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Abstract 

Artemisinin, an antimalarial drug, is a specialized metabolite produced in glandular 

trichomes by the plant Artemisia annua. Artemisinic derivatives in combination therapies 

are currently used to treat malaria. Understanding regulation of the artemisinin pathway 

will lead to production of higher yielding plants for use in treatment. Currently in the 

Weathers lab, one high producing artemisinin chemotype, nS, and a low producing 

artemisinin chemotype, n15, are used to study how this pathway is regulated in A. annua. 

Prior metabolite data of cross-grafted plants indicated that the rootstock of nS stimulated 

artemisinin production in n15 shoots, and n15 rootstocks inhibited artemisinin production 

in nS shoots. In this study, I measured transcripts of two transcription factors, AaWRKY1 

and AaERF1, and one artemisinic enzyme, DBR2. Results showed that the transcription 

factor AaWRKY1 was significantly down regulated in the shoots of the 15/S grafts.	  

Further experiments are needed to explain these results in context of the correlating 

metabolite data.	  
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1.0 Background: using artemisinin to treat disease 
Tu Youyou shared the Nobel Prize “for her discoveries concerning a novel therapy 

against malaria”. She poured over ancient Chinese texts on herbal remedies to arrive at 

her discovery of artemisinin (Phillips, 2015). As Tu found, the Chinese used Artemisia 

annua for thousands of years because of its medicinal properties (Hsu, 2006). The 

Chinese government initiated Tu’s work in order to aid Chinese soldiers who were 

suffering greatly from drug resistant malaria parasites. Tu was also painfully aware of 

how children were being affected by the disease. In an article published by the Guardian 

in 2016 she was quoted in an earlier publication: “I saw a lot of children who were in the 

latest stages of malaria, …Those kids died very quickly.” Today, an estimated 3.3 billion 

people are at risk of being infected with malaria and developing disease, and children 

under 5 years old account for 78% in the most heavily malaria burdened region, sub 

Saharan Africa (WHO, World Malaria Report 2014).  

A. annua naturally produces artemisinin (Fig. 1), a sesquiterpene endoperoxide lactone 

that is currently derivatized for use as an anti-malarial drug. Artemisinic compounds have 

shown efficacy against several cancer types (Woerdenbag et al., 1993 and Efferth et al., 

2007), viruses (Romero et. al, 2005), schistosomiasis (Utzinger, et al., 2001), and other 

diseases (Jones-Brando et al., 2006). Thus, understanding how the artemisinic 

biosynthetic pathway is regulated in A. annua is essential to building molecular biology 

tools to understand and use the metabolic pathway in planta for better disease treatments. 

Currently, combination therapies are mainly used to treat malaria, and contain artemisinic 

derivatives. Monotherapies lead to drug resistance of the malaria plasmodia. Despite 

efforts to thwart this effect, 24 pharmaceutical companies (mostly in India) still continue 

to market oral monotherapies (WHO, World Malaria Report 2014). The resistance of 

pharmaceutical companies to market combination therapies is likely a result of the cost 

difference between using a combination drug including artemisinic derivatives and a 

monotherapy solely using artemisinin. Using the whole plant as a therapy can cut 

production costs if either the crop biomass yield or biomass content of the drug is 

improved. 
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There are not only economic reasons to advocate for use of the whole plant as a therapy, 

but also therapeutic ones. In a malaria mouse model the whole plant delivered per os as 

powdered dried leaves significantly reduced the ability of pathogenic plasmodia to evolve 

resistance to the treatment (Elfawal et al., 2014). It is postulated that the plethora of 

phytochemicals in the whole plant prevents the parasite from being able to evolve 

resistance to any one target (Elfawal et al., 2014). Furthermore, the whole plant therapy 

also enhanced artemisinin bioavailability 40 times more than pure artemisinin, and also 

was more effective in treating murine malaria than the pure drug (Elfawal et al., 2012). 

To date, the most successful approach in reliably producing high yields of artemisinin 

came from the Keasling lab several years ago, using a synthetic biology approach. They 

engineered an artificial biosynthetic pathway in yeast yielding artemisinic acid, from 

which artemisinin can be synthesized and used in combination therapies. The Keasling 

lab and others originally began the undertaking of re-constituting the pathway in chasse 

systems such as E.coli and yeast in an effort to control production of the drug, which was 

being adversely affected by low crop yield (Paddon and Keasling, 2014).  However, 

significant barriers to achieving a treatment or therapy remain, including the population 

of artemisinin resistant plasmodia and affordability (Elfawal et al., 2014). 

In a recent review, Keasling and Paddon (2014) concede that there are advantages to 

using the whole plant from a metabolic engineering perspective. Due to the availability of 

cytochrome P450 enzymes in the plant, and the ability of the plant to sequester cytotoxic 

metabolites, metabolic engineering within the plant may be an even better solution than 

the combined chasse and semi-synthesis approach (Paddon and Keasling, 2014). It seems 

that in the end, the most effective approach would be to use strains of A. annua that have 

high production rates of artemisinin as well as resistance to environmentally induced 

stresses; however, the dearth of molecular biology tools available for this plant make this 

a laborious task for anyone who tries to accomplish such a feat.  
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1.1 Artemisinin biosynthetic pathway: from genes to metabolites 

The artemisinin biosynthetic pathway has many regulators, and much about the overall 

regulation in planta is still unknown. The genome of A. annua has yet to be sequenced, 

making phylogenetic analysis among different chemotypes difficult. Furthermore, the 

variability of artemisinic metabolites from chemotype to chemotype is not known, 

preventing robust comparisons from study to study in some cases. Although these 

limitations exist, significant progress has been made to uncover many fundamental 

aspects of the biosynthetic pathway including many enzymes responsible for synthesis 

and regulation of the pathway (Fig. 1). 

1.1.1 Synthesis of artemisinin  

Both the mevalonate and the MEP (DXR) pathway contribute to the substrate pool for 

farnesyl diphosphate to the artemisinin biosynthetic pathway (Towler and Weathers, 

2007, Schramek et al., 2010). Thus, both cytosolic and plastidic pathways provide 

substrate for the cytosolic artemisinin biosynthetic pathway. FDP is the substrate for 

amorpha-4,11-diene synthase (ADS), the enzyme responsible for the first committed step 

in the metabolic pathway leading to artemisinin biosynthesis. In this step, the 

sesquiterpene substrate is cyclized into amorpha-4,11-diene (Chang et al. 2000, Mercke 

et al. 2000, and Wallaart et al. 2001). The next step in the pathway occurs rapidly to form 

artemisinic alcohol, and is catalyzed by a cytochrome P450 hydroxylase (CYP71AV1), 

which further oxidizes artemisinic alcohol to artemisinic aldehyde (Teoh et al., 2006, Ro 

et al., 2006, and Wang et. al, 2010). Three enzymes can then use artemisinic aldehyde as 

a substrate to synthesize two different products, artemisinic acid and dihydroartemisinic 

acid. CYP71AV1 and an aldehyde dehydrogenase (ALDH1) are both required for the 

synthesis of artemisinic acid from artemisinic aldehyde (Teoh et al., 2009). An aldehyde 

reductase, artemisinic aldehyde Δ11 (13) reductase (DBR2), along with NADP+, uses 

artemisinic aldehyde to catalyze a double bond reduction, to yield dihydroartemisinic 

acid (Zhang et al., 2008). The use of artemisinic aldehyde as a substrate for the seemingly 

competitive reactions to either artemisinic acid or dihydroartemisinic acid leads to the 

formation of either arteannuin B in the former case or artemisinin and deoxyartemisinin 
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in the latter case. Evidence for an enzyme catalyzing the last reaction in the pathway is 

lacking, but it has been shown that reactive oxygen species (ROS), photo-oxidation and 

light play a role in catalyzing each of the reactions from dihydroartemisinic acid to 

artemisinin and artemisinic acid to arteannuin B.   

1.1.2 Localization of the artemisinin 

biosynthetic pathway to the glandular 

trichomes 

The artemisinin pathway is localized to the 10 

cell glandular trichomes located on leaves, 

floral buds and stems. The key artemisinin 

enzymes involved are almost exclusively 

expressed in the apical cells, and more recently 

there is evidence for transcript level expression 

in subapical cells (Fig. 2; Olsson et al., 2009, 

Wang et al., 2011, Olofsson et al., 2012, Wang 

et al., 2013). Olsson et al., 2009 showed that the 

apical cells of the glandular trichomes are the 

primary locations for ADS, CYP71AV1, and DBR2 transcription, with no detectable 

transcription in the subapical cells. However, Olofsson et al., 2012 presented evidence for 

transcription in subapical cells as well, attributing their difference in the findings from the 

Olsson et al., 2009 study to improved RNA quality. Glandular trichomes typically store 

specialized metabolites for use as defense or for some other purpose that is usually 

involved in an adaptive process (Schilmiller et al., 2008). Enzymes of the artemisinin 

pathway are differentially expressed depending on the growth stage of the plant, as well 

as the tissue of the plant (Olsson et al., 2009, Arsenault et al., 2010, and Nair et al., 

2013). The highest amount of artemisinin is typically present in the glandular trichomes 

of flower buds (Ferreira and Janick 1995 and Arsenault et al., 2008). The pathway is 

localized to the glandular trichomes of the plant, probably to compartmentalize the 

cytotoxic artemisinic products (Olsson et. al, 2009 and Wang et. al. 2011). Artemisinin is 

stored in the subcuticular space (SCS, Fig. 2) of the glandular trichome.  

Figure 2. Trichome morphology. 
A = apical cell, SA = subapical cell, 
St = stalk cell, and B = basal cell. 
Arrow points to apical cells that 
express the enzymes of the 
artemisinin pathway. 

SCS	  
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The compartmentalization of the artemisinin pathway to the trichomes is essential to an 

understanding of artemisinin biosynthesis. Should a mobile signal affect the pathway, it is 

likely able to reach at least the subapical cells of the glandular trichomes. This 

requirement restricts the size of the molecule directly affecting the pathway to a size that 

is able to cross from the leaf to the trichome if the signal originates in the rootstock of the 

plant. It is likely that anything larger than approximately 3 kDa will unable to reach the 

cells, particularly the subapical and apical cells, of the glandular trichome where 

artemisinin biosynthesis takes place. With this in mind, small molecules such as sRNA 

become likely candidates for the mobile element in this study.  

