Schmutz et al., 2010) and dispersed 

duplication in corn (Schnable et al., 2011) gave rise to agronomically valuable traits of 4 

of the top 10 produce crops in the United States. Exploring VviERF6L evolution in wild 

grapevine as well as the ancestor of domesticated grapevine may provide more evidence 

and a timeline for the hypothesized duplication event. The contiguous VviERF6Ls may be 

tandem array genes, arising from tandem duplication of an ancestral gene. The significance 

of tandem ERF duplication was recently described in Fragaria vesca (Wang et al., 2019). 

Tandem FveERFs are differentially expressed from one another in response to abiotic 

stress, suggesting gene divergence occurring after tandem duplication(s) (Wang et al., 

2019). A similar event may have occurred with grapevine VviERF6Ls. The possibility of 

ERF6L duplication in Vitis is supported by the expansive ERF family in pear (155 members) 

(Li et al., 2018), another woody perennial, as well as Arabidopsis (122 members) and rice 

(139 members) (Nakano et al., 2006).  

 

Individual VviERF6Ls had unique gene expression 

The VviERF6L clade is under unique transcriptional regulation in response to numerous 

conditions (Fig. 12). Contrasting the high similarity in protein sequence, VviERF6L 
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putative promoter regions (Fig. 3) showed greater diversity than VviERF6L protein 

sequences (Fig. 1), indicating these genes are under distinct transcriptional regulation. 

However, strong patterns and conserved motifs were detected across the promoter regions. 

The CAATBOX1 motif was the most abundant in the 18 VviERF6L upstream regions 

(Appendix 9), which may play a role in tissue-specific gene expression (Shirsat et al., 1989) 

and contribute to VviERF6L expression across the broad range of tissues observed in the 

meta-data analysis. The MYB1AT motif is present in dehydration-responsive genes like 

RD22 (Alves et al., 2017). This motif was present in all VviERF6L promoters, but with 

fewer repetitions, supporting the transcriptomic data that ERF6Ls are only responding to 

severe water stress (Fig. 5). DOFCOREZM, another abundantly present cis-regulatory 

element in the VviERF6L promoter regions (Appendix 9), is the binding motif for Dof 

proteins, a diverse group of transcription factors with roles in defense and phytohormone 

responses, light, and development (Yanagisawa, 2002). Interestingly, numerous VviERF6L 

promoter motifs associated with light responses were identified including the 

CACTFTPPCA1, DOFCOREZM, GATABOX, GT1CONSENSUS, with responses 

supported by the results from the meta-data analysis (Fig. 8 and Supplemental File 13). 

AtERF5 has also been linked to light responses (Giraud et al., 2008). The light response of 

VviERF6Ls may be tissue-specific and was not well identified in the berry-centric 

microarrays and RNA-Seq data sets, requiring further investigation in other tissues. Several 

motifs associated with biotic stress responses were also present in the promoter including 

WBOXATNPR1, which had the highest number of repeats in VviERF6L12. Together, the 

presence of these motifs supports the proposed roles of VviERF6Ls in extreme water deficit, 

cold, light, and pathogen responses. 
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 The diverse promoter sequences partially explain the distinct VviERF6L 

expression levels and patterns observed across the RNA-Seq and microarray series. 

VviERF6L12 had one of the most variable promoter sequences (Supplemental File 7) along 

with VviERF6L1 and VviERF6L6. Putative promoter regions of VviERF6L12 (and other 

VviERF6Ls) contained unique cis-regulatory elements as well as distinctive motif 

placement and replication. The distinct conditions in which certain VviERF6Ls are DEGs 

(Supplemental File 10) in the meta-data analysis may be partially explained by the diversity 

in upstream sequences.  

Additional differences in transcriptional regulation may be contributed to by 

epigenetics. ERFs have been demonstrated to regulate one another and affect epigenetic 

regulation through the ethylene-responsive element binding factor-associated amphiphilic 

repression (EAR). The EAR motif is a short peptide sequence comprised of charged and 

polar residues (LxLxLx or DNLxxP) that are proposed to confer gene silencing via histone 

modification and chromatin remodeling through an unresolved mechanism (Kagale et al., 

2010; Licausi et al., 2013). AtERF3, 4, and 7 contain EAR motifs that act as active 

repressors of target and reporter genes (McGrath, 2005; Ohta et al., 2001; Song, 2005; 

Yang et al., 2005). Epigenetic regulation and upstream effectors of VviERF6L expression 

require further investigation to determine interactions with EAR-containing ERFs.  

 

VviERF6L1 expression was independent of ABA treatment 

The transcript abundance of VviERF6Ls was shown to increase in response to 

severe osmotic stress and at pre-veraison in berry develop in preliminary microarrays that 

originally brought attention to the VviERF6L clade (Cramer et al., 2014; Hopper et al., 
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2016). Although ERFs are traditionally associated with ethylene signaling, these ERF 

transcription factors are well documented to act as hubs for hormone-crosstalk and 

signaling integration (Berens et al., 2019; Kunkel and Brooks, 2002; Mao et al., 2016; 

Saithong et al., 2015). ABA is a key phytohormone in abiotic stress responses and berry 

ripening in grapevine. Water deficit responses are ABA-dependent and/or ABA-

independent (Yoshida et al., 2014). However, VviERF6L1 expression was not significantly 

different in CS leaves treated with exogenous ABA relative to control (Supplemental File 

9). Interestingly, AtERF5 is also not associated with ABA signaling (Wang et al., 2018b). 

Other VviERF6L transcripts may increase or decrease in response to ABA treatment, as the 

VviERF6Ls are distinctly regulated (Appendix 9). Alternatively, a VviERF6L ABA 

response may be tissue-specific (e.g. berries transitioning into veraison). The increased 

expression of VviERF6L1 in response to various abiotic stresses and berry development in 

the meta-data analysis, but the lack of induction in response to ABA foliar spray indicates 

the VviERF6L1 abiotic-stressed-based induction may be independent of the ABA signaling 

pathway. RT-qPCR along with microarrays and short-read RNA-Seq were determined to 

be less than ideal techniques for quantifying VviERF6L transcripts due to the high sequence 

similarity of these genes; primers and probes could hybridize to (and short reads could be 

attributed to) multiple VviERF6Ls resulting in inflated transcript levels and difficulty 

separating the VviERF6Ls independently. With the advent of Iso-Seq and the ability to 

quantify full-length transcript reads, the future of distinguishing VviERF6Ls individually 

will be more reliable and accurate (Minio et al., 2019b). 

 

VviERF6Ls were differentially expressed in response to water deficit, salt, and cold 
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VviERF6L expression significantly increased in response to extreme water deficit 

and salt (Figs. 4-5). However, exposing CS, RA, RI, and SC vines to a moderate one- and 

two-week natural dry down revealed ERF6Ls were generally significantly decreased in 

transcript abundance (Fig. 6). Each VviERF6L had a unique expression level that responded 

differently in each species and organ examined in this experiment, further distinguishing 

the VviERF6Ls individually and supporting the hypothesis each VviERF6L is under 

specific transcriptional regulation.  

The uniqueness of VviERF6Ls across tissues and cultivars is further demonstrated 

with significant differential VviERF6L expression in response to cold (Fig. 7, Supplemental 

File 6, and Appendix 6). Again, each VviERF6L in the different cultivars had varied 

responses to the cold (Fig. 7). There were also differences between the leaves and shoot 

tips investigated in the different data series. VviERF6Ls generally followed similar 

expression patterns within treatments but to different degrees of expression across cultivars 

and Vitis species indicating differential ERF6L regulation across these divisions of Vitis. 

Differences in ERF6L regulation may contribute to differences in abiotic stress tolerance 

across various grapevine cultivars.  

 

VviERF6Ls were differentially expressed in response to biotic stresses 

Differential expression analysis performed on VviERF6L1 Vitis overexpression 

relative to control vines revealed three PRB1 paralogs, one putative PR1, and a putative 

mildew resistance locus that were significantly downregulated in the overexpression lines. 

PR1 is a common SA signaling marker gene up-regulated in response to certain pathogens 

including Pseudomonas syringae (Ali et al., 2018; Bowling et al., 1997; Ford et al., 2010; 
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Laird et al., 2004). The distinct downregulation of this gene and its paralogs in VviERF6L1 

overexpression lines is consistent with the enhanced susceptibility to Pseudomonas 

syringae documented in the AtERF6 and AtERF5 overexpressors (Moffat et al., 2012). It 

is possible VviERF6L1 works in combination with other TFs to impact grapevine 

susceptibility to various pathogens. Another DEG in OX VviERF6L1 lines, LAC14, may 

also be linked to biotic stress response. This gene encodes a laccase that is part of secondary 

metabolism responsible for lignin degradation or polymerization (Berthet et al., 2012) and 

was significantly upregulated in the OX VviERF6L1 lines. Lignin biosynthesis and 

accumulation aids in plant resistance to insect pests. Lignin deposition is also associated 

with abiotic stress response and antagonization with plant growth (Fan et al., 2006; Lee et 

al., 2007). The duality of the DEGs’ roles in both abiotic and biotic stress response further 

strengthens the hypothesis of broad functionality of VviERF6Ls. VviERF6Ls were 

differentially expressed in response to various pathogens in the meta-data analysis (Figs. 

9-10 and Supplemental File 14). The level of VviERF6L expression and specific 

VviERF6Ls that were DEGs were pathogen and tissue-specific.  

VviERF6Ls response to pathogens is conserved in Arabidopsis. AtERF5, one of the 

closest orthologs to the VviERF6L clade, directly interacts with AtERF6 and 8 as well as 

SCL13 and MPK3 and 6 in unique combinations to respond differentially to Pseudomonas 

syringae (Son et al., 2012), Botrytis cinerea (Moffat et al., 2012), Alternaria brassicicola 

(Son et al., 2012), and Meloidogyne incognita (Warmerdam et al., 2018). Aterf5/6 double 

mutants have enhanced susceptibility to V. longisporum, a fungus that induces severe 

wilting and plant death (Fröschel et al., 2019). Another pathogen-related example of a 

potential role in pathogen response shows decreased VviERF6L expression in response to 
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Plasmopera viticola (downy mildew) in more susceptible vines and either an increase or 

no significant change in transcript abundance in more tolerant vines (Eisenmann et al., 

2019; Rienth et al., 2019).  

 

VviERF6Ls were differentially expressed throughout berry development 

 The VviERF6Ls had a consistent significant differential expression pattern during 

berry development. VviERF6L transcript abundance was significantly increased at pre-

veraison as the berries transitioned into ripening and decreased as the berries approached 

full ripening and harvest (Fig. 11). The VviERF6L expression pattern over berry 

development was conserved across red and white berries (Fig. 11), vineyards, and years 

(Supplemental Files 15-16).  

 The VviERF6L ortholog Solyc08g078190 identified from the Pan-taxonomic 

Compara Gene Tree in Gramene follows a similar expression pattern as VviERF6Ls. This 

gene, annotated as SlERF.B13 (Liu et al., 2016) or ERF1a (Fernandez-Pozo et al., 2017), 

increases in the breaker stage (equivalent to veraison in grapevine) of berry development 

in tomato and decreases in transcript abundance as berries ripen (Liu et al., 2016). Another 

VviERF6L tomato ortholog, Sl-ERF.B3 (Solyc05g052030), also plays a role in berry 

development (Liu et al., 2014). Like grapevine, tomato ERFs can have increased or 

decreased transcript abundance under certain conditions (Liu et al., 2016). This similarity 

between non-climacteric grapevine and climacteric tomato along with the significant 

transcriptomic responses in the meta-data analysis support a potential role of VviERF6Ls 

in berry development requiring further investigation.  
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VviLISCL3 and VviCML45 were genes connected to the VviERF6L clade  

 Little is known about VviLISCL3 and VviCML45 that were co-expressed with the 

VviERF6L clade. VviLISCL3 is a GRAS transcription factor with roles in plant 

development, abiotic stress, and disease response (Benfey et al., 1993; Pysh et al., 1999) 

similar to the VviERF6L expression profile identified from the meta-data analysis. 

VviLISCL3, like the VviERF6Ls, appears to be ubiquitously expressed across plant tissues 

except for pollen (Grimplet et al., 2016). VviLISCL3 was differentially expressed over 

berry development and likely plays a role in berry set and the early stages of berry 

development (Grimplet et al., 2016). However, unlike the VviERF6Ls, VviLISCL3 had high 

expression levels at ripe, harvest, and post-harvest stages of berry development (Grimplet 

et al., 2016). SlGRAS13, the VviLISCL3 ortholog in tomato, shows the same expression 

pattern and role in fruit ripening (Huang et al., 2015). AtCML45, the Arabidopsis ortholog 

of VviCML45, is differentially expressed in nrp1 nrp2 Arabidopsis double mutants that 

lack these histone chaperones associated with root growth (Zhu et al., 2006) and may 

provide a very loose link of VviERF6Ls to epigenetic modification that ERFs are known 

to play a role in (Kagale et al., 2010; Licausi et al., 2013). The link between VviERF6Ls, 

VviLISCL3, and VviCML45 was discovered but remains unresolved, requiring further 

clarification. 

 

Overexpressing VviERF6L1 had a minimal impact on grapevine 

Overexpressing VviERF6L1 in Vitis vinifera did not result in a detected 

morphological phenotype. This observation may be attributed to the limited number of 

genes VviERF6L1 overexpression effected (Supplemental File 17). It is possible a 
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VviERF6L1 overexpression phenotype is only detectable under specific conditions not 

tested in this work. VviERF6L1 was the only member of the VviERF6L clade with enhanced 

gene expression in the VviERF6L1 overexpression lines (Supplemental File 19). The other 

VviERF6L genes may share similar functions and could have been downregulated in 

response to the overexpression of VviERF6L1. The hypothesis that VviERF6L genes share 

similar functions is supported by the redundant gene and promoter sequences of VviERF6L 

genes (Figs. 2 and 3). Paralog downregulation in response to overexpression is observed in 

plants. For example, CYP78A8, one of the closest paralogs to CYP78A9, is downregulated 

in response to CYP78A9 overexpression (Sotelo-Silveira et al., 2013). However, this does 

not appear to be the case in the overexpression of VviERF6L1. The promoter and meta-

data analysis support this conclusion. Although the VviERF6Ls share similar expression 

patterns, expression levels, and transcriptional regulation are unique for each VviERF6L, 

and the overexpression of VviERF6L1 does not appear to influence the transcription of the 

other VviERF6Ls. Further studies are needed to identify and confirm specific VviERF6L 

downstream targets.  

 

The VviERF6L in grapevine is distinct from Arabidopsis ERFs 

Arabidopsis thaliana ERFs do not have strong orthology to VviERF6Ls. AtERF5 

and AtERF6 are the closest orthologs to VviERF6L1. AtERF6 and AtERF5 are rapidly 

induced in growing tissues and effectively arrest cell cycle progression and plant growth 

in response to osmotic stress (Skirycz et al., 2011). AtERF5 is involved in karrikin signaling 

(Wang et al., 2018b), water deficit and osmotic stress (Dubois et al., 2013), programmed 

cell death (Mase et al., 2013), and immunity response (Moffat et al., 2012). AtERF6 
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overexpression lines are hypersensitive to osmotic stress (Dubois et al., 2013). VviERF6L1 

overexpression vines exposed to chilling, water deficit, and salinity demonstrated no 

significant differences from controls in the reduction in growth, carbon assimilation, or 

canopy surface area relative to empty vector control plants (Appendix 16). VviERF6Ls 

were shown to respond transcriptionally to osmotic stress (Fig. 5), but no link was made to 

cell cycle regulation. AtERF6 is also a positive regulator of antioxidant production with 

Aterf6 mutants having stunted growth and enhanced levels of ROS and anthocyanin content 

(Sewelam et al., 2013). AtERF6 is an inductor of stress tolerance genes and a key activator 

of leaf growth inhibition (Dubois et al., 2015). VviERF6L1 overexpression lines had no 

reduction in growth or development relative to empty vector controls (Appendix 16), and 

no connection was made specifically to antioxidants and anthocyanins. 

In Arabidopsis, AtERF6 acts as a regulatory hub favoring stress defense 

mechanisms at the cost of plant growth through DELLA protein stabilization via ethylene 

and gibberellin crosstalk (Dubois et al., 2015; Rieu et al., 2008). VviERF6Ls were found to 

respond to various pathogens (Figs. 10-11 and Supplemental File 14), but no negative 

impact on growth was found at least in the case of VviERF6L1 (Appendix 16). It is possible 

other VviERF6Ls could impact growth. VviERF6L1 overexpression lines did, however, 

have significantly decreased transcript abundance of several PR1B genes, associated with 

pathogen stress response (Appendix 17). AtERF6 and AtERF5 function redundantly in 

response to biotic stresses and act as a point of crosstalk between ethylene and JA signaling, 

providing enhanced resistance to Botrytis cinerea, but increased susceptibility to 

Pseudomonas syringae in AtERF5 and AtERF6 constitutive plants. Aterf5/Aterf6 double 

mutants demonstrate enhanced susceptibility to Botrytis cinerea (Moffat et al., 2012). 
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Preliminary pathogen spread assays did not show significant differences in OX VviERF6L1 

leaves relative to empty vector control (Appendix 16). Further investigation of VviERF6L1 

overexpression susceptibility to various pathogens is ongoing and may reveal a more 

definite role in biotic stress response.  

AtERF6 overexpression lines demonstrate extreme dwarfism (Dubois et al., 2013). 

AtERF6 activates AtERF11 transcription, which in turn competes with AtERF6 for DNA-

binding sites as a balancing mechanism between stress response and growth (Dubois et al., 

2015). AtERF11 overexpression rescues the dwarf phenotype in AtERF6 overexpression 

plants (Dubois et al., 2015). A VviERF6L1-ERF11 antagonism was not detected in the 

DEA of the VviERF6L1 overexpression lines. It is possible a different VviERF6L is 

responsible for this regulatory mechanism or that this interaction is not present in Vitis.  

AtERF6 is also documented to activate MYB51, WRKY33, and STZ (Dubois et al., 

2013), all genes with roles in biotic (Birkenbihl et al., 2012; Gigolashvili et al., 2007) and 

abiotic (Li et al., 2011; Sakamoto et al., 2004; Wang et al., 2013) stress responses. 

VviERF6Ls are co-expressed with VviWRKY33 (Appendix 14), linking the two species in 

this signaling pathway, but at least VviERF6L1 does not appear responsible for 

VviWRKY33 activation (Appendix 16). The distinction of the Vitis ERF6L clade from the 

closest Arabidopsis orthologs is supported by the work presented here including the lack 

of comparable phenotypes in overexpression lines and transcriptomic responses from the 

meta-data analysis. However, while Vitis ERF6L genes are unique, they may functionally 

overlap with the distant Arabidopsis orthologs to an extent with associated abiotic and 

biotic stress responses. ERF TFs in Arabidopsis and Vitis are differentially regulated by 

abiotic stresses (Klay et al., 2018) including cold, salinity (Yamaguchi-Shinozaki and 
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Shinozaki, 2005), and water deficit as well as biotic stresses such as wounding and 

pathogen attack (Ecker and Davis, 1987; van Loon et al., 2006).  

VviERF6Ls are an expanded and highly conserved Vitis clade. VviERF6L 

expression was increased in berries at the pre-veraison stage and was found to be induced 

in leaves by extreme abiotic stress including salt, cold, and water deficit (Fig. 12). 

VviERF6L1 was not induced by ABA, indicating a role in water deficit responses through 

an ABA-independent pathway. Overexpression of VviERF6L1 in a Seyval Blanc 

background did not yield a detectable morphological phenotype, emphasizing the 

separation of this clade from the Arabidopsis orthologs ERF6 and ERF5, overexpression 

of which results in extreme dwarfism and osmotic stress sensitivity. DEA performed on 

RNA-Seq from the VviERF6L1 overexpression lines identified 14 DEGs involved in 

abiotic and biotic stress responses. Overall, VviERF6Ls have versatile functions and are 

expressed in numerous tissues in response to abiotic and biotic stress and may play multiple 

roles in these processes that require further elucidation.  
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Tables 

Table 1: PN40024 VviERF6L gene names and coordinates. Common gene names, V2 
and V3 PN40024 loci annotation names, start and stop gene chromosome coordinates, 
coding strands, and total protein lengths in amino acid residues of the 18 identified 
VviERF6Ls in PN40024.  
 