1.1.3 Chemotypes of A. annua 

The A. annua SAM (nS) chemotype is a high artemisinin producing clonal cultivar and 

also produces AB. Clonal cultivar n15 produces less artemisinin and no detectable 

arteannuin B. Clonal cultivar Glandless (G) produces no detectable amounts of any 

artemisinic compounds or glandular trichomes (GLTs). There are biochemical means of 

differentiating high artemisinin producing (HAP) from low artemisinin producing (LAP) 

chemotypes. Typically, metabolite levels of the cultivar define whether or not a cultivar 

is a HAP or LAP chemotype. However, studies have shown that at least two biochemical 

mechanisms influencing metabolite level are at work in A. annua (Ting et al., 2013, Yang 

et al., 2015). Ting et al., 2013 performed gene expression studies with Nicotiana 

benthamiana and observed a seven amino acid N-terminal extension of CYP71AV1 and 

no significant differences in protein sequence of the other key enzymes of the artemisinin 

pathway, Aldh1, DBR2, or ADS. This extension did not seem to cause an alteration of 

subcellular localization, but did positively influence catalytic efficiency of the enzyme, 

although this extension is observed in LAP chemotypes. Ting et al. (2013) showed that in 

addition to this variation in protein sequence, a low gene dosage of DBR2 affects the 

phenotype of the cultivar, such that it aids in defining the LAP chemotype. Later, Yang et 

al. (2015) showed that DBR2 promoter sequence variation between chemotypes could 

also be used to define the LAP and HAP chemotype. High DBR2 activity seems to define 

the HAP chemotype, and it seems that differences in DBR2 activity also result from 

promoter sequence variation, such as differences in putative cis-acting regulatory 

elements, and possibly a variation in how many copies of each element are present (Yang 
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et al., 2015). Thus, both CYP71AV1 protein sequence and DBR2 expression level 

variation plays a role in determining the chemotype of A. annua.  

1.1.4 Feedback inhibition 

The artemisinin biosynthetic pathway exhibits feedback inhibition in planta with both 

artemisinic acid and artemisinin as first shown by Arsenault et al. (2010). In that study, 

the application of exogenous artemisinin on plant leaves caused a ten-fold decrease in 

CYP71AV1 transcription levels.  Plants that were sprayed with artemisinic acid showed a 

ten and 5 fold decrease in transcription level for ADS and CYP71AV1, respectively. This 

study did not include Aldh1 or DBR2, but did include transcripts upstream of the 

artemisinic biosynthetic pathway and FPP and found no significant change in the 

transcription of those genes.  

1.1.5 Phytohormones implicated in regulating artemisinin biosynthesis 

Phytohormones such as abscisic acid, gibberellic acid, cytokinins, and auxin can 

stimulate artemisinin production (Weathers et al., 2005 and Zhang et al., 2005). The 

effects of these phytohormones, however, are likely all intrinsically linked to 

transcription factors that ultimately cause the phenotypic response at the metabolite level. 

Recently, Zhang et al. reported that a transcription factor (AabZIP1) native to A. annua 

activates ADS and CYP71AV1 upon abscisic acid stimulation. This transcription factor 

belongs to a family of basic leucine zipper transcription factors expressed in the glandular 

trichomes of A. annua (Zhang et al., 2015).  

Using Arabidopsis thaliana, Dharmarsiri et al. (2005) showed that when auxin is bound 

to the auxin receptor protein, TIR1, it activates the ubiquitin protein ligase Skp Cullin F-

box containing complex (SCF). The auxin-TIR1 complex is most stable at saturating 

concentrations of auxin, while at low concentrations of auxin the molecule is bound to 

transcriptional repressors. From these examples, a mechanism of action for a 

phytohormone on a metabolic or signaling pathway is activation or repression of a 

protein that then can act on the genetic material or other proteins of the same pathway.  
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1.1.6 Transcription factors regulating the artemisinin biosynthetic pathway 

	  

Table 1. Transcription factors and their role in artemisinin biosynthesis. 

Transcription factor Target artemisinic 
biosynthetic enzyme  

Activation or repression 

AaWRKY1 (trichome 
specific) 

ADS, CYP71AV1, and 
DBR2 

Activates all (Ma et al., 
2009, Han et al., 2014, 
Yang et al., 2015, Jiang et 
al., 2016) 

AaERF1 CYP and ADS Activates both (Argawal et 
al., 2006 and Yu et al., 
2012) 

AaERF2 CYP and ADS Activates both (Argawal et 
al., 2006 and Yu et al., 
2012) 

AaORA CYP, ADS, and DBR2 Activates all (Lu et al., 
2013) 

TAR1 CYP and ADS Activates both (Tan et al., 
2015) 

	  

Several transcription factors are known to affect artemisinin biosynthesis (see Table 1). 

These transcription factors target multiple genes, including those of transcription factors 

within their own family (i.e. AaORA). Of pertinence to this study, two families of 

transcription factors activate the key enzymes of the artemisinin biosynthetic pathway – 

the WRKY family and the AP2/ERF family.  The WRKY proteins bind to a cis-acting 

W-box DNA motif (T)TGAC(C/T) via the conserved amino acid sequence WRKYGQK 

and a conserved zinc finger motif in the C-terminal region, specifically C-X7-CX23-H-

X1-C in the case of AaWRKY1, and are among the ten largest transcription factor 

families in plants (Ma et al., 2009). The WRKY family of transcription factors is 

involved in artemisinin biosynthesis as well as several other pathways, such as trichome 

initiation, senescence, and metabolism (Han et al., 2014). The AaWRKY1 transcription 

factor was shown to regulate both ADS and CYP71AV1 (Ma et al., 2009 and Han et al., 



	   Cambra 9 

2014). In one study, ADS, CYP71AV1, and DBR2 was regulated by the transcription 

factor (Ma et. al, 2009), while in another overexpression study, CYP71AV1 transcription 

was upregulated (Han et. al, 2014). In both studies, higher artemisinin levels were 

associated with transcriptional activation of the respective gene. Yang et al., (2015) were 

able to show that transient expression of AaWRKY1 in A. annua leaves resulted in 

upregulation of DBR2. Most recently, Jiang et al., (2016) used a pCAMBIA2300-

AaWRKY1 fusion expression vector under the 35S promoter in A. annua to overexpress 

AaWRKY1 in transgenic lines and saw upregulation of ADS, and CYP71AV1 with a 

concomitant increase in artemisinin content. Interestingly, it seems that different varieties 

of A. annua have different numbers of copies of the W1 box in the promoter regions for 

DBR2, whereas previous reports on ADS and CYP71AV1 genes provided evidence for 

two W1 boxes located in the promoter region for both genes (Yang et al., 2015).  

The AP2/ERF transcription factors are a family best known for their involvement in 

metabolism and developmental processes and plant responses to abiotic and biotic stress, 

especially in response to jasmonic acid (Agarwal et. al, 2006 and Lu et. al, 2013). In 

particular, AaERF1 and AaERF2 activate ADS and CYP71AV1, and AaORA activates 

ADS, CYP71AV1, DBR2, and AaERF1 (Yu et. al, 2012 and Lu et. al, 2013). 

Transcriptional activation induces higher levels of both artemisinin and artemisinic acid 

in the case of AaERF1 and AaERF2 (Yu et. al, 2012) and higher levels of artemisinin and 

dihydroartemisinic acid in the case of AaORA (Lu et. al, 2013). Another transcription 

factor of importance in the AP2/ERF family that was recently studied by Tan et al., 

(2015) is Trichome and Artemisinin Regulator 1 (TAR1). This transcription factor was 

shown to be crucial to glandular trichome development, and is expressed within the 

nucleus of young leaf, flower bud, and some trichome cells (Tan et al., 2015). Cuticular 

wax composition and trichome morphology was significantly altered in TAR1-RNAi 

lines and artemisinin content was markedly reduced (Tan et al., 2015). Using 

electrophoretic mobility shift, yeast one-hybrid, and transient transformation β-

glucuronidase assays, ADS and CYP71AV1 were the targets of this transcription factor. 

Interestingly, although DBR2 was not identified as a target, qPCR data showed it was 

downregulated in RNAi lines (Tan et al., 2015).  
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1.1.7 sRNA regulation 

Besides transcription factors, sRNA is beginning to receive attention for its role in 

regulating artemisinin biosynthesis (Perez-Quintero et. al, 2012 and Pani et. al, 2011).  

These sRNAs are implicated especially in developmental and temporal regulation of 

transcription. In particular, miRNAs are being studied for their role in post-transcriptional 

repression. However, only computational information is currently available for A. annua. 

The algorithms used to make predictions of the presence of miRNA rely on 

thermodynamic data based on hairpin formation and structural homology to 

experimentally validated miRNA in other organisms. Based on the available 

computational data, miR414 and miR1310 families are predicted to target transcripts of 

the artemisinin biosynthetic pathway.  Among those targets are ADS and cytochrome 

P450 monooxogenase (CYP71AV1) (Pani et al, 2011). In another computational study, 

Perez-Quintero et al. (2012) identified nine potential conserved miRNA precursors. 

Although promising, this research is nascent, and experimental results are needed to 

verify the computational predictions.  

1.1.8 Epigenetic regulation 

Epigenetic changes are another possible way to regulate artemisinin biosynthesis. High 

levels of epigenetic variation could explain the high variability in chemotypes observed 

within the same seed stock of A. annua species, with perhaps alterations to the DBR2 

promoter sequence. In plants, the methylation of CpG sites is commonly used to repress 

certain genes from being expressed. CpG sites can be hypermethylated and located at 

promoter regions to prevent transcriptional activators or repressors from binding to their 

target sequence (Fraga and Esteller, 2002). Epigenetic changes are induced under stress, 

certain environmental conditions, and during development (Chinnusamy and Zhu, 2009). 

Epigenetic variation can be induced via histone modifications or DNA methylation. 

Pandey and Pandey-Rai (2015) showed that UV-B treatment induced demethylation of 

DBR2, including in the promoter region and at transcription factor binding sites, resulted 

in a 5 fold increase in expression of DBR2 ultimately leading to nearly a two fold 

increase in artemisinin content. Among the binding sites demethylated was the WRKY 

site, previously discussed (see section 1.1.6).  One of the main mechanisms of DNA 

methylation, aside from DNA methyltransferases, is siRNA methylation, which is 
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involved in about one third of DNA methylation events (Lister et al., 2008). These 

siRNAs are likely to be mobile, given their role in defense against viral infection 

(Baulcombe, 2004).  

1.1.9 Root to shoot role in artemisinin biosynthesis 

The role of the rootstock in providing necessary regulatory signals, which are postulated 

to cause the observed variation in phenotype, is of principle importance. Several studies 

showed the regulatory potential of the rootstock on artemisinin production in the 

trichomes. These studies include elicitation of the rootstock with dimethylsulfoxide 

(Mannan et al., 2010), mycorrhizal infection (Kapoor et al., 2007), and the effect of 

phytohormones on artemisinic products within intact versus excised roots (Nguyen et al., 

2012).  

Kapoor et al., 2007 used two different, but related fungal species, Glomus fasciculatum 

and Glomus macrocarpum, to observe the effects of inoculation on artemisinin content 

and GLT density. This study showed that mycorrhizal inoculation by Arum-type 

mycorrizhae, affecting the rootstock directly, caused an increase in artemisinin levels, as 

well as GLT density. GLT density reportedly increased by 1.5-fold in G. fasciculatum-

inoculated plants compared to control plants. A positive linear correlation between GLT 

density and artemisinin content was observed, and artemisinin content in both inoculation 

treatments were observed, although the highest increase in artemisinin compared to 

controls was observed for G. fasciculatum inoculated plants.  

Mannan et al., 2010 used dimethylsulfoxide (DMSO) treatments to observe responses in 

the artemisinin biosynthetic pathway. In vitro cultured A. annua rooted and unrooted 

shoots were used to observe the effects of DMSO treatment on artemisinin production. 

No stimulation of artemisinin production was observed in unrooted shoots 7 days post 

treatment, whereas rooted shoots showed artemisinin stimulation. Interestingly, ADS 

transcript levels did not change, but CYP71AV1 transcript levels were inversely related to 

artemisinin stimulation. Authors showed that DMSO stimulated ROS production, and 

that addition of a ROS scavenger, e.g. vitamin C, resulted in decreased artemisinin 

production, providing evidence for a role of ROS production by roots in artemisinin 

production.  
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Nguyen et al. (2012) showed that rooted shoots accumulate more artemisinin end 

products than unrooted shoots, indicating that roots have a role in regulating artemisinin 

biosynthesis. However, there were no statistically significant transcriptional differences 

in key enzymes ADS, CYP71AV1 and DBR2 within 2 weeks following inoculation into 

shooting or rooting media.  On the other hand, Nguyen et al. (2012) did show that 

glandular trichome size differed significantly in rooted versus unrooted shoots, with 

larger trichomes observed in rooted shoots.  Thus, it should be kept in mind that roots 

could affect trichome biosynthesis leading to observed metabolite changes without 

directly influencing transcript levels of enzymes in the artemisinin pathway.  

1.2 Grafting A. annua: Root to shoot regulation 

Grafting is an old method, used for centuries to selectively impart or study favorable 

characteristics from one plant to another including but not limited to abiotic and biotic 

stress resistance (i.e. drought and viral resistance), flowering, and for more agronomic 

reasons such as better fruit product (Goldschmidt, 2014). Different grafting methods can 

be employed. Cleft, approach, and flat methods can be used to vary the type of graft 

union. Callus grafting, micrografting, and explanted stem segment in vitro grafting are 

newer methods (You Qun et al., 2011). Cleft grafting includes cutting the scion base into 

a cleft and making the appropriate fit into the rootstock. In the approach method scion 

and rootstock cambium are exposed, by cutting through the epidermis and cortex. Flat 

grafting, the type of grafting employed in this study, involves making flat full cuts across 

the diameter of the stem of the rootstock and scion, which are then joined using a silicon 

tube until the fusion is complete. Homografting describes grafting within the same 

species, whereas heterografting involves different species of plants.  

Proteins, sRNA, phytohormones including cytokinins, alkaloids, specialized metabolites 

and even whole genomes can cross the graft union to the scion of the grafted plant 

(Mudge et al., 2009, Stegemann et al., 2012, Goldschmidt, 2014). Possibly the most well-

known and well-studied case of a mobile signal discovered via grafting began with the 

flowering study published by Zeevart et al. (1976). Although the molecular nature of the 

signal was not known at the time, this study was crucial to the eventual elucidation of the 

Flowering Locus T (FT) protein. Zeevart et al. (1976) was able to show that grafting of a 
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single leaf from a flowering-induced plant to a non-induced plant could cause flowering 

to occur in the non-induced plant. It was eventually found that FT in A. thaliana, with 

homologs in other plant species, indeed travels through the phloem from the leaves to the 

shoot apex (Wigge, 2011). FT plays other roles aside from flowering. General plant 

growth and development, including leaf maturation, stem growth, and abscission zones, 

and seasonal dependent responses such as bud-set and bud-burst, are all dependent on FT 

signaling (Wigge, 2011).  

It is possible that a phytohormone such as gibberellic acid or auxin could play a role in 

the regulatory observed changes; however, their ultimate consequence will likely be 

observed through their interaction with a transcription factor or possibly an RNA 

molecule. This is the case for gibberellic acid. In a study involving a transgenic N. 

benthamiana, grafted to the wild-type scion, transfer of mRNA across the scion junction 

resulted in attenuation of gibberellic acid responses in the recipient scion cells (Xu et. al, 

2013). Grafting can tell us about the presence or absence of regulatory elements in the 

rootstock versus the scion; however, metabolite quantification alone cannot tell us what 

regulatory elements are moving from rootstock to the scion or vice versa, nor can it 

definitively tell us which direction these elements are moving. That is why genetic and 

epigenetic parameters studied within the grafted plants must be identified in their non-

grafted and self-grafted counterparts and then coupled with metabolic results. 

It is likely that miRNAs also play a role in primary grafting effects, and several miRNAs 

are graft transmissible (Goldschmidt, 2014). In particular miR156 (Bhogale et. al, 2014), 

miR395 and miR399 (Buhtz et. al, 2010) were shown to be graft transmissible, in 

Solanum tuberosum ssp. andigena and Brassica plants, respectively, via the phloem from 

scion to rootstock. Molnar et al. (2010) showed that RNA silencing via grafting could 

occur from scion to rootstock, while Brosnan et al. (2007) showed that RNA silencing 

could occur the reverse direction from rootstock to the scion. Furthermore, this silencing 

effect can be inherited in graft progeny (Bai et al., 2011 and Wu et al., 2013). Bai et al. 

(2011) showed that epigenetic modification by methylation of GFP was the result of 

siRNA transmission from the rootstock to the scion of micrografts. Molnar et al. (2010) 

also showed that scion to root transport of siRNA was more efficient than root to shoot 
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transport, motivating Bai et al. (2011) to successfully test the reverse siRNA transport 

(shoot to rootstock). Kanazawa et al. (2011) showed that in petunia and tomato plants, 

dsRNA was delivered via a cucumber mosaic virus (CMV) vector to induce epigenetic 

changes via siRNA delivery, and that these changes could be inherited regardless of the 

presence of the siRNA that had initially induced the epigenetic change. Bai et al. (2011) 

confirmed this result in their grafting experiment through the generation of self-progeny. 

Thus, epigenetic changes are heritable and induced by siRNA in many instances (Meins, 

1983, Jones et al., 2001, and Chan et al., 2005).  

To both gain some phenotypic information and to address whether or not there is 

bidirectional movement, where a chemotype rootstock rather than the scion is donating a 

putative mobile genetic element, grafting experiments were performed with vegetative A. 

annua L. plants (Wang, 2015). Metabolite levels (artemisinin, deoxyartemisinin, DHAA, 

AA, and AB) and trichome morphology were observed in ungrafted, self-grafted (e.g. 

HAP/HAP scion/rootstock), and cross-grafted plants. HAP (nS) and LAP (n15) 

chemotypes were used to determine the effects of metabolite levels on a HAP/LAP 

versus a LAP/HAP union. Both HAP/HAP and LAP/LAP grafts produced more 

artemisinin than either ungrafted chemotype, likely due to grafting stress. HAP/LAP 

grafts yielded less artemisinin than HAP/HAP grafts, but more artemisinin than 

LAP/LAP grafts and ungrafted HAP and LAP plants. HAP/LAP grafts also had lower 

GLT density than HAP/HAP grafts. Both artemisinin content reduction and GLT density 

decreased in the HAP/LAP grafts compared to self-graft controls indicating inhibition by 

the rootstock. LAP/HAP grafts yielded more artemisinin than LAP/LAP grafts, 

suggesting stimulation of artemisinin production by the HAP rootstock. That study 

provided preliminary evidence for the role of the rootstock in altering overall chemotype 

of A. annua. Importantly, the data were obtained using scions of an “older” age. That is, 

they were obtained from plants as tall as 3 feet, with woody stems. It became apparent 

from subsequent studies in the Weathers lab that this characteristic may be necessary for 

the observed metabolite changes. It is the goal of this study to examine some of the 

changes occurring in the artemisinin pathway strictly due to an alteration of rootstock 

chemotype.  
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2.0 Hypothesis and Objectives 

2.1 Hypothesis  

Regulatory elements native to the rootstock of A. annua can affect epigenetic and genetic 

changes in the specialized pathway of recipient scion cells of a different chemotype of the 

same species.  

A. annua roots house key regulators of artemisinin biosynthesis. We posit that roots from 

high artemisinin-producing cultivars (nS) should increase key transcripts in low 

artemisinin-producing (n15) scions. Conversely, roots from low artemisinin-producing 

cultivars (n15) should decrease key transcripts in high artemisinin-producing (nS) scions.  

2.2 Objectives 

Analyze the transcriptional differences of key enzymes: DBR2 and transcription factors: 

AaWRKY1, and AaERF1 using quantitative PCR (qPCR).  

a. Compare two different chemotypes: n15 (LAP) and nS (HAP) 

b. Compare the self-grafts of each chemotype1 

c. Compare self-grafts (e.g. nS/nS) to cross-grafts (i.e. n15/nS) 

 

3.0 Materials and Methods 

3.1 Culture and Grafting 

Nodal cuttings of SAM (nS; voucher #: MASS 00317314) with artemisinin content of 

approximately 1.4% and 15 (n15; voucher #: MASS 00317313) with artemisinin content of 

approximately 0.7% (Weathers and Towler, 2012) were rooted by dipping cut ends into 

Hormodin 2 root inducing hormone (Horticultural Tool and Supply Company) then 

inserting into moist MetroMix 360 soil (Sungro Horticulture Canada Ltd.). Growth 

conditions include a 16 hour light: 8 hour dark cycle to maintain the vegetative stage, at 

25°C, and a light intensity of 80-120 µmol m-2s-1. Once plants reached about 5 cm, scions 

were flat grafted to different clonal plants of either the same or different chemotype (nS 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 Cross-grafts are plants that have different chemotypes as the rootstock versus the scion. Several self-grafts 
were generated with two different plants of the same clonal line, not the same plant with a full cut across 
the cross sectional area of the stem.  
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or n15) using silicon tubes as external support. Thus, each self-graft had a scion other 

than its own fused to its rootstock. These plants were maintained in high humidity 

Magenta boxes for up to two weeks after grafting to allow proper fusion of the scion to 

rootstock. Afterwards, Magenta boxes were opened to the air and the plants were allowed 

to grow until reaching a height of about 30 cm from the soil surface.  

Table 2. Graft types and controls. Graft code: scion/rootstock; 15 = clone 15, 0.7% 
artemisinin; S = clone SAM, 1.4% artemisinin. 

Cross Graft Group Self-graft Group 
(Control 1) 

Ungrafted Group 
(Control 2) 

15/S Stimulation 15/15 Grafting stress 
response 
control 

n15 Baseline 

S/15 Inhibition S/S nS 
 

3.2 Biomass Collection  

Each plant was marked with the date grafted, date harvested, the chemotype, and an 

individual label, such as A, B, C for each individual plant and a number indicating the 

date harvested, for later reference. Prior to leaf harvest, a photograph of the plant was 

taken from a side view of the plant, with a ruler included. The height of the plant from the 

base of the plant to the tip of the shoot apical meristem (ShAM) of each plant was 

recorded. Plants with no clear main stem, i.e. they were too branched, were not used. 