PN40024 VviERF6Ls 

Gene Name  Loci name V3 Loci name V2 start stop strand 
Length 
(AA) 

VviERF6L1 Vitvi16g00350 VIT_16s0013g00900 6283579 6284605 + 278 
VviERF6L2 Vitvi16g01429 VIT_16s0013g00950 6323868 6324845 + 278 
VviERF6L3 Vitvi16g01438 VIT_16s0013g00970 6340458 6341282 + 275 
VviERF6L4 Vitvi16g01430 VIT_16s0013g00980 6353674 6354603 + 276 
VviERF6L5 Vitvi16g01424 VIT_16s0013g00990 6374230 6375289 + 278 
VviERF6L6 Vitvi16g01432 VIT_16s0013g01000 6390945 6391977 - 269 
VviERF6L7 Vitvi16g00362 VIT_16s0013g01050 6495312 6496325 + 278 
VviERF6L8 Vitvi16g00363 VIT_16s0013g01060 6518283 6519283 + 278 
VviERF6L9 Vitvi16g00370 VIT_16s0013g01070 6550999 6552087 + 276 
VviERF6L10 Vitvi16g01437 VIT_16s0013g01090 6626070 6627309 - 265 
VviERF6L11 Vitvi16g01434 VIT_16s0013g01110 6659232 6660318 - 279 
VviERF6L12 Vitvi16g00380 VIT_16s0013g01120 6692405 6693620 + 243 
VviERF6L13 Vitvi16g01423 NA 6387963 6388894 + 275 
VviERF6L14 Vitvi16g00360 NA 6460898 6461806 + 191 
VviERF6L15 Vitvi16g01442 NA 6530589 6531483 + 275 
VviERF6L16 Vitvi16g01444 NA 6621652 6622826 - 283 
VviERF6L17 Vitvi16g01443 NA 6662810 6663750 - 265 
VviERF6L18 Vitvi16g01435 NA 6667987 6669132 - 279 
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Figures 

 

 
Figure 1: PN40024 VviERF6L protein motif relative presence and order. The relative 
order of the nine highly conserved amino acid motifs (top) in the 18 PN40024 VviERF6L 
proteins from N-terminus (left) to C-terminus (right) spanning in total an average of ~280 
amino acid residues. White spaces indicate absence of a motif. Previously identified motifs 
are labeled (bottom). Exact motif coordinates are in Appendix 2. 
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Figure 2: Percent identity of the 18 PN40024 VviERF6L proteins. Sequences were 
aligned with a MUSCLE multiple sequence alignment and compared to all other sequences 
with blue representing lower and yellow representing higher percent identity (% ID).  
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Figure 3: Percent identity of the 18 PN40024 VviERF6L putative promoter regions (-
3,000 bp). Promoter (Pro-) sequences (-3,000 bp) were aligned with a MUSCLE multiple 
sequence alignment and compared to all other sequences with pink representing lower and 
purple representing higher percent identity (% ID)
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Figure 4: VviERF6L gene expression in response to rapid dehydration CS leaves. 
Log2(RMA-normalized signal intensity+1) gene expression of three VviERF6Ls in CS 
leaves treated with control (solid lines and circles) or detached and allowed to rapidly 
dehydrate under regulated conditions (dotted lines and triangles) for 1, 2, 4, 8, or 24 hours. 
VviERF6L1 in red with black outline, VviERF6L9 in blue, and VviERF6L12 in pink 
[GSE78920]; mean ± SE.
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Figure 5: VviERF6L gene expression in response to salinity and water deficit in CS 
shoot tips. MAS5-calculated signal intensity of four VviERF6L probes in which CS vine 
were treated with a control nutrient solution, a progressive ramp of NaCl + CaCl2, or a 
natural dry down for 16 days [GSE31677]; mean ± SE.
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Figure 6: VviERF6L gene expression in response to two weeks of water deficit in 
leaves and roots of four Vitis species. Log2(Transcripts per million (TPM)+1) of 18 
VviERF6Ls treated with well-watered control and water deficit for two weeks in leaves 
(left) and roots (right) in CS, RA, RI, and SC [PRJNA516950]; mean ± SE. 
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 Figure 7: Heatmap representation of the gene expression of VviERF6Ls in response 
to cold. Average TPM of 18 VviERF6Ls were log2 transformed and represented as Z-scores 
(calculated per gene) with pink representing higher and blue representing lower values 
from leaves of whole vines treated with chilling acclimation (ACC), acclimation followed 
by freezing (A+F), control (C), and freezing (FRZ) from Cabernet Franc (pink), 
Chardonnay (orange), Riesling (green), Sangiovese (blue), and Tocai Friulano (purple) 
[SRP117281].
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Figure 8: VviERF6L gene expression in response to light exposure. Log2(FPKM+1) 
gene expression of 12 VviERF6Ls from berry pericarp at three stages of ripening (EL36-
38) under control, leaf movement, and leaf removal light exposure treatments 
[GSE121146]; mean ± SE.
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Figure 9: VviERF6L gene expression in response to Neofusicoccum parvum infection. 
Log2(Counts+1) gene expression of 12 VviERF6Ls from leaves and stems treated with 
control, non-infected – non-wounded (NINW), Neofusicoccum parvum infected and 
wounded (IW), and non-infected – wounded (NIW) after 0 hours, and 2 and 12 weeks 
[GSE97900]; mean ± SE.
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Figure 10: VviERF6L gene expression in response to red blotch-associated virus 
infection. Log2(Counts+1) gene expression of 12 VviERF6Ls from whole Zinfandel berries 
across four stages of berry development: pre-veraison (PRV), veraison (V), post-veraison 
(PV), and harvest (H) treated with control mock inoculation (dark) or red blotch associated 
virus infection (light) from two vineyards (Healdsburg and Oakville) [GSE85812]; mean 
± SE. 
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Figure 11: VviERF6L gene expression in response to berry development in red and 
white berries. Log2(Transcripts per million (TPM)+1) of 18 VviERF6Ls from red cultivar 
berries (Barbera and Sangiovese) and white berries (Garganega and Passerina) at the pea-
size (Pea), touching (Touch), softening (Soft), and harvest (Harv) stages of berry 
development [GSE62744 and GSE62745]; mean ± SE. 
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Figure 12: VviERF6L clade transcriptional response model. A summary model of 
conditions VviERF6Ls transcriptionally responded to in the meta-data analysis are 
connected with solid lines. Conditions linked to those investigated in the meta-data analysis 
requiring further confirmation are connected with dotted lines. Phytohormones are shown 
in grey. Developmental stages are shown in purple. Abiotic stresses are shown in light blue, 
and biotic stresses are shown in darker blue.  
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Supplemental File 1: PN40024 VviERF6L protein motif logos. Protein motif logos of 
PN40024 VviERF6Ls determined by MEME. X-axis represents relative residue position 
in motif. Y-axis letter height (bits) indicates relative frequency of a residue at a given 
position in the motif across the VviERF6L proteins. Left side colors correspond to Figure 
1.
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Supplemental File 2: The number of ERF6L paralogs across species. The number of 
ERF6Ls in species (carrot (D. carota), soybean (G. max), tomato (S. lycopersicum), and 
potato (S. tuberosum)) identified being closely related to VviERF6L1 from the 
Pantaxonomic Compara Gene Tree on Gramene (2018 version containing 44 species) using 
the V3 annotation of PN40024. 
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Supplemental File 3: Cabernet Sauvignon (CS) VviERF6L protein motif presence 
and abundance.  
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The frequency of the 13 highly conserved amino acid motifs (right) in the 26 translated 
CS VviERF6L genes (bottom). Exact motif coordinates are in Appendix 4. 
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Supplemental File 4: Cabernet Sauvignon (CS) VviERF6L protein motif logos. 
Protein motif logos of CS VviERF6Ls determined by MEME. X-axis represents relative 
residue position in motif. Y-axis letter height (bits) indicates relative frequency of a residue 
at a given position in the motif across the VviERF6L proteins. Left side colors 
corresponding to PN40024 motifs based on percent identity. 
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Supplemental File 5: CS VviERF6L protein motifs. Relative position of protein motifs 
from N-terminus (bottom) to C-terminus (top) of CS VviERF6Ls determined by MEME. 
Motif number based on E-value and sequence from Appendix 1 represented by colors 
(upper right). For exact motif coordinates of each CS VviERF6L see Appendix 5. CS 
VviERF6L motifs with corresponding PN40024 motifs share colors with Fig. 1. 
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Supplemental File 6: Maximum likelihood phylogenetic tree of PN40024 V2 
assembly V3 structural annotation, CS, CH, and CA VviERF6L and all PN40024 
VviERF proteins. Maximum likelihood method and Jones-Taylor-Thornton matrix-
based model; Bootstrap consensus tree inferred from n=1,000 replicates. The percentage 
of bootstrap replicates in which associated proteins clustered together are shown as 
numbers next to the branches. The initial tree for the heuristic search generated from the 
maximum parsimony method. n= 217 amino acid sequences and 1886 positions in the 
final data set. Evolutionary analysis from MEGA X; Subtree-Pruning-Regrafting - Fast 
(SPR level 3). 
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Supplemental File 7: Number and location of PN40024 cis-regulatory elements most 
abundant in VviERF6L12 relative to all other VviERF6L promoter regions. The 
ACGTATERD1 (red), LECPLEACS2 (green), SEF1MOTIF (blue), and WBOXATNPR1 
(purple) were amongst the most abundant promoter motifs in VviERF6L12. Each 
occurrence of a motif is marked as a single hit at its appropriate position from the 
transcription start site (TSS) at position 0. Motif nucleotide sequence denoted in 
corresponding color to hits. Complete cis-regulatory element data is located in Appendices 
8 and 9. 
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Supplemental File 8: VviERF6L gene expression in berry pulp, seed, and skin 
across berry development. Log2(RMA-normalized signal intensity+1) gene expression 
of 12 VviERF6Ls from Pinot Noir clone Pommard berry pulp (dark), seed (light), and 
skin (white) at pre-veraison (PRV), pink-soft (PS) berries at mid-ripening, and red-soft 
(RSH) berries at maturity [GSE49569]; mean ± SE. 
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Supplemental File 9: RT-qPCR results of exogenous ABA application. Mature 
detached CS leaves were sprayed with exogenous 10 µM ABA (protone) or water control. 
Leaves were collected one hour after treatment. Control in pink and ABA treated in blue 
with bars as mean ± SE; n = 3.  
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Supplemental File 10: The number of differential expression analysis (DEA) contrasts 
of interest (COI) in which a VviERF6L was a differentially expressed gene (DEG) in 
PRJNA516950. VviERF6Ls are ordered from highest to lowest number of COI in which a 
VviERF6L is a DEG. COI are listed in Appendix 13. 
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Supplemental File 11: VviERF6L gene expression in response to chilling. MAS5 
calculated signal intensity of VviERF6Ls in CS shoot tips of vines exposed to 22 °C control 
or 5 °C chilling treatment for 0, 4, and 8 hours [GSE31594];mean ± SE. 
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Supplemental File 12: VviERF6L1 did not respond to cold in Cabernet Sauvignon 
leaves. Expression of CBF1 (top) and VviERF6L1 (bottom) in CS leaves after 2 hours of 
4° C chilling treatment represented as NRQ measured with RT-qPCR, mean ± SE, n = 5 
rounds of three individual leaves from individual plants. Control and chilling are 
represented as blue and pink respectively. 
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Supplemental File 13: VviERF6L gene expression in response to summer and winter 
harvest. Log2(FPKM+1) gene expression of 12 VviERF6Ls from berry pericarp of CS 
(light) and Riesling (dark) at three stages of ripening (EL35, 36, and 38) under a dual 
cropping system with harvesting in summer and winter [GSE103226]; mean ± SE. 
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Supplemental File 14: VviERF6L gene expression in response to Erysiphe necator 
infection. Log2(TPM+1) gene expression of 18 VviERF6Ls from leaves of Vitis vinifera 
cv. Carignan and Chinese Vitis accession DVIT3351.27 (DVIT3351), Husseine, 
Karadshandal, Khalchii, O34-16, Sochal, and Valilov mock (dark) or inoculated (light) 
with Erysiphe necator 1- and 5-days post infection (DPI) [GSE67191]; mean ± SE. 
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Supplemental File 15: VviERF6L gene expression in CS and SG pericarp over berry 
development across vineyards and years. Log2(RMA-normalized signal intensity+1) 
gene expression of 12 VviERF6Ls from Cabernet Sauvignon (CS (dark)) and Sangiovese 
(SG (light)) berry pericarp from three vineyards located in Bolgheri, Montalcino, and 
Riccone Italy in 2011 and 2012 over pea-size (PS), pre-veraison (PV), mid-ripening (MR), 
and fully ripened (FR) stages of development; mean ± SE. 
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Supplemental File 16: VviERF6L gene expression in Corvina pericarp over berry 
development across vineyards and years. Log2(RMA-normalized signal intensity+1) 
gene expression of 12 VviERF6Ls from Corvina pericarp from four representative Italian 
vineyards (abbreviated names from original paper; meaning nondisclosed) from 2006-2008 
at veraison (V), mid-ripening (MR), and harvest (H) [GSE41633]; mean ± SE. 
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Supplemental File 17: Venn diagram of gene co-expression analysis. Co-expression 
analysis was performed on the 18-member VviERF6L clade in the five data series 
reanalyzed with the PN40024 V3 annotation. Number of genes sharing expression patterns 
for data series represented in cross-sections from top 100 co-expressed genes. Number at 
bottom indicates genes that did not share expression pattern with the VviERF6L clade. 
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Supplemental File 18: Verification of VviERF6L1 overexpression lines. (A) Semi-
quant RTqPCR of GFP, VviERF6L1, and VviUbi1 from leaves at cycle 32. (B) Verification 
of VviERF6L1 overexpression with RT-qPCR with VviGAPDH and VviACT7 reference 
genes from individual leaves represented as a normalized relative quantity, mean ± SE, n 
= 3 individual leaves from 3 individual plants. Stars indicate significance between G1 
(empty vector control) and VviERF6L1 overexpression lines (p-value < 0.05) using 
student’s T-test. Blue and green corresponding to VviERF6L1 overexpression lines and 
empty vector control, respectively. 
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Supplemental File 19: VviERF6L expression in VviERF6L1 overexpression lines. For 
each overexpression line (L12-3, L12-11, L12-23) and the empty vector control (G1), an 
average TMP value was calculated and log2 transformed and colored from yellow (low 
value) to purple (high value) for each of the 18 VviERF6Ls, n= 3. 
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Supplemental File 20: Venn Diagram of differentially expressed genes between L12-
3, -11, and -23 VviERF6L1 overexpression lines relative to G1 empty vector control. 
Number of upregulated genes presented in black and down regulated genes presented as 
grey. 
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CHAPTER 4:  

A PSEUDOMONAS SYRINGAE INFECTION ASSAY FOR VITIS LEAVES 

IDENTIFIES VviERF6L1 OVEREXPRESSION MAY REDUCE PSEUDOMONAS 

SYRNINGAE SUSCEPTIBILITY 

 

This chapter is unpublished work.  
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4.0 Abstract 

Pseudomonas syringae is a gram-negative hemibiotroph that poses a threat to agriculture 

and is a novel danger to grapevine. Although numerous P. syringae infection techniques 

exist for Arabidopsis thaliana none have ever been optimized for grapevine. This work 

describes a simple and reproducible P. syringae infection assay for detached grapevine 

leaves that is scalable to whole potted vines and adaptable to other plant species. This 

grapevine-optimized P. syringae infection assay was implemented on detached Cabernet 

Sauvignon and VviERF6L1 overexpression vine leaves. VviERF6L1 transcript abundance 

significantly increased in detached Cabernet Sauvignon leaves one day after P. syringae 

infection relative to mock infection Control leaves. VviERF6L1 overexpression vines had 

lower colony forming units per leaf surface area and increased resistance to P. syringae 

than empty vector control vines. This assay and VviERF6L1 have future applications in 

identifying P. syringae resistant grapevines. 

 

 

4.1 Introduction 

In addition to increased abiotic stresses resultant of climate change, temperature fluctuation, 

increased atmospheric CO2, and changes in wind and precipitation patterns are affecting 

phytopathogen spread and plant susceptibility (Pautasso et al., 2012; Zhu et al., 2010). 

Today, global crop yield losses to pests and pathogens range from 20-30% (Savary et al., 

2019), and plant disease is projected to be a major limiting factor of crop productivity for 

the 21st century (Savary et al., 2019).  
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P. syringae is a gram-negative hemibiotrophic bacteria that infects a broad range 

of plants including Arabidopsis (Katagiri et al., 2002), tomato (Xin and He, 2013), and 

grapevine (Gerin et al., 2019; Hall et al., 2002, 2019; Porotikova et al., 2016; Whitelaw-

Weckert et al., 2011). However, P. syringae infection in grapevine is a fairly contemporary 

problem with the first incident of disease reported in the late 1960s (Klingner et al., 1976). 

Since the initial report, cases of P. syringae infection have increased all across the world 

in a variety of grapevine organs including leaves (Hall et al., 2002; Porotikova et al., 2016), 

berries (Gerin et al., 2019), and inflorescence (Hall et al., 2019; Whitelaw-Weckert et al., 

2011).  

P. syringae is carried on air currents and disseminated in precipitation and through 

bodies of water (Morris et al., 2013). Already, P. syringae is present in 65% of rainfalls in 

southern France, an important region for viticulture. Airmasses and clouds containing P. 

syringae can transverse continents in days (Morris et al., 2013), and projected global 

temperature increases (Naumann et al., 2018) correspond to more favorable P. syringae 

growth conditions and reduced plant pathogen resistance (Zhu et al., 2010). The potential 

for P. syringae spread and epidemics in grapevine are unprecedented. Because of the 

novelty of P. syringae infection in grapevine, there is concern grapevine may not have high 

immunity or resistance to this pathogen particularly with compounding abiotic stress 

(Gerin et al., 2019).  

 P. syringae enters a plant host through wounds or natural openings like stomata 

(Melotto et al., 2006). Once in a plant, this hemibiotroph multiplies, eventually leading to 

leaf chlorosis, necrosis, canker or gall formation, and ultimately plant death (Katagiri et al., 

2002). Plants prevent disease symptoms by minimizing P. syringae reproduction via 
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localized programmed cell death of infected cells in a defensive hypersensitive response 

(HR) (Dangl et al., 1996). Plant resistance to a P. syringae strain is determined on a gene-

for-gene basis (Whalen et al., 1991) with resistance arising when a plant has a resistance 

(R) gene corresponding to an avirulent (avr) pathogen gene. For example, Arabidopsis and 

soybean ecotypes that express RESISTANT TO P. SYRINGAE 2 (RPS2) are resistant to P. 

syringae strains with the avrRpt2 avirulence effector loci, but the same plants are 

susceptible to P. syringae strains lacking this avr gene or expressing a different avr gene 

(Chen et al., 2000; Katagiri et al., 2002; Whalen et al., 1991).  

Ethylene plays a positive role in P. syringae resistance in Arabidopsis with 

aminocyclopropane-1-carboxylate synthase (acs) mutants having enhanced susceptibility 

(Guan et al., 2015). Ethylene biosynthesis is highly induced by salicylic acid (SA), 

pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI), and effector-

triggered immunity (ETI) (Guan et al., 2015). After a pathogen triggers an immune 

response in a plant, mitogen-activated kinases (MAPKs) stabilize ACS that catalyzes the 

first committed and rate-limiting step of ethylene biosynthesis (Xu and Zhang, 2014, 2015). 

Additionally, Arabidopsis seedlings inoculated with P. syringae containing avrRpt2 

produced higher ethylene than pathovars lacking this effector (Guan et al., 2015). However, 

the exact ethylene signaling response in plants leading to increased resistance is unclear.  

Previously VviERF6Ls were identified to be significantly differentially expressed 

in response to wounding, Neofusicoccum parvum, red blotch associated virus, and Erysiphe 

necator in various grapevine organs (Toups et al., 2020). Downy mildew (Plasmopera 

viticola) susceptible grapevines have a marked reduction in VviERF6L expression than 

more resistant cultivars (Eisenmann et al., 2019; Rienth et al., 2019). VviERF6Ls also have 
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numerous pathogen response cis-acting elements like the WBOXATNPR1 in respective 

promoter regions (Toups et al., 2020). Most compellingly, the only genes differentially 

expressed in VviERF6L1 overexpression lines (PATHOGENESIS-RELATED PROTEINS 

(PR1 and PR1B) (Goto et al., 2016), CYSTEINE RICH RECEPTOR LIKE KINASES 

(CRK8) (Quezada et al., 2019), CYTOCHROME P450 722 (CYP722A1), WALL 

ASSOCIATED RECEPTOR KINASE-LIKE 1 (WAKL1) (Li et al., 2020), L10-

INTERACTING MYB DOMAIN-CONTAINING PROTEIN (LIMYB) (Zorzatto et al., 

2015), AND LACCASE 14 (LAC14)) (Lu et al., 2013) are all involved in pathogen 

resistance and the HR (Toups et al., 2020). Although preliminary spread assays with 

Botrytis cinerea and Alternaria brassicicola did not demonstrate VviERF6L1 

overexpression effected grapevine leaf resistance (Toups et al., 2020), it was hypothesized 

VviERF6L1 had a role in pathogen response.  

The potential role of VviERF6L1 in pathogen response was supported by ERF5 and 

ERF6 orthologs in Arabidopsis. AtERF5 and AtERF6 overexpression increase Botrytis 

cinerea resistance (Moffat et al., 2012; Son et al., 2012), while reduced expression of 

AtERF5 or AtERF6, as well as aterf5/aterf6 double mutants, have enhanced susceptibility 

to necrotrophic fungi (V. longisporum (Fröschel et al., 2019), Botrytis cinerea (Moffat et 

al., 2012), and Alternaria brassicicola (Son et al., 2012)) and nematodes (Meloidogyne 

incognita) (Fröschel et al., 2019; Warmerdam et al., 2018). However, the effect of AtERF5 

and AtERF6 on P. syringae susceptibility has opposing reports: Moffat et al. identify 

constitutive AtERF5 and AtERF6 expression enhances Arabidopsis susceptibility to P. 

syringae (Moffat et al., 2012), but Fröschel et al. conclude ERF5 positively regulates 

salicylic acid (SA) signaling and P. syringae resistance (Fröschel et al., 2019).  
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Quantification of pathogen growth after infection provides insight into immune 

response and relative susceptibility or resistance of organisms to a pathogen, and P. 

syringae infection assays are highly optimized for Arabidopsis (Liu et al., 2015). However, 

no such system has been optimized for grapevine. P. syringae delivery in Arabidopsis 

systems include syringe and vacuum infiltration as well as dip and spray inoculation 

techniques (Katagiri et al., 2002; Liu et al., 2015; Tornero and Dangl, 2001). As an annual 

plant, Arabidopsis has the benefit of a rapid life cycle, relative to the years needed to 

establish a mature grapevine. For this reason, it was necessary to establish a scalable P. 

syringae infection assay for grapevine capable of infecting an entire potted vine or single 

detached organ such as a leaf and maintain that detached organ for the days needed for P. 

syringae to multiply. The first objective of this work was to develop and optimize a 

simple, reproducible P. syringae infection assay for grapevine to progress 

understanding of Vitis immune response and aid in pathogen resistance improvement 

and screening. The second goal of this research was to apply this novel assay to 

determine if VviERF6L1 overexpression enhanced grapevine resistance to P. syringae.  

 After various modifications, a previously described P. syringae infection assay 

(Tornero and Dangl, 2001) was optimized for grapevine capable of inoculating a whole 

plant or a detached leaf. Optimal colony-forming unit (CFU) density from detached 

grapevine leaf extracts was obtained five days after dipping inoculation with a 0.5 OD 

culture solution. This technique was also successful for P. syringae infection of detached 

potato leaves and may be modified for other plant species. VviERF6L1 transcripts 

significantly increased in response to P. syringae infection in detached Cabernet Sauvignon 

leaves one day after infection. Application of this assay identified VviERF6L1 
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overexpression vines had significantly reduced colony-forming unit (CFU) formation than 

empty vector control vines, and VviERF6L1 may play a role in P. syringae resistance in 

grapevine.  

 

 

4.2 Materials and Methods 

Plant materials and growth conditions 

Vines were grown under greenhouse conditions at 21-26 ˚C with 20-50% relative humidity 

and mid-day light intensities of ~1200 µmol m-2 s-1 including supplemental light from 1000 

W high-pressure sodium lamps (16:8 light-dark cycle) placed ~4.5 m above the greenhouse 

floor. Vines were grown in Stuewe and Son’s tree pots TP915R (22.9 cm x 39.4 cm) 

containing 1:1:1:2 perlite:peat moss:Grow Mulch (Kellogg):washed sand. Each pot 

contained ~8.0 kg of soil mix and was elevated 7.5 cm off the floor with perforated black 

plastic platforms. Mature plants were irrigated with tap water weekly, and vines were 

fertilized with UltraGreen (5:10:10) fertilizer once a month. It is recommended to water 

vines the night before leaf harvests to insure open stomata for the infection assay. Vines 

were trained to single shoots. Own-rooted Vitis vinifera (L.) cv. Cabernet Sauvignon clone 

8.1 (CS) vines were obtained from Sunridge Nursery (California). VviERF6L1 

overexpression lines (L12-3, -11, and -23) and empty vector control (G1) were established 

at the Mid-Florida Research and Education Center for the Institute of Food and Agricultural 

Sciences, which is described in detail elsewhere (Toups et al., 2020).  
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Optimization of P. syringae infection assay for Vitis leaves 

The Vitis leaf P. syringae infection assay, extraction, and CFU calculation is based on work 

described previously (Tornero and Dangl, 2001) with changes and optimizations made for 

grapevine, potato, and other leaves with a dense cuticle or mesophyll for which syringe 

infiltration is difficult or destructive. All infection and extraction steps are recommended 

to be performed with sterile technique to minimize contamination. Incubation chambers 

that consisted of 1.2 L Tupperware and lids containing 200 mL milli-Q water, baths that 

consisted of 1.2 L Tupperware and lids containing 500 mL DI water, dip containers that 

consisted of 1.2 L Tupperware and lids, buffers, media, and wire leaf support grids were 

sterilized and cooled in a laminar flow hood before each round of infection. P. syringae 

virulent isolate DC3000 pathovar Pst and avirulent DC3000 avrRpt2 were obtained from 

Dr. Won Gyu Choi and Dr. Patricia Santos at the University of Nevada, Reno. P. syringae 

was cultured from glycerol stock in NYGA + RK broth [5 g peptone, 3 g yeast extract, 20 

mL glycerol per 1L, pH 7.0 + 50 mg/L rifampicin and 25 mg/L kanamycin final 

concentration] for one week with increasing volume and fresh media every two days to 

obtain 250 mL cultures. The culture was always transferred to fresh media 12-24 hours 

before leaf inoculation to insure bacteria were in the log phase (Tornero and Dangl, 2001). 

Results shown here are from the avirulent strain, but both strains function in this system. 