Leaves were weighed and collected, flash frozen in liquid nitrogen, and stored at -80°C 

until used for nucleic acid isolation. Each leaf was weighed before collection. Leaves 5-

10 from the ShAM were pooled and used for RNA isolation.  
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Figure 3. S/S self-graft example for leaf harvest. Top arrow indicates position of leaf 5, 
bottom arrow indicates position of leaf 10. 

3.3 RNA Isolation to cDNA synthesis and qPCR 

RNA was isolated using the method of Yockteng et al. (2013) with minor modifications. 

Frozen plant tissue (50-100 mg) was homogenized using a plastic pestle adapted for a 1.5 

mL Eppendorf tube, in the presence of liquid nitrogen2, and 0.5 mL RNA Plant 

Purification Reagent (ThermoFisher Scientific, Grand Island, NY) was used for 

extraction following homogenization. The homogenate was incubated for 5 min at room 

temperature on a nutator  (TCS Scientific) on its side to maximize the surface area of leaf 

available to extraction reagent during incubation. An aliquot of 100 µL 5M NaCl, 

followed by 200 µL of chloroform: isoamyl alcohol (24:1 v/v) was added, inverted 

several times, and incubated for 10 min on ice. Cellular debris was removed by 

microfuging at 12,000 x g for 10 min at 4°C. The aqueous phase was transferred to a 

fresh 1.5-mL Eppendorf tube and mixed with 0.75 volume 4 M LiCl and 0.25 volume -

20°C absolute isopropanol. RNA was allowed to precipitate out of solution overnight at -

20°C and then microfuged again at 12,000 x g for 20 min at 4°C. The pellet was washed 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2 Frozen plant tissue was never in direct contact with liquid nitrogen to avoid RNase contamination. 
Instead, plant material in 1.5 mL Eppendorf tubes were transiently removed from liquid nitrogen for 
homogenization, were never thawed in the process and immediately returned to liquid nitrogen before 
adding plant purification reagent to prevent thawing.  
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with 1 mL -20°C 75% ethanol and incubated for 3 minutes at -20°C. The pellet was then 

spun at 12,000xg for 2 minutes and washes were repeated up to 3 times. Washes were 

repeated for pellets exhibiting an off-white to brown color, indicating contamination by 

phenolics. To remove contaminating genomic DNA from the RNA samples, the Turbo 

DNA-free kit (Ambion, Austin, TX) was used following manufacturer instructions. A 

maximum of 10 µg of RNA was added to a 50 µL total reaction, containing 1X DNase 

buffer, nuclease-free water, and 3 µL of 4 U DNase. The reaction was incubated at 37 °C 

for 30 min, and this was repeated for a second time before inactivating the DNase, 

resuspending in nuclease free water, and retreated.3 The pellet was resuspended in 

nuclease free water and the concentration of RNA was quantified at 260 nm and assessed 

for protein, ethanol, phenol and other contamination at 280 nm using a NanoDrop UV-vis 

spectrophotometer (Thermo Fisher Scientific).  At this step, samples showing clear signs 

of contamination, such as negative values of RNA, were re-precipitated with the same 

ration of 4 M LiCl to absolute isopropanol, overnight. The steps following this step were 

also repeated.  

To confirm that no genomic DNA remained in samples, samples were run with a qPCR 

primer, using the same conditions as qPCR, but in a PCR reaction with APEX Red 2X 

Mastermix from Genesee Scientific to detect any genomic DNA. After 40 cycles, 

samples were run on an agarose gel alongside a 100 bp or 2-Log DNA ladder, and 

samples showing DNA bands were re-treated with DNase. After this step, RNA was run 

on an agarose gel alongside a 100 bp or 2-Log DNA Ladder from New England Biolabs 

to check for degradation before cDNA synthesis. Samples showing clear bands 

corresponding to 18S and 28S rRNA, and at times a third band corresponding to 5S 

rRNA were acceptable for use in the cDNA synthesis reaction.  

RNA transcripts were reverse-transcribed into cDNA using the DyNAmo cDNA 

synthesis kit (New England Biolabs, Ipswich, MA) following manufacturer instructions. 

Oligo-dT primers were used to minimize genomic DNA contamination, as this PCR step 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
3 The brown to off-white color of the sample indicates contamination, and the first DNase step tends to 
remove this colored contamination, however, from experience with genomic DNA contamination, it could 
be that the first step is less effective because the DNase is not as active with this contamination present, 
whether this is an effect on the pH or another condition. Thus, a second step is necessary immediately 
following re-suspension after adding inactivation reagent.  
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would enhance the effect of any genomic DNA contamination, were it not selective for 

the polyA tail of mRNA. The reverse transcription reaction was incubated at 37 °C for 1 

h, and aliquots were added directly to subsequent PCR reactions.  

3.4 Transcriptional analysis using quantitative Real-Time PCR 
The relative gene expression of the key branch enzyme DBR2, and of transcription 

factors AaWRKY1 and AaERF1 were ultimately quantitated, normalizing to 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the reference gene. Primers 

were selected either from previous publications or designed using NCBI PrimerBLAST 

based on cDNA sequences specific for A. annua available at NCBI (Appendix B). Primer 

pairs were designed to have similar melting temperatures and to amplify 200–300 bp 

fragments. PCR was performed with each primer pair to ensure sufficient and specific 

amplification. See Appendix B for qPCR primers, including sequence information. 

Primers were tested initially using PCR with APEX Red Taq polymerase Mastermix in a 

20 uL reaction using the same volume ratios as the qPCR reaction, to ensure 

amplification occurred with the expected amplicons size.  

Primer efficiency was determined using a serial dilution of A. annua cDNA sample, with 

all total reagent volumes remaining constant, as well as the concentrations of reagents 

other than the cDNA. The log of the cDNA plotted against its respective Ct value 

provides a linear relationship, such that the slope of this line can be used to calculate 

primer efficiency: 

𝐸 = 10^− (
1

𝑠𝑙𝑜𝑝𝑒) 

The ideal efficiency is 2, since with each cycle of the polymerase reaction with this 

primer should yield exactly twice as much cDNA. The percent efficiency can then be 

calculated as: 

%  𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 𝐸 − 1 ∗ 100% 

Primers that showed a percent efficiency between 90-113% were used in the results to 

calculate the relative fold change. Reference genes were chosen based on the statistical 

significance of their Cq values under identical reaction conditions between treatment and 
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control samples. Samples showing a difference of 1.5 Cq or less between control and 

treatment groups were considered acceptable for use as reference genes. Reference genes 

tested included: actin, GAPDH, 18S RNA (18S), RNA Polymerase II (RNP II), tubulin β 

chain (Tub β), and ubiquitin (UBQ).  

Real-time quantitative PCR was performed using SYBR green MyiQ reagents from 

BioRad on an Applied Biosystems 7500 qPCR thermocycler. The protocol used was a 

two-step amplification followed by a melt-curve analysis. For each amplification cycle, a 

denaturation step at 95 °C and an annealing step at 60 °C was used, with a total of 40 

cycles.  

Relative fold changes in gene expression were calculated based on the 2-ΔΔCq 

comparative method (Livak and Schmittgen, 2001; Dorak, 2006; Schmittgen and Livak, 

2008). Normalized levels of target gene amplification in grafted plants were expressed as 

fold changes of target gene expression relative to normalized levels of target gene; the 

fold change between self-grafts and cross grafts, the two self-graft groups, and ungrafted 

plants of the two chemotypes used were observed.  

3.5 Statistical Analyses 

All biological treatments were replicated at least twice. To account for any non-normal 

distribution in the data, the Wilcoxon rank sum test was used to test the statistical 

significance of the ΔCq and the 2-ΔCq values of the control and treatment groups. A 

student’s t test was also performed for these data, and p-values for a one and two-tailed 

distribution were compared to the Wilcoxon rank sum test. All statistical computations 

were performed using MATLAB.  
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4.0 Results 
Quantitative PCR (qPCR) required several validation steps of reagents before their use in 

quantifying transcript levels of mRNA within biological samples. In addition to the 

efficiency calculation of each primer used in the study, relative quantification required 

selection of a reference gene that did not vary significantly between control and treatment 

groups. These validation steps were necessary to ensure that the quantitative PCR data 

were robust and reliable.  

DBR2 was a transcript of interest, given that the enzyme catalyzes the step directly 

leading to the precursor of artemisinin versus the precursor of AB in the bifurcation of 

the artemisinin pathway. Additionally, its use in chemotype classification made this 

enzyme particularly useful in interpreting results comparing the two chemotypes used 

and their grafted counterparts. As transcription factors from different families, AaWRKY1 

and AaERF1 were able to provide some insight into possible effects of grafting that affect 

both different and similar signaling pathways. Both families of transcription factors are 

known to respond to abiotic stress, however, WRKY transcription factors also respond to 

biotic stress. Transcript levels for DBR2, AaWRKY1, and AaERF1 of grafted A, annua 

chemotypes using validated primers, and reliable reference genes follow. Although ADS, 

CYP71AV1, ALDH1, AaORA, and AaERF2 were also targets of this study, I was unable 

to validate them to date, despite testing several qPCR primers of each obtained from the 

literature and GENBANK.   

4.1 Primer Validation 

ADS, CYP71AV1, DBR2, AaWRKY1, and AaERF1 were genes for which a primer set 

annealed to the cDNA at 60°C, however, only DBR2, AaWRKY1 and AaERF1 cDNA 

were efficiently amplified. GAPDH is also shown in Figure 4 below, as it was the 

reference gene used in this study.  
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Figure 4. Efficiency of primers used. cDNA from the n15 chemotype was used to 
obtain efficiencies of each primer. 

	  

Table 3. Efficiencies of primers used in this study.  