Cultures were grown at 28 ̊ C with shaking at 200 rpm. Five individual cultures were started 

one week before leaf infection days, to ensure enough bacteria for a successful assay. For 

the infection, 25 leaves from at least 15 CS vines were cut underwater with a razor blade 

at the point where the petiole connects to the stem. Leaves of comparable age and size (3rd-

6th node from the apical meristem) determined by measuring from the petiole attachment 
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point on the leaf blade to the mid-leaf point tip were used for all experiments. Abscised 

leaves were placed in zip block bags containing 0.05% liquid dish soap. Leaves were 

shaken at max speed (80 rpm) on a back-and-forth table rocker to remove dust and debris. 

Five leaves were placed in five individual 1.2 L Tupperware (abaxial side down) and rinsed 

under gently running DI water for one hour to further remove debris from the leaf surface. 

While the leaves rinsed, 25 incubation chambers were labeled and assembled in a flow 

hood by placing a sterile wire support grid in the sterile 200 mL of water. Five sterile empty 

Tupperware containers were filled with 5% bleach (500 mL total volume) in the flow hood. 

After one hour of rinsing, the leaves were sanitized in 5% bleach for 5 minutes with five 

leaves per container. The leaves were removed from the bleach, and excess bleach solution 

was allowed to briefly drip off the leaves before the five leaves were rinsed in 500 mL 

sterile DI water for 10 minutes. Each set of five leaves were rinsed in a total of three 

individual 500 mL sterile DI water baths for 10 minutes in each bath to remove and dilute 

the bleach. In the third bath, ~1 cm of the end of the petiole was excised underwater from 

each leaf in case of bleach uptake. While leaves were in the sterile water baths, the P. 

syringae cultures were spun down at 4 ˚C for 10 mins at 4500 RPM in a Sorvall RC 5C 

plus centrifuge from Dupont. Supernatants were decanted, and pellets were dissolved in 3-

5 mL sterile MgCl2 Buffer [10 mM MgCl2]. Pellet slurries were combined and mixed in a 

sterile 50 mL Falcon tube. The optical density (OD) of a ten-fold dilution of the combined 

P. syringae slurry was measured at 600 nm relative to a MgCl2 Buffer blank cuvette using 

a Nanodrop spectrophotometer (Thermo Scientific NanoDrop 2000a). The P. syringae 

slurry was diluted to 0.5 OD (~ 2.5 x 108 CFU/mL) for grapevine leaves (recommended 0.2 

OD (~1 x 108 CFU/mL (Katagiri et al., 2002)) for potato leaves; optimization may be 
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required for other species) with MgCl2 Buffer, and 200 mL of the 0.5 OD inoculum was 

aliquoted in four dip containers. The control dip container and a control vacuum dip 

container each contained 200 mL MgCl2 Buffer. Each of the five dip containers 

corresponded to one of the treatments (30 sec infection, 1 min infection, 1 min control, 3 

min infection, 1 min -0.05 MPa vacuum infection, 1 min -0.05 vacuum control). Before 

leaf dipping, Silwet L-77 was added to each dip container to a final concentration of 0.02%. 

Each leaf was individually placed in a dip container abaxial side up and gently swirled for 

either 30 sec, 1 min, 3 min, or subjected to a -0.05 MPa vacuum for 1 min. Only a 1 min 

control dip and vacuum dip were used as quality control for contamination. This assay can 

also be applied to entire potted plants with the additional steps of sealing the top of the pot 

to prevent soil loss and covering the vine with a clear plastic bag supported by wires, sticks, 

or a tomato cage after dipping (data not shown). After treatment, excess dipping solution 

was allowed to drip from the leaf and each leaf was carefully placed in an incubation 

chamber abaxial side down on the wire support grid with the petiole dipping into the sterile 

water. Incubation chambers were closed and placed in a 27 ˚C growth chamber with a 16:8 

light-dark cycle with 265 µE m-2 s-1 light intensity.  

 

Optimization of P. syringae infection assay extraction for Vitis leaves 

On 1, 3, 5, and 7 days after dipping, three leaf discs (6.3 mm diameter) were taken from 

each leaf and placed in a 2 mL tube containing 1 mL MgCl2 Buffer and 0.02% Tween 20 

(different species may require more or less tissue). P. syringae was extracted from the leaf 

discs at 28 ˚C with 400 rpm shaking for 1 hour. After 1 hour, 200 µL of each sample was 

serially diluted with MgCl2 Buffer in a 96-well plate. The optimal dilution series for 



 

 

274 

grapevine leaves included 1x, 1/5x, 1/25x, 1/125x, 1/625x, and 1/3,125x for all samples to 

ensure resultant CFU were countable (different species may require dilution series 

optimization). These dilutions are referred to as 0, 1, 2, 3, 4, and 5, respectively. Duplicate 

20 µL aliquots of each serial dilution of each sample was plated on a gridded NYGA + ½ 

RK plates [5 g peptone, 3 g yeast extract, 20 mL glycerol, 15 g agar per 1L, pH 7.0 + 25 

mg/L rifampicin and 12.5 mg/L kanamycin final concentration]. Each plate contained the 

serial dilution of a control and P. syringae infected sample. Plates were incubated at 28 ˚C 

for 2 days. Results presented here are from P. syringae DC3000 Pst avrRpt2 infection. 

 

P. syringae infection assay colony-forming unit counting 

After 2 days of incubation at 28 ˚C, colonies were counted and recorded for each dilution 

of each replicate of each serial dilution of each sample. Technical replicate colonies were 

averaged. Total CFUs were calculated similarly to previous work (Tornero and Dangl, 

2001) (Equation 1). The final version of the optimized version of the P. syringae infection 

assay was performed nine times.  

 

Overexpression VviERF6L1 vine P. syringae infection assay 

All supplies were sterilized, and all work was performed with sterile technique in a flow 

hood. P. syringae was cultured as was described for the optimization of the P. syringae 

infection assay. Six leaves from at least three individual L12-3, L12-11, L12-23 

overexpression vines, and G1 empty vector control plants were removed from vines and 

sanitized as was described for the optimization of the P. syringae infection assay with all 

leaves per line placed in individual baths. Similar leaves were selected as in the 
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optimization of the P. syringae infection assay. Three leaves of each line were dipped in 

either 0.5 OD P. syringae DC3000 avrRpt2 or MgCl2 Buffer both containing 0.02% Silwet 

L-77 for one minute with gentle shaking and placed in incubation chambers as described 

for the optimization of the P. syringae infection assay. Incubation chambers were placed 

in a growth chamber under the same conditions described for the optimization of the P. 

syringae infection assay. Leaf discs were extracted on day 5 after dipping. P. syringae was 

extracted and colonies were counted as in the optimization of the P. syringae infection. 

The VviERF6L1 overexpression line P. syringae infection experiment was repeated for 11 

rounds with three leaves treated per line per treatment (mock or P. syringae infected). 

Results presented here are from P. syringae DC3000 Pst avrRpt2 infection.  

 

P. syringae vacuum survival 

Five individual P. syringae cultures were grown, spun down, and adjusted to 0.5 OD as for 

the P. syringae infection assay, and prepared as for the P. syringae infection assay. 

However, the cultures were not combined. Five 200 mL 0.5 OD P. syringae dip containers 

and five 200 mL control dip containers were prepared. Duplicate 200 µL aliquots of the 

bacteria solution were serially diluted and plated as for the syringae infection assay 

extraction before vacuuming. Each dip container was subjected to vacuum till -0.05 MPa 

was reached at which point the vacuum was maintained but not increased. The dip 

containers were incubated at -0.05 MPa for one minute before the pressure was released. 

This process was also used in the P. syringae infection assay optimization for vacuum 

treatments. Duplicate 200 µL aliquots of the vacuum treated solutions were serially diluted 

and plated as for the syringae infection assay extraction. This process was repeated for five 



 

 

276 

vacuuming sessions for each of the five bacterial and control solutions. CFUs were counted 

as for the P. syringae infection assay.  

 

Leaf incubation chamber survival LiCor measurements 

Photosynthesis and stomatal conductance were measured with a LiCor LI-64000 Portable 

Photosynthesis System on detached CS leaves treated with Control conditions described 

for the P. syringae infection assay 1, 3, 5, and 7 days after sterilization and Control 

treatment. LiCor settings included 25 ˚C block temperature, 400 ppm CO2 reference, and 

1000 µE m-2 s-1 PAR. Relative humidity ranged from 20-35% when measurements were 

taken between 10:00 am-12:00 pm in November. Measurements were recorded 2 min after 

a 2x3 cm head clamp was applied to the leaves. Leaf petioles remained submerged during 

readings. Sanitization, control mock infection, and LiCor measurements were repeated 

individually for at least 33 leaves. Inert leaf controls were a dead, dried leaf placed in an 

incubation chamber in the growth chamber. Photosynthesis and stomatal conductance of 

these inert control leaves were zero.  

 

RNA-Extraction and RT-qPCR 

Four rounds of five CS leaves were treated with P. syringae infection or mock infection 

(Control) as was described for the optimization of the P. syringae infection assay. Whole 

leaves excluding the petiole were harvest on days 1, 3, 5, and 7 and frozen in liquid nitrogen. 

RT-qPCR was performed as previously described (Cochetel et al., 2020). Briefly, all 

samples were ground with a mortar and pestle under liquid nitrogen. RNA extraction was 

performed with a previously described CTAB based extraction and LiCl precipitation 
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following cleanup with the Spectrum™ Plant Total RNA kit (Sigma-Aldrich). All RNA 

extractions were treated with RNAse-free DNase I (Qiagen) to remove genomic DNA 

contamination. Samples were quantified on a nanodrop, and RNA quality was confirmed 

with gel electrophoresis by loading 250 ng RNA on a 1.2% gel as well as checked for the 

presence of gDNA with a GoTaq Green-LAR based PCR analyzed with electrophoresis on 

a 2% gel employing 400 ng of RNA. Primers were designed using NCBI Primer-BLAST. 

Primer sequences were previously described (Cochetel et al., 2020). Reference genes 

(ACT7 and GAPDH) were chosen for consistent band intensity under the various 

experimental conditions determined with a Go-Taq Green-based PCR reaction. PR1 (F: 

AGATTTCATTGCCACTTCTTGTTGG and R: GAGTTCTGGGCACAACAGAC) was 

used as a potential positive control gene for P. syringae infection. VviERF6L1 primers used 

were F: TCTCAGTCCCTCAGCCCATC and R: GAGGCGTGCGGAGACGA. The PCR 

reaction included 95 °C for 2 min, 35 cycles of 95 °C for 30 s, 62 °C for 25 s, and 72 °C 

for 25 s. Primer efficiencies were verified on purified PCR products (Machery-Nagel 

NucleoSpin® Gel and PCR Clean-up kit) and were considered at 100% for the gene 

expression calculations. All reactions were performed on a Bio-Rad Real-Time thermal 

cycler CFX96 with the following protocol: 95 °C for 3 mins; 40 cycles of 95 °C for 10 s, 

60 °C for 15 s. Fluorescence was recorded after each cycle and melting curve analysis was 

performed from 65 °C to 95 °C. Reference genes were selected based on a low coefficient 

of variation of expression reported in literature and uniform expression for all cDNA 

samples for each of the above-described experiments. 
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4.3 Results 

The P. syringae infection assay was optimized using detached Cabernet Sauvignon (CS) 

leaves. The CS and VviERF6L1 overexpression P. syringae infection assay data presented 

here were derived from avirulent P. syringae DC3000 Pst avrRpt2 infection. However, 

trials were performed using both P. syringae DC3000 and P. syringae DC3000 Pst avrRpt2. 

Dilutions 1 through 5 correspond to 1x, 1/5x, 1/25x, 1/125x, 1/625x, and 1/3,125x, 

respectively, and Day 1 was the day after inoculation.  

 

P. syringae was viable after multiple rounds of -0.05 MPa vacuuming 

Syringe infiltration of P. syringae into grapevine leaves failed due to inefficient spread and 

leaf damage (data not shown). Vacuum infiltration and dip inoculation were considered as 

alternative methods to deliver P. syringae infection to detached CS leaves. Vacuum 

infiltration was performed as described previously (Katagiri et al., 2002), but optimized for 

grapevine leaves. Briefly, leaves were submerged abaxial side up in 200 mL inoculum. A 

vacuum pressure of -0.05 MPa (~14.75 inches of mercury) was identified as optimal for 

producing bubbles on both sides of the leaf, indicative of successful infiltration and 

minimizing leaf damage. A 1-minute incubation at -0.05 MPa was sufficient for 

downstream P. syringae leaf extraction with longer incubation in the vacuum chamber 

resulting in bacterial lawns upon extraction. The P. syringae survived multiple rounds of 

vacuuming at -0.05 MPa (Fig. 1), and the number of resultant colonies was not significantly 

different from that of the culture plated before the vacuuming treatment (Fig. 1).  
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Leaves were considered viable in incubation chambers for up to seven days 

A scalable P. syringae infection assay capable of infecting whole vines or detached leaves 

was desirable for grapevine because it takes months to establish propagates and years to 

establish mature vines. However, it was also necessary any detached organ remain viable 

for days after infection; previous research performed in Arabidopsis indicates P. syringae 

infection symptoms take about three days to appear in susceptible Arabidopsis plants 

(Katagiri et al., 2002). To ensure a level of vigor and stomatal conductance for successful 

P. syringae infection of the detached grapevine leaves, CS leaves were sanitized, mock-

infected, and placed in incubation chambers with petiole feeding for 1, 3, 5, and 7 days. 

Leaves in incubation chambers had significantly higher photosynthesis and stomatal 

conductance than inert leaf controls (zero photosynthesis and stomatal conductance (see 

Methods)) (Fig. 2). Generally, the photosynthesis and stomatal conductance decreased with 

increasing time in the incubation chamber, but all values remained significantly higher than 

zero throughout the seven days (Fig. 2). Leaves remained turgid and green (not quantified). 

 

A Vitis leaf P. syringae infection protocol was optimized 

As expected, as long as bacterial lawns (predominately dilution 0) were not considered, 

any dilution could be used to accurately calculate CFUs per leaf area (Fig. 3). There was 

no significant difference between the CFUs per leaf area for any dilution, day, or P. 

syringae infection treatment (Fig. 3). However, Day 1, particularly for lower dilutions and 

the 30 second P. syringae infection treatment generally had lower CFUs than other days 

and treatments, but this was not significant (Fig. 3). To better identify optimized P. 

syringae infection conditions, the variance between rounds of infection and occurrence of 



 

 

280 

zero colonies and bacterial lawns were compared across the 95 infection technique-

dilution-day combinations to identify conditions with the lowest variance and most 

countable number of colonies. All P. syringae inoculum had a 0.5 OD because lower 

densities resulted in low colony formation from grapevine leaf extracts. Generally, the 

variance of the number of colonies was highest for all infection techniques and all 

extraction days for more concentrated dilutions (e.g. dilution 0 and 1), and the more 

concentrated dilutions had more occurrences of uncountable bacterial lawns (Fig. 4). Per 

round of P. syringae infection assay optimization with detached CS leaves, the vacuum 

infiltration method on average had the most occurrences of bacterial lawns for all five 

dilutions (Fig. 4). Across all infection techniques, the presence of lawns increased with 

increasing days of incubation. For example, across all infection techniques and dilutions, 

day 7 of extraction had the highest frequency of bacterial lawns (Fig. 4). There were no 

instances of lawns on 1-minute dip Controls, but there were a few instances of lawns and 

contamination on Vacuum Controls (Figs. 4 and 5).  

Generally, the variance of the number of colonies was the lowest for all infection 

techniques and all extraction days for more diluted extracts (e.g. dilution 3 and 4). However, 

higher levels of dilutions also more frequently yielded zero colonies (Fig. 5). Across all 

treatments, day 1 extracts had the highest occurrences of zero colonies for all dilutions (Fig. 

5). The three-minute infection technique had the highest occurrences of zero colonies 

across dilutions and extraction days (Fig. 5). Based on these results, the 30-second and 1-

minute infection techniques, dilutions 1-4, and days 3 and 5 resulted in the most countable 

numbers of colonies (Fig. 5).  
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To further narrow the optimal technique-dilution-day combination for Vitis leaves, 

the variance and average number of colonies were quantified from nine experimental 

rounds for the 30-second and 1-minute infection techniques for dilutions 1-4 on days 3 and 

5 (Table 1). The target range of countable colonies was identified as 5 ≤ n ≤ 20 based on 

literature (Tornero and Dangl, 2001) and the grid size used for plating the extraction 

dilution series. The 1-minute infection technique with extraction five days after dipping 

and CFU determination based on the number of colonies present in dilution 3 was the 

closest infection technique-dilution-day combination to the mean and median colony 

variance of the combinations in Table 1 and was thereby considered optimal for these CS 

leaves for this assay. However, protocols in Arabidopsis are flexible with the exact dilution 

used per round of extraction based on the formation of resultant colonies (Tornero and 

Dangl, 2001), and either day 3 or day 5 are successful for P. syringae extraction from 

detached CS leaves.  

This protocol was also successful for potato leaf P. syringae infection (data not 

shown), but this species required different infection conditions than grapevine. Potato 

(Solanum tuberosum cv. Atlantic) leaves appeared more susceptible to P. syringae 

infection than those of Vitis and required infection with lower OD or higher dilution of 

extracts (data not shown).  

 

VviERF6L1 transcripts increased in CS leaves after one day in response to P. syringae 

treatment  

VviERF6L1 transcript abundance was on average ~2-fold higher in P. syringae infected 

leaves than Control mock-infected leaves one day after treatment (Fig. 6). RT-qPCR was 
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performed on detached CS leaves treated with 1-minute P. syringae dip or a 1-minute mock 

infection Control to determine if VviERF6L1 was transcriptionally responding to the P. 

syringae infection (Fig. 6). Treated leaves were harvested one, three, five, and seven days 

after infection. VviERF6L1 transcript abundance in P. syringae infected leaves was not 

significantly different from Control on any other day of infection than one day after 

treatment for these detached CS leaves (Fig. 6).  

A predicted PR1 (Vitvi03g01650) paralog was employed as a potential P. syringae 

infection positive control gene because PR1 transcript abundance increase in response to 

pathogens (Cameron et al., 1999). Surprisingly, this gene on average had lower expression 

in response to P. syringae infection than the mock-infected samples, but the transcript 

abundance of this gene was not significantly different from the Control mock infection on 

any day (Fig. 6). Of note, this gene was also significantly downregulated in OX VviERF6L1 

lines (Toups et al., 2020).  

 

Overexpression of VviERF6L1 may reduce grapevine susceptibility to P. syringae 

The VviERF6L1 overexpression vines had fewer colony-forming units (CFUs) per leaf area 

than the empty vector control vines (Fig. 6). Based on the results from the optimization of 

the detached grapevine leaf P. syringae infection assay, VviERF6L1 overexpression lines 

(L12-3, L12-11, and L12-23) and empty vector control (G1) detached sanitized leaves were 

treated for one minute with mock Control or P. syringae infection. P. syringae was 

extracted from the leaves five days after dipping inoculation. As with the CS Controls from 

the optimization experiment, all Controls from this experiment generally had no 

contamination (data not shown); plates with Control colony formation or contamination 
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were discarded. Unlike the CS P. syringae infection assay, which had optimal colonies for 

CFU determination from dilution 3, the VviERF6L1 overexpression and G1 leaves had the 

most countable colonies on dilution 0. Higher dilutions had more occurrences of zero 

colonies for all vines. Both L12-11 and L12-23 had significantly reduced CFUs per leaf 

area than G1 (Fig. 6). L12-3 also had on average a lower number of CFUs per leaf area, 

but this was not significantly different from G1 (Fig. 6).  

 

 

4.4 Discussion 

The P. syringae infection assay results are comparable for grapevine and Arabidopsis 

This work optimized a P. syringae infection assay adaptable for whole vines or detached 

grapevine leaves. This assay was based on techniques previously described for Arabidopsis, 

but several changes were made to adapt the method to grapevine. Ten-fold more bacteria 

were needed during dipping and a smaller serial dilution was used during extract plating to 

have consistent P. syringae colony formation for detached grapevine leaves than was 

described for Arabidopsis (Tornero and Dangl, 2001). Dip inoculation was determined to 

be the most effective and least labor-intensive technique for P. syringae infection of 

grapevine (Table 1 and Figs. 3 and 4). Dip inoculation relies on P. syringae entry into the 

stomata, which is controlled by various environmental factors like stress, light (Assmann 

and Jegla, 2016), and humidity (Carvalho et al., 2016). These factors may affect the 

infection efficiency of the P. syringae infection assay for grapevine leaves presented here. 

Vacuum infiltration had higher rates of contamination than dip treatment (Figs. 3 and 4) 
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and more labor was involved in the infection process, but vacuum infiltration appears 

standard for Arabidopsis (Chen et al., 2000; Liu et al., 2015). Given the results of the 

detached CS leaf optimization P. syringae infection, dipping, and extraction after 3-5 days 

yielded the most consistent results (Table 1 and Figs. 3 and 4). In the future, this technique 

may be optimized for additional plant species and used to characterize PAMP-triggered 

immunity and systemic acquired resistance (SAR) in different grapevine cultivars as was 

previously performed in Arabidopsis (Liu et al., 2015).  

Visually, virulent P. syringae infected leaves developed chlorotic spots, necrosis, 

and in some cases turned red or purple (Fig. 7) presumably due to anthocyanin 

accumulation in response to coronatine (Af et al., 1992), an isoleucine-jasmonic acid (JA) 

mimic toxin from P. syringae to counteract SA-signaling (B et al., 1994). However, not all 

leaves showed infection symptoms including Control (Fig. 7) and avirulent infected 

grapevine leaves, which appeared healthy for numerous samples, coherent with literature 

(Katagiri et al., 2002).  

The CS and VviERF6L1 overexpression vine P. syringae infection assay results 

presented here (Figs. 3 and 6) were derived from avirulent P. syringae DC3000 Pst avrRpt2 

infection because this strain was demonstrated to have higher ethylene production (Guan 

et al., 2015), and it was hypothesized infection by this strain may result in a more 

significant response in the VviERF6L1 overexpression vines. However, this assay should 

be repeated comparing various P. syringae pathovars across Vitis species and the 

VviERF6L1 overexpression vines.  

 P. syringae thrives epiphytically in addition to in folium. The surfactant in the P. 

syringae dipping solution should have allowed P. syringae entry into the intercellular space 
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in leaves. Epiphytic vs. endophytic P. syringae was not quantified here. Re-sanitization of 

leaf surface as described elsewhere for Arabidopsis (Katagiri et al., 2002) after P. syringae 

infection and incubation followed by extraction would further validate intercellular 

infection in grapevine leaves. However, Pst DC3000 is a weak epiphyte, and does not 

survive on leaf epidermis more than 48 hours (Xin and He, 2013); therefore, the P. syringae 

extracted from the grapevine leaves is likely endophytic. Macerating leaf discs may be a 

further improvement to this assay, releasing more bacteria during extraction as has been 

performed in some Arabidopsis protocols (Katagiri et al., 2002). However, an hour 

incubation with shaking was previously shown to be as effective as tissue grinding in 

Arabidopsis (Tornero and Dangl, 2001).  

CFUs from the CS detached leaf optimization of the P. syringae infection assay 

were comparable to extractions from Arabidopsis (Chen et al., 2000; Liu et al., 2015; 

Tornero and Dangl, 2001) although much lower CFUs were obtained from the VviERF6L 

overexpression vines including the empty vector control. This difference may be attributed 

to the necessity to count colonies on dilution 0 for the VviERF6L1 overexpression lines 

because there were few colonies on higher diluted extracts. However, the results from the 

VviERF6L overexpression vine P. syringae infection assay on dilution 0 were consistent 

for multiple rounds of the experiment (Fig. 6). The assay can be reperformed for the 

VviERF6L overexpression vines using a different dilution series or more tissue for 

extraction in future experiments.  