Gene Forward Primer 5’ à  3’ 
Reverse Primer 5’ à  3’ 

Slope Primer 
Efficiency 

Percent 
Efficiency 

GAPDH CACAACCAACTGCCTTGCTC 
AGCTCTTCCACCTCTCCAGT 
 

 

-3.4603 1.945 94.533% 

AaERF1 GCTGAGATAAGAGACCCGGC 
AGCCACGCATCCTATAAGCC 

 

-3.0562 2.124 112.424% 

AaWRKY1* TTCGCCACCTGTTATCTCCC 
TGAATCCAGAAGCCTTGACG 

-3.034 2.136 113.598% 

DBR2** ATCATCAACAAGCAAGCCCATTTC 
GCGATAGTCTTCAACCACCTCTAG 

-3.2046 2.051 105.141% 

*AaWRKY1 is denoted as AaWRKY1, 2 to differentiate from another unused primer. 
**DBR2 is under the name DBR2, Liu as this was a primer found in the referenced 
publication in Appendix B. For accession numbers and amplicon sizes see the qPCR 
primer table in Appendix B. 
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4.2. Reference Gene Selection 

Several reference genes were tested for their expression in control and treatment groups 

prior to use in qPCR. Each primer was screened initially with three different plant types: 

nS, n15, and 15/15 to test for the variation in Cq value across plant types. From this 

assessment, it was clear that actin had the lowest average Cq value with the least 

variation among groups, whereas 18S had a lower Cq value, which is desirable, but it 

varied greatly when compared to 15/15. When comparing nS and n15 against self-grafts, 

actin differed the least in Cq value. From this initial screen it seemed that actin and EF1α 

were the best possible choices out of these reference genes, so a second trial was 

completed comparing the normal chemotypes (nS and n15) to cross grafts using these 

two primers. EF1α seemed to both give a higher Cq value as well as a lower standard 

deviation than actin, however, in a third trial using cross grafts and self-grafts as 

comparisons, neither primer amplified the cross grafts well, and high variation among Cq 

values was observed among plant types (data not shown).  

Table 4. Initial reference gene Cq comparisons among plant types.  

Plant 
Type 

Actin Cq β Tubulin 
Cq 

EF1α Cq RPII Cq 18S, Liu 
Cq 

nS 27.49 29.59 21.52 27.62 11.84 
n15 28.09 31.56 24.01 30.26 11.78 
15/15 28.7 30.84 26.43 31.99 22.11 

AVG 28.09 30.66 23.99 29.96 15.24 
SD 0.61 1.00 2.46 2.20 5.95 

Cq values are given for biological samples of differing plant type. Only one technical 

replicate and biological replicate were used, as this was a preliminary screening of 

primers for their variability among plant groups. See Appendix B for information 

about each primer. 

A second screening of actin and EF1α reference genes showed high variation (Cq 

difference above the absolute value of 2.0) and high Cq between control and treatment 

groups, with self-grafts as controls and cross grafts as treatment groups. Other reference 

genes were tested in a third screen with similar results. Two new primers were then 

introduced to screen for variation among control and treatment groups, GAPDH and 

UBQ. These two primers were assayed for their efficiency, and only GAPDH showed a 
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high enough efficiency (see Table 3), with UBQ having a percent efficiency of 84.54%. 

Actin and EF1α were also assayed for their efficiency, 87.89% and 110%, respectively. 

GAPDH ultimately showed less variation among control and treatment groups, and had 

an efficiency closest to 100%, making this primer set the most valid to use for these 

studies.  

4.3 Ungrafted controls do not show statistically significant upregulation or 

downregulation 

The ungrafted controls, n15 and nS, seem to have similar levels for each transcript 

assayed (Fig 5). This result was unexpected, given that the two chemotypes produce 

different levels of artemisinin.   

	  

Figure 5. Transcript levels of DBR2, AaWRKY1, and AaERF1 in ungrafted controls 
of each chemotype. The high artemisinin producing chemotype is used as the control 
here. Transcript levels shown are the transcript levels of n15 relative to nS normalized 
using GAPDH. 
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Table 5. Statistical analysis: Wilcoxon test results of baseline data 

Gene Expression parameter Wilcoxon p-value H4 Statistically 
Significant? 

DBR2 

 

ΔCq 1.0 0 No 

2-ΔCq 1.0 0 No 

AaWRKY1 

 

ΔCq 0.53 0 No 

2-ΔCq 1.0 0 No 

AaERF1 

 

ΔCq 1.0 0 No 

2-ΔCq 1.0 0 No 

	  

4.4 Self-grafts do not show any statistically significant differences in expression 

Self-grafts were assayed for relative transcript levels of DBR2, AaWRKY1, and AaERF1 

against GAPDH (Fig. 6). Using the Wilcoxon rank sum test for both ΔCq and 2-ΔCq, none 

of these genes in 15/15 seem to be significantly up or downregulated compared to S/S 

(Table 6). The number of biological replicates is indicated in Figure 6 below.  

	   	  

Figure 6. Self-graft transcript level comparisons. For 15/15, n = 2; for S/S, n = 3. S/S 
is defined arbitrarily as the control group for comparison to 15/15.  No statistical 
significance by the Wilcoxon rank sum test was observed. 	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
4 H is the null hypothesis. If H is equal to 1 then the compared values are statistically significant. If H is 
equal to 0 there is no statistical significance.  
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Table 6. Wilcoxon rank sum test results. 

Gene Expression parameter Wilcoxon p-value H 

DBR2 

 

ΔCq  0.8 0 

2-ΔCq  0.8 0 

AaWRKY1 

 

ΔCq  0.2 0 

2-ΔCq  0.2 0 

AaERF1 

 

ΔCq  0.8 0 

2-ΔCq  0.8 0 

	  	  

4.5. Transcriptional differences between cross and self-graft groups 

Cross grafts did not show statistically significant transcriptional changes of DBR2 with 

respect to self-graft controls. Interestingly, DBR2 transcripts of both cross-grafts seem to 

be slightly downregulated compared to self-grafts, but results were not statistically 

significant by the Wilcoxon rank sum test. AaWRKY1 and AaERF1 were assayed for 

transcriptional differences in 15/S relative to 15/15. AaERF1 was not statistically 

significant by the Wilcoxon rank sum test, but showed statistical significance using a 

Student’s t-test. AaWRKY1 was significantly downregulated by 14.24 fold compared to 

the 15/15 self-graft (Fig. 7). These results were significant using both statistical tests and 

for both ΔCq and 2-ΔCq values (Tables 7 and 8). 
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Figure 7. Cross-grafts show some transcriptional differences vs. self-grafts. DBR2, 
15/S n = 4; DBR2, 15/15 n =3; DBR2, S/15 n = 2; DBR2, S/S n = 3; AaWRKY1, 15/S n 
= 3; AaWRKY1, 15/15 n = 2; AaERF1, 15/S n = 3; AaERF1 15/15, n = 2. Asterisk 
shows statistical significant expression change with respect to the self-graft control by the 
Wilcoxon rank sum test. 	  

	  

Table 7. Student's t-test of cross-graft expression 

Sample comparison Expression 
parameter 

p-value two tail  Statistically significant? 

DBR2 15/S v. 15/15 2-ΔCq  0.46717 No 

Δ Cq  0.66034 No 

DBR2 S/15 v. S/S 2-ΔCq  0.64741 No 

Δ Cq  0.86277 No 

AaWRKY1 15/S v. 
15/15 

2-ΔCq  0.00114 Yes 

Δ Cq  5.84E-06 Yes 

AaERF1 15/S v. 
15/15 

2-ΔCq  0.00067 Yes 

Δ Cq  0.00168 Yes 
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Table 8. Wilcoxon rank sum test of cross-graft expression 

Sample Comparison Expression Parameter p-value H Statistically  
Significant? 

DBR2 15/S v. 15/15 2-ΔCq  0.6905 0 No 

Δ Cq  1 0 No 

DBR2 S/15 v. S/S 2-ΔCq  1 0 No 

Δ Cq  1 0 No 

AaWRKY1 15/S v. 
15/15 

2-ΔCq  0.0286 1 Yes 
Δ Cq 0.0286 1 Yes 

AaERF1 15/S v. 15/15 2-ΔCq  0.0571 0 No 

Δ Cq  0.0635 0 No 

 

5.0 Discussion 
	  

5.1 Chemotypes n15 and nS of A. annua do not differ significantly in transcript level 

of enzymes assayed 

The data suggest both high and low artemisinin producing chemotypes have similar 

transcript levels of DBR2, AaWRKY1, and AaERF1. It is possible that the difference in 

chemotype observed is due to either altered enzyme activities of other key enzymes not 

assayed or due to a difference in protein sequence of CYP71AV1, rather than DBR2 

transcription. These data help explain why no difference in DBR2 transcription was 

observed when comparing graft types. Ting et al. (2013) reported an N-terminal 

extension in low artemisinin producing chemotypes of A. annua. What is intriguing is 

that since DBR2 transcript levels are similar in each chemotype, it may actually be the 

CYP71AV1 enzyme of the nS chemotype that has an N-terminal extension with 

increased catalytic activity, even though this has been found in low artemisinin producing 

chemotypes. The low artemisinin chemotype did switch to a high artemisinin chemotype 

when gene dosage of DBR2 and ALDH1 was increased in transformed N. benthamiana. 

Thus it could be that nS and n15 each have a different CYP71AV1 enzyme expressed, 

with nS expressing an enzyme with higher catalytic efficiency. Other possibilities also 
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exist, such as differences in transcript level of ADS and ALDH1, which have yet to be 

assayed.  

5.2 Transcriptional evidence for downregulation of a key transcription factor with a 

high artemisinin producing chemotype as the root stock 

The transcription factor transcript, AaWRKY1 was downregulated in 15/S cross-grafts 

with respect to 15/15 self-grafts. AaWRKY1 is known to activate transcription of ADS 

and CYP71AV1, key enzymes in the artemisinin biosynthetic pathway (Ma et al., 2009, 

Han et al., 2014, Yang et al., 2015). Evidence for its interaction with the DBR2 promoter 

was also recently reported (Yang et al., 2015). AaWRKY1 increases artemisinin 

production upon overexpression, and it follows that a downregulation would cause a 

decrease in artemisinin (Ma et al., 2009, Han et al., 2014, Jiang et al., 2016). 	  

Recent grafting data produced in the Weathers lab with older scions compared to young 

scions has indicated that the increase in artemisinin observed previously through grafting 

is likely age dependent (unpublished).  Those results suggested that in A. annua there is 

two previously unreported growth phases: juvenile and adult. It could be that the 

downregulation of AaWRKY1 transcription induced by the nS rootstock allowed for a 

temporally controlled regulation of the artemisinin pathway, such that in the juvenile 

vegetative phase, artemisinin production is suppressed until the plant reaches the adult 

vegetative phase.  It could be that the downregulation of AaWRKY1 transcripts observed 

is also affecting another pathway not directly involved in artemisinin biosynthesis, 

possibly trichome development.  

Aside from their putative role in regulating artemisinin biosynthesis, WRKY 

transcription factors are extensively involved in the signaling networks controlling 

immune response in plants (Rushton et al., 2015; Eulgem and Somssich, 2007).  Thus, 

another hypothesis is that since AaWRKY1 is significantly downregulated in S/15 relative 

to S/S, and some level of downregulation in 15/15 is observed relative to S/S, but not in 

n15 relative to nS, the downregulation of AaWRKY1 in grafted plants is due to a plant 

immune response. Consistent with this hypothesis is the recent artemisinin metabolite 

data obtained from Dr. Abdul Mannan. Those results show a statistically significant 

decrease in artemisinin content for most graft types compared to ungrafted nS when 
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analyzing leaves 5, 9, and pooled leaf 5 and 9 data (Appendix A). Unfortunately, the 

effect of AaWRKY1 transcript downregulation on ADS and CYP71AV1 transcripts could 

not be determined due to the failure of these primers to produce reasonable efficiencies. 

Future work should include an analysis of the transcripts of these genes in order to assess 

whether AaWRKY1 affects their regulation upon grafting.  

5.3 Lack of transcriptional evidence for any effect on DBR2 transcription in either 

cross graft, despite evidence for a downregulation of AaWRKY1 transcription in 

high artemisinin root chemotype 

The transcript level of the key branch enzyme, DBR2, seems to be unaffected by either 

LAP or HAP rootstock chemotype, and is not statistically up or downregulated in 

comparisons with self-grafts. These results are interesting, considering that recently Yang 

et al. (2015) reported that differences in relative transcript levels of DBR2 play a large 

role in determining chemotypes. Low transcript levels were reported to be responsible for 

directing more artemisinic aldehyde to the competing branch pathway leading to 

arteannuin B production (Yang et al., 2015). Because there has been some evidence 

linking DBR2 transcript upregulation to AaWRKY1 overexpression, including the 

presence of a W1 box in the promoter region and slight upregulation by overexpression 

(Han et al., 2014; Yang et al., 2015), it is interesting to find that a downregulation of 

AaWRKY1 does not affect DBR2 transcript levels. Furthermore, it is interesting to see no 

difference between the two self-grafts. This is consistent with previous results and may 

provide some further insight into the relationship between the AaWRKY1 transcription 

factor and its targets.  

It is possible that an upregulation of AaWRKY1 in the adult vegetative phase, instead of 

the downregulation observed in grafts with younger scions, induces an upregulation of 

DBR2, ADS or CYP71AV1 causing the increase in artemisinin content observed in data 

from grafts using older scions (Wang 2015); this should be explored in future work. This 

would provide some explanation for the temporal regulation of AaWRKY1 and its target 

effects and ultimately the artemisinin biosynthetic pathway.   
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5.4 AaERF1 may be upregulated in cross-grafts, but statistically it is not significant 

based on Wilcoxon rank sum test 

The data provided for AaERF1 only show statistically significant results when using the 

Student’s t-test, however, this test is only applicable to samples following a normal 

distribution, and with such a small sample size, testing for normality was not possible. It 

is worth noting that the p-value by the Wilcoxon rank sum test is very close to being less 

than 0.05, however, it cannot be definitively stated that AaERF1 transcripts are 

upregulated in 15/S with respect to 15/15. Increasing the sample size may yield statistical 

significance.  An upregulation would likely be due to an increase ethylene content during 

grafting conditions, released when the plants are wounded during grafting and 

accumulating in closed culture boxes. Preliminary metabolite data from the Weathers lab 

indicates that this could be the case. Should AaERF1 show an upregulation with a greater 

number of samples, this would suggest that the nS rootstock induced an upregulation in 

this transcription factor, which would in turn activate ADS and CYP71AV1, causing an 

increase in artemisinin levels. However, an increase in artemisinin was only observed in 

metabolite analyses of grafts with older scions. It seems likely then, that the change 

occurring with this transcription factor alone is not enough alone to induce higher 

artemisinin production. Additionally, data from the Weathers lab suggests that an 

ethylene response is occurring during the incubation period immediately after grafting. It 

could be that ethylene accumulation inside magenta boxes released by the wounded 

plants is affecting the transcript level of AaERF1. Because data are not yet available for 

ADS or CYP71AV1, the effect of AaERF1 on these transcripts is currently unknown. 

Should data become available and show that ADS and CYP71AV1 or one of the key 

enzymes of the artemisinin pathway not yet analyzed are upregulated, or not, this would 

provide more insight into how this transcription factor regulates its targets.  
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6.0 Conclusions 
The transcriptional data show that the difference in chemotype between n15 and nS are 

not due to any difference in DBR2 transcription. Because CYP71AV1 expression has also 

been shown to play a role in defining chemotype, it seems that this may be the principle 

feature distinguishing the two chemotypes. Self-grafted plants did not show any 

significant differences in transcript levels of DBR2, AaWRKY1, or AaERF1, which was 

expected given the lack of any difference in ungrafted chemotypes. The lack of any 

change in transcript level of AaWRKY1 also indicates a lack of an immune response to 

non-self in self-grafts. This result was expected given that each plant of the same 

chemotype is genetically identical, and likely epigenetically identical given their identical 

environmental conditions.  

Cross-graft 15/S showed about a 14-fold downregulation of the transcription factor 

AaWRKY1, which came as a surprise when considering our initial metabolite analysis. 

Using a high artemisinin producing chemotype, as the rootstock should have shown an 

upregulation in AaWRKY1, if any change were observed at all. However, it was later 

found that using a “juvenile” scion versus an “adult” scion, which we will define as from 

a plant of about 5 cm tall, and from a tall woody plant, respectively, gave different results 

(see Appendix A). Dr. Abdul Mannan’s data correlates with the transcript data obtained. 

Thus, the artemisinin biosynthetic pathway may additionally be developmentally 

regulated in the vegetative phase, such that artemisinin production is suppressed in high 

producing plants until they reach vegetative “adulthood”, a term which has yet to be 

clearly defined for A. annua.  
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7.0 Future Work 
As the defining biochemical feature for nS and n15 is not clear, and it is suspected now 

that the CYP71AV1 protein is responsible, any variation in length of the transcript or 

protein sequence should be probed. The transcript can be sequenced after cDNA 

synthesis to observe any differences in transcript length. Once it has been established that 

there is in fact a difference in transcript length, the protein itself could be purified and 

sequenced. It would be possible to design both a probe for a Southern blot of the cDNA 

sequence complementary to the mRNA sequence encoding the putative N-terminal amino 

acid extension and a probe for a Western blot for this protein sequence. Data from the 

Ting et al. (2013) paper could be used to generate each probe.  

There are different responses in metabolite levels when using a juvenile scion versus an 

adult scion from vegetative plants, so transcript data should be obtained for grafted plants 

with adult vegetative scions. However, precisely when A. annua shifts into adult phase is 

still unknown, so the timing of that shift first has to be determined. The transcript levels 

of key enzymes and transcription factors between the two different chemotypes of 

ungrafted plants in the adult vegetative phase should be compared. This will clarify 

whether the two chemotypes are regulated in the same fashion developmentally, or if 

developmental changes in the vegetative phase are chemotype specific. Additionally, 

plants of the same chemotype at different developmental stages (juvenile versus adult) in 

the vegetative phase should be compared to observe how transcript levels change with 

development in each chemotype.  Metabolite analyses should be done in parallel with 

transcriptional studies to correlate transcript changes with artemisinin production. 

Obtaining transcript and metabolite data as aforementioned will better illuminate how the 

artemisinin biosynthetic pathway is regulated differentially between chemotypes and 

developmentally.  
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Appendix A – Metabolite Analysis from Dr. Abdul Mannan 
All plants analyzed here were grown the same way as plants used for transcriptional 
studies, with respect to the grafts using plants in their juvenile vegetative stage of growth. 
The ungrafted control used was treated the same as each graft, except it was not itself 
grafted. This differs slightly in the ungrafted plants used for transcriptional analyses, 
since ungrafted plants here were incubated with a magenta box and leaves were removed 
as they would be for grafted plants on the day of grafting. Ungrafted plants used for 
transcriptional analyses were not incubated in a magenta box nor were leaves removed, 
however, since ungrafted plants were only compared to each other and not to grafts, this 
discrepancy should not impact data interpretation. Additionally, leaves 5 through 10 were 
pooled for transcriptional analyses, thus statistical analysis of metabolite data with leaves 
5 and 9 pooled follows.  

	  

Figure 8. Leaf 5 artemisinin metabolite data. One asterisk indicates significant 
difference using one-tail distribution with Student’s T-test, two asterisks indicate 
significant difference using both one-tail and two-tailed distribution using Student’s T 
test.  

Table 9. Statistical analysis of leaf 5 artemisinin metabolite data.  

Leaf 5 Student T- test Results 
Plant Type 1 Plant Type 2 p-level (one-tail) p-level (two-tail) 
nS S/S 0.00174 0.00348 
nS S/15 0.0422 0.08441 
nS 15/S 0.0005 0.00099 
S/S 15/S 0.46075 0.92149 
S/S S/15 0.07454 0.14907 
15/S S/15 0.04439 0.08878 
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Figure 9. Leaf 9 artemisinin metabolite data. Two asterisks indicate significant 
difference using both one-tail and two-tailed distribution using Student’s T test. 

Table 10. Statistical analysis of leaf 9 artemisinin metabolite data. 

Leaf 9 Student T- test 
Plant Type 1 Plant Type 2 p-level (one-tail) p-level (two-tail) 
nS S/S 0.0015 0.003 
nS S/15 0.38481 0.76962 
nS 15/S 0.01176 0.02351 
S/S 15/S 0.23691 0.47381 
S/S S/15 0.09656 0.19312 
15/S S/15 0.16902 0.33804 
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Figure 10. Pooled artemisinin metabolite data for leaf 5 and leaf 9. The data shown in 
each figure above for leaf 5 and leaf 9 were pooled to observe any changes in statistical 
interpretation, since transcriptional analyses were performed with leaves 5-10 all pooled. 
One asterisk indicates significant difference using one-tail distribution with Student’s T-
test, two asterisks indicate significant difference using both one-tail and two-tailed 
distribution using Student’s T test.  

Table 11. Statistical analysis of pooled leaf 5 and leaf 9 data from Abdul Mannan. 

Pooled Leaf 5 and 9 Student T- test  
Plant Type 1 Plant Type 2 p-level (one-tail) p-level (two-tail) 
nS S/S 0.00007 0.00015 
nS S/15 0.10626 0.21252 
nS 15/S 0.00011 0.00022 
S/S 15/S 0.2917 0.58339 
S/S S/15 0.02655 0.0531 
15/S S/15 0.04371 0.08742 
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Appendix B – Primers 
	  

Table 12. Quantitative PCR Primers. All primers tested for use in quantitative PCR. 
Several show no annealing, others show no annealing at the ideal 60°C melting 
temperature, still others failed to show workable efficiencies. Primers used from previous 
studies are referenced. 