Alternatively, the differences may be attributed to a thicker cuticle, denser 

mesophyll, or higher natural resistance Seyval Blanc (the background of the VviERF6L1 

overexpression lines) may have to P. syringae than does Arabidopsis or CS. To investigate 
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this possibility the presence of RPS2 genes were compared between Arabidopsis (Tello-

Ruiz et al., 2018), the PN40024 reference genome (Canaguier et al., 2017), and the CS 

clone-8 v1.0 genome (Chin et al., 2016). Unfortunately, there is no Seyval Blanc genome 

available for this comparison at this time. AtRPS2, the R-gene confirming resistance to the 

P. syringae DC3000 avrRpt2, has 76 paralogs in Arabidopsis compared to the 353 

orthologs in the PN40024 grapevine genome (Tello-Ruiz et al., 2018). AtRPS2 and the 

closest grapevine PN40024 ortholog (Vitvi11g00146) share ~66 %ID for protein 

sequences (Altschul et al., 1990). Only one CS RPS2 ortholog was identified in the diploid 

CS clone 8 genome v1.0 (Chin et al., 2016) for which the PN RPS2 and CS RPS2 proteins 

had 100 %ID. Experiments should be performed in the future to identified P. syringae 

susceptible and resistant grapevines by comparing CFUs from different grapevine cultivars 

and species infected with avirulent or virulent P. syringae.  

Previously, combining multiple rounds of pathogen assays has been advised against 

in Arabidopsis due to significant differences between rounds (Tornero and Dangl, 2001). 

Here, multiple rounds of the P. syringae infection assay for the CS and OX VviERF6L1 

detached leaf experiments were combined (Figs. 3 and 6) because there were only small 

differences between rounds per experiment, and different leaves dipped in the same batch 

of inoculum should be treated as technical replicates. However, the colonies from these 

extractions still require validation as P. syringae, which can be accomplished by PCR and 

sequencing using P. syringae specific primers (Porotikova et al., 2016) or other methods 

(Gerin et al., 2019).  

The P. syringae infection assay presented here can follow P. syringae infection 

progression in the same detached leaf over a series of days. However, the damage inflicted 



 

 

287 

by removing leaf discs may trigger a JA response and increase P. syringae susceptibility 

(Son et al., 2012). This limitation was minimized by extracting leaf discs from the same 

leaf region for each leaf on each day during the detached CS leaf optimization to uniformize 

any JA response in all samples. Alternatively, individual leaves can be used for separate 

days in any future time-course experiments.  

 

Pathogen resistance is a complex culmination of numerous signals, one of which is 

VviERF6L1 

Plant-pathogen interactions are affected by environmental factors as well as plant 

age (Boyes et al., 2001), and plant responses to bacteria vary for subtle differences in 

irrigation or airflow (Katagiri et al., 2002). Previous vine exposure to pathogens or abiotic 

stress may also prime different symptoms and susceptibility (Yakura, 2020). Additionally, 

numerous phytohormones and signaling network crosstalk determine overall plant 

susceptibility or resistance to a given pathogen (Guan et al., 2015; Xin and He, 2013). For 

example, SA and JA are generally considered to act antagonistically although both are 

essential in biotic stress response (Son et al., 2012). Genes involved in P. syringae 

resistance are mainly associated with SA signaling. SA accumulation can lead to SAR or 

whole plant resistance to a host of pathogens in response to a localized infection (Chen et 

al., 2000). Activation of JA-signaling represses SA-signaling and reduces resistance to P. 

syringae (Son et al., 2012). However, JA-signaling is essential for induced systemic 

resistance (ISR) against P. syringae.  

Ethylene can also have conflicting roles in plant immune responses (Washington et 

al., 2016). For example, ERF1 overexpression enhances Botrytis cinerea resistance and 
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increases P. syringae susceptibility (Berrocal-Lobo et al., 2002), but Arabidopsis ethylene 

insensitive 2 (ein2) mutants have increased resistance to P. syringae and other pathogens 

(Af et al., 1992). Due to these conflicting signals, it is not surprising there are divergent 

conclusions for the role of ethylene signaling in plant-pathogen resistance (Broekaert et al., 

2006; Glazebrook, 2005; Guan et al., 2015; van Loon et al., 2006). Previously, the role of 

VviERF6L orthologs was demonstrated to have conflicting effects on P. syringae 

susceptibility in Arabidopsis (Fröschel et al., 2019; Moffat et al., 2012). The work 

presented here supports that of Fröschel et al. and concludes overexpression of VviERF6L1 

increases grapevine resistance to P. syringae likely by positively regulating SA signaling. 

The reality of the matter is numerous factors including the plant cultivar, age, organ, and 

previous exposure to abiotic and biotic stress as well as the pathogen and the specific 

pathovar infecting a plant effect hormone crosstalk and thereby overall resistance.  

In the past century, P. syringae has been identified as the source of new diseases 

on over twenty woody perennial species including grapevine (Gerin et al., 2019). P. 

syringae reduced fruiting by up to 60% in Australian vineyards (Whitelaw-Weckert et al., 

2011). Additionally, P. syringae infection made grapevine more susceptible to secondary 

infections from other pathogens (Whitelaw-Weckert et al., 2011). Incidence of P. syringae 

symptoms is on the rise in vineyards all across the world, but the pathogenicity of this 

bacteria in Vitis remains largely uncharacterized. Evidence is already emerging certain 

cultivars are more resistant than others although this is highly pathovar dependent (Gerin 

et al., 2019), and this requires further characterization.  

This work developed a simple and reproducible P. syringae infection assay for 

grapevine. The P. syringae infection assay was capable of inoculating whole vines or 
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detached leaves. This assay was also effective for P. syringae infection of detached potato 

leaves and may be optimized for other plant species. Implementation of this assay 

identified overexpression of VviERF6L1 reduced grapevine susceptibility to P. syringae. 

However, the mechanism by which VviERF6L1 elicits P. syringae resistance remains 

unknown and requires further elucidation. Mechanisms for VviERF6L1 prompting P. 

syringae resistance may involve putative VviERF6L1 transcriptional targets that were 

previously identified (Toups et al., 2020) and are known to be involved in pathogen 

response. Additionally, WRKY33 may be involved in VviERF6L1’s role in P. syringae 

resistance. WRKY33 followed a similar expression pattern as ERF6Ls across numerous 

organs and treatments in Vitis (Toups et al., 2020), and WRKY33 activates ACS 

transcription and ethylene signaling during pathogen response (Li et al., 2012; Mao et al., 

2011). The increase in ethylene biosynthesis during pathogen response (Guan et al., 2015), 

and the increase in VviERF6L1 transcripts in response to P. syringae infection (Fig. 6) 

provide a possible link between ethylene signaling and VviERF6L1. The increase in 

VviERF6L1 transcript abundance may be resultant of increased ethylene and part of an 

ethylene-dependent pathogen resistance response. Overall, VviERF6L1 provides a 

promising link between ethylene signaling and pathogen response in grapevine.  
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Equations 

 
 
Equation 1: Colony forming unit calculation. The number of CFUs was determined from 
the ratio of the extraction volume to the plated volume (k (blue)) multiplied by the number 
of colonies counted (pink) multiplied by the dilution factor (green) divided by the surface 
area (SA) of the leaf disc. Modified from original equation description from Tornero et al. 
2001.  
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Tables 
 
Table 1: The top treatment-dilution-day combinations with the lowest variance and 
most countable number of colonies. The top infection technique-dilution-day 
combinations ordered from lowest to highest variance and standard deviation (SD). The 
mean number of colonies (Average) shown to determine “countability”. Low average 
colonies (< 5) indicated in red and high number of countable colonies (> 20) indicated in 
orange. n = 9 rounds with three leaves per infection technique (Treatment).  
 

Treatment Dilution Day Variance SD Average 
30 sec 4 3 4.7 2.16794834 3 
30 sec 1 3 9.08333333 3.01385689 21.1666667 
1 min 4 5 20.8108974 4.56189625 4.96153846 
30 sec 3 3 23.4 4.83735465 6.4 
1 min 3 3 47.025641 6.85752441 8.76923077 
30 sec 4 5 50.4 7.09929574 5 
1 min 4 3 130.559524 11.4262646 8.16666667 
1 min 3 5 130.668182 11.4310184 11.7272727 
1 min 2 3 176.361111 13.2801021 15.1111111 
30 sec 3 5 183.285714 13.5383054 11.3571429 
1 min 2 5 188.224359 13.7194883 14.1538462 
30 sec 2 3 199.340909 14.118814 22.9090909 
1 min 1 5 239.455556 15.4743515 27.2 
30 sec 2 5 297.818182 17.2574095 21.2727273 
30 sec 1 5 327.975 18.1100801 11.25 
1 min 1 3 390.229167 19.754219 11.625 
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Figures 
 

 
 
Figure 1: Percent survival of P. syringae colonies after multiple rounds of vacuum 
treatments. The average percentage of colonies grown from 200 µL of vacuum treated P. 
syringae dipping solution after 1, 2, 3, 4, and 5 rounds of vacuuming to -0.05 MPa 
maintained for one-minute relative to colonies grown from 200 µL of P. syringae dipping 
solution prior to vacuum treatment. Mean ± SE; n = 5. ANOVA (p ≤ 0.05). 
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Figure 2: Photosynthesis and Stomatal conductance of detached CS leaves in 
incubation chambers. The average photosynthesis (µmol ·m-2·s-1) and stomatal 
conductance (Gs; mol H2O ·m-2·s-1) of sanitized and mock infected detached CS leaves with 
petiole feeding in incubation chambers for 1, 3, 5, and 7 days. Mean ± SE; n ≥ 33. ANOVA 
(p ≤ 0.05) per day relative to zero photosynthesis and stomatal conductance.   
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Figure 3: Colony forming units per leaf area of detached CS leaves. The average 
number of colony forming units per leaf surface area (cm-2) (log10 transformed) from 
dilutions 1-5 on 1, 3, 5, or 7 days after P. syringae infection via dipping for 30 seconds, 1 
minute, or 3 minutes, or vacuum infiltration at -0.05 MPa for 1 minute or mock infection 
(dipping/vacuuming in buffer for 1 minute). Dilutions 0, 1, 2, 3, 4, and 5 correspond to 1x, 
1/5x, 1/25x, 1/125x, 1/625x, and 1/3,125x P. syringae leaf extraction, respectively. 
Dilution 0 was excluded due to the abundance of bacterial lawns. Mean ± SE; n = 9 rounds 
of three leaves per treatment per round ANOVA Tukey’s HSD (p ≤ 0.05) letters per 
treatment.  
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A 
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Figure 4: Optimization of extraction dilution series. A) The average number of bacterial 
lawns per round and B) The average number of extractions that did not yield colonies (zero 
colonies) from P. syringae infection assays performed on detached CS leaves treated with 
1-minute Control, 30 second P. syringae infection, 1-minute P. syringae infection, 3-
minute P. syringae infection, Control vacuum at -0.05 MPa for 1 minute and P. syringae 
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infection Vacuum at -0.05 MPa for 1 minute. Extractions performed 1, 3, 5, and 7 days 
after treatment. Dilutions 0, 1, 2, 3, 4, and 5 correspond to 1x, 1/5x, 1/25x, 1/125x, 1/625x, 
and 1/3,125x P. syringae leaf extraction, respectively. Mean ± SE; n = 9 rounds of three 
leaves per treatment per round.  
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Figure 5: VviERF6L1 and putative PR1 relative transcript NRQ after P. syringae 
infection. The relative A) VviERF6L1 and B) putative PR1 transcript abundance 
(Normalized Relative Quantity; NRQ) relative to Control 1-minute mock infected leaves 
of sanitized CS leaves treated for 1-minute dip P. syringae infection after 1, 3, 5, and 7 
days of treatment. Mean ± SE; n = 4. One-way ANOVA Tukey’s HSD (p ≤ 0.05) letters 
for P. syringae infected samples only per gene per day.  
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Figure 6: Colony forming units per leaf area of VviERF6L1 overexpression vines. The 
average number of colony forming units per leaf surface area (cm-2) from dilution 0 (1x 
extract) five days after P. syringae infection. The three overexpression lines (L12-3, L12-
11, and L12-23) are indicated in green, and the G1 empty vector control line is indicated 
in grey. Mean ± SE; n = 11 rounds of three leaves per treatment per round (only P. syringae 
infected leaves shown). ANOVA Tukey’s HSD (p ≤ 0.05) letters.   
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Figure 7: Control and virulent infected grapevine leaves. A) a 1-minute mock infected 
G1 leaf on day 5 prior to tissue extraction. B) a virulent P. syringae DC3000 1-minute 
infected CS leaf on day 5 post-tissue extraction.  
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CHAPTER 5:  

A MULTI-LEVEL ANALYSIS OF ABSCISIC ACID METABOLISM REVEALS 

SPECIES-SPECIFIC RESPONSES TO WATER DEFICIT IN GRAPEVINE 

 

This chapter is based on a manuscript that is prepared for submission to PLoS ONE. 

 

Toups, H. S., Cochetel, N., Galdamez, K., Deluc, L., Cramer, G. R. A Multi-Level analysis 
of abscisic acid metabolism reveals species-specific responses to water deficit in grapevine. 
PLoS ONE, In Preparation, (2021). 
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5.0 Abstract 

Abscisic acid is a phytohormone involved in water deficit response. NCED3 performs the 

rate-limiting step of abscisic acid biosynthesis and is a key contributor to plant water deficit 

responses. In this study, NCED3 transcript accumulation and abscisic acid metabolism 

were further characterized as key water deficit responses in four Vitis species (Vitis vinifera 

(Cabernet Sauvignon), Vitis champinii (Ramsey), Vitis riparia (Riparia Gloire), and Vitis 

vinifera x Vitis girdiana (SC2)) in leaves and roots. The concentrations of abscisic acid and 

related derivative metabolites increased with water deficit and were dependent upon the 

grapevine species. RNA-Seq and RT-qPCR data were consistent with the changes in 

abscisic acid metabolite concentrations. Transcript abundances substantiate NCED3 as a 

key gene in the water deficit response; however, NCED3 protein concentrations assayed in 

western blots were not affected. Major differences in abscisic acid metabolism at the gene, 

protein, and metabolite levels were detected between leaves and roots in these four species. 

NCED3 transcript abundance and abscisic acid concentration in drought-tolerant Ramsey 

increased earlier and to a higher extent than the other species during long-term, moderate 

to severe water deficits but were not stimulated as much by short-term, rapid dehydration. 

In drought-sensitive Riparia, NCED3 transcript abundance and abscisic acid metabolite 

concentrations increased to a lower extent than in Ramsey during moderate to severe water 

deficits. Overall, Grapevine species have distinct abscisic acid metabolism that depends 

highly on the severity and duration of stress and organ (leaves or roots). This study 

confirms that abscisic acid metabolism and NCED3 are part of a core water deficit response 

in Vitis species. Relative quantities of transcripts, proteins, abscisic acid, and derivative 

metabolites were determined, but many aspects of abscisic acid metabolism and water 



 

 

306 

deficit responses warrant additional investigation. This study provides a better 

understanding of how Vitis is adapted to dry environments, which may be exploited for 

future breeding programs.  

 

 

5.1 Introduction 

Drought is a natural climatic event that occurs all across the world (Um et al., 2017) and 

may become more frequent and severe in the near future (Cabré and Nuñez, 2020; Dai, 

2013; Monteverde and De Sales, 2020). For sessile crops, the consequences of severe water 

deficit (WD) can be devastating. Historically, droughts decreased global crop production 

by 10% (Lesk et al., 2016). To elicit drought tolerance, intricate and complex WD response 

signals throughout the plant involving multiple steps of regulation. For example, epigenetic 

modification and chromatin remodeling allow easier accessibility to dehydration 

responsive genes like RESPONSIVE TO DESICCATION 29A (RD29A) (Asensi-Fabado et 

al., 2017; Kim et al., 2008). Transcriptionally, genes may be transcribed (or not) (Cochetel 

et al., 2020), alternatively spliced (Chong et al., 2019), and present alternative untranslated 

region (UTR) isoforms (Lei et al., 2015; Srivastava et al., 2018) or polyadenylation 

(Chakrabarti et al., 2018). MicroRNAs like miR160 target growth-related auxin response 

factor transcripts like ARF10 for degradation (Bouzroud et al., 2018; Pagliarani et al., 2017). 

siRNAs are another mechanism of regulation that contribute to WD response (Jung et al., 

2016). Post-translational modifications can mark enzymes for degradation or activation 

(Ghimire et al., 2020; Guerra et al., 2015; Hashiguchi and Komatsu, 2016) like the 
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phosphorylation of SNRK2s, which are critical proteins in the abscisic acid (ABA) 

signaling pathway (Kobayashi et al., 2005). The numerous steps of regulation ultimately 

lead to the proteins and metabolites that result in the phenotype of the plant. Understanding 

WD response in plants continues to expand, but few studies investigate WD response at 

more than one level of regulation. This work provides a more comprehensive view of core 

ABA metabolism in response to WD by examining ABA-related transcripts, protein, and 

metabolites in four distinct Vitis species during three different WD experiments in leaves 

and roots.  

ABA is a phytohormone associated with abiotic stress response including WD. 

ABA signaling is initiated when ABA is perceived by the PYRABACTIN 

RESISTANCE1/PYR1-LIKE/REGULATORY COMPONENTS OF ABA RECEPTORS 

(PYR/PYL/RCAR) receptors (Liu et al., 2007; Pandey et al., 2009; Park et al., 2009; Shen 

et al., 2006) that then interact with PP2Cs allowing the activation of SNRK2s (Mustilli et 

al., 2002; Nakashima et al., 2009). SNRK2s activate ABA-responsive transcription factors 

(TFs) including AREB/ABFs (Furihata et al., 2006; Kobayashi et al., 2005; Umezawa et 

al., 2013; Vlad et al., 2008; Wang et al., 2013; Yoshida et al., 2010) and ABIs (Finkelstein 

and Lynch, 2000; Finkelstein et al., 2005). Activated TFs bind to cis-acting elements in 

promoter regions of target genes (Guiltinan et al., 1990; Mundy et al., 1990). This core 

ABA signaling pathway initiates the transcription of numerous downstream targets 

including aquaporins (Parent et al., 2009; Wong et al., 2018; Zarrouk et al., 2016), suberin 

TFs (Cottle and Kolattukudy, 1982; Lippold et al., 2009), galactinol synthases (Li et al., 

2020; Taji et al., 2002), and RDs (Abe et al., 2003; Tu et al., 2018) that ultimately result in 

physiological changes that better allow a plant to survive under adverse conditions. 
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ABA is synthesized from isoprenoid products of the methylerythritol phosphate 

(MEP) pathway in the plastid (Rodrı́guez-Concepción and Boronat, 2002). Through a 

series of desaturation (Bartley et al., 1999; Linden et al., 1994; Ruiz-Sola and Rodríguez-

Concepción, 2012) and cyclization reactions (Zeng et al., 2015); ß-carotene is formed and 

hydroxylated (ß-CAROTENE HYDROXYLASE (BETA-OHASE 2)) into zeaxanthin (Du 

et al., 2010, 1999). Zeaxanthin is epoxidated (ZEAXANTHIN EPOXIDASE (ZEP/ABA 

DEFICIENT 1 (ABA1)) into violaxanthin through intermediary antheraxanthin (Eskling 

et al., 1997; Hieber et al., 2000; Niyogi, 1999). Neoxanthin, synthesized by 

NEOXANTHIN SYNTHASE (NXS/ABA4), and violaxanthin participate in the rate-

limiting step of ABA biosynthesis performed by NINE-CIS-EPOXYCAROTENOID 

DIOXYGENASE (NCED) (Qin and Zeevaart, 1999; Schwartz, 1997; Tan et al., 1997). 

The resulting molecule, xanthoxin is transported out of the plastid into the cytoplasm where 

ABA biosynthesis is completed (Schwartz et al., 1997). XANTHOXIN 

DEHYDROGENASE (ABA DEFICIENT 2 (ABA2)) protonates the epoxy group of 

xanthoxin to form ABA aldehyde (González-Guzmán et al., 2002). Finally, ABA aldehyde 

is oxidized to active ABA by ABA ALDEHYDE OXIDASE (AAO) (Seo et al., 2000) with 

a molybdenum cofactor sulfurase (ABA DEFICIENT 3 (ABA3)).  

ABA is conjugated with UDP-glucose (Xu et al., 2014) to generate an inactive 

storage form of ABA (Cutler and Krochko, 1999). ABA-GE is formed by the esterification 

of ABA with UDP-glucose by UDP-glucose glucosyltransferase (UGT) (Lim et al., 2005; 

Liu et al., 2015). Once conjugated, ABA-GE is stored in the vacuole (Bray and Zeevaart, 

1985; Burla et al., 2013; Lehmann and Glund, 1986) and may be present in the endoplasmic 
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reticulum (Xu et al., 2012). ABA-GE is readily de-esterified to active ABA via ß-d-

glucosidases (BG or BGLU) (Lee et al., 2006; Xu et al., 2012).  

ABA catabolism is composed of three conduits through ABA hydroxylation to 

form 7’, 8’, or 9’-hydroxy ABA (Nambara and Marion-Poll, 2005). ABA hydroxylation is 

performed by ABA hydroxylases (CYTOCHROME P450 (CYP707A)) (Krochko et al., 

1998). 7’-hydroxy ABA (7’OH ABA) is hydroxylated at the C-7’ methyl group (Nambara 

and Marion-Poll, 2005). 8’-hydroxy ABA is isomerized into phaseic acid (PA) (Krochko 

et al., 1998) and further reduced to dihydrophaseic acid (DPA) (Gillard and Walton, 1976). 

Neophaseic acid (NeoPA) is formed from 9’-hydroxy ABA and is considered a minor 

catabolite (Nambara and Marion-Poll, 2005).  

ABA is transported throughout the plant (Kuromori et al., 2018). The ABA 

transporter, ABCG25 (Kuromori et al., 2010), exports ABA from vascular tissue while 

ABCG40 (Kang et al., 2010) imports ABA into guard cells to elicit stomatal closure during 

abiotic stress. Other ABA transporters involved in seed/embryo development are ABCG22 

(Merilo et al., 2015), ABCG30, and ABCG31 (Kang et al., 2015). More recently NPF4.5 

(AIT2) and NPF4.6 (AIT1) (Léran et al., 2020) were also confirmed to transport ABA 

(Chen et al., 2020).  

ABA appears to be a key regulator of physiological and transcriptional responses 

to water deficit (Cochetel et al., 2020; Ikegami et al., 2009; Ren et al., 2007). Previously, 

RNA-Sequencing analysis (RNA-Seq) was performed on four diverse Vitis species (Vitis 

vinifera cv. Cabernet Sauvignon clone-8 (CS), Vitis champinii cv. Ramsey (RA), Vitis 

riparia cv. Riparia Gloire (RI), and Vitis vinifera x Vitis girdiana hybrid SC2 (SC)) in 

response to one- and two-weeks of well-watered (Control) and a natural dry-down water 
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deficit (WD). The stem water potential of moderate WD-treated vines was ~ -0.5 and -0.8 

MPa after one and two weeks of treatment, respectively. This experiment paired with an 

additional one-week severe WD experiment (stem water potential ~ -1.5 MPa), in which 

these four grapevines experienced stress more severe than the stress level achieved after 

two weeks of moderate WD. 

These species differ in drought tolerance with RA appearing the most drought 

tolerant and RI the most susceptible (Cochetel et al., 2020). RA retained the highest 

stomatal conductance, photosynthesis, and stem water potential of the four species under 

both long-term WD treatments. RI was the first species to shut down photosynthesis and 

experience stress levels resulting in leaf loss or even vine death in response to moderate 

and severe long-term WD (Cochetel et al., 2020). Specific and shared transcriptomic 

responses between the four Vitis species were identified. The transcript abundance of many 

abscisic acid signaling genes like DEHYDRIN 1 (DHN1) were strongly increased by WD 

with distinct differences between the species in both experiments. A weighted gene co-

expression network analysis (WGCNA) identified a water-deficit core gene set with the 

ABA biosynthesis gene, NCED3, as a potential hub in all four species. RA emerged as the 

most physiologically active and transcriptionally responsive species following WD. We 

hypothesized the different transcriptional and physiological responses among the 

species may have been reflective of differences in ABA metabolism. However, ABA 

and ABA-derived metabolite quantification was not presented in the previous study.  