Gene Direction Primer 5’à  3’ Accession 
Number [NCBI] 

or Reference 

bp length 
(bp) 

18S rRNA Forward TCCGCCGGCACCTTATGAGAAATC Arsenault et al., 
2010 

24 219 

18S rRNA Reverse CTAAGAACGGCCATGCACCACCAC Arsenault et al., 
2010 

24 219 

18S rRNA, Liu Forward AGAAACGGCTACCACATC EY103854 (Liu et 
al., 2015) 

18 122 

18S rRNA, Liu Reverse TACTCATTCCAATTACCAGACTC EY103854 (Liu et 
al., 2015) 

18 122 

AaORA Forward ATTTCCAACTAAACACGGTTGAGCCT JQ797708.1 (Lu et 
al., 2013) 

26 215 

AaORA Reverse GGATCTTGAAGTGTTGCATATAATGA
AAGT 

JQ797708.1 (Lu et 
al., 2013) 

30 215 

AaWRKY1 Forward AAACTGCTACACGGACTGGG FJ390842.1 20 141 
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AaWRKY1 Reverse CAGAAGCCTTGACGGCTAGA FJ390842.1 20 141 

AaWRKY1, 2 Forward TTCGCCACCTGTTATCTCCC FJ390842.1 20 183 

AaWRKY1, 2 Reverse TGAATCCAGAAGCCTTGACG FJ390842.1 20 183 

Actin Forward CCATTGAACACGGTATTG EY091989 (Liu et 
al., 2015) 

18 182 

Actin Reverse AGGAACATTGAAGGTCTC EY091989 (Liu et 
al., 2015) 

18 182 

Aldehyde 
dehydrogenase 

1 (ALDH1) 

Forward AGGTGAGATGTGTGTGGCAG FJ809784 20 122 

Aldehyde 
dehydrogenase 

1 (ALDH1) 

Reverse TGGCGAGATCAAAAGGGTCC FJ809784 20 122 

Aldehyde 
dehydrogenase 

1 (ALDH1)* 

Forward CATCGGAGTAGTTGGTCACAT FJ809784 
(Olofsson et al., 

2011) 

21 120 

Aldehyde 
dehydrogenase 

1 (ALDH1)* 

Reverse GTTTCTGACCCAAATCCAGGTTGA FJ809784 
(Olofsson et al., 

2011) 

24 120 
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Amorpha -
4,11-diene 
Synthase 

(ADS) 

Forward ATACAACGGGCACTAAAGCAACC Manaan et al., 
2010 

23 297 

Amorpha -
4,11-diene 
Synthase 

(ADS) 

Reverse GAAAACTCTAGCCCGGGAATACTG Arsenault et al., 
2010 

24 297 

Artemisinic 
aldehyde Δ11 
(13) reductase 

(DBR2) 

Forward AAACAGAAGCGGGAGCCAAT EU704257.1 20 147 

Artemisinic 
aldehyde Δ11 
(13) reductase 

(DBR2) 

Reverse AATCAGCATCCCCTTGAGCC EU704257.1 20 147 

Artemisinic 
aldehyde Δ11 
(13) reductase 
(DBR2), Liu 

Forward ATCATCAACAAGCAAGCCCATTTC EU704257 (Liu et 
al., 2015) 

24 127 

Artemisinic 
aldehyde Δ11 
(13) reductase 
(DBR2), Liu 

Reverse GCGATAGTCTTCAACCACCTCTAG EU704257 (Liu et 
al., 2015) 

24 127 

Artemisinic 
aldehyde Δ11 
(13) reductase 

(DBR2)* 

Forward GCGGTGGTTACACTAGAGAACTT EU704257.1 
(Olofsson et al., 

2011) 

23 228 

Artemisinic 
aldehyde Δ11 
(13) reductase 

(DBR2)* 

Reverse ATAATCAAAACTAGAGGAGTGACCC EU704257.1 
(Olofsson et al., 

2011) 

25 228 

Cytochome 
P450 

monooxyogena
se 

(CYP71AV1) 

Forward GGGGTTAGGGATTTAGCCAGAA Arsenault et al., 
2010 

22 218 

Cytochome 
P450 

monooxyogena
se 

(CYP71AV1) 

Reverse AATTGCCTCCAGTACTCACCATAA Arsenault et al., 
2010 

24 218 
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Elongation 
factor 1-alpha 

(EF!alpha) 

Forward GACCTACTCTCCTTGAAG EY045332 (Liu et 
al., 2015) 

18 109 

Elongation 
factor 1-alpha 

(EF!alpha) 

Reverse GTTCCAATACCACCAATC EY045332 (Liu et 
al., 2015) 

19 109 

Ethylene 
response factor 

1 (AaERF1) 

Forward GCTGAGATAAGAGACCCGGC JN162091.1 20 112 

Ethylene 
response factor 

1 (AaERF1) 

Reverse AGCCACGCATCCTATAAGCC JN162091.1 20 112 

Ethylene 
response factor 
1 (AaERF1), 2 

Forward TAGGATGCGTGGCTCAAAGG JN162091.1 20 119 

Ethylene 
response factor 
1 (AaERF1), 2 

Reverse ATGAAACCGAGCTAGACGGC JN162091.1 20 119 

Ethylene 
response factor 

2 (AaERF2) 

Forward AACAAGCCGAAAAAGGGCTG JN162092.1 20 177 

Ethylene 
response factor 

2 (AaERF2) 

Reverse TCTTCCCTCACCGCTACCAT JN162092.1 20 177 

Ethylene 
response factor 
2 (AaERF2), 2 

Forward ATTGAAGCCGCCAAGGCATA JN162092.1 20 294 

Ethylene 
response factor 
2 (AaERF2), 2 

Reverse ATCTTCCCTCACCGCTACCA JN162092.1 20 294 

Glcyceraldehy
de - 3 - 

phosphate 
dehydrogenase 

(GAPDH) 

Forward CACAACCAACTGCCTTGCTC GQ870632.1 (Liu 
et al., 2015) 

20 148 



	   Cambra 52 

Glcyceraldehy
de - 3 - 

phosphate 
dehydrogenase 

(GAPDH) 

Reverse AGCTCTTCCACCTCTCCAGT GQ870632.1 (Liu 
et al., 2015) 

20 148 

RNA 
Polymerase II 

(RNP II) 

Forward TGGCATCAATCCTCATACC EY111688 (Liu et 
al., 2015) 

19 135 

RNA 
Polymerase II 

(RNP II) 

Reverse AAACTGTCCTCTTTGGCATA EY111688 (Liu et 
al., 2015) 

20 135 

Tubulin, beta 
chain (Tub 

beta) 

Forward CATCTCCGAAGGTCTCTG EY110418 (Liu et 
al., 2015) 

18 104 

Tubulin, beta 
chain (Tub 

beta) 

Reverse TTCATTGTCCAACACCATAC EY110418 (Liu et 
al., 2015) 

20 104 

Ubiquitin 
(UBQ) 

Forward AGATGGCCGTACTCTTGCTG EU258763.1 (Liu 
et al., 2015) 

20 88 

Ubiquitin 
(UBQ) 

Reverse GTGGTTTATCCCTCCTCCCC EU258763.1 (Liu 
et al., 2015) 

20 88 
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Appendix C – Agarose gels of samples from qPCR 
Each qPCR reaction sample was run on an agarose gel to check for non-specificity and 
proper amplicons size.   

Conditions used:	  1.5% agarose gel in 1X TAE buffer, with a total volume of 300 mL and 
15 uL 10mg/mL ethidium bromide. Each well shows a volume of 24 uL. Each large gel 
was run in 1X TAE buffer at 112V, smaller gels of 50 mL volume (having only 1 lane) 
were run at 88 V.  

Appendix C.1: Gel electrophoresis of amplicons used in baseline transcript 
analysis (n15 v. nS) 

	  

	  

Figure 11. Baseline gel electrophoresis of GAPDH, DBR2, and AaWRKY1 amplicons 
from nS and n15. Top Row: Lane 1: 100 bp DNA Ladder, Lane 2: Plate 1, GAPDH 
amplicon A13 nS, Lane 3: Plate 1, GAPDH amplicon A13 nS RT-, Lane 4: Plate 1, 
GAPDH amplicon G20 n15 RT-, Lane 5: Plate 1, GAPDH amplicon G20 n15, Lane 6: 
Plate 1, DBR2 amplicon A13 nS RT-, Lane 7: Plate 1, DBR2 amplicon G20 n15 RT-, 
Lane 8: Plate 1, DBR2 amplicon A13 nS, Lane 9: Plate 1, AaWRKY1 amplicon A13 nS, 
Lane 10: Plate 1, AaWRKY1 amplicon A13 nS RT-, Lane 11: Plate 1, DBR2 amplicon 
G20 n15, Lane 12: Plate 1, AaWRKY1 amplicon G20 n15, Lane 13: Plate 1, AaWRKY1 
amplicon G20 n15 RT-, Lane 14: Plate 2, GAPDH amplicon A13 nS, Lane 15: Plate 
2,GAPDH amplicon E15 nS, Lane 16: Plate 2, GAPDH amplicon F28 nS, Lane 17: Plate 
2, GAPDH amplicon G28 nS, Lane 18: Plate 2, GAPDH amplicon A13 nS RT-, Lane 19: 
Plate 2, GAPDH amplicon E15 nS RT-, Lane 20: Plate 2, GAPDH amplicon F28 nS RT-, 
Lane 21: 100 bp DNA Ladder; Bottom Row: Lane 1: 100 bp DNA Ladder, Lane 2: Plate 
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2, GAPDH amplicon G28 nS RT-, Lane 3: Plate 2, GAPDH amplicon E19 n15, Lane 4: 
Plate 2, GAPDH amplicon G20 n15, Lane 5: Plate 2, GAPDH amplicon E19 n15 RT-, 
Lane 6: Plate 2, GAPDH amplicon G20 n15 RT-, Lane 7: Plate 2, DBR2 amplicon A13 
nS, Lane 8: Plate 2, DBR2 amplicon E15 nS, Lane 9: Plate 2, DBR2 amplicon F28 nS, 
Lane 10: Plate 2, DBR2 amplicon G28 nS, Lane 11: Plate 2, DBR2 amplicon A13 nS 
RT-, Lane 12: Plate 2, DBR2 amplicon E15 nS RT-, Lane 13: Plate 2, DBR2 amplicon 
F28 nS RT-, Lane 14: Plate 2, DBR2 amplicon G28 nS RT-, Lane 15: Plate 2, DBR2 
amplicon E19 n15, Lane 16: Plate 2, DBR2 amplicon G20 n15, Lane 17: Plate 2, DBR2 
amplicon E19 n15 RT-, Lane 18: Plate 2, DBR2 amplicon G20 n15 RT-, Lane 19: 2-log 
DNA ladder, Lane 20: Empty, Lane 21: Empty.  