To test this hypothesis, prior observations of these four grapevine species’ 

responses to WD and ABA metabolism (Cochetel et al., 2020) were built upon with the 

addition of ABA and ABA-related metabolite quantification as well as additional WD 
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experiments. The term “ABA-related metabolites” refers to the group of compounds 

quantified in this study that are derived from ABA: ABA-GE, PA, DPA, NeoPA, and 7’OH 

ABA. Although there were numerous differences between the four species, the contrast of 

drought-tolerant Texan-native RA to susceptible riparian RI will be the focus of the results 

presented here.  

It was expected that ABA and ABA-related metabolite quantification would 

mirror the transcript abundance of ABA metabolism genes in response to WD, which 

was found to be true in general. In this study, increased ABA metabolism was 

confirmed as a key response to WD through quantitative analysis of ABA, ABA-related 

metabolites (HPLC-MS/MS), ABA metabolism-related transcripts (RNA-Seq and RT-

qPCR), and NCED3 protein (western blots) from three experiments in which the species 

were exposed to varying intensity and duration of WD.  

 

 

5.2 Materials and Methods 

Plant material and growth conditions 

Vitis vinifera (L.) cv. Cabernet Sauvignon clone 8 (CS) obtained from Inland Desert 

Nursery (Benton City, Washington, USA), Vitis champinii (RA), Vitis riparia (RI), and a 

Vitis vinifera x girdiana hybrid (SC2) obtained from the Plant Foundation Services at UC 

Davis (Davis, CA USA) were grown in a greenhouse. Greenhouse conditions ranged from 

21-26 °C, 20-50% relative humidity, and had average mid-day light intensities of 1200 

µmoles m-2 s-1. Supplemental light was applied using 1000 W high-pressure sodium lamps 
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to maintain a 16 h light and 8 h dark cycle. Cuttings from mother plants were 

hydroponically propagated in aerated pH 5.5 water trays. When roots were established, 

cuttings were transferred to Stuewe and Son’s Anderson AB39 pots (0.96 L) consisting of 

~1.0 kg Quikrete medium grain sand and 80 g of fritted clay for plants used for RNA-Seq 

and small pot experiments. Propagates were allowed to acclimate to potting conditions for 

one month before beginning experiments. Plants were irrigated with Cramer’s complete 

nutrient solution (1.5 mM Ca(NO3)2, 2 mM KNO3, 0.6 mM MgSO4, 1 mM KH2PO4, 1.5 mM 

CaCl2, 36 µM Fe2
+ Sprint 330, 1 µM MnSO4, 0.5 µM CuSO4, 20 µM ZnSO4, 20 µM H3BO3, 

and 0.01 µM (NH4)6Mo7O24). Pots were elevated 7.5 cm off the floor on perforated black 

plastic flats in a random design for species, treatment, and harvest date. 

 

Small pot experiments 

After pots were prepared, 100% relative soil water content (RSWC) was measured as the 

weight of the individual pot two hours after irrigation to the point of saturation (water 

flowing from the bottom of the pot). Each pot was covered with aluminum foil to minimize 

evaporation. Experiments performed in the small pots included 1) WD and Control 

treatments for one- and two-week moderate WD used for RNA-Seq, ABA, and ABA-

related metabolite quantification, and physiological measurements 2) one week severe WD 

and Control treatments to support the original RNA-Seq experiment and quantify NCED3 

transcripts and NCED3 protein as well as ABA (in addition to original measurements 

reported elsewhere (Cochetel et al., 2020)).  

For the original moderate WD RNA-Seq experiment previously described 

(Cochetel et al., 2020), 3-5 individual CS, RA, RI, and SC vines were subjected to one or 
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two weeks of moderate water deficit, or well-watered daily complete nutrient solution. The 

moderate WD was defined by stem water potentials of -0.26 ± 0.02 to -0.32 MPa ± 0.02 

after one and two weeks of Control treatment and -0.49 ± 0.04 MPa to -0.82 ± 0.06 MPa 

after one and two weeks of WD, respectively. At one and two weeks of treatment various 

measurements were taken (Cochetel et al., 2020). Total plant leaves (excluding petiole) 

and roots were harvested after one and two weeks of treatment. The sand was removed 

from root samples by briefly washing in room temperature tap water for 10 seconds and 

patting dry on paper towels for an additional 10 seconds. Samples were immediately frozen 

in liquid nitrogen and stored at -80°C. Sand removal from roots was essential for accurate 

ABA quantification (normalization based on ground dry weight used for extraction).  

For the one-week severe WD experiment, 3-5 individual CS, RA, RI, and SC vines 

were subjected to one week of severe water deficit or watered daily to saturation with a 

complete nutrient solution. The severe WD was defined by stem water potentials of ~ -1.5 

MPa, and stem water potential for Control treated vines similar to that of the moderate WD 

Controls (~ -0.2 to -0.3 MPa). At one week of treatment, various measurements were taken 

(Cochetel et al., 2020), and total plant leaves (excluding petiole) and roots were harvested. 

Sand was removed from roots as in the moderate WD experiment. Samples were 

immediately frozen in liquid nitrogen and stored at -80°C.  

 

Rapid dehydration experiments 

The day before the experiment, the first mature leaf (5-6th node from the apical meristem) 

of CS, RA, and RI vines were measured from petiole attachment point to the tip of the leaf 

down the midvein and marked with a tag to ensure leaves of similar developmental stage 
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and leaf area were used for this experiment. Also, on the day before the experiment, 

dehydration chambers were prepared. Airtight dehydration chambers (1.2 L Rubbermaid 

Takealong © container, Newell Rubbermaid, Atlanta, GA, USA) were prepared as before 

(Hopper et al., 2014), containing 50 mL 333 mM NaCl or DI water (for rapid dehydration 

and Control treatment, respectively) and a wire support grid. Dehydration chambers were 

placed in a 27 ̊ C growth chamber (~200 µmol m-2 s-1) to equilibrate overnight. The following 

day, two hours before solar noon, the marked leaves were cut underwater, weighed, and 

quickly placed in a dehydration chamber (~30 secs). WD leaves were placed abaxial side 

up having no contact with the salt solution. Control leaves were placed adaxial side up with 

petioles dipping into the water to prevent dehydration and provide petiole water-feeding. 

Five leaves were prepared per species per treatment per round. Leaves were collected after 

2, 4, 8, and 24 hours of treatment. At these times three leaves were combined and 

immediately frozen in liquid nitrogen. These leaves were later used for NCED3 transcript, 

NCED3 protein, and ABA quantification. Photosynthesis and stomatal conductance were 

measured on a fourth leaf using a portable photosynthesis system (LICOR model 6400XT, 

Lincoln, NE, USA) set at 400 µmol s-1 flow rate, 400 µmol mol-1 reference CO2, with a leaf 

temperature at 27 °C and PAR 1000 µmol m-2 s-1. After LICOR measurements, leaf water 

potential was measured with a Plant Water Status Console (Soilmoisture Equipment Corp., 

CA, USA) on the same fourth leaf. Water potential measurements were performed by 

placing the excised leaves in the pressure chamber and slowly increasing the pressure till 

liquid began to flow from the petiole. The pressure reading of the instant the liquid 

appeared was recorded. The fourth leaf was placed in a syringe and frozen in liquid nitrogen. 

Later, the syringe was thawed and 10 µL of leaf liquid was extracted to measure osmotic 
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potential in triplicate. The osmotic potential was measured with a vapor pressure 

osmometer (VaPro 5600 EliTechGroup). Turgor was calculated as the difference between 

leaf water potential and osmotic pressure (Tyree and Hammel, 1972). A fifth leaf was used 

to measure leaf water content. Water content was calculated as the difference between the 

leaf fresh weight at harvest and the leaf dry weight divided by the difference between turgid 

leaf weight and the leaf dry weight (Barrs and Weatherley, 1962). Turgid leaf weight was 

obtained by submerging a leaf underwater for 24 hours (leaf weight was constant), patting 

the leaf dry, and weighing the turgid leaf. Leaves were then dried in an oven at 60 ˚C for 

48 hours and weighed to determine dry weight. All leaves were weighed before final 

measurements were performed to determine water loss. This experiment was performed 

five times with each leaf coming from an individual vine. Three leaves were combined for 

NCED3 transcript, NCED3 protein, and ABA quantification per round to have enough 

material for all measurements.  

 

CS ABA metabolism-related gene identification 

ABA metabolism genes were identified with protein basic local alignment search tool 

(BLASTP) using known ABA metabolism PN40024 protein sequences as a query. 

Orthologs were confirmed based on the highest total score, E-value, and length. When two 

BLAST hits were highly similar for the same query, the hits were identified as alleles of 

the same gene. In total, 46 ABA metabolism genes were identified from the primary 

(alternative (alt)1) and/or secondary (alt2) CS haplotig sequences. Alleles are referred to 

as alternatives without a designated haplotype because the phased chromosome-scale 

assembly was not complete for the CS clone 8 v1.0 genome. Alternative names were 



 

 

316 

assigned as "alt1" if only 1 paralog was identified based on V3 annotation. Alternatives 

were assigned as "alt1" and "alt2" when two paralogs were identified with "alt1" 

corresponding to the primary contig and "alt2" correspond to the haplotig denoted as "P" 

and "H" respectively in CS gene names. When multiple paralogs were identified 

corresponding to multiple V3 genes with the same annotation symbol, "alt1_1" and 

"alt2_1" were named to correspond to CS alleles with the same V3 gene name. Paralogs 

with only one allele with the same annotation symbol as other V3 genes are indicated as 

"alt1_2" and "alt1_3".  

 

RNA-Seq Re-analysis 

Reads were trimmed as previously described using trimmomatic v0.36 (Bolger et al., 2014) 

and sample quality was confirmed with FastQC v0.11.5 (Babraham Bioinformatics, 2010). 

To improve the original analysis, PRJNA516950 was re-analyzed with the CS clone 8 v1.0 

genome due to the quality, accessibility, and overlap with the experimental design. After 

filtering, reads were aligned against the CS genome (Chin et al., 2016) with HISAT2 v2.0.5 

(Kim et al., 2015). Counts were obtained with featureCounts v1.5.1 (Liao et al., 2014). 

Differentially expressed genes with an adjusted p-value ≤ 0.05 were identified with 

DESeq2 v1.26.0 (Love et al., 2014). Contrasts of interest included comparing each species 

x week x organ Control and WD as well as comparing WD RA x organ x week to those of 

CS, RI, and SC. All heatmaps were drawn with ComplexHeatmap v2.2.0 (Gu et al., 2016), 

dendextend v1.13.4 (Galili, 2015), and circlize v0.4.8 (Gu et al., 2014) to extract contrasts 

of interest in RStudio.  
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WGCNA is a correlation network methodology used to 1) identify clusters 

(modules) of interconnected nodes 2) summarize node profiles of a module using a highly 

connected hub node (Eigengene) 3) identify significant modules and annotate the network 

nodes (Langfelder and Horvath, 2008). In this case, the WGCNA was performed to identify 

genes most connected to Eigengenes that were most associated with WD, [ABA], and 

[ABA-related metabolites]. ABA metabolism-related genes were the focus of this analysis. 

WGCNA version 1.41 (Langfelder and Horvath, 2008) was performed per organ as 

previously described (Cochetel et al., 2020). Topological Overlap Matrix (TOM) was used 

to detect modules using the DynamicTreecut algorithm with a minimum module size of 30 

and a branch merge cut height of 0.25. The module eigengenes were used to evaluate the 

association among the modules for species, treatments, weeks, and various metabolites 

with a focus on ABA metabolism-related genes. GO enrichment analysis was performed 

with TopGO v2.38.1 (Alexa et al., 2006) using biological process terms corresponding to 

the CS clone 8 v1.0 genome.  

 

ABA quantification 

ABA and ABA-related metabolites were quantified with HPLC-MS/MS using a methanol-

based extraction as previously described (Gouthu et al., 2013). Briefly, ABA derivative 

quantification from the one and two weeks of moderate WD, one week of severe WD, and 

rapid dehydration experiment samples (Control and WD treated) was performed with 

methanol, formic acid, water (15:1:4) extraction, and deuterated standards. Samples were 

purified with Oasis® HLB 3.5ml columns (Waters®) and eluted with methanol. Samples 
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were reconstituted in acetonitrile, water, and formic acid (15:85:0.1) and separated with an 

Aligent™ Zorbax® Extend C18 column (201 x 150 mm; 5 µm) with Opti-Solve® 2-micron 

guard column (Optimize Technologies™, USA). A binary gradient of LC-MS grade 

acetonitrile (Thermofisher Scientific) acidified with 0.1% formic acid and HPLC grade 

water (Thermofisher Scientific) also acidified with 0.1% formic acid were used to resolve 

ABA derivatives. Mass spectrometry was carried out using multiple reaction monitoring 

(MRM) using a hybrid triple quadrupole/linear ion trap 4000 QTRAP LC-MS/MS 

instrument equipped with a Turbo V source (Applied Biosystems™, USA) with a 0.2 

mL/min flow rate under the conditions previously described. D6 deuterated ABA (Toronto 

Research Chemicals) was used as an internal standard for all samples and D4 deuterated 

ABA (OlChemIm) was used as an extraction efficiency standard for one and two-week 

moderate and one-week severe WD experiment samples only.  

 

RT-qPCR 

RT-qPCR was performed as previously described (Cochetel et al., 2020). Briefly, all 

samples were ground with a mortar and pestle under liquid nitrogen. RNA extraction was 

performed with a previously described CTAB based extraction and LiCl precipitation 

following cleanup with the Spectrum™ Plant Total RNA kit (Sigma-Aldrich). All RNA 

extractions were treated with RNAse-free DNase I (Qiagen) to remove genomic DNA 

contamination. Samples were quantified on a nanodrop, and RNA quality was confirmed 

with gel electrophoresis by loading 250ng RNA on a 1.2% gel as well as checked for the 

presence of gDNA with a GoTaq Green-LAR based PCR analyzed with electrophoresis on 

a 2% gel employing 400ng of RNA. Primers were designed using NCBI Primer-BLAST. 
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Primer sequences were previously described (Cochetel et al., 2020). Reference genes 

(ACT7 and GAPDH) were chosen for consistent band intensity under the various 

experimental conditions determined with Go-Taq Green-based PCR reaction. The PCR 

reaction included 95 °C for 2 min, 35 cycles of 95 °C for 30 s, 62 °C for 25 s, and 72 °C 

for 25 s. Primer efficiencies were verified on purified PCR products (Machery-Nagel 

NucleoSpin® Gel and PCR Clean-up kit) and were considered at 100% for the gene 

expression calculations. All reactions were performed on a Bio-Rad Real-Time thermal 

cycler CFX96 with the following protocol: 95 °C for 3 mins; 40 cycles of 95 °C for 10 s, 

60 °C for 15 s. Fluorescence was recorded after each cycle and melting curve analysis was 

performed from 65 °C to 95 °C. Reference genes were selected based on a low coefficient 

of variation of expression reported in literature and uniform expression for all cDNA 

samples for each of the above-described experiments. NCED3 transcript abundance for the 

one week severe WD experiment was previously reported (Cochetel et al., 2020).  

 

Western Blots 

Proteins were extracted as previously described with chloroform/methanol (Wessel and 

Flügge, 1984) for one week severe WD samples and in 2x laemmli buffer for rapid 

dehydration samples. Total protein extracts were quantified with the Pierce BCA Protein 

Assay Kit (Thermo Scientific) according to the manufacturer’s instructions. Total protein 

extract (35 µg) was loaded on 12.5% TGX stain-free polyacrylamide gels (BioRad) with 5 

µL of precision plus all blue standard ladder (BioRad) and a CS Control IRC (35 µg) spiked 

with 15.75 ng of NCED3 peptide standard (Pacific Immunology) that acted as a positive 

control. The inter-run caliber (IRC) (a CS Control leaf sample loaded on every gel for the 



 

 

320 

severe one-week WD samples and a CS Control two-hour sample for the rapid dehydration 

samples) had 2 kDa positive control peptides (peptides the antibodies were designed 

against) added to confirm antibody specificity and activity for each western blot. The 

addition of the peptides did not interfere with the detection nor quantification of the 67 kDa 

NCED3 band in the IRC or other samples. Proteins were transferred onto a PVDF 

membrane (BioRad) using a Trans-Blot Turbo (BioRad) and imaged with a Chemidoc 

(BioRad) for total protein (Taylor and Posch, 2014). Membranes were blocked and probed 

with NCED3 (rabbit) primary antibodies (each 1:1000) (a 1:1 mix of antiNCED3.1 and 3.2 

(Pacific Immunology)) followed by goat anti-rabbit-HRP (BioRad) secondary antibody 

(1:1000). Antibody (antiNCED3.1, antiNCED3.2, and antiNCED3.3) target sequences 

were determined to be NCED3 specific relative to the other CS NCEDs via BLAST, unique 

from each other, and present in available Vitis genomes (PN40024 (Canaguier et al., 2017), 

CS (Minio et al., 2018), and RI (Girollet et al., 2019)). Antibody detection was linearly 

related to the amount of protein loaded and deemed to be sufficient for relative 

quantification of protein amount. ECL-Spray (Advansta) was applied uniformly to the 

membrane, and the membranes were imaged with a Chemidoc (BioRad) for 12 secs. 

NCED3 protein in samples was quantified in ImageLab (BioRad) relative to the IRC ran 

on each gel and normalized to a fragment of total protein free of transfer artifacts from a 

StainFree membrane image (Taylor and Posch, 2014). Several postulated NCED3 

degradation/cleavage products or subunits were also detected as previously (Endo et al., 

2008; Kalladan et al., 2019; Tan et al., 2001), but only the 67 kDa band was used for 

relative quantification. To summarize, relative NCED3 protein abundance was quantified 
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using western blots with internal NCED3 peptide standards and StainFree membrane 

normalization using an IRC loaded on each gel (Taylor and Posch, 2014). 

 

Statistical analysis 

Statistical analysis was performed comparing multiple means including one-, two-, three-, 

and four-way ANOVAs after assumptions were met. Non-normal data were box-cox 

transformed to meet normality and homoscedastic assumptions (Fox, 2020). Post Hoc tests 

were performed with Tukey’s Test HSD for comparisons between species, treatments, and 

time points after assumptions were met. Asterisks indicate statistical significance from 

ANOVA (* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001). Letters indicate statistical 

significance between the multiple comparisons. The error rate a = 0.05 was used in all 

comparisons. Statistical analyses and all other R-based analyses were performed using R 

version 3.6.3 in RStudio version 1.2.13335 (R Core Team, 2018). 

 

 

5.3 Results 

Grapevine organs and species differ in ABA and related metabolite concentrations 

during one and two weeks of moderate WD  

ABA and ABA-related metabolites (ABA-GE, PA, DPA, NeoPA, and 7’OH ABA) were 

quantified (Gouthu et al., 2013) from leaf and root samples (Figs. 1 and 2) collected from 

a previous experiment (Cochetel et al., 2020). Briefly, CS, RA, RI, and SC were subjected 

to one- or two weeks of well-watered Control or a natural dry down moderate-water deficit. 
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The moderate WD was defined by stem water potentials of -0.26 ± 0.02 to -

0.32 MPa ± 0.02 after one and two weeks of Control treatment and -0.49 ± 0.04 MPa to -

0.82 ± 0.06 MPa after one and two weeks of WD, respectively (Cochetel et al., 2020).  

After two weeks of WD, ABA and its related metabolites were significantly more 

abundant in the leaves and roots of the four species relative to the average control (Figs. 

1and 2). The term “significant” will be used in this work to mean statistically significant at 

a p-value of 0.05 or less. Strikingly, only RA showed an early significant ABA 

accumulation in response to WD in the leaves after just one week of treatment (Fig. 1 top 

left panel). RA leaves and roots had 3-fold and 6-fold higher respective average [ABA] 

than those of the drought-sensitive RI (Fig. 1). After two weeks of treatment, RA retained 

higher [ABA] compared to RI (and SC), while CS had more variable and intermediate 

[ABA] (Fig. 1). Unlike in the leaves, the significant accumulation of ABA in the roots at 

two weeks of WD was not different among the different species. On average for all species, 

the ABA accumulation at two weeks of WD resulted in 3-fold more ABA in the leaves 

than roots. As a general rule, [ABA] can be ranked by species during moderate WD as RA > 

CS > RI > SC in both leaves and roots. 

 Consistent with [ABA], [ABA-GE] followed similar accumulation patterns as ABA 

in response to two weeks of WD with RA having higher concentrations in the roots and 

leaves (Fig. 1). RA was the only species to have significantly higher [ABA-GE] in response 

to two weeks of WD in the roots (Fig. 1). [ABA-GE] was significantly higher than [ABA] 

in leaves and lower than [ABA] in the roots (Fig. 1) for all species per treatment per week. 

 ABA catabolites (7’OH-ABA, NeoPA, PA, and DPA) also demonstrated distinct 

high accumulations in RA at one week of WD in the roots and both organs after two weeks 
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of treatment (Fig. 2). The other species had intermediate or lower [ABA catabolites] (Fig. 

2). [ABA catabolites] were comparable between the organs at one week of WD, but [ABA 

catabolites] were generally higher in leaves than roots at two weeks of treatment (Fig. 2). 

For example, RA had > 10-fold increase in [PA] in leaves relative to roots at two weeks of 

WD. RA was the only species that had significantly increased concentrations of all four 

ABA catabolites in both organs in response to WD (Fig. 2).  

Like [ABA] and [ABA-GE], all [ABA catabolites] increased in response to the 

moderate WD with RA > CS > RI ≥ SC (Fig. 2), but there were clear differences in the use 

of the catabolite pathways in grapevines. As expected, the products of the main ABA 

catabolic pathway, [DPA] and [PA] (Nambara and Marion-Poll, 2005), were much higher 

than [7’OH ABA] and [NeoPA] (Fig. 2). Interestingly, [PA] was higher than [DPA] in WD 

leaves. However, the reverse was true in WD roots, where [DPA] was equivalent to or 

higher than [PA]. The minor catabolite, NeoPA, had very low concentrations relative to 

the other catabolites (Fig. 2). 

To further understand ABA metabolism in the plant as a whole, the distribution of 

ABA and ABA-related metabolites was examined for the whole plant. “Total ABA 

Metabolites” will be defined as the sum of the leaf and root total [ABA] and [ABA-related 

metabolites] (Supplemental File 1A for whole plant or Supplemental File 1B for individual 

organ). [ABA] and each [ABA-related metabolite] per organ was also divided by the 

summed [Total ABA Metabolites] per whole plant to estimate the percentage that each 

metabolite represented in the whole metabolic pathway (Supplemental File 2).  

This approach revealed the same patterns as looking at the [metabolites] 

individually: RA had an earlier accumulation of [Total ABA Metabolites] at one week of 
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WD and retained higher [Total ABA Metabolites] than the other species at two weeks of 

treatment. On a whole plant basis, there were significant increases in [Total ABA 

Metabolite] by two weeks of treatment (Supplemental File 1A) providing evidence for an 

increase in ABA biosynthesis along with other metabolism pathways. Total ABA 

Metabolite distribution at week one of WD was less clear and may indicate that changes in 

ABA metabolite concentrations were the result of redistribution of ABA (e.g. conjugation, 

catabolism, and/or transport). Generally, leaves and roots had comparable [Total ABA 

Metabolites] at one week of treatment, but leaves had 2 to > 10-fold higher [Total ABA 

Metabolites] than roots at two-weeks of WD. Altogether, ABA metabolism in RA appears 

to respond earlier and more significantly than in the other species.  

ABA-GE represented the major portion of the leaf ABA metabolites in Controls in 

the first week (Supplemental File 2). However, after one week of WD, RA leaves uniquely 

had a significant decrease in the proportion of ABA-GE, indicating ABA metabolism was 

shifted from ABA-GE to other ABA metabolites such as ABA and DPA. The proportion 

of ABA-GE in WD roots at week two decreased relative to Control in all of the species 

except for CS, which was proportionately low relative to the other three species 

(Supplemental File 2). ABA and ABA-GE in the roots, in general, were a much smaller 

proportion of Total ABA Metabolites than DPA. These changes indicate that ABA 

metabolism was dependent upon the species, the organ, and the duration of the water deficit.  

To further evaluate the range of [ABA] and [ABA metabolites] between the species, 

the WD:C ratios of [ABA] and [ABA metabolites] were investigated (Fig. 3). ABA and 

7’OH ABA had the highest z-scores of all the metabolites quantified (Fig. 3). RI leaves at 

one week of treatment had the highest score for WD:C ABA-GE (Fig. 3), indicating ABA-
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GE may have been accumulating in RI WD leaves at this time. The WD:C ABA-GE score 

for RA leaves at week one was about two STD lower than the average WD:C ABA 

metabolite average (Fig. 3), indicating ABA-GE may be deconjugated into active ABA 

and/or downstream catabolites, supporting similar observations from Supplemental File 2. 

ABA-GE also had a negative score for the roots of all species in weeks one and two (Fig. 

3), possibly reflecting ABA activation through this pathway. 7’OH ABA had the highest 

scores for RA roots and leaves at week one and RA and CS roots and leaves at week two 

(Fig. 3) despite 7’OH ABA having lower concentrations than metabolites representing 

catabolism through 8’OH ABA (PA and DPA). The high z-scores for 7’OH ABA in these 

select species and organs may indicate these species redistribute a higher portion of ABA 

catabolism through the 7’OH ABA pathway than the other species in response to WD, but 

this pathway either catabolizes lower [ABA] than that through 8’OH ABA, PA, and DPA 

(Fig. 2) or catabolites are further degraded into compounds not quantified here. 

Alternatively, the high z-scores for 7’OH ABA may be attributed to the large difference 

between root Control and WD [7’OH ABA] averages at week two in RA and CS that result 

in a greater fold difference (38-fold difference) than those of [PA] (6-fold difference) and 

[DPA] (3-fold difference). The differences between the catabolites indicate ABA may be 

preferentially deactivated by different mechanisms in each species in each organ and with 

increasing WD stress. For example, at week two, RA was the only species to have positive 

scores in leaves and roots for PA. Combined with the positive scores for RA leaves and 

roots 7’OH ABA and RA leaves NeoPA scores at week two of treatment, RA appears to 

be catabolizing ABA relative to the other species. 
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One and two weeks of moderate WD significantly increases NCED3 transcript 

abundance 

To investigate ABA metabolism regulation of the four Vitis species in response to WD, a 

targeted re-analysis of a large RNA-Seq dataset was performed using the annotation of the 

most recent diploid grapevine genome, CS clone-8 v1.0 (Chin et al., 2016). The original 

analysis of this dataset was performed with the V2 assembly V2 annotation of the PN40024 

reference genome (Cochetel et al., 2020), but re-analysis was warranted with the release of 

the CS genome that overlapped with the experimental design. CS genes related to ABA 

metabolism (referred to here as “ABA metabolism-related genes”) were identified with the 

protein basic local alignment search tool (BLASTP) using known ABA metabolism 

PN40024 protein sequences as a query. In total, 46 ABA metabolism-related genes were 

identified (Appendix 1). The alleles were classified as alt1 and/or alt2 based on the contig 

origin of this heterozygous genome (primary or haplotig); no haplotype was attributed 

because the phased chromosome-scale assembly for this genome was not available at the 

time (Materials and Methods).  

NCED3 (Fig. 4) was the only significantly increased differentially expressed gene 

(DEG) specifically linked to ABA metabolism in leaves and roots of all four species in 

response to two weeks WD (Appendix 2). NCED3 was also the ABA metabolism-related 

DEG that had the highest average TPM for all WD species’ leaves. NCED3 had the highest 

expression level of the five annotated NCEDs in both leaves and roots at one and two weeks 

of WD in all species with the highest level of expression in RA (Fig. 4). The other NCEDs 

were lowly expressed (Fig. 4), but NCED5 and NCED6 alternatives also had higher 

expression levels in RA for various organ x time point combinations compared to the other 
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species (Fig. 4). Overall, NCED3 appears to be the major ABA metabolism-related gene 

contributing transcripts to downstream ABA biosynthesis during WD.  

 

RA had ABA metabolism-related DEGs in response to one and two weeks of moderate 

WD  

No ABA metabolism DEG stood out as much as NCED3 in the WD response, but many 

other ABA metabolism DEGs were identified (Appendices 3-4) including genes involved 

in ABA biosynthesis (Appendix 1), deconjugation (Supplemental File 4), and catabolism 

(Supplemental File 3). RA leaves and roots had the most ABA metabolism DEGs in 

response to two weeks of WD compared to the other species. For example, in addition to 

NCED3, NCED5 alt2 had significantly higher transcript abundance in RA WD roots at one 

week of treatment than those of the other species (Fig. 4 and Appendix 3) while NPQ1 alt1, 

ABA1 alt1, and AAO3 alt1 were all significantly lower in RA WD leaves at two weeks of 

WD than those of the other species (Supplemental File 3 and Appendix 3). BG1 alt1 and 

alt2 were DEGs in RA WD leaves and roots relative to respective Controls, but neither 

BG1 allele was a DEG in the organs of any other species (Appendix 2). Interestingly, BG1 

alt1 transcript abundance was significantly lower in RA leaves and roots at two weeks of 

WD than those of the other species. At week two, RA WD also had the lowest BG3 alt1 

and BG3 alt 2 transcript abundances in leaves and roots. Finally, CYP707A1 alt1 had 

significantly higher transcript abundance in RA WD leaves at two weeks of treatment than 

those of the other three species (Supplemental File 3 and Appendix 3). 

Organs also showed significant differences in specific ABA metabolism DEGs. For 

example, average ABA1 alt1 transcript abundance over all treatments, times, and species 
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was significantly higher in the leaves than the roots. Contrasting to ABA1 alt1, average 

AAO3 alt1 transcript abundance was significantly higher in roots than that in leaves across 

all species, times, and treatments although lowly expressed. BG1 alt1, BG1 alt2, and 

CYP707A1 alt1 also had higher average transcript abundance in roots than in leaves across 

all species, treatments, and times. 

 

One and two weeks of moderate WD significantly increases ABA transport gene 

transcript abundance  

RA had significantly increased ABCG25 and ABCG40 transcript abundance relative to 

other species after two weeks of WD in leaves and roots (Supplemental File 5). ABCG25 

alt1 was about ~4-fold change higher in RA roots than those of the other three species at 

both time points and significantly higher in RA than CS WD leaves at two weeks of 

treatment. ABCG25 alt2 transcript abundance was also significantly higher in RA WD 

leaves than those of RI and SC at week two (Appendix 3). After one week of WD, RA 

roots had ~8-fold change increase in ABCG40 transcripts relative to those of CS, but 

ABCG40 was not significantly different in Control vs. WD contrasts for either RA or CS 

at week one (Appendix 2). ABA transporter genes ABCG25 alt1 and alt2 and ABCG40 had 

significantly higher average transcript abundance in roots than leaves in all species, weeks, 

and treatments.  

 

ABA metabolite gene transcript abundance may partially explain ABA metabolite 

concentrations 
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Multiple ABA metabolism genes had significantly increased transcript abundance similar 

to the increases observed in ABA metabolites. To more easily compare species response 

to WD and link [ABA metabolites] to upstream transcripts, the average ratio of WD:C 

transformed TPM were expressed as a z-score per ABA metabolism gene group (e.g. 

NCED3, NCED5 alt1 and 2, and NCED6 alt1 and 2 are all represented in the NCED gene 

group) with darker colors indicating a greater difference from the mean ratio of the ABA 

metabolism genes (Fig. 5). RA stands out in this comparison, having the highest score for 

ß-carotene hydroxylases (roots weeks one and two), zeaxanthin epoxidases (roots weeks 

one and two), NCEDs (leaves and roots weeks one and two), AAO3s (leaves week one), 

UDP-glucose glucosyltransferases (leaves and roots week two), ß-d-glucosidases (roots 

week one), and various potential ABA hydroxylases (leaves week one and roots weeks one 

and two) (Fig. 5) that may partially explain the high [ABA] and [ABA-related metabolites] 

observed in RA. RA also had the lowest scores for violaxanthin de-epoxidases (leaves 

week one), xanthoxin dehydrogenases (roots week two), ß-d-glucosidases (leaves week 

two), and ABA aldehyde oxidases (leaves and roots week 2) (Fig. 5). The low score and 

low expression (Fig. 5) of ß-d-glucosidases, as well as the high z-score for UDP-glucose 

glucosyltransferases in RA leaves at week two, may explain the high [ABA-GE] observed 

in RA WD leaves at this time; ABA may be conjugated into ABA-GE but not deconjugated 

allowing [ABA-GE] to increase. The higher [ABA-GE] in RI WD leaves at week one of 

treatment relative to the other species (Fig. 5) and the higher score for ß-d-glucosidase may 

indicate ABA-GE is an important source of ABA for RI in earlier WD response. RI and 

SC had the lowest [catabolites] in the leaves, which is paralleled in the score of the ABA 

hydroxylases.  
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ABA metabolism genes were correlated with multiple WGCNA modules 

WGCNA was performed to identify clusters of genes (modules) associated with the 

different experimental conditions (organ, time, [ABA] and [ABA-related metabolites]) 

(Figs. 6 and 7 and Appendix 4, see Materials and Methods). ABA metabolism-related 

genes were spread across multiple gene modules. In the leaves, 30 WGCNA modules were 

identified (Fig. 6). WD was positively correlated with five modules; lightyellow, darkgreen, 

brown, saddlebrown, and green (Fig. 6). Positive correlations were defined by p-value ≤ 

0.05 and Pearson’s correlation coefficient ≥ 0.25. Generally, the metabolites were 

positively correlated with the same five modules as WD (Fig. 6). The 46 ABA metabolism 

genes were spread across 20 different modules in leaves. However, within these modules 

only lightyellow overlapped with WD, ABA, and the ABA-related metabolites. The 

lightyellow module contained the greatest number of ABA metabolism genes (seven) 

including NCED3 (Eigengene-based connectivity of 0.91), NCED6 alt1 (0.77), and 

NCED6 alt2 (0.70) (Appendix 1). Eigengene-based connectivity (module membership) 

values are between -1 to 1 and measure the correlation of a gene to the eigengene of a 

module; the farther the module membership value is from 0, the more connected or hub-

like the gene is in the module (Langfelder and Horvath, 2008). 

NCED3 was a hub gene in the lightyellow module, being the 15th most correlated 

gene to the eigengene representing this module (referred to as “rank 15”). Hub genes are 

highly connected to all other genes in the module. Disruption of hub genes disturbs the 

gene expression of numerous other genes in a module. NCED3 was closely connected to 

ABA signaling genes in this module including the top 1 gene, HIGHLY ABA INDUCED 1 
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(HAI1) (VvCabSauv08_P0061F.ver1.0.g440640). Other top genes in the lightyellow 

module included RAS-RELATED PROTEIN 18 (RAB18) 

(VvCabSauv08_H0004F_076.ver1.0.g050030; rank 9) (Lång and Palva, 1992), 

HOMEOBOX-7 (HB-7 (VvCabSauv08_P0060F.ver1.0.g439740; rank 12), and PP2C-8 

(VvCabSauv08_P0452F.ver1.0.g610510; rank 14) (Appendix 4). The rank of NCED3 in 

the lightyellow module far exceeded that of any other ABA metabolism gene in any module; 

the second highest ranking gene was UGT71C4 alt2 (rank 90) in the red module (Appendix 

4). In the lightyellow module, NCED6 alt1 was the second highest ranking ABA 

metabolism gene (rank 259) (Appendix 4).  

In the roots, 34 WGCNA modules were identified (Fig. 7). In total, ten modules 

were positively correlated (p-value ≤ 0.05 and Pearson’s correlation coefficient ≥ 0.25) 

with WD (Fig. 7). Among the modules positively correlated to WD, four were also 

positively correlated with 7’OH ABA, ABA, ABA-GE DPA, NeoPA, and PA (Fig. 7 and 

Appendix 4); royalblue, lightgreen, midnightblue, and pink. The ABA metabolism genes 

were spread across 20 modules in the roots. The midnightblue module contained the 

greatest number of ABA metabolism genes (ten) including NCED3 (0.95), NCED5 alt2 

(0.80), NCED5 alt1 (0.75), and NCED6 alt1 (0.65) (Appendix 1). Of all ABA metabolism 

genes and all root modules, NCED3 was the only hub gene corresponding to the 

midnightblue module (rank 19) (Appendix 4). Like in the leaves, NCED3 was closely 

connected to ABA signaling genes in the midnightblue module in the roots; these genes 

included: RD26 (VvCabSauv08_H0024F_036.ver1.0.g115900; rank 1), SEVEN IN 

ABSENTIA OF ARABIDOPSIS 2 (SINAT2) (VvCabSauv08_P0027F.ver1.0.g381860; rank 

6), NAC DOMAIN CONTAINING PROTEIN 47 (NAC047) 
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(VvCabSauv08_P0024F.ver1.0.g368680; rank 7), GALACTINOL SYNTHASE 1 (GolS1) 

(VvCabSauv08_P0018F.ver1.0.g349170 and VvCabSauv08_P0018F.ver1.0.g349150; 

rank 9 and 10, respectively), and Hordeum vulgare L. 22 (HVA22E) 

(VvCabSauv08_P0095F.ver1.0.g483690, rank 16) (Appendix 4). 

To better understand the roles of these genes in the modules, gene ontology 

enrichment was performed using biological process terms for the brown, green, and 

lightyellow modules in the leaves and the midnightblue and pink modules in the roots 

(Appendix 5). These modules were selected for high correlation to WD and the metabolites 

as well as for the number of ABA metabolism genes contained in each module. The gene 

ontology (GO) term “response to endogenous stimulus” was enriched in these modules 

(Appendix 5). All of these modules were enriched for “response to stress” and “response 

to stimulus” GO terms (Appendix 5). All modules except the green module in the leaf 

included the “response to abiotic stimuli” GO term (Appendix 5). The lightyellow module 

in the leaf was enriched for the “biosynthetic process” GO term (Appendix 5), and 

lightyellow had the highest correlation with NCED3 and NCED6 in the leaves (Appendix 

4), supporting this grouping. The ABA metabolism gene functions were enriched with GO 

terms assigned to the modules most correlated with WD and the [metabolites] supporting 

a link between transcript abundance and [metabolite].  

 

[ABA] increased during severe water deficit, but NCED3 protein abundance did not 

To further the understanding of ABA metabolism in the distinct genotypes of this study in 

response to WD, relative NCED3 protein abundance was quantified (Supplemental File 6 

and Appendix 6) in addition to NCED3 transcripts and [ABA] from another experiment 
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that was performed previously (Cochetel et al., 2020). Briefly, the four Vitis species 

underwent a natural dry-down for a week that achieved a lower stem water potential (~ -

1.5 MPa) than that of vines that experienced the two-week moderate WD treatment (~ -0.8 

MPa). RI was majorly impacted by this severe WD; the majority of RI shoots withered and 

died (Cochetel et al., 2020). Shoots of the other species wilted. Only surviving vines were 

used in subsequent analyses.  

Previously (Cochetel et al., 2020), it was found that NCED3 transcript abundance 

(NRQ) was significantly increased in response to WD in all species except for the surviving 

RI; RA and CS had the highest NCED3 NRQ in the leaves and roots in response to WD. 

While CS Control leaves and RA Control and WD leaves had significantly higher relative 

NCED3 protein than respective roots (Supplemental File 6), unexpectedly there was no 

significant difference of NCED3 relative protein abundance between the treatments or 

species (Supplemental File 6) using the 67 kDa band corresponding to the complete 

NCED3 protein. 

[ABA] after one week of severe WD increased and was comparable to those of two 

weeks of moderate WD (Figs. 1 and 8). The [ABA] of all WD treated leaves, except those 

of RI were significantly different from respective Control (Fig. 8), which paralleled 

NCED3 NRQ (Cochetel et al., 2020). RA leaves had a significantly higher [ABA] than 

those of RI and SC in response to WD, which was also observed in the NCED3 NRQ. 

Additionally, RA was the only species to have significantly higher [ABA] in both the 

leaves and the roots in response to WD (Fig. 8). The similarity in [ABA] between the week-

two moderate and one-week severe WD experiments indicated that ABA metabolism was 

dependent on severity and duration of WD stress.  
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Rapid dehydration increases NCED3 transcript abundance and [ABA] but does not 

affect NCED3 protein abundance 

A WD time course experiment was conducted to examine NCED3 transcript abundance, 

relative NCED3 protein abundance, and [ABA] in response to rapid dehydration WD. As 

all vines from previous experiments were submitted to the same treatments for the same 

long-term duration, there may have been a limited range of responses revealed in the 

previous experiments. Transcript abundances can change within seconds/minutes/hours in 

response to stimulus (Crisp et al., 2017; Kollist, 2019; Pleiss et al., 2007), and the week(s) 

duration of previous experiments lacked insight into short-term changes. To address the 

limited range of WD and long-term duration in the previous experiments, a third 

experiment was performed to expose detached leaves to rapid dehydration or continual 

petiole irrigation under controlled conditions for 2, 4, 8, and 24 hours. SC was not used in 

this experiment.  

 Throughout the rapid dehydration experiment, WD leaves had significantly lower 

stem water potential and lost significantly more water than Control leaves (Appendix 7). 

As expected, both stomatal conductance (Gs) and photosynthesis (Ps) were significantly 

reduced over the course of the WD treatment (Appendix 7). Leaf water potential and 

calculated turgor pressure (Tyree and Hammel, 1972) were also significantly reduced in 

the WD treated leaves (Appendix 7) although the osmotic potential was not commonly 

affected by the short-term rapid dehydration. Per time point per treatment, there was no 

significant difference between the leaf water potential, indicating all species were 

experiencing the same level of stress. RA was the only species to significantly maintain Ps 
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and Gs despite a significant reduction in leaf water potential after two hours of rapid 

dehydration (Appendix 7).  

 NCED3 transcript abundance increased for all species in response to the rapid 

dehydration (Fig. 9). Average RA NCED3 transcript abundance was highest after two 

hours of rapid dehydration, but RA rapid dehydration NCED3 transcripts at two hours of 

treatment were not significantly different than any other time point of rapid dehydration 

(Fig. 9 and Appendix 8). NCED3 NRQ was much lower in RA than CS rapid dehydration 

leaves (Fig. 9 and Appendix 8). Surprisingly, NCED3 transcript level stayed constant in RI 

leaves throughout the rapid dehydration leaves (Fig. 9 and Appendix 8).  

[NCED3 protein] (67 kDa corresponding to the complete protein) was not 

significantly different for any species in Control or rapid dehydration WD at any time point 

(Supplemental File 6). The NCED3 relative abundance similarity between Control and WD 

leaves in the rapid dehydration was comparable to those observed in the one-week severe 

WD experiment.  

[ABA] increased in response to short-term rapid dehydration WD (Fig. 9). CS WD 

experienced a general increase in [ABA] with time like CS WD NCED3 transcript 

abundance (Fig. 9). RA WD had the lowest [ABA] of the WD treated species at all times; 

RA WD was only significantly different from RA Control after 24 hours of treatment (Fig. 

9 and Appendix 8). RA [ABA] paralleled RA NCED3 transcript abundances (Fig. 9), which 

surprisingly did not increase as much as CS during this short-term WD treatment. RI WD 

had the highest [ABA] of the WD species at four and eight hours of treatment and steadily 

increased with time (Fig. 9 and Appendix 8). Of note, RI WD [ABA] did not follow the 

same trend as RI WD NCED3 transcript abundance (Fig. 9), which remained relatively 
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constant throughout the stress. This observation may indicate RI is relying on a different 

source of ABA (like ABA-GE deconjugation) more than the other species under short-term 

rapid dehydration. Although the WD species were experiencing the same level and duration 

of stress and having similar physiological responses (Appendix 7), each species displayed 

unique ABA metabolism responses via NCED3 transcript abundance and [ABA] (Fig. 9 

and Appendix 8). NCED3 transcript abundance and [ABA] during short-term rapid 

dehydration did not display the same responses as the longer-term moderate and severe 

WD, indicating ABA metabolism is highly dependent not only on organ and species but 

also on stress severity and duration.  

    

 

5.4 Discussion 

Higher NCED3 transcript abundance is a core WD response in Vitis 

Overall, this work highlights differences in transcripts, a protein, and metabolites in the 

ABA metabolism pathway in two organs of four Vitis species in response to WD. Various 

[ABA] and [ABA metabolites] (Figs. 1-3 and 8-9) were in part explained by corresponding 

changes in upstream transcript abundances (Figs. 4-7 and Supplemental Files 3-5). 

Throughout these experiments, NCED3 stood out as a key WD response gene in both leaves 

and roots of the four grape species selected for their distinct drought tolerance previously 

observed (Cochetel et al., 2020; Fort et al., 2017; Pavlousek, 2011; Saritha et al., 2017; 

Suarez et al., 2019). From the WGCNA, two modules contained the most ABA metabolism 

genes in the leaves and roots (Appendix 1) and were most correlated to WD and the [ABA-
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related metabolites]. NCED3 was the sole ABA metabolism hub gene (Appendix 4) in 

these modules. Additionally, NCED3 transcript abundance increased in all WD 

experiments described here regardless of severity, duration, organ, and even species. 

NCED3 was also identified as a key transcript in WD response previously (Sussmilch et 

al., 2017) and is well described to increase during water stress in plants (Liu et al., 2016; 

Qin and Zeevaart, 1999; Tan et al., 1997). In addition to ABA metabolism and signaling 

genes, the NCED3-containing modules include numerous genes involved in plastid 

function like plastid transkelotases and the chloroplastic 50S ribosome subunit as well as 

aquaporins, ion transporters, ascorbate oxidase, galactinol synthase, and cysteine and sulfur 

regulatory genes, which have known associations to ABA (Batool et al., 2018; Bittner et 

al., 2001; Lamarque et al., 2019; Li et al., 2020) (Appendix 4).  

Only one NCED3 allele was detected in the CS v1.0 and later in the CS v1.1 genome 

using available protein BLASTP. However, a second allele 

(VvCabSauv08_v1_Primary000127F: 1106359..1108727) was found with manual 

curation using only the alternative contig in the CS v1.1 genome. The two NCED3 alleles 

share 99% identity determined by Clustal Omega alignment, and therefore the transcript 

abundance for this gene was representative of both alleles.  

 

Leaves and roots differ in NCED3 transcript abundance, NCED3 protein levels, 

[ABA], and [ABA-related metabolite] 

The primary site of ABA biosynthesis (leaves versus roots), as well as the initial site and 

signal to trigger a stress response during WD, has been a controversial topic (Carvalho et 

al., 2016; Christmann et al., 2007; McAdam et al., 2016). Recently, a small root-sourced 
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signaling peptide, CLE25, was identified in Arabidopsis thaliana that controls stomatal 

closure via ABA biosynthesis in the leaves (Takahashi et al., 2018). However, there is no 

orthologous peptide in many species including grapevine, and the subtleties of WD 

detection in roots and shoots as well as the identities of long-distance signaling molecules 

(including ABA itself) remains elusive.  