 

	  
Figure 12. Transcription factor amplicons and GAPDH amplicons, and their reverse 
transcriptase negative controls from baseline n15 v. nS qPCR. Lane 1: 100 bp DNA 
Ladder, Lane 2: GAPDH amplicon A13 nS, Lane 3: GAPDH amplicon E15 nS, Lane 4: 
GAPDH amplicon G28 nS, Lane 5: AaWRKY1 amplicon A13 nS, Lane 6: AaWRKY1 
amplicon E15 nS, Lane 7: AaWRKY1 amplicon G28 nS, Lane 8: GAPDH amplicon G20 
n15, Lane 9: GAPDH amplicon A32 n15, Lane 10: AaWRKY1 amplicon G20 n15, Lane 
11: AaWRKY1 amplicon A32 n15, Lane 12: AaERF1 amplicon A13 nS, Lane 13: 
AaERF1 amplicon E15 nS, Lane 14: AaERF1 amplicon G28 nS, Lane 15: GAPDH 
amplicon A13 nS RT-, Lane 16: GAPDH amplicon E15 nS RT-, Lane 17: GAPDH 
amplicon G28 nS RT-, Lane 18: GAPDH amplicon A32 nS RT-, Lane 19: GAPDH 
amplicon G20 nS RT-, Lane 20: AaWRKY1 amplicon A13 nS RT-, Lane 21: EMPTY 
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Figure 13. Transcription factor amplicons from baseline n15 v. nS qPCR and their 
reverse transcriptase negative controls. Lane 1: 100 bp DNA Ladder, Lane 2: 
AaWRKY1 amplicon E15 nS RT-, Lane 3: AaWRKY1 amplicon G28 nS RT-, Lane 4: 
AaWRKY1 amplicon A32 n15 RT-, Lane 5: AaWRKY1 amplicon G20 n15 RT-, Lane 6: 
AaERF1 amplicon G20 n15, Lane 7: AaERF1 amplicon A32 n15, Lane 8: AaERF1 
amplicon A13 nS RT-, Lane 9: AaERF1 amplicon E15 nS RT-, Lane 10: AaERF1 
amplicon G28 nS RT-, Lane 11: AaERF1 amplicon A32 n15 RT-, Lane 12: AaERF1 
amplicon G20 n15 RT-. 
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Appendix C.2: Gel electrophoresis of amplicons used in self-graft analysis 
(15/15 v. S/S) 

	  
Figure 14. Gel electrophoresis of GAPDH, DBR2, AaWRKY1, and AaERF1 
amplicons used in 15/15 v. S/S analysis. Top Row: Lane 1: 2-log DNA Ladder, Lane 2: 
GAPDH amplicon S/S B5, Lane 3: GAPDH amplicon S/S B22, Lane 4: GAPDH 
amplicon S/S C6, Lane 5: GAPDH amplicon 15/15 D5, Lane 6: GAPDH amplicon 15/15 
A6, Lane 7: GAPDH amplicon S/S B5 RT-, Lane 8: DBR2 amplicon S/S B5 RT-, Lane 
9: GAPDH amplicon S/S B22 RT-, Lane 10: DBR2 amplicon S/S RT-, Lane 11: DBR2 
amplicon, Lane 12: DBR2 amplicon S/S B22, Lane 13: DBR2 amplicon, S/S C6, Lane 
14: DBR2 amplicon 15/15 D5, Lane 15: DBR2 amplicon 15/15 A6, Lane 16: GAPDH 
amplicon S/S C6 RT-, Lane 17: DBR2 amplicon S/S C6 RT-, Lane 18: DBR2 amplicon 
15/15 D5 RT-, Lane 19: AaWRKY1 amplicon S/S B5 RT-, Lane 20: AaERF1 amplicon 
S/S B5 RT-, 21: 2-log DNA Ladder. Bottom Row: Lane 1: 2-log DNA Ladder, Lane 2: 
GAPDH amplicon 15/15 D5 RT-, Lane 3: AaWRKY1 amplicon S/S B5, Lane 4: 
AaWRKY1 amplicon S/S B22, Lane 5: AaWRKY1 amplicon S/S C6, Lane 6: 
AaWRKY1 amplicon 15/15 D5, Lane 7: AaWRKY1 amplicon 15/15 A6, Lane 8: 
AaWRKY1 amplicon S/S B22 RT-, Lane 9: AaERF1 amplicon S/S B22 RT-, Lane 10: 
AaWRKY1 amplicon S/S C6 RT-, Lane 11: AaERF1 amplicon S/S C6 RT-, Lane 12: 
AaERF1 amplicon S/S B5, Lane 13: AaERF1 amplicon S/S B22, Lane 14: AaERF1 
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amplicon S/S C6, Lane 15: AaERF1 amplicon 15/15 D5, Lane 16: AaERF1 amplicon 
15/15 A6, Lane 17: AaWRKY1 amplicon 15/15 D5 RT-, Lane 18: AaERF1 amplicon 
15/15 D5 RT-, Lane 19: 2-log DNA Ladder. Lane 20: Empty, Lane 21: Empty.  

	   	  



	   Cambra 58 

Appendix C.3: Gel electrophoresis of amplicons used in cross graft analysis 
(i.e. 15/S v. 15/15) 
	  

	  

Figure 15.	  Gel Electrophoresis of all GAPDH amplicons in the top row and 
respective RT- samples in the bottom row for DBR2 v. GAPDH in cross graft 
analysis. Top Row: Lane 1: 100 bp DNA Ladder, Lane 2: Plate 1, 15/S C16, Lane 3: 
Plate 1, 15/15 A6, Lane 4: Plate 2, 15/S C21, Lane 5: Plate 2, 15/15 C4, Lane 6: Plate 2, 
15/15 C4, Lane 7: Plate 3, 15/S C16, Lane 8: Plate 3, 15/S E16, Lane 9: Plate 3, 15/S 
D19, Lane 10: Plate 3, 15/15 D5, Lane 11: Plate 3, 15/15 A6, Lane 12: Plate 4, S/15 B2, 
Lane 13: Plate 4, S/15 C2, Lane 14: Plate 4, S/15 D2, Lane 15: Plate 4, S/S B5, Lane 16: 
Plate 4, S/S A22, Lane 17: Plate 4, S/S C6, Lane 18: 100 bp DNA Ladder. Bottom Row: 
Each bottom row well shows the RT- samples corresponding to each RT+ sample in the 
top row (i.e. Lane 2 in the bottom row is sample 15/S C16, RT- from Plate 1). Note that 
C2 (well 13) did not show a visible amplicon in either gel (see below). Because of this, 
this sample was discarded from the results, and not used in any calculations of fold 
change in expression. 
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Figure 16.	  Gel electrophoresis of DBR2 amplicons in the top row and RT- controls in 
the bottom row.	  Top Row: Lane 1: 100 bp DNA Ladder, Lane 2: Plate 1, 15/S C16, 
Lane 3: Plate 1, 15/15 A6, Lane 4: Plate 2, 15/S C21, Lane 5: Plate 2, 15/15 C4, Lane 6: 
Plate 2, 15/15 C4, Lane 7: Plate 3, 15/S C16, Lane 8: Plate 3, 15/S E16, Lane 9: Plate 3, 
15/S D19, Lane 10: Plate 3, 15/15 D5, Lane 11: Plate 3, 15/15 A6, Lane 12: Plate 4, S/15 
B2, Lane 13: Plate 4, S/15 C2, Lane 14: Plate 4, S/15 D2, Lane 15: Plate 4, S/S B5, Lane 
16: Plate 4, S/S A22, Lane 17: Plate 4, S/S C6, Lane 18: 100 bp DNA Ladder. Bottom 
Row: Each bottom row well shows the RT- samples corresponding to each RT+ sample 
in the top row (i.e. Lane 2 in the bottom row is sample 15/S C16, RT- from Plate 1). Note 
that C2 (well 13) did not show a visible amplicon in either gel (see above). Because of 
this, this sample was discarded from the results, and not used in any calculations of fold 
change in expression. 
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Figure 17. Gel electrophoresis of AaWRKY1 and AaERF1 amplicons against 
GAPDH. Both AaWRKY1 and AaERF1 were amplified with GAPDH as a reference gene. 
All amplicons GAPDH and the two transcription factors are shown, as well as reverse 
transcriptase negative samples. Top Row: Lane 1: 100 bp DNA Ladder, Lane 2: GAPDH 
amplicon 15/S C21, Lane 3: GAPDH amplicon 15/S E16, Lane 4: AaWRKY1 amplicon 
15/S C21, Lane 5: AaWRKY1 amplicon 15/S E16, Lane 6: GAPDH amplicon 15/15 D5, 
Lane 7: GAPDH amplicon 15/15 A6, Lane 8: AaWRKY1 amplicon 15/15 D5, Lane 9: 
AaWRKY1 amplicon 15/15 A6, Lane 10: AaERF1 amplicon 15/15 D5, Lane 11: 
AaERF1 amplicon 15/15 A6, Lane 12: AaERF1 amplicon 15/S C21, Lane 13: AaERF1 
amplicon 15/S E16, Lane 14: GAPDH amplicon 15/S E16, Lane 15: GAPDH amplicon 
15/S D19, Lane 16: AaWRKY1 amplicon 15/S E16, Lane 17: AaWRKY1 amplicon 15/S 
D19, Lane 18: GAPDH amplicon 15/15 D5, Lane 19: GAPDH amplicon 15/15 A6, Lane 
20: AaWRKY1 amplicon 15/15 D5, Lane 21: 100 bp DNA Ladder. Bottom Row: Lane 
1: 100 bp DNA Ladder, Lane 2: AaWRKY1 amplicon 15/15 A6, Lane 3: AaERF1 
amplicon 15/S E16, Lane 4: AaERF1 amplicon 15/S D19, Lane 5: AaERF1 amplicon 
15/15 D5, Lane 6: AaERF1 amplicon 15/15 A6, Lane 7: AaWRKY1 amplicon 15/S C21 
RT-, Lane 8: AaWRKY1 amplicon 15/S E16 RT-, Lane 9: AaWRKY1 amplicon 15/15 
D5 RT-, Lane 10: GAPDH amplicon 15/S C21 RT-, Lane 11: GAPDH amplicon 15/S 
E16 RT-, Lane 12: AaERF1 amplicon 15/S C21 RT-, Lane 13: AaERF1 amplicon 15/S 
E16 RT-, Lane 14: AaERF1 amplicon 15/15 D5 RT-, Lane 15: AaERF1 15/S E16 RT-, 
Lane 16: AaERF1 15/S D19 RT-, Lane 17: AaERF1 amplicon 15/15 D5 RT-, Lane 18: 
AaERF1 amplicon 15/15 A6 RT-, Lane 19: GAPDH amplicon 15/S E16 RT-, Lane 20: 
GAPDH amplicon 15/S D19 RT-, Lane 21: 100 bp DNA Ladder.  
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Figure 18. Additional reverse transcription factor negative samples corresponding 
to the reactions shown in Figure 10. These samples could not be run on the same gel as 
the rest of the transcription factor amplicons due to the limitation of wells on the larger 
gel. Lane 1: 100 bp DNA Ladder, Lane 2: GAPDH amplicons 15/15 D5 RT-, Lane 3: 
GAPDH amplicons 15/15 A6 RT-, Lane 4: AaWRKY1 amplicon 15/S E16 RT-, Lane 5: 
AaWRKY1 amplicon 15/S D19 RT-, Lane 6: AaWRKY1 amplicon 15/15 D5 RT-, Lane 
7: AaWRKY1 amplicon 15/15 A6 RT-, Lane 8: Empty 

 