Leaves and roots had different levels of ABA metabolism-related transcripts (Figs. 

4 and 5 and Supplemental Files 3-5 and Appendices 2-3), NCED3 protein (Supplemental 

File 6), ABA, and ABA-related metabolites (Figs. 1, 2, 8, and 9) in these experiments. 

Additionally, the leaf and root NCED3-containing modules did not contain the same ABA 

metabolism genes, indicating a difference in ABA metabolism and signaling in leaves and 

roots as observed previously in grapevine (Khadka et al., 2019; Rossdeutsch et al., 2016) 

and other plant species (Gu et al., 2019; Ksouri et al., 2016; Min et al., 2020; Yang et al., 

2020). However, whole organs were used for these analyses. Specific cell types like the 

guard cell (Assmann and Jegla, 2016) or root endodermis (Duan et al., 2013) have 

specialized responses to ABA and likely have unique regulation of NCED3 and ABA 

metabolism, each of which requires further investigation in these grapevines. 

In both the moderate and severe WD experiments, leaves generally had a higher 

abundance of NCED3 transcripts and [ABA] than roots as was expected (Cornish and 

Zeevaart, 1985; Correia et al., 2014; Hu et al., 2016; Lovelli et al., 2012; Manzi et al., 

2015). Leaves also had higher [NCED3 protein] than roots in the severe WD experiment. 

The differences in NCED3 transcripts, NCED3 protein, [ABA], and [ABA-related 

metabolite] between leaves and roots may reflect different sensitivity to ABA between the 

organs as implied previously (Correia et al., 2014; Finkelstein, 2013). It is likely the [ABA] 
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threshold to elicit a specific ABA response is organ-specific (Rattanakon et al., 2016) and 

may involve ABA and/or ABA-related metabolite transport between organs. Previously, 

exogenous application of ABA was demonstrated to greatly affect transcriptomic signaling 

within berries, shoot tips, leaves, roots, and cell culture with no one gene demonstrating 

the same change in transcript abundance across all organs (Rattanakon et al., 2016). Organ-

specific sensitivity to other hormones has also been previously described. For example, 

exogenous [µM] of auxin stimulates leaf and shoot expansion but inhibits root elongation 

(Chadwick and Burg, 1967; Evans et al., 1994). Gibberellins similarly demonstrated organ 

specificity with high concentrations biosynthesized in the stamen from which lower 

concentrations are transported out to support other floral organ development like the petals 

(Hu et al., 2008).  

ABA, like gibberellins, is biosynthesized (Holbrook et al., 2002; McAdam and 

Brodribb, 2018; Zhang et al., 1987) and transported throughout a plant (Kuromori et al., 

2018). ABA transport from vascular cells into guard cells is well documented with several 

identified transporters (ABCG40 (Kang et al., 2010), ABCG25 (Kuromori et al., 2010), 

ABCG22 (Merilo et al., 2015), ABCG30, ABCG31 (Kang et al., 2015), AIT2, and AIT1 

(Léran et al., 2020)). There is evidence that root ABA may be in part shoot sourced (Ernst 

et al., 2010; Goodger and Schachtman, 2010; Ikegami et al., 2009), and ABA transport into 

the root has been described (Ikegami et al., 2009) in addition to ABA-vascular unloading 

and transport into guard cells (Kuromori et al., 2010) and endosperm-ABA unloading into 

the seed embryo (Kang et al., 2015). In the moderate WD experiment, ABCG25 and 

ABCG40 had higher transcript abundance in roots than leaves for all species, treatments, 

and time points (Supplemental File 5), indicating possible ABA phloem unloading and 
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ABA transport into the roots. ABCG25 is predominantly expressed in phloem companion 

cells in Arabidopsis thaliana (Brady et al., 2007; Kuromori et al., 2010), indicating ABA 

is transported down through the plant. ABCG25 transcripts accumulated in Arabidopsis 

thaliana roots in response to salt stress (Winter et al., 2007), and when GFP was expressed 

under a 2.0 kb AtABCG25 promoter, a signal was observed in the root in the presence of 

10 µM ABA (Kuromori et al., 2014). AtABCG40, responsible for importing ABA into 

guard cells, also plays a role in lateral root development and is expressed in primary and 

lateral roots in addition to being crucial for stomatal function (Kang et al., 2010).  

ABA-GE was highly abundant during the moderate WD (Fig. 1) as was expected 

(Hansen and Dörffling, 1999). However, ABA-GE transport regulation remains unresolved. 

Leaves had significantly higher [ABA-GE] than roots in the moderate WD experiment (Fig. 

1), but the organs may have different requirements for this metabolite (Acanda et al., 2020; 

Manzi et al., 2015; Thameur et al., 2011). BG1 had significantly higher transcript 

abundance in roots than leaves for the majority of species for both treatments and times in 

the moderate WD experiment (Supplemental File 5), indicating the possible importance of 

ABA-GE deconjugation in the roots. Despite low membrane permeability (Baier et al., 

1990) and attempts to identify an ABA-GE transporter (Kang et al., 2010), this potential 

ABA transport pathway remains unsolved. ABA-GE transport may be one source of shoot-

derived ABA in roots that has not been well characterized (Kuromori et al., 2018). 

 

Grapevine species differ in physiological and biochemical responses to WD 

In these experiments, species had distinct biochemical regulation of ABA. CS generally 

had the most variable physiological measurements (Cochetel et al., 2020), NCED3 
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transcript abundance, [ABA], and [ABA-related metabolites] in response to the various 

water deficit experiments. In all experiments, RI quickly closed stomata (Cochetel et al., 

2020) and remained at this new homeostasis throughout the WD while having a small 

increase in ABA metabolite-related transcripts and [ABA] relative to CS and RA. SC 

demonstrated a similar biochemical response to RI with lower transcript and metabolite 

levels. In the moderate and severe WD experiments, RA had higher [ABA] in both leaves 

and roots relative to the other species (Figs. 1, 2, and 8). RA also had the highest NCED3 

transcript abundance in moderate and severe WD treatments (Fig. 4) (Cochetel et al., 2020). 

Additionally, RA had the highest levels of NCED3 transcripts (Fig. 4) and [ABA] (Fig. 1) 

at the earliest time point during the moderate WD, indicating RA may be the most sensitive 

(earliest to respond) of the species investigated for long-term WD detection. RA 

maintained higher physiological function during the moderate and severe WD (Cochetel et 

al., 2020) despite higher levels of ABA than the other species (Figs. 1 and 8). RA also 

maintained stomatal conductance longer during rapid dehydration (till 2 hours) than the 

other species despite comparable levels of stress, [ABA], and NCED3 transcript abundance 

at this time. These observations indicate RA may be less sensitive to [ABA] over time in 

terms of physiological response (like stomatal closure) or RA may be enacting changes 

that better allow RA to function under WD (e.g. suberization or modified hydraulic 

conductance) relative to the other species as described in wheat (Guóth et al., 2009; 

Thameur et al., 2011) and other plants (Mamrutha et al., 2017; Mohamed et al., 2020; 

Tombesi et al., 2015). Several aquaporin genes display differential and unique responses 

to water deficit in RA leaves (Appendix 2). Genes involved in cysteine biosynthesis and 

metabolism are also constitutively higher in the roots of RA (Cochetel et al., 2020); thus, 
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linking the gene expression and physiological responses to known ABA effectors that were 

not investigated here. The physiological and sensitive transcriptomic response that occurs 

at milder longer-term WD in RA indicates RA may be able to take advantage of moderate 

or longer-term WD by maintaining open stomata longer than the other species despite 

decreasing water availability.  

Drought tolerance is the ability of a vine to sustain physiological activity while 

minimizing or repairing damage during WD (Gambetta, 2016). The drought tolerance of 

plants is associated with stomatal behaviors in response to WD and resultant use or 

preservation of available water. Grapevine responses to WD are characterized as belonging 

to a spectrum of stomatal reactions in WD ranging from isohydric to anisohydric (Sade and 

Moshelion, 2014). Isohydric species maintain a relatively constant leaf water potential 

through early stomatal closure during WD (Tardieu and Simonneau, 1998) like RI. 

Anisohydric species experience decreasing leaf water potential and maintain open stomata 

during WD (Tardieu and Simonneau, 1998) like RA. It is possible the iso- and aniso-hydric 

behaviors are controlled by different mechanisms (chemical and/or hydraulic regulation) 

altogether, by different mechanisms for different WD severities (moderate versus severe), 

or by different mechanisms at different time points (initial versus long-term) during a 

drought (Tardieu and Simonneau, 1998). Isohydric behavior is often considered 

advantageous for conferring drought tolerance (Gerzon et al., 2015; Sade and Moshelion, 

2014; Schultz, 2003; Tardieu and Simonneau, 1998). However, by the definition of drought 

tolerance (Gambetta, 2016), it may be worth reconsidering the association of isohydric 

grapevines with drought tolerance in favor of connection to drought avoidance. A vine that 

can maintain stomatal aperture (i.e. anisohydric), photosynthesis, and other physiological 
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functions under decreasing water availability like RA may be considered more drought 

tolerant than a vine that shuts down early when experiencing stress like RI. Overall, ABA 

biosynthesis appeared to be a WD response that differentiated the species. The time frames 

investigated in these experiments emphasize the ABA metabolism and WD response of the 

different species depends on the duration and severity of stress. WD experiments must be 

designed and compared to each other very carefully for this reason. More time points 

should be investigated in the future to better understand differences in short- and long-term 

WD and the transition between them in terms of ABA metabolism. 

 

The rapid dehydration response varies and is inconsistent with previous dehydration 

responses  

Previously, a similar rapid dehydration experiment was performed (Hopper et al., 2014). 

The average water lost at two (-0.139 ± 0.022 g) and four (-0.122 ± 0.012 g) hours of rapid 

dehydration treatment were comparable to the previous experiment after two (~ -0.1 g) and 

three (~ -0.14 g) hours of a similar rapid dehydration treatment. However, in a second 

similar rapid dehydration experiment where microarray transcript quantification was 

performed, but water loss was not quantified, NCED3 transcript abundance showed 

different expression patterns in CS, RA, and RI than were observed here (Hopper et al., 

2016). These differences may be real or due to different transcriptomic technologies. 

Microarray data are often subject to cross-hybridization of the probes and can be less 

reliable, such as the probe for NCED3 (VIT_19s0093g00550), which may cross-hybridize 

(Ghan et al., 2015). The [ABA] curve of RI in the current rapid dehydration assay mirrored 

that of the NCED3 transcript curve that was previously observed and was expected in this 
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experiment. The minor increase in RA and RI NCED3 transcript abundance at 24 hours of 

treatment was the most distinct difference between this and the previous experiment. In 

addition to the differences in technology, this distinction may be a result of differences in 

the age of leaves selected, the time of year, time of day, or even different experiences the 

plants had with WD in the past (Walter et al., 2011). Control NCED3 transcript abundance 

was comparable for all species and time points between this and previous experiments.  

 

 

NCED3 protein concentration was not changed by WD 

Despite differences in ABA biosynthesis transcripts and [ABA], [NCED3 protein] was 

generally constant for all species, treatments, and time points. Few studies consider 

NCED3 protein levels (Endo et al., 2008; Hu et al., 2016; Kalladan et al., 2019). It is 

possible NCED3 protein sequence variation (Appendix 6) contributes to the observed 

differences in ABA accumulation in the species or NCED3 may have distinctive activity 

in the different species like in Arabidopsis accessions (Kalladan et al., 2019). In peanut, 

authors mention increased ABA with a parallel increase in NCED3 protein (Liu et al., 

2016), and in Arabidopsis lower NCED3 correlated to lower [ABA] in at least one 

transgenic line (Kalladan et al., 2019), but this correlation was not observed in grapevine 

under these WD experiments using the 67 kDa complete NCED3 protein. This relationship 

may be organ, stress, or time-specific. NCED3 activity has previously been screened 

(Schwartz et al., 2003), but a correlation between transcripts and protein was not made.  

Previous proteomic studies investigating highly WD responsive proteins have not 

yet singled out NCED3 (Alvarez et al., 2013; Chen et al., 2019; Lima et al., 2019; Riccardi 
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et al., 2004; Tamburino et al., 2017), despite the importance of NCED3 in WD response 

and ABA metabolism. Recently, an Arabidopsis thaliana proteome database was released 

examining gene expression and [protein] across organs (Mergner et al., 2020a) and 

development (Mergner et al., 2020b), but no such resource has been developed for abiotic 

stress response yet. It is also likely post-translational modifications including cleavage play 

an important role in NCED3 activity (Endo et al., 2008), but NCED3 post-translational 

modifications are not well described at this time (Cruz et al., 2019). To the best of the 

author’s knowledge, no other study examining transcript, protein, and metabolite 

concentrations has been performed in grapevine that includes NCED3 and ABA at this 

time.  

 

Other factors and regulatory mechanisms may impact ABA metabolism 

Three levels of ABA regulation were examined in this study. However, numerous other 

steps may impact [ABA], [ABA-related metabolite], and the physiological responses a 

plant has to WD. For these reasons, the response of a plant to a short, long, moderate, or 

severe WD may be vastly different. Many levels of the biochemical regulation of WD 

response and ABA biosynthesis require characterization. NCED3 has uncharacterized 

phosphorylation and other potential post-translational modifications that may affect 

activity or localization (Endo et al., 2008; Heazlewood et al., 2008; Tan et al., 2001). 

NCED3 may also interact with other proteins with unknown consequences. Alternative 

splicing and alternative 3’UTR usage may affect transcript function, lifetime, and 

localization may potentially significantly impact or optimize a WD response based on the 

severity and duration of the stress (Chakrabarti et al., 2018; Potenza et al., 2015; Vitulo et 
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al., 2014). Signal peptides like CLE25 (Takahashi et al., 2018), miRNA (Pagliarani et al., 

2017), siRNA (Jung et al., 2016), and other regulatory molecules likely play important 

roles in ABA metabolism and WD response and require further investigation.  

Lastly, grafting interactions may affect ABA metabolism, signaling, sensitivity, 

and physiological responses to WD. Traditionally, grapevines are cultivated by grafting a 

desirable fruit-bearing scion onto an adventitious rootstock selected based on 

environmental conditions. Grafting enables desirable traits of a rootstock like disease 

resistance or salt tolerance to be conferred to the scion (Albacete et al., 2015). Previously, 

grafting was not found to affect the physiological response of grapevine to a short WD 

(Barrios-Masias et al., 2019). However, grafting has indisputable effects on both the 

rootstock and scion (Cookson et al., 2013; Holbrook et al., 2002; Kundariya et al., 2020; 

Pagliarani et al., 2017), and the molecular effects grafting may have on ABA metabolism 

and WD response remain unresolved.  

In conclusion, ABA biochemistry was investigated at three levels of regulation 

(transcript, protein, and metabolite) across three experiments of varying severity and 

duration in the leaves and roots of four grapevine species. RNA-Seq analysis and 

metabolite quantification demonstrated ABA metabolism was a major WD response. 

ABA-related metabolites could in part be explained by upstream ABA metabolism-related 

gene transcript abundances. Gene expression profiling, DEA, WGCNA, GO enrichment 

analysis, and RT-qPCR supported NCED3 as a key WD response gene. NCED3 was a 

highly expressed DEG in response to WD in leaves and roots of all four species. NCED3 

was also the only ABA metabolism-related gene identified as a hub gene in WGCNA 

modules corresponding both to WD and the ABA-related metabolites. Finally, NCED3 was 
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supported as a hub gene in GO by the presence of biosynthetic and abiotic stress response 

GO terms in the WD and metabolite correlated modules. Western blots demonstrated 

NCED3 protein abundance did not appear to change in response to WD, indicating that 

protein activity may be different from protein abundance. There was unique and specific 

ABA metabolism regulation and WD response that occurred in the leaves and roots. 

Grapevine species demonstrated a spectrum of physiological, biochemical, and metabolic 

responses to different WD conditions. These responses depended on the duration and 

severity of WD. RA responded earlier to long-term WD with higher NCED3 transcripts 

and [ABA] while maintaining physiological activity longer at the cost of water availability. 

During long-term WD, RI generally experienced a smaller increase of NCED3 transcripts 

and [ABA], which were maintained at a constant level throughout the stress in parallel with 

quick closing stomata. NCED3 transcript abundance did not mirror [ABA] in all species 

during short-term WD, indicating the species have distinct ABA metabolism responses to 

different WD severities and durations. Thus, this study shows that ABA metabolism and 

regulation in grapevine species is variable and complex. Additional studies are needed to 

further elucidate the regulation of ABA metabolism to produce better more drought-

tolerant crops. 
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Figure 1: ABA and ABA-GE concentrations after one- and two-weeks of moderate 
WD. ABA (left) and ABA-GE (right) concentrations (pmol·mg DW-1) in leaves (top) and 
roots (bottom) after one- and two-weeks of Control (Ctrl) or WD treatment. Control 
represented for all species per organ per time; there was no significant difference between 
Control species per organ per week. Two-way ANOVA Tukey’s HSD (p ≤ 0.05) letters for 
each metabolite per organ per week. Black corresponds the Control values for all species. 
Pink, orange, blue and purple correspond to CS, RA, RI, and SC respectively. Each point 
represents an individual measurement. n = three-five individual vines. 
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Figure 2: ABA catabolite concentrations after one- and two-weeks of moderate WD. 
7’OH ABA, NeoPA, PA, and DPA (left to right) concentrations (pmol·mg DW-1) in leaves 
(top) and roots (bottom) after one- and two-weeks of Control (Ctrl) or WD treatment. 
Control represented for all species per organ per time; there was no significant difference 
between Controls per species per organ per week. Two-way ANOVA Tukey’s HSD (p ≤ 
0.05) letters for each metabolite per organ per week. Black corresponds the Control values 
for all species. Pink, orange, blue and purple correspond to CS, RA, RI, and SC respectively. 
Each point represents an individual measurement. n = three-five individual vines. 

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

a
a

aa a

●●● ●●●●● ●●●●●●●● ●●

●

●
● ●

●

●

●

●●

●

●
●●●

●

●
●
●●

d

ab

bc
a

c

0.25

0.50

0.75

1.00

0
30
60
90

●
●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

● ●
●

●

●

●

●

●

●

●

●
●

●
●

●

a

a a

a

a

●● ●●● ●●●●● ●● ●●●●●●

●●

●

●

●

●
●

●

●
●

●
●
●

●

●●●

b

a

a
a ab

0.00
0.25
0.50
0.75
1.00

0
5

10
15

●

●

●●

●
●

●

●

●

●

●

●

●

●

●

●

●● ●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

a a

a
a

a

●●●●● ●●● ●●
●
●●●●● ●●

●

●
●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●●

c

ab

bc

a

bc

0.05
0.10
0.15
0.20

0.0
0.5
1.0
1.5
2.0

●●●
●
●●

●

●
●
●
●●●
● ●

●
●

●

●

●

●

●

●●

●

●

●

●

●

●
●
●

b b b

a

b

●
●

●●
●

●●
●●

●
●

●
●● ●●

●
● ●

●

●

●
●

●

●

●

●

●●

●

●

●

●

●
●

●

b

a

a

a ab

0.05
0.10
0.15
0.20

0.1
0.2
0.3
0.4

●●●

●●

●

●

●

●
●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

a

a
a

a a

●
●

●●
●

●●●● ●●●● ●●●●●

●
●

●
●
●

●

●

●

●

●

●
●

● ●

●

●

●

●

●
●

b

a

b
a

ab

0

5

10

15

0

50

100

150

●
●

●●
●

●

●

●

●

●

●●

●
●●
●

●

●

●

●

●

●

●

●
●

●

●●

●

●

●

● ●
●

a

a

a
a

a

●

●

●

●

●
●● ●●

●
●● ●

● ●●

●

●

●

●

●●

●

●

●

●

●●

●

●

●

●

●

b

a
a

a

ab

1

2

3

0
3
6
9

12

●● ●

●
●

●

●

●
●

●
●●
●●●●

●

●

●

●

●
●●

●

●
●

●
● ●

●
●

b a

bb b

●

●
●●

● ●●● ●●●●●
●

●
●●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

b

ab

b

a

b

W
eek 1

W
eek 2

1
2
3
4
5

0
3
6
9

12

●

●●

●

●

●●

●
●

●

●

●

●

●

●●

●
●

●

●

●

●

●

●

●

●
●

●

● ●

●

●●

●
●

● ●

bc
a

c

ab

abc

●
●

●
●

●

●

●
●

●

●●●
●
●

●●
●
●

●
●

●

●

●

●●

●

●

● ●
●● ●

●

●
●

●

b

a

ab

a ab

W
eek 1

W
eek 2

2

4

6

0

5

10

15

pm
ol
⋅m

g
D

W
−1

M
et

ab
ol

ite
 (

)

Avg Ctrl
CS WD
RA WD
RI WD
SC WD

Leaves
R

oots
NeoPA7'OH ABA PA DPA

Species



 

 

365 

 
 
Figure 3: Average relative ABA metabolite concentrations after moderate WD. 
Heatmap representation of the average ratio of ABA box-cox transformed metabolite 
concentrations (WD:C) in leaves (left) and roots (right) after one- (top) and two-weeks 
(bottom) treatment in the four Vitis species (CS, RA, RI, SC from left to right per organ). 
Z-scores calculated for all metabolites and conditions as a group with red corresponding to 
higher and blue corresponding to lower scores. ABA metabolites in red and corresponding 
genes in grey. Cellular location indicated in black.  
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Figure 4: NCED transcript abundance after one- and two-weeks of moderate WD. 
NCED3, NCED5 alt1 and alt2, NCED6 alt1 and alt2 (left to right) expression represented 
as TPM after one- (top) and two-weeks (bottom) of Control (Ctrl) (left) or WD (right) 
treatment in leaves (top) and roots (bottom). Pink, orange, blue and purple correspond to 
CS, RA, RI, and SC respectively. Mean ± SE, n = three-five individual vines. 
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Figure 5: Average relative ABA metabolite gene transcript abundance after moderate 
WD. Heatmap representation of the average ratio of log2 box-cox transformed ABA 
metabolite gene TPM (WD:C) in leaves (left) and roots (right) after one- (top) and two-
weeks (bottom) treatment in the four Vitis species (CS, RA, RI, SC from left to right per 
organ). Z-scores calculated for all per gene group (average of multiple paralogs) for all 
conditions with red corresponding to higher and blue corresponding to lower scores. ABA 
metabolite genes in red and resultant metabolites in grey. Cellular location indicated in 
black.  
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Figure 6: WGCNA of the leaves. Heatmap representation of the association of modules 
and experimental conditions for the leaf samples. Experimental conditions listed in 
columns and modules in rows. Module eigengene Pearson’s correlation coefficient and p-
value (in parenthesis) listed for each module per each experimental condition. Cell colors 
range from high correlation (red) to negative correlation (blue). Number of genes in each 
module represented by n in parenthesis after module name.  
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Figure 7: WGCNA of the roots. Heatmap representation of the association of modules 
and experimental conditions for the root samples. Experimental conditions listed in 
columns and modules in rows. Module eigengene Pearson’s correlation coefficient and p-
value (in parenthesis) listed for each module per each experimental condition. Cell colors 
range from high correlation (red) to negative correlation (blue). Number of genes in each 
module represented by n in parenthesis after module name.  
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Figure 8: ABA concentrations after one-week of severe WD. ABA concentrations 
(pmol·mg DW-1) in leaves (top) and roots (bottom) after one-week of Control (left) or WD 
(right) treatment. Two-way ANOVA Tukey’s HSD (p ≤ 0.05) letters for each metabolite 
per organ per week. Pink, orange, blue and purple correspond to CS, RA, RI, and SC 
respectively. Each point represents an individual measurement. n = three-five individual 
vines. 
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Figure 9: NCED3 transcript NRQ and ABA concentrations after severe rapid 
dehydration. A) Relative NCED3 transcript abundance (NRQ) and B) ABA 
concentrations (pmol·mg DW-1) in leaves after 2, 4, 8, and 24 hours of Control (solid line 
and circles) or rapid dehydration WD (dotted line and triangles) treatment. Two-way 
ANOVA Tukey’s HSD (p ≤ 0.05) letters for each metabolite per organ per week. Pink, 
orange, blue and purple correspond to CS, RA, RI, and SC respectively. Mean ± SE, n = 
three-five individual vines. 
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Supplemental File 1: Summed total whole plant ABA metabolite concentration and 
summed total whole plant ABA metabolite concentration per organ after one- and 
two-weeks of moderate WD. A) Combined ABA, ABA-GE, 7’OH ABA, NeoPA, PA, 
and DPA concentrations from both leaves and roots (Total ABA Metabolites (pmol·mg 
DW-1)) referred to as summed total of whole plant ABA metabolites after one- (top) and 
two-weeks (bottom) of Control (left) or WD (right) treatment. Three-way ANOVA 
Tukey’s HSD (p ≤ 0.05). B) Combined ABA, ABA-GE, 7’OH ABA, NeoPA, PA, and 
DPA concentrations (Total ABA Metabolites (pmol·mg DW-1)) for leaves (top) and roots 
(bottom) after one- (top) and two-weeks (bottom) of Control (left) or WD (right) treatment. 
Two-way ANOVA Tukey’s HSD (p ≤ 0.05) letters per organ per week. Pink, orange, blue 
and purple correspond to CS, RA, RI, and SC respectively. Each point represents an 
individual measurement. n = three-five individual vines. 
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Supplemental File 2: ABA metabolite distribution relative to total whole plant ABA 
metabolites per organ after one- and two-weeks of moderate WD. ABA, ABA-GE, 
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7’OH ABA (left to right top), NeoPA, PA, and DPA (left to right bottom) ratio relative to 
summed total of whole plant ABA metabolites in leaves (top) and roots (bottom) after one- 
and two-weeks of Control (Ctrl) or WD treatment. Two-way ANOVA Tukey’s HSD (p ≤ 
0.05) letters for each metabolite per organ per week. Pink, orange, blue and purple 
correspond to CS, RA, RI, and SC respectively. Each point represents an individual 
 measurement. n = three-five individual vines. 
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Supplemental File 3: Differentially expressed ABA metabolism genes in RA WD W2 
leaves and roots. NPQ1 alt1, ABA1 alt1, AAO3 alt1, and CYP707A1 alt1 (left to right) 
expression represented as TPM after two-weeks of Control (Ctrl) (left) or WD (right) 
treatment in leaves (top) and roots (bottom). Pink, orange, blue and purple correspond to 
CS, RA, RI, and SC respectively. Mean ± SE, n = three-five individual vines. 
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Supplemental File 4: BG1 and BG3 transcript abundance after one- and two-weeks 
of moderate WD. BG1 alt1 and alt2 and BG3 alt1 and alt2 (left to right) expression 
represented as TPM after two-weeks of Control (Ctrl) (left) or WD (right) treatment in 
leaves (top) and roots (bottom). Pink, orange, blue and purple correspond to CS, RA, RI, 
and SC respectively. Mean ± SE, n = three-five individual vines. 
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Supplemental File 5: ABCG transcript abundance after one- and two-weeks of 
moderate WD. ABCG25 alt1 and alt2, and ABCG40 alt1 (left to right) expression 
represented as TPM after one- (top) and two-weeks (bottom) of Control (Ctrl) (left) or WD 
(right) treatment in leaves (top) and roots (bottom). Pink, orange, blue and purple 
correspond to CS, RA, RI, and SC respectively. Mean ± SE, n = three-five individual vines. 
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Supplemental File 6: One-week severe water deficit and rapid dehydration NCED3 
Western blots. A) Representative example of StainFree membrane and representative 
example of antiNCED3 probed Western Blot. Each gel was loaded with ladder (relevant 
ladder kDa bands indicated), IRC (35 µg CS Control sample + antiNCED3 target peptide 
(2 kDa) as a positive control), and 13 samples (35 µg total protein extract). Samples 1-4 
are RA Control leaves. Samples 5-8 are RA WD leaves. Samples 9-11 are RI Control leaves. 
Samples 12-13 are RI WD leaves. Samples varied per gel. All samples were run on 3-4 
individual gels. Western blots were normalized to a range of total protein on the StainFree 
membrane image excluding imperfections. Samples were normalized to the same IRC on 
each gel using 67 kDa band corresponding to NCED3 to quantify relative NCED3 protein 
fold difference. Additional NCED3 Western blot bands may correspond to NCED3 
subunits. B) Relative NCED3 fold difference after one-week Control (left) or severe WD 
(right) in leaves (top) and roots (bottom). Samples are the same as in A). 2-way ANOVA 
Tukey’s HSD (p < 0.05) letters for each metabolite per organ per week. Each point 
represents an individual measurement. n = three-five individual vines. C) Average relative 
NCED3 fold difference after 2, 4, 8, or 24 hours Control (Ctrl) (solid line and circles) or 
rapid dehydration WD (dotted line and triangles) relative to CS Control leaf IRC loaded on 
each gel. 2-way ANOVA Tukey’s HSD (p < 0.05) no significant difference for each 
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metabolite per organ per week. Mean ± SE, n = three-five individual leaves. Pink, orange, 
blue and purple correspond to CS, RA, RI, and SC respectively.  
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CHAPTER 6 
CONCLUSION 
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Summary of research and developed methods 

Previous work identified two genes (VviERF6L1 and NCED3) in grapevine involved in 

abiotic stress response and ABA signaling that required further investigation and 

characterization (Cochetel et al., 2020; Cramer et al., 2014; Rattanakon et al., 2016). These 

genes were hypothesized to function as hub genes or genes highly connected to numerous 

other genes the disruption of which would impact signaling in various ABA-dependent 

responses. Specifically, VviERF6L1 was hypothesized to function as a pleiotropic abiotic 

stress hub gene in Vitis. NCED3 transcript accumulation and ABA biosynthesis were 

hypothesized to be a core water deficit response reflective of cultivar-specific drought 

tolerance during abiotic stress. To test these hypotheses, multi-level analyses of DNA, 

RNA, protein, and metabolite quantification in diverse Vitis species including Vitis vinifera 

cv. Cabernet Sauvignon (CS), Vitis champinii cv. Ramsey (RA), Vitis riparia cv. Riparia 

Gloire (RI), and Vitis vinifera x Vitis girdiana cv. SC2 (SC) were performed.  

 Before focusing on the genes of interest individually, ABA response elements 

(ABREs) were annotated for all Pinot Noir (PN40024) reference genome promoter regions 

using a bioinformatics approach to further substantiate the abiotic stress responses of 

VviERF6L1, NCED3, and other genes that were previously observed (Cochetel et al., 2020; 

Cramer et al., 2014; Rattanakon et al., 2016). ABREs were hypothesized to be highly 

abundant (more so than was previously reported (Wong et al., 2017)) in grapevine promoter 

regions. Using a more comprehensive set of ABREs than before (Wong et al., 2017), 

extensive promoter regions (-3,000 bp), and the new v3 PN40024 genome, ABREs were 

confirmed to be highly abundant in the grapevine reference genome. At least one ABRE 
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was present in the majority of all promoter regions. The presence of various ABREs in the 

ERF6L1 and NCED3 promoter regions supported the hypothesis that these genes were 

involved in ABA signaling and partially explained previous transcriptional responses 

observed in response to abiotic stresses.  

 ERF6Ls were previously identified as a novel clade in grapevine hypothesized to 

be involved in ABA and ethylene signaling, berry development, cold, and water deficit 

responses (Cramer et al., 2014; Hopper et al., 2016). Meta-data analysis of publicly 

available microarray and RNA-Seq data series confirmed the VviERF6L clade to 

transcriptionally respond to numerous stimuli including water deficit, cold, salinity, 

pathogen infection, wounding, and berry ripening (Toups et al., 2020). VviERF6Ls were 

expressed in many tissues including leaves, roots, and berries. However, the hypothesis 

that VviERF6L1 was a hub gene was not supported, and VviERF6Ls were generally lowly 

(although significantly) differentially expressed during abiotic stress responses. Some of 

the highest differential expression of VviERF6Ls was in response to pathogens and 

wounding (Toups et al., 2020).  

The hypothesis of VviERF6L1 function in grapevine was revised to VviERF6L1 

increases resistance to certain pathogens, and the challenge became identifying the specific 

pathogens those may be. This new hypothesis was based on differentially expressed genes 

in VviERF6L1 overexpression vines all being involved in pathogen response, and pathogen 

response cis-acting elements like the WBOXATNPR1 in the VviERF6L1 promoter region 

(Toups et al., 2020). This hypothesis was also supported by known effects of ERF5 and 

ERF6 Arabidopsis thaliana orthologs on pathogen susceptibility (Moffat et al., 2012; Son 

et al., 2012). To test the functional role of VviERF6L1 in pathogen response, the 
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susceptibility of VviERF6L1 overexpression vines to Pseudomonas syringae was 

compared to that of empty vector control vines. A grapevine-optimized P. syringae 

infection assay was established. Using this novel assay, VviERF6L1 was demonstrated to 

have significantly higher transcript abundance in response to P. syringae than mock 

inoculation early during infection in detached Cabernet Sauvignon leaves. Additionally, 

VviERF6L1 overexpression vines had significantly fewer colony-forming units during P. 

syringae infection and thereby higher resistance than empty vector control vines. These 

experiments supported the hypothesis that VviERF6L1 increases grapevine tolerance to P. 

syringae. Additional studies are ongoing in collaboration with Dr. Lance Cadle Davidson 

at Cornell University to investigate potential roles of VviERF6L1 for mildew resistance in 

grapevine.  

 To test the hypothesis that NINE-CIS-EPOXYCAROTENOID DIOXYGENASE 

(NCED3) is a hub gene in response to water deficit, NCED3 transcripts, NCED3 protein, 

and ABA concentration were quantified in the leaves and roots of four Vitis species in 

response to three different water deficit severities using RNA-Seq, RT-qPCR, western blots, 

and HPLC-MS/MS. Not only was NCED3 identified as a hub gene, but NCED3 was 

identified as the only ABA metabolism gene that was a hub gene in water deficit response, 

supporting this hypothesis. NCED3 transcript accumulation and ABA metabolism 

(particularly ABA biosynthesis) were validated as a major part of the core water deficit 

responses in the four Vitis species. However, ABA metabolism was highly dependent on 

species, organ, stress severity, and stress duration during water deficit. The ABA 

concentration and NCED3 transcript abundance reflected previously described 

physiological responses (Cochetel et al., 2020) with more drought-tolerant grapevines 
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having higher ABA concentrations earlier in water deficit treatment. Overall, the drought-

tolerant Texan grapevine, RA, was found to respond earlier and more sensitively during 

longer-term moderate and severe water deficits than the other more water deficit sensitive 

species like RI.  

This research incorporated the novel aspect of quantifying ABA biosynthesis at the 

gene (NCED3 transcript abundance), protein (NCED3 protein abundance), and metabolite 

(ABA concentration) levels in grapevine. It was hypothesized NCED3 transcripts would 

mirror NCED3 protein abundance that in turn would correlate to ABA concentration during 

water deficit. Interestingly, NCED3 transcript abundance paralleled ABA concentration, 

but this similarity was not maintained for NCED3 protein. It is well-established transcript 

abundance does not always equate to protein abundance (Greenbaum et al., 2003; Jia et al., 

2018; Liu and Aebersold, 2016; Liu et al., 2016; Perl et al., 2017). However, it was 

surprising that NCED3 protein abundance did not significantly change in response to water 

deficit. Although NCED3 protein quantification with western blots did not support the 

hypothesis that NCED3 transcripts correlate with NCED3 protein under water deficit 

conditions, different water deficit conditions or more sensitive protein quantification 

techniques may reveal a different pattern in future experiments. 

 

 

Future research directions 

The ABRE containing promoter sequences may be utilized to identify novel motifs 

associated with ABA signaling and abiotic stress response (Bailey et al., 2009). Many 

novel and uncharacterized genes were also identified in this analysis, having higher 
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numbers of ABREs in respective promoter regions that may provide valuable targets for 

future studies to improve grapevine breeding programs and abiotic stress tolerance. Genes 

containing ABREs provide a valuable resource for marker-assisted breeding programs to 

use in the future to improve drought or abiotic stress tolerance. Additionally, clustering of 

genes with numerous ABREs, such as was observed on chromosome 18 in the PN40024 

genome, may be used to identify an ABA response locus in grapevine.  

 Further pathogen studies should be implemented to investigate the role not only of 

VviERF6L1 but the whole VviERF6L clade in pathogen response. Development of a multi-

erf6l knockdown vine would be particularly useful for furthering the functional 

characterization of this highly conserved clade. This work identified VviERF6L1 plays a 

role in pathogen response likely through salicylic acid, but it is unclear if ERF6Ls are also 

involved in jasmonic acid-dependent pathogen and pest response, and the link to ethylene 

is still unclear. Additionally, the grapevine-optimized P. syringae infection assay can be 

used to characterize the susceptibility of different grapevine cultivars and species to P. 

syringae to identify resistant vines. Further research may be performed to investigate the 

compounding effects of abiotic and biotic stress on grapevine as well as the potential 

preclusion to secondary infections following P. syringae infection in grapevine (Whitelaw-

Weckert et al., 2011).  

 The importance and role of NCED3 in ABA biosynthesis and abiotic stress 

response is widely studied in plants (Beardsell and Cohen, 1975; Cheng et al., 2014; 

Nambara and Marion-Poll, 2005), but very few studies have investigated the NCED3 

protein let alone related it to NCED3 transcript and ABA abundances. Additionally, the 

ABA metabolism of these four grapevines was not characterized before this work. The 
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Western blots performed to quantify NCED3 protein abundance may have not been 

sensitive enough to observe subtle differences in protein content, and further work should 

be performed to understand how NCED3 is regulated at the protein level during water 

deficit and other abiotic stresses in grapevine and other plant species. NCED3 protein 

concentration may be better determined using ELISAs (Engvall and Perlmann, 1971) or 

LC-MS/MS. NCED3 also has putative post-translational modifications (Cruz et al., 2019) 

that require further understanding.  

  

 

Concluding remarks 

The work performed throughout this dissertation contributed publicly available RNA-Seq 

data, annotation of grapevine ABREs, and a grapevine-optimized P. syringae infection 

assay to the scientific community. These contributions can be implemented in future 

studies and experiments. The goal of this dissertation was to improve the characterization 

of VviERF6Ls and NCED3 in grapevine by testing the hypothesis that these genes were 

hubs in ABA signaling and abiotic stress response. Although only NCED3 was supported 

as a hub gene, these analyses brought new insight into the roles of these genes during 

abiotic and biotic stress as well as ABA signaling in different grapevine species. 

VviERF6L1 was determined to enhance grapevine resistance to P. syringae, and NCED3 

was validated as a core part of water deficit response across Vitis species.  
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APPENDICES 

 
CHAPTER 2: ABRES IN PN40024 GRAPEVINE REFERENCE GENOME  

PROMOTER REGIONS 
 
Appendix 1: Coordinates of all annotated ABREs in the PN40024 grapevine reference 
genome. The ABRE variant, gene name, start and stop coordinates, length and strand of 
each ABRE present in the PN40024 grapevine reference genome. Number of total ABREs 
summarized per gene, number of total ABRE variants, and consensus ABRE occurrences. 
 
 
 
CHAPTER 3: VviERF6LS: AN EXPANDED CLADE IN VITIS RESPONDS  

TRANSCRIPTIONALLY TO ABIOTIC AND BIOTIC STRESSES AND 
BERRY DEVELOPMENT 

 
 
Appendix 1: PN40024 and Cabernet Sauvignon (CS) VviERF6L protein motif consensus 
sequences. Motif number (given based on E-value ranking), amino acid sequence, 
conservation (E-value), and length (amino acid residues) of the nine highly conserved 
protein motifs in PN40024 and CS VviERF6L proteins. 
 
Appendix 2: PN40024 VviERF6L protein motif coordinates including consensus motif, 
and VviERF6L specific motif sequence, start and stop residue positions. 
 
Appendix 3: PN40024 VviERF6L ERF domain percent identity with closest Arabidopsis 
thaliana ERF domain ortholog. 
 
Appendix 4: Cabernet Sauvignon (CS) VviERF6L protein motif coordinates including start 
position, motif number and consensus motif. 
 
Appendix 5: Percent identity of PN40024 and Cabernet Sauvignon (CS) VviERF6L 
protein motifs. 
 
Appendix 6: Cabernet Sauvignon (CS) VviERF6L gene names, protein sequences and 
protein length. Average length of all 26 at bottom. 
 
 
Appendix 7: PN40024, CS, CA, and CH VviERF6Ls and all PN40024 VviERF protein 
sequences used to create phylogenetic tree. 
 
Appendix 8: PN40224 VviERF6L putative promoter region (-3000 bp) motif coordinates. 
Motif name, start site relative to transcription start site, sequence, PLACE identification 
number, Vitis gene name, and corresponding VviERF6L name are given. 
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Appendix 9: PN40024 VviERF6L promoter (-3000 bp) motif frequency. Including motif 
name, frequency in each VviERF6L denoted by common and gene names. 
 
Appendix 10: Expression of VviERF6Ls across grapevine tissues and organs from the 
grapevine expression Atlas. 
 
Appendix 11: Meta-data analysis of microarrays and RNA-seq series downloaded from 
NCBI GEO and SRA and investigated for VviERF6L expression. 
 
Appendix 12: Annotation and number of cross hybridizing VviERF6L probes. 
 
Appendix 13: Differential expression analysis contrasts of interest for PRJNA516950. 
Including contrast number (arbitrarily assigned), species, treatment, organ, and week for 
both sample groups being compared. 
 
Appendix 14: List of genes co-expressed with VviERF6L clade in four out of five data 
series. Gene ID and corresponding annotation. The four RNA-Seq data series the genes 
were co-expressed with the VviERF6L clade is listed. 
 
Appendix 15: Fold increase of VviERF6L12 expression relative to average expression of 
all other VviERF6Ls. Expression value of VviERF6L12 and average value of all 
other VviERF6Ls across all conditions for each data series with each data series' respective 
units. Fold increase of VviERF6L12 expression taken as ratio of VviERF6L12 expression 
relative to average expression value of all other VviERF6Ls across all conditions per data 
series. 
 
Appendix 16: Morphological phenotyping measurements taken that were not statistically 
significant between OX VviERF6L1 and empty vector control lines. Measurements were 
collected over the span of three weeks to 3 years. Data were tested for significant 
differences between empty vector control line (G1) and overexpression lines (L12-1, 2, 3, 
11, and 23). Assumptions were met for tests used to determine significance. 
 
Appendix 17: Annotations of differentially expressed genes in 
three VviERF6L1 overexpression lines relative to empty vector control. 
 
Appendix 18: Primers used for RT-qPCR analysis. Primers were designed using primer 3 
and NCBI's primer design tool. Primers were designed to be specific for genes of interest 
and respectful of RT-qPCR settings and specifications. 
 
 
 
CHAPTER 5: A MULTI-LEVEL ANALYSIS OF ABSCISIC ACID METABOLISM  

REVEALS SPECIES-SPECIFIC RESPONSES TO WATER DEFICIT IN 
GRAPEVINE 
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Appendix 1: ABA biosynthesis, conjugation, and catabolism genes. Cabernet Sauvignon 
(CS) clone 8 v1.0, PN40024 V2 genome V3 annotation, and PN40024 V2 genome V2 
annotation IDs listed with corresponding gene symbol, alternative, ABA related metabolic 
process, gene description, and leaf and root WGCNA module with the highest Eigengene 
value. Annotation listed from ORCAE PN40024 orthologs. Green and blue correspond to 
Eigengene values ≥ 0.8 in the leaves and roots respectively. Alternative were assigned as 
"alt1" if only 1 paralog was identified based on V3 annotation. Alternatives were assigned 
as "alt1" and "alt2" when two paralogs were identified with "alt1" corresponding to the 
primary contig and "alt2" correspond to the haplotig denoted as "P" and "H" respectively 
in CS gene names. When multiple paralogs were identified corresponding to multiple V3 
genes with the same annotation symbol, "alt1_1" and "alt2_1" were named to correspond 
to CS alleles with the same V3 gene name. Paralogs with only one allele with the same 
annotation symbol as other V3 genes are indicated as "alt1_2" and "alt1_3". 
 
Appendix 2: WD vs. Control (Ctrl) differential expression analysis results per genotype 
per organ per week. Each tab contains the results from a single differential expression 
analysis contrast. Contrasts are listed alphabetically by genotype and organ and 
numerically by week. Leaves are abbreviated as L. Roots are abbreviated as R. Control is 
abbreviated at Ctrl. Other abbreviations are consistent with the text. ABA metabolism 
genes are at the top of each contrast. Significantly differentially expressed ABA metabolite 
genes are denoted in blue and paired with relevant gene symbol and metabolic process 
(biosynthesis, conjugation, catabolism, or transport). Preliminary annotation of ABA 
metabolite genes and alt assignment is in Appendix 2.  
 
Appendix 3: RA WD vs. CS, RI, and SC WD differential expression analysis results per 
organ per week. Each tab contains the results from a single differential expression analysis 
contrast. Contrasts are listed alphabetically by genotype and organ and numerically by 
week. Leaves are abbreviated as L. Roots are abbreviated as R. Other abbreviations are 
consistent with the text. ABA metabolism genes are at the top of each contrast. 
Significantly differentially expressed ABA metabolite genes are denoted in blue and paired 
with relevant gene symbol and metabolic process (biosynthesis, conjugation, catabolism, 
or transport). Preliminary annotation of ABA metabolite genes and alt assignment is in 
Appendix 2.  
 
Appendix 4: Gene module Eigengene values for leaves and roots. For each gene (rows), 
the kME and p-values are presented for each module (columns). The second columns 
contains annotation information for each gene. 
 
Appendix 5: Gene ontology of leaf and root WD and ABA metabolite positively correlated 
gene modules. GO ID, Term, total genes annotated with a GO ID, number of genes that 
were significantly linked to a GO ID out of the top 500 most correlated genes selected for 
gene ontology for each gene module of interest, expected number of genes that would be 
linked to a GO ID, and Fisher statistic stated for each module of interest. Modules of 
interest are listed per tab with relevant organ and module color from Figs. 8 and 9 and 
Supplemental File 4. 
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Appendix 6: antiNCED3 sequences and target information. antiNCED3 target gene name, 
target size (kD), target sequence, and target sequence length (AA). Cys- indicates a non-
coding cysteine added for production purposes. 
 
Appendix 7: Physiological measurements performed on rapid dehydration leaves. Stem 
water potential [Ψstem (Mpa)], solute pressure [Ψs (Mpa)], turgor pressure [Ψp (Mpa)], 
stomatal conductance [Gs (mol H2O·m-2 ·s-1)], photosynthesis [Ps (µmol·m-2 ·s-1)], and 
water content (%) averaged for all times and genotypes for Control (Ctrl) and WD (mean 
± SE). Three-way ANOVA p-values displayed (p-value < 0.05 considered *), n = three-
five individual leaves. 
 
Appendix 8: NCED3 NRQ and ABA concentration statistics for rapid dehydration. Two-
way ANOVA was per time point on species and treatment for NCED3 NRQ and ABA 
concentration followed by Tukey's HSD. Control abbreviated as Ctrl. Two-way ANOVA 
Tukey’s HSD (p < 0.05) letters. There was no significant difference for any genotype, 
treatment, or time point for NCED3 fold difference.  
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